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Abstract
Due to the coexistence of liquid-like fluidity with conventional solid
like anisotropy, liquid crystals exhibit unique optical, dielectric or elastic
properties which make them suitable for a variety of technical and
scientific applications, especially in display devices. The dielectric and
electro-optic properties of these materials, along with their phase
behaviour, are of immense importance from application perspective. It’s
essential to know the said parameters, to decide whether a LC compound
is fit to be used in display devices or not. Moreover, the study of the
phase behaviour of liquid crystal materials, which can typically have
various mesophases with different structures within a short temperature
range, may help us to comprehend the physics behind the different kind
of phase transitions in such compounds.
Though traditionally nematic liquid crystals are used in the most LCDs
but they have higher response time and thus are unsuitable for fast
display applications. Chiral liquid crystals may have ferroelectric or
antiferroelectric mesophases for which the response time is sharper. Thus
chiral liquid crystals are of current interest for display technology.
Keeping these in mind we have chosen eight chiral liquid crystal
compounds (1F3R, 2F3R, 3F3R, 5F3R, 6F3R, 4F4R, 4F5R and 7F3R)
to study their phase behaviour and dielectric, electro-optic characteristics.
For a few of them synchrotron X-ray diffraction study has also been
performed to explore their structural behaviour. All the selected
compounds have biphenyl benzoate core and fluorinated chains. The
biphenyl benzoate core normally ensures higher thermal stability often
with wide range low temperature ferroelectric and antiferroelectric

phases and chiral liquid crystals with fluorinated chain usually exhibit
enhanced spontaneous polarization, higher dielectric anisotropy, lower
optical anisotropy which are beneficial for display applications.
Since all the compounds, selected for investigation, have the same back
bone differing only by the number of carbons and the number of
oligomethylene spacers in the fluorinated chain, efforts have been made
to explore a relationship of their phase behaviour and dielectric, electrooptic, structural properties with change in their molecular structures. Also
to see the efficacy of the compounds in formulating mixtures suitable for
display applications, one multi-component mixture has been prepared
using 7F3R as dopant and its various properties have been investigated.
The compound 1F3R, with least number of carbon atoms in the chain,
has only orthogonal phases. Tilted phases are induced when one extra
carbon is added in the fluorinated chain (2F3R) and sustained in all other
compounds. Hexagonal phases are observed only in 1F3R (orthogonal),
2F3R (tilted) and 3F3R (tilted), but not in higher homologous. SmA*
phase is observed in 1F3R and 2F3R but is found to disappear in higher
homologous and re-entered in the phase sequence of the longest
compound 7F3R. A new smectic subphase, termed as SmX* phase, has
been observed in 4F4R. All compounds except 1F3R have SmC* phase
and the temperature span of that phase (ΔTSmC*) increases with chain
length except in 4F4R which might be due to the presence of the
subphase SmX*.
In the Frequency dependent dielectric relaxation study non-collective
mode of relaxation is observed only in the SmE*, 𝑆𝑚𝐵∗
𝑆𝑚𝐵∗

and,

phases of 1F3R which exhibited short axis rotation mode in

those phases. In SmF* phase of 2F3R and 3F3R both bond orientation

order phason and tilt phason relaxations are observed, to the best of our
knowledge for the first time in a single compound. In all compounds
having only SmC* phase, Goldstone mode relaxation is observed in that
phase but no soft mode. In nF3R compounds the Goldstone mode critical
frequencies are found to increase with chain length. However, after
addition of extra oligomethylene spacers it decreases. Soft mode
relaxation is observed only in 2F3R and 7F3R throughout the SmA*
phase and also in SmC* phase in the vicinity of SmC* to SmA*
transition. From the absence of soft mode relaxation in all compounds
having only SmC* phase it is concluded that in absence of any
orthogonal to tilted phase transition soft mode relaxation cannot be
observed.
The shortest three compounds (1F3R, 2F3R, 3F3R) and the longest one
(7F3R) have also been investigated by synchrotron X-ray diffraction
technique. Existence of two variants of SmB* phase has been confirmed
in 1F3R along with SmE* and SmA* phases. Cell parameters of 1F3R in
SmE*, 𝑆𝑚𝐵∗

and 𝑆𝑚𝐵∗

phases are determined and a hexagonal

lattice with herringbone structure has been confirmed in these phases. All
the phases of 1F3R are found to be partially bilayer type, which has been
observed for the first time in a chiral system. Tilted hexagonal phases SmJ* and SmF* - in 2F3R while SmG* and SmF* in 3F3R have been
identified and cell parameters of these phases have also been determined.
A coexistence phase of (SmC*+SmF*) has also been observed. The
SmA* phase of 2F3R and 7F3R is found to have de Vries type
characteristics.
All the compounds have moderate value of spontaneous polarisation
(PS). In nF3R series of compounds the spontaneous polarisation (PS) is
found to increase with the molecular length. However, PS in SmC* phase

is observed to increase significantly after addition of oligomethylene
spacer and possesses the highest in 4F5R.
Micro second range response time (τ) is observed in all the compounds,
however, in 2F3R the response is found to be the fastest. In nF3R
compounds, the response times exhibit an inverse correlation with the
molecular dipole moment, except in 7F3R. However, addition of
oligomethylene spacers results in slower response, being the slowest in
4F4R.
Rotational viscosity (γφ) is found to be lowest in 2F3R which also
showed smallest response time. Among the compounds nF3R, rotational
viscosity (γφ) initially increases with chain fluorination and reaches the
highest value in 5F3R then it decreases again. γφ is found to be highest in
4F5R.
Finally a ferroelectric liquid crystal mixture has been formulated by
doping 7F3R in an achiral pyrimidine based host mixture. The mixture is
found to exhibit ferroelectric SmC* phase over a wide temperature range
from below room temperature and then shows SmA* phase before
melting into isotropic phase. The SmA* phase is found to have partial de
Vries type property as well as electroclinic effect. It is found to possess
moderate spontaneous polarization. Optical tilt of around 20° at room
temperature and a response time of a few hundred microseconds make
the mixture suitable to use in SSFLCDs.
Most of the results have been published in journals of repute.

PREFACE
The present dissertation entitled “STUDIES ON SOME BIPHENYL
BENZOATE BASED CHIRAL LIQUID CRYSTAL COMPOUNDS” is
submitted to fulfill the requirements for the degree of Doctor of
Philosophy (Science) of the University of North Bengal. This thesis
includes a detailed investigation of the properties of eight chiral liquid
crystal compounds having biphenyl benzoate core and formulation of one
room temperature ferroelectric liquid crystal mixture. The work
presented here is expected to be helpful in realizing a relationship
between the changes in physical properties of the selected compounds
with change in their molecular structures and also to recognize the
efficacy of the compounds in formulating mixtures suitable for display
applications. Most of the studies presented here have been carried out in
Liquid Crystal Research Laboratory, Department of Physics, University
of North Bengal under the supervision of Prof. Pradip Kumar Mandal,
Department of Physics, University of North Bengal. However, the
synchrotron X-ray diffraction experiments were carried out at Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany.
The thesis contains eight chapters.
A brief introduction to liquid crystals and list of investigated compounds
are given in Chapter 1.
In Chapter 2 the theoretical backgrounds and the experimental
techniques used for characterizing the liquid crystal materials have been
discussed in detail.
Chapter 3 describes the characterization of 1F3R, with least number of
carbon atoms in the chain and the only compound having no tilted phase

phases, by polarizing optical microscopy, synchrotron X-ray diffraction
and dielectric spectroscopy.
Chapter 4 presents the phase behavior, structural, dielectric and electrooptic properties of 2F3R and 3F3R.The molecular structures of 2F3R and
3F3R differ from that of 1F3R only by one and two number of carbon
atoms in the fluorinated chain respectively, resulting in the induction of
tilted phases.
In Chapter 5 phase sequence, dielectric and electro-optic properties of
the compounds 5F3R and 6F3R, which show only ferroelectric phase
throughout its liquid crystalline state, have been discussed.
In Chapter 6 properties of 4F4R and 4F5R, the only two compounds in
this series for which number of oligomethylene spacers differ from other
compounds, have been presented.
In Chapter 7, 7F3R, the longest among the selected compound has been
characterized. Using this compound as dopant, the formulation and
characterization of one room temperature ferroelectric liquid crystal
mixture has also been discussed in this chapter.
Summery and conclusions and of all the experimental results have been
presented in Chapter 8.
A list of selected books and monographs on liquid crystals has been put
in Appendix A. Most of the results incorporated in this dissertation have
already been published in different international scientific journals and
also been presented in conferences and seminars, a list of which is given
in Appendix B.

Debarghya Goswami
Department of Physics
University of North Bengal
Date:10.02.2020

‘It is the city of mirrors, the city of mirages, at
once solid and liquid at once air and stone’
Erica Jong.
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1.1

Liquid Crystal

Substances often encountered in everyday experiences typically pass
through a direct transition from three dimensionally ordered crystalline
solids to isotropic liquids. The solid state possesses long range positional
and orientational ordering whereas none of these ordering sustains in
liquid phase. However, there are many organic materials for which there
exist one or more intermediate phases between solid and liquid states,
known as ‘mesophases’: a word originated from the Greek word ‘meso’,
meaning ‘in between’[1]. These mesophases are characterized by certain
properties of both of a conventional liquid like fluidity and of a
conventional solid crystal like dielectric anisotropy and are known as
Liquid Crystals (LC) [2,3]. This intermediate phase was first discovered
by the Austrian botanist, Friedrich Reinitzer in 1888 [4].

In liquid

crystalline phase the substances exhibit orientational order and in
addition to it sometimes even partial positional order. A number of
books and monograohs on liquid crystals, constituent molecules,
structures of various liquid crystalline phases, their numerous interesting
properties and applications are now available[1–3,5–9], only the salient
features, relevant to the present dissertation, will be discussed below in
brief.
Liquid crystals can be classified in two categories on the basis of their
mode of phase transition. Liquid crystals whose mesophase formation is
temperature dependent are called thermotropic liquid crystals and those
whose phase formation depends on the concentration of a suitable solvent
are called lyotropic liquid crystals. As this dissertation has focused only
on thermotropic liquid crystals, any farther discussions on lyotropic
liquid crystals will be beyond the scope of this work.
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Liquid crystals are also classified in three main groups, namely
nematic, cholesteric, and smectic, on the basis of their structure as
proposed by Friedel in 1922 [1,2,10].
Nematic phase arises just below the isotropic phase. It has only
orientational ordering around the long molecular axis but the centres of
masses of the molecules are isotropically distributed in three dimensions.
Cholesteric phase is very similar to nematic phase in local scale, but on
a larger scale the cholesteric director follows a helix. This phase is
observed only in chiral compounds or in mixture of achiral and chiral
compounds.
The smectic phase, which often arises on cooling from nematic phase,
has partial positional order in addition to orientational order, as the centre
of mass of the molecules are arranged in layers. Depending on the nature
of orientation and extent of translational order within the layers, smectic
phase can be divided in several sub-groups as follows:
1.1.1 Smectic A phase
In Smectic A (SmA) phase the director of the molecules are
perpendicular to the smectic layer. There can be different types of
smectic layer arrangements in this phase.

When the smectic layer

spacing (d) is approximately equal to the molecular length (l), it’s called
monolayer smectic A phase (SmA1). If the layer spacing is approximately
double of the molecular length, it is called bilayer phase (SmA2) and
when there are intermediate molecular arrangements i.e. for which l ˂ d ˂
2l, the phase is known as partially bilayer smectic (SmAd) [1].
Sometimes even in SmA phase the molecules are found to be tilted but
tilted directions in this case are randomly oriented in azimuthal angles
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along a diffused cone.This type of SmA phase are called de Vries type
SmA phase, for which d is found to be less than l [11].
1.1.2 Smectic C Phase
In Smectic C (SmC) phase the director of the molecules are tilted with
respect to the smectic layer normal. As the molecules are tilted in this
phase, so the smectic layer spacing is always less than the molecular
length and it increase with increasing temperature.
A schematic diagram of the molecular distributions in nematic, smectic
A and smectic C phases is given in figure 1.1.

Figure 1.1: Molecular configuration of nematic, smectic A and smectic C
phases. Adapted after ref [12]
1.1.3 Hexatic smectic phases
In some smectic phases the centre of mass of the molecules are arranged
in a hexagonal manner within the smectic layers. However, this type of
positional ordering within the layer, called bond orientation ordering, are
short ranged because of insertion of defects. If the molecular director of
the hexatic phase is orthogonal to the smectic layer, it is called Smectic B
(SmB) phase. There can also be two kind of tilted hexatic phase. If the
molecules are tilted towards the apex of the hexagon, it’s called smectic I
4
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(SmI) phase and if they are tilted towards the sides of the hexagon, they
are called Smectic F (SmF) phase.
Apart from these, there can be soft crystal phases like soft crystal B, J, G,
F, K, H phases. B, J and G soft crystal phases are similar to SmB, SmI
and SmF phases, only with additional long range positional order. E
phase is another orthogonal hexatic soft crystal phase with herringbone
structure. The corresponding tilted phase is called K phase. H phase is yet
another tilted soft crystal phase corresponding to SmG phase but with
additional herringbone structure. The structural relationship of these
phase are show in table 1.1.
Table 1.1: Structural relationship of smectic phases [This table is adapted
from ref [5]]
3-D ordered
Fluid smectic

Stacked

smectic

hexatic

(pseudo
hexagonal )

SmA

3-D ordered
smectic

Tilt

(herringbone)

SmB

B

E

SmF

G

H

SmI

J

K

SmC

Orthogonal
Tilted towards
face of hexagon
Tilted towards
apex of hexagon

From the existing knowledge, the phase sequence of the liquid
crystalline phases in a hypothetical liquid crystal with an increase of
temperature is shown below [1]:
Crystal→H→K→E→G→J→B→SmF→SmI→SmB→SmC→SmA→N
→ Isotropic.
No liquid crystalline substance is found to exhibit all the above phases.
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1.2

Chirality in liquid crystal

Any structure that lacks mirror symmetry is called chiral in nature.
Chirality may be induced in liquid crystals by incorporating chirality
within the molecules by inserting one or more carbon atoms
asymmetrically bounded with four distinct groups or by doping chiral
mesogenic or nonmesogenic compounds in some non chiral liquid crystal
[6,7,9,13–16].
Usually the chiral phases are distinguished by an asterisk “*” followed by
the phase symbol.
1.2.1 Chiral nematic phase
The chiral version of nematic phase, also called cholesteric phase (N*),
possesses only orientational ordering just like achiral counterpart. But, in
addition it shows a spontaneous macroscopic helical structure about an
axis perpendicular to the local director.
1.2.2 Chiral smectic phases
Introduction of chirality in smectic compounds have far reaching
effects on their phase behaviour and physical properties. It made possible
to integrate novel properties of solid polar dielectric materials, like
ferroelectricity, antiferroeletricity, pyroelectricity etc. with the flow
characteristics of liquids.
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1.2.2.1

Ferroelectric liquid crystal (FLC)

Materials which may reveal spontaneous polarization (PS) even in the
absence of external electric field and whose polarity can easily be
reversed by application of an electric field are called ferroelectric
materials. It is well known that ferroelectric materials must possess noncentro symmetric structure. Though it is easy to realise non- centro
symmetric space groups in solids, it’s difficult to imagine the same in
fluid like materials. It was quite certain that isotropic liquids could not be
ferroelectric. As a matter of fact most liquid crystals also fail to exhibit
ferroelectricity as they possess inversion symmetry. However, way back
in 1974, Robert Mayer established by symmetry arguments that chiral
smectic C phase (SmC*) can display ferroelectric properties. Though
SmC phase has inversion symmetry, situation changes radically for
SmC* phase. It is evident from figure 1.2 SmC phase has the following
symmetries:
i)

A two-fold rotational symmetry around an axis perpendicular to
the tilt, within the smectic layer.

ii)

An inversion symmetry about a mirror plane normal to the tilt
and smectic layer.

Figure 1.2: Symmetries in SmC and SmC* phases. Adapted after ref [14]
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Thus SmC phase exhibits C2h symmetry operation. But the mirror
symmetry is removed in SmC* phase due to the chirality of the
molecules and the symmetry reduces to C2 in this phase. Thus due to the
non-centrosymmetric structure, SmC* phase may possess spontaneous
polarization along the two-fold axis of rotation, in absence of external
electric field. If an external electric field is applied then molecules rotate
around a virtual cone with an angle twice of the tilt angle of the
molecules and the direction of the spontaneous polarization and that of
the molecular tilt are inverted as shown in figure 1.3.

Figure 1.3:Bistable rotation of molecule in SmC* phase. Adapted after
ref [6].
The corresponding response time for this molecular reorientation is in
the range of sub-millisecond to microsecond, much faster than nematic
materials. Moreover, it is necessary to apply an external field to change
one switched state of polarization, which makes SmC* phase to be
bistable [14,17,18] . Hence SmC* phase exhibits ferroelectric properties.
Being optically active, the switching of molecules from one state to other
under external electric field in SmC* phase is associated with a change in
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the transmitted intensity of light. This specific electro-optic effect is the
fundamental principle for the liquid crystal based display.
However, the bulk material in SmC* phase doesn’t show any
spontaneous polarization as a consequence of the helical molecular
arrangement in this phase. In SmC* phase, though a constant molecular
tilt angle is maintained throughout the sample, the directors rotates
slowly from layer to layer forming a helical structure around the layer
normal, as shown in figure 1.4. PS, being perpendicular to both layer
normal and molecule, rotates similarly and cancels to zero over the
distance of the pitch. The SmC* phase is therefore more correctly called
helielectric.

Figure 1.4: Helical structure in SmC* phase. Adapted after ref [19]
Thus to exploit the ferroelectric property in bulk SmC* phase the helix
has to be broken. In 1980 Clark and Lagerwall presented the idea of
unwinding the helix by pinning the molecules via surface interaction[18].
9
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The first FLC display device reported by them is known as surface
stabilized ferroelectric liquid crystal (SSFLC) display.
Apart from this, the chiral tilted hexatic phases SmI* and SmF* also
show ferroelectric properties like SmC*. These phases also exhibit
macroscopic spontaneous polarization in sufficiently thin cell [1,20,21].
1.2.2.2

Antiferroelectric liquid crystal (SmC*A)

Like SmC* phase, in antiferroelectric SmC*A phase also the molecules
are arranged in layers with a finite tilt with the layer normal, but the tilt
director changes sign from one layer to the adjacent layer. Thus SmC*A
has anticlinic structure (figure 1.5) unlike SmC* phase, which has
synclinic structure.

Therefore in the helical superstructure of

antiferroelectric SmC*A phase, PS points in opposite directions in
adjacent layers, making PS zero even in microscopic level.

The

antiferroelectric liquid crystal phase has ‘ tristable switching’ under an
applied electric field: (a) the anticlinic antiferroelectric state (b) the
synclinic ferroelectric state with +ve PS and (c) the synclinic ferroelectric
state with -ve PS. Antiferroelectric liquid crystals can be utilised to design
high resolution displays, for its inherent natural grey scale.

Figure 1.5: Helical structure in SmC*A phase. Adapted after ref [1]
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1.2.2.3

SmC* subphases (SmC*α, SmC*β, SmC*γ)

Apart from SmC*A phase, several subphases have also been reported.
These sub phases can be distinguished by the number of layers and their
orientations in unit cell. For example, the SmC*β and SmC*γ phases
have four and three layers in their unit cells respectively, as can be seen
in figure 1.6. They may appear in between SmC* and SmC*A phase
within a small temperature range (1-2K). SmC*α possess an
incommensurate structure and may appear in between SmA* and SmC*
phase.

Figure 1.6: Nonhelical local model of chiral smectic phases Adapted after
ref [1]
1.2.2.4

Paraelectric liquid crystal (SmA*)

SmA* phase is an orthogonal phase where the molecules are parallel to
the smectic layer normal. There is no helical superstructure in this phase
11
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and the spontaneous polarization is zero in this phase. Without any
presence of external electric field it’s difficult to distinguish between the
chiral SmA* and nonchiral SmA phase. However, in some compounds
having SmA* phase, an electric field, applied in a direction parallel to the
layer of SmA* phase, may induce a tilt of the molecular axis
perpendicular to the field. This is known as electroclinic effect [22–25].
In classical SmA* phases, due to the emergence of finite molecular tilt
at SmA* to SmC* transition, a layer shrinkage can be observed in the
said transition under cooling. This layer contraction along with the
surface anchoring effects leads to ‘zig-zag’ defect in the optical texture,
degrading the quality of the device. To avoid such defect, materials with
minimum or zero layer contractions are required. There are few such
materials known as de Vries type materials. In these type of material the
molecules are tilted even in SmA* phase but the tilted directors are
randomly oriented in azimuthal angles along a diffused cone. After
entering in SmC* phase the tilt director become ordered, azimuthal
degeneracy is lifted and macroscopic tilt can be observed without any
layer shrinkage [11,26,27].

1.3

Applications of liquid crystals

Due to their unique optical, dielectric or elastic behaviour, liquid
crystals have a variety of technical and scientific applications like spatial
light modulator, tuneable colour filters, telecommunication switching,
optical computing etc [28–34]. Liquid crystals can also potentially be
used as new functional materials for electron, ion, molecular transporting,
sensory, catalytic, optical and bio-active materials [35]. However, owing
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to their strong sensitivity towards electric and magnetic field along with
their fluid nature and optical activity liquid crystals have dominantly
been used for display applications. Liquid crystal displays (LCD) have
almost completely replaced cathode ray display (CRD) for their higher
energy efficiency, low volume, wider range of screen size, safe
disposability etc.[36–39]. Though most of the liquid crystal devices
discussed above are based on achiral nematic liquid crystals, but after the
introduction of chirality in liquid crystals, chiral liquid crystals have
drawn the attention of most researchers not only for the induction of
various new phases with distinctive structures (N*, SmA*, SmC*,
SmCA* etc, as discussed before) but also for their superior and exclusive
electro-optic properties which are promising for advanced display
applications.
SmC* phase which exhibits ferroelectric properties like spontaneous
polarization can be used for very fast display devices as it shows much
sharper (in µs range) response to electric field compared to achiral
nematics (ms range). Because of inherent bistability of SmC* phase, as
discussed before, nearly no power is needed to maintain an image in
ferroelectric liquid crystal device (FLCD). In fact, because of fast
response time, wide viewing angle and V-shape switching characteristics,
the FLC based displays are potentially much more advantageous
compared to nematic based displays. High resolution fast FLCD may also
be used for field sequential colour (FSC) microdisplays, which are one of
the most superior technology for pico-projectors now a days.

The

switchable goggles and lenses based on FLCs can very effectively be
used for modern switchable 2D/3D TVs. Apart from displays, liquid
crystals having SmC* phase can also be utilised to design memory
devices, for its bistability [9,15,40].
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SmC*A phase which shows anti ferroelectric characteristics are
attractive for their trisatable switching behaviour and can also be used to
design anti ferroelectric liquid crystal display (AFLCD). For their easy dc
compensation, sharp response time in microsecond range, hemispherical
viewing angle (in-plane switching geometry), intrinsic analog gray-scale
capability, and lack of ghost effect AFLCD can also be a superior
replacement of NLCDs [41]. Orthoconic AFLC with 45° tilt, can be used
to design display devices to get rid of the problem of poor alignment and
leakage of light in dark state [42]. de Vries type SmA* phase with almost
zero layer contraction and high electronilic effect can be used to design
fast display devices free from ‘zig-zag’ defects which arise due to
bulking of layers [27,43].

1.4

Importance of chiral systems with Biphenyl Benzoate
core

The immense possibility of using chiral liquid crystals in different
useful applications has already been discussed. However, still they have
some issues at various levels. For example, display operation requires a
chemically and photo-chemically stable liquid crystal with wide
temperature range around room temperature. Along with that various
characteristics like response time, tilt angle, rotational viscosity,
spontaneous polarization etc. are needed to be optimised in accordance to
the requirements of the device. Keeping those in mind there is a constant
strive to design and study new liquid crystal materials, which can be
suitable for application purpose.
Molecules of liquid crystals generally have two or more benzene
groups linked by intermediate groups. This builds the rigid core of the
molecule.

Usually long chain end groups (mostly alkyl groups) are
14
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attached with the core. They can be directly linked with the benzene ring,
or by an intermediate ether or ester [5].
In application level, the inferior chemical and photochemical stabilities
and natural strong colours of liquid crystals have been a difficulty. The
origin of the problem is related with the intermediate linking groups
between benzene rings of the core, which is the weakest part of the
molecule as a whole. The poor chemical stability and colouration of
liquid crystals can be overcome by removing the linking group, which
results a stable and colourless biphenyl based liquid crystal [5]. So
currently, different LCs having biphenyl based mesogenic core have been
widely investigated. LCs lacking a linkage group between two benzene
units in their core exhibit the following distinctive characteristics, which
can potentially be handy from application perspective.
 Liquid crystals having biphenyl core have very high thermal,
chemical, and UV stability [44].
 They have appropriately low viscosity, fast response, and low
driving voltage[45–48].
 Their alkoxy derivates can potentially have an large birefringence
which will be beneficial to their optical performances [49].
Besides there are existing nematic esters which are widely recognized
for its stability and colourlessness. So it was tried to fit in ester based
structure with the biphenyl core. The introduction of a third benzene ring,
linked with the biphenyl core with an ester group results a biphenyl
benzoate core. Chiral liquid crystals having biphenyl benzoate core are
found to have higher thermal stability, often with wide range low
temperature ferroelectric and antiferroelectric phases. Besides, due to
inherent angle in ester group, the biphenyl benzoate core results in highly
tilted ferroelectric and antiferroelectric liquid crystals with high
spontaneous polarization, which qualities are otherwise rare in chiral
15
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liquid crystals. Quite a few biphenyl benzoate cored ferroelectric and
antiferroelectric liquid crystals were reported to have tilt angle as high as
~45° which can be utilized to design displays with perfect dark state,
excellent contrast ratio and wide viewing angle. [50–54].
Apart from that due to their the smaller size and higher strength of C-F
bonds, chiral liquid crystals with fluorinated chain exhibit enhanced
spontaneous polarization, higher dielectric anisotropy, lower optical
anisotropy

etc.

which

can

again

be

useful

from

application

perspective[55–57].
Keeping all these in mind eight ferroelectric liquid crystal compounds
(1F3R, 2F3R, 3F3R, 5F3R, 6F3R, 4F4R, 4F5R and 7F3R) with
biphenyl benzoate core and fluorinated chains have been selected for
investigation in the present dissertation employing various experimental
techniques.

1.5

List of the compounds selected for investigation

The code names, molecular structures and chemical names of the
compounds studied in this dissertation are listed below. These
compounds were synthesized by Ziobro et. al [50] and obtained from
them and used without any further purification.
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1. Code name 1F3R

(S)-(+)-4/-[(3-trifluoroetanoyloxy)prop-1-oxy]

biphenyl-4-yl

4-(1-

methyl- heptyloxy)benzoate.
2. Code name 2F3R

(S)-(+)-4/-[(3-pentafluoropropanoyloxy)prop-1-oxy]biphenyl-4-yl4-(1ethylheptyloxy ) - benzoate.
3. Code name 3F3R

(S)-(+)-4/-[(3-heptafluorobutanoyloxy) prop-1-oxy] biphenyl-4-yl 4-(1methylheptyloxy) benzoate.
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4. Code name 4F4R

(S)-(+)- 4/ - [(4 - nonafluoropentanoyloxy)but-1-oxy] biphenyl-4-yl 4-(1methylheptyloxy)-benzoate.

