
Investigation on the physical properties
of unconventional nematic liquid crystals

Aesis submitted to University of Hyderabad for the award of the
degree of

Doctor of Philosophy

in Physics

by

Paladugu Sathyanarayana
(07PHPH08)

School of Physics

University of Hyderabad

December 2012

http://www.uohyd.ernet.in/index.php/academics/schools-of-study/physics
http://www.uohyd.ernet.in


Family & Friends



Declaration

I, Paladugu Sathyanarayana, hereby declare that the work presented in this thesis has
been carried out by me under the supervision of Dr. Surajit Dhara, School of Physics,
University of Hyderabad, Hyderabad, India, as per the Ph.D. ordinances of the Uni-
versity. I declare, to the best of my knowledge, that no part of this thesis has been
submitted for the award of a research degree of any other University.

(Paladugu Sathyanarayana)
Reg. No: 07PHPH08.



Certificate

is is to certify that the thesis work entitled Investigation on the physical proper-
ties of unconventional nematic liquid crystals being submitted to the University of
Hyderabad by Paladugu Sathyanarayana (Reg. No. 07PHPH08), for the award of the
degree of Doctor of Philosophy in Physics, is a record of bonaĕde work carried out by
him under my supervision.

e matter embodied in this report has not been submitted to any other University or
Institution for the award of any degree or diploma.

Dr. Surajit Dhara,
esis Supervisor,
School of Physics,

University of Hyderabad.

Dean,
School of Physics,
University of Hyderabad.



A word of Gratitude

During the past ĕve years at the university, I had the chance to meet lots of new and
interesting people. rough discussions with people in my surroundings I was able to
gain new insights and ideas or overcome problems I had encountered in the course of
my work. Sometimes the interactions were not exclusively work-related and in those
times I enjoyed the company of these people. All of them helped me in a certain way.
erefore, it is impossible to thank every single one personally. Nevertheless, a few
people deserve a personal thank you.

First and foremost I would like to thank my thesis advisor Dr. Surajit Dhara. His
direction and knowledge were an invaluable part of this process. I admire his candour
about my strengths and weaknesses.

I am grateful to Prof. V. S. S. Sastry and Prof. K. P. N. Murthy for many valuable
academic discussions and suggestions. I take this opportunity to thank Prof. S. N.
Kaul, Prof. S. R. Shenoy, Prof. M. Sivakumar and Prof P. K. Suresh for theoretical
course-work at the beginning of my research career. I am grateful to Prof. S. Dutta
Gupta and Dr. S. Srinath for helping me in various ways.

I thank Prof. Ivan Smalyukh for giving me an opportunity to attend I-CAMP’12 sum-
mer school. I also thank all the collaborators for providing the samples.

I have been fortunate to have Dr. T. Arun Kumar as my senior. He has given me
invaluable feedback and has helped reĕne my work. I learned many scientiĕc aspects
as well as about various other techniques from him.

I would like to extend my warm thanks to all my other lab-mates M. Eswara Reddy, J.
Ananthaiah, B. Uday Kumar and Venkata Sai for their assistance. I wish all the best to
young juniors M. V. Rasna, Rasmita Sahoo and K. P. Zuhail.

I am happy to acknowledge Dr. Trivikram Rao, Dr. Sai Preeti, Dr. Jayasri, Dr. Ra-
jeswari and Kamala Latha for their support and guidance.

I thank former Deans, Prof. Vipin Srivatsava and Prof. C. Bansal and present Dean,
Prof. S. P. Tewari, for providing needful facilities, and all the other faculty members
of School of Physics for their enlightening suggestions.



v

My heartiest thanks to my friends M. Suman Kalyan, M. Bala Murali Krishna, Regina
Jose, otreithem Hongray, V. V. G. Krishna Inavalli, S. Siva Nasarayya Chari, S. Sai
Priya, V. Yashaswini, S. Bhaskar, P. Suresh, H. Sekhar and T. Vidya Sagar for the won-
derful time we shared.

