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Glassy relaxation in a de Vries smectic liquid crystal consisting of bent-core molecules
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We report experimental investigations of a liquid crystal comprising thiophene-based achiral bent-core banana
shaped molecules. The compound exhibits the following phase sequence on cooling: Isotropic (517.4 K), N
(514.9 K), de Vries SmA (402 K), SmC. Practically no layer contraction was observed across the SmA to SmC
transition, confirming the “de Vries” nature of the SmA phase. Interestingly, the crystallization does not occur
on cooling the sample, unlike most other liquid crystals. Instead, the SmC phase undergoes a glass transition
at 271 K even at a slow cooling rate. The dielectric spectroscopy studies carried out on the sample reveal the
presence of a dielectric mode whose relaxation process is of the Cole-Cole type. The relaxation frequency of
the mode was found to drop rapidly with decreasing temperature, confirming the glassy behavior. The variation
of relaxation frequency with temperature follows the Vogel-Fulcher-Tammann equation, indicating the fragile
glassy nature of the sample. This report identifies a bent-core liquid crystal exhibiting a “de Vries” SmA phase

and glassy behavior at lower temperatures.
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I. INTRODUCTION

Liquid crystals (LCs) comprise molecules with strong
shape anisotropy, and they exhibit long-range orientational
order with or without partial translation order. Thus, LCs
have the characteristics of crystals while retaining the fluidity
of ordinary liquids [1]. The most commonly observed liquid
crystalline phases are known as nematic and smectic phases.
The nematic (N) phase has long-range orientational order
of the constituent molecules with no translational ordering.
The average orientation of the molecular long axes is defined
by the unit vector 7 and is known as the director. In the
lamellar smectic phases, the anisotropic molecules stack to
form layers with translational order along the layer normal
k but fluid-like order in the layers. The nano-segregation of
the electron-rich aromatic core and aliphatic chains of the
constituent molecules give rise to such layered structures.
In the smectic A (SmA) phase, the director 7 is parallel to
the layer normal k with the layer spacing d of the order of
molecular length /. In the smectic C (SmC) phase, the director
n tilts away from the layer normal k by a tilt angle 6 with
a layer spacing d less than the molecular length /. The tilt
angle 6 = cos~!(d/l) is generally found to be temperature
dependent in the SmC phase. There is usually a significant
reduction of the layer spacing across the transition from the
SmA to SmC phase, as depicted in Fig. 1. The SmA phase
acquires a so-called “bookshelf geometry” when confined
between parallel bounding plates treated for homogeneous
planar alignment of the molecules. In the bookshelf geom-
etry, the constituent molecules align homogeneously on the
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bounding plates, giving rise to the layers perpendicular to
the plates. Across the SmA-SmC transition, the reduction of
layer spacing in bookshelf geometry leads to the buckling of
layers, resulting in the so-called chevron structure [2]. The
chevron structure originates due to a mismatch between the
smectic layer spacing in bulk and at the surface [2,3]. The
chevron formation causes various types of defects, such as
zig-zag defects, which have been a challenging problem for
surface-stabilized ferroelectric LC displays [2,4,5]. This issue
can be addressed using materials with no layer contraction
across the SmA-SmC transition. Such a SmA phase is known
as the “de Vries smectic A” phase. Henceforth, in our dis-
cussion, we shall denote the de Vries SmA phase as the
“dSmA” phase. De Vries first proposed a model structure for
this type of SmA phase where molecules in a layer are tilted
with respect to the layer normal but with random azimuthal
tilt directions. The random distribution of the tilt direction
makes this phase optically uniaxial about the layer normal,
which is a characteristic feature of the SmA phase. This model
structure is termed a diffuse cone model of the dSmA phase
[6,7]. Across the transition from the dSmA to the SmC phase,
the already tilted molecules in the layers in the dSmA phase
choose a particular azimuthal orientation in the SmC phase
with practically no layer contraction, as shown in Fig. 1. A
large number of materials consisting of calamatic (rodlike)
molecules have been reported to exhibit the dSmA phase [5,8—
11]. But only a few bent-core banana shaped molecules are
found to exhibit the dSmA phase [12-16].

Bent-core (BC) liquid crystals have attracted significant
attention in recent years due to their remarkably distinct op-
tical and electro-optical properties arising from the interplay
between polarity and chirality [17-20]. The bent shape en-
ables the molecules to form a lamellar structure with aligned
bending directions, giving rise to layer polarization and thus
forming ferro- and antiferroelectric phases [17]. Apart from
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FIG. 1. Schematic representation of the molecular arrangement
in conventional SmA, SmC, and de Vries SmA phases comprising
calamitic molecules. In the dSmA phase, the molecules are on aver-
age tilted away from the layer normal by a significantly large angle
with their long axes randomly distributed on a cone according to the
diffuse cone model proposed by de Vries [7].

a potential candidate in electro-optic applications due to their
fast response time [20], the BC molecules exhibit a rich va-
riety of phases, such as the orthogonal polar smectic SmAP
phase [21-23], polarization modulated structures [24-27],
nonpolar undulated layer structure [28], dark conglomerate
phase [29], and columnar phases [30-32].

