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Bent-core liquid crystals have set the first example of forming polar superstructures from achiral
molecules. Polar switching studies in smectic phases have revealed several exciting sub-phases
which have never been observed in rod-like liquid crystals. In this study, mesomorphic and polar
switching properties of three bent-core compounds belonging to a homologous series have been
investigated using polarizing optical microscopy (POM), differential scanning calorimetry, XRD
studies, electro-optics, and dielectric spectroscopy. These achiral, unsymmetrical four-ring bentcore liquid crystals with a polar fluoro substituent at one end and n-alkoxy chain at the other terminal end possess azo, ester, and imine linkages between the four phenyl rings and different lateral
substituents. The compounds 16-F and 18-F exhibit orthogonal smectic phase with antiferroelectric
polar order, and additionally, the compound 16-F exhibits a short range nematic phase with a polar
order. The compound 7-F exhibits broad enantiotropic nematic mesomorphism without appearance
of any smectic ordering at low temperature. The smectic and nematic phases were identified by
their optical textures observed by POM. Distinct polarization current peaks under triangular wave
voltage are observed for all the compounds in the entire mesophase range. Relaxation phenomena
corresponding to polar associations of the molecules are observed in dielectric spectroscopy. The
cybotactic nature of the nematic phase is established by the XRD and electro-optic studies of 16-F.
Although it is rather difficult to form mesophase when the number of aromatic rings is reduced
from five, we have successfully demonstrated the bent-core compounds with four-ring which
exhibit orthogonal smectic phases as well as nematic mesomorphism with unusual cybotactic
signature. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4966936]

I. INTRODUCTION

A rich variety of unique phase structures exhibited by
the bent-core liquid crystals is attributed to their distinct
shape anisotropy. Antiferroelectric and ferroelectric switching has been found abundant in smectic and columnar phases
of the bent-core compounds.1–3 Due to bend shape of the
molecules, free rotation along their long axes is hindered and
dipole moments are ordered to develop a polarity within the
sample. The tilted banana phases have been extensively studied owing to their polar switching properties.4–8 Depending
upon the interlayer interactions of the dipole moment and tilt
direction, different types of homochiral and racemic structures with ferroelectric and antiferroelectric switching are
found. Besides forming banana phases, the bent-core molecules occasionally form non-tilted or orthogonal phase, viz.,
smectic A (SmA) and nematic (N) phases, with spontaneous
polar ordering.9–15 The direction of polarization of the adjacent layers may change randomly (SmAPR),16 antiferroelectrically (SmAPA),17 or ferroelectrically (SmAPF).18 Further
randomly distributed antiferroelectric domains (SmAPAR),19
interdigitated layer structure with antiferroelectric ordering
(SmAdPA, SmAdPR)20 and polarization modulated orthogonal smectic phases (SmAPFmod)21 are also reported. Recent
a)
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studies have shown continuous or weakly first order transition between two or three orthogonal phases for symmetric
and asymmetric bent-core materials.22–25 Shanker et al.
reported two orthogonal polar phases with an additional
cybotactic nematic phase.23 Non-tilted phases in the bentcore compounds are much preferred from a display perspective than the tilted ones due to ease of alignment over large
areas, and the presence of nematic phase along with the
orthogonal phases improves alignment further. Nagaraj et al.
observed a cybotactic nematic phase and two orthogonal
phases in an achiral symmetrical bent-core compound, out of
which one is polar SmA phase with cybotactic domains
appearing like nematic but transforming to a smectic texture
under applied electric field and exhibiting antiferroelectric
switching.26
The realization of polar nematic phase is highly debated
while ferroelectric-like switching in the nematic (FN) phase is
observed recently in oxadiazole based five-ring bent-core compounds.11–15 However, the current peak in these reports
appears only at a very low frequency region (f ¼ 1–12 Hz)
where the ionic activity is strong.31 Nematic phase in the bentcore compounds with cybotactic clusters (Ncyb) are rare and
have shown other remarkable features such as exceptionally
large flexo-electricity,27 sign inversion of elastic anisotropy,28
unusual electro-convection patterns,29 large viscosity,30 and
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induced biaxiality.11 However, the cybotactic nematic phase
usually appears at high temperature, and only few reports of
realizing such phase at room temperature32–36 are made till
date. Recently, we reported the first evidence of ferroelectriclike switching in the nematic phase of an achiral unsymmetrical four-ring system which is not based on 1,2,4-oxadiazole
bent-core unit and concluded that the formation of smectic C
like cybotactic clusters within the nematic phase of the compound is responsible for such an effect.38 However, Nafees
et al. performed electro-optical and dielectric studies with two
similar achiral four-ring bent-core molecules with methoxy
substituent instead of polar halogen at one end of the molecule
and found no ferroelectric response39 in the nematic phase.
They argued that the presence of terminal polar moiety is
responsible for exhibiting the ferro-nematic phase in four-ring
compounds.
Most of the bent-core mesogens extensively studied in the
past few years possesses five or more aromatic rings. The formation of banana mesophase becomes difficult when the number of rings is reduced to three or four. However, there are few
reports for mesophase formation in such short core compounds. Kang et al. reported an oxadiazole-based four ring
compound which exhibited a nematic, a SmC, and an optically
isotropic phase which under strong electric field transformed
to a birefringent phase with homochiral SmCSPF signature.41
A three ring hockey stick shaped straight core compound has
shown polar SmCSPF and SmCAPA phases.42 Fergusson and
Hird reported three ring and four ring compounds which
exhibit chiral polar SmC and nonpolar SmA phases.43
Weissflog et al. studied four ring compounds which exhibited
non-polar SmC and SmA phases and a polar SmI phase with a
very weak ferroelectric switching.44 They also reported a polar
SmA phase in a three ring bent-core material.45
In this work, bent-core mesogens possessing a 4-n-alkoxy salicylideneimine unit at one end of the molecule linked
to a central phenyl core substituted with a methyl group in