I would like to thank our seniors Ch. Ravi Kumar, M. Ramudu and B. Yugandhar for
their help with LabVIEW. I also thank Brindaban Kundu for his help with Mathemat-
ica programming.

I would like to extend my warm thanks to friends in School of Chemistry O. An-
janeyulu, P. Sashikanth Reddy and V. Shivaranjan Reddy for their support and help.

I express my deep gratitude to my seniors, well wishers and friends.

Special thanks to UoH football group where I used to forget surroundings.

I thank T. Abraham, Shailaja, Prasad and other non-teaching staff for their help and
support. I thank Vasudha (RRI) for the help in X-ray studies.

Financial support provided by University of Hyderabad and UGC is gratefully ac-
knowledged. I also thank UPE Phase-II for travel support.

I also thank my cousins Venkatesh, Vijaya and Shobha for love and enduring support.

Last but the MOST, I would like to express my deep sense of gratitude to my parents
and siblings, for their unconditional love and encouragement throughout.

Finally, I thank all those who have, directly or indirectly, helped me all along.



Preface

Liquid Crystal Displays (LCDs) play signiĕcant role in display information. ere are
various types of LCDs available in themarket. Almost all liquid crystal displays use ne-
matic liquid crystal mixtures and plenty of scopes are there to improve them. Effective
liquid crystal mixture should show chemical and photochemical stability, wide tem-
perature range of operation, low viscosity, optimized electric and optical parameters
and ability to be oriented by solid surfaces. To fulĕl these requirements, it is necessary
to understand the relation between physical properties and the structure ofmolecules.
e electrooptic properties of liquid crystals strongly depend upon the viscoelastic
properties. Elastic constants are molecular parameters and describes the restoring
forces in a liquid crystalline mediumwhen an external ĕeld distorts the medium from
its ground state, whereas rotational viscosity describes the rotation ofmolecule around
an axis perpendicular to the local director. Severalmolecular structureswere designed
to cover a wide range of elastic properties. In the past few years, bent-core liquid crys-
tals have created immense interest in the scientiĕc community because they show sev-
eral new liquid crystalline phases along with some known phases of calamitic liquid
crystals. Concomitantly efforts are made to synthesize liquid crystal with unconven-
tional shapes like, V, W, T etc. Many physical properties of these new liquid crystals
are not yet understood. is thesis is an attempt to study the structure-property cor-
relation of unconventional nematic liquid crystals. We have constructed experimen-
tal setup to measure various physical parameters of liquid crystal mixture of rod-like
and bent-core molecules, pure bent-core molecules, hockey stick shaped (asymmetric
bent-core) and T-shaped molecules.

e ĕrst chapter consists of a brief introduction to the liquid crystals and the physical
properties that are relevant in later chapters. We also discuss about various alignment
of liquid crystals in cells in this chapter.

e second chapter consists of all experimental techniques used for measuring the
physical properties of liquid crystals. All the phase transitions are observed using
optical polarizing microscope. Experimental techniques used for measurements of
sample thickness (d), birefringence (Δn), dielectric constants (ε||, ε⊥), splay (K11) and
bend (K33) elastic constants, rotational viscosity (γ1) and Ęexoelectric coefficients are
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explained brieĘy.

In the third chapterwe study the temperature dependence of birefringence (Δn), splay
(K11), bend (K33) elastic constants and rotational viscosity (γ1) of various concentra-
tions of the above mixture. We found that K11 and Δn remains almost constant for all
the concentrations, whereas K33 is always lower than K11 and further decreases with
increasing concentration of bent-core compound in the mixtures. Apart from a large
jump in Δn at the nematic-isotropic transition (NI) a signiĕcant jump in Δn at the
nematic-smectic transition (NS) is also observed that increases with increasing mol
% of the bent-core compound in the mixtures. Rotational viscosity increases by a fac-
tor of four when the concentration of the bent-core compound is increased from 0
to 10 mol %. e results are discussed on the basis of their structural similarity and
mutual alignment in the nematic phase.