A number of studies have been carried out on molecular
dynamics and glass formation of calamatic liquid crystals
[33-39], but glass-forming bent-core liquid crystals are rarely
reported [40]. The formation of a glassy state is often found
in various natural phenomena [41-44]. It is also vital for
numerous applications, including pharmaceutical [45], food
processing [46], polymers [47], and the preservation of in-
sect life under dehydration [48], among others [48-51]. In
addition, the glass transition is a long-standing fundamental
problem yet to be properly understood [52,53]. The glass for-
mation can take place by many routes [54], a conventional one
of which is rapid enough cooling of a liquid phase to avoid the
nucleation and growth process of crystals. The liquid appears
frozen on the timescale of experimental observation. Although
rapid cooling is required for glass formation in many liquids,
some organic liquids [55], polymers [54], and liquid crystals
[56] can exhibit glass transition at a moderate cooling rate.
In the glass-forming liquid crystals, the order can be frozen
by preserving the director by external means, such as strong
anchoring or applied electric/magnetic field, while cooling
the system. This allows the formation of partially ordered
glasses retaining all the qualitative features of the liquid crys-
tal phase, which could be exploited in possible applications
such as wave plates, holography, and optical storage [35].
Recently it has been pointed out that for some materials, a
smectic transition from a high-temperature nematic phase can
be frustrated or completely circumvented to produce glasses
with tunable liquid crystalline order that can be utilized in
organic electronic applications [57,58].

In this paper we investigate the physical properties of
liquid crystalline phases of an achiral thiophene-based bent-
core liquid crystal using various experimental techniques. The

compound exhibits a high-temperature short-range nematic
phase followed by two long-range smectic phases. We report
two key findings from our experimental studies. First, we
find that the higher temperature smectic phase is the dSmA
phase, which transits to the SmC phase on decreasing temper-
ature with practically no layer contraction. Unlike the typical
BC liquid crystals, both smectic phases are nonpolar with
calamatic-type phase behavior. Second, both smectic phases
show a dielectric relaxation mode whose relaxation frequency
decreases sharply on lowering the temperature, suggesting
a glassy behavior. The dielectric relaxation of the mode is
of the Cole-Cole type, and the temperature variation of the
relaxation frequency follows the empirical Vogel-Fulcher-
Tammann (VFT) equation. This suggests the fragile nature
of the glass for our sample with fragility parameter D =~
3 [54]. The calorimetric studies further confirmed the glass
transition at a temperature of about 271 K, which qualitatively
agrees with the dielectric studies. We propose a simple model
structure for the dSmA phase to account for the experimental
observations. To our knowledge, this is the first report of a
bent-core liquid crystal exhibiting a dSmA phase and showing
glassy behavior.

II. EXPERIMENTAL

Polarized optical microscopy (POM) investigations of the
sample were conducted using an Olympus BX 50 microscope
equipped with a hot stage (Linkam LTS420E) and a digital
camera (Canon EOS 80D). For homeotropic alignment of the
molecules, a thin sample was sandwiched between a clean
glass slide and a glass cover slip. In addition, commercially
available LC cells INSTEC Inc.) were employed for the pla-
nar and homeotropic alignment of the sample. The thickness
of these cells was chosen to be 5 um and 9 pm. The LC cells
contain indium tin oxide (ITO)-coated glass plates serving as
electrodes for electro-optic and dielectric studies. The sample
was introduced into the LC cell by capillary action in its
isotropic phase using a hot plate. The electric polarization of
the sample in the LC phases was investigated using a trian-
gular wave voltage technique [59] with varying amplitudes
and frequencies for planar as well as homeotropically aligned
samples. The current response of the sample was measured by
monitoring the voltage drop across a 1 k€2 resistor connected
in series with the sample cell.

The differential scanning calorimetry (DSC) studies were
carried out using Mettler Toledo DSC 3. The sample with a
weight of about 2.56 mg was kept in an aluminum crucible,
and another empty aluminum crucible was utilized as a refer-
ence. The DSC thermogram was recorded at different rates in
both the heating and cooling cycles.

To evaluate the effective birefringence of a planar-aligned
sample, we measured the variation of average intensity trans-
mitted through the sample as a function of temperature. The
planar-aligned sample was kept on the microscope stage at an
angle of maximum transmittance between crossed polarizers,
and images were taken with varying temperatures by intro-
ducing a red filter of wavelength 700 nm in the light path. The
average transmitted intensity was computed from the POM
images using MATLAB.
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The steady-state field-induced electro-optical response of
a planar-aligned sample was measured using a He-Ne laser
with the application of a triangular ac voltage. The sample was
kept between crossed polarizers at an orientation of maximum
transmittance, and the transmitted intensity was recorded us-
ing a low-noise high-gain photodiode connected to a mixed
signal oscilloscope (Agilent Technologies MSO6012A). The
intensity was normalized using Lo, = (I — I)/I, where I is the
measured transmitted intensity through the sample, and [ is
the mean value of the transmitted intensity.

Variable temperature x-ray diffraction (XRD) measure-
ments were conducted using a DY 1042-Empyrean (PAN-
alytical) diffractometer with CuK, radiation of wavelength
1.54 A and a PIXcel 3D detector. The samples were filled in
Lindemann capillary tubes with an outer diameter of 1 mm.
The XRD intensity profiles were measured at different tem-
peratures on cooling the sample from its isotropic phase.

Dielectric measurements were performed on the sample
filled in a commercially available LC cell using a high-
performance impedance analyzer (Novocontrol Alpha-A) in
the frequency range of 1 Hz to 10 MHz. The measurements
were limited to 1 Hz due to the dominating charge current
contribution at lower frequencies. A sinusoidal ac voltage
with an rms amplitude of 0.5 V was used during the di-
electric measurement without applying a bias voltage. The
temperature of the sample was monitored using a homemade
temperature controller with temperature stability of 0.1 K.
However, the maximum temperature that can be attained using
this setup is 423 K. Therefore, to study the variation of the
dielectric constant of the sample in the higher temperature
range, a complimentary custom-made dielectric setup with
a frequency range of 1 Hz to 100 kHz was employed. The
temperature of the sample was monitored by a microscope hot
stage and a controller (Instec Inc.). In this setup, a sinusoidal
ac voltage of rms amplitude 0.5 V was applied to the sample
cell, and a resistance of 1k connected in series. A lock-in
amplifier (Stanford Research SR830) was utilized to measure
the amplitude and phase of the voltage drop across the 1kS2
resistance. The impedance analysis was used to determine
the capacitance of the LC cell with and without the sample.
The ratio of these measured capacitances gives the effective
dielectric constant of the sample.

