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Dielectric and high-pressure investigations on a thermotropic cubic mesophase
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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 @ra low frequency relaxation mode is observed with a large
dielectric strength with appreciable changes across the columnar-cubic and cubic-Shiemtiitions; andii)
the cubic phase ceases to exist when the applied pressure exceeds about EB00B8-651X99)14705-9

PACS numbgs): 61.30-v, 64.70.Md, 77.84.Nh

INTRODUCTION present dielectric dispersion measurements and the pressure-
Liquid crystals[1] are often referred to as anisotropic flu- trﬁ[ﬂffg?:lffb?chﬁsfsxahg;:g '?Afoer\ec;cz/rgrp C;Einsdci)::;gﬂzg 2;2@2
ids. However, o_ptically isotropic cu_bic mesophases are, gmectic-cubic-columnar phase sec,luence, which is very
known to occur in some thermotropic systems and MOrgjmiiar to the lamellar-cubic-hexagonal columnar sequence
commonly in lyotropic systemi]. In lyotropic materials the  gpserved in lyotropic systems.

different chemical nature of the two parts of the molecules,

viz., the hydrophilic polar head groups and the hydrophobic
alkyl tails lead to the formation of micelles, which in turn
can arrange themselves to give cubic structure. These cubic
phases occur either between the lamellar and hexagonal co- The structural formula of the investigated compound,
lumnar phases or between the hexagonal columnar phase aatkhexadecyloxy-3-nitro  biphenyl carboxylic acid, is
the isotropic micellar solution. Also, depending on the valueshown below.

of the interface curvature between the hydrophilic and hy-

drophobic regions, they can be the normal or inverted type.

EXPERIMENT

In contrast to the wealth of knowledge available on lyo- NOj
tropic materials, not much is known about cubic mesophases
in thermotropic systems. The main reason has been that only C16H33 O @ _COOH
very few cases of thermotropic cubic phases were known till

recently[3,4]. However, the finding of these mesophases in

diverse thermotropic systems in the last few years has led to

a spurt of activity in this field5]. The dielectric properties of The transition temperaturéis °C) and enthalpiegin J/g and
the thermotropic cubic phases have not been well studied; ianclosed in parenthegeasbtained in the heating and cooling
fact, to our knowledge, there has been only one such studynodes using optical microscopy in conjunction with a pro-
reported recently6]. Further, no measurements on the effectgrammable hot stagéMettler FP90 and a differential scan-
of pressure seem to have been carried out. In this paper weng calorimeter(Perkin Elmer DSCY, are given below.

Heating mode:

176.4 (1.29 198.7 (3.05 200.5 (2.16)
smectic C cubic smectic A —— isotropic

Cooling mode:

200.1 (1.9 194.2 (1.10 192.9 (0.79 162.5 (1.33
isotropic——— smectic A ——— columnar cubic smectic C.
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The hystereses in the transition temperatures, especially for sy

the smecticC (SmC)-cubic transition, and the appearance of 51 - s
the columnar(col) phase in the cooling mode have been s A cuble

reported earlief3,7,8. Further the range and the actual tem- @

perature of the transitions involving the col phase were found =
to be dependent on factors like thickness of the sample and\e/ %

cooling rate. We have followed a slightly different synthetic & o1 _ cubic sma \[”
route than is traditionally usef®]. The o-alkylated ethyl “ % A

ester of the starting material 4ydroxy-4-biphenyl carboxy- *g 3 %0 e

lic acid was subjected to nitration and the product was hy- = 48 & col

drolyzed to get the required compound, which was purified 3 . ‘

by repeated recrystallization. Care was taken to confirm the ar | =49 195 200

structures of all the intermediates and the final compound
using IR andH NMR spectroscopy. In our opinion, the
advantage of this procedure over the traditional method of
Gray, Jones, and Marsdf] is the following. In our method T (°C)

the presence of the bromo intermediate in the final product, a ) _ _ _ _ _
known source of contamination in the traditional route, and FIG. 1. Differential scanning calorimeter traces obtained in the

which particularly affects the stability of the col phase, is @ heating andb) cooling modes at a rate of 1°C/min. The sig-
completely eliminated. nificant difference in the transition temperatures, the peak onset

' . . . temperature, between the heating and cooling modes is a known
Dielectric experiments were done using a frequency re;

vzdSolat 126Din the f 1H feature for the compound studied. The inset shows a scan taken at a
sponse analyzeSolatron Pin the frequency range z cooling rate of 0.2 °C/min. Notice that an additional peak is seen

to 100 kHZ. and a probing voltagg of 5,00 mV. The Samplejust above the transition to the cubic phase. Comparing the texture
was sandW'Chejd between two indium t'_n oxid€O) Caned obtained for the intermediate phase with literature reports, we iden-
glass plates with mylar spacers to define the cell thlcknes§fy this phase as a columnéor col) phase. In fact, at the rate of