e fourth chapter consists of measurements of the temperature variation of phys-
ical properties in ambient-temperature nematic liquid crystal mixture of bent-core
(BC) and rod-like molecules (5CB). We measured temperature dependence of bire-
fringence (Δn), static dielectric constants (ε||) and (ε⊥), splay (K11) and bend (K33)
elastic constants, rotational viscosity (γ1) and diffusion coefficients (D|| and D⊥) of
a microsphere. Both Δn and ε|| decrease rapidly with increasing BC concentration,
whereas ε⊥ remains almost constant. At a shied temperature (e.g., T − TNI = −10
◦C, where TNI is isotropic-nematic transition temperature), K11 increases by ∼ 50%
and K33 decreases by∼ 80% compared to pure 5CB when the BC concentration is in-
creased to ∼ 43 mol %. Viscosities parallel and perpendicular to the director (η||, η⊥)
which are nearly equal to the Miesowicz viscosities η2 and η3, respectively, were ob-
tained by D|| and D⊥ using the Stokes-Einstein relation. Both the viscosities at room
temperature increase by 60 and 50 times, respectively, whereas γ1 increases by 180
times (at ∼ 43 mol %) compared to the corresponding values of pure 5CB. e stiff-
ening ofK11 and exorbitantly large enhancement in all the viscosities at a highermol%
of bent-core compound indicates that the viscoelastic properties are highly impacted
by the presence of smectic clusters of BC molecules that result from the restricted free
rotation of the molecules along the bow axis in the nematic phase. A possible attach-
ment model of smectic type clusters of BC molecules surrounding the microparticle
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is presented.

In the ĕh chapterwe study the physical properties of a pure bent-core nematic liquid
crystal. We show that in the vicinity of the nematic-isotropic transition temperature
K33 is proportional to the square of the order parameter. In the nematic range K11 in-
creases monotonically with decreasing temperature, whereas K33 is practically inde-
pendent of temperature and is smaller thanK11. K33 exhibits a pretransitional slow di-
vergence toward the smectic transition temperature and becomes slightly larger than
K11. e small K33 is explained on the basis of strong coupling of the bent shape of the
molecules with the bend distortion. Measurement of the rotational viscosity is per-
formed by measuring the decay time of the optical phase retardation of the sample. In
the nematic phase, γ1 ≃ 0.25 Pa s (e.g., at T − TNI ≃ −35 ◦C), which is only slightly
larger than the values known for several conventional calamitic nematic liquid crys-
tals. γ1 starts to increase rapidly below a reduced temperature, T − TNI ≃ −45 ◦C
showing the effect of short-range smectic Ęuctuations. e temperature dependence
of γ1 far from the nematic to smectic-C transition temperature is ĕtted well with the
Osipov-Terentjev theory.

e sixth chapter consists of measurement of birefringence, dielectric constant, splay
andbend elastic constants and rotational viscosity in the nematic phase (N) of a hockey
stick-shaped compound exhibiting smectic-A (SmA) and anticlinic smectic-C (SmCa)
phase transitions at lower temperature. It is found that the physical properties are sig-
niĕcantly different than calamitics and partially similar to the bent-core liquid crys-
tals. It exhibits the positive dielectric and the negative elastic anisotropy. e optical
and the thermal measurements show that all the transitions are ĕrst order. e ro-
tational viscosity is comparatively higher than that of calamitic liquid crystals and
exhibits weak pre-transitional divergence. e temperature dependent static dielec-
tric measurements indicate antiparallel correlation of both the longitudinal and the
transverse components of dipole moments in the two smectic phases. e parallel
component of the dielectric constant exhibits a single Debye type relaxation in all the
phases. e activation energy in the nematic, SmA and SmCa phases are compar-
atively larger than that of the respective phases of calamitic liquid crystals and can
partially be attributed to the higher rotational viscosity of the hockey stick-shaped
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molecules.

