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a b s t r a c t

Experimental and theoretical investigations of the twist-bend nematic (NTB) phase in liquid crystals have
recently received significant attention for reasons of unusual and interesting characteristics of the NTB.
Though NTB was predicted to exist for rigid bent-core LCs by Ivan Dozov in 2001, nevertheless it has
unambiguously been proven to exist only in a few bent-core systems so far. Here the characteristics of
both the nematic (N) and NTB phases are investigated for a hockey shaped achiral rigid bent-core LC,
called BCI, in planar and homeotropic aligned cells, using polarizing optical microscopy, electro-optics,
pyroelectricity and wide band dielectric spectroscopy. Spontaneous polarization measured for a bias field
of 2.2 V/lm of a chiral domain using the pyroelectric effect is found to be only �5 nC/cm2. A measure-
ment of the spontaneous polarization using pyroelectricity in general is unaffected by the sample’s dc
conductivity except when its conductance dominates the admittance. As helix of NTB is partially
unwound by the field, results lead to the identification of NTB as polar and chiral. The first and the second
harmonics of the applied field are observed of higher amplitudes in NTB and N phases, respectively. The
hockey-shaped bent-core system exhibits a large negative dielectric anisotropy over a wide range of tem-
peratures than observed for any other compound so far. The large negative dielectric anisotropy is the
highly desirable characteristic parameter of the NTB for exploring the field induced phases at relatively
lower field strengths. The orientational order parameter characteristically jumps at the N-NTB transition
temperature. The complex dielectric permittivity is measured as a function of frequency in the range 1 Hz
to 10 MHz, the analysis of results reveales two collective modes in the dielectric spectra. Amplitude of the
lower frequency mode is much higher than of higher frequency, former is assigned to the hydrodynamic
mode q ¼ qzbz with z-dependent rotation of the heloconical director bn rð ), this in turn involves compres-
sion and dilation of the pseudo-layers. The higher frequency mode corresponds to fluctuations of the tilt
director and closer to the transition temperature, it exhibits a typical soft mode characteristic feature.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

In the last decade, significant attention of the liquid crystals
community is focused on to investigating systems that exhibit
nematic-nematic phase transitions, such as N-NTB and N to Ferro-
electric Nematic (NF). Prior to these observations, the phase transi-
tions in nematic phase had rarely been observed. At the N to NTB

transition, the higher temperature nematic mesophase was found
to resemble mostly the ordinary nematic phase (N), whereas the

lower temperature enantiomorphic phase though proven nematic
was found to have different characteristics and it was initially
denoted as the Nx phase [1]. This phase is now identified as the
‘twist bend nematic’ NTB [2,3], this was the first example of the chi-
ral symmetry breaking in a fluid state, where achiral molecules
lead to the spontaneous formation of chiral domains of opposite
handedness. In each chiral domain, the molecules spiral around
the helical (optic) axis either left or right-handed and form a heli-
coid with a helical pitch of approximately 10 nm [2,3]. The NTB

phase was predicted to exist for both chiral and achiral bent-core
systems by Meyer [4] and Dozov [5] and confirmed through com-
puter simulations by Memmer [6]. The NTB phase has been discov-
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ered in one other bent-core liquid crystal [7]. However this mole-
cule has a bent-core only in the center, in addition it has two rod-
like cyano-biphenyl terminals separated by spacers from the two
ends of the bent-core. This molecule is diferent in shape than the
hockey-shaped molecule and is called a trimer. In a number of
bimesogens, two oppositely handed chiral domains in a thin
planar-aligned cell were observed first by Panov et al. [8,9]. These
domains were later confirmed by Nuclear Magnetic Resonance
(NMR) spectroscopy [10]. Hierarchy of various structures of NTB

for different length scales are shown in Fig. 1 (a to d). The helical
pitch of NTB determined using freeze-fracture transmission elec-
tron microscope (FFTEM) technique ranges from 8 to 12 nm
(Fig. 1d), magnitude of the pitch and its structure were confirmed
using resonant X-ray scattering techniques [11,12]. An additional
important characteristic of NTB is the establishment of a hierarchy
of self-deformation patterns that extend in scale from the nanome-
ter to the micrometer [13]. Though this is not yet fully established.
The molecular deformations lead to the display of striped textures,
periodicity of which is determined by the liquid crystal (LC) confin-
ing sample geometry. In homogeneously planar aligned cells, peri-
odicity of the stripes is found exactly two times the confining cell
gap and is independent of temperature. In twisted cells, however
periodicity of stripes was found lower than two times the cell-
spacing and it was also dependent on temperature [14]. In each
of the two chiral domains, the helical structure of the right or the
left-handed winding exists (1e), the molecular director forms an
angle (h) with the helical axis, magnitude of the heliconical angle
lies between zero and p/2 rad [2,3] just like in SmC* (Fig. 1f) with
two exceptions: (a) molecules in SmC* are chiral and (b) helical
pitch of SmC* lies in the visible wavelength range. In cholesteric
N* phases (Fig. 1g), the constituent molecules are also chiral, how-
ever while continually changing their directions by a small angle,
but these are always oriented perpendicularly to the helical axis.
The helical pitch in the cholesteric phase lies in the visible wave-
length region. The NTB phase is found to exhibit an ultra-fast
switching time of 0.7 ms arising from flexoelectric effect [15]. Fast
switching offers enormous potential in having electro-optic
devices fabricated on the phenomena of flexoelectricity.