5. Code name 4F5R

(S)-(+)-4/-[(5-nonafluoro-pentanoyloxy)pent-1-oxy]biphenyl-4-yl4-(1methylheptyloxy)benzoate.
6. Code name 5F3R

(S)-(+)-4/-[(3-undecafluorohexanoyloxy)prop-1-oxy]biphenyl-4-yl 4-(1methylheptyloxy)- benzoate.
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7. Code name 6F3R

(S)-(+)-4/-[(3-tridecafluoroheptanoyloxy)prop-1-oxy]biphenyl-4-yl 4-(1methylheptyloxy) benzoate.
8. Code name 7F3R

(S) - (+) -4/-[(3-pentadecafluorooctanoyloxy) prop-1-oxy]biphenyl-4-yl
4-(1-methylheptyl oxy)benzoate.
In the code name nFmR , n and m respectively stand for the number of
C atoms in the perfluorinated chain and in the oligomethylene spacer.
All compounds have same biphenyl benzoate core, one fluorinated and
one protonated chain, chiral centre being at the protonated chain. Since in
the synthesis paper the authors have used the term biphenyl-yl benzoate
in the chemical names of the compounds, we have also used the term
biphenyl-yl benzoate core molecules in the published papers. However,
we used ‘biphenyl benzoate’ throughout this dissertation.
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Apart from these pure compounds a room temperature ferroelectric
liquid crystal mixture has been formulated using one of the compounds
(7F3R) as a chiral dopant.

1.6

Motivations and Objectives of the dissertation

The study of the phase behaviour of liquid crystal materials, which can
typically have various mesophases within a short temperature range, may
help us to comprehend the physics behind the different kind of phase
transitions in such compounds.

The dielectric and electro-optic

properties of these materials are of immense importance from application
perspective. It’s essential to know the said parameters, to decide whether
a LC compound is fit to be used in display devices or whether it can be
used as a chiral dopant to formulate any chiral liquid crystal mixture or
not. As described before, different LC phases have diverse structures
which change with temperature. The structures also have great influence
on their electro-optic properties. Thus the knowledge about the structural
properties of LCs is also vital both from fundamental knowledge and
utilitarian perspective [58].
Keeping these in mind the main objective of this dissertation is set to
characterize the selected liquid crystal compounds using different
experimental techniques, mainly focusing on the identification of various
mesophases, exploration of their dielectric and electro-optic behaviour.
Structural investigation of the phases, by synchrotron X-ray diffraction,
is also planned only for some of these compounds due to limited
availability of synchrotron beam time.
Since all the compounds, selected for investigation, have same back bone
differing only by the number of carbons and the number of
oligomethylene spacers in the fluorinated chain, efforts will be made to
20
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inculcate a relationship of their phase behaviour and dielectric, electrooptic, structural properties with change in their molecular structures. Also
to see the efficacy of the compounds in formulating mixtures suitable for
display applications, various properties of one multi-component mixture
will be investigated.
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CHAPTER-2
Experimental techniques and relevant
theory
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2.1 Introduction
The compounds selected for study in this dissertation were
characterized by measuring various material constants using different
experimental techniques.

Phases present in the compounds were

identified and the specific transition temperatures were measured by
polarizing optical microscopy (POM) method. The dielectric properties
of the compounds were studied in details using relaxation spectroscopy.
The response time (τ), optical tilt angle (θ), spontaneous polarization
(PS), rotational viscosity (γφ) were measured with the help of electrooptic method. The structural properties of the compounds were
investigated by synchrotron X-ray diffraction techniques. Details of the
above experimental techniques and the theoretical background needed to
comprehend the data are discussed briefly in this chapter.

2.2 The theory of liquid crystals
With the aspiration to explain the phase behaviour and the phase
transitions in liquid crystals, people had tried to develop suitable
molecular statistical theory from the middle of the twentieth century.
However, this has been a challenging effort, due to the presence of
diverse phases in those compounds and for their complex intermolecular
interactions. In 1949 Onsager offered his theory for liquid crystals by
investigating the influence of anisotropy in hardcore repulsion under
excluded volume approximation [1]. Though his theory could match up
with the qualitative description of the characteristics of liquid crystals,
but it failed to do so with quantitative accuracy. Maier and Saupe came
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up with a better theory in 1958-60 for nematics [2,3]. They developed the
theory on the anisotropy of soft dispersion interaction with the mean field
approximation. This theory was found to be more accurate than that of
their predecessors. A molecular statistical theory for Smectic A phase
was developed by McMIllan [4]. But to comprehend the behaviour of
smectic liquid crystals especially the chiral ones, the well-known theory
of phase transition of Landau [5], modified by different scientists has
been used most conveniently till date. As the present dissertation is
focused only on the chiral smectic compounds, only the Landau theory
will be discussed in brief, many books and monographs are available on
theoretical exposition of liquid crystals[6–17].
2.2.1 The Landau-de Gennes theory of liquid crystal
Any theory that deals with a system undergoing a phase transition
usually utilizes the ‘order parameter’, which changes from a finite value
in low temperature phase to zero in the high-temperature phase, with a
continuous or discrete change at the transition point. The free energy of
the system can be calculated as a function of the order parameter and it
can be minimized to obtain the equilibrium condition. According to the
hypothesis proposed by Landau, the free energy of the system near a
second order phase transition can be written as a power series of the
order parameter and its special derivatives with suitable temperature
dependent coefficients.
For ferroelectric SmC* to paraelectric SmA* phase transition the order
parameters are two component tilt vector 𝝃⃗ and in plane polarization 𝑷⃗.
The projections of the molecules in the smectic plane (xy plane) can be
expressed in terms of the tilt order parameter as 𝝃⃗ = 𝝃𝟏 𝒙 + 𝝃𝟐 𝒚 and the
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transverse in-plane polarization can also be written in its component form
as 𝑷⃗ = 𝑷𝒙 𝒙 + 𝑷𝒚 𝒚 [12,13,18].
Following the Landau’s expansion it was attempted to express the free
energy density of in the vicinity of SmC* to SmA* transition in terms of
their order parameters [19] as follows :
𝟏

𝟏

𝟐

𝟒

𝑭(𝒛) = 𝒂 𝝃𝟐𝟏 + 𝝃𝟐𝟐 + 𝒃 𝝃𝟐𝟏 + 𝝃𝟐𝟐
𝟏
𝟐

𝒌𝟑𝟑

𝒅𝝃𝟏 𝟐
𝒅𝒛

+

𝒅𝝃𝟐 𝟐
𝒅𝒛

+

𝟏
𝟐𝜺

𝟐

− 𝚲 𝝃𝟏

𝒅𝝃𝟐
𝒅𝒛

𝑷𝟐𝒙 + 𝑷𝟐𝒀 − 𝝁 𝑷𝒙

− 𝝃𝟐
𝒅𝝃𝟏
𝒅𝒛

𝒅𝝃𝟏
𝒅𝒛

+ 𝑷𝒚

+
𝒅𝝃𝟐
𝒅𝒛

+

[2.1]

𝑪(𝑷𝒙 𝝃𝟐 − 𝑷𝒚 𝝃𝟏 )

Here, ‘a’ is a temperature dependent term, b is a positive parameter, K33
is the elastic modulus, Λ the coefficient of the Lifshitz term responsible
for the modulation, ε is the dielectric permittivity, µ and C are the
coefficients of the “flexo” and “piezo” electric coupling between the tilt
and polarization and director gradient and polarization respectively.
By minimizing this free energy the equilibrium values of different
parameters were predicted in the said phase transition. However few
discrepancies were observed between the experimental data and the
theoretically predicted values. In 1984 Zeks [20] added a biquadratic
coupling term between the tilt and polarization, in the expression of free
energy. This generalised model fitted better with the static dielectric
experimental data. It was modified later by Carlsson et al.[21] for the
dynamic studies. Finally the expression of free energy for C* to A*
transition was written as:
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[2.2]

Where Ω is the coefficient of biquadratic coupling and η was added to
stabilise the system.
The nature of temperature variation of different dielectric and electrooptic parameters of chiral liquid crystals, having C* to A* transition can
be predicted theoretically by minimizing the free energy given by
equation 2.2 as will be discussed in next few sections.

2.3 Preparation of liquid crystal cells
For most of the applications of liquid crystals, it is required to align
them in particular orientations. There can be mainly two types of
orientations of liquid crystal molecules. When the direction of the
molecular directors are parallel with the direction of measuring electric
field, it’s called homeotropic alignment (HT) and if the molecular
directors are perpendicular to the direction of measuring field, it’s called
homogeneous alignment (HG). There can be other kinds of alignments
also like twisted alignment, pre-tilt alignment etc. In practice, these kinds
of alignments are usually achieved by inserting the compounds inside
specially designed glass cells. Thus to investigate different properties of
liquid crystals under actual LCD conditions, it’s important to prepare the
liquid crystal cells on which experiments can be carried out. These cells
consist of two glass plates, separated by spacers, with a coat of
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transparent and conducting Indium tin oxide layer at the inner surface.
ITO layer serves the purpose of a transparent electrode. On top of th
the
ITO coat, there is a coating of transparent polymer designed to align the
liquid crystal molecules by surface interaction. [22–24].. A schematic
diagram of liquid crystal cell is shown in figure 2.1.

Figure 2.1 Schematic diagra
diagram of a) homogeneously and b)
homeotropically aligned cell. Adapted after ref [25,26].
[25,26]
In the present work polymer coated homogeneous commercial cells
(EHC, Japan),
), with transparent ITO electrodes were used. The sheet
resistance was about 20Ω/□. The cell area was 1 cm2 and thickness
ranged from 5-10μm.
10μm. The desired alignment was achieved by slowly
cooling the sample from the isotropic phase to the required temperature,
often accompanied by an ac voltage. Polarized optical microscopy,
microscopy
dielectric, electro-optic
optic measuremen
measurements and for few compounds
compound small
angle X-ray
ray scattering study were done using these cells.

2.4 Surface stabilized ferroelectric liquid crystal (SSFLC)
As discussed in chapter I, the bulk material in SmC* phase forms a
helical molecular arrangement
arrangement.. Thus macroscopic value of spontaneous
polarization becomes zero, neither the bulk material exhibits bistability
even in SmC* phase. However, Clark and Lagerwall came up with an
artifice [27] which can turn on these characteristics in SmC* phase even
in bulk. As described in the above paragraph, when the FLC compound
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is fed into cell, molecules get aligned due to strong surface anchoring. If
the thickness of the cell is small enough, the helix of the FLC gets
unwind by the surface forces. Thus inside such cells an uniaxial plane of
the compound is formed where only two possible orientation of the
molecular director (where the surface cuts the smectic cone) is allowed,
depending on the direction of external field. It leads to bistability and
macroscopic polarization of the compounds in SmC* phase [14]. This
structure is called surface stabilized ferroelectric liquid crystal (SSFLC).
In most of our experiments we have used this structure.

A schematic

diagram of SSFLC cell is shown in figure 2.2.

Figure 2.2: Schematic diagram of ideal SSFLC cell. Adapted after ref
[28].

2.5 Polarized optical microscopy (POM)
Polarized optical microscopy (POM) is a powerful and easy technique
to determine the phase transition temperatures and to identify different
phases of liquid crystal compounds. Between crossed polarizers, liquid
crystal compounds exhibit optical patterns of different types and of
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diverse colours, which are called textures. This arises due to the
topological defects of the compounds. Different phases have different
types of topological defects and thus have distinguishable textures. Thus
temperature dependent texture observation can reveal the phase sequence
and transition temperatures of the compounds. The detailed account of
different types of textures associated with different phases can be found
in the reference [15,29–31]. It should be noted that a particular phase
may also display different types of textures depending on thickness,
surface treatment and thermal history.
To observe the textures, the compounds were fed into the liquid crystal
cell by capillary action. Then the cells were placed inside Mettler
FP82HT hot stage for thermal insulation and temperature variation. The
temperature was controlled with an accuracy of ±0.1°C with the help of a
Mettler FP90 temperature controller. The textures of the compounds were
observed in between crossed polarizer with the help of a high-resolution
Olympus BX41 polarizing microscope (magnification 10x and 20x)
equipped with a 5MP CCD camera. The detail setup is shown in figure
2.3.

Figure 2.3: The experimental setup for polarizing microscopy
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2.6 Dielectric study
Liquid crystals behave as dielectric medium. Because of different kinds
of charge distribution inside the dielectric materials, there can be field
induced dipole moments inside them, constituent molecules may also
possess permanent dipole moments. However, due to the symmetries in
their structure, often no macroscopic polarization is observed in absence
of any external field (with few exceptions). For example, for SmC*
liquid crystals, as discussed in the previous chapter, because of their
chirality the component of their dipole moment perpendicular to the long
molecular axis doesn’t cancel out and they form a polar smectic layer.
Nevertheless, the chirality itself generates the helical structure which
makes the macroscopic dipole density to be zero. But when a dielectric
material, say for example SmC* liquid crystal, is placed inside an
external electric field, the field distorts and breaks the symmetry and
induces macroscopic polarization. The distortions may be in different
atomic or collective level. The real part of the dielectric constant of any
dielectric

material

measures

the

magnitude

of

deformability

corresponding to different distortion process in the presence of an
external electric field.
When a time-dependent electric field is applied to a dielectric material,
the induced dipoles take some finite time to get into equilibrium with the
applied field. If the frequency of the measuring voltage is high enough,
the slower relaxation processes cannot keep pace with the applied field
and the system becomes dissipative. The phase difference between the
applied field and the induced polarization can be expressed in terms of
the imaginary part of the dielectric permittivity [10,18,32,33].
To study different types of dielectric relaxations, frequency domain
dielectric spectroscopy with temperature as a parameter is a powerful
36

Chapter II
method to explore the molecular dynamics or the intermolecular
interactions of the material.

2.6.1 Debye Model
One of the standard models of dielectric relaxation was given by Debye
assuming a simple exponential decay of the relaxation function with a
single characteristic time. According to this model, the complex
dielectric permittivity (ε*) can be written as:
𝜺∗ (𝝎) = 𝜺/ (𝝎) − 𝐢𝜺// (𝝎) = 𝛆 +

𝛆𝟎 𝛆

[2.3]

𝟏 𝐢𝛚𝛕

This is called the Debye equation [34,35]. Here, () and () are
respectively the real and imaginary parts of the complex dielectric
permittivity at frequency ω, ε0 and ε∞ are the low (static) and the highfrequency limit of the real part of dielectric permittivity. The difference
ε0 - ε∞ is also called the dielectric increment (Δε). τ is the relaxation time
of the relaxation process which is related to the corresponding relaxation
frequency (f) with the relation τ = 1/2πf.
By separating the real and imaginary parts of the complex dielectric
permittivity from equation 2.3 it can be written as:
𝜺/ (𝝎) = 𝜺∝ +
𝜺// (𝝎) =

𝜺𝟎 𝜺∝
𝟏 (𝝎𝝉)𝟐

𝜺𝟎 𝜺∝
𝟏 (𝝎𝝉)𝟐

𝝎𝝉

[2.4]
[2.5]

The highest value of ε//(ω) is observed when ωτ=2πfCτC=1, that means
when the frequency of the measuring field matches with the natural
frequency of the relaxation process. The corresponding frequency (fC) is
called the critical frequency.
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The highest value of ε//(ω) at the critical frequency, as can be obtained
from equation 2.5, is
//

𝜺// (𝝎) = 𝛆𝐦𝐚𝐱

𝜺𝟎 𝜺∝
𝟐

[2.6]

A representative curve showing the variation of the components of
dielectric constants as a function of frequency, in logarithmic scale is
shown in figure 2.4.
The frequency curve of the real and imaginary part of dielectric constants
are usually called the dispersion curve and the absorption curve
respectively.

Figure 2.4: Typical dielectric spectra of Debye type dielectric material
Dielectric spectra can also be represented by plotting ε// as a function of
ε/ for different frequencies as shown in figure 2.5. This is known as the
Cole-Cole plot. For ideal Debye type material Cole- Cole curve should be
an exact semicircle with centre at ((ε0+ε∞)/2, 0) and radius (ε0-ε∞)/2.
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Figure 2.5: Cole-Cole plot for Debye type spectra.

2.6.2 Cole-Cole model
In 1941 K. S. Cole and R. H. Cole pointed out that the dielectric
relaxations of many systems particularly molecules with long chains,
polymers etc. deviate considerably from Debye’s model. They exhibit a
broader dispersion curve and lower the maximum loss than what was
predicted by Debye’s model. Hence the Cole-Cole plots of those
compounds reduce inside the Debye’s semicircle. [31,27,28,30,32]
To describe the dielectric behaviour of such materials Cole and Cole
hypothesized that the idea of single relaxation time of Debye, doesn’t fit
well for them. Rather the relaxation times of such long molecules are
distributed statistically around a most probable value. They had modified
the Debye’s formula and suggested the following equation:

𝜺∗ = 𝜺/ − 𝒊𝜺// = 𝜺 +

∆𝛆
𝟏 (𝒊𝝎𝛕)𝟏 𝛂

[2.7]

Here α is a parameter responsible for the symmetric distribution of the
relaxation times and other parameters are already defined before [37].
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Separating the real and imaginary part, it can be shown that the
maximum value of () is given by:

∕∕

𝜺 (𝝎𝑪 ) =

//
𝜺𝒎𝒂𝒙

=

𝟐

𝝅𝜶
𝟐
𝝅𝜶
𝒔𝒊𝒏
𝟐

𝒄𝒐𝒔

𝜺𝟎 𝜺
𝟏

[2.8]

For small values of the α, one can write
//

𝜺𝒎𝒂𝒙 ≅

𝜺𝟎 𝜺

[2.9]

𝟐 𝜶𝝅

Thus it is clear that for non-Debye material the absorption peak is
lowered and broadened.
To consider the low-frequency parasitic effect equation 2.7 can further
be modified and the final expression for the modified Cole-Cole function
can be written as [10]
𝜺∗ = 𝜺/ − 𝒊𝜺// = 𝜺 +

∆𝛆
𝟏 (𝒊𝝎𝛕𝟎

)𝟏 𝛂

−𝒊

𝝈

[2.10]

𝝎∈𝟎

Where τ0 is the most probable relaxation time related to the critical
frequency, σ is the conductivity related to the motion of charge carriers
which contributes mainly in the low frequency regime and ∈ is the free
space dielectric permittivity. The real and imaginary parts can easily be
separated and the following expressions are found:
𝟏
𝟏 (𝝎𝝉𝟎 )𝟏 𝜶 𝐬𝐢𝐧( 𝝅𝜶)

/

𝜺 (𝝎) = 𝜺 + ∆𝜺

// (𝝎)

𝜺

= ∆𝜺

[2.11]
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𝟐(𝝎𝝉𝟎 )𝟏 𝜶 𝐬𝐢𝐧( 𝝅𝜶)
𝟐

(𝝎𝝉𝟎 )𝟐(𝟏 𝜶)

𝟏
(𝝎𝝉𝟎 )𝟏 𝜶 𝐜𝐨𝐬 𝝅𝜶
𝟐

𝟏 𝟐(𝝎𝝉𝟎 )𝟏 𝜶 𝐬𝐢𝐧

𝟏
𝝅𝜶
𝟐

(𝝎𝝉𝟎 )𝟐(𝟏

+
𝜶)

𝝈
𝝎𝝐𝟎

[2.12]

If the material shows multiple relaxations with different relaxation
times, then equation 2.10 can be rewritten as:
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𝜺∗ = 𝜺/ − 𝒊𝜺// = 𝜺 + ∑

∆𝜺𝒌
𝟏 (𝒊𝝎𝝉𝒌 )𝟏 𝜶𝒌

− 𝒊

𝝈
𝝎∈𝟎

[2.13]

Here, the subscript ‘k’ represents the parameters for kth mode of
relaxation.
In this dissertation modified Cole- Cole function was used to fit the
observed dielectric spectra. In some cases we had to fit more than one
relaxation processes as shown in figure 2.6. Further, it is worth
mentioning that to accommodate the contribution of free charges and ITO
layer sometimes in the conductivity part “” is taken as 2πfn instead of
2πf [38], where n is a fitting parameter. However, in all compounds
studied in this dissertation the behaviour of the cell in low frequency is
ohmic and thus the value of “n” reduces to “1”. In the third chapter the
fitted value of n has been shown for the compound 1F3R. In rest of the
thesis n has been taken to be 1.

Figure 2.6: Cole -Cole type spectra
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2.6.3 Modes of dielectric relaxations in chiral liquid crystals
Mainly two types of dielectric relaxations are observed in chiral liquid
crystals: non-collective and collective modes of relaxations.
2.6.3.1 Non –collective relaxation
In this category also two kinds of relaxation behaviour are observed.
The first one is related to the rotation of the molecules about its short
axis, it is usually observed in ~1010 Hz range. The second type of noncollective relaxation is related to the rotation of molecules about its long
axis. The characteristic frequency of this relaxation is in 107-109 Hz
region. For most of the compounds these non-collective relaxations fall
beyond our observed frequency window. Thus, this thesis dealt with
mostly the collective modes of relaxations [10,18,39].

2.6.3.2 Collective modes of relaxation
Only one collective mode of relaxation is observed in SmA* phase
which is known as soft mode relaxation (SM), also known as amplitudon
mode. This mode is connected with the tilt fluctuation of the molecular
directors. This mode can also be observed even in SmC* phase, in the
vicinity of SmA* to SmC* transition in some compounds. It is a strongly
temperature dependent mode which is usually observed in the region of
few hundred kHz. The dielectric increment of SM (ΔεSM) is another
temperature dependent quantity, whose magnitude is much smaller as
compared to the dielectric increment of other collective modes.
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But the most commonly observed collective mode of relaxation in the
SmC* phase is called the Goldstone mode relaxation (also known as
phason mode), that originates due to the phase fluctuations of the
molecular directors. The critical frequency of GM relaxation is in the
order of lower kHz. But the dielectric increment (ΔεGM) of this mode is
much higher than that of SM. So often the soft mode is masked by the
goldstone mode in SmC* phase. However, under sufficient DC bias, GM
relaxation can be suppressed as a result of unwinding of the SmC* helix,
but SM remains as it is. By this method even a weak SM can be observed
in SmC* phase in a substance whose GM is much stronger than SM.
These two relaxation modes are schematically shown in figure 2.7.

Figure 2.7 : A schematic diagram of both GM and SM relaxation
observed together.
In the second order SmA* to SmC* phase transition, the continuous
symmetry group of SmA* (D∞) spontaneously breaks into C2, the
symmetry group of SmC*. Thus soft mode is a symmetry breaking mode
which slows down while approaching the transition from above but the
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GM relaxation tries to restore the broken symmetry. That is why the SM
splits into the amplitude mode (SM) and the phase mode (GM) in SmC*
near the C* -A* transition. [10,14,18,40,41].
The nature of temperature variation of critical frequency and dielectric
increment of SM and GM can be predicted using modified Landau
expression of free energy (equation 2.2). To elucidate their temperature
𝟏

dependency Carlsson et al.[21]

had defined a parameter 𝜷 =

𝜼𝟐 𝑪𝜺𝟎 𝜺
𝟏

𝛀𝟐

where, the tilde denotes normalised forms of the parameters. It is a
measure of the ratio of bilinear and biquadratic coupling between the tilt
and polarization in equation 2.2. The theoretically predicted temperature
dependence of critical frequency and dielectric increment of the
collective modes, depend strongly on the relative strength of bilinear and
biquadratic coupling of the tilt and polarization in the expression of
Landau free energy as shown in figure 2.8.

Figure 2.8: Theoretically predicted temperature variation for different β
of a) dielectric increment of GM b) dielectric increment of SM C) critical
frequency of GM d) critical frequency of SM. Adapted after ref [ 12]
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In the tilted hexagonal chiral phases (SmI* and SmF*) the collective
relaxations are mainly dominated by two mechanisms. As described in
the first chapter, these phases have long-range bond orientation order
(BOO) along with the molecular tilt. Depending on the coupling of tilt
and BOO the phason mode of relaxation splits into two distinct
relaxations in these phases: tilt angle phason and BOO phason [42–45].
As suggested by Rychetsky´ and Glogarova [43], a stronger BOO phason
results in the softening of the frequency near SmC* to SmF*/SmI*
transition following an increase in permittivity and decrease in critical
frequency. Conversely, the tilt angle phason mode causes a decrease in
permittivity and an increase in critical frequency.
2.6.3.3 Maxwell Wagner relaxation
Sometimes a low-frequency relaxation is observed in a heterogeneous
structure if at least one of the materials has non-zero electrical
conductivity. Polarization may occur due to the accumulation of charges
in the interface, which can cause relaxation. This is called Maxwell
Wagner (MW) relaxation [10]. If the liquid crystal sample, taken inside a
dielectric cell, have high conductivity, at times charges may accumulate
in between the liquid crystal material and the polymer coating of the cell.
This may contribute a MW relaxation in the dielectric spectrum. MW
relaxation can be suppressed by a sufficient DC bias. It can be
distinguished from the other characteristics relaxations of LCs by looking
at the frequency range and also by the fact that MW sustains even in the
isotropic phase. [10,46]
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To perform the dielectric measurements, impedance analyzers Hioki
3532-50 (for frequency range 40Hz- 5 MHz) and Hioki IM3533 (for
frequency range 0.1 MHz- 270 KHz), equipped with data acquisition
system through RS232 interface to a computer, were used. The
temperature was controlled within an accuracy of ±0.1°C with the help of
FP82HT hot stage and Mettler FP90 temperature controller. The
experimental setup is shown in figure 2.9.

Figure 2.9: Experimental setup for dielectric measurement.
The maximum error involved in the measurement of dielectric
permittivities by this process was calculated to be less than 1%.

2.7 Synchrotron X-ray Diffraction Study
X-ray diffraction study is extremely useful to identify and classify the
mesophases of liquid crystals and to elucidate their structural properties.
Due to their intrinsic structural arrangements different mesophases have
distinguishable X-ray diffraction patterns [13,47–52]. The major traits of
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the X-ray
ray diffraction pattern of two smectic
mectic phases, which are oriented
normal to the incident X
X-ray beam, are shown in figure
igure 2.10.
2.
To
compare, the actual diffraction photographs are also shown in figure
2.11. The
he diffraction photographs consist of one low angle meridional
and one high angle equatorial diffraction maxima. The lower and higher
angle features correspond to the correlation of molecules along the
molecular director and ordering within the layers respectively from
which one can calculate the layer spacing (d) and the intermolecular
distance (D).

Figure 2.10:: Schematic diagram of X
X-ray
ray diffraction photographs of a)
SmC phase and b) SmA phase.
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Figure 2.11:: Observed X
X-ray
ray diffraction photograph of a) SmC* and b)
SmA* phase of a chiral liquid crystal mixture.
It may be mentioned here that by conventional X
X-ray
ray diffraction
technique it is possible to distinguish only those liquid crystal phases,
which differ in their packing, but not those which differ just by
orientation of molecules in successive layer. For example ordinary X-ray
X
scattering cannot differentiate between SmC* and SmC*A phases or
smectic phases of chiral and achiral compounds. These phases can be
distinguished by resonant X
X-ray
ray scattering experiment which was not
performed
ed in this dissertation [53].
The average lateral distance between the molecules (D) was calculated
from
rom the higher angle equatorial maxima using equation 2.14 [54].
𝟐𝑫 𝒔𝒊𝒏𝜽 = 𝒌𝝀

[2.14]

Here, θ is the Bragg’s angle for the higher angle diffracti
diffraction, λ is the
wavelength of the X--ray
ray beam and k is a constant which arises due to
cylindrical symmetry and whose value is 1.17 for the perfectly ordered
state.
Similarly, the layer thickness (d) can be calculated using equation 2.15.
2.1
[2.15]

𝟐𝒅 𝒔𝒊𝒏𝜽 = 𝝀

Here, θ is the Bragg angle of the meridional maxima.
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The Bragg angles were determined by fitting the corresponding
intensity profile to a Lorentzian of the form:
𝑳(𝒙) = 𝒚𝟎 +

𝟐𝑨

𝝎

𝝅 𝟒(𝒙 𝒙𝟎 )𝟐 𝝎𝟐

[2.16]

Where, y0 is the minimum value of y (here minimum value of intensity),
A is the area under the curve, ω is the full width at half maxima and x0 is
the value of x (here value of angle) for which y is maximum.
As a representative example, the fitted intensity profile at low and high
angle of one compound is shown in figure 2.12.