III. RESULTS AND DISCUSSION
A. Phase sequence

The sample used for our experimental studies is 2,5-bis(4'-
(octyloxy)-[1, 1’-biphenyl]-4-yl)thiophene-3-carbonitrile and
is denoted as BTCNS8. The chemical characterization and
preliminary studies of this compound have already been pub-
lished [60]. The molecule has a bent-core banana shape with
a central thiophene ring, as depicted in Fig. 2(a). The opening
angle and the molecular length, calculated from the energy
minimized molecular structure, are about 143° and 43.5 A,
respectively. A strongly polar carbonitrile group attached to
the central thiophene ring enhances the net dipole moment of
the molecule at an angle to the long axis [60].

Differential scanning calorimetry (DSC) studies were per-
formed on the sample to detect the various phase transitions
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FIG. 2. (a) Molecular structure of the compound BTCNS.
(b) DSC thermogram of the compound BTCNS8 with heating and
cooling rate of 5 K/min. The inset demonstrates the existence of
a small-range nematic phase. The sample does not crystallize on
cooling to room temperature. The mesomorphic properties of the
sample were retained for several weeks, and the melting transition
was observed only on the first heating. (c) The temperature varia-
tion of the optical transmittance through a planar-aligned sample of
thickness 5 um kept between crossed polarizers while cooling from
the isotropic phase. The optical transmittance clearly detects the fol-
lowing phase transition sequence: Isotropic (523.5 K), N (521.5 K),
dSmA (402 K), SmC. The inset reveals the existence of a nematic
phase with a small range of temperature. All observed phases are
enantiotropic.

in heating and cooling cycles at a rate of 5 K/min. The DSC
thermogram reveals that the sample melts while heating at
365 K, which, on further heating, shows two transition peaks
at 515.9 K and 518.6 K and goes to the isotropic phase. On
cooling from the isotropic phase, two transitions were ob-
served at 517.4 K and 514.9 K, and no other transitions were
observed on further cooling the sample to room temperature.
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The inset in Fig. 2(b) shows the expanded view of the two
closely spaced transitions. There is a small hysteretic shift in
the transition temperatures between heating and cooling for
both isotropic to nematic and nematic to SmA transitions, as
expected for the first-order transition. Thus, the DSC ther-
mogram clearly indicates the existence of two mesophases
for the compound BTCNS below its isotropic phase. How-
ever, detailed polarizing optical microscopy (POM) studies
detect another transition at 402 K while cooling the sample.
In POM studies, the optical transmittance through a planar-
aligned 5 um thick sample kept between crossed polarizers
was measured while cooling from the isotropic phase. The
rubbing direction of the sample cell was kept at an angle of
45° from the polarizer direction for maximum transmittance.
Figure 2(c) displays the normalized transmitted intensity as a
function of temperature, which clearly detects all the phase
transitions. The inset of Fig. 2(c) shows the existence of the
short-range nematic phase. The discontinuous change in the
slope of the transmitted intensity curve at 402 K corresponds
to an additional phase transition. Based on the experimental
studies, we identify the following phase sequence for the
compound BTCNS on cooling to room temperature:

Isotropic ATAR N 2K e Vries SmA 225 smC.

All the observed mesophases are found to be enantiotropic.
The absence of a DSC peak across the dSmA to SmC phase
transition indicates the second-order nature of this transition.
The SmC phase became increasingly viscous on lowering the
temperature while retaining the fluidity to room temperature.
The sample did not crystallize on cooling. Instead, a glass
transition was observed at 271 K, which will be discussed
later.

B. X-ray diffraction studies

The variable temperature x-ray diffraction (XRD) stud-
ies were carried out at various temperatures to investigate
the molecular organization in the observed liquid crystalline
phases. In the highest temperature short-range nematic phase,
a single diffuse peak was observed in the wide-angle region
with no sharp peak at the small-angle region, which is charac-
teristic of the Nematic phase. In the dSmA and SmC phases,
the XRD intensity profiles as a function of the scattering
vector g are shown in Fig. 3(a). In both of these phases, two
sharp peaks were observed in the small-angle region at g
values in the ratio of 1:2. In addition, a diffused broad peak
was observed in the wide-angle region centered about g =
1.36 A" and ¢ = 1.43 A~! in the dSmA and SmC phases,
respectively. The shifting of the maximum of the wide-angle
diffuse peak towards a higher value of ¢ on cooling is due to
increased molecular packing density. The XRD results indi-
cate a lamellar molecular organization with liquid-like order
within the layers. The layer spacings calculated from the XRD
data in the dSmA and SmC phases are 38.39 A and 38.29 A,
respectively, which do not vary appreciably with temperature.
The molecular length [ of the compound BTCNS is 43.5 A,
which is significantly larger than the observed layer spacing d
in both smectic phases. This indicates that the molecules are
tilted within the layers. The tilt angle with respect to the layer
normal can be estimated using 6 = cos™!(d/l). The tempera-
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FIG. 3. (a) XRD intensity profile for the compound BTCNS8 in
dSmA and SmC phases at temperatures 473 K and 393 K, respec-
tively. (b) The temperature variation of the ratio d/d,. and tilt angle
0 were obtained from the XRD data and estimated molecular length.
The layer thickness remains almost unchanged across the dSmA-
SmC transition, showing the de Vries nature of the SmA phase. The
vertical dotted line indicates the dSmA to the SmC transition tem-
perature. Across the transition depicted by the pink shaded region,
the layer contraction is only about 0.17%. The error bars are smaller
than the size of the symbols.

