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                     Abstract 
 In this article, we present the formulation, characterization, and application of a newly prepared ferroelectric liquid crystal 
(FLC) mixture namely W315 composed of pyrimidine compounds. The characterization of FLC material under investiga-
tion has been performed through polarizing optical microscopic, dielectric spectroscopic, di� erential scanning calorimetric 
and other electro-optical methods. The temperature dependence of the dielectric loss factor of the homogeneously aligned 
FLC sample shows a phase change from Smectic C* to Smectic A that further con“ rms the transition temperature of FLC 
material. From electro-optical observations, the values of spontaneous polarization, rotational viscosity, and response time 
of W315 were found to be 8.03 nC/cm 2 , 86.56 mPa s, and 890 µs respectively. The material constants of FLC material under 
investigation can be utilized in various FLC based faster displays and non-display devices. 

   Keywords     Ferroelectric liquid crystal (FLC)   �·  W315   �·  Polarization   �·  Dielectric spectroscopy  

      Introduction 

 Liquid crystals (LCs) are not only grown as a subject of 
immense interest among the research community but also 
grabbed the vast attention of industry due to their profound 
applications in today•s emerging technologies. Their ver-
satile characteristics led them to use e� ectively in numer-
ous LC-based devices such as ” at panel displays, notebook 
computers, thermo-optical displays, spatial light modulators, 
optical antennas and beam steering devices etc. (Meyer et�al. 
 1975 ; Clark and Lagerwall  1980 ; Bahadur  1992 ; Garo�  and 
Meyer  1977 ; Cohen et�al.  1998 ). By virtue of their various 
parameters such as formation techniques, molecular arrange-
ments and chirality, LCs are classi“ ed in several groups and 
subgroups (Singh  2001 ). One of the key parameters for 
the segregation of LCs is their polarisation under various 

constraints. Although the symmetry of LCs is too high to 
serve measurable spontaneous polarization, nevertheless the 
tilted smectic phase with chiral molecules (   SmC∗    ) exhib-
its the spontaneous polarization within each smectic layer 
of LC (Demus et�al.  1998 ). This least symmetric and least 
viscous phase of LC is generally termed as ferroelectric LC 
(FLC) (Lagerwall and Dahl  1984 ). In   SmC∗    , tilt angle of 
the long molecular axis is “ xed but this tilt itself precesses 
through an azimuthal angle (   𝜙    ) about an axis perpendicular 
to the layer planes hence macroscopically, a helical structure 
is formed. Over a complete helix total polarization is zero, 
but any winding, unwinding of this helix and molecular reor-
ientations result in an induced polarization (Meyer  1977 ). 

 Among the other counterparts, FLCs are well known 
for their good optical contrast ratio, large birefringence, 
fast polarity-sensitive response, low threshold voltage, 
wide viewing angle characteristics and memory effect 
etc. (Podgronov et�al.  2016 ; Prakash et�al.  2017 ). It is also 
noticed that the speci“ c combination of spontaneous polari-
sation, rotational viscosity and modulus of elasticity of FLC 
material shows the continuous gray scale and a particular 
frequency dependence of the birefringence of a display 
cell. This modern advent of properties has aroused potential 
scope in the synthesis and engineering of new FLC mate-
rial that are particularly suitable for di� erent technological 
requirements such as homogeneous alignment over the large 
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scale ” at panels of displays. Furthermore, better operation of 
FLC on silicon (FLCoS) based video projectors for projec-
tion displays certainly demands the new FLC materials with 
various enhanced/improved physical and chemical parame-
ters (Mohr et�al.  1987 ; Andreev et�al.  2015 ). But, on account 
of their complex surface and intermolecular interactions due 
to spontaneous polarization and layered structure, very few 
numbers of literature are available on the preparation and 
characterization of FLC materials, mixtures and their com-
posites (Lee et�al.  2002 ; Kula et�al.  2013 ; Kumar et�al.  2009 ; 
Walba et�al.  1986 ; Joshi et�al.  2010 ). 