Figure 2.12: Fitted intensity profile of SAXS data a) at low and b) high
angle.
For tilted phases like SmC* phase, the tilt of the molecule is usually
calculated, using equation 2.17.
𝜽𝒙𝒓𝒂𝒚 = 𝒄𝒐𝒔

𝟏 𝒅
𝐝𝐀

[2.17]

Here dA is the maximum layer spacing in SmA* phase. However most of
the compounds selected in this study melt directly to isotropic phase from
SmC* phase. Thus the tilts of the molecules in these compounds were
calculated idealizing the molecules as rigid rods, using equation 2.18.
𝜽𝒙𝒓𝒂𝒚 = 𝒄𝒐𝒔

𝟏𝒅
𝒍

[2.18]

Here l is the optimised molecular length of the molecule.
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Even in compounds where SmA* phase is present above SmC* phase,
equation 2.18 was used to calculate the tilt to make comparison with
other compounds on equal footing. Only in case of the formulated
mixture and its dopant equation 2.12 was used, as it was not possible to
find the effective optimised length of mixing molecules.
The length scale over which the correlation between the molecules
exist, both within and across the smectic planes, can be calculated by
estimating the correlation length (ξ). It was calculated using equation
2.19 [55].
𝝃=

𝟐𝝅

[2.19]

𝑭𝑾𝑯𝑴

where FWHM is the full width at half maxima at the scattering vector Q
in the relevant Bragg’s peak which was determined by fitting the
intensity profile to a Lorentzian function as stated before.
For hexagonal mesophases and soft crystal phases, additional peaks can
be observed due to their long-range bond orientation order. By indexing
the peaks, the cell parameters of such phases can be calculated from the
diffraction photographs [56,57].
X-ray scattering experiments were performed using PETRA III
synchrotron beamline at P07 Physics Hutch station at Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany within an angular
range 2θ = 0 - 5°. For some compounds Lindeman glass capillary of
diameter 1.0 mm was used as sample holder, other compounds were
taken inside a dielectric cell. In both cases, samples were filled by
capillary action in the isotropic phase and alignment was achieved by
slow cooling. For the samples taken inside the dielectric cell, the X-ray
beam was directed through the cell gap to avoid absorption from the
glass. It was done by mounting the liquid crystal cell on a stage whose
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orientation could be controlled very precisely and remotely when the
beam was on. Ten images of exposure time 0.1 s were taken and
averaged to get one diffraction image. For capturing the image, a Perkin
Elmer 2D detector of total size 400 × 400 mm2 and with individual pixel
size 200 × 200 μm2 was used. The detector was placed at a distance of
3.3 m from the sample. To control the temperature a Lakeshore 340
temperature controller was used. While studying the mixture, SAXS was
also done applying a voltage across the cell (12V/μm) from a Delta
Electronica power supply ES030-10. QXRD program (PE Area
Detectors; G Jennings, version 0.9.8, 64 bit) was used for data
acquisition. To get intensity versus Bragg angle (2θ) distribution, images
were integrated using a step size of 0.001. The experimental set up used
for the scattering experiment at DESY is shown in figure 2.13.
The errors in the measurement of layer spacing, intermolecular distance
and tilt angle never found to exceed 0.5%, however, in case of correlation
lengths the maximum error was higher, about ~3.5%.

Figure 2.13: Experimental set up for X-ray scattering experiment.
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2.8 Electro-Optic Measurements
By electro-optic methods spontaneous polarization, response time and
tilt angle of the compounds have been measured. Details of these
measuring techniques are discussed below.
2.8.1 Spontaneous Polarization (PS)
As discussed in chapter 1 spontaneous polarization is a secondary order
parameter for the ferroelectric SmC* phase. The value of PS is important
from an application point of view and also from the theoretical
perspective. It is possible to determine the type of phase transition by
looking at the temperature variation of PS in the vicinity of SmC* to
SmA* transition. By minimizing the expression of Landau free energy
(equation 2.2) one can find out the expression for PS as a function of
temperature T as given by equation 2.20 [14].
𝑷𝑺 = 𝑷𝟎 (𝟏 −

𝑻 𝜷
)
𝑻𝑪

[2.20]

Here, P0 is the value of PS at T=0, TC is the SmC* to SmA* transition
temperature, and β is the critical exponent associated with the order
parameter PS, which for an ideal second-order phase transition should be
0.5 [5,18,21].
It is possible to measure PS by different techniques like (i) SawyerTower method [58] , (ii) reverse field method[59] and (iii) reversal
current method [60]. In this dissertation, the reversal current method
using a triangular signal was used to measure PS. A schematic diagram of
the experimental setup is given in figure 2.14.
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Ferroelectric liquid crystals have finite conductivity. So, a dielectric
cell filled with FLCs can be considered as a parallel combination of a
capacitor (C) and a resistance (R). Thus the current induced in a
ferroelectric liquid crystal cell, under the application of an alternating
voltage, has mainly three contributions in it [60], namely (i) ionic flow
current Ii, (ii) current Ic due to charge accumulation in the capacitor and
(iii) the polarization realignment current Ip as given by equation 2.21.

Figure 2.14: Schematic diagram of the experimental setup to measure
spontaneous polarization and response time.
𝑽

𝒅𝑽

𝑹

𝒅𝒕

𝑰(𝒕) = 𝑰𝒊 + 𝑰𝒄 + 𝑰𝒑 = + 𝑪

+

𝒅𝒑
𝒅𝒕

[2.21]

Here P is the charge induced by polarization reversal. Under a triangular
wave in reversal current method the capacitive contribution of current
(IC) cannot interfere with the current due to polarization reversal (IP) and
a characteristic bump appears in the output wavefront due to the reversal
of spontaneous polarization which can be subtracted from the
contributions of the ionic and capacitive current drawing an appropriate
baseline from the overall current profile. From the area, under the
polarization bump the value of PS can be calculated using equation 2.22.
𝑷𝑺 = ∫

𝑽𝒅𝒕

[2.22]

𝟐𝑨𝑹
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where A is the effective area of the cell and R is the series resistance
across which the voltage drop is measured.
For anti-ferroelectric SmC*A phase in suitable frequency range, double
polarization bump can be observed under triangular current reversal
method. In fact, SmC*, SmC*A and other ferroelectric subphases can be
easily distinguished by a hysteresis study of the spontaneous polarization.
SmC* being a bistable phase shows a single hysteresis loop, SmC*A for
being tristable state exhibits a double hysteresis loop and SmC*γ shows a
triple hysteresis curve as shown in figure 2.15 [15].
However, practically SmC*γ phase along with the plateau at 1/3PS
shows zero polarization at zero field, unlike figure 2.15 which indicates
helielectric behaviour of the phase [15].
The spontaneous polarization (PS) was measured with the help of an
Agilent 33220A function generator which was used to apply an ac
triangular signal of voltage 0.1-50V and frequency 10-60 Hz as the input
signal. An amplifier (FLC Electronics, Sweden) was used to amplify the
signal. The voltage drop across a 100kΩ resistor in series with the sample
cell was stored in a digital oscilloscope (Tektronix TDS 2012B) as a
function of time. The peak area under the V-t curve of the stored image
was calculated after creating an appropriate baseline using a commercial
software package Origin 7.0 [61].
The maximum error related with the measurement of spontaneous
polarization was found to be about 2.5%.
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Figure 2.15:: Hysteresis loop of PS at different phases. Adapted after ref
[15]
2.8.2
.2 Response Time (τ)
The response time (τ) is yet another important parameter of
ferroelectric liquid crystal
crystals from an application perspective. The smaller
is the response time, the more suitable is the FLC for using in fast display
devices.
τ can be measured with the same experi
experimental setup ass used for the
measurement of PS. However, here a square pulse has to be used as the
input signal, rather than a triangular wave. The response time can be
measured by measuring the time delay of the occurrence of polarization
bump from the applied square pulse edge while monitoring the voltage
across the resistor R in series with the cell [62,63]. A typical polarization
bump observed in SmC* phase under a squa
square
re pulse is shown in figure
2.16. The input square wave signal of voltage range 0.1-50V
0.1
and
frequency range 10-60Hz
60Hz w
was used to measure τ. The images of the
wavefronts stored in the storage oscilloscope were analyzed using Origin
7.0 software [61].
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Figure 2.16:: Polarization bump in SmC* phase under square pulse.
The maximum error involved in the measurement of response time was
calculated to be about 3%.
2.8.3 Optical Tilt Angle (θOPT)
As described before, the angle which the molecular long axis makes
with the smectic layer normal the tilt angle and it is the primary order
parameter of ferroelectric SmC* phase. Under the application of an ac
signal, the molecules of liquid crystal
crystals in ferroelectric or antianti
ferroelectric phase rotate around an imaginary cone by twice the tilt
angle. Thus the optical tilt of molecules in smectic layers can be
determined by electrically switching the sample under a low-frequency
low
square wave and simultaneously observing the texture under a polarizing
microscope. The angle of rotation of the sample between two dark states
is a measure of double the tilt angle.
To perform this measurement
measurement, the liquid crystal samples were first fed
into a homogeneous cell and the cell w
was mounted in between the crossed
polarizerss of the optical microscope. An ac field of magnitude 5-70
5
V
wass applied across the cell which was sufficient to unwind the helix and
to align the molecules uniformly at a tilt angle θ with the layer normal.
The frequency of the square wave pulses was kept in the range 1-10Hz.
1
56

Chapter II
The sample stage was rotated to a position of minimum optical
transmission. When the field was reversed the molecules tilt in the
opposite direction with an angle –θ with the layer normal and again
another dark state was achieved by rotating the sample stage. Thus the
angle of rotation of the sample between two consecutive dark states gives
a direct measure of 2θOPT.
Another method of measuring the tilt using X-ray diffraction (θxray) was
discussed before. The main difference between the tilt angles measured
by these different techniques is that the θxray measures the tilt of the
special period of the molecular arrangement (whole molecule) while θOPT
measures the tilt made by the polarisable aromatic core of the molecules.
Thus depending on whether the terminal chains are in cis or in trans
configuration the θxray can be greater or smaller than θOPT respectively
[64].
The error related with the measurement of optical tilt was found to be
~0.6%.

2.8.4 Rotational Viscosity (γφ)
The rotational viscosity related to the Goldstone Mode relaxation is
another important parameter for ferroelectric liquid crystals. It greatly
influences the response time of FLCs. The lower is the value of γφ, the
lesser is the hindrances faced by the molecules to rotate around the tilt
cone and the smaller will be the response time. The expression for
rotational viscosity (equation 2.23) can be derived from the generalized
Landau model [21].
𝜸𝝋 =

𝟏

𝟏

𝟒𝝅𝜺𝟎 ∆𝜺𝒇𝑪

𝑷

( 𝑺 )𝟐

[2.23]

𝜽
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Using the values of Goldstone mode dielectric strength (Δε) and
relaxation frequency (fC) obtained from the dielectric relaxation study
and of spontaneous polarization (PS) and tilt angle (θ) measured by
electro-optic study the value of rotational viscosity was calculated by
equation 2.23.
The maximum error related to the calculation of rotational viscosity was
found to be ~2%.
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Chapter 3
Structural and dielectric properties of
orthogonal smectic phases in a chiral
mesogen having biphenyl benzoate
core

Part of this work has been published in Journal of Molecular Liquids, Vol:256,
pp29-38,2018.

65

Chapter III
3.1 Introduction
In the chiral orthogonal smectic phases of liquid crystals, the
molecular directors are oriented in a direction parallel to the layer normal
like their achiral counterpart. Depending on the symmetries of the inplane molecular arrangements they are classified in different mesophases
like SmE*, SmB* (SmB*Cryst, SmB*hex), SmA* etc. In SmE* phase, the
molecules are arranged in an orthorhombic unit cell with herringbone
structure. SmB* is an orthogonal hexatic phase and in SmA* there is no
structural order within the layer. The detail structure of each of these
phases have been discussed in many books [1–3]. From the perspective
of fundamental research, it’s always appealing to inculcate the structural
properties of orthogonal smectic liquid crystals for their diverse
structures and in-plane symmetries. The knowledge about their structure
can also be handy to identify and categorise the different orthogonal
phases. Besides, the inter-molecular interactions, which are intimately
related with the structural parameters, play a crucial role on the dielectric
and electro-optic properties of the phase. Moreover, the orthogonal
smectic mesogens have drawn the attention of various research groups
also for their possible applicability. For their self assembly and two
dimensional structures they are likely to be functional materials. For
example, an orthogonal smectic liquid crystal Ph-BTBT-10 shows SmE
phase with highest mobility and can be used to build an organic field
effect transistor (OFET) [4–6]. Other smectic liquid crystals have also
been used designing OFET [7]. Smectic liquid crystals have also been
used in sensing applications [8].
Molecular structures of liquid crystals have profound effect on their
physical properties and also on their phase behaviour. This can be
observed even in the compounds selected for investigation in this
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dissertation. Out of these compounds, the compound having the smallest
chain (only one carbon in its fluorinated chain) i.e. 1F3R [(S)-(+)-4/-[(3trifluoroetanoyloxy)prop-1-oxy]

biphenyl-4-yl

4-(1-methylheptyloxy)

benzoate.], shows four different types of chiral orthogonal smectic phases
within a span of ~71°C and then melts into isotropic phase, with no tilted
phase in between as observed in higher homologues [9]. This is one of
the rare chiral compounds, showing large numbers of temperature
induced orthogonal smectic phases within such small temperature range,
with no tilted phase in between. To the best of our knowledge four
orthogonal smectic phases were observed before only in an achiral bentcore system [10]. Thus, this can serve as an ideal candidate to investigate
the structural and dielectric properties of chiral orthogonal smectic
phases. Keeping this in mind we are reporting in this chapter, the phase
behaviour as well as structural and dielectric relaxation properties of the
compound 1F3R, whose molecular structure is shown in figure 3.1.

Figure 3.1: Molecular structure of 1F3R.

3.2 Experimental procedure
The transition temperatures of the compound were identified using
polarising optical microscopy (POM) and differential scanning
calorimetric (DSC) study. Olympus BX41 polarizing microscope
equipped with a CCD camera was used for POM study. Metller FP90
temperature controller with FP82 hot-stage was used to control the
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temperature with an accuracy of ±0.1°C. DSC was done with the same
temperature controller, along with FP84HT hot stage and FP99A
software.
The structural properties of different mesophases were investigated by
small angle X-ray scattering (SAXS) experiments using PETRA III
synchrotron beam line at P07 Physics Hutch station at Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany, within an angular
range of 2θ = 0 - 5°. Lindeman glass capillary of diameter 0.1 mm was
used as sample holder. A beam of wavelength 0.2483 Å was used for this
experiment.
To perform the dielectric study the sample was fed into a homogeneous
commercial cell (EHC, Japan) of thickness 8μm. The alignment of the
sample within the cell was achieved by a slow controlled cooling from
isotropic phase to the desired temperature. The dielectric permittivity was
measured using a Hioki 3532 50 Impedance analyzer in the frequency
range from 100 Hz to 5 MHz while in the frequency range of 0.1mHz to
270 kHz a HIOKI IM3533 analyzer was used. The dielectric spectra at
each temperature were fitted to the Cole-Cole function [11], modified to
take into account the low frequency parasitic effect (equation 1).
𝜀 ∗ = 𝜀 / − 𝑖𝜀 // = 𝜀∞ + ∑

∆
(

)

−𝑖

∈

[3.1]

Here, ∆𝜀 is the dielectric increment, 𝜀∞ is the real part of high frequency
limit dielectric permittivity, τk is the relaxation time and αk is the
symmetry parameter of k-th mode relaxation, σ is the conductivity of the
cell due to charge impurities, angular frequency 𝜔 = 2𝜋𝑓 is the angular
frequency of the measuring field and ∈
permittivity.
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As mentioned in chapter 2 to accommodate the contribution of free
charges and ITO layer, in the conductivity part (third term) “” has been
taken as 2πfn, where n is a fitting parameter [12]. The fitted value of “n”
is found to be ~1 in all spectra of 1F3R. Hence in subsequent chapters we
assumed that the behaviour of the cell in low frequency is ohmic and
considered n=1.
Details of all these experiments have been presented in chapter 2.

3.3 Results and discussions
3.3.1 Observed phases
A phase sequence of this compound, based only on the POM study,
was outlined in a prior publication, where the synthesis of this compound
was reported [9]. With rising temperature, the compound was stated to
exhibit SmE*, SmB* and SmA* phases before going to the isotropic
phase. However, except POM results, no further substantive evidence
was provided to identify the phases and the nature of SmB* phase was
not confirmed. In our study, we have identified the structures of all the
phases by SAXS and combining the results of POM, DSC, SAXS and
dielectric study confirmed that the SmB* phase was actually SmB*hex
phase. Moreover, a new phase was identified in between SmB* and
SmA* phases which we initially designated as SmX* phase but finally
had been established to be a variant of SmB*hex phase. The phase
sequence of 1F3R, as observed in our study is listed in table 3.1.
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Table 3.1: Phase sequence with transition temperatures of 1F3R
From Texture: Cr 80oC SmE* 99oC SmB* 119oC SmX* 127.5oC SmA* 151oC Iso
From dielectric and XRD: Cr 80oC SmE* 103oC 𝑆𝑚𝐵∗

121oC 𝑆𝑚𝐵∗

127.5oC SmA*

1510C Iso

mo: more ordered; lo: less ordered
3.3.2 Differential scanning calorimetry (DSC)
DSC thermograms, both for heating and cooling cycles, are shown in
figure 3. 2. In both thermal cycles the thermograms show almost same
transition temperatures.

Figure 3.2: DSC thermogram of 1F3R in heating and cooling cycle.
However, SmX* phase could not be identified in DSC data probably
due to very small change of enthalpy at this transition. Lack of such
thermal signature at transitions involving higher ordered smectic phases
is quite frequent as discussed by Budai et al. [13].
3.3.3 Polarized optical microscopy (POM) studies
Optical textures, observed during cooling (except figure 3.3 (b)), at
selected temperatures are shown in figure 3.3. In all the phases fan
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shaped textures were observed. Transition bars (parallel lines) appeared
in the texture at the SmA* to SmX* transition temperature (127°C) while
cooling (figure 3.3 (c)). The lines vanished quickly after entering into
SmX* phase, leaving a clear fan shaped texture once again. Though no
such line appeared during heating, but the fan shaped textures exhibited
parabolic focal conic defects in SmA* phase (figure 3.3 (b)). This typical
observation was reported before for SmA to hexatic B or crystal B
transition in an achiral system [14]. Thus from POM study it could be
deduced that the SmX* phase must be some kind of SmB* phase. For
both SmB* and SmE* phases parallel lines appeared across the fan
shaped texture, however, in SmE* phase these lines were slightly
stronger than in SmB* phase.

Figure 3.3: Observed textures of 1F3R at a) SmA* (143⁰C) b) SmA*
during heating (130⁰C) c) SmA* to SmX* transition (127⁰C), d) SmX*
(125⁰C), e) SmB* (112⁰C) and e) SmE* (91⁰C).
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3.3.4 Optimised geometry
To elucidate the effect of molecular structure on the various properties
of the material, the molecular structure of the compound was optimised
applying Hartee Fock method and using 3-21G basis set in a commercial
package [15]. The optimised structure of the molecule, the direction of
principal inertial axes and the molecular dipole moment are shown in
figure 3.4. The optimised length was measured to be 32.58Å and the
dipole moment was found to be 6.60D with components of 4.93, 4.37 and
0.11 D along the three inertial axes, respectively. Such strong dipole
moment might be attributed to the presence of the fluorine atoms in the
chain of the molecule. It should be noted here that the initial structures of
all the compounds taken for optimisation, that we are going to report in
this dissertation, were build up from one single core of the molecule.
Different compounds were built by modifying only the chain. This
process differs from the process of optimisation that was reported in the
published paper. Hence the optimised parameters reported here differ
marginally from the values quoted in the paper.

Figure 3.4: Optimised geometry of 1F3R.
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3.3.5 Synchrotron X-ray diffraction study
The structural properties and temperature evolution of each phase were
studied by synchrotron X-ray diffraction method. The transition
temperature observed by SAXS was found to be shifted towards higher
temperatures by a few degrees, than what were observed in dielectric,
DSC and texture studies. This may be due to the fact that the compound
was in different temperature bath in those cases and had different thermal
history as well. By slow cooling and surface interaction the sample got
aligned in the capillary, with molecular axis perpendicular to the beam
direction even without any electric or magnetic field. In all the higher
order smectic phases strong low angle maxima, corresponding to smectic
layer spacing and high angle maxima corresponding to in-layer ordering
were observed. Few representative diffraction photographs for each
smectic phase are shown in figure 3.5 while their intensity profiles are
shown in figure 3.6 and 3.7.

Figure 3.5: Diffraction photographs of (a) SmE* (89.5oC) (b) 𝑆𝑚𝐵∗
(107oC) (c) 𝑆𝑚𝐵∗ (SmX*) (125oC) (d) SmA*(140°C) phases.
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It is evident from figure 3.5 that the maxima of the low and high angle
diffraction features are at 90o apart which signifies explicitly that all the
phases are orthogonal in nature. Occurrence of pretty strong second order
diffraction maxima at low angles also implies long range ordering across
the smectic layers in all the phases. However, the intensity of the second
order feature reduces with temperature as expected. It is also seen from
figure 3.5 that two sharp outer rings at higher angles are present in higher
order smectic phases, whereas in SmA only one diffused high angle
maxima is visible. It signifies the presence of positional ordering or bond
orientational ordering within the layers in higher order smectic phases
and absence of any such ordering in SmA* phase. The SmX* phase can
also be distinguished by the emergence of satellite feature in higher angle
outer ring, clearly visible in figure 3.7.

Figure 3.6: Intensity profile of inner ring: (a) SmE*(89.5oC), (b)
𝑆𝑚𝐵∗

(107oC) (c) 𝑆𝑚𝐵∗

(125oC) and (d) SmA*(140°C).
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Figure 3.7: Intensity profile of outer ring: (a) SmE*(89.5oC), (b)
𝑆𝑚𝐵∗

(107oC) (c) 𝑆𝑚𝐵∗

(125oC) and (d) SmA*(140°C).

The inner ring (001) profiles of SmE*, SmB* and SmX*, more or less
remain same, a broadening of the profile can, however, be observed in
SmA*. Broadening of outer ring is also evident when we move from
lower temperature phase towards higher temperature phase. Broadening
of outer or inner ring profiles signify lowering of in-plane and across the
plane ordering respectively. Satellite peak observed in the outer profile of
SmX* phase may come up from a local herringbone packing structure as
reported in hexatic B phase by Pindak et al. [16]. Thus the SmX* phase
seems to fulfil the criteria of hexatic B phase. However, this kind of
double peak were also reported to arise because of chain packing or
partial ordering of the long alkyl tail of the LC molecule [17]. To affirm
the presence of the new phase, the intensity of the Bragg scattering, both
small angle and wide angle, is plotted as a function of temperature in
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figure 3.8. This has been suggested by Chandrasekhar as a direct method
of studying the translational order parameter of a phase [18].

Figure 3.8: Intensity of the first order (a) inner and (b) outer diffraction
peaks with temperature.
Change in slope or slight discontinuity of inner ring intensity is evident
near each phase transitions. Different phases, including SmX*, are more
distinctly distinguishable from the intensity plot of the outer maxima.
Thus the temperature variation of Bragg diffraction intensity asserts once
again the presence of the SmX* phase within the temperature range
121°C to 127°C which is in conformity with the POM result, with a
deviation of ~2°C temperature range, because of different temperature
bath of the sample as discussed above.
From (001) peak, the smectic layer spacing (d) of each phase was
calculated and was found to be more than the optimised molecular length
(32.58 Å) in all phases, which again confirms the absence of tilt and
orthogonality of all phases. The temperature variation of layer spacing
(d) is shown in figure 3.9.
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Figure 3.9: Layer spacing of all phases as a function of temperature.
Layer spacing ‘d’ remains almost constant throughout the crystal,
SmE* and SmB* phases but starts to decrease with temperature from
SmX* phase. The rate of decrease increases after entering into SmA*
phase. Nevertheless, even in SmA* phase the ‘d/l’ ratio remains more
than 1, which varies from 1.07 to 1.03, l being the most extended
molecular length obtained from geometry optimisation. In few other
members of the same homologues series 5F6R, 4F6R and 1F4R, this
ratio was reported to be ~ 0.5, 0.76 and 0.97 respectively [9]. It is
observed that the ratio increases with decreased fluorination and chain
length. Similar observation was reported before in SmA* and SmB*
phases of a Schiff base compound containing azomethin [19]. As
discussed in chapter 1, a layer spacing larger than molecular length (l)
but less than 2l suggests the orthogonal smectic phase to be partially
bilayer. Thus all the smectic phases of 1F3R having l ≤ d ≤ 2l are partial
bilayer type, to the best of our knowledge there is no such report so far in
any chiral compound. Madhusudan et al. in [20] proposed that achiral
SmA liquid crystals with high longitudinal dipole moment (~ 4 D),
should favour anti parallel arrangement to minimize the interaction
energy which lead to polymorphism of SmA phase. The present 1F3R
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system possesses strong longitudinal component of dipole moment (5.51
D), which is in conformity of the observed partial bilayer smectics,
although other chiral systems, even higher homologues of this series, did
not show such behaviour.
In figure 3.10 we have presented the temperature variation of average
intermolecular spacing (D) which, in all the phases, was calculated from
the (010) peak. ‘D’ is found to increase with temperature in SmE* and
SmB* phases but it decreases in SmX* phase. Anomalies are observed at
the transition points of the phases. Near clearing point the peak become
too defused to measure D accurately.

Figure 3.10: Variation of average intermolecular spacing (D) with
temperature.
Although in smectic phases molecules are arranged in layers but the
positional correlations of the layers do not have true long range order as
observed in perfectly crystalline state rather exhibit algebraic decay with
a temperature dependent exponent signifying quasi long range order. To
estimate the extent of correlation of the molecular order, across and
within the smectic layers, the correlation length (ξ) was calculated as,
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𝜉=

, where FWHM is the full width at half maxima

in the

scattering vector (Q) of the relevant Bragg’s peak[21]. The temperature
variation of correlation length is depicted in figure 3.11.

Figure 3.11: Temperature variation of correlation length (a) across the
layer and (b) within the layer.
The correlation length across the layer varies with temperature
differently at different phases. In the SmE* phase it increases from ~ 371
Å to ~ 375 Å and ultimately drops down sharply to ~ 333Å in SmB*
phase. In SmX* phase it decreases strongly with temperature and reaches
a minimum value of 236 Å. It continues to decrease in SmA* phase and
reaches a lowest value of 180Å. The correlation length across the layer is
found to be 11.4 times of the optimised molecular length in SmE* phase
which implies that across the layer the correlation is extended upto nearly
11 molecular lengths in this phase. The same is found to be
approximately 10, 7 and 5 molecular lengths in SmB*, SmX* and SmA*
phases, respectively.
As far as the correlation within the layer is concerned, it shows quite
high values in higher order smectic phases. It is found to be 656Å, 600Å
and 534Å in SmE*, SmB* and SmX* phases respectively, much higher
than those for across the plane correlation. During the phase transition
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from HexB to CryB phase this kind of discontinuity in the correlation
length had been reported before [22]. The lowest value of in-plane
in
correlation is recorded to be ~11Å in S
SmA* phase. The anomalies
observed at SmB* to SmX* and SmX* to SmA* transitions, in both types
of correlation lengths, once again confir
confirms
ms the existence of SmX* phase.
It had been explained before theoretically that smectic structure with
dislocation type imperfections
mperfections might lead to local displacements of the
layers resulting in a much larger broadening of Bragg peaks in the
direction 𝑄|| , which is related with interlayer correlation, than in 𝑄 ,
which is related with the in plane correlation [23],, as observed in our
compound.
The cell parameters ‘a’, ‘b’ and ‘c’ in SmE*, SmB* and SmX* phases
were estimated by a method used for indexing SmB* diffraction
photographs, as discussed in reference [19,24]. Here the parameters a, b
and c represent the distance between the centre of mass of the adjacent
molecules, the molecular diameter and smectic layer thickness ‘d’
respectively.. ‘c’ and ‘b’ can be directly calculated from d001 and d010 and
‘a’ is calculated from the relation a=2bcos30° which can be derived for a
c-base centred orthorhombic unit cell resulting from a hexagonal lattice
with herringbone structure as shown in figure 3.12.