transverse position and linked by an ester group at meta position to azobenzene wings are synthesized and studied. The
lower homologues (n ¼ 5 and 6) of the series are already
reported to exhibit a broad range enantiotropic nematic
phase.37,38 Herein, we report two compounds with longer
chain lengths (n ¼ 16 and n ¼ 18) manifesting orthogonal
polar phases and another compound (n ¼ 7) with wide
nematic phase belonging to the same series.
The mesomorphic properties are studied using polarizing microscopy, dielectric spectroscopy, XRD investigation,
and electro-optics. The molecular structure and the phase
sequences of the compounds 7-F (n ¼ 7), 16-F (n ¼ 16), and
18-F (n ¼ 18) are furnished below (Table I). 7-F demonstrates the existence of ferroelectric-like switching in the
fluid phase. 16-F exhibits a short range Ncyb phase which
transforms to orthogonal layered phase on cooling. The compound 18-F with the longest chain length shows only a broad
orthogonal phase. All the samples reveal polar peak in the
switching current experiment. The current response in the
orthogonal phase suggests antiferroelectric arrangement of
the molecules. Dielectric spectroscopy further confirms the
polar associations with strong temperature dependence. The
importance of studying such molecules is that they have low
bend angle and short core, thus standing at the borderline of
typical rod-like and bent-core molecules. They exhibit novel
and fascinating polar mesophases with intermediate physical
properties useful for practical application. Relatively rare
orthogonal polar smectic phases and a cybotactic nematic
phase are found. The presence of an intermediate nematic
phase allows easy defect-free alignment of the polar SmAP
phase in 16-F, which is rather difficult for bent-core mesogens.23 On the other hand, observation of polar switching in
the wide nematic range sample 7-F puts one step forward
towards the goal of achieving perfect ferronematic phase
with low viscosity and self-healing abilities. These bent-core
compounds may also be potential candidates for preparing

TABLE I. Phase transition temperatures (  C) and mesomorphic phase thermal range of the compounds 7-F, 16-F, and 18-F recorded for second heating (first
row) and second cooling (second row) cycles at 5  C/min from DSC and confirmed by polarized optical microscopy. The enthalpies (DH in kJ/mol) and entropies (DS in J/mol/K), respectively, are presented in parentheses.