e seventh chapter consists of measurement of splay K11 and bend K33 elastic con-
stants in the nematic phase of a liquid crystal with T-shaped molecules. We ĕnd that
the ratio, K33/K11 is ≃ 1 in the entire nematic range except very close to the nematic
to SmA (SN) transition. Both K33 and K11 show pretransitional divergence as the SN
transition is approached from higher temperature. e ratio, K33/K11 suggests that
the length L to effective widthD ratio i.e., L/D is signiĕcantly smaller due to the pres-
ence of long and Ęexible lateral group, compared to that of rigid rodlike molecules. It
is argued that apart from the extra contribution to the elasticity the long and Ęexible
lateral group also has a signiĕcant contribution to the suppression of the splay Ęuctua-
tions at the onset of smectic short-range Ęuctuations. e structure of the SmA phase
is also investigated using small angle X-ray diffraction, and a possible arrangement of
the molecules in the SmA layer is proposed.

In the last chapter (eighth chapter) we study the temperature variation of Ęexo-elastic
coefficient (e∗/K) of a host calamitic liquid crystal (RO) and its mixture with two
guest bent-core (BC-120 and BC-60) liquid crystals. ese bent-core (BC) molecules
have different core structures and their bent angles are θ ≃ 120◦ and ≃ 60◦ respec-
tively. We ĕnd that e∗/K is independent of temperature and decreases rapidly with
increasing concentration of BC-120 molecules and changes sign from positive to neg-
ative. In mixtures with BC-60, e∗/K is always positive and its concentration depen-
dent variation is not unique. At 7 mol % it is signiĕcantly large (3 times) near the
nematic-isotropic transition and decreases strongly with reducing temperature. Di-
electric measurement suggests antagonistic orientation of the dipole axes (arrow axes)
of the two BC molecules in the host liquid crystal and based on this the opposite sign
of e∗/K is explained.
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1
Introduction

1.1 Liquid crystals

L  is an intermediate state of matter between that of a crystalline

solid and an isotropic liquid. Liquid crystals possess many of themechanical

properties of liquid, e.g., high Ęuidity, inability to support shear, formation,

and coalescence of droplets. At the same time they exhibit crystalline properties such

as anisotropy in their optical, electrical, and magnetic properties [1, 2]. Liquid crys-

tals were discovered by an Austrian botanist Fredrich Reinitzer in 1888. ey are

found among organic compounds with molecular shape anisotropy. ey are classi-

ĕed into two types namely thermotropic and lyotropic. ermotropic liquid crystals

exhibit mesophases as a function of temperature whereas lyotropic liquid crystals ex-

hibit mesophases as a function of its concentration in solvent [3, 4]. Conventional

liquid crystals are mostly made of rod and disc-like molecules. In this thesis we re-

port on the physical properties of some unconventional thermotropic liquid crystals.

1
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1.2 Types of liquid crystals

Shape anisotropy is an essential requirement for exhibiting liquid crystalline phase.

Depending on the shape of the molecules, thermotropic liquid crystals are classiĕed

into three categories [5, 6]. (i) Calamitic, (ii) Discotic and (iii) Bent-core liquid crys-

tals. ey are basically composed of rod-like, disc-like and bent-core molecules, re-

spectively. Schematic representation of these molecules are shown in ĕgure 1.1.

...

(i)

.

(ii)

.

(iii)

Figure 1.1: Schematic representation of (i) Calamitic, (ii) Discotic and (iii) Bent-coremolecules.

1.2.1 Calamitic liquid crystals

A typical calamitic liquid crystal consists of rigid core with Ęexible side chains. e

physical properties are widely inĘuenced by the nature of the core and the side chains.

ere are different liquid crystal phases (mesophases) formed by calamitic mesogens.

1.2.1.1 Nematic phase

euniaxial nematic (N) phase is the simplest phase among all the knownmesophases.

e word nematic comes from the Greek word nema, which means thread. read

like structures are seen when we observe nematic phase under polarizing microscope.