Figure 3.12: Hexagonal lattice with herringbone structure.
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Values of d110 spacing were calculated using the values of the cell
parameters and were compared with the observed values. It had never
deviated more than 0.3Å signifying that the estimated cell parameters
were quite good. Both the SmE* and SmB* phases are believed to
exhibit herringbone crystal structure, though in SmB* phase herringbone
structure is observed locally [1,3,16]. This is in conformity with our
observation. No change in the structure of unit cell was observed even in
SmX* phase. However, the values of the cell parameters are found to
change at different phases. It implies that both the SmB* and SmX*
phases are hexagonal type and displacive kind of phase transition is
involved rather than reconstitutive type [25,26]. After calculating the
volume of the optimised molecular geometry, the packing fraction (p)
was calculated in each phase which was found to be ~ 0.65. It signifies a
close packed hexagonal structure. Packing fraction of this order for
hexatic B phase has been reported earlier [19]. It is worth mentioning
here that in some earlier report it was suggested that the molecular flip
flop rotation around short axis is possible for p ≤ 0.65 [19,27], which
have indeed been observed in dielectric spectroscopic study, as will be
described in the next section. The values of the cell parameters, observed
and calculated values of d110 spacing and packing fraction at different
phases are summarised in table 3.2.
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Table 3.2: X-ray data in SmE*(90°C), SmB*(110°C) and SmX*(123°C)
phases
Phase

a (Å)
[calc]

b (Å)
[d010 obs]

c (Å)
[d001 obs]

d110 (Å)
[calc]

d110 (Å)
[obs]

p

SmE* 8.85±0.02

5.11±0.002

35.50±0.15

4.43±0.008

4.63±0.010

SmB* 8.87±0.03

5.12±0.009

35.50±0.15

4.44±0.02

4.69±0.004 0.65±0.010

SmX* 8.88±0.01

5.13±0.0035

35.31±0.2

4.44±0.01

4.73±0.003

calc: calculated data

0.65±0.006

0.65±0.010

obs: observed data

3.3.6 Dielectric spectroscopy study
Frequency dependent dielectric relaxation study was done in cooling
cycle. To confirm the existence of different phases by dielectric method,
the transverse component of the real part of the dielectric permittivity (ε/)
at 100 Hz is plotted against temperature and shown in figure 3.13.

Figure 3.13: Temperature dependence of real part of dielectric
permittivity / at 100 Hz.
The real part of the dielectric permittivity (ε/) was found to increase
with temperature as expected. The minimum value of ε/ in SmE* phase
was observed to be 2 and finally it reached to 486 in SmA* phase. The
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data in each phase are fitted with polynomial equation of order 2. It is
evident from figure 3.13 that the curvature of the fitted data changes in
each phase transition, including the transitions associated with the newly
identified SmX* phase. Hence, the occurrence of SmX* phase can be
confirmed even by dielectric measurements. Such changes at transition
points were also observed in higher members of the series 4F4R
[discussed in chapter 6].
All the dielectric spectra were fitted to the modified Cole-Cole
function. Two representative fitted spectra, showing Maxwell Wagner
(MW) mode and short axis relaxation (SA) mode, discussed below, are
shown in figure 3.14. Corresponding Cole-Cole plots are shown in
figure 3.15. No collective mode relaxation is observed in this compound.

Figure 3.14: Fitted spectra of (a) MW mode in SmB* phase at 1050C and
of (b) SA mode in SmE* phase at 810C. fitted parameters for a) ΔεMW
585± 4.7, fc

MW

45 ±0.5, αMW 0.08± 0.006, σ 8.21E-9± 3.0E-10,

n=0.98±0.04 and for b) ΔεSA 1.8± 0.03, fc SA 62000 ±27, αSA 0.01± 0.002,
ΔεITO 3.4± 0.07, fcITO 2800000 ±654, αITO 0.04± 0.03, σ 3.8E-7± 2.624E9, n=0.99±0.05
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Figure 3.15: Fitted Cole-Cole plot of (a) MW mode in SmB* phase at
1050C and (b) SA mode in SmE* phase at 810C.
In SmA* phase only one low frequency relaxation mode was observed.
The critical frequency of this mode was found to increase from 100Hz to
950Hz with temperature. The dielectric increment (Δε) of this mode was
very high and also found to increase with temperature (696-809) and it
could be suppressed by applying adequate DC bias. This particular mode
was observed in all other phases including the crystal and isotropic phase.
Usually the dielectric relaxation in SmA* phase is dominated by only one
collective mode that is the soft mode (SM) which arises due to the
softening of polar part of the tilt fluctuations. The detail mechanism of
this mode was discussed in chapter 2. But the critical frequency of the
relaxation mode observed for this compound in SmA* phase is 2 order
less than the expected soft mode frequency. The dielectric increment is
also much higher than the values reported for soft mode relaxation.
Moreover, soft mode is not suppressed by DC bias. These facts suggest
that the observed peak is not due to soft mode relaxation. Looking into
the frequency range, the values of Δε and its bias dependence and also
considering the fact that this relaxation sustains even in the crystal and
isotropic phase, this mode has been identified as Maxwell Wagner (MW)
mode of relaxation which arises due to accumulation of charge in the
interface of heterogeneous materials having non-zero electrical
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conductivity [28]. Distinct MW mode was also observed in all phases in
the higher homologue 6F3R, discussed in chapter 5. For a few other
homologues (2F6R, 4F6R, 6F6R) of the present series MW mode was
also reported earlier. But in those cases the mode was not observed as
distinctly, since MW mode was overlapped by the conductivity
contribution [29].
As described in chapter 2, soft mode is usually observed throughout
SmA* phase and also in SmC* phase in the vicinity of SmA* to SmC*
transition. When a liquid crystal compound is cooled down from
orthogonal SmA* phase to the tilted SmC* phase, the elastic constant,
responsible for keeping the molecules perpendicular to the smectic layer,
vanishes. Due to softening of the restoring force, when an AC signal is
applied, the molecules vibrate with fluctuations in their tilt angle. This
gives rise to the soft mode relaxation. Thus, it can be argued that since in
1F3R there is no tilted phase below SmA* phase, no soft mode relaxation
is expected. Absence of soft mode in SmC* phase had also been reported
earlier for the members 4F3R, [30] 4F4R, 4F5R, 5F3R and 6F3R
(discussed in chapters 5 and 6 ), which directly melts to isotropic phase
from SmC* phase. Thus it can be inferred that SM is possible to observe
only when orthogonal to tilted phase transition is present in a material.
In all other phases (SmX*, SmB* and SmE*) a high frequency second
relaxation was observed. The critical frequency of this mode increases
with temperature in SmX* (85 kHz- 86.5 kHz) and SmB* (70 kHz-85
kHz) phases, while the dielectric increment decreases in both the phases
(SmX*: 1.3-1.1, SmB*: 1.6-1.3). Looking at the temperature dependence
and range of the typical values of critical frequency (fC) and dielectric
increment (Δε) it can be concluded that, this mode is due to fluctuation of
molecules about their short axis (SA) [31]. It is in conformity with the
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value of packing fraction of the unit cell, calculated from SAXS data,
which ensured that the molecules had enough space inside the unit cell to
have molecular flip-flop rotation around its short axis. When the
compound is cooled down to SmE* phase from SmB*, the relaxation
frequency of this mode drops discontinuously to 50 kHz from 71 kHz.
Within SmE* phase, however, fC increases slightly with decreasing
temperature. A similar discontinuous decrease in Δε is also observed.
Critical frequency and dielectric increment of all the modes in all
phases have been shown in figure 3.16 for comparison which again
confirms presence of the SmX* phase.
The high frequency SA mode of relaxation, however, was not observed
in SmA* phase, probably because of the well planar alignment of the
molecules in this phase. Besides, the value of dielectric increment of this
mode decreased sharply with temperature, becoming very small in SmA*
phase. Evolution of the real and imaginary parts of the dielectric
permittivity in different phases (figure 3.17 and 3.18 respectively)
clearly depicts how the short axis mode became absent in SmA* phase.

Figure 3.16: Temperature variation of (a) critical frequency and (b)
dielectric increment.
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Temperature dependence of critical frequencies of the SA mode obeys
Arrhenius law in SmB* and SmX* phases but not in SmE* phase (figure
3.19). It was reported before that in some compounds both the long and
short axis rotation modes in the SmE* phase did not follow Arrhenius
law [32]. Activation energy in SmB* phase is found to be 14.2 kJ mol-1
which substantially decreased to a value of 3.78 kJ mol-1 in SmX* phase.
Change in the activation energy again confirms the presence of the new
phase. It was also reported earlier that in the crystal B phase the short
axis relaxation is frozen whereas the long axis relaxation sustains
[24,32,33]. Therefore SmB* and SmX* phases cannot be of crystal
SmB* type.

Figure 3.17: Real parts of the dielectric spectra in different phases.
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Figure 3.18: Imaginary parts of the dielectric spectra in different phases.

Figure 3.19: Arrhenius plot for 1F3R.

Besides, two variants of hexatic B phases -one more ordered and
another less ordered- was reported before to persist together in some
compounds and those were differentiated on the basis of the change in
activation energy [24]. Thus it is concluded that the phase which was
simply identified as SmB* in the synthesis paper [9] is a more ordered
hexatic SmB* phase while the new phase, which initially we designated
as SmX* phase, is a low ordered hexatic SmB* phase.
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3.4 Conclusion
From different features observed in polarising optical microscopy,
synchrotron

X-ray diffraction

and

frequency domain

dielectric

spectroscopy studies it is concluded that three orthogonal smectic phases
– SmE*, SmB*hex and SmA* – are present in the biphenyl benzoate
chiral compound 1F3R and the SmB*hex phase exhibits two variants – the
lower temperature phase is more ordered. The proper phase sequence of
1F3R is, therefore, finally taken as: Crystal – SmE* – 𝑆𝑚𝐵∗

–

𝑆𝑚𝐵∗ – SmA* – Isotropic. All higher homologues are reported to have
at least one tilted phase. All the phases are partially bilayer type,
observed first time in a chiral system. Transition from SmE* to SmB*hex
and within the two SmB*hex variants are of displacive type. No collective
mode relaxation is observed. Low frequency Maxwell Wagner mode has
been observed in all phases with high dielectric increment. Short axis flip
flop mode relaxation is present in both the SmBhex phases as well as in
SmE* phase but only in the hexatic phases it shows Arrhenius behaviour.
Absence of SA mode in SmA* phase is explained. No soft mode
relaxation is also observed in SmA* phase. Comparing relaxation results
observed in other homologues it is inferred that SM is possible to observe
only when orthogonal to tilted phase transition is present in a material.
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properties of two biphenyl benzoate
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tilted hexagonal phases
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4.1 Introduction
The phase behaviour, structural, dielectric and electro
electro-optic
optic properties
of two chiral liquid crystals with biphenyl benzoate core, viz. (S)-(+)-4/(S
[(3-pentafluoropropanoyloxy)prop
pentafluoropropanoyloxy)prop-1-oxy]biphenyl-4-yl
yl
heptyloxy)-

benzoate

(2F3R)

and

4
4-(1-methyl

(S)-(+)-4/-[(3
[(3-heptafluoro

butanoyloxy)prop-1-oxy]
oxy] biphenyl
biphenyl-4-yl 4-(1-methylheptyloxy)benzoate
methylheptyloxy)benzoate
(3F3R) [1], [explanation
xplanation of code name nFmR, is given in chapter one],
have been discussed in this chapter. The molecular structures
structure of the
compounds (2F3R and 3F3R), differ from 1F3R (discussed in chapter 3)
only by one and two number of additional carbons in the fluorinated
chain respectively. As discussed in the previous chapter,
chapter the lower
homologue 1F3R exhibit only orthogonal smectic phases - higher order
hexatic phasess (SmE* and SmB*) along with lower order SmA* phase.
As a result of the addition of fluorine atoms in the chain, tilted phases are
induced in 2F3R and 3F3R. Both the compounds are found to exhibit
tilted
lted hexagonal phases and a wide ranged SmC* phase. The molecular
structures of the compounds are shown in figure 4.1.

Figure 4.1:
1: Molecular structures of (a) 2F3R and (b) 3F3R.
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From the time when Mayer [2] discovered the ‘ferroelectric’ properties
of SmC* phase in chiral liquid crystals (LC), there had been an extensive
study on the dielectric and electro-optic properties of ferroelectric liquid
crystals (FLCs), mainly focussing on their potential applications on
advanced electro-optic devices. Thus the characterisation of 2F3R and
3F3R which display ferroelectric SmC* phase for a wide range of
temperature, may contribute significantly to this stream of research.
Besides, the compounds also exhibit tilted hexagonal phases (SmF* and
SmG*/SmJ*). SmF* phase had also been identified as a ferroelectric
phase. However, ferroelectricity of SmF* has not yet been explored well
compared to SmC* phase, mostly because of their small temperature
range, higher viscosity and instability [3,4]. Hence, structural, dielectric
and electro-optic studies of the tilted hexagonal phases may be proved to
be handy in exploring their fundamental properties and probable practical
utilities.

4.2 Experimental methods
The sample was fed into an 8μm dielectric cell (EHC) with
homogeneous polyimide alignment layer and the bookshelf alignment
was achieved by slow regulated cooling of the samples from the isotropic
phase to the desired temperatures often in presence of an ac electric field.
The polarising optical microscopy (POM) was done using Olympus
BX41 polarizing microscope equipped with a CCD camera. X-ray
scattering experiments were performed using PETRA III synchrotron
beamline at P07 Physics Hutch station at Deutsches ElektronenSynchrotron (DESY), Hamburg, Germany to investigate their structural
properties. A beam of wave length 0.164 Å was used to explore an
angular range of Bragg angle (2θ) of nearly 5°. The complex permittivity
was measured using a Hioki 3532-50 impedance analyzer in the
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frequency range of 100 Hz to 5 MHz while Hioki IM3533 analyzer was
used in the range of 0.1 mHz to 270 kHz. The Cole-Cole function [5]
modified to consider the low frequency parasitic effect was used to fit the
observed dielectric spectra. The spontaneous polarization (PS) was
measured by reversal current method [6]. Agilent 33220A function
Generator was used to apply an ac triangular signal of voltage 20V and
frequency 60 Hz as the input signal. The helical pitches of the
compounds were measured from the optical textures by measuring the
distances between the parallel lines in the chiral phases after proper
length calibration of the captured textures [7].
A Lakeshore 340 temperature controller was used to control the
temperature during SAXS study and a Mettller FP90 temperature
controller along with FP82 hot stage was used to regulate temperature in
all other experiments.
Detail procedures of all the experiments are discussed in chapter
2.

4.3 Results and discussion
4.3.1 Observed phases
Unifying the outcome of polarising optical microscopy, synchrotron
diffraction, dielectric and electro-optic studies it is observed that while
cooling down from isotropic phase, the lower member 2F3R formed
SmA* and SmC* phases followed by tilted hexatic SmF* phase and
finally settle into soft crystal SmJ* phase. On the other hand, the higher
member 3F3R is found to form directly SmC* phase on cooling from the
isotropic phase, giving rise to SmF* phase followed by soft crystal SmG*
phase on further cooling. The phase sequences and transition
temperatures are summarized in table 4.1.
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Table 4.1:
1: Phase sequence and transition temperatures of the compounds
2F3R:

Crystal 68⁰C SmJ* 83oC SmF* 85oC (SmF*+SmC*) 100oC SmC* 129oC
SmA*135⁰C
C Iso

3F3R:

Crystal 65⁰C SmG* 73.5oC SmF* 75oC (SmF*+SmC*) 83oC SmC*
131oC Iso

Both the compounds showed quite wide range of SmC* phase
(ΔTSmC*). It is observed fro
from table 4.1, ass a consequence of addition of
extra fluorine in the chain, the SmA* phase was eliminated in 3F3R and
the stability of SmC* phase (ΔTSmC*) in that compound (48⁰C)
(48
was also
increased significantly
nificantly than that of 2F3R (29
(29⁰C). In both the compounds
a coexistence phase
hase of SmC* and SmF* phases was observed in between
the two phases.
4.3.2 Optimised
ed geometry
To explore the structural dependency of the properties of the
compounds the molecular
olecular structures were optimis
optimised,
ed, applying HartreeHartree
Fock method and using 33-21G basis set in a commercial package[8].
package
The
energy optimised structures are shown in figure 4.2.

Figure 4.2:
2: Optimised geometry of a) 2F3R and b) 3F3R.
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It is worth mentioning here that, for the purpose of comparison, the
initial structures of the compounds taken for optimisation, that we are
going to report in this dissertation, were build up from one single core of
the molecules. Different compounds were built by modifying the chain
only. This process differs from the process of optimisation that was
reported in the published paper. Hence the optimised parameters also
changed a bit. Optimised molecular lengths (l) were found to be 33.75Å
and 33.48Å for 2F3R and 3F3R respectively. Dipole moments (µ) of
2F3R and 3F3R molecules were respectively found to be 6.75 D (5.1,
4.35, 0.21) and 6.48D (5.0059, 4.12, 0.07) where the components of
dipole moments along the three coordinate axes are shown within
parentheses. The molecular length and dipole moment of 3F3R were
found to be less than 2F3R, even after having one extra carbon and
fluorine atoms in the chain, owing to the change in conformation of the
fluorinated chain. After the addition of the third carbon in the fluorinated
chain the optimised structure got twisted in the z direction (figure 4.2b).
It can be quantitatively described by the value of the torsion angle
between C1, C2, C3 and O1 atoms as shown in figure 4.2. The torsion
angle for 2F3R was found to be -179.85⁰, exposing almost relatively
linear positions of the said atoms. But the same torsion angle of 3F3R
was found to be 92.35⁰, revealing a twist of almost ~87⁰ of the chain. It is
concluded that these changes in dipole moment and the molecular
conformation give rise to subtle change in the intermolecular interaction
and playing important role in the appearance of different phases in the
two compounds.
4.3.3 Polarized optical microscopy (POM) study
The POM study was done in the cooling cycle. The optical textures of
2F3R and 3F3R at different phases in planar geometry are shown in
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figure 4.3 and 4.4 respectively. A clear fan shaped texture was observed
in SmA* phase of 2F3R. In the SmC* phase of same compound, broken
fan shaped textures and small change in birefringence were observed
with an equidistant line pattern due to the helical structure. On further
cooling, at 850C a new phase was observed in a small temperature range
which was denoted as SmB*Crystal in a previous report [1].

Figure 4.3: Textures of 2F3R at a) SmJ* (80°C) b) SmF* (84°C) c)
SmC* (125°C) and d) SmA* (132°C).

Figure 4.4: Textures of 3F3R at a) SmG* (70°C) b) SmF* (74°C) and c)
SmC* (130°C).
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However, the texture in this phase was observed to have even more
pronounced broken fan texture with some change in the birefringence.
Remnants of the parallel lines were also seen which indicated the
persistence of helical structure even in this new phase. Thus this phase
below SmC* phase must be a tilted phase, SmI* or SmF*, not an
orthogonal SmB*Crystal phase. This kind of texture has been reported
before for SmI* and SmF* phases [9]. Finally a SmG*/SmJ* like mosaic
texture [7,9] was observed under 83°C in 2F3R. On the other hand, in
3F3R directly SmC* phase was formed from the isotropic state. Though
parallel chiral lines were seen in the texture with few defects but no
significant domain was visible. In other members of the same series and
with a direct transition from isotropic to SmC* phase similar textures
were reported before in SmC* phase [1]. On further cooling at 750C, a
small change in birefringence was observed with more defects but
helicoidal lines were still visible. Hence this must also be a tilted phase
viz. SmI*/SmF*, presence of this phase was not reported in [1]. Finally,
at further lower temperature, SmG*/SmJ* mosaic like texture could be
observed. No such soft crystalline phases were reported before in both
the compounds [1]. Although from the POM study we could not
differentiate SmI*/SmF* and SmG*/SmJ* phases but they were
ascertained from the synchrotron diffraction study discussed in the next
section.

4.3.4 Synchrotron X-ray diffraction study
The sharp lower and the diffuse higher angle features were observed in
the diffraction photographs corresponding to the smectic layer spacing
and ordering within the layers respectively. In SmJ*/SmG* phases higher
angle features were also sharp. The presence of strong diffraction
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maxima up to 4th order at low angles, in higher order smectic phases,
signified the long range ordering across the smectic layers in those
phases.
As mentioned in chapter 1, both the SmF* and SmI* phases have tilted
pseudo-hexagonal packing within the layers with tilt of the molecules
towards an edge or towards an apex of the hexagon respectively. In these
phases, the in-plane bond orientational order (BOO) and the interlayer
correlations are found to be quasi long range in nature. The other two low
temperature phases - SmG* and SmJ* - are soft crystal-like tilted phases
with pseudo-hexagonal packing within the smectic layers. In SmG* the
tilt direction is similar to that of SmF* on the other hand in SmJ* it is
similar to that of SmI*. But these phases have long range in plane bond
orientational order as well as long range interlayer correlation and do not
have any helical arrangement of tilt [7,10–12]. A schematic diagram of
the structures of SmF* and SmI* phases and expected X-ray pattern are
shown in figure 4.5.

Figure 4.5: Schematic diagram of the structures and X-ray diffraction
patterns of SmF* and SmI* phases.
SmF* and SmI* phases can be distinguished by the wide angle X-ray
diffraction features of the two phases. At the outer diffraction maxima of
a perfectly mono-domained sample, in SmF* phase, the (200) and (110)
reflections can be observed at angles θ and sin-1 (±( 1/2) sin θ) to the
equator respectively, but in SmI* phase (020) and (110) reflections will
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appear respectively at angles zero and sin-1( ±

√

𝜃) to the equator, θ

being the tilt angle [10–12].
Though no field was applied to align the samples, but due to slow
regulated cooling from isotropic phase to the desired temperature, the
compounds got aligned only partially inside the cell. Some representative
diffraction photographs of the compounds, at different phases are shown
in figure 4.6 and 4.7.

Figure 4.6: Diffraction pattern of 2F3R at a) SmJ* (80oC), b) SmF*
(84°C) and c) mixed phase (100oC).

Figure 4.7: Diffraction pattern of 3F3R at a) SmG* (70°C), b)
SmF* (75oC) and c) mixed phase (83oC).
The intensity profiles of the outer maxima of both the compounds are
shown in figure 4.8.
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Figure 4.8: Intensity profiles of outer maxima in different phases of a)
2F3R and b) 3F3R.
A diffuse ring was observed at higher angle in SmC* phase, as
expected. After entering in to the SmI*/SmF* phase the shape of the
intensity profile at wider angle changed considerably, the width
decreased significantly and a few satellites were seen. It is evident from
figure 4.6 and 4.7 that the diffraction features of SmF*/SmI* phase
actually resembles that of SmF* phase. In both the compounds four
maxima at wider angle diffraction pattern, visible more in 3F3R, can be
observed at an angle of about 30° from the equator. This feature is more
prominently displayed in the integrated intensity profiles of the outer
maxima presented in figure 4.8. The diffraction pattern changed
drastically but differently in the two compounds, after entering into the
soft crystalline phase. In 2F3R the tilt direction changes, the features
resemble to that of SmI* i.e. maximum can be observed at 0° from the
equator (figure 4.6a) implying that this must be SmJ* phase while in
3F3R the tilt direction remains same, wide angle maximum at ~ 30° from
the equator persists and become more prominent (figure 4.7a)
confirming the soft crystalline phase of 3F3R to be SmG*. Similar
intensity profiles had been reported for SmF*, SmG* and SmJ* phases in
another chiral compound with the same core structure but with
protonated end chain [9].
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To explore the structural features of the hexagonal phases in more
detail, their cell dimensions were estimated. SmF* phase can be realised
considering a C-centred monoclinic unit cell with axis 𝒂 > 𝑏 where b is
the axis around which tilting takes place and the angle between ‘a’ and
‘c’ is considered as β which equals to (90o+θ) [11–13]. Considering the
molecules as rigid rods, the tilt of the molecules (θ) was calculated from
the smectic layer spacing (d) using the relation 𝜽 = 𝒄𝒐𝒔

𝟏𝒅
𝒍

where the

molecular length (l) was obtained from the optimised geometry. Values
of ‘c’ and ‘a’ axes were calculated from d001 and d200 respectively using
the standard expression for the interplanar spacings and then ‘b’ was
calculated from the relation a=2bcos30o assuming an ideal hexagonal
packing [13–15]. Cell parameters of SmG* phase were calculated in a
similar way. For SmJ* phase, values of ‘c’ and ‘b’ were calculated from
the peaks identified as (001) and (020) and ‘a’ was calculated using ‘b’ as
before. Calculated lattice parameters are listed in table 4.2. As expected
‘a’ was found to be greater than ‘b’ in SmF* and SmG* phases, opposite
behaviour was observed in case of SmJ* phase [13]. Among the satellites
in the intensity profile of outer maxima (figure 4.9), only one additional
peak could be identified as (110) and the observed values of d110 in the
hexagonal phases never deviated more than 0.3 Å from the calculated
values. Packing fractions (p) in each phase, shown in table 4.2, were also
calculated employing the volumes of the molecules in the optimised
geometry. Change of packing fraction is found to be much higher when
the tilt direction changes. It is to be noted here that due to minute change
in the optimised length (l), as mentioned in section 3.2, the crystal
parameters reported here has changed by 1-2% of what was reported in
the published paper.

As a matter of fact, after this correction the

calculated value of d110 was found to be closer to the observed value.
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Table 4.2: Lattice parameters of 2F3R and 3F3R in SmF*, SmG* and
SmJ* phases.
Compound

Phase

a (Å)

b (Å)

c (Å)

d110(Å)

d110(Å)

(calculated)

(observed)

β (o)

p

SmF*(83°C)

11.91±0.02

6.87±0.01

33.68±0.52

120.38±1.7

5.7±0.08

5.4±0.005

0.45±0.03

SmJ*(79°C)

6.09±0.001

10.56±0.002

33.4±0.25

120.38±0.38

4.71±0.04

4.75±0.01

0.57±0.002

SmF*(75°C)

11.72±0.03

6.76±0.017

33.42±0.58

116.9±1.52

5.6±0.03

5.4±0.07

0.47±0.01

SmG*(71°C)

11.98±0.02

6.91±0.004

33.43±0.15

116.99±0.54

5.80±0.01

5.92±0.05

0.45±0.02

2F3R

3F3R

It was further noticed, clearly revealed in figure 4.6 and 4.7, that
features of SmF* phase, observed both in low and high angles, started
developing in the low temperature regime of SmC* phase, at 100°C in
2F3R and at 83°C in 3F3R. Even splitting of the inner maxima was
observed (figure 4.9), more prominently in 3F3R. This had been
identified as a signature of coexistence phase of (SmC*+SmF*).

Figure 4.9: Intensity profile of inner maxima of a) 2F3R and b) 3F3R.
Similar splitting of inner maxima was reported by S. Krishna Prasad et
al. [17] in a coexistence phase of (SmC*+SmI*). It had been argued that
the coupling of molecular tilt may induce a weak bond orientation order
even in SmC* phase since both the phases have same symmetry
[12,16,17].
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The correlation lengths (𝜉) of the compounds, across and within the
layer, were calculated to explore the range of molecular correlation using
equation 4.1[18].
[4.1]

𝜉=

The temperature variation of 𝜉 are shown in figure 4.10 and 4.11.