Compound
7-F
16-F
18-F

Phase transition temperatures in  C (enthalpy, entropy)

Mesomorphic range  C

Cr 124.5 (40.0, 100.7) N 147.2 (0.29, 0.69) Iso
Cr 87.1 (38.4, 106.8) N 146.6 (0.28, 0.66) Iso
Cr 114.6 (48.9, 126.3) SmA 125.8 (0.84, 2.1) N 128.746 (0.49, 1.24) Iso
Cr 78.7 (44.2, 125.8) SmA 124.5 (0.92, 2.31) N 127.5 (0.41, 1.01) Iso
Cr 114.2 (68.1, 175.9) SmA 128.3 (3.57, 8.91) Iso
Cr 85.52 (53.4, 148.8) SmA 127.5 (3.71, 9.25) Iso

22.7
59.5
14.1
48.8
14.1
42.0
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eutectic mixtures (with calamitic nematics) retaining their
extraordinary physical properties such as polar switching in
nematic phase and negative elastic anisotropy to optimize
for practical applications.
II. EXPERIMENTAL

Synthesis: Achiral unsymmetrical 2-methyl-3-aminobenzoic acid (2,6-substituted toluene)-derived four-ring
bent-core liquid crystals, with a polar fluoro substituent at
one end and an alkyloxy group (number of methylene units
of seven, sixteen, and eighteen) at the other end, were synthesized following a very simple and straightforward methodology as per standard procedures reported earlier.40 The
details are presented in electronic supplementary material
[S1].
Commercially available indium tin oxide coated homogeneous cells (EHC Corp., Japan) of thickness 4 lm and
10 lm were used for electro-optical and dielectric measurements. The inner surfaces of the cells were coated with PVA
and rubbed in an antiparallel direction (Figure S2). The temperature of the cells was controlled by a Mettler FP82 hot
stage attached to a FP90 temperature controller. Thermal
behavior of the samples was studied using a differential
scanning calorimetry (DSC), and the texture was observed
by a polarizing microscope (DMLP, Leica). For electro-optic
measurement, HP33120A signal generator, F10A voltage
amplifier, and DL1620 oscilloscope were used. Current
response was studied by polarization reversal method using a
triangular wave field. X-ray diffraction studies were carried
out on the compound 16-F on powder samples using CuKa
radiation and the DY 1042-Empyrean Diffractometer
System. Dielectric data were recorded in the frequency range
from 10 Hz to 13 MHz using a HP4192A Impedance
Analyzer.
III. RESULTS AND DISCUSSION
A. DSC and DFT studies

The three compounds with an alkyloxy group at one end
and fluoro moiety at the other end of the molecule are studied. The phase sequence of these three compounds is
obtained from differential scanning calorimetry (DSC)
(Perkin-Elmer Pyris-1 system) and further confirmed by
polarizing optical microscopy (POM) studies. The phase
transition temperatures and molecular structures of the 7-F,
16-F, and 18-F compounds are summarised in Table I. The
DSC curve of 16-F is shown in Figure 1 as a representative
example. The compound 7-F is found to exhibit nematic
phase, while 16-F exhibited both nematic and smectic
phases. Compound 18-F exhibited only the smectic phase.
The longitudinal polarizability of these lengthy molecules
aided by the kink-shape of the molecules promotes the formation of the layered phase. Since the lower homologue 7-F
do not exhibit the smectic phase, it is implied that the lateral
attraction between molecules is not large enough to form a
layer. However, the optical observations revealed the
nematic phase with cybotactic clusters (Ncyb). The higher
homologues exhibited layered phases.

FIG. 1. Representative example of DSC heating and cooling curves of compound 16-F.