 Despite these di�  culties in the synthesis of FLC materi-
als, tailoring of new FLC materials with moderate proper-
ties and that are free from several defects is highly required. 
Along with it, dielectric spectroscopy, polarizing optical 
microscopy (POM) and the thermal scans such as di� er-
ential scanning calorimetric (DSC) of FLC materials are 
proved as the most convenient and advantageous techniques 
for the characterisation of newly prepared FLC materials. So 
keeping these motivations into mind, an attempt is made to 
prepare and characterize a newly formulated FLC mixture 

namely W315. Dielectric spectroscopy is performed to per-
ceive the molecular dynamics of the FLC material in certain 
frequency range at several temperatures. Molecular align-
ment is tested through POM, phase transition temperatures 
are measured through the DSC and other important electrical 
and mechanical parameters are measured through electro-
optical measurements. 

    Experimental 

   Formulation of�new FLC mixture, W315 

 The main components of FLC mixture W315 are pyrimidine 
and chiral terphenyl dopant based compounds. The composi-
tion of mixture W315 is shown in Table� 1 .         

    Sample cells preparation 

 The LC sample cells were fabricated using highly con-
ducting (30 ohm/square) and optically transparent 

  Table 1       Composition of the mixture W315  

S.No.
Structure of compuounds in W315

Concentration

[wt.%]

1 C7H15

F F

C5H11

14.77

2 C7H15 C5H11

F F 21.86

3 C7H15 C5H11

F F 41.17

4 C7H15

F F

C2H5

17.20

5
C*H

CH3

C6H13 OCO COO C*H C6H13 (S)

CH3

4-(2-methyloctyl) 4''-octan-2-yl [1,1':4',1''-terphenyl]-4,4''-

dicarboxylate

5.00
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sputtered indium tin oxide (ITO) glass substrates. The 
desired electrode patterns having the area 0.45 × 0.45 
 cm 2  were obtained by using photolithographic (using a 
positive photoresist) technique. The homogeneous align-
ment of LC sample cells has been achieved by using a 
conventional rubbed polyimide technique. Within it, the 
polyimide layer is rubbed in the +x direction followed 
by UV light to form parallel grooves on it. The uniform 
thickness of the cell was maintained by using 6 µm thick 
Mylar spacers. FLCs are filled through the capillary 
action in the LC sample cells at the isotropic temperature 
about 150 �C. Detailed experimental processes for the 
fabrication of LC sample cells can be found in the ESI of 
Chandran et�al. ( 2014 ). 

    Apparatus used for�measurements 

 The dielectric parameters of W315 filled in LC sample 
cells have been measured using an impedance analyzer 
(Wayne Kerr 6540 A, UK) in the frequency range from 20 
Hz to 1 MHz with a measuring voltage of amplitude 0.5 
 V  pp  . Here, we can presume that the voltage of the applied 
electric field is not sufficient to influence any charge dis-
tribution. A temperature controller (JULABO F-25 HE, 
Germany) with temperature stability of ± 0.01 °C was 
used for tuning and maintaining the uniform temperature 
of the LC cells. For the temperature-related studies, the 
sample holder accommodating the sample cells was kept 
thermally isolated from the external sources. The optical 
textures of the sample cells at different rotating angles 
were captured with the help of a polarizing optical micro-
scope (Ax-40, Carl Zeiss, Germany) fitted with charge 
coupled device (CCD) camera and computer system. An 
automatic LC tester (ALCT, Instec, USA) was used to 
observe the other mechanical and electrical parameters 
such as viscosity and polarization of FLC material. The 
phase transition temperatures and enthalpies were meas-
ured with the help of the DSC method (Setaram 141). 

     Results and discussion 

   Characterization of�prepared FLC, W315 

 Filling of FLC material in the sample cells involves the sub-
stantial director reorientation of mesogens. So any improper 
formation of grooves on the polyimide layer may impinge 
several domains that produce a variety of optical defects. 
These defects, in turn, cause huge deterioration of many 
physical parameters. So, before proceeding to take meas-
urements, the alignment of W315 “ lled sample cell was 
observed through the polarizing optical microscope. Fig-
ure� 1  shows the optical micrographs of W315 material “ lled 
in the 6.5 µm thick LC sample cell under the crossed polari-
sation and analyser condition at room temperature.         

 It can be re” ected from Fig.� 1 a and b that the material 
W315 exhibits a homogeneous alignment even in a thicker 
cell. A uniform birefringence of the mono-domain is clearly 
con“ rmed through the rotational stage of the microscope as 
a bright state converted in dark state after rotation. These 
observations further illustrate that the homogeneous align-
ment of newly prepared FLC material (W315) is achievable 
over a large substrate surface area which is a good advantage 
for FLC based displays. 