(~25 um). The sample temperature was varied_using a Progooling used for the scan shown (i), we were not able to resolve
grammable hot stag@ettler FP90 and was precisely mea- thjs peak.

sured using a calibrated thermistor placed very close to the

sample cell. The data collection was handled by a PC witlphase with mosaic texture which at a slightly lower tempera-

the control routine written in theaBviEw 4.0 environment. ture changes to the optically isotropic-cubic phase. However,

The dielectric dispersion curves were analyzed using a norin the heating mode the cubic phase goes directly to tha Sm

linear equation-fitting program{wINFIT 2.3, Novocontrol phase. The intermediate phase, which has been identified in

GmBH). earlier reports as a columnécol) phase[7,11], is thus a
Pressure studies were carried out using an optical higonotropic phase. As we mentioned earlier, owing to the

pressure cell, details of which are described in an earlieabsence of bromo impurities, we found that columnar phase

paper[10]. Essentially it consists of a sample sandwichedis quite stable and could be held steady for extended periods

between optically polished sapphire rods enclosed in an elagf time, which enabled us to perform the first detailed study

tomeric tube. A low-viscosity oil was used as the pressurizin this phase. The transition enthalpy values obtained by us

ing medium. At different fixed pressures the intensity of afor the different transitions are in quite good agreement with

He-Ne laser beam transmitted through the sample was monihe data available in the literatuf8,12].

tored as a function of temperature with the help of a photo-

diode with a built-in amplifier. The sample pressure was B. Dielectric studies

measured by employing a precision Heise gauge. A PC

handled the data acquisition and control of the experiment. Figure 2 shows a representative dielectric dispersion scan
taken in the isotropic phase. The profiles obtained in the

different mesophases were quite similar to this scan. A di-

RESULTS AND DISCUSSION electric absorption peak with a relaxation frequency at about
160 Hz and a linear decrease of #ievalue at low frequen-
cies are observed, the latter variation being typical of

Figure 1 shows the differential scanning calorimeter scanfrequency-dependent conductivity. We modeled such a com-
taken in both the heating and cooling modes at a rate obined process using the Havriliak-Negami mechanj4:3i
1 °C/min. The lowest temperature peak has been identified tand a conductivity part and expressed the imaginary part of
correspond to the S@rcubic transition and the one at about the dielectric constant as
202 °C corresponds to the smectid SmA)-isotropic transi-
tion. The cubic to SrA transformation that appears as a " Ae (
broad peak in the heating mode is quite sharp in the cooling measure P\ P
mode, and appears to have a single peak. However, when the 1+ (' f_) J

R . h R

cooling rate is reduced to 0.2 °C/min, two clear peaks are
resolved(see inset of Fig. )1 Microscopic observations show Heref is the measuring frequency, is the specific conduc-
that in the cooling cycle, the Sinphase transforms to a tivity of the sampleg, is the vacuum permittivityAe andf g

)
150 160 170 180 190 200

1 Il i

A. Differential scanning calorimetry
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FIG. 2. Raw plot of imaginary part of the dielectric permittivity 0 R N
&"” vs frequency in the isotropic phase. The experimental data are 10! 102 103

indicated by circles and the fitting to the Havriliak-Negami equation
[Eg. (1)] by a thin solid line. The linear decrease in kjgat low
frequencies is attributed to conductivity contribution and the thick FIG. 3. Representative plots ef' vs frequency in thea) iso-

solid line shows the profile obtained after subtracting this Contribu'tropic (—), (b) SMA (=), (¢ col (- - - -), (d) cubic

tion. For comparison, an ideal Debye relaxation prdfite =1 in (—.—.—.—), and(e) SMC (=---) phases. For the purpose of pre-
Eq.(1)]is shown gs a dgshed line. '_I'he frequgncy dgpendence of tr&eentation, the raw data corrected for the conductivity contribution
real part of the dielectric constant is shown in the inset. has been used. Notice a near-Debye type of profile in all the phases,

. ) . which indicates that the distribution in the relaxation times is quite
represent the dielectric strength and relaxation frequency afmaji. The remarkably low relaxation frequency, approximately the

the mode under consideration. The parameteend 8 de-  frequency corresponding to the peak position, is due to the extended
scribe the shape of” versusf profile; @, =1 describes the hydrogen-bond network.