The quantum mechanical calculations of molecular
properties were performed using density functional theory
(DFT), by employing the combination of Becke3-Lee-YangParr (B3LYP) hybrid functional and 6–311 g(d,p) basis set
using the Gaussian 09 package, to obtain the information
related to molecular conformation, bend angle, dipole
moment, molecular polarizability, and asymmetry parameter
of all the compounds n-2M-F (n 5 7, 16, and 18). The
details are given in the supplementary material [S1].
B. Polarizing optical microscopy

All the compounds possess azo linkage, which can promote non-linear optical properties in the samples, and also
the clearing temperatures vary depending upon the incident
light intensity. The phase transitions of these mesogens are
observed in planar cell by polarizing optical microscopy
(POM) and found to be dependent on light intensity owing to
the cis- to trans-transformation of the azo group. The compound 16-F exhibits a nematic phase at high temperature,
which is followed by an orthogonal phase on cooling as confirmed by optical observation (Figures 2(a)–2(c)) and DSC
study. The striped pattern along the rubbing direction in the
orthogonal smectic phase indicates well alignment of the
bent-core molecules in the planar cell, which is difficult for
typical banana molecules. The striped pattern transformed
into a focal conic texture on further cooling to a lower temperature. In 18-F, fan shaped textures are observed typical
for the smectic phase (Figures 2(d) and 2(e)). For the other
sample with smaller chain length (7-F), typical Schlieren and
marble textures confirming the nematic mesomorphism are
observed (Figure 2(f)).
C. Dielectric spectroscopy

The molecular dynamics of the LC molecules are studied by dielectric investigations. Since the dielectric loss
spectra of the sample have a comparatively high dc loss at
the low-frequency side and they are also asymmetric, the frequency dependence of the complex dielectric permittivity
can be better described by the superposition of HavriliakNegami fit function and a conductivity contribution. The
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FIG. 2. Optical micrographs of 16-F (in 4 lm planar cell) in (a) nematic phase at 125.4  C, (b) striped pattern in SmA phase at 122  C, (c) appearance of focal
conic textures at 115  C, (d) fan-shaped texture indicating smectic phase of 18-F in the non-aligned cell and (e) striped SmA phase in the planar cell at 100  C;
(f) Schlieren texture of 7-F in nematic phase at 145  C; POM texture of blue phase formed by (g) 7-2M-F þ 5% HTP at 129.8  C and (h) 16-2M-F þ 5% HTP
at 121.3  C (red arrows indicate the rubbing direction).

characteristic dielectric parameters such as dielectric
strength and relaxation frequency were extracted after fitting
the dielectric data in the following extended HavriliakNegami function:
(
)
N
r0 1 X
Dek
e ¼ : sþ
Im 
b ;
e0 x
1 þ ðixsk Þak k
k¼1
00

(1)

where Dek is the dielectric strength and sk is relaxation time
of each individual process k involved in dielectric relaxation,
e0 is the vacuum permittivity (8.854 pF/m), r0 is the conduction parameter, and x is the angular frequency. The exponents a and b are empirical fit parameters, which describe a
symmetric and non-symmetric broadening, respectively, of
the relaxation peaks. The first term on the right-hand side of
Eq. (1) describes the motion of free charge carriers in the
sample. The exponent s of the angular frequency determines
the nonlinearity of the dc conductivity arising from charge
accumulation at the interfacial layers. In the case of an
Ohmic behaviour (s ¼ 1), r0 is the Ohmic conductivity of the
smectic material.
Typical dielectric spectra of 16-F in planar cell of thickness 4 lm show two relaxation processes (P1 and P2) at 50
kHz and 3 MHz, respectively (Figure 3(a)). Dielectric
strength (De2) and relaxation frequencies (fR2) of peak P2
have weak temperature dependence and are assigned to rotation of molecules around their long axes, whereas the relaxation peak in the kHz region (P1) is strongly temperature
dependent. However, an anomalous behaviour of the relaxation frequency (fR1) over temperature for this mode was
observed (Figure S3). Hence, we repeated the dielectric measurement in a thicker cell (d  10 lm) where two peaks, one
at kHz region (25 kHz–74 kHz) and the other at MHz
region (5 MHz), were present. The first peak can be identified as P1, observed earlier in the 4 lm cell at the same frequency range. However, the other peak due to molecular