 In the framework of several latest devices, dielectric 
parameters of FLC have a signi“ cant in” uence on the other 
components of the device. So the prediction of advantages 
and disadvantages of the FLC matrix crucially requires the 
dielectric measurements with di� erent constraints. Figure� 2  
manifests the variation of the dielectric permittivity (�′) and 
dielectric loss factor (tan �) of W315 as a function of fre-
quency at room temperature.         

 In Fig.� 2 a, the dispersion curve clearly shows that the newly 
prepared FLC material possesses a �� of the order of 8 at 20 Hz. 
In addition to it, Fig.� 2 b depicts the absorption curve (tan � vs. 
frequency), where a maximum value of broad relaxation peak 
corresponds with the relaxation frequency which is found to be 
0.265 kHz. In the absorption spectrum of W315, this relaxa-
tion phenomenon is generally related to the phase ” uctuations 
of the azimuthal orientation of the director and it is termed as 

  Fig. 1       Optical micrographs of 
homogeneously aligned FLC 
material W315 in the sample 
cell of thickness 6.5 µm at room 
temperature and under cross 
polarisation showing  a  dark 
state and  b  bright state. Scale 
bar: 50 µm  
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Goldstone mode (GM) (Biradar et�al.  1989 ; Levstik et�al.  1987 ; 
Hiller et�al.  1996 ; Worbel et�al.  1989 ). 

 Other than dielectric parameters, several electro-optical 
properties such as spontaneous polarisation (   PS    ), rotational 
viscosity (   𝛾    ) and response time (   𝜏    ) also pave the way to 
fabricate better FLC based devices. Figure� 3  shows the other 
material parameters such as   PS    ,   𝛾    and   𝜏    of newly synthesized 
FLC material W315, with a range of applied voltages at 
room temperature.         

   PS    is calculated by using the triangular wave method 
in which a triangular wave of desired amplitude and fre-
quency was applied across the sample cell and the response 
of the output current was recorded using an oscilloscope. 
This method has some unique advantages as the use of a 
triangular waveform separates the capacitive contribution 
from interfering with current due to polarization reversal. 
Along with it, the resistive component is easy to extract as 
this contribution varies linearly with applied voltage. So, 
the value of   PS    is determined by calculating the area of the 
remaining polarization current   Ip    loop by the numerical inte-
gration method. Figure� 4  shows the experimental set up used 
to measure   PS    value.         

 Herein, FLC material “ lled between two ITO conducting 
“ lms is schematically considered as the parallel combina-
tion of a capacitor (C), resistor (R) and polarization reversal 
devices. Under the e� ect of applied voltage (V), induced 
current (I) in a FLC can be written as a sum of displacement 
current  (I C ), linearly varying current  (I R ) and the polariza-
tion realignment current  (I P ) (Prakash et�al.  2008 ).

     
where  P  is the amount of charge induced by polarization 
realignment during helix winding or unwinding processes. 

 (1)I = Ic + IR + IP =
CdV

dt
+

V

R
+

dP

dt

The calculation of area under the output current curve gives 
the   PS    by using the formula   2aPS    = area under the curve; 
where •a• is the active electrode area of the LC sample cell. 

   𝜏    is calculated by the square wave method, in which 
the distance between the edges of the square to the polari-
zation hump on the time scale gives the value of   𝜏    . For 
estimation of   𝛾    , we have used the formula:

     
where E is the applied “ eld. As can be seen from Fig.� 3 a, 
the saturation value of   PS    is around 5.25 nC/cm 2 . It is also 
re” ected from Fig.� 3 b that the magnitude of   𝛾    is around 65 
mPa�s at room temperature (25 ºC). Figure� 3 c also shows the 
value of   𝜏    , which is of the order of sub-millisecond. 

 DSC is one of the best suitable thermoanalytical meth-
ods to determine the number of phases involved and their 
corresponding transition temperatures at atmospheric pres-
sure. Figure� 5  represents the DSC scan of mixture W315 
during the cooling process of the sample. An inset table 
in Fig.� 5  also enlists the maximum heat ” ow during the 
di� erent phase transitions.         