In this paper, we report results obtained from experimental
investigations of N and NTB phases of a rigid bent-core hockey
shaped LC (called BCI) using planar and homeotropically aligned
cells. The LC sample cells are studied using polarizing optical
microscopy (POM), electro-optics, pyroelectricity and dielectric
spectroscopy. Temperature dependence of the orientational order
parameter S with respect to the optical axis (director) is deter-
mined for both NTB and N phases from measurements of the bire-
fringence at a visible wavelength of light. The birefringence
observed in the N phase is extrapolated to lower temperatures
using the Haller method [16]. For a bias field of 2.2 V/mm, the spon-
taneous polarization, Ps, in NTB phase is found as � 5 nC/cm2. This
result confirms the polar characteristic and the chirality of NTB. Ps
measured using the pyroelectric technique is unaffected by the
material’s dc conductivity unlike results obtained using other tech-
niques. Dielectric anisotropy in the entire temperature range of N
and NTB phases is calculated from the results of the complex per-
mittivity measurements made for both planar and homeotropically
aligned cells. The dielectric anisotropy is ‘negative’, the permittiv-
ity normal to the long molecular axis is greater than along it. The
dielectric spectra in the investigated frequency range 1 Hz �
10 MHz show two collective relaxation modes in NTB. The molecu-
lar modes are not observed in the frequency window of the
experiment.

2. Materials and methods

The two arms of a rigid bent-core compound, one longer than
the other, are terminated by symmetric alkoxy chains having six
carbon atoms in each chain (n = 6) (Fig. 2a). Planar and homeotro-
pic alignments are achieved by coating indium tin oxide (ITO) glass
substrates with RN1175 (Nissan Chemicals, Japan) and polymer
solution AL60702 (JSR, Korea), respectively. Temperature of the cell
is controlled by a Eurotherm 2604 temperature controller. The LC
cell is heated initially to a temperature of the isotropic (Iso) state
of the material, it is then filled by a liquid crystalline material in
isotropic phase by capillary action. A cell spacing between the
two electrodes is controlled by having different thicknesses of

Fig. 1. A hierarchy of the structures of NTB (details under experimentation) (a) Fluorescent Confocal Microscopy – periodicity the stripes = 2 times the cell-thickness, length of
the white bar in (a) is 4 lm,the slanting structures in the middle of each stripe correspond to the rope like structure in POM. These are suggested to arise from the special
packing arrangement of the molecules, see Fig. 3e. (b) structures that appear to be fish like are observed in confocal microscopy at visible wavelengths, striations normal to
the rubbing direction indicate psuedo-layers structure (c) chiral domains of the opposite handedness (right and left-handed) Length of the white bar in (c): 10 lm (d) Freeze-
Fracture TEM, pitch = 8 nm (e) twist bend nematic structure at the nanometer scale (f) SmC* in the absence of the external field, the arrows represent molecular directors that
form the helix (g) the cholesteric phase. The helical pitch in (f) and (g) lies in the range of visible wavelengths.
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Mylar spacers. The cell spacing is measured using optical interfer-
ence technique developed in the laboratory. Optical textures are
recorded under crossed polarizers in both N and NTB phases using
Olympus BX 52 Polarizing Optical Microscope (POM). The LC cell is
mounted in a hot stage, the latter is fixed on to the rotating table of
POM. A digital camera records the transmitted light of the POM.
The light is sensed by Hamamatsu C6386 photo-diode. The camera
records textures at different temperatures in the N and NTB phases
under conditions of confinement the LC cell. Prior to initiating
measurements of birefringence, the quality of alignment in the
LC cell is confirmed using POM. Planar and homeotropically
aligned cells are also fabricated using the two ITO coated sub-
strates, each having a low sheet resistance of 20 X/h. The real
and the imaginary parts of the complex dielectric permittivity of
the sample in the cell are measured in planar aligned cells using
both gold-plated and ITO electrodes in a frequency range of 1 Hz
to 10 MHz. Cells are cooled slowly with a temperature step of
0.5 �C. A comparison of the results using planar aligned cells with
gold-coated electrodes and low ITO sheet resistance shows that the
parasitic peak arising from the finite ITO sheet resistance in series
with the LC sample’s capacitance is shifted to frequencies beyond
the frequency window of these experiments.

3. Results

3.1. Polarizing optical microscopy (POM) and the differential Scanning
calorimetry (DSC)

The POM and DSC studies of this material in a LC cell exhibit the
following phase sequences: Iso 190 �C N 166 �C NTB 150 �C Col
129 �C Cr under cooling from the isotropic phase and Cr 166 �C N
191 �C Iso on heating from the crystalline (Cr) state [15]. Four
phase transitions are observed from DSC scans under cooling at a
rate of 10 �C per minute. These records show the occurrence of
two strong at 150 �C and 129 �C and the two weak first-order phase
transitions at 166 �C and 191 �C (Fig. 2b). Since both NTB and the
Col phases are observed only under cooling, the LC material is
monotropic. A homologous series of the compound with different
number of carbon atoms in alkoxy group were studied by Schröder
et al. [17] who identified the lower temperature nematic phase as
another ‘columnar’.