Figure 4.10: Temperature variation of correlation lengths of 2F3R a)
across and b) within the layer.

Figure 4.11: Temperature variation of correlation lengths of 3F3R a)
across and b) within the layer.
Discontinuous changes of the correlation lengths across the layer (𝝃||)
can be observed at the phase boundaries whereas in plane correlation (𝝃)
was found to decrease continuously, except at SmJ*-SmF* and SmG*SmF* transitions. 𝝃|| was found to be about 1400 Å and 1500 Å in SmJ*
and SmG* phases of 2F3R and 3F3R respectively. Corresponding
correlation lengths within the plane (𝝃) was found to be about 700 Å and
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600 Å, much less compared to 𝝃||. In SmF* phase 𝝃|| decreased to about
1300 Å and 1450 Å respectively in the two compounds which meant a
correlation of more than 38 and 43 molecular lengths for 2F3R and 3F3R
respectively. Similarly, the in plane correlation decreased to about 35 Å
and 26 Å. Comparable values of correlation lengths were reported before
in hexatic and soft crystal phases [18–20]. It was also noted that 𝝃||
showed an increasing trend with temperature within SmC* in both
compounds, attained a maximum value and decreased thereafter. This
might be due to the fact that correlation across the smectic planes is not
fixed within SmC* but grows with temperature and becomes maximum
at the middle.
The layer spacing (d001) of the compounds in all phases were found to
be less than the molecular length which further implied that even the
hexagonal phases were tilted. The temperature variation of d001 is shown
in figure 4.12. In the entire SmC* phase of 3F3R the layer spacing
increased with temperature but in 2F3R it was found to decrease in the
low temperature regime. Layer spacing in SmC* phase is expected to
increase with temperature due to decrease of tile of the molecules. A
possible explanation is discussed below. However, discontinuous
changes in d values were observed in both the compounds at the
transition from SmC* to the coexistence phase, Δd being 0.84 Å and 1.71
Å in 2F3R and 3F3R respectively. This sort of variation had been
reported before at similar phase transitions [16]. However, in 3F3R the
layer spacing of the coexistence phase was found to be higher than that in
SmC*, while in 2F3R it was lower. Moreover, in 2F3R the layer spacing
was found to increase as the coexistence phase was approached from
above. This might be due to stretching of the chain and growth of the
orientational order of long molecular axes [21,22]. This kind of pretransitional effect had been reported at SmC* to the hexagonal smectic
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phase transition point in other homologues and also in other chiral LCs
[1,9,21,22]. Within SmF* phase layer spacings were observed to be
independent of temperature. d values in SmF* phase of 2F3R and 3F3R
were found to be nearly 29.0 Å and 29.8 Å respectively. In 2F3R it
increased marginally in SmJ* phase but in 3F3R it remained almost same
in SmG* phase. Within SmG* and SmJ* phases it showed a slightly
decreasing trend with lowering of temperature, this type of behaviour had
also been reported before [9].

Figure 4.12: Temperature variation of layer spacing of a) 2F3R and b)
3F3R.
The ratio of layer spacing to molecular length was found to be nearly
0.90 in SmA* phase of 2F3R. This ratio for the homologues 5F6R, 4F6R,
1F4R and 1F3R was reported earlier as 0.50, 0.76, 0.97 and 1.01
respectively [1]. It is noticed that the ratio decreases with increasing
fluorination. That the ratio is less than one in SmA* phase may occur
due to the fact that the chains may not be totally extended [12] or the
molecules may have tilts with azimuthal degeneracy as in a de Vries
phase [23] . To inquire it further we revisited the temperature variation of
‘d’ in SmC* phase in 2F3R. The layers start contracting in SmC* phase
at about 1° below SmA*-SmC* transition but after reaching a certain
temperature (~112oC) it showed a negative layer thermal expansibility
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and ultimately almost recovered the highest ‘d’ value observed at SmA*SmC* transition. In SmA* phase also the overall expansibility of ‘d’ is
negative. This kind of temperature dependence of the layer spacing is
typically observed in de Vries type material [24,25]. Although the highest
layer contraction in SmC* phase was found to be ~1.5%, effective layer
contraction is only about 0.3%. This value is much less than in the
mesogens having ordinary SmA phase [26], and very close to the value
of ideal de Vries type material [24,27]. Thus the possibility of chevron
defects in display will be reduced drastically in 2F3R.
Treating the molecules as rigid rods, the tilt of the molecules at
different phases were calculated from the equation 𝜃 = 𝑐𝑜𝑠

, where,

‘l’ is the optimised molecular length. The temperature variation of tilt
angles are shown in figure 4.13.

Figure 4.13: Temperature variation of X-ray tilt angle of a) 2F3R and b)
3F3R.
Quite high tilt was observed in both compounds, highest tilt in SmC*
phase being 32.78° and 28.62° for 3F3R and 2F3R respectively. These
are much higher than in 6F4R, 4F6R and 5F6R [1] but less than that of
4F3R [28]. Within the SmC* phase tilt angles decreased with
temperature as expected except in the low temperature region in 2F3R. A
discontinuous and anomalous change was observed in the coexistence
phase like layer spacing. In SmF* phase tilt was found to be~ 30.5⁰ and
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27⁰ in 2F3R and 3F3R respectively and remained almost constant
throughout the phase. It is to be noted here that the absolute values of tilt
has changed slightly here in comparison to what was reported in the
paper, which is due to change in the optimised length. In some previous
reports tilt angles were reported to decrease [21] or to have no change
[29] or even to increase [9] after entering into SmF* phase. Tilt
decreased slightly in SmJ* phase of 2F3R but not much change could be
observed in SmG* phase of 3F3R.
Average intermolecular spacings (D) were calculated from the high
angle diffraction ring in SmA* and SmC* phases and from (200)
reflections in SmF* and SmG* phases, while in SmJ* phase from (020)
reflections were used. D increased slightly with temperature in SmC*
phase as shown in figure 4.14, no anomaly is observed in 2F3R as
observed in d. In 3F3R discontinuous change was observed at SmF*SmG* transitions and slight anomaly was noticed in the mixed phase.

Figure 4.14: Temperature variation of average intermolecular spacings
(D) of a) 2F3R and b) 3F3R.
4.3.5 Frequency dependent dielectric relaxation study
The dielectric relaxation study was conducted in cooling cycle for both
compounds. One low frequency and one mid-frequency relaxation was
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observed in SmC* phase. In fact the low frequency mode (in the range of
0.1 Hz to 10 Hz) was observed in all the phases including isotropic phase
and critical frequency (fC) of this mode was found to exhibit slight
increasing trend with temperature. This mode has very high dielectric
increment (Δε about 500 for 2F3R and 450 for 3F3R) and can be
suppressed by applying DC bias. These characteristics indicate it to be
the Maxwell Wagner mode (MW) which arises in heterogeneous
materials having non-zero electrical conductivity due to the accumulation
of charge at the interface [30], as described in detail in chapter 2. MW
mode was observed also in 1F3R, described in chapter 3 and also in other
compounds of the same homologous series 2F6R, 4F6R and 6F6R [31].
The other mode which was observed in SmC* phase at around ~103 Hz
was assigned with Goldstone Mode relaxation (GM). It was mentioned in
chapter 2 that GM mode is associated with the azimuthal fluctuations of
directors in a smectic plane, is also known as phason mode. A DC bias
suppressed this mode as well because of the unwinding of the helical
structure. It showed moderately high dielectric increment (maximum Δε
~ 140 for 2F3R and ~135 in 3F3R). In 2F3R another high frequency
mode (~480 kHz) appeared in SmC* phase near SmC* to SmA*
transition which persisted throughout the SmA* phase also. This mode
exhibited much smaller dielectric increment (Δε ~5) than that of GM or
MW relaxation and did not get suppressed under bias. This relaxation
was assigned with soft mode (SM) collective relaxation which arose due
to tilt fluctuation of the molecules. However, just like in 1F3R, SM was
not observed in 3F3R which did not have any SmA* phase. It is in
consonance with our argument of chapter 3, related with the nonexistence
of soft mode in absence of any orthogonal to tilt phase transition.
In the hexagonal SmF* phase three modes were observed. The low
frequency mode was related to MW relaxation as stated before. The
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second mode in the intermediate frequency range (~60Hz-100Hz) had the
critical frequency (fC) and dielectric increment comparable to that of GM
relaxation in SmC* phase. However, a discontinuous drop in fC and an
increase in Δε were observed. In 2F3R the frequency decreased so much
with the temperature that it could not be distinguished from MW
relaxation in low temperature. The third mode was observed in the high
frequency range (~200 kHz for 2F3R and ~50 kHz for 3F3R) with a very
small dielectric increment (~5 for 2F3R and ~0.5 for 3F3R). As proposed
by Rychetsky´ and Glogarova´[29], in tilted hexatic phases the dielectric
relaxation is mainly contributed by tilt angle phason and bond orientation
order (BOO) phason. Strong BOO phason softens the frequency in the
vicinity of SmC* to SmF* transition resulting an increase in permittivity
and decrease in fC in SmF* phase. On the other hand, the tilt angle
phason mode is accompanied with a decrease in permittivity and an
increase in fC. Thus both these phason modes are present in our
compounds. The mid frequency relaxation is associated with BOO
phason while the high frequency one is related to tilt angle phason. Two
phason modes were also reported before but in SmI* phase [4]. As
mentioned earlier, BOO phason was not observed in the lower
temperature range of SmF* phase and hence in SmJ* phase of 2F3R due
to its suppression by MW mode. In 3F3R also this mode along with MW
mode went beyond the range of measurement in SmG* phase. However,
in both compounds tilt phason relaxation was observed in SmJ* and
SmG* phases in a range of 1-2°C near transition. As representative
examples, two dielectric spectra, fitted to modified Cole-Cole relation,
one showing SM relaxation in SmA* phase of 2F3R and the other
showing MW, BOO and tilt phason relaxations in SmF* phase of 3F3R
are presented in figure 4.15. As the ε/ and ε// are related to each other by
Kramers-Kronig relations, corresponding Cole-Cole plots are also
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depicted in figure 4.16 to show that the fitting was good. Temperature
variations of dielectric increment and critical frequencies of all modes are
shown in figure 4.17 and 4.18 respectively.

Figure 4.15: Fitted dielectric spectra showing a) SM relaxation in SmA*
phase of 2F3R and b) MW, BOO and tilt phason relaxations in SmF*
phase of 3F3R. Fitted parameters for a) are ΔεSM: 5.25± 0.08, fCSM:
520000± 234, αSM: 0.01± 0.002, ϭSM : 2.4E-6 ±3.4E-8 and for b) are
ΔεMW: 465±1.3, fCMW: 0.6 ±0.02, αMW: 0.03± 0.005, ΔεBOO: 108±13,
fCBOO: 130 ±5, αBOO: 0.3± 0.004, Δεtilt

phason:

0.5±0.02, fCtilt

phason:

40000±102, αtilt phason: 0.3± 0.02, ϭ : 1.9E-12 ±2E-14.

Figure 4.16: Cole-Cole plots of dielectric spectra of a) 2F3R at 134⁰C and
b) 3F3R at 74⁰C
In 2F3R the soft mode dielectric increment and critical frequency
showed respectively inverted ‘V’ shape and ‘V’ shape temperature
variation in the vicinity of SmA*-SmC* transition as expected from
generalized Landau model [32]. GM dielectric increments for both
compounds were found to increase with temperature which can be
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explained if in the expression of free energy density in the generalized
Landau model stronger biquadratic coupling between tilt and polarization
compared to bilinear one was assumed [32]. This has been discussed in
chapter 2.

Figure 4.17: Temperature variation of dielectric increments of a) 2F3R
and b) 3F3R in all phases.

Figure 4.18: Temperature variation of critical frequencies of a) 2F3R and
b) 3F3R in all phases.
Though the generalized Landau model does not predict any temperature
dependence of GM critical frequency, but according to this theory fC
depends on rotational viscosity (γφ), elastic constant (𝑘 ) and helical
pitch (p) as shown in equation 4.2:
𝑓 =
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where, 𝑞 =
Since the above parameters are temperature dependent, hence fC should
somehow depend on temperature. Similar temperature variation of GM
critical frequency was reported before in 4F3R [28] , 4F5R and 7F3R
[chapter 6 and 7].
4.3.6 Spontaneous polarization
The compounds are found to have moderate values of spontaneous
polarization, maximum values being ~28 nC/cm2 in 2F3R and ~35
nC/cm2 in 3F3R. Temperature variations of the observed spontaneous
polarizations (PS) are shown in figure 4.19. The observed PS data near
the onset of ferroelectric phase were fitted to mean field model 𝑷𝑺 =
𝑷𝟎 (𝟏 −

𝑻 𝜷
𝑻𝑪

) , where TC is the SmC*-SmA* or SmC*-Iso transition

temperature for 2F3R and 3F3R respectively and β is the critical
exponent of secondary order parameter PS [33]. TC values did not deviate
more than 1° from the observed values and β value was found to be equal
to the mean field value for 2nd order transition in 3F3R and 2F3R. In the
inset of figure 4.19 magnified view in the vicinity of SmC* to SmF*
phase has been depicted. In both the compounds, PS decreased in the
SmF* phase. In 2F3R at lower temperatures inside SmF* phase, it was
too small to measure. In the coexistence phase fluctuation in Ps was
observed, more in 2F3R. The rate of change of PS also increased in the
coexistence phase. On cooling SmC*, the tilted hexagonal phase is
formed because of coupling between tilt, polarization and bond
orientation order. It was predicted theoretically that PS may decrease or
increase in SmF* phase if the coupling constant of the tilt, bond and
polarization in the expression of free energy be positive or negative
respectively [3,17,29]. Thus in the investigated compounds the coupling
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constant is positive. Both increase [17,29] and decrease[21,29,34,35] of
PS in the tilted hexagonal phase had been reported earlier.

Figure 4.19: Temperature variations of spontaneous polarizations of a)
2F3R and b) 3F3R.
4.3.7 Rotational viscosity:
Rotational viscosity (γφ) related to the GM was calculated from the
relation given by equation 4.3, which was derived from the generalized
Landau model [32].
𝛾 =

∆

[4.3]

( )

The GM dielectric strength (Δε) and relaxation frequency (fC) were
obtained from the dielectric relaxation study and tilt angles (θ) were
obtained from the synchrotron diffraction study. This rotational viscosity
can be realized as the hindrance against the azimuthal rotation of the
tilted molecular directors about the cone. It greatly influences the
electrical response time of the compounds. The temperature variation of
γφ is shown in figure 4.20. It was found to increase very rapidly with
decreasing temperature as expected. In SmF* phase highest observed
value was nearly 0.92 Pa.s in 2F3R and 0.74 Pa.s in 3F3R. BOO phason
mode dielectric data were used for this calculation. In SmC* phase, γφ
118

Chapter IV
reduced drastically because of the absence of the BOO ordering, highest
value was 0.05 Pa.s in 2F3R and 0.28 Pa.s in 3F3R. Thus γφ was found to
increase with increasing number of carbons in the chain in SmC* phases.

Figure 4.20: Temperature variation of rotational viscosities of a) 2F3R
and b) 3F3R.
4.3.8 Electrical response time:
Observed electrical response times (τ) are shown in figure 4.21. In
SmF* phase τ was found to be much higher than in SmC* phase for both
systems which was expected due to the onset of BOO. The response was
found be to about 10 times slower in 3F3R implying stronger BOO in it.
This was consistent with higher in plane correlation observed from X-ray
study. In SmC* phase also the response in 3F3R was much slower
because of higher viscosity. In 2F3R highest τ value was 79.6 µs which
was faster than any other compounds of the series reported so far - 4F3R
(88µs) [28], 5F3R (112µs) and 6F3R (93µs) [chapter 6]. This makes
2F3R a promising material to be used as a dopant in the formulation of
fast switching FLC mixtures.
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Figure 4.21: Temperature variation of response time of a) 2F3R and b)
3F3R.
4.3.9 Helical Pitch:
As mentioned before, in the optical textures of the tilted smectic phases
equidistant parallel lines were observed as a signature of the helicoidal
structure. The pitch length (p) of the helix was estimated from the spatial
periodicity of the lines and is shown in figure 4.22. Of course, pitch
determined from this type of measurement is not very accurate.
Moreover, the determined pitch may be higher than those of the
undisturbed bulk material because of the deformations of the helix due to
elastic interactions with the substrate of the cell [7]. However, it was
found to agree with theoretical predictions and reported data. Pitch of
3F3R was found to be higher (10µm in SmC*, 12.4µm in SmF*) than in
2F3R (8.5µm in SmC*, 5.8µm in SmF*). In fact, helical pitch lengths of
these compounds in SmC* phase is found to be higher than most of the
other reported compounds [36–39]. It is worth mentioning that for
applicability of FLC in electro-optic devices, the perfect alignment of the
compound inside a cell is still a major issue. In this regard compounds
like 2F3R and 3F3R, having very long helical pitch, can be useful for
SSFLC electro-optic effect [40]. The change in pitch ( both increase and
decrease) in the hexagonal phase was predicted theoretically [29]. In both
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compounds, pitch lengths were found to decrease with temperature but
just before the SmC*-SmA* or SmC*-Iso transition it started diverging
as predicted in the generalized mean field theory [7,32,39].

Figure 4.22: Temperature variation of helical pitch of a) 2F3R and b)
3F3R.
4.3.10 Elastic constant:
Modified elastic constant (Kϕ) was calculated using equation 4.2 which
was derived from the generalized Landau model [28,32,39].
Temperature variation of Kϕ is shown in figure 4.23.
In both compounds Kϕ was found to be quite high in SmC* phase, ~
480 pN in 3F3R and ~ 97 pN in 2F3R. In SmC* and SmC phases Kϕ had
been reported to be of the order of 10-20 pN [39,41,42]. However higher
elastic constant (~70 pN) was reported even in a diphenylacetylene core
nematic compound [43]. In both systems, Kϕ increased in the coexistence
phase, but in SmF* phase Kϕ decreased in 2F3R (40 pN) while in 3F3R it
increased (1957 pN). High pitch values might be responsible for higher
Kϕ.
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Figure 4.23: Temperature variations of elastic constants of a) 2F3R and
b) 3F3R.

4.4 Conclusion
While the lower homologue 1F3R exhibits only orthogonal phases,
addition of one or two carbon atoms in its fluorinated chain induces tilted
phases in the compounds 2F3R and 3F3R. Unlike the lower variant
1F3R, both 2F3R and 3F3R show quite extended range of ferroelectric
SmC* phase. While 2F3R forms a orthogonal SmA* from tilted SmC*
on heating, 3F3R melts directly to the isotropic phase. From the chiral
lines observed in the optical textures, indexing of satellites peaks found
in the intensity profile of the outer diffraction ring, the measured tilt in
synchrotron diffraction study, and from dielectric relaxation behaviour it
is confirmed that both compounds undergo a transition to hexagonal
SmF* phase below SmC* phase. On further cooling soft crystal like
hexagonal SmJ* phase is formed in 2F3R, undergoing a change in the tilt
direction, but in 3F3R, SmG* phase is formed with no change in tilt
direction. A coexistence phase of (SmC*+SmF*) is also observed in a
certain temperature range in both the compounds. From the optimisation
of molecular structures it is revealed that the length and dipole moment
of the higher member are slightly less than the lower member because
introduction of additional carbon atom in the fluorinated chain results in
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considerable change in the molecular conformation. This gives rise to
subtle changes in the intermolecular interactions which play important
role in the appearance of different phases in the two compounds. Within
certain temperature range in SmC* phase, 2F3R shows negative thermal
expansion and effective layer contraction is only around 0.3% as
observed in a de Vries type material. Though present in 2F3R, no soft
mode relaxation is observed in 3F3R due to the absence of SmA* phase.
Both BOO phason and tilt angle phason modes are observed in SmF*
phase for the first time. Cooperative relaxation behaviour is also
observed in crystal like smectic phases. Long helical pitch and moderate
value of spontaneous polarization, observed in both compounds, are
expected to be useful in SSFLC based electro-optic devices. Around 80µs
switching time in 2F3R, one order less than in 3F3R, makes it more
suitable for display applications.
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CHAPTER-5
Dielectric and electro-optic properties
of two compounds of the biphenyl
benzoate cored chiral mesogenic
series having only ferroelectric SmC*
phase
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5.1 Introduction

In the last two chapters we have discussed about three compounds of
the selected series, all having three oligomethylene spacers but different
number of carbons in the fluorinated chain. The shortest member 1F3R,
having only one fluorine in the chain was found to have only orthogonal
phases, with two hexagonal higher order smectic phases SmE* and
SmB* along with SmA* phase. As a result of adding more carbon atoms
in the fluorinated chain, in the next two higher members, 2F3R and
3F3R, tilted phase were introduced – SmJ*/G*, SmF*, SmC* - along
with SmA*. However in the low temperature regime the compounds
retained the hexagonal phase structure. In this chapter we report
properties of two higher derivatives of the series, with same number of
oligomethylene spacers but having more number of carbons in the
fluorinated chain, namely (S)-(+)-4/-[(3-undecafluoro-hexanoyloxy)prop1-oxy]biphenyl-4-yl 4-(1-methylheptyloxy)- benzoate (5F3R) and ((S)(+)-4/-[(3-tridecafluoro-heptanoyloxy) prop-1-oxy]biphenyl-4-yl 4-(1methylheptyloxy)-benzoate (6F3R) [1]. As an effect of adding fluorine
in the chains all the hexagonal or orthogonal phases are eliminated from
these compounds. They are found to exhibit only the tilted SmC* phase
albeit within a wide temperature range and directly melt into isotropic
phase which is not common in FLC compounds. The intermediate
member of this series having 4 carbon atoms in its fluorinated chain viz.,
4F3R has also been studied by us but not included in this dissertation and
is also found to have similar phase behaviour [2]. For displaying only
ferroelectric SmC* phase over a wide span of temperature make them
promising material to be used as dopant in the preparation of long range
ferroelectric liquid crystal mixture. Besides, for having such a typical
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phase behaviour, the study of the different dielectric and electro
electro-optic
properties of these compounds might be proved to be revealing. Keeping
these in mind we discuss detailed dielectric and electro-optic
electro
characterisation
ion of these two compounds in this chapter. The molecular
structure of 5F3R and 6F3R are shown in figure 5.1.

Figure 5.1:
1: Molecular structure of a) 5F3R and b) 6F3R.

5.2 Experimental methods
The phase transition temperatures of the compounds were identified by
polarising optical microscopy
microscopy, using Olympus BX41 polarizing
microscope equipped with a CCD camera
camera. A Hioki 3532 50 impedance
analyzer was used to perform the frequency dependent dielectric stud
study in
the frequency range from 440 Hz to 5 MHz. The dielectric spectra were
fitted to the Cole-Cole
Cole function [3], modified for the low frequency
parasitic effect. Spontaneous polarization was measured by reversal
current method [4].. An Agilent 33220
33220A
A function generator and a
Tektronix TDS 2012B storage oscilloscope were used for electro
electro–optic
measurements. The response time was measured by measuring the time
delay of the occurrence of polarization bump from the applied square
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pulse (of frequency 60Hz) edge while monitoring the voltage across a
resistor R in series with the cell. Optical tilt of the molecules was
determined by electrically switching the sample under a low frequency
(10 mHz) square wave and simultaneously observing it under polarizing
microscope. The angle of rotation of the sample between two dark states
was considered as a measure of double the tilt angle.
To control the temperature, in all experiments a Metller FP90
temperature controller with FP82 hot-stage was used. The detailed
procedures of each experiment have been discussed in chapter 2.

5.3 Results and Discussions
5.3.1 The phase behaviour of the compounds
Both the compounds directly melt into SmC* phase from crystalline
state and maintain that phase for a wide range of temperature and finally
reach the isotropic phase. The phase sequence and the transition
temperatures, as observed by POM, dielectric and electro-optic study, are
summarised in table 5.1.
Table 5.1: Transition temperatures of the compounds. Figures within
parentheses denote cooling data.
Compounds

Transition temperatures

ΔTSmC*

5F3R

Crystal (75⁰C) 83°C SmC* 139.5°C isotropic

56.5⁰C

6F3R

Crystal (80⁰C) 83°C SmC* 146.2°C isotropic

63.2⁰C

Both the compounds melt from the crystalline state at the same
temperature, although at much higher temperature compared to the two
lower homologues. But 6F3R has a wider span of SmC* phase than that
of 5F3R. Thermal ranges of both compounds are much higher than its
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lower derivatives 2F3R and 3F3R, as discussed in chapter 4. In both
compounds super-cooling
cooling effect was observed. In 5F3R the SmC* phase
extended up to 75⁰C
C and in 6F3R it extended up to 80⁰C.
5.3.2 Optimised geometry
To investigate the structural
structural-property
property relationship, the molecular
structures of the compounds were optimised
optimised,, applying Hartree-Fock
Hartree
method and using 3-21G
21G basis set in a commercial package [5]. The
optimised structures are shown in figure 5.2. The optimised length of
5F3R and 6F3R were found to be 35.
35.19Å and 36.46 Å respectively. This
is larger than the lower derivatives 1F3R
1F3R, 2F3R and 3F3R as expected.
Dipole moments (µ) of 5F3R and 66F3R are
re respectively found to be 6.53
D (-5.05,
5.05, 0.39, 4.12) and 6.52
6.52D (-5.04, 0.65, 4.08)) where the components
of dipole moments along the three coordinate axes are shown within
brackets.

Figure 5.2: Optimised geometry of a) 5F3R and b) 6F3R.
The dipole moments of the
these molecules are found to be larger than
3F3R,, probably for the presence of extra fluorine in the chain. However,
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μ is still smaller than that of 2F3R, which may be due to the twist of the
fluorinated chain at the carboxylic group by an angle ~85⁰ after the
addition of extra fluorine. Same effect was observed in 3F3R, as
discussed in chapter 4. It is worth noticing that the direction of dipole
moment of 5F3R and 6F3R had rotated almost by 90⁰ along Y axis, in
comparison to that of 2F3R and 3F3R.

The absolute values of the

dipole moments remain almost same for 5F3R and 6F3R, but the
component of μ along x axis (parallel to the molecular director) is found
to increase for 6F3R, most likely for the presence of extra fluorine in the
chain. Conformation of the fluorinated chains of the two molecules has
also changed slightly. For example the torsion angle, between the last
four carbons in the chain (denoted as C1,C2, C3 and C4 in figure 5.2) of
6F3R is found to be larger by a fraction of a degree than that of 5F3R.
5.3.3 Polarized optical microscopy (POM) study
The optical textures of 5F3R are shown in figure 5.3, similar textures
were observed in 6F3R. The parallel lines associated with the chirality of
the molecules [6] are observed in the texture but more prominently in
5F3R. However no major domains can be seen in the textures of both the
compounds, rather a poorly developed trace of broken fan shape texture
is displayed. This type of textures were reported before in the SmC*
phase of other members of same series having direct transition from
SmC* to isotropic phase [1].