ture variation of the tilt angle 6 is shown in Fig. 3(b). The tilt
angle 0 varies slightly across the whole temperature range and
attains a shallow minimum value of about 28° near the dSmA
to SmC transition. Figure 3(b) also shows the temperature
variation of the normalized layer spacing d/d,., where d, is
the maximum value of layer spacing in the dSmA phase close
to the transition. It is clear from Fig. 3(b) that the layer spacing
does not change appreciably across the transition from the
dSmA to the SmC phase. The layer contraction in the SmC
phase at 10 K below the dSmA-SmC transition temperature is
only about 0.17%. These observations confirm that the higher
temperature smectic phase is a de Vries-type SmA phase.
In the dSmA phase, the molecules are tilted within the layers,
having a uniform azimuthal distribution of their tilt direc-
tions, giving rise to an optically uniaxial texture about the
layer normal. In contrast to the conventional SmA phase, the
layer spacing in the dSmA phase is significantly less than the
molecular length. The large opening angle of the bent struc-
ture of the BTCN8 molecules and a strong dipole moment
due to the polar cyano group projecting in the lateral direction
perhaps favor the tilted nonpolar molecular organization in the
layers [61].

Across the transition from the dSmA to the SmC phase,
the random directions of the already tilted molecules get cor-
related, giving rise to a uniformly tilted configuration with
no considerable change in the layer thickness. It can be seen
from Fig. 3(b) that the layer spacing is maximum near the
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FIG. 4. POM texture of homeotropically aligned thin sample
kept between a clean glass plate and a cover slip at (a) 522 K,
(b) 518 K, and (c) 388 K and that of the planar-aligned sample
of thickness 5Sum at (d) 522 K, (e) 508 K, and (f) 333 K. The
POM textures were taken under crossed polarizers conditions while
cooling the samples from their isotropic phase. R indicates the rub-
bing direction, and the crossed arrows denote the positions of the
polarizers. The scale bar represents a length of 50 pm.

dSmA-SmC transition and decreases slightly from this value
in the dSmA phase at higher temperatures and in the SmC
phase at lower temperatures. The increase in the layer thick-
ness in the dSmA phase with decreasing temperature can be
attributed to the stretching of the alkyl chain with increasing
packing density. This trend of negative thermal expansion of
the layer spacing in the dSmA phase has also been observed in
other materials exhibiting de Vries-type SmA phases [9,11].
In our sample, a slight decrease in layer spacing was observed
in the SmC phase at lower temperatures. However, the ob-
served layer contraction in the whole temperature range of
about 225 K in the dSmA and the SmC phases is only about
5%. The POM studies discussed in the following section fur-
ther confirmed the de Vries nature of the SmA phase.

C. POM and electro-optic measurements

The POM observations were carried out on different sam-
ples to further characterize the different phases. The POM
textures were observed between crossed polarizers while cool-
ing the sample from the isotropic phase. For our compound,
the sample sandwiched between a clean glass plate and a
cover slip tends to align homeotropically. In this preparation,
the sample thickness was not controlled. The nematic phase
below the isotropic phase exhibits a characteristic schlieren
texture as shown in Fig. 4(a). The quasiplanar alignment of
the molecules in the nematic phase gives rise to the schlieren
texture. Upon cooling to the dSmA phase, the molecules align

homeotropically, and the texture appears completely dark,
as shown in Fig. 4(b). The dark texture remains invariant
on rotating the sample on the microscope stage, confirming
the uniaxial nature of the dSmA phase. In the dSmA phase,
the layers prefer to orient parallel to the substrate, giving
rise to the homeotropic alignment of the molecules. This
observation and the intralayer molecular tilt observed in the
XRD studies discussed earlier confirm the de Vries nature of
the SmA phase. On further cooling, a birefringent schlieren
texture was observed in the lower temperature SmC phase
as shown in Fig. 4(c). The birefringent schlieren texture in
this homeotropic geometry and the layer spacing less than the
molecular length observed in XRD studies suggest the tilted
smectic order. Only unit strength defects were observed in the
schlieren texture of this SmC phase, indicating the synclinic
organization of the molecules in the layers.

In a planar-aligned LC cell, the sample aligns homoge-
neously along the rubbing direction in the nematic and dSmA
phases. The textures in the nematic and the dSmA phases are
brightest when the rubbing direction is kept at 45° with respect
to the polarizer, as shown in Figs. 4(d) and 4(e), respectively.
In the dSmA phase, the layers are perpendicular to the glass
plates, adopting a so-called bookshelf geometry with an optic
axis along the layer normal. The smooth texture of the dSmA
phase breaks down into two types of domains as shown in
Fig. 4(f) in the lower temperature SmC phase. The degeneracy
in the azimuthal tilt orientations of the molecules in the dSmA
phase is lifted during the transition to the SmC phase. It
leads to the formation of two surface stabilized regions with
symmetrically opposite optical tilt, as shown in Fig. S1 of the
Supplemental Material [62].