rotation is of very low dielectric strength (DeR (II)  1.6) in
10 lm cell and basically screened by P1 in smectic and
nematic phases but can be clearly observed in isotropic phase
and once bias is applied (Figure S8). The three mesophases
in the compound 16-F can be clearly identified by the temperature dependence of relaxation frequency (fR1) (Figure
3(b)). fR1 is high (225 kHz) in the isotropic phase and
decreases abruptly (74 kHz) at the isotropic-nematic transition due to enhanced viscosity. Again, there is a discontinuous decrease in fR1 (44 kHz) at nematic–smectic transition.
To further ascertain this relaxation process, we applied bias
voltage up to 40 V in smA phase. The dielectric strength
decreases while the relaxation frequency of this peak
increases with the applied bias (Figure S4). This effect can
be explained by the suppression of collective motion of
molecular dipoles in SmA phase with a random polar order.
Similar observation is reported by Guo et al. in a five-ring
asymmetric bent-core compound.24 Thus, the mode P1 can
be related to a molecular motion associated with the polar
response of the sample. De1 continuously increases upon
cooling the sample from the nematic (De1 ¼ 4.7) to smectic
phase (De1 ¼ 10.6), suggesting the presence of polar clusters
from the nematic phase, which grows in size when we move
deep into the smectic phase.
Another homologous compound 18-F with smectic
phase exhibited two peaks: P1 (20–30 kHz) and P2 (3 MHz).
For P1, DeR1 increases and fR1 decreases upon cooling,
reflecting a stronger dipolar interaction at lower temperature
(Figure 3(c)).
A typical spectra of 7-F reveal two dispersion peaks,
one at a high frequency (P2  2 MHz) and the other at a very
low frequency (P1  10–40 Hz) (Figure 3(d)). The higher
frequency peak (P2) occurs due to the rotation of the molecules along the long axis. Conversely, the low frequency
peak (P1) has a very high dielectric strength and suppresses
under a minute bias voltage. This mode can be assigned
to the collective motion of the molecules within the
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FIG. 3. (a) Dielectric spectra of 16-F at 100  C in 4 lm planar cell; dielectric strength (DeR) and relaxation frequency (fR) of peak P1 of (b)16-F in 10 lm planar
cell and (c)18-F in 4 lm planar cell; (d) dielectric spectra of 7-F at 130  C in 4 lm planar cell; (e) DeR and fR vs. temperature for peak P1 of 7-F; inset: temperature
dependence of rotational viscosity of 7-F; (f) rotational viscosity vs. temperature of 7-F; and (g)temperature dependence of dielectric anisotropy for 7-F.

ferroelectric clusters as it occurs at almost the same frequency at which ferroelectric-like switching in this compound is observed and also the observed polarization
depends on frequency (Figure 5(c) inset). Shanker et al.
reported a 1,2,4-oxadiazole derived bent-core nematic liquid
crystal exhibiting similar relaxation modes in the entire
nematic and isotropic phases.14 Both dielectric strength and
relaxation frequency increase slowly with temperature for
peak P1(Figure 3(e)). This may arise due to an increase in
the rotational viscosity of the compound 7-F as it is cooled
from the isotropic temperature and in turn impedes the collective motion of the molecules in clusters. To establish the
above argument experimentally, we have measured the rotational viscosity (c1) using the phase-decay-time measurement technique28 (Figure 3(f)). c1 is 0.69 Pa S at 140  C and
increases gradually to 1.64 Pa S at 100  C. The material 7-F
possesses positive dielectric anisotropy in the entire nematic
phase, which increases with temperature and rapidly
decreases near nematic to isotropic transition (Figure 3(g)).
The activation energy (EA) in the nematic and the isotropic phase of 7-F is obtained by fitting temperature (T)