The Schröder et al. compound was studied initially by Chen
et al. [18] who identified the low temperature phase as NTB instead
of another columnar as had previously been suggested by Schröder
et al. [17]. The helical pitch of 14 nm using the freeze fracture

Fig. 2. (a) Molecular structure, phase sequence and the phase transition temperatures [T (�C)] of an achiral bent-core LC material BCI obtained using DSC. The phase transition
temperatures are obtained in quasi-equilibrium conditions under cooling at a rate of � 10 �C min-1 by DSC. POM is studied at a temperature step of 1 �C min-1. Abbreviations
used here are as follows: Iso ? Isotropic, N? Nematic, NTB ? Twist Bend Nematic, Col? Columnar and Cr ? the solid crystalline state. (b) These mesophases are labelled in
the DSC scan. Superimposed on these are textures at the transition temperatures of (c) 190 �C (Iso-N), (d) 166 �C (N-NTB) and (e) 150 �C (NTB-Col) in a temperature gradient
cell recorded using a planar aligned cell. Broken white lines in Figures (c to e) indicate the phase transitions between two consecutive phases.
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Transmission Electron Microscopy (FFTEM) was reported by Chen
et and who also observed two oppositely handed chiral domains
in a planar-aligned cell and found that the electroclinic effect in
itself was weak [18]. Textures of the cell are recorded under cool-
ing from the Iso to a series of LC mesophases in the absence of an
external electric field. Studies of a planar aligned LC cell show that
the phase identified at 190 �C is nematic (Fig. 2c). A uniform tex-
ture in nematic phase changes to nonuniform one, yielding N-NTB

(non-striped) phase transition at a temperature of 166 �C
(Fig. 2d), whereas the non-striped phase persists only over a very
narrow range of temperature of 1.5 �C. On further cooling, the
observation is followed by the emergence of striped NTB, the phase
continues to exist over an extended range of temperatures of 15 �C.
On further cooling, the phase transition from striped NTB to Col is
observed at a temperature of 150 �C (Fig. 2e). Textures of the sam-
ple in a planar-aligned cell of the cell-spacing 15 lm are recorded
and shown in Fig. 3. Here the LC sample cell is adjusted in a manner
that the rubbing directions R on the top and the bottom substrates
are adjusted to overlap with each other. The cell with the over-
lapped R makes an angle a = 22.5� with the polarizer direction,
P. The stripes emerge spontaneously parallel to the rubbing direc-
tion with a periodicity of exactly two times the LC cell spacing, and
independent of temperature within the NTB. This is an important
characteristic feature of the NTB, deformations of molecules may
arise from the tilt of the molecular director with respect to the
optical axis (Fig. 2e and 3c). A detailed subsequent investigation
using POM showed that the predominant structure in the middle
of each stripe is ‘rope-like’ (Fig. 3c) as was also confirmed by Fluo-
rescent Confocal Polarizing Microscopy (FCPM) carried out on

bimesogens [19] and is shown in Fig. 1 (a). Left and the right-
handed twisted rope like structures were also observed by Agra-
Kooijman et al. in bimesogen CBC7CB by OPM [20]. Here the
rope-like structure is shown to reflect the twisting and bending
of the molecules as revealed by scanning the polymerized template
of CBC7CB bimesogen using Scanning Electron Microscope (SEM)
shown in Fig. 3e.

DSC scans under cooling reveal that the transition enthalpy
(DH) of the N-NTB transition is extremely low � 0.1 J/g (Fig. 2b)
and the phase transition is weakly first order. As the LC cell is
cooled further to a temperature of 153 �C, a mosaic-like texture
is recorded in a planar aligned cell (Fig. 3d). A large change in
the enthalpy (DH) of 7.04 J/g for the NTB – Col phase transition
(Fig. 2b) corresponding to a strong first order transition is recorded.
The mosaic-like texture of a planar aligned cell for the Col phase at
a temperature of 153 �C is a periodic stripe pattern (Fig. 3d). The X-
ray Diffraction (XRD) study of the compound in Col phase exhibits
two peaks, q � 0.205 Å�1 and q � 0.281 Å�1, corresponding to the
rectangular columnar lattice with parameters, a � 42.5 Å and
b � 44.5 Å [17].

3.2. The polarization measurements

The spontaneous polarization is a major characteristic parame-
ter of the ferroelectric and polar LC phases of a liquid crystal. Dif-
ferent techniques for measuring the spontaneous polarization are
described in the literature. A commonly used technique is based
on measuring the repolarization current that flows through the
LC cell on applying a triangular waveform [22]. Another method