Though the layer thickness and, hence, the molecular tilt
do not change appreciably across the dSmA to SmC transition,
the increasing correlation of the molecular tilt direction in the
SmC phase gives rise to an optic axis away from the layer nor-
mal. The angle between the optic axis and the layer normal is
defined as the optical tilt angle yp. The 6, of a given domain
of a 5 um thick planar-aligned sample in the SmC phase was
measured using POM as a function of temperature. Figure 5(a)
shows the variation of 6, as a function of (7. — T'), where
T, is the dSmA to SmC transition temperature and 7T is
the measured temperature. The inset of Fig. 5(a) depicts the
POM texture of two opposite tilted domains under crossed
polarizers at 287 K. The rotation angle between dark states in
domains of opposite tilt orientations is 26,y As can be seen
from the Fig. 5(a), the value of 6, increases continuously
from zero and tends to saturate at lower temperatures. This
increase in the 6y at (T;) is suggestive of a second-order
transition from the dSmA to the SmC phase. This can be
verified by fitting the temperature variation of the 6y to the
power law

Oopt(T) = 60(Tye — TP, (1

where f is an exponent, which can be related to the nature of
the phase transition. The generalized Landau theory predicts
B = 0.5 for second-order transition, whereas 8 = 0.25 for a
tricritical point corresponding to crossover from second- to
first-order transition. The solid line in Fig. 5(a) shows the
fit to the experimental data using Eq. (1) with exponent 8 =
0.255 £ 0.009 for our sample. The obtained § value suggests
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FIG. 5. (a) Variation of optical tilt angle 6., as a function of
(T,c — T) in the SmC phase. The solid line shows the fit to the
experimental data using Eq. (1). The inset of (a) shows the oppositely
tilted domains in the SmC phase with the layer normal denoted by
unit vector &. In both domains, k are parallel, but the optic axes are
tilted on the opposite side of &, giving rise to the optical contrast
between crossed polarizers. The white and red arrows represent the
direction of the layer normal & and the optic axis, respectively, in the
two domains. (b) Temperature variation of the effective birefringence
(An) of a planar-aligned sample while cooling from the isotropic
phase. The inset of (b) shows the magnified view of the data in the
short temperature range of the nematic phase.

that the dSmA to SmC transition in our sample is close to the
tricritical point. The absence of a DSC peak associated with
this transition in our sample also suggests that the transition
is of second order in nature. Similar values of the exponent
have also been reported for other materials exhibiting dSmA
to SmC phase transition [63,64].

We also measured the effective birefringence of a planar-
aligned sample of thickness 5 um as a function of temperature
in the liquid crystalline phases. The birefringence was mea-
sured by monitoring the transmitted intensity through the
sample between crossed polarizers using POM. The transmit-
ted intensity through the sample can be written as

IO )
I = 3 sin“(2W)(1 — cos AD), 2)

where [y is the intensity of the incident light, W is the angle
between the local optic axis and the polarizer, and AP =
(2 And)/A is the phase difference introduced by the sample
between the ordinary and extraordinary rays. Here d is the
sample thickness, A is the wavelength of the incident light, and
An is the effective birefringence of the sample. In our experi-
ments, the angle W was set to 45° for maximum transmittance.
The details of the experimental method to measure the trans-
mitted intensity are described in Sec. II, and the effective
birefringence An was calculated using Eq. (2). The variation
of An as a function of temperature is shown in Fig. 5(b).
While cooling from the isotropic phase, a discontinuous jump
in the An was observed at the isotropic-N transition temper-
ature. The value of An continued to increase in the N phase,
and a slope change at the N-dSmA transition temperature was
observed. The An value increases slightly with decreasing
temperature and tends to saturate at lower temperatures in the
dSmA phase. The Arn again started to increase with decreasing
temperature from the dSmA to SmC transition temperature.
The low value of the birefringence in the dSmA phase (An =~
0.08) compared to that of the SmC phase supports the de Vries
nature of the SmA phase [5].

Though the transition from the dSmA to the SmC phase is
not detected in the DSC measurements, a clear textural change
was observed in the homeotropic as well as planar-aligned LC
cells at about 402 K. In addition, the temperature variation
of the optical tilt angle and the birefringence of the sample
also show a clear phase transition at 402 K. These observa-
tions confirm the existence of phase transition at 402 K and
cannot be explained by other effects, such as surface-induced
changes. The second-order nature of this transition accounts
for the absence of DSC peak.

The spontaneous electric polarization of the sample in the
dSmA and SmC phase was investigated using a triangular
wave voltage technique [59]. A voltage of amplitude 50 V was
applied across the planar-aligned sample of thickness 5 um.
The current responses of the sample are shown in Fig. S2
[62]. No current peak associated with polarization reversal
was observed, indicating that the layers in both smectic phases
do not possess spontaneous polarization.

Despite the absence of polarization, a clear reversible field-
induced change in the texture was observed in the SmC phase
for a planar-aligned sample (see Fig. S3 [62]). The electro-
optical response of the planar-aligned sample kept between
crossed polarizers was measured in the SmC phase under the
application of a triangular wave voltage. The observed optical
response was found to be at twice the frequency of applied
voltage (see Fig. S4 [62]). This observation also suggests the
absence of polarization in the layers. The observed electro-
optical response arises due to the quadratic coupling between
the applied electric field and the dielectric anisotropy of the
sample. No such optical response was found in the dSmA
phase with an applied field as high as 20 V/um.