shape for a Debye type of relaxation. We found that over the

entire temperature range of measurement, the parangeter scopic measurements. On cooling from the isotropic phase,
was equal to 1, indicating that the profiles are symmetrighe relaxation frequency decreases with decreasing tempera-
about the maximum in the dielectric loss factor. The paramtyre and reaches a minimum at the transition. Concomitant
eter o was found to take a value between 0.85 and 0.95yjth this decrease in frequency, an increase in the dielectric
signifying that the distribution of the relaxation times is quite strength, which is the amplitude of the mode, is observed.
narrow. In the temperature range of these measurements, th@js type of a pretransitional slowing down of the relaxation
parametem was in the range 0.7 to 0.9. The conductivity frequency associated with the orientational ordering in the

contribution is observed to be quite large, a feature that is ifiquid crystalline phase is usually observed at the isotropic-
common with a diol compound studied by Kresseal. [6].

It can be attributed to the presence of an extended network of
hydrogen bonds even in the isotropic phase. Calorimetric
180 o &
o@&%

Frequency (Hz)

1550

Iso

[14] and IR[12] studies on this compound have shown that
the hydrogen bonding does persist in the isotropic phase
also.

As the interest is in the dielectric relaxation process, we
have presented in Fig. 3 thed versusf profiles obtained in
the different mesophases, after subtracting out the conductiv-g
ity contribution. The features that are interesting to note are § 1
(i) the overall change in the relaxation frequency between the§
different mesophases is quite sméll) the absolute value of
fr is quite low, andiii) the amplitudes of the peaks are very 60
large, much larger than usually observed for nonchiral liquid
crystalline substances. Comparing with the dielectric results
on diols[6] we observe that the relaxation frequency is about 2 . . . 1050
two orders of magnitude smaller and that the amplitude is 150 160 170 180 190 200
larger by roughly the same amount. We will come back to e

the reasons for these observations later. _ FIG. 4. Temperature dependence of t®) relaxation fre-

The detailed temperature variation of the relaxation fre—quency andO) dielectric strength obtained from fitting the vs
quency and the dielectric strength obtained on cooling th@equency data to Eq(1). Clear changes are observed at tempera-
sample from the isotropic phase are shown in Fig. 4. Cleafures corresponding to the different transitions. The line through the
changes are seen at temperatures corresponding to all threquency data is meant to show the jump at the col to the cubic
transitions observed in the calorimetric and optical micro-transition.
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FIG. 5. Expanded plot showing the explicit variation of the re- 160 170 180 190 200 210 220

laxation frequency with reduced temperature in the isotropic phast 0
in the vicinity of the transition to the Sfphase. The circles rep-

resent the experimental data and the line shows a fit to a simple )
power-law with an exponent of 1.6860.1. This value is indicative FIG. 6. Pressure-temperature phase diagram of the compound

of a mean-field type of behavior. The deviation of the data from thestudied. A negative slope of the col-cubic transition not only stabi-

fit close to the transition is due to the first-order nature of the tranlizes the col phase but also results in the bounding of the cubic
sition. phase at a pressure of about 400 bar. The open circles represent

experimental data and the lines are meant as guides to the eye. The
solid circle indicates the col-cubic-SPrthree-phaseneeting point,
which is likely to be a simplériple point

(o}

T(

nematic transition and seldom seen for the isotropiASm
transition[15]. This is because, generally the latter transition

has a very large enthalpy and therefore a smaller associateller, the cubic structure reduces the degree of freedom for
pretransitional effect compared to the isotropic-nematic onée micelles to reorient and thus the frequency decreases at
But as we saw earlier, the isotropic-Bntransition enthalpy  the col-cubic transition. This freedom is partially recovered
for the compound studied here is quite small and this possiy; the transition to the SB1phase as seen by an increase in
bly explains the observation of the pretransitional slowingihe rejaxation frequency. From a simplistic point of view, the
down of the order parameter mode. Following the practicegree of freedom can be estimated using the associated ac-
[15,16 of describing discontinuous transitions that exhibit i\ ation energy for the process. We have calculated this pa-
strong pretransitional behavior using power-law expressiongg meter using the expressidiyeexp(—wikgT) with kg, the

we have tried a similar analysis for the temperature Versugg|izmann constant and. the activation energy.BAs the
relaxation frequency data in the isotropic phase. This datarange of the S and col’ phases are small, we have not
separatelyy shown in Fig. 5’*'3 f'tjed to a power law of theg, 0 ated the values of in these phases. For the isotropic,
form frect?, wheret=(T—T%), T* being the hypothetical ¢ hic and St phase the values are 116:8 kJ/mole,
second-order isotropic-Shntransition temperature. The ac- 45 g+0.1 kJ/mole. and 51%0.1 kJ/mole respectively. It
tu*al transition occurs at a temperatuT%\, slightly above  ghnears that the environment for the reorientation of the ag-
T*. A finite difference betweeif, andT* would lead to &  gregates is only slightly different between the cubic and
rounding of the data close to the transition. For this reasong,~ phases. The value in the cubic phase is higher than
the fitting was done by not including data from that region.,ynat is observed for the cubic phase of a diol compound, the