Fig. 3. The POM textures of mesophases in a 15 mm planar aligned cell. The phases indicated are: (a) N at 188 �C, (b) N at 170 �C, (c) NTB at 164 �C (2 �C below the N -NTB

transition temperature) and of (d) the Columnar phase at 153 �C and (e) Imaging of the polymerized template of NTB phase in a mixture of CBC7CB and 5 CB (designed for
reducing N-NTB transition temperature) in a planar-aligned cell (cell-spacing 4 lm) using Scanning Electron Microscope (SEM). The left and the right handed molecular
packing with twist and bend of the molecules in neighbouring layers is revealed by SEM imaging. The yellow twisted helices seen in Fig. 3(e) correspond to the rope-like
structure observed in Fig. 3(c). The procedure of obtaining SEM images is detailed by Panov et al. [21]. Figure 3(e) is reproduced with permission from the authors. The rope
like structure obtained by Focal Conic Polarizing Microscopy (FCPM) [19] on a LC sample cell under similar conditions is overlapped on to the SEM polymer template imaging
of the NTB structure. The length of the bar shown (in green colour) in Figure 3e is 2 lm.
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is based on integrating the switching current arising from the
response of the LC cell to the applied square-wave voltage wave-
form by a capacitor [23]. Both techniques allow for the measure-
ments of dynamical properties (switching time) and of the
rotational viscosity of LC phases. Helices such as in SmC*, B2
(SmCS/APF/A) and SmAP polar/helical phases are easily unwound
by electric field. As a result these are found to exhibit reasonably
large values of the spontaneous polarization and low viscosity.
These are called ‘soft systems’. However on the contrary, the helical
structure such as in cybotactic nematics, twist-bent nematic (NTB)
cannot be easily unwound by the electric field. These are described
as ‘hard systems’. A commonly available technique for measuring
the spontaneous polarization may lead to spurious results of PS
in hard systems resulting from a low magnitude of Ps and large
dc conductivity which is difficult to eliminate. Hence we use pyro-
electric technique [24] for measuring Ps in a polar/chiral phase
where the total polarization PS(T,V) (T is the temperature and V
is the applied voltage) gives rise to the pyroelectric coefficient
c Tð Þ ¼ dPs=dT. On integrating over a range of temperatures, P

s Tð Þ becomes
R Tc
T c Tð ÞdT [24], where TC is the N-NTB phase transi-

tion temperature. A temperature change of dT occurs from a light
source of constant intensity modulated and incident on to the sam-
ple’s cell at a fixed frequency.

Since the magnitude of pyroelectric signal in most systems is
extremely low, a lock-in amplifier (SR830) triggered by reference
signal derived from the signal that modulates beam of light from
the source is used. However, we need to calibrate the pyroelectric
coefficient dPs/dT, i.e. as towhat value of dT leads to a known change
in dPS. A change in the temperature of a system depends on several
factors: absorptionof light by the cell electrodes, cell design, LC sam-
ple and its heat capacity, modulation frequency and the intensity of
the source of light. A comparison of the pyroelectric signal from the
sample’s cell with that arising from a standardmaterial of known PS
are used for calibration purposes.We use a conventional FLC (FELIX-
18) mixture with a pre-determined temperature dependence of the
spontaneous polarization as before [25]. The latter is obtained using
current reversal technique and a planar-aligned cell [22,23]. The LC
cells used in both experimentsmust be of the samedesign. Commer-
cial parallel aligned LC cells (EHC Co. Japan KSPR-09,) of cell-spacing
of 9 lm and measured area of electrodes 0.5 cm2 are used in the
experiments. The pyroelectric response and consequently the spon-
taneous polarization depends on the dc applied electric field (volt-
age/cell spacing) and frequency at which the beam of light is
modulated. For zero value of the electric field, the pyroelectric
response is zero as would normally be expected from undistorted
helical structure. A distortion in the structure of NTB increases with
increase in the field applied across the cell. The maximum signal-
to-noise ratio is reached for a field of 2.2 V/lm applied across a
planar-aligned cell. For fieldshigher than2.2V/lm, theoutputdrops
and electrical noise increases gradually. This will be discussed later.

It is important to select the optimum chopper’s frequency for
modulating the incident beam of light that yields a maximum
value of the pyroelectric signal. Fig. 4 shows the frequency depen-
dence of the pyroelectric signal measured at a temperature of 150
OC in the NTB phase.

Magnitude of the pyroelectric signal is found strongly frequency
dependent but it plateaus at modulating frequencies of between 20
and 30 Hz and decreases with an increase in frequency. In the nar-
row range of frequencies for which the signal plateaus, we select
the modulation frequency of 20 Hz for the experiment. Fig. 5 shows
a temperature dependence of the pyroelectric signal Vp in lV using
a planar aligned cell, where the calculated macroscopic sponta-
neous polarization PS using a cell with the spacing of 9 mm is also
plotted as a function of frequency. In our study, we use quasi-
commercial FLC mixture FELIX-18, this gives Ps = 1.35 nC/cm2 for

Vp = 50 V. It should be noted that the pyroelectric signal in general
is noisy due to the molecular fluctuations in the nematic phase.

The pyroelectric coefficient shows a peak at a temperature of
160 �C in NTB for E = 2.2 V/mm, the signal decreases gradually under
cooling. The pyroelectric signal increases linearly initially with
applied field. However when the applied field is increased beyond
2.2 V/lm, the pyroelectric signal slowly drops to zero. The output
is finally buried in electrical noise. This observation can have two
plausible explanations. Firstly the field induced NTB transits to apo-
lar splay-bend for a particular field strength, secondly the dc con-
ductivity suddenly increases for a particular field strength. The
latter is an unlikely scenario due to the fact that Ps using the pyro-
electricity should normally be independent of the ionic conductiv-
ity. A drop in the pyroelectric signal for a particular strength of the
field accords with a decrease in the dielectric relaxation frequency
with the bias field observed for the same compound [26]. A marked
increase in the birefringence for the field induced NTB changing to
the splay-bend (NSB) in bimesogen CBC7CB [27].