D. Dielectric studies

The dielectric properties of the samples were investigated
using the LC cells for planar alignment. The methods used
for the dielectric measurements are described in Sec. II. The
effective dielectric constant (€cfr) was measured by applying
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FIG. 6. Variation of the effective dielectric constant (e.s) of the
compound BTCNS in a planar-aligned LC cell of sample thickness
5 wm as a function of temperature. The data clearly detect the various
phase transitions and are in agreement with the DSC and POM
observations. The dielectric constant’s low value indicates the ab-
sence of spontaneous polarization in the sample. The inset shows the
magnified view of the marked region.

a sinusoidal ac voltage of rms amplitude 0.5 V and frequency
5641 Hz while cooling the sample from its isotropic phase.
Figure 6 shows the temperature variation of €. of the sample,
which clearly detects the transitions between the observed
phases. The transition temperatures agree with the DSC
and POM measurements. The increase of € in the planar-
aligned nematic phase while cooling from the isotropic phase
suggests negative dielectric anisotropy of the sample. The €.t
continued to increase on further decreasing the temperature
to 333 K and sharply decreased below it. This sharp decrease
does not correspond to a phase transition. Rather, it occurs due
to dielectric relaxation, as discussed later.

To study the dielectric relaxation behavior of the sam-
ples, the dielectric permittivity was measured as a function
of frequency in the range of 1 Hz to 10 MHz at different
temperatures for planar-aligned samples. The frequency de-
pendent complex dielectric permittivity of the sample can be
written as

e (f) =€) +ie" (), 3)

where ¢’ and €” are real and imaginary parts of the complex
dielectric permittivity, respectively, and f being the frequency
of the applied field.

The frequency dependence of €”(f) at different tempera-
tures in the dSmA and SmC phases are shown in Fig. 7. The
observed peaks in €”(f) curve correspond to the relaxation
frequency of different dielectric modes of the sample. Fig-
ure 7(a) illustrates the frequency dependence of €”(f) in the
high-temperature range from 423 K to 393 K with a tempera-
ture step of 4 K. The sample is in the dSmA phase at 423 K,
and the transition to the SmC phase occurs at about 403 K. The
relaxation peaks in the small frequency range below 100 Hz
with relatively high dielectric strength are arising due to the

(@)
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FIG. 7. Variation of the imaginary part of the dielectric constant
(¢”) as a function of frequency at different temperatures. (a) In the
high-temperature range from 423 K to 395 K with a temperature step
of 4 K. (b) In the low-temperature range from 393 K to 303 K with
a temperature step of 10 K. The peaks in the data represent various
dielectric relaxation processes.

ionic conductivity of the sample and will be ignored in further
discussions. Another mode with the relaxation frequency in
the MHz range was found in this temperature range, which is
denoted as M, in 7(a). The intensity of these relaxation peaks
remained almost constant, and the peak frequency gradually
decreased upon lowering the temperature. The M; mode was
found to exist in both dSmA and SmC phases and does not
vary appreciably across the transition, as can be seen from
Fig. 7(a). The frequency dependence of €”(f) in the lower
temperature range from 393 K to 303 K with a temperature
step of 10 K is shown in Fig. 7(b). At lower temperatures, the
relaxation frequency of mode M started to decrease rapidly
with decreasing temperature and attained a value of about
50 Hz at ambient temperature. In this lower temperature
range, another weak relaxation peak at about 5 MHz was
clearly visible, which did not vary with temperature as shown
in Fig. 7(b). This peak, denoted as Mo, arises due to the finite
sheet resistance of the ITO coating used in the LC cell and is
masked by the M; mode in the higher temperature range.
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Similar experiments were carried out on a homeotropi-
cally aligned sample, and one relaxation mode was found
to exist in the same temperature range as in the planar-
aligned sample. The temperature variation of €’ for the
homeotropic and the planar-aligned sample is shown in
Fig. S5 [62]. In the homeotropic LC cell, the molecules ac-
quired a quasihomeotropic alignment with a nonuniform dark
texture between crossed polarizers, as shown in Fig. S6 [62].
This nonuniform alignment is probably due to the incompat-
ibility of the strong homeotropic anchoring and the diffuse
cone structure of the dSmA phase. The quasihomeotropic
alignment of the molecules in the homeotropic cell can be
attributed to the presence of mode M. Thus, the sample
exhibits one dielectric relaxation mode M; present in both
alignments. The dielectric strength in the homeotropic aligned
sample is significantly lower compared to that in the planar
cells, indicating that the mesophases possess negative dielec-
tric anisotropy.

In order to analyze the measured dielectric relaxation
processes, the dielectric spectra were fitted using the
Havriliak-Negami (HN) equation [65,66]. This empirical
equation expresses the frequency-dependent complex permit-
tivity €* in terms of the various relaxation processes given by

. n
iog Ag;
€ow* * jzz; [1+ (i) )b

€ (f) —€x=— “4)

In this equation, Ae; represents the dielectric strength of
the jth relaxation process, t; represents the corresponding
relaxation time, €, represents the high-frequency limit
of permittivity, and «;, B; are shape parameters. These
parameters describe the broadness and asymmetry of the
dielectric loss spectra, respectively, and satisfy the conditions
0<aj<landO <a;B; < 1. The term ioy/€yw’ is related
to the conductivity, where oy is the direct current (dc)
conductivity, €y is the permittivity of free space, and s is a
fitting parameter that determines the slope of the conductivity.
In the case of pure Ohmic conductivity, s = 1, while s < 1
could be observed in the case of additional influence due to
electrode polarization [52]. The HN response reduces to the
Cole-Davidson response [67] when « = 1, and to the Cole-
Cole response [68] when B = 1. The process under discussion
is termed Debye relaxation for both « and 8 equal to unity.
The dielectric spectra for our sample could be fitted well
using Eq. (4). Figure 8(a) shows the variation of €”(f) as a
function of frequency at 333 K along with the fitted curve. The
fitting parameters obtained for some temperatures are listed
in Table I. The asymmetry parameter 8 = 1 for our sample
remains almost constant at varying temperatures. This implies
that the shape of the dielectric loss peak is symmetric, and the
relaxation process is of the Cole-Cole type. The Cole-Cole pa-
rameter o was found to be close to 0.68 at lower temperatures
and tends to decrease slightly with increasing temperature.
This indicates that the width of the dielectric loss spectrum
tends to increase with decreasing temperature, as can also be
seen from Fig. 7(b). The deviation of experimental data from
the fitted curve at higher frequencies in Fig. 8(a) is due to
the overlap of the relaxation peak with the additional peak at
about 5 MHz arising from the ITO coating of the LC cell. We
have also carried out the dielectric measurements on a 9 um