In the nematic phase molecules have no positional order but they tend to align with

their long axes parallel to each other in a particular direction. e direction is called
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... n̂

Figure 1.2: Schematic representation of the molecular arrangement of rod-like molecules in the
nematic phase, where n̂ is the director.

director, represented by n̂which is apolar in nature i.e. n̂ and−n̂ are equivalent. Since

there is no long-range correlation between the centres of mass of the molecules they

can translate freely.

1.2.1.1.1 Order parameter

e order parameter is a measure of order in the relevant phases. In nematic liquid

crystal the orientational order parameter describes the average orientation of the long

axes of the molecules with respect to the director. To deĕne the local orientation at

a point r⃗ = (x, y, z), following de Jeu [4], let us assume that the molecule is a rigid

rod with a unit vector â along the long axis. Now consider the thermal average of

the relevant tensor that are composed into â, over a microscopic volume around r⃗.

e ĕrst choice is a vector order parameter ⟨â⟩, where the angular brackets denote

the ensemble average. e unit vector â will be zero in the nematic phase because n̂

and−n̂ are physically equivalent. e next choice of order parameter is a second rank

tensor S, the elements of which are given by

Sαβ = ⟨aαaβ⟩ −
1
3
δαβ α, β = x, y, z (1.1)
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e addition of Kronecker delta ensures that Sαβ is zero in the isotropic phase where

⟨a2α⟩ = 1
3 . e tensor order parameter is symmetric and traceless and has ĕve inde-

pendent elements. In the principal coordinate system the above tensor can be written

in diagonal form. For the uniaxial case, the most general form of order parameter

ĕeld in the nematic phase is given by

Sαβ (⃗r) = S
(
nα (⃗r)nβ (⃗r)−

1
3
δαβ

)
(1.2)

where S is a measure of the degree of alignment of the long axis of the molecules

along n̂(⃗r) and the expression in the parenthesis describes the spatial variation of n̂(⃗r)

from point to point. n̂ is independent of r⃗ in a well-aligned nematic. For cylindrically

symmetric molecules the scalar order parameter is deĕned as [1]

S = 3⟨cos2 θ − 1⟩
2

(1.3)

where the angular brackets represent the ensemble average and θ is the angle made

by the molecule with the director. In a perfectly aligned sample S = 1, whereas in

the isotropic phase S = 0. Usually the value of S in a nematic liquid crystal varies

from ≃ 0.3 to 0.8 with temperature. e order parameter can be directly related to

certain experimentally determined quantities, for example diamagnetic and dielectric

anisotropy, birefringence etc [3].

1.2.1.2 Cholesteric phase

Cholesteric phase is observed when the molecules are chiral or chiral dopant is added

to nematic liquid crystals. Alongwith long-range orientational order, spacial variation

of director also exists which causes helical structure. If we move along helix axis the

local director rotates. A full rotation of n̂ is completed by a distance p, called pitch. e

repetition period is p/2 since n̂ and−n̂ are equivalent. A schematic representation of
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the molecular arrangement of rod like molecules in the cholesteric phase is shown in

ĕgure 1.3.

... p
2

.

Figure 1.3: Schematic representation of the molecular arrangement of rod-like molecules in the
cholesteric phase. Half pitch is indicated by p/2.

1.2.1.3 Smectic phases

In smectic phases the molecules form layered structures. ese phases show orienta-

tional order along with some positional order. e molecules are preferably pointing

in one direction, just like in the nematic phase. In the layer the centres of mass of

the molecules are random i.e. liquid-like. ere are several different types of smectic

mesophases.

1.2.1.3.2 Smectic-A (SmA)

In smectic-A phase the long axes of molecules are parallel to the layer normal ẑ. e

interlayer attractions are relatively weak and the layers can slide over one another rel-

atively easily and each layer behaves as a two dimensional liquid [2]. If the molecules

are symmetric and non-polar, in the smectic-A phase the layer spacing (d) is approxi-

mately equal to the molecular length (l). A schematic representation of the molecular

arrangement of rod-like molecules in the SmA phase is shown in ĕgure 1.4.
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.... n̂.. ẑ

Figure 1.4: Schematic representation of the molecular arrangement of rod-like molecules in the
SmA phase, where n̂ is the director and ẑ is layer normal.