Fig. 4. Frequency dependence of the pyroelectric response measured using a
commercial 9 lm thick cell (KSPR-09) at a temperature of 150 �C in NTB for applied
dc voltage of 20 V. Inset is the Bode plot of Vp vs. f (both plotted on the log–log
scale).

Fig. 5. Temperature dependence of the pyroelectric response Vp in lV (red filled
circles) and the corresponding macroscopic polarization PS (j squares in blue)
using a planar aligned cell on temperature, spacing between the cell electrodes is
9 mm, 20 Vdc is applied voltage across the cell. Frequency of the modulating
signal = 20 Hz. The sample is cooled slowly at the rate of 1 �C per 5 min. The
temperature dependence of Ps shown in blue follows the power law equation in
temperature.
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3.3. The Electro-Optic response

The electro-optic response relates to measuring the output of
the cell for the (a) first, and (b) second harmonics of the signal
applied across a planar aligned cell. The cell inserted between
the crossed polarizers is rotated in such a manner that the over-
lapped R of the cell substrates makes an angle of 22.5� with the
polarizer direction P. In this configuration, the first harmonic of
electro-optical response is a result of the polar electrical interac-
tion. However, for some systems, (e.g. SmAP and nematics), the
polar interaction will lead to almost zero output for the first har-
monic but finite output for the second harmonic, since the two
oppositely switched states in a nematic or SmA phase are optically
equivalent.

The electrical signal from the photodiode that monitors the
transmitted intensity of the the POM is fed to the input of a lock-
in amplifier (SR830), here the trigger/sync signal of the lock-in is
derived from the signal applied across the cell. A frequency of
120 Hz is selected for the applied signal, as the lock-in amplifier
for signals at fundamental and second harmonics is suitable for
measurements. Frequency of the applied waveform is chosen not
to coincide with the integral multiple of mains frequency of
50 Hz, this avoids interference to the electro-optic output from
the noise pick-up from the mains frequency. Fig. 6 shows a plot
of the temperature dependence of the first and the second har-
monic electro-optical response signals for a sinusoidal signal of
amplitude 5 V applied across the cell at a frequency of 120 Hz.

The planar aligned LC sample gives output for the first and the
second harmonics in the electro-optic output of the applied input.
We note that the first harmonic is dominant in NTB but is almost
zero in the N phase whereas the signal for second harmonic is
dominant in the N phase. These results confirm that due to the
dominant output of the first harmonic in NTB , the phase is polar
and chiral. The N phase gives output that is dominant only for
the second harmonic for a reason that the two up and down states
of the molecule are equivalent in this phase.

3.4. The order parameter determined from measurements of the
temperature dependence of birefringence

The orientational order parameter, S, is obtained from measure-
ments of the birefringence, Dn, of a planar aligned cell in the N and
NTB phases of BCI reported in [15]. The anisotropy in refractive

index is expressed in terms of the birefringence. S at a particular
temperature is determined from the ratio of Dn measured for that
temperature to the extrapolated birefringence Dn0 for zero degree
K ; S = Dn/Dn0. S is calculated from the birefringence data and is
plotted in Figure 7. Measurement of the birefringence and its cor-
rection using Cauchy equation is given below. A planar aligned cell
is used in the birefringence Dn experiments. To measure the bire-
fringence, the transmittance spectra from the LC sample cell are
recorded while keeping the angle between the R and the polarizer
P directions, a = 45�.

The transmitted light at wavelength k from the sample cell
inserted between the crossed polarizers as a function of the bire-
fringence is given by:

T ¼ Asin2 pDneff d
k

� �
þ B ð1Þ

A is the scaling factor, Dneff is the effective birefringence of the
sample, d is the electrodes cell spacing and B is the offset signal.
The transmittance spectra as a function of the wavelength are fit-
ted to Eqn. 1. The wavelength dependence of Dn is expressed by
an extended Cauchy equation using the procedure suggested first
by Panarina et al. [28]

Dneff kð Þ ¼ keff
k2k�2

k2 � k�2

 !
ð2Þ

keff and k* are the parameters of the fit of the experimental data
ofDn to equation (2) for a few selected temperatures. On assuming
k* constant over an entire range of temperatures, values of Dn are
calculated for other temperatures.