(a)
O Expt.
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10" | q
=UJ
10° |
i | | sl sl ul T
107 10° 10° 102 108 10* 10° 108
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6
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0 " 1 " 1 " 1 " 1 L 1 " 1
24 2.6 238 3.0 3.2 34
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FIG. 8. (a) Frequency variation of €” at 333 K along with fitted
curve (solid line) using Eq. (4). The deviation of the fitted curve in
the higher frequency region is due to the overlap of the relaxation
peak in the MHz range associated with ITO coating. (b) Relaxation
frequency of mode M, as a function of inverse temperature. The solid
curve represents the fit to the experimental data using VFT Eq. (5),
indicating the non-Arrhenius behavior of the liquid.

LC cell. The relaxation frequency of the observed mode M,
was found to be independent of the sample thickness.

The temperature dependence of relaxation frequency pro-
vides a useful classification of glassformers along a “strong”
to “fragile” scale [51,54]. The former shows an Arrhenius

TABLE I. The shape parameters o and g, and dielectric strength
A€ value obtained from fitting the experimental data with Eq. (4) at
different temperatures.

T [K] o B Ae

303 0.65 + 0.02 1+0.08 6.69 + 0.17
308 0.68 + 0.01 1+0.06 6.50 %+ 0.16
313 0.74 + 0.02 0.95 £ 0.03 6.44+0.21
318 0.67 + 0.01 0.99 = 0.06 7.33+0.07
323 0.68 + 0.01 1+0.06 7.23+0.06
328 0.67 + 0.02 1+0.08 7.23+0.07
333 0.68 + 0.02 1+0.09 7.12+0.08
338 0.69 + 0.02 1+0.12 7.06+0.11
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FIG. 9. Linear variation of ‘T [d(Int)/d(1/T)]~"/*" as a func-
tion of temperature showing two dynamical regimes separated by
the crossover temperature 7z = 370 K. The slope and ordinate of
the linear fit in the lower (higher) temperature region are 0.028 and
—6.51 (0.123 and —41.65), respectively.

dependence, whereas the latter deviates from the Arrhenius
behavior. The glass transition is associated with several pre-
vitreous phenomena occurring well above the glass transition
temperature [69,70]. To describe the previtreous behavior,
numerous model relations have been developed [52,53]. The
empirical Vogel-Fulcher-Tammann (VFT) equation remains
the most popular one among them and is nowadays used in
the following form [52]:

DTy >’ )

T —To

where fo, is the preexponential constant, extrapolated Vogel
temperature 7y is usually located below the glass transition
temperature T, and D is a constant denoting the fragility of the
system and describes the degree of deviation away from the
basic Arrhenius behavior. The measured relaxation frequency
as a function of temperature along with its fit to Eq. (5) is
shown in Fig. 8(b). The fitting parameters are Ty = 253.15 &+
0.004 K, log;ofoo = 8.49 £0.19, and D = 3.19 £ 0.39. Such
alarge D value indicates the highly fragile glassy nature of our
sample. These fragile glasses have also been found for some
polymeric systems [71]. The deviation of VFT fit from the
experimental data in the higher temperature range is further
analyzed as discussed below. It has also been reported that a
poorer fit to the experimental data is expected for more fragile
liquid [54].

The linearized derivative-based analysis, first proposed by
Stickel et al. [72], was performed to emphasize subtle changes
in the dependence of relaxation time t on temperature. It
has been shown that the plot of T [d(InT)/d(1/T)]™'/? vs
T should give rise to a linear dependence in the region where
the VFT equation is valid [69]. For our sample, linear temper-
ature dependence with two different slopes was found in the
low- and high-temperature regions, as shown in Fig. 9. The
crossover temperature 7g was found to be at about 370 K,
which separates the two dynamical regimes. This analysis
shows that the VFT relation is more appropriate to describe
the temperature variation of the relaxation frequency for our
sample.

f=r< exp(—
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FIG. 10. DSC thermogram of the compound BTCNS at different
rates while cooling from the isotropic phase and subsequent heating.
A step change in the curve at a temperature of 271 K is indicative of
glass transition. The sample does not crystallize over a few weeks.

It has been shown in many cases of liquid crystalline
glassformers [70,73,74] that T = 7o(T — T;)~" can be used
to portray the behavior of relaxation in accordance with
the mode coupling theory (MCT) [75,76]. Here T, denotes
the MCT singular temperature describing a hypothetical
crossover from the ergodic to the nonergodic regime, and the
exponent 2 < y < 4 is a nonuniversal parameter [75]. How-
ever, for our sample, we found that the temperature variation
of the relaxation frequency can be fitted best with the VFT
relation given by Eq. (5).

The DSC measurements were carried out to measure the
possible glass transition in the cooling and heating cycle of
the sample at different rates. The observed DSC thermograms
are shown in Fig. 10. A step change in the DSC thermogram
corresponding to the glass transition was detected on both the
cooling and heating cycles. The vitrification temperature (75)
on cooling at a rate of 20 K/min was 271 K, and the corre-
sponding glass softening temperature on heating was 268 K.
These temperatures were determined from the inflection point
of the DSC thermogram corresponding to the half height of
the step in the heat flow curve. The difference between calori-
metric glass transition temperature 7, and Vogel temperature
Ty is about 18 K for our sample, which is considered to be low
as expected for highly fragile systems [54]. This difference
tends to zero for magnetic relaxation in spin glasses [77].