Figure 5.3: Optical texture of 5F3R at a) Crystalline state b) SmC* phase.
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5.3.4 Frequency dependent dielectric study
The dielectric data were taken in cooling cycle in homogeneous cells. It
has already been discussed in chapter 2 that the dielectric relaxation in
SmC* phase is usually dominated by two collective modes. One is
Goldstone Mode (GM) which is originated due to phase fluctuation of the
azimuthal orientation of the directors and the other is soft mode (SM)
which is related with the amplitude fluctuation of the tilt of the molecular
directors [7,8]. But in 5F3R only one mode of relaxation was observed
throughout SmC* phase. This mode could be suppressed by applying a
suitable DC bias perpendicular to the smectic layer. The critical
frequency (fC) and dielectric increment (Δε) of this relaxation was found
to increase with temperature. The highest value of fC and Δε was
recorded to be 1600Hz and 143.5 respectively. From the bias dependency
and range of critical frequency and high dielectric increment it can be
inferred that this mode is due to GM relaxation. On the other hand, in
6F3R two modes of relaxations were observed throughout the SmC*
phase. The lower frequency mode, whose critical frequency and
dielectric increment varied with temperature from 1.4-44 Hz and 470-570
respectively, was observed even in the crystalline and isotropic phase.
This mode was also observed to be suppressed under DC bias. Thus it is
related with Maxwell-Wagner (MW) relaxation. The mechanism of this
relaxation has been discussed in detail in chapter 2. This mode was also
observed in 1F3R, 2F3R and 3F3R (chapter 1 and 2) and also in some
other compounds (2F6R, 4F6R, 6F6R) of same homologous series [9].
However, MW mode was not observed in 5F3R. As, this mode arises due
to accumulation of charge in between liquid crystal layer and polymer
layer inside the dielectric cell [7], hence the absence of this mode in
5F3R may be related with the purity or the conductivity of the
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compound, since same type of cell was used in measurement. The critical
frequency (172 Hz-1850 Hz) and dielectric increment (65-166) of the
second mode of relaxation were observed to increase with temperature. It
was also got suppressed by DC bias. This mode was identified as the GM
mode of relaxation. Two representative fitted spectra of both the
compounds are shown in figure 5.4 and. Corresponding Cole-Cole plots
are shown in figure 5.5. The variation of critical frequency and dielectric
increment with temperature are shown in figure 5.6 and 5.7 respectively.
Values of α signify that GM of both compounds deviate significantly
from ideal Debye type process.

Figure 5.4: Fitted dielectric spectra showing a) GM in 5F3R (95⁰C) and
b) both MW and GM in 6F3R (86⁰C). Fitted parameters for a) are ΔεGM:
94± 3.2 , fCGM: 870± 13, αGM: 0.19± 0.003, ϭGM : 1.2E-7 ±1.4E-9 and for
b) are ΔεMW: 495±5, fCMW: 1.9 ±0.5, αMW: 0.1± 0.02, ΔεGM: 165±4, fCGM:
230 ±1, αGM: 0.3± 0.01, ϭGM: 2.2E-9 ±1E-10.

Figure 5.5: Fitted Cole-Cole plot of 5F3R (95⁰C) and b) 6F3R (86⁰C)
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Figure 5.6: temperature dependence of critical frequency of a) 5F3R and
b) 6F3R.

Figure 5.7: Temperature variation of dielectric increment of a) 5F3R and
b) 6F3R.
In both compounds the dielectric increment of GM relaxation increased
with temperature. As discussed in chapter 2 and 4, from figure 5.7 it is
evident that both compounds have strong biquadratic coupling between
the tilt and the polarization in the expression of Landau free energy over
the bilinear one, but for 5F3R it is stronger. Highest value of Δε of 5F3R
(~143.7) is found to increase slightly from that of 2F3R (~140) and 3F3R
(~135). For 6F3R it increases quite significantly (~166). Thus, it can be
hypothesized that GM mode Δε of this homologous series is found to
increase with number of fluorines in the chain, except for 3F3R.
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The GM critical frequency of both the compounds also found to
increase with temperature. It was shown in chapter 4 that the critical
frequency of GM relaxation depends on the modified elastic constant,
helical pitch, rotational viscosity of azimuthal motion and wave vector of
the compound [2]. As these parameters are temperature dependent, so it
can be deduced that fC should also somehow depend on temperature.
These type of temperature dependency of fC was also observed in 2F3R
and 3F3R as discussed in chapter 4, in some other compounds of the
same homologous series [2] and also in some FLCs with different
structures[10]. The highest value of GM fC in SmC* phase of 6F3R
(1850Hz) is found to be higher than that of 5F3R (1600Hz), which is
again higher than that of 2F3R (1300Hz) and 3F3R (1285 Hz). Thus GM
mode fC also found to increase with increasing number of fluorine in the
chain of this homologous series, except for 3F3R.
Soft mode was not observed in any of the compounds. As discussed in
chapter 3, SM was not observed previously in absence of any orthogonal
to tilted phase transition and the possible reason was discussed there. The
present compounds (5F3R and 6F3R) exhibit only tilted SmC* phase and
directly melt into isotropic phase, without any orthogonal phase in
between. Thus absence of soft mode relaxation is in conformity with our
previous results.
Using Landau model, Blinc and Zeks [11] for the first time proposed
the idea of soft mode at the SmA*−SmC* phase transition for the case of
a modulated structure. It was later modified by Carlsson et al. [12].They
described the phase transition with reference to two order parameters,
namely, one primary order parameter (two-component tilt vector) and
one secondary order parameter (two-component in-plane polarization).
SmA* to SmC* transition is a second order phase transition. During this
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transition the continuous symmetry group D∞ of SmA* breaks loose into
C2 symmetry of SmC*. Two characteristic modes are observed during
this transition. The soft mode is a symmetry breaking mode. When the
transition is attained from a higher temperature it slows down
(softens).On the other hand the Goldstone mode attempts to re-establish
the broken symmetry. Consequently near SmA* to SmC* transition the
soft mode splits into the phase (GM) and amplitude (SM) modes. As
shown by Clark and Lagerwall [13], in most of the cases SmA* to SmC*
phase transition is a second order phase transition. However, during N*
to SmC* or istropic to SmC* transition, the tilted smectic layers have to
form directly at the transition. So, theoretically no soft mode is expected
which is confirmed by experiment. These kinds of transitions in most
cases are of first order. In the present compounds as well, SmC* phase
is achieved directly from isotropic phase, and it can be seen from the
clearing point enthalpy [1] and temperature dependence of both the
primary and secondary order parameters discussed below that the phase
transition is first order.
Sometimes a residual higher frequency mode termed as domain mode
can be observed under a strong bias field [14,15]. Usually compounds
having Ps > 50 nC/cm2 are found to exhibit this mode. No such mode is
observed in the present compounds. This may be due to less Ps of the
present compounds (see below). It is also not apparent whether presence
of SM in SmC* and SmA* phases is a precondition for observing the
domain mode, because in all the above referred compounds SM was
present in both the phases.
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5.3.5 Spontaneous polarization (PS)
Both 5F3R and 6F3R showed moderate value of spontaneous
polarization. The super-cooling effect was observed even in PS
measurement. The highest PS value in SmC* phase were found to be
around 39 nC/cm2 and 40.5 nC/cm2 in 5F3R and 6F3R respectively which
are higher than what was found for 2F3R (28 nC/cm2) and 3F3R (35
nC/cm2) in SmC* phase. This is probably an effect of additional fluorine
atoms in the chain which results in the increase of molecular dipole
moment (only exception is 2F3R as discussed before) and hence the
spontaneous polarization. The temperature variations of spontaneous
polarization (PS) of the compounds are shown in figure 5.8. The
observed data were fitted to mean field model equation 𝑃 = 𝑃 (1 − ) ,
near SmC* to isotropic transition (TC) [16]. In the expression β is the
critical exponent of secondary order parameter PS. The fitted values of TC
matched nicely with the observed values, it deviated only by 1°C.
However, unlike the compounds discussed in chapter four, here β values
are found to deviate significantly from the mean field value (0.5) for 2nd
order transition for both compounds. However this nature was observed
in another compound (4F3R) of the same homologous series [2]. It can
be noted here that for 5F3R the fitted parameters presented here differ
from the published paper, as here we have fitted the data only near TC. It
is worth noticing that the change in enthalpy values at SmC* to isotropic
transition of 5F3R and 6F3R was quoted as 7.47 and 7.92 kJ/mole
respectively in the reference [1]. This also indicates that the
corresponding transition is not second order rather points to first order.
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Figure 5.8: Temperature variation of spontaneous polarization of a) 5F3R
and b) 6F3R. Fitted curves are also shown as discussed in text.

5.3.6 Electrical response time (τ)
As discussed in the preceding chapters, the electrical response time (τ)
is a significant parameter for FLCs. The response time of FLCs are
typically found to be smaller than that of nematics by a few orders, which
make FLCs more useful for high-speed display applications.

Figure 5.9: Temperature variation of response time of a) 5F3R and b)
6F3R.
The compounds show very fast switching, highest value of response
time τ under a square pulse is found to be around 112 and 93 μs in 5F3R
and 6F3R respectively. These are expected since the compounds possess
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moderately large Ps and low rotational viscosity, described below. These
values are marginally larger than what was observed in 2F3R (79.6 μs)
[Chapter 4] and 4F3R (88μs) [2], but smaller than that of 3F3R (~200 μs)
[Chapter 4]. However, τ value at the melting point (83⁰C) was found to
be ~ 79 μs for both the compounds. Response time in lower micro
second range makes the compounds promising to be used in fabrication
of sharp response FLC mixtures.
Both compounds show super-cooling effect also in response time
measurement which signify that SmC* phase really extends to lower
temperature region while cooling. The temperature variations of τ are
shown in figure 5.9. It is found to decrease monotonically with
increasing temperature which is a result of faster decrease of rotational
viscosity compared to spontaneous polarization which makes the rotation
of the molecules easier around the tilt cone in smectic plane.
It may be of interest to see the variation of response time with
molecular cores and fluorination. In a biphenyl cored non-fluorinated
FLC with ester group on both sides of core response time was reported to
be of the order of a few millisecond [17], response time was found to
vary between 150 and 600 μs for the compound obtained by adding of
one more mono-fluorinated phenyl group in the above core structure
[18], in a terphenyl based non-fluorinated compound with similar core
structure as of 5F3R reported response time was around 3 μs [19].
5.3.7 Optical tilt angle
The tilt angle describes the angle between the core of the molecule and
the smectic layer normal [1]. Moreover, as discussed in chapter 2, tilt
angle of the molecules is the primary order parameter of the SmC* phase
while the spontaneous polarization is the secondary parameter [20–22].
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Tilt angles (θ) of the compounds were measured optically and are
represented in figure 5.10.

Figure 5.10: Temperature variation of optical tilt angle of a) 5F3R and b)
6F3R.
To investigate the nature of phase transition, the tilt angle data was
fitted with the mean field model equation 𝜃 = 𝜃 (1 − ) , near SmC* to
isotropic transition. Fitted TC values are found to match with measured
data. The β values are found to deviate again from its ideal 2nd order
phase transition value and matched with the values obtained from PS data.
Highest value of the tilt angle of 5F3R is found to be exactly equal to the
ideal value of tilt (22.5⁰) required for surface stabilised ferroelectric
liquid crystal display (SSFLCD) [23–25]. Though this tilt is marginally
less in 6F3R (19.5⁰), yet it is quite close to the ideal value.
5.3.8 Rotational viscosity (γφ)
The Rotational viscosity in SmC* phase which is associated with the
rotation of the molecular director around the SmC* cone has been
calculated by the following equation obtained from generalized Landau
model [12]
𝛾 =

∆

[5.1]

( )
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Here, Δε and fC were taken from the dielectric data; PS and θ were
obtained from electro-optic measurements as described before. γφ of
6F3R is found to be larger than that of 5F3R , 2F3R and 3F3R which
might be because of higher spontaneous polarisation of the compound.
Temperature variations of γφ for both compounds are shown in figure
5.11. Rotational viscosity is found to decrease with temperature in both
compounds as expected. It is observed that the rotational viscosity falls to
one eighth of its value near Cr-SmC* transition within a span of 20°C.
However, in 5F3R it shows an increasing trend just before the transition
to isotropic phase which may be due to pre-transitional effect. Similar
diverging trend has been reported in some other members of this series
such as in 4F4R, 4F5R and 7F3R described in chapter 6 and 7, and also
in some other systems[26]. Further, highest values of γΦ found in these
compounds are almost one-fourth the value observed in the ferroelectric
phase of a partially fluorinated terphenyl based AFLC compound [27].
Thus rotational viscosity may be reduced substantially by introducing
flexibility in the molecular structure. Moreover, it is found to conform
the Arrhenius relationship: γφ ∝ exp(Ea/kβT), where Ea is the activation
energy for the molecular rotation on the cone under the application of the
AC field on the FLC material, and kβ is the Boltzmann constant.
Activation energy was calculated from a linear least squares fit of the plot
of ln γΦ versus inverse temperature, using only those data upto which γΦ
followed the decreasing trend. Activation energy is found to be 4.71 kJ
mol−1 and 4.68 kj mol-1 for 5F3R and 6F3R respectively.
The rotational viscosity in SmC* may also be measured only with the
electro-optic parameters using equation 5.1 [28].
[5.1]

𝛾 = 𝜏𝑃 𝐸
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where, τ is the response time PS is spontaneous polarization and E is the
applied field. To compare the value obtained both from dielectric and
electro-optic data we have plotted them together in figure 5.12. At lowest
temperature the value matched perfectly. At higher temperature, γφ
calculated by electro-optic parameters were found to be marginally larger
(effect is more in 5F3R) than that calculated by dielectric parameters.

Figure 5.11: Temperature variation of rotational viscosity of a) 5F3R and
b) 6F3R.

Figure 5.12: Temperature variation of rotational viscosity measured both
by electro-optic and dielectric methods of a) 5F3R and b) 6F3R.

5.4 Conclusion
Unlike their lower derivatives, the compounds 5F3R and 6F3R are
found to have only SmC* phase over a wide range of temperature and
then melt into isotropic phase without going through the orthogonal
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SmA* phase. Temperature dependences of both primary (tilt) and
secondary order parameter (spontaneous polarization) near SmC* to
isotropic phase transition suggest that the transition deviate significantly
from second order. Goldstone mode relaxation is observed in both the
compounds with quite high dielectric increments. Maxwell Wagner mode
of relaxation is observed only in 6F3R. Moreover, soft mode relaxation is
not observed in any of the compounds as a consequence of the absence of
any tilted to orthogonal phase transition. It is thus concluded that soft
mode is possible to observe only when SmA*-SmC* transition is present
in a compound. The compounds exhibit moderate values of spontaneous
polarisation. Maximum value of the optical tilt angle of the molecules is
exactly 22.5o in 5F3R and close to that in 6F3R. Response time is found
to be around 100 micro second. Important display parameters of the
materials are thus close to their optimum values required for SSFLC
display devices. The two compounds are therefore expected to be useful
for formulation of FLC mixtures suitable for display and other
applications.
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CHAPTER-6
Effect of oligomethylene spacers on
the dielectric and electro-optic
properties of two biphenyl benzoate
cored chiral mesogens

Part of this work has been published in Liquid Crystals, Vol: 43, pp15481549,2016.

152

Chapter VI

6.1 Introduction
The compounds of the chiral mesogenic series that have been discussed
so far in this dissertation, all have three oligomethylene spacers in their
fluorinated chain. In this chapter we are presenting the dielectric and
electro-optic properties of two compounds of the same series, namely
(S)-(+)- 4/ - [(4 – nonafluoro-pentanoyloxy)but-1-oxy] biphenyl-4-yl 4(1-methylheptyloxy)-benzoate

(4F4R),

(S)-(+)-4/-[(5-nonafluoro-

pentanoyloxy)pent-1-oxy]biphenyl-4-yl 4-(1-methyl-heptyloxy)benzoate
(4F5R) [1]. Both compounds have four carbons in their fluorinated chain
and unlike the other compounds included in this thesis, 4F4R and 4F5R
have four and five numbers of oligomethylene spacers in their chains
respectively. Hence, along with fluorination, the effect of additional
oligomethylene spacers on the dielectric and electro-optic properties of
the compounds of this homologous series can also be explored by
investigating the properties of these two compounds. Like the compounds
discussed in the last two chapters, 4F4R and 4F5R also exhibit
ferroelectric SmC* phase for a quite extended temperature range and
following the trend of 3F3R (discussed in chapter 4), 5F3R and 6F3R
(discussed in chapter 5), these two compounds also directly melt in to
isotropic phase from SmC* phase. Thus their dielectric and electro-optic
parameters can be useful from application perspective. The molecular
structures of the compounds are shown in figure 6.1.
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Figure 6.1:
1: the molecular structure
structures of a) 4F4R and b) 4F5R.

6.2 Experimental methods
Dielectric and electro
electro-optic
optic measurements were performed by taking
the compounds inside a dielectric cell with low resistivity (about 20 Ω/□)
indium tin oxide (ITO)
ITO) coated electrodes and 8μm cell gap.
gap The
transition temperatures of the compounds were ident
identified
ified by
b polarising
optical microscopy,, using Olympus BX41 polarizing microscope
equipped with a CCD camera
camera. Complex dielectric permittivity was
measured using a Hioki 3532 50 LCR meter in the frequency range from
40 Hz to 5 MHz. Observed dielectric spectra were fitted to the modified
Cole–Cole function [2,3]
[2,3]. Spontaneous polarizations (PS) were measured
by reversal
rsal current method [4] for which an ac triangular voltage of 30V
amplitude was applied as input ffrom
rom an Agilent 33220A function
generator.
enerator. The voltage drop aacross
cross a resistor was measured with the help
of an storage oscilloscope (Tektronix TDS 2012B) as a function of time.
The electrical response time was measured by measuring the time delay
of occurrence of polarization bump from the applied square pulse (of
154

Chapter VI
frequency 60Hz) edge while monitoring the voltage across the same
resistor in series with the cell. Optical tilt of molecules in smectic layers
was determined by electrically switching the sample under a low
frequency (10 mHz) square wave and simultaneously observing it under
polarizing microscope. The angle of rotation of the sample between two
dark states was considered as a measure of double the tilt angle. Mettller
FP90 temperature controller along with FP82 hot stage was used to
regulate temperature in all experiments. The procedures in detail have
been discussed in chapter 2.

6.3 Results and discussions
6.3.1 Observed phases
The observed transition temperatures and thermal range or stability of
SmC* phase (ΔTSmC*) of the compounds are presented in table 6.1.
Though antiferroelectric SmC*A phase was reported in 4F4R below
SmC* phase in the synthesis paper [1], but presence of that phase could
not be confirmed in the present study. Rather below SmC* phase, within
the temperature range of 980C to 860C, a subphase (SmX*) has been
detected in this compound. Both the compounds show SmC* phase over a
considerable temperature range (32.9º in 4F4R and 54.5º in 4F5R) and
melts directly to isotropic phase.
Table 6.1. Transition temperatures and thermal stability of SmC* phase of
the compounds
Compounds
4F4R
4F5R

Transition temperatures
Crystal: 86.50C: SmX*: 980C : SmC*:
130.90C: Iso
Crystal: 78.0° C : SmC*:132.5° C: Iso
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Stability of SmC* phase
(ΔTSmC*)
32.9°
54.5°
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The thermal stability or range ΔTSmC* of SmC* phase in 4F4R is found
to be less (32.9⁰) than all the compounds discussed so far viz. 3F3R,
5F3R and 6F3R, except 2F3R. In 4F5R also ΔTSmC* was less (54.5⁰) than
the other compounds except 2F3R and 3F3R. However, in 2F3R and
3F3R there was a mixed phase of SmF* and SmC*. Thus, the stability of
SmC* phase decreased significantly after addition of the fourth
oligomethylene spacer in the chain. However, after adding yet another
oligomethylene spacer, ΔTSmC* increased slightly.
6.3.2 Optimised geometry
To elucidate the structure property relationship geometries of the
molecules were optimised, as done for other compounds, applying
Hartree-Fock method and using 3-21G basis set in a commercial package
[5]. The optimised structures are shown in figure 6.2. The molecular
length of 4F4R and 4F5R were found to be 33.83Å and 36.72Å
respectively, thus the optimised molecular length (l) increased after
adding additional oligomethylene spacers, as expected. Optimised
molecular lengths (l) of the two compounds are greater than 1F3R, 2F3R
and 3F3R (chapter 3 and 4), which is again expected as both the number
of carbon in fluorinated chain and the number of oligomethylene spacer
are less in those compounds, compared to that of 4F4R and 4F5R.
However in 5F3R and 6F3R (chapter 5) ‘l’ was found to be higher than
4F4R and 4F5R due to additional carbons in the fluorinated chain. The
dipole moments of 4F4R and 4F5R are 6.12 D (5.31, 2.70, 1.4) and 5.65
D (-4.94, -2.67, 0.65) respectively where the components of dipole
moments along the three coordinate axes are shown within parentheses.
Dipole moments of these two compounds are less than all other
compounds with three oligomethylene spacers. Thus dipole moment is
observed to decrease with increasing oligomethylene spacers. This might
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be attributed to the fact that, with addition of oligomethylene spacer, the
distance between the flu
fluorine
orine part of the chain and the core of the
molecule is increased and thus the dipole moment is decreased.

Figure 6.2:
2: Optimised geometry of a) 4F4R and b) 4F5R.
It is noticed that the changes in the optimised parameters, compared to
the other homologues, are much higher for 4F5R than 4F4R. That is due
to a substantial change in the conformity of the optimised structure after
the addition of the fifth oligomethylene spacer.
er. For 3F3R, 5F3R, 6F3R
[chapter 4 and 5] and even 4F4R the chiral chain and the fluorinated
chain of the optimised geometry were observed to be bend in the same
direction. But for 4F5R they are bent in the opposite direction. For
quantitative description
description, the torsion angle of the molecules involving
atoms C1, C2, O1, C3 ((figure 6.2)) were measured. For 4F4R and 4F5R it
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was found to be 150.9⁰ and -35.27⁰ respectively. This change in
molecular conformation might affect the phase sequence of the
compounds.
It is worth mentioning that the optimised results published in the paper
for these compounds differ from what has been reported in this
dissertation. This is because of the fact that previously we used molecular
mechanics method in a different program package, but here we have used
Hartree Fock method of another program package which is considered to
be more accurate. Moreover, we wanted optimised structures of all the
compounds discussed in this dissertation are on same footing to make
comparison more realistic.
6.3.3 Polarized optical microscopy (POM) study
Observed optical textures of the compounds are displayed in figure 6.3
and 6.4.

Figure 6.3: Optical textures of 4F4R in a) crystal b) SmX* and c) SmC*
phases.

Figure 6.4: Optical textures of 4F5R in a) crystal and b) SmC* phase.
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In SmC* phase of 4F4R the texture resembles to that of 6F3R (chapter
5), where just like other compounds of the series with direct transition
from SmC* to isotropic phase, no significant domains can be observed
[1], but a few poorly developed broken fan region can be observed with
parallel lines due to helical structure. After entering into SmX* phase, the
chiral lines become fainter and the broken fan structure broke even
further. For 4F5R in SmC* phase, the broken fan texture was much more
prominent, and chiral lines were also much more clearly visible.
6.3.4 Frequency dependent dielectric relaxation study
Only one strong dielectric relaxation mode was observed in SmX* and
SmC* phases of 4F4R and in SmC* phase of 4F5R. As discussed in
previous chapters, the collective dielectric behaviour of the SmC* phase
is dominated by two relaxation processes: the Goldstone mode (GM) and
the soft mode (SM). Looking at the fact that the observed peak was
suppressed after the application of a DC bias of 13V and 15V in 4F4R
and 4F5R respectively and considering the range of critical frequencies
(fC) (159– 420 Hz in 4F4R and 400 – 1100 Hz in 4F5R) and values of
dielectric increments (Δε) (277 – 280 in 4F4R and 43 - 123 in 4F5R), this
relaxation mode was identified as GM relaxation for both the
compounds. No SM process was observed in any of these two
compounds, even when a DC bias field is applied. As both compounds
melt to isotropic phase directly from SmC* phase, the absence of SM
relaxation is in conformity with our previous observations, where soft
mode was not observed in absence of any orthogonal to tilted phase
transition [chapter 3,5] . Reason for this has been discussed in detail in
last chapter.
To probe the existence of SmX* phase in 4F4R from dielectric study,
the perpendicular components of the real parts of dielectric permittivity
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have been plotted as a function of temperature at 1 kHz and 10kHz
(figure 6.5). When the data are fitted linearly, at both frequencies, a
distinct change of slope has been observed at 980C. At 1 kHz the slope
changes from 1.461 to 0.95, while at 10 kHz it changes from 0.12 to 0.06.
This clearly indicates the existence of a new phase in 4F4R below SmC*
(980C).

Figure 6.5: Variation of real part of dielectric permittivity of 4F4R with
temperature (a) at 1kHz, (b) at 10 kHz.
Representative dielectric spectra, fitted to modified Cole–Cole
function, showing the presence of GM both in SmC* and SmX* phases of
4F4R and in SmC* phase of 4F5R, are shown in Figures 6.6 and 6.7
respectively. As the ε/ and ε// are related to each other by KramersKronig relation, Cole-Cole plots are shown in figures 6.8 to show that
the fitting is good. It has been observed that, in 4F4R, the average value
of distribution parameter (α) in SmC* phase is ~ 0.17, while that in the
SmX* subphase it is ~ 0.21, which signifies broadening of spectra in this
phase and further points to the presence of a different phase below
SmC*. It is also inferred that in these compounds also the GM process in
SmC* phase is found to be non-Debye type as revealed from the values
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of symmetric distribution parameter α. In SmX* phase it deviates further
from the Debye type behaviour.

Figure 6.6: Fitted dielectric spectra for 4F4R showing GM: (a) SmX*
phase (96°C), (b) SmC* phase (110°C) Fitted parameters for a) are ΔεGM:
282± 0.87, fGM: 125± 2.7, αGM: 0.21± 0.004, ϭGM : 7E-12 ±1E-15 and for
b) are ΔεGM: 276± 0.94, fGM: 247± 1.2, αGM: 0.17± 0.002, ϭGM : 1.1E-8
±1E-12

Figure 6.7: Fitted dielectric spectra in SmC* phase at 115ºC for 4F5R
showing GM. Fitted parameters for are ΔεGM: 71± 1.31, fGM: 988± 6.3,
αGM: 0.15± 0.002, ϭGM : 9.8E-8 ±1.4E-10
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Figure 6.8: Fitted Cole-Cole plots in a) SmX* phase (96°C) and b) SmC*
phase (110°C) of 4F4R and c) SmC* phase (115⁰C) of 4F5R.
Relaxation frequency and dielectric increment observed from the fitted
data are shown in figures 6.9-6.10 as functions of temperature.
Increasing dielectric increment and critical frequency with temperature,
at least in low temperature region, may be explained from generalised
Landau theory [6] as discussed in previous chapter.

Figure 6.9: Temperature variations of (a) critical frequency and (b)
dielectric increment of 4F4R.

Figure 6.10: Temperature variations of (a) critical frequency and (b)
dielectric increment of 4F5R.
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It is seen that in 4F5R, having an extra oligomethylene spacer,
dielectric increment is less but the critical frequency is more than that of
4F4R. In SmX* phase of 4F4R critical frequency increases from 67 Hz
(86ºC) to 138 Hz (98ºC) and in SmC* phase it increases from 159 Hz
(100°C) to 420 Hz (130°C), while in 4F5R it initially increases from 300
Hz (79ºC) to 1100 Hz (109ºC), then decreases to 500 Hz (131ºC). Thus
the critical frequency increased considerably in 4F5R due to the addition
of an extra oligomethylene spacer. Although fC increased in 4F5R
compared to 4F4R, but still it remains less than that of 2F3R, 3F3R,
5F3R and 6F3R as discussed in previous chapters. The dielectric
increment of 4F4R increases from 280 (86°C) to 283 (98°C) in SmX*
phase and in SmC* phase it increases from 277 (100°C) to 280 (130°C),
hence while moving from SmC* to SmX* phase there is a discontinuous
increase of dielectric increment justifying our identification of the new
phase (SmX*) below SmC*. Δε is found to be highest and fC to be the
lowest in 4F4R out of all the compounds, discussed so far in this
dissertation. In 4F5R the dielectric increment increases from 43 (78°C) to
123 (131°C).
Although a discontinuity in dielectric increment (Δε) has been observed
at SmX*-SmC* transition, but there is no such discontinuity in the
critical frequency (figure 6.9). Discontinuous decrease in dielectric
increment [7–9] and continuous variation of critical frequency [9,10]
(figure 6.9) have been reported earlier in a three layer ferrielectric SmCγ*
subphase. The broadening of dielectric spectra is also an inherent
property of SmCγ* subphase [7], which was also observed in SmX*
phase. Moreover, this only one low frequency relaxation process has
already been identified as Goldstone mode, and ferrielectric Goldstone
mode relaxation is often observed in SmCγ* phase [7,9,10]. Although in
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SmCγ* subphase, dielectric increment higher than SmC* [10–12],
broadening of dielectric spectra [7] and higher tilt [13] were reported
before as observed in 4F4R (higher tilt are discussed below), however, it
is unusual that dielectric increment in three layer ferrielctric SmCγ* phase
will be more than the ferroelectric SmC* phase. We, therefore, designate
the new phase as SmX* phase instead of SmCγ* subphase.