The measured Dn (T) in the high temperature N-phase is fitted
to the Haller equation [16],

Dn Tð Þ ¼ Dn0 1� T
T�

� �b

ð3Þ

T is the absolute temperature. Constants of the fit are: T⁄ ffi
188 �C and b ffi 0.2. Temperature T⁄ corresponds to the first order
Iso-N phase transition temperature. Dn is the birefringence and
Dno is the birefringence obtained by extrapolating Dn from the
high temperature N phase to absolute zero degree temperature
(i.e. T = 0 K), where the extrapolated order parameter S reaches
unity. For S = 1, all of the molecules are parallel to each other, i.e.
in the limit, [limT ?0[log(Dn)] = logDn0. The function log(Dn) is lin-
early related to the logarithm of the reduced temperature [(T*-T)/
T*]. This is valid for the data points slightly removed from the
Iso-N transition temperature (T⁄) which satisfy equation (3). Here
Dn0 = 0.677 is obtained from the extrapolation of the Haller fit
from higher temperatures. In the N and NTB phases, the orienta-
tional order of the bent-core molecules though relatively low, nev-
ertheless S is strongly temperature dependent in the N phase. We
observe a large jump in S of 0.36 at the Iso-N transition, this is fol-
lowed by a drop in S at the N-NTB transition temperature. This is
caused by a tilt of the molecular directors from the helical axis.
For temperatures lying within the non-striped NTB phase, S
reaches � 0.499 at 167 �C from a low value of 0.364 at 189 �C. At
the Iso-Nematic transition S jumps from zero to 0.36, a strong first
order In this compound, small jumps in S and Dn are observed at
the N to non-striped NTB and at the non-striped to striped NTB tran-
sition temperatures. Magnitude of S and its temperature depen-
dence in N and NTB phases agree closely with the results for
CBC7CB bimesogen using the Raman scattering experiments [29].

Fig. 6. Temperature dependence of the 1st and 2nd harmonic electro-optical
signals for the 5 V sinusoidal signal at a frequency of 120 Hz applied across a planar-
aligned cell. The N-NTB transition temperature has shifted and here it is 161 �C.
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3.5. Dielectric spectroscopy

Dielectric susceptibility v� is defined as the ratio of the change
in polarization DP for a small change in electric field. This is related
to complex permittivity e� by the equation

v� � DP=DE ¼ e� � 1. Measurement of the permittivity is an
excellent probe for detecting small changes in helical structures,
without alterations, by a weak probe field. Under slow cooling
from the Iso state, temperature dependence of the imaginary part
of the complex permittivity for planar and homeotropic aligned
gold plated cells in the frequency range of 1 Hz to 10 MHz are plot-
ted in Fig. 8a and 8b, respectively. The temperature dependent
transverse (e0?) and the longitudinal (e0k) components of the permit-
tivity deduced for a frequency of 1 kHz are plotted in Fig. 9 as a
function of temperature. At the Iso-N transition temperature, the
perpendicular component of permittivity e0

? increases sharply
whereas the parallel component e0

k decreases somewhat. After an
initial abrupt rise and fall, both the transverse and longitudinal
components continually decrease with a reduction in temperature

in N and NTB phases. On reaching temperature of the NTB, decrease
in both components of the permittivity is accelerated with a reduc-
tion in temperature.

3.5.1. Dielectric anisotropy
De is a useful characteristic property of great interest used in

designing LC based electro-optic devices. The dielectric anisotropy

De ¼ e0
k � e0?

� �
is found negative for this material for all tempera-

tures. De decreases from 35 at the N-NTB transition temperature to
10 at 12 �C below this phase transition temperature.De for this com-
pound is significantly larger compared to any other compound stud-
ied so far, and it also exhibits NTB phase over a broad range of
temperatures. A search in the literature shows that the maximum
negative dielectric anisotropy for Vertical Alignment (VA) com-
pounds in display applications varies from –3 to �5 [30]. De for a
fluoro-based bimesogen compound that exhibits NTB varies from
�0.4 to�0.8 [2] and for the cyanobiphenyl bimesogens on the other
hand,Devaries from+2 to+4 [31,32]. In addition,Deplays a vital role
in determining the field-induced subphases by applying amoderate
electric field across a LC cell. The sign ofDe is dependent on themag-
nitude and the orientaions of the dipole moments in a molecule. If

Fig. 8. The three-dimensional (3D) plot of temperature dependent dielectric loss spectra (e‘‘) for (a) 4 lm planar aligned cell and (b) homeotropic gold plated cells in the
frequency range 1 Hz � 10 MHz. The temperature is stabilized to within 0.05 �C.

Fig. 9. Plot of the temperature dependence of the real parts of the complex
permittivity measured at a frequency of 1 kHz, parallel and perpendicular to the
long molecular axis. The calculated dielectric anisotropy De (black squares) is
plotted versus temperature.

Fig. 7. The orientational order parameter, S, for N and NTB phases as a function of
temperature T in the absence of the external electric field. The Inset shows a plot of
the temperature-dependent experimental Dn (j). The red line shows a fit of the
experimental data to the Haller’s equation. The rubbing direction, R, of a planar
aligned cell, of cell-spacing 9 mm, is fixed at an angle of 45� to the polarizer axis, P.
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the component of the resultant dipole moment along the long
molecular axis is of largermagnitude than normal to it,De is positive
and vice versa. For this particular case, the transverse dipole
moment component ismuch larger than the longitudinal one, hence
De is negative and significantly large in magnitude.