Now we discuss the possible origin of the observed M
mode in our sample. The dielectric relaxation processes can be
divided broadly into two categories: noncollective and collec-
tive dynamics of the molecules. When the rotational dynamics
of the individual molecules are not correlated, the liquid crys-
tal molecules themselves can exhibit two dielectric relaxation
mechanisms linked to the rotation of the molecules about their
long and short axes. The former generally occurs in the GHz
frequency range, while the latter occurs at relatively lower
frequencies. Particularly when dealing with BC molecules, the
relaxation mode associated with molecular rotation about the
short axis lies in the range of tens of kHz [78,79]. Moreover,
a number of distinguishable dispersions have been observed
for BC compounds, the origins of which are not yet clear
[78]. For the glass-forming system, the relaxation frequencies
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FIG. 11. Schematic representation for the arrangement of bent-
core molecules in a layer of the dSmA phase (a) without electric
field and (b) in the presence of the field applied parallel to the smectic
layer. The change in the molecular distribution on the application of
field gives rise to collective mode M, observed in our sample.

associated with these dispersions are expected to decrease
rapidly near the glass transition. However, in the case of
our compound, only one relaxation mode M; was observed.
This observation suggests that the M; mode can possibly
arise either due to the noncollective rotation of the molecules
about their short axes or due to some collective molecular
movement.

Although the BTCNS8 molecules have nonzero dipole mo-
ments, our experimental studies confirmed the absence of
spontaneous polarization in the observed smectic phases. Fur-
thermore, we didn’t find experimental evidence of Langevin-
type ordering of the dipole moments in the smectic layers [14].
Therefore, mode M is not associated with the collective polar
ordering of the molecules in our sample.

Based on the molecular configuration in the dSmA and the
SmC phases, we propose a possible collective mechanism that
gives rise to the M| mode. In the dSmA phase, the long axes
of the molecules are distributed uniformly on a cone about
the layer normal [see Fig. 11(a)]. Under the application of
a small electric field in the plane of the smectic layers, the
molecules reorient azimuthally on the cone, resulting in a
weak biaxiality in the system. Due to the strong transverse
component of the dipole moment of the molecules, the sam-
ple has negative dielectric anisotropy, and the field tends to
redistribute the molecules on the cone along the directions
perpendicular to the applied field as shown in Fig. 11(b). The
observed relaxation mode M, in our sample can be attributed
to this collective redistribution of the molecules on the cone.
In the SmC phase, the molecular distribution around the cone
is peaked at a preferred azimuthal angle, giving rise to a
nonzero optical tilt. The optical tilt increases with decreasing
temperature in the SmC phase. However, the molecules still
have a broad distribution along the azimuthal direction. This is
also supported by the fact that the optical tilt angle in the SmC
phase is about 15° at ambient temperature, which is signifi-
cantly smaller than the corresponding intralayer molecular tilt
measured from XRD studies (~33°). Hence, a similar molec-
ular redistribution confining them in the plane perpendicular
to the applied field is expected to occur in the planar-aligned
SmC phase. Thus, the relaxation frequency of the mode M,
varies continuously across the transition from the dSmA to

the SmC phase and persists throughout the SmC phase. The
relaxation frequency of mode M, decreases gradually with
decreasing temperature, indicating that this molecular redis-
tribution about the cone tends to be frozen. The relaxation
frequency starts to decline rapidly in the lower temperature
region of the SmC phase because of the experimentally con-
firmed glassy behavior of our sample.

The broad molecular distribution on the tilt cone also ex-
plains the increase in birefringence of the SmC phase under
the application of a relatively higher field of about 2 V/um, as
observed in POM studies (see Fig. S3 [62]). The applied field
confines the molecules in the plane of the LC cell. This results
in the increased order parameters and, hence, the birefrin-
gence of the sample. This field induced change is reversible
as the molecules relax back to their original distribution after
removal of the field. Further detailed experimental studies are
required to confirm the exact mechanism giving rise to the
observed mode M, .

The constituent molecules of the compound BTCNS have a
central thiophene ring, which gives rise to an opening angle of
about 143°, which is larger than 120° typically found for bent-
core molecules. This perhaps can be attributed to the absence
of net polarization in the observed smectic phases. We do not
see any sign of the B2 phase typically exhibited by bent-core
molecules. Rather, the observed phases are calamatic phases
generally observed for rodlike molecules.

IV. CONCLUSION

We report experimental studies on a compound consisting
of bent-core banana-shaped molecules, which exhibits the
following enantiotropic liquid crystalline phases on cooling:
Isotropic — Nematic - dSmA — SmC — Smectic Glass.
The XRD studies show the minimal layer contraction across
the dSmA to the SmC transition, and the POM studies fur-
ther confirmed the “de Vries” nature of the SmA phase. The
switching current measurements indicate the absence of spon-
taneous polarization in both the smectic phases. A dielectric
relaxation mode was observed due to the reorientation of the
molecules on the tilt cone in the dSmA phase, and it persists in
the lower temperature SmC phase. The relaxation frequency
of this mode decreases rapidly with decreasing temperature
following the VFT equation, indicating a fragile glassy be-
havior of our sample. The DSC measurements confirmed the
glass transition at about 271 K, which does not depend sig-
nificantly on the cooling rate. We have proposed a model for
the observed dielectric mode in the dSmA phase to account
for experimental results. Interestingly, the studied bent-core
compound has the unique property of exhibiting a de Vries
SmA phase along with the glassy behavior.
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