dependence of the relaxation frequency (fR) curve of peak
P1 with Arrhenius equation fR ¼ f0 exp(EA/kB T). Here, f0
is a temperature independent constant and kB is Boltzmann
constant. EA in nematic and isotropic phase is found to be
0.47 eV and 0.24 eV, respectively. These values are comparable with that obtained earlier by Salmon et al. in a five ring
bent-core nematic with negative dielectric anisotropy.46 The
reduction of EA in the isotropic phase refers to lower hindrance of the collective movement of the molecules responsible for this process. We also obtained activation energies in
smectic, nematic, and isotropic phases of 16-F, which turn
out to be 0.28 eV, 0.35 eV, and 0.48 eV, respectively.
Sathyanarayana et al. reported activation energies in three
consecutive (N-SmA-SmCA) phases of a hockey stickshaped bent-core compound, which are relatively higher
compared to our results in respective phases.28 The lower
values of EA (comparable with calamitic LC) imply that the
flip-flop motion of the molecules is comparatively easier in
case of four-ring bent-core molecules with reduced bent
angle since they are structurally at the borderline of typical
bent-core and rod-like molecules.
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D. Electro-optical studies

The investigation of textural features in planar cells
under the influence of square wave electric field (15 V/lm,
10 Hz) reveals interesting features. In the smectic phase
exhibited by 16-F, striped pattern is turned to nematic like
texture after application of square wave electric field, suggesting that the width of the stripes is reduced significantly
(Figures 4(a) and 4(b)). In the nematic phase of 16-F, the
birefringent texture turns to reversible dark texture (on
removal of the electric field, the texture returns to its original
colour) on applying the electric field. This implies switching
of the molecules from planar to homeotropic orientation
(Figures 4(c) and 4(d)). However, the nematic phase range is
very small (4  C), and one can get the dark texture due to
nematic-isotropic transition of the molecules by the heating
effect of the electrodes. Hence, to further discern the polar

FIG. 4. Optical micrographs before and after applying field for (a) and
(b)16-F in SmA phase, (c) and (d)16-F in nematic phase, (e) and (f)18-F in
SmA phase, (g) and (h) 7-F in nematic phase.