Depending on the sign ofDe and on the cell’s configuration (pla-
nar or homeotropic), molecular director can be realigned by the
applied electric field. The reorientation of the molecular director
via Freedericksz transition produces a desired change in the optical
properties of LC cell, underlying principle of a switching of the
pixel in a display. The dc electric field is applied across a
homeotropically aligned cell in the NTB, as a result of De being neg-
ative, constituent molecules of the compound tilt away from the
vertical direction. Textures of homeotropically aligned cell of
cell-spacing 4 lm are recorded as the sample cell is cooled slowly
from the Iso to mesophases. As the electric field across the cell is
increased, molecules tilt and become planarly aligned except closer
to the surfaces. The field induced planar textures using POM in the
N (Schliern texture at 178 �C, 22 V0-peak square wave at f = 1.4 kHz)
and NTB at (165.7 �C, 76 V0-peak, sine wave at f = 20 kHz) phases are
shown in Fig. 10 (Insets in Fig. 10a and 10b correspond to textures
in the absence of external field). The focal conic domains in the NTB

for T = 165.7 �C (Fig. 10b) are observed close to the N-NTB phase
transition temperature.

The measured real and the imaginary parts of the complex per-
mittivity at different temperatures for N and NTB phases of BCI are
plotted in Fig. 11. The dielectric spectra reveal two fluctuation
modes in the frequency range 1 Hz � 10 MHz. The dielectric relax-
ation strengths (de) and the relaxation frequencies (ft and fS) of the
two modes of the BCI are obtained by fitting the dielectric spectra
to Havriliak - Negami empirical equation [33]:

e� xð Þ ¼ e0 � ie0 0 ¼ e1 þ
Xn

j¼1

Dei

1þ ixsj
� �aih ibi � irdc

e0x
ð4Þ

e1 is the high frequency permittivity; j = 1 and 2 are the two
relaxation processes observed in the experimental frequency win-
dow, e0 is permittivity of the free space, sj is the relaxation time. aj
and bj are the symmetric and the asymmetric broadening parame-
ters of the jth process. The symmetric distribution parameter aj=1,
2 < 1 is the broadening parameter of the relaxation spectra and a
measure of the depression in the Cole-Cole arch. a = 0 corresponds
to the simple Debye process. rdc/e0x is the contribution of dc con-
ductivity to the imaginary part of the permittivity. The relaxation
frequency, fj, of the jth process are related to their sj by the equation
given in [34].

Frequency dependence of the real and imaginary parts of the
complex permittivity for temperatures in N and NTB phases are fit-

ted to equation (4). Amplitudes and frequencies of the two pro-
cesses are calculated. The BCI exhibits two relaxation processes
in N and NTB nematic phases. Temperature dependencies of (a)
det for the high (m1) and (b) des for the low (m2) frequencies cor-
responding to relaxation frequencies ft and fs, are plotted in
Fig. 12a and 12b, respectively. The dielectric strength det for m1

Fig. 10. Microphotographs of 4 mm homeotropic aligned cell with electric field applied across the cell cooled slowly under crossed polarizers: (a) 22 V0-Pk, square wave,
f = 1.4 kHz in the N phase at 178 �C and (b) 76 V0-Pk, sine wave, f = 20 kHz. T = 165.7 �C, only 0.3 �C below the N-NTB transition temperature of 166 �C . The Inset in Fig. 10a
shows perfect homeotropic alignment in the N phase prior to the external field having been applied and inset in Fig. 10b shows fine networks of focal conic defects in NTB

phase recorded by a higher sensitivity camera.

Fig. 11. Permittivity e0 and dielectric loss e} of a planar-aligned cell plotted as a
function of frequency in (a) N and (b) NTB phases.
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increases at the N-NTB transition temperature, it increases further
in the NTB before falling off at NTB to Col phase transition temper-
ature. The relaxation frequency, ft, of m1 increases at the N-NTB

transition, plateaus within NTB and it then suddenly drops at the
NTB to Col transition temperature. The high frequency mode m1

is assigned to the tilt fluctuations (ft) of the tilt director without
unduly affecting the periodic helical structure of the NTB by a weak
probe field.

The high frequency mode behaves anomalously and its fre-
quency softens at the N-NTB transition temperature. This is remi-
niscent of the presence of soft mode at SmA* and SmC* transition
temperature in a ferroelectric liquid crystal. On a reduction in tem-
perature the frequency, ft , drops down to lower frequencies in the
columnar phase. A continual freezing of the structure with a reduc-
tion in temperature is reflected here.

A magnified plot of the director tilt fluctuation frequency, ft, vs.
temperature in N and NTB phases is shown in Fig. 13. Here the sub-
script t refers to the tilt. The plot has striking similarities to those
arising from the results of director fluctuations observed in
dynamic light scattering experiments of an LC mixture of the dimer
with its monomer [35]. Equation for a change in the frequency of
the tilt director with temperature is given as follows:

2pf t ¼
1
st

¼ 2Ktq2sin2h
c

ð6Þ

Kt is the elastic constant for the molecular tilt director, c is the
viscosity at the N-NTB transition temperature, and st is the relax-
ation time of the tilt fluctuations. Results for the tilt mode were
obtained independently using a different procedure and agree with
those calculated for the viscosity c = 0.9 Pa�s found for a temper-
ature of 438 K [26]. The low frequency mode is assigned to the
hydrodynamic mode q ¼ qzbz with the z-dependent rotation of
the heloconical director bn rð ) and a consequent displacement of
the pseudolayers (leading to compression and dilation of the
pseudo-layers). This mode persists in the N-phase close to the N-
NTB transition temperature, as expected. The wave vector
q ¼ 2p=p, where the pitch in the absence of the external field in
NTB phase, p = po, is � 14 nm [18]. c=q2 is aproximately a constant,
independent of temperature, as due to similar dependencies of q2

and c on temperature in numerator and denominator, changes
are cancelled out with each other. Hence ft is related to the helicon-
ical tilt angle h.