The fit yields a value ofy=1.1+0.1, which within experi- only other instance for which data is availabég.
mental errors, indicates a mean-field type of behavior and is

similar to what is generally observed for the isotropic-
nematic transition. Further, a rather small valueTgf—T*
(=0.5°0 obtained is again comparable to the value usually Before describing the results, we would like to state one
observed for the isotropic-nematic transition. But as re-aspect of the experimentation here. As the compound is not
marked earlier, the large value for the dielectric strength ischemically very stable, a fact that is well known, the overall
due to the hydrogen bonding. Hence the usual mean-fielgressure-temperaturd>{T) diagram has been obtained us-
type of behavior would perhaps indicate that the couplingng several cell mountings. In each of the mountings, after a
between the orientational fluctuations of the molecules anfew runs at higher pressures, the sample was brought down
the extended hydrogen bond network is quite strong. to room pressure to check for the stability of the compound.
While the SnmA-col transition also shows a strong pre- If the transition temperatures did not match with the values
transitional variation, the col-cubic transition is observed tobefore applying the pressure, the runs were discarded. Figure
be very abrupt. This perhaps is to be expected, as the formér shows theP-T diagram and one can notice several inter-
transition is from a 1D ordered phase to a 2D ordered onegsting features(a) The col phase, which is known to be a
whereas the latter is 2D ordered to an isotropic one. Howhighly metastable phase at room pressure, not only gets sta-

C. Pressure studies
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bilized, but increases in its temperature range with pressurehe carboxylic acids, one of which is investigated in the
the range which is only about 0.4 °C at atmospheric pressurgresent article, as it shows a phase sequence smectic-cubic-
increases to about 13.5°C for a pressure of about 800 bagolumnar mesophases. Based on the x-ray studies several
This is due to the opposing features seen for the two othestructural models with different shapes and packing of the
phase boundaries: while the 8ratol phase line shows a aggregation have been proposed. One such model is by Guil-
positive slope with adT/dP of 16.6 °C/kbar at 1 bar, the |on and Skoulio§17], which we recall briefly here. This is a
col-cubic boundary has a strong negative slopesjight variation of the model proposed for lyotropic systems
[(dT/dP); pa=—10.9°Clkbat. (b) The negative slope of py | yzzati and Spedt20]. According to this model, due to
the coI—_cublc b_oundary together w_lth the positive slope foripe carboxylic acid group the molecules form dimers and
the cubic-Sr line, leads to the cubic phase getting bound atihree such dimers lie side by side and in turn stack to form
about 400 bar, resulting in a col-cubic-Smthree-phase ods. Each end of the rod adjoins two others, the group of
meeting point. Since both col-cubic and cubicGriransi-  three rods being coplanar with the angle between the rods as
tions are first order at room pressure and are expected tppp°. |n a feature that is pertinent to the compound that we
remain so even at higher pressures, the meeting point woulgave studied, due to the bulky nitro groups laterally sticking
be a simpletriple point (c) At pressures beyond the triple oyt of the molecules, it is argued that the dimers are stacked
point, the col phase directly transforms to theGphase. To  py rotating a little around the axis of the rod, forming a sort
our knowledge this is the first time such a transition has beegf helical superstructure. A similar model has been recently
observed. proposed by Kutsumizet al. [12] to explain the infrared
Finally, we would like to make some remarks about thespectroscopy data on the nitro materials. We believe that it is
organization of the molecules in the cubic phase. In the comine presence of the helical superstructure that is responsible
pound studied here, the molecule has a strongly polar nitrgyr the drastic lowering of the relaxation frequency in the

group attached to one of the phenyl rings. But more imporqitro compounds as compared with the data for the dié)s
tantly, there is a strong hydrogen bond network in the system

due to the presence of carboxylic acid groups. X-ray inves-

tigations indicate that this network could be leading to the ACKNOWLEDGMENT

aggregation of the molecules, which in turn results in the

appearance of the cubic phd§68,11,17—19 As mentioned We are indebted to Professor S. Chandrasekhar for his
earlier, the analogy is quite striking in the nitro derivatives ofkeen interest in this work and for many useful discussions.
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