J. Appl. Phys. 120, 174101 (2016)

switching, we obtained the transmission vs. voltage (T-V)
characteristics under triangular wave voltage (12.5 V/lm,
10 Hz) in normally white condition. Typical T-V curves are
observed only in the nematic phase and vanish in both isotropic and smectic phases (Figure S5).
In the case of 18-F, the focal conic texture turned to
highly birefringent stripes as shown in Figures 4(e) and 4(f)
upon application of the electric field. These changes of textures in smectic A phases indicate that the molecules are
actually reorienting upon application of the electric field and
the phase cannot be apolar in nature. The current response
confirmed the polar properties of these SmA phases. Figures
4(g) and 4(h) represent the optical texture in the nematic
phase before and after applying a bias voltage in a planar
cell of thickness 4 lm. The ITO coated part of the cell transforms into homeotropic orientation after applying field and
shows stripped electro-convection pattern which is similar to
our earlier observation and discussed in detail in our previous paper.39
In 16-F, two closely spaced current peaks of different
origin are observed in the SmA phase on application of the
triangular electric field, and their development over temperature is studied (Figures 5(a) and 5(b)). Peak A is almost negligible in the isotropic phase and grows in size with the
reduction of temperature. The peak at right (peak B) can be
seen in the isotropic phase, and the peak height increases on
cooling. Since the molecular structure of 16-F and 18-F
involves an OH group which is capable of proton conductivity and can easily complex ions to provide a current peak, we
are not discarding the ionic contribution to the current
response. However, as the peaks are not growing in the isotropic phase, both the polar and ionic contributions are
responsible for the current response. Peak A can be attributed
to a purely polar origin whereas peak B is a combination of
both. The two peaks indicate antiferroelectric arrangement
of the SmA phase. The area under combination of the two
peaks (A and B) seems to increase on cooling (Figure 5(c)).
The temperature dependence of area under the more polar
sensitive peak A is shown separately (Figure 5(c) inset),
which has a sharp dependence on temperature. The evolution
of the peaks with increasing voltage is also observed (Figure
5(d)). Both peaks shift to left and increase in height with the
increase in voltage. After a certain voltage, the peak area is
almost constant. Here, it can be noticed that the short range
nematic phase also shows polar switching and can be identified as cybotactic nematic phase with SmA type clusters.
These clusters are merged together to form SmA phase at
lower temperature. The other compound 18-F exhibits similar current responses over temperature while the overlapping
of the two peaks is more and cannot be distinguished (Figure
5(e)). The plot of the area under the current response peak of
18-F as a function of temperature and frequency is shown in
Figure 5(f) and its inset. A gradual increase in area is
observed with the decrease in both temperature and
frequency.
The lower homologue of this molecular structure 7-F
shows a distinct current peak per half cycle of the applied triangular voltage over a broad range cybotactic nematic phase and
has a similar temperature dependence as 6-F (Figures 5(g) and
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FIG. 5. Investigations of sample 16-F:
Current response at (a) 100  C and at
(b) different temperatures applying triangular field 15VPP lm1,10 Hz; (c)
temperature variation of total area
under peak A and B; inset: area under
peak A vs. temperature, (d) voltage
variation of current peak at 120  C;
investigations of sample 18-F: (e) current response at100  C and (f) area
under current peak vs. temperature
applying triangular field 15VPP lm1,
10 Hz; inset: dependence of area under
current peak on frequency at 120  C;
investigations of sample 7-F: (g) current response at 100  C and (h) area
under current peak vs. temperature
applying triangular field 15VPP lm1,
10 Hz; inset: area under current peak at
different frequencies.

5(h)).39 To identify the current peak as a sign of polarization
reversal, we have measured current response at different frequencies. The current response peak can be observed clearly up
to 25 Hz (Figure 5(h) inset) where ionic contributions should be
less. This current peak can also have two overlapping

contributions from polar and ionic origin similar to its higher
homologues. However, the area under the current peak has
peculiar dependence on temperature (Figure 5(h)) and can be
explained as follows. The current peak has both ionic and polar
contributions which cannot be distinguished for this peak. In
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FIG. 6. X-ray diffraction studies of 16F: (a) intensity profiles in the isotropic
phase at 133  C, 130  C, and 129.5  C
showing an emergence of a distinct
small angle peak; (b) intensity profile
of the nematic phase (127  C) showing
a sharp reflection at 2h ¼ 2 deg; (c)
cluster size in the nematic phase calculated using FWHM of a small angle
peak; (d) comparative plot of intensity
profiles in the nematic and SmA
phases; and (e) layer spacing as a function of temperature.

the nematic phase, the polar contribution is prominent due to
longer relaxation time of the ionic contribution and small electrical conductivity of the mesophase.45 As temperature
increases, the polar part reduces in strength, whereas ionic contribution grows rapidly and becomes dominant. In the isotropic
phase, only ionic origin of current response is present.
The existence of polar switching in fluid nematic phase
is confirmed since proper electro-optical switching was
observed upon applied square wave electric field. The uniform homogeneous texture was transformed to homeotropic,
implying that the molecules did change their orientation
from parallel to perpendicular direction to the glass surface
during switching. This would not be the case if the origin of
the peak is mere ionic conduction.1 The possibility of
achieving dark texture due to transition of the nematic to isotropic phase by the heating effect of the electrodes can also
be ruled out since proper T-V characteristics have been
observed in the entire nematic phase and vanished sharply in
the isotropic phase. A recent study of exactly a similar bent-

core molecular structure as of 7-F with end polar group
replaced by methoxy group exhibited no such polar switching response.40 Thus, it is clear that the polar fluoro substitution at the end promotes polar response in the nematic phase.
The observation of polar switching indicates existence of
SmC-like cybotactic clusters within the nematic phase of 7F. Due to the frustrated translational symmetry of the molecules in the nematic phase, the molecules prefer to be
stacked in clusters of non-defined dimensions and the individual dipole pile up together to give a resultant dipole
moment. The dipole moment of the clusters again reorient
along the electric field direction to show a significant current
response.
E. XRD study of 16-F