6.3.5 Spontaneous polarization (PS)
The temperature variation of the spontaneous polarization is shown in
figure 6.11. PS is found to increase with decreasing temperature as
expected. However, no anomaly at SmC*-SmX* transition is observed
may be due to application of strong electric field during PS measurement.
PS is found to decrease from 57.3 nC/cm2 (86°C) to 47.3 nC/cm2 (98ºC)
within SmX* phase and in SmC* phase it decreases from 46.9 nC/cm2
(100°C) to 11.2 nC/cm2(131°C), while in 4F5R it decreases from
50.7nC/cm2 (79ºC) to 5.8 nC/cm2 (133ºC). This values are within the
acceptable range of polarization for different applications [14]. The
measured value of PS were found to be greater than that of 2F3R, 3F3R
[chapter 4], 5F3R and 6F3R [chapter 5]. Thus spontaneous polarization is
found to increase with increasing oligomethylene spacers.

Figure 6.11: Dependence of Ps on temperature (a) 4F4R, (b) 4F5R.
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The PS data were fitted to the mean-field model, 𝑃 = 𝑃 (1 −

) [15]

where TC is the SmC* to isotropic transition temperature and β is critical
exponent for the secondary order parameter PS. In all cases β deviates
significantly from the mean field value for a second order phase
transition, however, fitted TC matches nicely with observed TC. It is
worth mentioning that the change in enthalpy values at SmC* to isotropic
transition of 4F4R and 4F5R was quoted as 8.39 and 6.79 kJ/mole
respectively in the reference [1]. This also indicates that the
corresponding transition is not second order rather points to first order.
6.3.6 Rotational viscosity (γΦ)
The rotational viscosity (γφ) associated with the GM fluctuations is
another important parameter for ferroelectric liquid crystals as it strongly
influences the switching time between the field-induced states of FLCs.
γφ has been calculated from equation 6.1, which was derived from the
generalized Landau model [6].
𝛾 =

∆

( )

[6.1]

Here Goldstone mode dielectric strength (Δε) and relaxation frequency
(fC) were obtained from dielectric relaxation study and tilt angle (θ) was
obtained from electro optic measurement (discussed latter). The
temperature variation of rotational viscosity is shown in figure 6.12.
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Figure 6.12: Rotational viscosity (γφ) of a) 4F4R and b) 4F5R.
The rotational viscosity first decreases with temperature, then near the
SmC* to isotropic transition it diverges which may be due to pretransitional effect. In most of FLC materials the rotational viscosity has
been reported to decrease with temperature [4]. However, for certain FLC
materials it has been reported to increase near the transition [16], as has
been observed in the present compounds. The initial value of γφ in SmC*
phase was found to be smaller in 4F4R (0.26 Pa.s) compared to that of
4F5R (0.51Pa.s). In fact the rotational viscosity of 4F4R was found to be
smaller than all the other compounds discussed so far, except that of
2F3R. As mentioned in chapter 5, the rotational viscosity can be
calculated also from electro-optic data. However, since two formulae
give almost same values we have not repeated that in these compounds.
6.3.7 Optical tilt angle (θ)
Tilt angles for the compounds were determined optically. Optical tilt
reflects the angle between the direction of molecular core and the layer
normal, since the principal axis of indicatrix coincides with the core
direction. As can be seen from figure 6.13 the optical tilt in both cases is
found to increase with decreasing temperature as expected. In 4F4R, it
shows a clear jump at 980 C [figure 6.13 (a)], as previously reported in
SmCγ* phase [17]. Dolganov and Kats [18] have argued that in 3 layer
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ferrielectric SmCγ* phase, both quadratic and biquadratic interactions
between nearest layers and the frustrating interaction between nearest and
next nearest layers have negative energy contribution in the expression of
Landau free energy, which favors the increase of tilt angle. Both
compounds showed higher optical tilt angle at the onset of SmC* phase
than 5F3R and 6F3R [chapter 5]. In fact initial value of θ in SmC* phase
is higher in 4F5R than in 4F4R. Hence, it appears that optical tilt does
increase with increasing number of oligomethylene spacer.

Figure 6.13: Optical tilt angles of a) 4F4R and b) 4F5R.
6.3.8 Response Time (τ):
The temperature variation of observed electric response time is
depicted in figure 6.14. Response time was found to decrease with
temperature as expected. In SmX* phase of 4F4R the compound
exhibited much slower electrical response (1500 μs). Response became
two times faster after entering into SmC* phase (810 μs). The highest
response time in SmC* phase of 4F5R (214 μs) was found to be much
smaller than that of 4F4R. Both compounds showed much slower
response than the other compounds with three oligomethylene spacers
(2F3R, 3F3R, 5F3R, 6F3R) [chapter 4 and 5]. Thus addition of one
oligomethylene spacer resulted in increasing the response time at least by
an order. However, τ decreased a bit after addition of a further spacer.
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Figure 6.14: Response time of a) 4F4R and b) 4F5R.

6.4 Conclusion
Both compounds 4F4R and 4F5R exhibit SmC* phase over a broad
temperature range and melt directly into isotropic phase without
displaying an intermediate orthogonal phase. However, stability of this
phase is less in 4F4R than in 4F5R, in fact less than in most other pure
compounds studied in this dissertation, which might be attributed to the
presence of a smectic subphase (SmX*) in this compound. Although
existence of only one Goldstone mode like relaxation, broadening of the
dielectric spectra and discontinuous increase in the dielectric increment
and tilt angle indicate this newly detected subphase to be a 3 layer
ferrielectric SmCγ* phase, but the higher dielectric increment than that of
the ferroelectric SmC* phase restrains us to conclusively assign it as
SmCγ* phase, rather we prefer to designate it as SmX* phase. No soft
mode relaxation is observed in these two compounds which melted
directly into isotropic phase from SmC* phase, which is in conformity
with our previous observations. GM critical frequency of these
compounds is found to be less than any other compounds discussed so
far.

Compounds exhibit moderate spontaneous polarization and

rotational viscosity. Optical tilt was found to increase with increasing
oligomethylene spacer. They showed much slower response than other
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compounds included in this thesis indicating addition of more
oligomethylene specers results in slower response of the molecules.
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CHAPTER-7
Structural, dielectric and electro-optic
properties of a long chain biphenyl
benzoate cored chiral mesogen and
formulation of a room temperature
ferroelectric liquid crystal mixture.
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7.1 Introduction
The compound (S) - (+) -4/-[(3-pentadecafluorooctanoyloxy) prop-1oxy]biphenyl-4-yl 4-(1-methylheptyl oxy)benzoate( 7F3R ) [1] has the
highest number of fluorine atoms in its chain and is the longest member
of the selected compounds. The molecular structure of the compound is
shown in figure 7.1.

Figure 7.1: Molecular structure of 7F3R.
The compound has three oligomethylene spacers and seven carbons in
its fluorinated chain. This compound exhibits largest range or highest
stability of ferroelectric phase out of all the compounds included in this
dissertation. It also gives rise to a paraelectric phase (SmA*) when heated
beyond the ferroelectric phase, unlike the four compounds described in
the last two chapters which melted directly to isotropic phase.
Main objective of studying the properties of different FLC systems is to
find their comparative efficacy to FLC mixture formulation useful
predominantly for display applications considering their microsecond
order in-plane switching. It is well known that no single compound can
satisfy all the properties required for such application like temperature
range, switching time, optical birefringence, polarization, tilt angle, pitch,
viscosity and above all thermal and UV stability [2–5]. Therefore, a
mixture of achiral host molecules is normally doped with an appropriate
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chiral molecule to formulate a useful FLC mixture. The host mixture is
again usually a mixture of several achiral compounds with a reasonably
wide range of SmC phase which controls the overall temperature range
and tilt angle of the final mixture. Dopant is a compound with one or two
chiral centres which controls the spontaneous polarization, viscosity,
switching speed and helical pitch of the final mixture [6–10]. It might be
noted that every component influences the properties of the resulting
mixture, a particular property will depend not only on the type and
proportion of chiral dopants, but also on the host materials used.
However, the dopants are used to optimise the final properties to the
desired level more effectively. Since 7F3R has the highest range of
SmC* phase, therefore, we have chosen this compound to formulate a
ferroelectric liquid crystal mixture.
In this chapter, we first present the structural, dielectric and electrooptic properties of the pure compound 7F3R. In the latter half we
describe the formulation of the FLC mixture and results of the
characterization of its properties.

7.2 Experimental procedure
For the Polarized optical microscopy (POM), small angle X-ray
scattering (SAXS), dielectric and electro-optic studies, the material was
fed into a polyimide coated planar dielectric glass cell of low resistivity
and with transparent indium tin oxide electrodes of 8µm cell gap. The
transition temperatures of the mixture were measured by differential
scanning calorimeter (DSC), using a Mettler FP90 temperature controller,
within an accuracy of ±0.1°C, along with FP84HT hot stage, in a heating
cycle of rate 2°C/min. Phase transitions were also determined by
investigating the optical textures of the compound by Olympus BX41
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polarizing microscope equipped with a CCD camera using the same
temperature controller.
Temperature dependent SAXS experiment was performed using PETRA
III synchrotron beamline at P07 Physics Hutch station at Deutsches
Elektronen- Synchrotron (DESY), Hamburg. An angular range (2θ) of ~
5° was scanned using a beam of weave length 0.164 Å. Temperature in
this experiment was controlled using a Lakeshore 340 temperature
controller. For the mixture, SAXS experiment was done without applying
any field as well as with field (12V/μm) across the cell. For the pure
compound no field was applied.
Hioki 3532-50 impedance analyzer was used to measure the complex
dielectric permittivity within the range 50Hz to 5MHz. The dielectric
spectra were fitted using following modified Cole–Cole function[11].
Spontaneous polarization (PS) was measured by time reversal method
[12], using Agilent 33220A function generator by applying an triangular
signal. Tektronix TDS 2012B digital storage oscilloscope was used to
measure the voltage drop across a 100 kΩ resistance in series with the
sample cell.
The details of all these experiments are discussed in chapter 2.

7.3 Characterisation of the pure compound
7.3.1 Observed phases
The phase sequence of the compound 7F3R was determined by
combining the results of POM, SAXS and dielectric studies and is shown
in table 7.1. Paraelectric SmA* phase is found to exist along with SmC*
phase as mentioned before. It is worth noticing that SmA* phase was
observed in the two short chain compounds of the series, namely, 1F3R
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and 2F3R (discussed in chapter 3 and 4), but not in the intermediate
derivatives studied in this dissertation. Thus this phase is found to
reappear in the phase sequence with higher number of fluorine in its
chain. Apart from that 7F3R show
shows the largest temperature span of
SmC* phase (ΔTSmC*)): 72.5⁰C out of all the compounds included in this
dissertation.
Table 7.1. Transition temperatures and thermal stability of SmC* phase of
7F3R
Compound
7F3R

Transition temperatures
Crystal: 75.5 0C: SmC* : 148.0
0
C: SmA* : 150.1 0C : Iso

stability of SmC* phase
(ΔTSmC*)
72.5°

7.3.2 Polarized optical microscopy (POM) study
Optical textures of the compound in homogeneous geometry were
recorded during cooling cycle. The textures of 7F3R at different phases
are shown in figure 7.2
7.2.

Figure 7.2: Optical texture of 7F3R at a) SmA* (149⁰C)
⁰C) b) SmC*
(114
(114⁰C) and c) crystal (74⁰C) phases.
The signature fan shape texture [13] was observed in SmA* phase.
phase
After entering into SmC* ph
phase
ase the broken fan shape texture was
observed with a little change in birefringence quite similar to what was
observed in 2F3R (discussed in chapter 4). But unlike other compounds
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the chiral lines were not distinctly visible even in SmC* phase. Absence
of chiral lines are sometimes attributed to the smaller pitch of the
compounds [13]. It can be mentioned here that for compounds with
similar structures the pitch was reported to decrease with increasing
number of fluorine atoms [1]. Since among the selected compounds,
7F3R has highest number of fluorine atoms so we can expect its pitch to
be the lowest.
7.3.3 Optimised geometry
The molecular geometry of the compound was optimised applying
Hartree-Fock method and using 3-21G basis set in a commercial package
[14]. The optimised structure along with the direction of the dipole
moment is shown in figure 7.3.

Figure 7.3: Optimised geometry of 7F3R.
The optimised length (l) of the compound is found to be 37.01Å, which
is longer, as expected, than all the other compounds discussed in this
dissertation. The dipole moment (μ) of 7F3R is found to be 6.55 D (-5.06,
0.4784, 4.14) where the components of dipole moments along the three
coordinate axes are shown within parentheses as in other chapters. The
dipole moment is found to be larger than all the other compounds since it
is found to increase with increasing number of fluorines in the chain,
except that of 1F3R and 2F3R, whose μ is still higher than 7F3R. This
may be due to the twist of the fluorinated chain at the carboxylic group
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by an angle ~85⁰ which was observed in 3F3R and increased in all other
higher derivatives including 7F3R. Thus 1F3R, 2F3R and 7F3R have
larger dipole moments than the other compounds. This fact may have
some relation with the presence of SmA* phase in these three compound
and absence of the same in others.
7.3.4 Synchrotron diffraction study
Synchrotron diffraction studies were carried out in cooling cycle. In all
the phases one sharp inner ring and one diffused outer ring were observed
which correspond to smectic layer spacing and ordering within the layers
respectively. Representative diffraction photographs of each phase are
shown in figure 7.4.

Figure 7.4: Diffraction photographs of 7F3R in a) SmC* (122⁰C) and b)
SmA* (149⁰C) phases.

The layer spacings (d) were calculated from the low angle diffraction
feature and the average intermolecular spacing (D) were calculated from
the outer ring and these are depicted in figure 7.5 as a function of
temperature.
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The layer spacing (d) is found to decrease with decreasing temperature
in both the phases but a slight increase was observed near SmA*-SmC*
transition. The layer spacing, however, is found to be less than the
optimised molecular length (l) in both the phases, just like 2F3R as
discussed in chapter 4.

Figure 7.5: Temperature variation of layer spacing and average
intermolecular spacing of 7F3R.

The ratio of layer spacing to molecular length (d/l) in SmA* phase was
found to be nearly 0.88, which is less than 1F3R (1.07) and 2F3R (0.90).
Thus d/l ratio is found to decrease with increasing chain fluorination.
Moreover, this ratio was reported to be 0.50, 0.76, 0.97 for 5F6R, 4F6R
and 1F4R respectively [1]. Hence it can be inferred that d/l ratio
decreases even with increasing number of oligomethylene spacers. As the
d/l ratio of 7F3R is less than one even in SmA* phase therefore SmA*
phase may be de Vries type [15], as observed in 2F3R. To probe it further
we have calculated the layer contraction in SmC* phase. The effective
layer contraction was found to be 2.3% at 77⁰C. Though this is higher
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than that of 2F3R, but much less than ordinary SmA phase [16] and
closer to de Vries type material [16,17].
In SmC* phase the temperature dependence of the layer spacing
appeared to be parabolic. In accordance to the generalised mean field
theory the tilt (θ) is 𝜃 ∝ (𝑇 − 𝑇 ) , where the value of the critical
exponent β is expected to be (1/2) for a pure second order transition and
(1/4) in case of second order transition approaching triclinic point.
Following

Hartley et al. [18] but keeping up to forth term in the

expansion of cos(θ) it can be shown that near TC
≈ 1 − 𝑎|𝑇 − 𝑇 |

/

+ 𝑏|𝑇 − 𝑇 |

[7.1]

when β is taken (1/4). Observed data fitted quite nicely to equation 7.1,
signifying the SmC* to SmA* transition is probably tricritical type.

Figure 7.6: Temperature variation of dC/dA near transition.
The inter-molecular spacing is also found to increase with temperature
as expected and it is (5.25 to 5.65 Å) of the same order as in 1F3R, 2F3R
and 3F3R.
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The molecular tilt angle was calculated from the relation, = 𝑐𝑜𝑠

,

where d is the layer spacing at a particular temperature and dA is the
highest ‘d’ value at SmA phase. The temperature variation of the tilt
angle is shown in figure 7.7.

Figure 7.7: Temperature variation of X-ray tilt angle of 7F3R.
The tilt angle was much less than that of 2F3R (28.6⁰) and 3F3R
(32.8⁰), but as discussed in chapter 2, in those cases the tilt was measured
by dividing the layer spacing by the optimised molecular length to
compare the values with other compounds having direct transition from
SmC* to isotropic phase. However, as for the mixture we cannot have an
exact value of the optimised length, so for the mixture and the dopant
(7F3R) the tilt was calculated using the layer spacing in SmA* phase.
The correlation length (ξ) across and within the smectic layers was
calculated using, 𝜉 =

, where FWHM is the full width at half

maxima in the scattering vector (Q) of the relevant Bragg’s peak [19]
and is shown in figure 7.8.
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Figure 7.8: Correlation lengths of 7F3R a) across the layer and b) within
layer.
The highest value of correlation length across and within layer in SmC*
phase was found to be ~966Å and ~ 14Å respectively, which is slightly
less than that of 2F3R and 3F3R. The correlation length across the layer
was found to be approximately 26 times and 12 times of the optimised
molecular length in SmC* and SmA* phases respectively. Surprisingly
the correlation length across the plane, showed a little increasing trend
after entering into SmA* phase.
7.3.5 Frequency dependent dielectric relaxation study
As discussed in chapter 2 the collective relaxation of SmC* phase is
mainly dominated by Goldstone mode (GM) and soft mode (SM)
relaxation. The Goldstone mode (GM) occurring at a lower frequency is
associated with the azimuthal angle fluctuations of the directors in
smectic planes and the soft mode (SM) is connected with the softening of
the polar part of the tilt fluctuations which is seen throughout the SmA*
phase and also in SmC* phase, but only near the transition temperature
(TC) [20]. Both these modes are observed. As a representative example,
fitted dielectric spectra showing the presence of both the GM and SM in
7F3R is shown in figure 7.9. Fitted to Cole–Cole plot is shown in figure
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7.10 Since the ε/ and ε// are related to each other by Kramers- Kronig
relation, Cole-Cole plot is to show that the fitting is good.
Goldstone mode relaxation is observed throughout the SmC* phase.
This mode could be suppressed by applying proper DC bias. Near TC
another peak is seen at higher frequency range which sustained
throughout the SmA* phase and did not vanish even under DC bias. This
peak is associated with the soft mode relaxation. But as in 2F3R, here
soft mode dielectric increment and critical frequency did not show
respectively reverse ‘V’ shape and ‘V’ shape temperature variation in the
vicinity of SmA*-SmC* transition as can be seen in figure 7.11. It is to
be noted here, soft mode was observed before in 2F3R which also had
both SmC* and SmA* phases, but not in other compounds which didn’t
have any orthogonal to tilted phase transition.

Figure 7.9: Fitted dielectric spectra in SmC* phase at 147.7ºC showing
both GM and SM. Fitted parameters are ΔεGM: 34.8±0.1, fCGM: 3009
±91.3, αGM: 0.22± 0.003, ΔεSM: 4.5±0.2, fCSM: 365007±392, αSM: 0.01±
0.003, ϭ :9.6E-8 ±1E-9.
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Figure 7.10: Fitted cole-cole plot at 147.7⁰C
Relaxation frequency and dielectric increment observed from the fitted
data are shown in figures 7.11, as functions of temperature.

Figure 7.11: Temperature variation of a) dielectric increment and b)
critical frequency of 7F3R.
The highest value of dielectric increment of Goldstone mode was found
to be 30, much less than the other compounds discussed in this
dissertation. GM critical frequency increased from 600 Hz (76°C) to
4100 Hz (124°C) and then decreased to 3000 Hz (146°C).

Similar

temperature variation was observed in 2F3R, 3F3R and 4F5R. However,
the GM critical frequency of 7F3R was found to be much higher than all
other compounds. For soft mode relaxation the critical frequency was
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much higher than the GM critical frequency and it showed much stronger
dependency with temperature as expected from generalized Landau
model [21]. It increased from 300 kHz (147°C, SmC* phase) to 475 kHz
(151°C, SmA* phase). The dielectric increment of soft mode was much
smaller as noted, in comparison to its Goldstone mode counterpart which
remained more or less constant with temperature.
7.3.6 Spontaneous polarization (PS)
Temperature dependence of spontaneous polarization (PS) is shown in
figure 7.12.

Figure 7.12: Temperature variation of spontaneous polarisation of 7F3R.
The spontaneous polarization (PS) of the compound was found to
increase with decreasing temperature as expected. The measured PS data
were fitted to the mean-field model, 𝑃 = 𝑃 (1 −

) [22] where TC is

the SmC* to SmA* transition temperature and β is critical exponent for
the secondary order parameter PS. β deviates significantly from the mean
field value for a second order phase transition, however, fitted TC
matches nicely with observed TC. It is worth mentioning that the change
in enthalpy values at SmC* to SmA* transition was quoted as 1.61
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kJ/mole in the reference [1]. This also indicates that the corresponding
transition is not second order rather points to first order.
Maximum PS value was found to be 42.1 nC/cm2, which is higher than
all other compounds with three oligomethylene spacers (2F3R, 3F3R,
5F3R and 6F3R). Thus PS increases with fluorination for those
compounds. However, PS value of 7F3R is less than that of 4F4R and
4F5R. PS strongly varies with the orientational order parameter (S) of the
molecules, which depends on molecular length. It was reported
previously that there is an optimal length of the molecule, for which PS is
maximum and any further increase in length results in decreased PS [23].
Thus larger molecular length of 7F3R may cause its smaller PS.
7.3.7 Rotational viscosity (γφ) and Response time (τ)
The temperature variation of rotational viscosity and response time is
shown in figure 7.13.

Figure 7.13: Temperature variation of rotational viscosity and response
time.
The rotational viscosity in Goldstone mode was determined using the
following relation 𝛾 =

∆

( ) derived from generalized Landau

model [21], where Goldstone mode dielectric strength (Δε) and relaxation
frequency (fC) were obtained from dielectric relaxation study and tilt
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angle (θ) was obtained from electro optic measurement (described in
section 7.3.8). Highest value of rotational viscosity was found to be 0.34
Pas. Rotational viscosity first decreases with temperature, then near the
SmC* to SmA* transition it diverges which may be due to pretransitional effect.
The highest value of response time was found to be ~ 300 μs which is
larger than all other nF3R compounds. However, it decreased rapidly
with temperature and near SmC*-SmA* transition reduced to below 50
μs.

7.3.8 Optical tilt angle
Tilt angles for the compound was also determined optically and have
been depicted in figure 7.14.

Figure 7.14: Temperature variation of optical tilt angle.
Optical tilt reflects the angle between the direction of molecular core
and the layer normal. The highest value of optical tilt was found to be
~36⁰ which is higher than all other compounds whose tilt has been
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measured optically in this dissertation. The X-ray tilt, shown in figure
7.7, was observed to be much less than optical tilt. X-ray tilt arises from
the tilt of electron-density function of the whole molecule, on the other
hand optical tilt is a result of tilt of only the rigid polarisable group of the
molecule, thus the two tilts may differ. This difference depends on the
zig-zag shape of the molecules[24]. The zig-zag molecular shape coming
out of the rigid core may tilt independently whereas the melted end
chains are on the average closer to the layer normal. The X-ray tilt was
observed to be less than optical tilt when the chain of a zig-zag molecule
are in trans position [1].

7.4

Formulation

and

characterisation

of

a

room

temperature ferroelectric liquid crystal mixture using 7F3R
as dopant
7.4.1 Formulation of the mixture
As discussed in the introduction section, ferroelectric liquid crystals
(FLC) can be promising in display application for their high speed
switching. However most of the FLCs exhibit ferroelectric behaviour at
higher temperatures, a fact also observed in all the compounds studied in
this dissertation. Thus there has been constant effort to formulate multicomponent ferroelectric liquid crystal mixtures, which would show
ferroelectric phase even at and below room temperature. We have
successfully formulated a FLC mixture, which showed ferroelectric
SmC* phase at room temperature and beyond, by doping 7F3R into an
achiral host mixture (HM) having smectic C phase. The host matrix was
formulated by mixing four pyrimidine based achiral compounds (H1, H2,
H3 and H4). The molecular structures and phase sequences with
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transition temperatures of these compounds and that of the host matrix
are shown in table 7.2. The mixture was formulated following similar
procedure reported previously by our group [25].
To prepare the mixtures, weights of the individual pure compounds
were measured by a weighing balance (Sartorius-CPA225D, Germany)
having accuracy of ±0.01mg and then were mixed (in various wt% as
required) in a cleaned glass bottle. Chloroform was added to make the
mixtures homogeneous and was ultrasonicated (GT Sonic Professional,
Apex, India) at 65oC for four hours to evaporate chloroform completely.
The complete evaporation of chloroform was confirmed by regaining the
weight of the mixture. The FLC mixture was produced by mixing 30
wt% of 7F3R with 70 wt% of HM.
7.4.2 Observed phases of the mixture
Initially we mixed 10 wt% and 20 wt% of 7F3R in the host matrix, but
in these mixtures no polarity was induced. But when 30 wt% of 7F3R
was mixed in the host matrix, polarity could be induced and the
ferroelectric SmC* phase continued far below room temperature, to
around 15oC beyond which we couldn’t investigate. It is relevant to note
here that 4F3R was also found to induce polarity only at a minimum of
40 wt% [26], thus 7F3R induced polarity at lower concentration.
Moreover, it was found to retain the SmA* phase of the dopant albeit
over a larger temperature range. The phase sequence and transition
temperatures of the mixture are given in table 7.3. The range of the
SmC* phase (ΔTSmC*) was found to be at least 59o, which is moderately
high but less than that of the dopant (72o). However, unlike the dopant,
the mixture exhibits SmC* phase even below room temperature whereas
the dopant formed SmC* phase at as high as 75.5oC.
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Table 7.2 Molecular structure and transition temperatures of host molecules and host mixture
H1

N
C9H19O

OC9H19
N

Cr 61.8ºC SmC 95.6ºC SmA 99.1ºC I
H2
N
C9H19O

OC7H15
N

Cr 57.4ºC SmC 95.1ºC SmA 98.4ºC I
H3
N
C7H15O

OC9H19
N

Cr 57.2ºC SmC 79.1ºC SmA 91.2ºC N 94.7ºC I
H4
N
C8H17O

OC6H13
N

Cr 27.5ºC SmC 46.3ºC SmA 57.5ºC N 65.6ºC I
HM

H1 20wt% + H2 20wt% + H3 20wt% + H4 40wt%
Cr 19ºC SmC 69.4ºC SmA 78.7ºC N 81.2ºC I
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Table 7.3: Phase sequence and transition temperature of the mixture
___________________________________________________________
Composition:
HM (70 wt%) + 7F3R (30 wt%)
~15oC ˂ SmC* 74.3oC SmA* 101.4oC Isotropic
__________________________________________________________

7.4.3 Polarised optical microscopy (POM) and Differential Scanning
Calorimetry (DSC) study
The transition temperatures and the phase behaviour of the mixture
were investigated both by POM and DSC studies. The transition
temperatures matched more or less in both the processes. The DSC
theromogram, showing the variation of heat flow with temperature in a
cooling cycle is shown in figure 7.15. Peaks in the thermogram were
observed at temperatures 74.3°C and at 101.4°C. It is noted that the
clearing point peak is much flatter than the other one. Clearing started
from a temperature ~ 96°C and continued till ~ 105oC which indicates
that the transition from SmA* to the isotropic phase is not a sharp one.