The data for ft are fitted to eqn. (6) and Ktsin
2h deduced from the

fit close to the transition temperature are plotted in Fig. 13. Red
line is the line of fitting of Eqn (6). If the elastic constant for the
molecular tilt Kt is assumed constant close to the N-NTB transition
temperature, we find from calculations of h that the helicoid is
spontaneously formed in the N phase close to the transition tem-
perature. The heliconical angle, h, jumps, at the N- NTB transition
followed by a rapid increase in its value with a reduction in tem-
perature, in NTB, as shown in Fig. 14.

Fig. 12. (a) Plots of the dielectric relaxation strengths, det and des, and the (b) relaxation frequencies ft and fs as functions of temperature for the high (m1) and low frequency
modes (m2).

Fig. 13. Temperature dependence of the relaxation frequency of the tilt fluctuation
mode (ft). The red line is the line of fitting to eqn. (6). Ktsin

2h values are deduced
from the fit close to the transition temperature.

Fig. 14. Variation of the heliconical tilt angle h as a function of temperature in the N
and NTB phases.
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The low frequency mode is assigned to the hydrodynamic mode
q ¼ qzbz with the z-dependent rotation of the heloconical directorbn rð ), leading to z-dependent displacement of pseudolayers (com-
pression and dilation). This fluctuating mode resembles the sym-
metry breaking Goldstone mode in ferroelectric liquid crystals.
The relaxation time in the low frequency limit is written as [35]:

1
sS

¼ 2pf S ¼
Beq2

2c
ð7Þ

Be is the effective elasticity for the compression of a pseudo
layer structure in the NTB. Value of q2 is found using Eqn. (7). It is
assumed that Be and c are independent of the electric field. For
Be = 10 pN, q is calculated from p, using p ¼ 2p=q, the pitch lies
in the wavelength range 400 to 800 nm. The three-photon excita-
tion fluorescence polarizing optical microscopy experiment per-
formed in CBC11CB, shown in Fig. 1a, has given q in the sub
micrometer range [13]. These observations are confirmed from
SEM imaging of the polymerized NTB structure of a mixture of
CBC7CB and 5CB [21]. Since this lower frequency mode is found
to be of significantly larger dielectric strength, the polar order in
NTB is also very large. The bent core mesogen of BCI, though similar
in characteristics to the bimesogens (dimers) with odd numbered
spacers such as CBC7CB, yet it has different conformational ener-
gies. The mesogens are frozen in the columnar structure in two-
dimensional ordering as temperature is reduced.

4. Conclusions

From extensive experimental studies carried out on the hockey
shaped bent-core liquid crystal, several results are obtained for LC
cells in confined conditions of alignment. Using the pyroelectric
effect, polarization arising from the flexoelectric effect for a par-
tially unwound helix (as a result of the electric field of 2.2 V/lm
applied across a planar aligned cell) in NTB is found 5 nC/cm2. Such
a cell shows large outputs for the first and the second harmonics of
the input signal in NTB and N phases, respectively. Result confirm
the polar and the chiral characteristic feature of the NTB. From
results of the dielectric measurements of the sample in planar
and homeotropic aligned cells, De under confined geometrical con-
ditions is calculated at a frequency of 1 kHz for different tempera-
tures. De values are found negative and much larger in magnitude
than for compounds studied before. In general a larger De enables
an induction of the new field-induced nematic phase/phases for
relatively lower electric field strengths. Birefringence measured
at a visible wavelength shows a marked reduction in Dn in N
and NTB phases relative to those extrapolated from higher to lower
temperatures. A reduction inDn seems to arise from a spontaneous
formation of heliconical structure in the N phase close to the N-NTB

transition temperature, where helicity continues to persist in the
NTB phase. The order parameter, S, shows apparent discontinuity
at the I - N and N - NTB transition temperatures. Dielectric mea-
surements in the frequency range 1 Hz to 10 MHz show two collec-
tive modes. The higher frequency mode is assigned to the tilt
fluctuations of the heliconical angle in the N and NTB phases with
strong temperature dependencies of the frequencies recorded. This
shows softening of the relevant frequency at the N to NTB transition
similar to that observed for SmA-SmC* transition temperature.
However the lower frequency mode is significantly larger in
strength and is assigned to the compression and dilation of the
periodic pseudo-layer structure of the phase. On cooling the sam-
ple from the Iso state, the heliconical angle increases with a reduc-
tion in temperature, it jumps at the N-NTB transition temperature
and continues to increase with a further reduction in temperature.
Temperature dependence of the heliconical angle accords with the
Landau model [36]. It has been argued that the structure of the NTB

phase is a result of efficiency of the molecular packing arising from
shape entropy of the constituent molecules [37]. Recently a set of
molecules (CB6O.m, m < 10, m is the number of methylene units
in the spacer), similar in structure to the trimer already discussed
[7], have exhibited NTB over a restricted range of temperatures
[38].
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