To get information on the structural aspects, XRD measurements were carried out in the liquid crystalline phases of
the compound 16-F. On cooling the sample from the
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isotropic phase down to 3 above the isotropic–nematic
phase transition, only a diffuse wide angle peak is revealed
in the diffraction pattern. But as the temperature is decreased
further in the isotropic phase, a distinct peak starts emerging
in the small angle region at 2 above the temperature at
which the nematic phase forms (Figure 6(a)). This can be
attributed to the formation of few clusters with SmA type of
ordering, before the nematic phase sets in. Further, in the
nematic phase (127  C), the peak in the small angle region
becomes sharp (Figure 6(b) with the corresponding
d ¼ 4.35 nm. This is clearly sharper than diffuse small angle
peak of conventional nematics. Hence, this might indicate
the cybotactic nature of the nematic phase (probably clusters
with lamellar order). On further cooling, the peak becomes
even sharper undergoing a transition to SmA phase (Figure
6(d)). The layer spacing reduces by 0.1 nm within the SmA
phase. The layer spacing is found to decrease with decreasing temperature, indicating the molecular fluctuations to a
stable molecular arrangement (Figure 6(e)). Hence, X-ray
investigations are in good agreement with POM studies to
confirm the transition from cybotactic nematic to layered
orthogonal smectic phase. From the analysis of the small
angle scattering, the cluster size/correlation length was estimated in the transversal direction. The peaks were fitted to
Lorentzian curves and the correlation length was estimated
according to Scherrer equation L ¼ Kk/(D(2h)*cosh) (assuming K ¼ 1) (Figure 6(c)). The correlation length gradually
increases in the nematic phase, proving the existence of the
short range order and thus complements the dielectric and
electro-optic observation.
F. Blue phase studies

The preliminary experiments on binary mixtures of 7-F
and 16-F with 5% HTP agent revealed the induction of blue
phase of 1  C (Figures 2(g) and 2(h)). The chiral molecular
interaction among molecules in the nematic phase with the
dopant (HTP agent) and/or the possible decrease in the K24
surface elastic constant due to the bent-shaped molecules
may play a major role in the formation of blue phases.
Further work is in progress to explore a wide range of blue
phase with these compounds or with modifications in the
molecular structure.
IV. CONCLUSION

In summary, we have synthesized three achiral unsymmetrical four-ring bent-core compounds belonging to a
homologue series. A significant change in the mesophase
range, structure, and properties are observed when the length
of the terminal alkoxy chain is tailored. The synthesized
bent-core molecules have reduced bend and stand in the borderline between the rod-like and typical bent-core compounds. Thus, they easily form orthogonal smectic structures
when the terminal chain length is increased like typical rodlike molecules but exhibit modulated polar properties characteristic of the bent-core compounds. The compounds show
antiferroelectric like switching in the smectic phase and
unusual polar switching in the nematic phase. Dielectric
spectroscopy also reveals relaxation phenomena that
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corroborate with polar organizations. The existence of fluorine at one terminal position significantly increases the
dipole moment which is responsible for the polar switching
in the nematic and smectic phases of the compounds.
Although it has been found rather difficult to form LC phases
when the number of aromatic rings is reduced to four in the
bent-core compounds, we have successfully demonstrated
polar orthogonal and nematic phases with unusual cybotactic
signature. This type of polar response is new in the four-ring
bent-core liquid crystals and contributes significant insight to
polar phases formed of the bent-core molecules aimed at
practical display applications.
SUPPLEMENTARY MATERIAL

See supplementary material for synthesis, DFT calculations, dielectric spectroscopy, electro-optical switching
measurements etc.
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