Figure 7.15: DSC thermogram of the mixture during cooling.
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Observed textures are shown in figure 7.16. Within the temperature
range 74-101°C the mixture showed clear fan shaped texture, typically
observed in SmA* phase [13]. Below 74°C the texture changed to broken
fan shape. A change in birefringence was also noticed. However, no
chiral lines were observed, as is usually seen in SmC* phase. As noted
before, even in the optical texture of pure 7F3R the chiral lines were not
visible and this might be due to short pitch. Change in colour may be due
to change in tilt and birefringence with temperature[13]. From about
90°C, domains of isotropic phase could be observed within the SmA*
texture. This seems to be in conformity with the DSC observation that
asserted a continuous transition to isotropic phase rather than a sharp one.
Although no chiral lines could be observed in SmC* phase, switching
of the molecules was observed under an ac field of strength 0.12 V/µm
which confirmed the ferroelectric nature of the phase. Switching could
also be observed at 2.0 V/µm field in SmA* indicating the presence of
electroclinic effect.

Figure 7.16: Textures of the mixture at temperature a) 33°C (SmC*) b)
63°C (SmC* with changed birefringence) c) 85°C (SmA*) and d) 93°C
(SmA* with isotropic domain).
7.4.4 Synchrotron diffraction study
Synchrotron diffraction studies were carried out on the mixture and
also on the constituent compounds to compare their structural properties.
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In all the phases one sharp inner ring and one diffused outer ring were
observed. Representative diffraction photographs of the host compound
compo
in SmC phase and of the mixture in SmC* and SmA* phase are shown in
figure 7.17 and 7.18 and intensity profile
profiles of inner and outer maximum
of the mixture are shown in figures 7.19 and 7.20. The layer spacing (d),
average intermolecular spacing (D) and X
X-ray
ray tilt angle were calculated
by the same procedure described before.
To inculcate
lcate the structural properties
properties,, temperature variation of layer
spacing and X-ray
ray tilt of the host matrix (HM) are plotted along with
those of the host matrix components ((H1,H2, H3 and H4) and are shown
in figure 7.21.

Figure7.17: Diffraction photograph of HM in SmC phase (60⁰C)

Figure 7.18:: Diffraction photograph of the mixture in a) SmC* (66⁰C)
(66
and b) SmA* (84⁰C) phases.
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Figure 7.19: The intensity profile of the inner maxima of X- ray
photograph in a) SmC* (66⁰C) and b) SmA* (84⁰C) phases of the
mixture.

Figure 7.20: The intensity profile of the outer maxima of X- ray
photograph in a) SmC* (66⁰C) and b) SmA* (84⁰C) phases of the
mixture.

Figure 7.21: Temperature variation of a) layer spacing and b) tilt angle of
H1, H2, H3, H4 and HM.
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For all the compounds the layer spacing increased and tilt angle
decreased with temperature as expected. The rate of increase of ‘d’ with
temperature was found to be highest for the constituent H3. In HM layer
spacing was found to have a marginal increasing trend with temperature
even within SmA phase and became constant after entering into the
nematic phase. Layer spacing of the host matrix is found to be almost
equal to the weighted average layer spacing of the constituents, but the
tilt is lower. The minimum and maximum ‘d’ values of the mixture
diverged only by 0.52 Å and 0.2Å from the respective weighted average
‘d’ values of the constituents. But for tilt these differences are higher,
respectively being 1.5° and 1.6⁰.

Figure 7.22: Temperature variation of a) layer spacing and b) tilt angle of
the mixture, HM and 7F3R.
Temperature evolutions of layer spacing and tilt angle compared to the
host matrix and the dopant have been presented in figure 7.22. In the low
temperature region of SmC* phase the layer spacing of the mixture is in
between the host and the dopant (if we extrapolate the values of dopant to
low temperature). However, the maximum value of the layer spacing of
the mixture in SmC* phase (32.3 Å) is found to be closer to that of the
dopant (32.8Å) rather than in the host matrix (28.7Å). On the other hand,
in the low temperature region of SmC* phase the tilt is much higher in
the mixture than in the host and the dopant. The maximum tilt of the
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mixture in SmC* phase is found to be moderate (~17°) and it decreased
with temperature as expected. Thus the mixture had more suitable tilt
than the dopant 7F3R, to use in SSFLD, where ideally a tilt of 22.5° is
preferred [27].
To analyse further the temperature evolution of layer spacing in the
mixture in different phase it has been shown separately in figure 7.23. It
is noted here that temperature scan could be carried out till only 27°C in
the diffraction experiment.

Figure 7.23: Temperature variation of layer spacing of the mixture.
The minimum value of layer spacing in SmC* phase was found to be
31.13Å which increased with temperature as expected. But in SmA*
phase ‘d’ value first decreased and then increased with temperature.
However, its maximum value (~32.6Å) was found to be less than the
weighted average of the optimised molecular lengths of the constituent
molecules (32.75Å), just like in the dopant 7F3R. It indicates that the
mixture may exhibit de vries type SmA* phase. The increasing trend of
‘d’ with temperature within SmA* phase from a temperature ~92°C may
be due to pre-transition effect. It can be recalled that from DSC and POM
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data it was inferred that isotropic domains seem to form within SmA*
phase from that temperature range. Below that temperature d value
showed a negative thermal expansivity which is seen in a de veries like
SmA* phase [16,28]. The highest layer shrinkage in SmC* phase was
found to be only 3% which is still much less than normal SmA* phases
[29,30]. However, the layer shrinkage is more than that of pure 7F3R
(2.3%). To probe this further we have calculated, using equations 7.2
and 7.3, the figures of merits ‘R’ and ‘f’ defined by Radcliffe et al.
[16,31] to gauge the capability of a de veries type material to achieve
defect free book shelf geometry.
𝑅 = 𝑐𝑜𝑠
𝑓 = 𝑐𝑜𝑠

( )
(

)
( )
( )

/𝜃

(𝑇)

[7.2]

/𝜃

(𝑇)

[7.3]

Here, dC(T) is smectic layer spacing at T, d (TAC) is layer spacing at
SmC* to SmA* transition, dA(T) is the layer contraction relative to
SmA* layer spacing extrapolated to SmC* phase, and θOPT(T) is the
optical tile angle (optical tilt of the mixture will be reported in section
7.4.5).
R and f are found to be 0.34 and 0.36 respectively in 7F3R which are in
excellent agreement with the de Veries like compounds capable of having
defect free bookshelf geometry [16,32]. However, in the mixture these
values are found to be 0.71 and 0.79. Though ‘de veries like character’
has been compromised to some extent in the mixture, but comparing the
‘R’ and ‘f’ values (~0.8) of other reported partially de veries like
compounds [32,33], it can be concluded that there is partial de veries like
characteristics even in the mixture.
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To see the effect of electric filed on the mixture property, tilt angles
had been measured both without and with application of a dc field of
12V/µm across the measuring cell. These results are shown in figure
7.24. In the mixture in SmA* phase a tilt of ~8° was observed even
without external field, which might be related with its de Vries like
character. After application of field, tilt angle increased in both phases
and electroclinic effect was observed in SmA* phase where the tilt
increased by ~ 2.5°.

Figure 7.24: Temperature variation of X-ray tilt of mixture with and
without bias.
To explore the positional correlation of the molecules in different
phases of the mixture, the correlation lengths across and within the layers
were measured from the full width at half maxima of the scattering vector
of corresponding Bragg’s peak. The temperature variations of the
correlation lengths in the mixture are shown in figure 7.25, variations in
the dopant are also shown for ease of comparison.
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Figure 7.25: Correlation lengths of the mixture and the dopant a) across
the layers and b) within the layers.
It is observed that the correlation length across the layer (ξ||) in the
mixture decrease slightly from that of dopant 7F3R. In 7F3R it is found
to be about 26 times of its molecular length, while in the mixture it is
about 23 times of the weighted average of the molecular lengths of the
constituent compounds. Surprisingly this correlation length is found to
increase by ~ 100Å in SmA* phase than in SmC* phase following the
same trend as was observed even in 7F3R. The correlation length of the
mixture within the layers (ξ) is found to be maximum in SmC* (17.5Å),
then it decreases with temperature. However after entering into SmA*
phase it increased marginally. In the common temperature range
correlation lengths (ξ) of the dopant and the mixture are found to be
comparable for 7F3R and the mixture, with a minor increase in the
mixture. No appreciable change in correlation lengths were observed
under the influence of electric field.

7.4.5 Spontaneous and induced polarization (PS)
The temperature variation of PS of the mixture is shown in figure 7.26.
The PS was measured with a voltage 19V/µm which was the saturation
field (discussed below). In SmC* phase the spontaneous polarization
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initially increased with temperature and reached its highest value (31.7
nC/cm2) at 46⁰C and then was found to decreased with temperature as
expected. The highest value of spontaneous polarization in SmC* phase
(31.7 nC/cm2) was found to be less than that of 7F3R (42.1 nC/cm2)
(discussed in section 7.3.6). In electroclinic SmA* phase the total
polarization (PS) consists of two parts: one part represents the orientation
and electronic polarization and the second part is due to P-θ coupling
[34]. It is difficult to separate these two parts, so, in SmA* phase by PS
we represent the total induced polarization. Moderate value of PS (24.6
nC/cm2) was observed in the electroclinic SmA* phase. Such moderate
values of induced polarization in electroclinic SmA* phase were reported
previously in other chiral compounds [35,36] as well. PS changed almost
continuously at SmC* to SmA* transition. In de Vries type SmA* phase
such continuous change in Ps was reported before and this is expected as
in addition to usual electroclinic effect, here the induced polarization is
also a result of “the biasing of the molecular azimuthal distribution
perpendicular to the electric field”[35].
Near the SmA* to isotropic transition the measured data was fitted to
the mean field model 𝑃 = 𝑃 (1 −

) , [24] where TC is the SmA* to

isotropic phase transition temperature and β is the critical exponent of
second order parameter. TC is not found to deviate more than 1°C from
the observed data in the mixture. β is also found to be 0.21which is
comparable to the value (0.25) predicted by Landau theory at the cross
over (triclinic) point from 2nd order to 1st order transition [33,37].
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Figure 7.26: Temperature variation of PS of the mixture.
To explore the bias dependence of PS, spontaneous polarization was
measured as a function of voltage at two particular temperatures in two
different phases as shown in figure 7.27. In SmC* phase switching was
observed at a minimum field of 0.12V/µm, however, in SmA* phase
about twenty times more field was required (2V/µm) to observe the
switching. But due to noise in signal at low voltage, PS could be reported
only at a minimum voltage of 4V/µm. In both phases PS was found to
increase with applied voltage and ultimately reached saturated
polarization at a field of ~19 V/µm. PS was also measured with
decreasing voltage to see the hysteresis effect. In SmC* phase
appreciable hysteresis was observed, which might be useful in terms of
memory effects in FLC [38]. In SmA* phase also hysteresis could be
observed, but the effect is less than that in SmC* phase.
Similar increase of induced polarization with applied electric field in
electroclinic de Vries type SmA* phase was reported before [35]. For de
Vries like SmA* phase, this variation can be explained if we consider the
reorientation of the molecular dipoles in presence of electric field is of
Langevin type and assume that the effective dipole moment (μeff) will
also increase with the applied field [35]. μeff can be calculated from the
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relation 𝜇

= 𝜋𝑑( ) 𝑃 derived from Langevin formula [35], where

𝜉 is the correlation length within a layer, d is the layer spacing and PS is
induced polarization. The effective dipole moment has been calculated
for the mixture in SmA* phase (77⁰C) as a function of applied voltage
and is shown in figure 7.28.

Figure 7.27: Field variation of PS in a) SmC* and b) SmA* phases.

Figure 7.28: Dependence of effective dipole moment on applied field in
SmA* phase (77⁰C).
μeff increases with applied voltage as expected and reached a saturation
value of ~ 0.32 D near 19V/μm. The saturated value of the dipole
moment is comparable with the perpendicular component of molecular
dipole moment of 7F3R (0.47D), obtained by optimising the molecular
structure as discussed in section 7.3.3.
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7.4.5 Optical tilt angle (θ)
The optical tilt angle of the mixture was measured in both SmC* and
SmA* phases with an applied voltage of 16V/µm as shown in figure
7.29. The θ was found to decrease with temperature as expected. Highest
tilt in SmC* phase was 20.6°. Even in SmA* phase it was as high as 17°,
which established the electroclinic behaviour of the compound once
again. For the ease of comparison the X-ray and optical tilt of the mixture
and 7F3R are shown together in figure 7.30. The optical tilt of the
mixture was found to be much less compared to the dopant 7F3R but it
was found to be comparable but marginally higher than X-ray tilt. In the
mixture tilt angle was also measured at a particular temperature in SmA*
phase as a function of applied voltage and is shown in figure 7.30. This
clearly shows that induced tilt is linear function of applied field at low
field region and at higher field it saturates.

Figure 7.29: Temperature variation of optical tilt of the mixture.
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Figure 7.30: Bias dependence of optical tilt of the mixture at temperature
89°C (SmA*).

Figure 7.31: The X-ray and optical tilt of mixture and 7F3R.

7.4.6 Response time (τ)
Response time is one of the most important parameter from application
perspective. In pure 7F3R the highest rise time in SmC* phase was found
to be 300µs. In the mixture the response time decreased significantly
probably because of lower viscosity which makes the mixture more
suitable for fast display applications. Temperature dependence of τ,
measured at a voltage 11V/µm for the mixture is shown in figure 7.32. In
SmC* phase τ was found to be ~ 215 µs. In SmA* phase it decreased
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again. The maximum value of response time in SmA* phase was found
to be ~190μs. Though this value is higher than in many electroclinic
compounds [36], but response time in order of few hundred microsecond
had also been reported before for electroclinic de Vries type compounds
[35,39].

Figure 7.32: Temperature variation of rise time of the mixture.

7.5 Conclusion
The compound 7F3R, having highest number of fluorine atoms in the
chain, exhibits SmC* phase for the widest span of temperature among the
selected compounds. The compound is also found to have de Vries type
SmA* phase. It showed both GM and SM relaxation modes. It showed
high optical tilt and sharp electrical response time. An FLC mixture is
obtained by doping 30% 7F3R in an achiral pyrimidine based host
mixture, for the lower homologue 4R3R minimum 40% doping was
necessary for inducing polarity. While the dopant produce ferroelectric
phase from 75.5oC, the mixture is found to exhibit ferroelectric SmC*
phase from below room temperature and the phase is found to exist over
a wide temperature range. It also shows SmA* phase before melting into
isotropic phase. Further, the SmA* phase is found to exhibit partial de
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Vries type property and electroclinic effect. In the low temperature
region of SmC* phase the layer spacing of the mixture is in between the
host and the dopant while the tilt is found to be much higher in the
mixture than in the host and the dopant. It was found to have moderate
spontaneous polarization. Optical tilt of around 20° at room temperature
and a response time of a few hundred microseconds make the mixture
suitable to use in SSFLCDs. It is expected that problem of chevron defect
and hence reduced contrast ratio will be minimum since highest layer
shrinkage of in SmC* phase is 3%. Further, the mixture in SmC* phase
shows appreciable hysteresis which might be useful in terms of memory
effects in FLC.
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CHAPTER-8
Summary and conclusion
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The main objective of this dissertation was to characterise the phase
behaviour and study the dielectric, electro-optic, structural properties of a
few selected chiral liquid crystal compounds of the same homologous
series (1F3R, 2F3R, 3F3R, 4F4R, 4F5R, 5F3R, 6F3R, 7F3R), with
biphenyl benzoate core and fluorinated chains, whose molecular structure
differ only by the number of carbon atoms and the number of
oligomethylene spacers in the fluorinated chain. It was also proposed to
explore a relationship of their physical properties with change in their
molecular structures. Finally, it was proposed to formulate one multicomponent mixture using one of the above compounds as a dopant.
In the last five chapters we have discussed in detail the characterisation
of phases present in all these compounds and their structural, dielectric
and electro-optic properties. In the last chapter we have also presented
method of formulation and characterization of a room temperature
ferroelectric liquid crystal mixture by doping the longest chain compound
7F3R in an achiral multi-component host matrix. In this chapter the
major observations made in this dissertation and few insights on the
structure-property correlations will be highlighted.
Analysis of the optimised molecular structures reveals:
 In three oligomithylene spacer containing compounds (nF3R), both
dipole moment and optimised length are found to increase with
increasing number of fluorinated carbons, except at the transition
from 2F3R to 3F3R, where trend is opposite. This has been
depicted schematically in the figure 8.1. This is because after
addition of the third carbon, the fluorinated chain gets twisted in
the z direction (perpendicular to the plane of molecule) by almost
87⁰. Although in the remaining compounds it persists, but the
dipole moment and molecular length continue to increase due to
the addition of further carbon atoms.
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Figure 8.1: a) Optimised molecular length and b) Dipole moments of
compounds nFmR. For 4F4R and 4F5R, number of oligomethylene
spacers is plotted along x-axis.
 In all molecules dipole moments are found to be transverse.
 X and Y components of dipole moments change orientation with
respect to the Z component from 5F3R. This might be due to a
combined effect of the twist in the chain and the addition of extra 4
fluorinated carbon atoms. However, only change in sign of the Y
component dipole moment of 4F5R is observed compared to
4F4R.
 The molecular length increases after addition of oligomethylene
spacers (4F4R, 4F5R) as expected. However dipole moment
decreases compared to nF3R series.
 Conformation of 4F5R is substantially different from other
molecules. In 3F3R, 5F3R, 6F3R and even in 4F4R both the chiral
chain and the fluorinated chain are bent in the same direction of the
core while in 4F5R they are bent in the opposite directions.
A wide variety of orthogonal and tilted phases have been observed, ata-glance-view of which is presented in table 8.1. From studying the
phase sequence of the compounds it is observed:
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 The compound 1F3R, having just one carbon atom in the
fluorinated chain, exhibits three orthogonal smectic phases SmE*, SmB* and SmA*. When just one extra carbon atom is
added in the fluorinated chain, in 2F3R along with SmA* phase
three tilted phases are induced – SmJ*, SmF* and SmC*. In the
next higher homologue (3F3R) phase sequence remain same, but
SmA* phase disappeared and tilting of the molecules only in the
soft crystalline phase (SmJ*) changes from edge towards an apex
in the pseudo-hexagonal cell giving rise to SmG* phase.
Therefore, change of tilt occurs within two consecutive phases in
2F3R whereas no such change takes place in 3F3R.
Table 8.1: Phase sequence of the compounds.
Compound
1F3R

Phase sequence with transition temperatures (oC)
Crystal 80 SmE* 103 𝑆𝑚𝐵∗

121oC 𝑆𝑚𝐵∗ 127.5 SmA* 151 Iso

2F3R

Crystal 68 SmJ* 83 SmF* 85 (SmF*+SmC*) 100 SmC* 129
SmA*135 Iso

3F3R

Crystal 65 SmG* 73.5 SmF* 75 (SmF*+SmC*) 83 SmC* 131 Iso

5F3R

Crystal 83 SmC* 139.5 Iso

6F3R

Crystal 83 SmC* 146.2 Iso

4F4R

Crystal 86.5 SmX* 98 SmC* 130.9 Iso

4F5R

Crystal 78 SmC* 132.5 Iso

7F3R

Crystal: 75.5 SmC* 148.0 SmA* 150.1 Iso

Mixture

15 ˂ SmC* 74.3 SmA* 101.4 Iso

 Hexagonal phases are observed only in 1F3R (orthogonal), 2F3R
(tilted) and 3F3R (tilted), but not in higher homologous.
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 Ferroelectric SmC* phase is observed in all except in 1F3R.
Stability or thermal range of SmC* phase increases with
fluorinated chain length and also with increasing oligomethylene
spacers. Lower stability in 4F4R compared to 3F3R is may be due
to the presence of a subphase (SmX*). This is depicted
graphically in figure 8.2.

Figure 8.2: Span of SmC* phase of different compounds. For 4F4R and
4F5R, number of oligomethylene spacers is plotted along x-axis.
 In 4F4R one subphase is observed below SmC*. Although this
phase shows many characteristics of ferrielectric SmC*γ phase,
but since the GM dielectric increment is found to be higher than
in SmC* phase, the new phase is termed as SmX* phase.
 Paraelectric SmA* phase is observed in 1F3R and 2F3R, then it is
found to be absent in the higher homologous. However, it
reappears in the phase sequence in the longest chain compound
7F3R. A major change in the conformations of the optimised
molecular structures and thus in the dipole moments is observed
from 3F3R. This results in a change in the intermolecular
interactions and probably plays an important role in the
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disappearance of SmA* phase. This effect is neutralized when
chain length increases substantially (7F3R) and reappearance of
SmA* takes place. It may further be added that even a subtle
change in the intermolecular interactions produces a significant
change in the phase behaviour of these kinds of self organized
soft materials.
Temperature evolution of frequency domain dielectric spectroscopy
gives considerable insight into the dynamics of the molecules within
different phases.
 Only in the SmB* phase of 1F3R short axis flip-flop mode of
molecular relaxation is observed.
 Both bond orientation order (BOO) phason and tilt phason
relaxation modes are observed in the SmF* phase. This is observed
in both 2F3R and 3F3R which exhibit this phase. To the best of
our knowledge for the first time both (BOO) phason and tilt
phason are observed in a single compound.
 Maxwell-Wagner mode of relaxation is observed only in 1F3R,
2F3R, 3F3R and 6F3R. Since MW mode is related with the
accumulation of charge in the interface of heterogeneous materials,
thus its presence in certain compounds and absence in others might
be related with the purity of the samples.
 Goldstone mode is observed in SmC* phase of all compounds.
Temperature dependences of its critical frequency and dielectric
increment are explained in the light of generalized Landau theory.
 Soft mode relaxation is observed only compounds having both
SmA* and SmC* phases. Thus SM is observed only in 2F3R and
7F3R (also in the mixture) throughout the SmA* phase and also in
SmC* phase but in the vicinity of SmC*-SmA* transition.
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 Soft mode relaxation is not observed in any other compounds,
neither in SmC* phase (3F3R, 4F4R, 4F5R, 5F3R and 6F3R) nor
in SmA* phase (1F3R). When a material is cooled down from
orthogonal SmA* phase to the tilted SmC* phase, the elastic
constant, responsible for keeping the molecules perpendicular to
the smectic layer, softens considerably. Due to softening of the
restoring force, when an AC signal is applied, the molecules
vibrate by making their tilt angles fluctuate. This gives rise to the
soft mode relaxation. Thus it is hypothesized that soft mode
relaxation cannot be observed in any substance where SmA*SmC* phase transition is absent.
 In nF3R series of compounds Goldstone mode critical frequency is
found to increase with fluorinated chain length. Thus it shows a
direct correlation with the dipole moments of the molecules. GM
critical frequency also found to increase with increasing
oligomethylene spacers. Dielectric increment also increases with
chain length in these compounds with two exceptions. Δε of 3F3R
is found to be marginally less than that of 2F3R, which may be due
to smaller moment of 3F3R. Δε decreases sharply in the longest
chain compound 7F3R becoming the least of all the compounds.
Δε is the highest in 4F4R but decreasing once again in 4F5R.
However, dipole moment of 4F5R is less than 4F4R. Thus there is
also a direct correlation between the dielectric increments and
dipole moments of the molecules, only exception being 7F3R
These correlations are shown in figure 8.3.
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Figure 8.3: Variation of Goldstone mode a) dielectric increment (Δε) and
b) critical frequency (fC) of nFmR. For 4F4R and 4F5R, number of
oligomethylene spacers is plotted along x-axis.
Structures of several higher order smectic phases of 1F3R, 2F3R, 3F3R
are confirmed by synchrotron X-ray diffraction studies. Notable
observations are as follows:
 The existence of two variants of SmB* phase has been confirmed
in 1F3R. Cell parameters of these two phases along with of SmE*
phase have been determined. Existence of a pseudo-hexagonal
lattice with herringbone structure is confirmed in these phases.
 All the orthogonal phases of 1F3R are found to be partially
bilayer type, which is observed, to the best of our knowledge, first
time in a chiral system.
 The existence of tilted hexagonal SmF* phase has been confirmed
in 2F3R and 3F3R. On further cooling soft crystal like hexagonal
SmJ* phase is formed in 2F3R, undergoing a change in the tilt
direction, but in 3F3R, SmG* phase is formed without any change
in tilt direction. A coexistence phase of (SmC*+SmF*) is also
observed in a certain temperature range in both the compounds.
Cell parameters of SmF*, SmJ* and SmG* phases in 2F3R and
3F3R have also been determined.
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 The SmA* phase of 2F3R and 7F3R is found to have de Vries
type characteristics. Negative thermal expansion is also observed
in these compounds in SmC* phase which signify possibility of
reduced chevron defects in display.
 The ratio of the layer spacing (d) to the optimised molecular
length (l) in SmA* phase is found to be the highest in the shortest
chain compound 1F3R (1.07) and lowest in the longest chain one
7F3R (0.88) indicating a clear decreasing trend with increasing
fluorinated chain length.
From the electro-optic response of the compounds the following
observations are worth noting:
 In compounds with three oligomethylene spacers (nF3R) the
highest value of spontaneous polarisation (PS) in SmC* phase is
found to increase with increasing fluorinated chain length,
schematically shown in figure 8.4. With the addition of another
oligomethylene spacer also it is found to increase and it attains the
highest value in 4F5R.

Figure 8.4: Highest value of spontaneous polarization of all compounds
having SmC* phase.
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Figure 8.5: Highest value of response time of compounds nFmR. For
4F4R and 4F5R, number of oligomethylene spacers is plotted along xaxis.

 Response time (τ), the most significant parameter for display
applications, is found to be the minimum in 2F3R meaning it
shows fastest response to a square pulse. It is highest in 7F3R but
increases further in compounds with more oligomethylene spacers
which is schematically shown in figure 8.5. Rotational viscosity is
also found to vary in a similar fashion. From these observations it
may be inferred that both flexibility and dipole moment of the
molecules play important role in their response to electric field
A few important selected parameters of the compounds have been
gathered in table 8.2 for ease of comparison.
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Table 8.2: Few selected parameters of the compounds.
Compound

ΔTC*
(⁰C)

Dipole
moment
(D)

Optimised
molecular
length (Å)

ΔεGM

fCGM
(Hz)

Rotational
viscosity
(Pas)

PS
(nC/cm2)

Response
time (μs)

1F3R
2F3R
3F3R
4F4R
4F5R
5F3R
6F3R
7F3R

.......
29.0
48.0
32.9
54.5
56.5
62.9
72.5

6.60
6.75
6.48
6.12
5.65
6.53
6.52
6.55

32.58
33.75
33.48
33.82
36.72
35.19
36.46
37.01

…..
140
135
280
123
143
166
30

…..
1300
1285
420
1100
1600
1850
4100

…..
0.05
0.28
0.26
0.51
0.50
0.44
0.34

…..
28.0
35.0
46.5
50.7
39.0
40.5
42.1

…..
80
200
810
214
112
93
300

Finally by doping 7F3R, having highest thermal range of SmC* phase,
in a four-component achiral pyrimidine based host matrix a ferroelectric
liquid crystal mixture has been formulated, the following characteristics
of which are worth mentioning:
 While the dopant exhibits ferroelectric SmC* phase at as high as
75.5oC, in the mixture it is induced from below room temperature
and the phase is found to exist over a wide temperature range.
 The mixture also shows SmA* phase which is found to exhibit
partial de Vries type characteristics and electroclinic effect.
 In the low temperature region of SmC* phase the layer spacing of
the mixture is in between the host and the dopant while the tilt is
found to be much higher in the mixture than in the host and the
dopant.
 At room temperature moderate value of spontaneous polarization,
tilt of around 20° and a response time of a few hundred
microseconds make the mixture suitable to use in SSFLCDs. It is
expected that problem of chevron defect and hence reduced
contrast ratio problem will be minimum since the highest layer
shrinkage in the SmC* phase is 3%.
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