 In Fig.� 5 , four peaks are easily observed, 1, 2, 3, and 
4, which are connected with phase transitions as Isotropic 
to Nematic phase (Iso-N*), Nematic to Smectic A* phase 
(N*-SmA*), Smectic A* to Smectic C* (SmA*- SmC*) 
and Smectic C* to Crystalline phase (SmC*-Cr) respec-
tively. The peaks 1 and 2 are narrowly separated because 
nematic phase of the material is in very short range (~0.3 
°C). Very small peak (peak 3) appeared during the phase 
transition from SmA* to SmC* is owing to second-order 
phase transition. Peak 4 also con“ rms the highest heat ” ow 
during the phase transition from Smectic C* to Crystalline 

 (2)𝛾 = 𝜏PSE

  Fig. 2       Behaviour of  a  dielectric permittivity ( ε ′) and  b  dielectric loss factor (tan  δ ) of FLC material W315 as a function of frequency in log scale 
at room temperature with cell thickness of 6.5 �m and planar alignment con“ guration  
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phase (SmC*-Cr). Here, the heating trace is not presented 
because the transitions are broad. 

 Apart from DSC, temperature-dependent dielectric meas-
urements can also convey the information regarding the 
phase transition temperatures. Figure� 6  shows the variation 
of tan � with a range of frequency at di� erent temperatures 
extending from 10 to 85 °C. This absorption curve gives a 
clear idea about phase transition of the FLC material, W 315 
from the Smectic C* phase to the Smectic A* phase.         

 In Fig.� 6 , it is clearly visible that at 83 °C, the GM relax-
ation peak is disappeared and a new relaxation peak at a 
frequency ~  10 4  kHz has appeared. This relaxation peak is 
having lower loss factor value than GM is termed as soft 
mode (Worbel et�al.  1989 ). GM usually occurs near Smectic 
C*-Smectic A* phase transition and is caused by the ” uctua-
tions in the amplitude of the molecular tilt angle. 

 Therefore DSC and dielectric relaxation spectroscopy 
con“ rms the phase sequence of the newly synthesized FLC 
material, W315 as

      
where cryst is the crystalline phase, SmC* is chiral smec-
tic C phase, SmA* is the chiral smectic A phase, N is the 
nematic phase, and iso is the isotropic phase. 

 Mesogenic alignment, dielectric parameters, spontane-
ous polarisation, rotational viscosity, response time and the 
phase sequence of FLCs provide the vital information from 
the application point of view. In this account, FLC W315 is 
observed to have suitable parameters so that it could be used 
in several FLC based display and non-display devices. The 
spontaneous polarisation of FLC warrants the devices with 

cryst
−7.6 � C

� SmC∗
79−83 � C

� SmA∗
117.4 � C

� N
124.5 � C

� iso

  Fig. 3       Behaviour of  a  spontaneous polarization (   PS    ),  b  rotational viscosity (	) and  c  response time ( τ ) of FLC material W315 at di� erent values 
of applied DC voltage at room temperature  
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fast electro-optical modulation. Fast response time with 
high contrast and low power consumption can be used in 
the screen “ eld sequential colour FLC micro-displays and 
2D/3D TVs. The W315 could also be used in switchable 
windows, goggles and lenses due to their quick response in 

low voltage region. Along with it, their rotational viscosity 
makes them further appropriate for FLC based appliances. 
Despite such percipient characteristics, their phase transi-
tion temperatures still requires further modi“ cation for the 
use of FLC material at room temperature. 

  Fig. 4       Schematic of equivalent 
circuit diagram exhibit the 
function generator, sample cell 
holder and dual channel oscil-
loscope arranged for triangular 
wave method  

  Fig. 5       Phase transitions through 
DSC trace of FLC material 
W315 during cooling of mixture 
with inset table that enlisting 
the transition temperatures 
corresponding to each peak and 
their enthalpies  
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     Conclusions 

 We presented the formulation and characterization of newly 
synthesized FLC material, W315. The experimental observa-
tions were obtained through dielectric spectroscopic, POM, 
DSC and other electro-optical methods. The �′ of W315 is 
found to the order of 8 at 20 Hz. In addition to it, relaxation 
frequency is found to be 0.265 kHz. From electro-optical 
observations, it has been observed that the value for sponta-
neous polarization, rotational viscosity, and response time of 
W315 were found to be 8.03 nC/cm 2 , 86.56 mPa s, and 890 
µs respectively. DSC scanning followed by the temperature 
dependence of the dielectric loss factor of homogeneously 
aligned FLC sample con“ rmed the several phase transition 
temperatures. So these characterization studies would suf-
“ ce to make FLC material W315 a potential candidate for 
the development of simple modulation devices and large fast 
responding LC display devices with improved contrast ratio. 
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