1.2.1.3.3 Smectic-C (SmC)

In smectic-C phase the long axes of themoleculesmake an angle with the layer normal

ẑ. e tilt angle θ (polar) reduces the layer thickness. e azimuthal angle φ does not

affect the layer thickness. So at any temperature, the amplitudes of θ Ęuctuations of the

director are small compared to those of the φ Ęuctuations. A schematic representation

of the molecular arrangement of rod-like molecules in the SmC phase is shown in

ĕgure 1.5.

1.2.1.3.4 Anticlinic smectic-C (SmCa)

In anticlinic smectic-C phase the long axes of molecules make an angle with the layer

normal ẑ similar to SmC but the angle changes its sign as we move from layer to layer.

A schematic representation of themolecular arrangement of rod-likemolecules in the

SmCa phase is shown in ĕgure 1.6.
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ˆ
ˆ

ˆ

ˆ

ˆ

ˆ

Figure 1.5: Schematic representation of the molecular arrangement of rod-like molecules in the
SmC phase, where n̂ is the director and ẑ is layer normal.

Figure 1.6: Schematic representation of the molecular arrangement of rod-like molecules in the
SmCa phase.

1.2.1.3.5 Smectic-C* (SmC*)

If a smectic-C phase is composed of chiralmolecules, the chiral interactions lead to the

formation of helical structure and the phase is called smectic-C* (SmC*). e helix is

formed by precession of the tilt direction about an axis perpendicular to the layer with

a characteristic pitch. e helix can be either right or le handed depending on the
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chirality of the constituent molecules. e helix of the smectic-C* can be unwound

either by surface interactions or by the application of strong electric ormagnetic ĕelds.

e tilt angle θ (polar) remains the same whereas the azimuthal angle φ varies as we

move from layer to layer. A schematic representation of the molecular arrangement

of rod-like molecules in the SmC* phase is shown in ĕgure 1.7.

Figure 1.7: Schematic representation of the molecular arrangement of rod-like molecules in the
SmC* phase.

1.2.2 Discotic liquid crystals

e liquid crystals composed of disc-like molecules are called discotic liquid crystals.

Discotic liquid crystals usually consist of a rigid, Ęat core unit and Ęexible side chains,

which are surrounding this core [7].

1.2.2.1 Nematic discotic phase

e nematic phase for discotic liquid crystals is quite similar to the one for calamitic

mesogens. Again, there is only orientational order. e nematic phase is less common
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in discotic liquid crystals, as the discotic molecules have a great tendency of assem-

bling in columns, forming columnar phase. A schematic representation of the molec-

ular arrangement of disc-like molecules in the nematic phase is shown in ĕgure 1.8.

...

n̂

Figure 1.8: Schematic representation of the molecular arrangement of disc-like molecules in the
nematic phase, where n̂ is the director.

1.2.2.2 Columnar discotic phase

In columnar discotic phases the cores ofmolecules are aligned in columns, surrounded

by the side chains. ese columns can then be arranged in various ways, for example

in a hexagonal or a rectangular lattice. A schematic representation of the molecu-

lar arrangement of disc-like molecules in the columnar hexagonal phase is shown in

ĕgure 1.9.

Figure 1.9: Schematic representation of the molecular arrangement of disc-like molecules in the
hexagonal columnar phase.

1.2.3 Bent-core liquid crystals

Liquid crystals exhibited by bent-core molecules show various mesophases and they

are mostly different from the ones exhibited by rod-like and disc-like molecules [8].

e new phases exhibited by them are labelled as Bn phases [9, 10]. e letter B stands
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for banana or bent-core or bow shapedmolecules, and the suffix ‘n’ corresponds to the

sequence of discovery of different phases. Occasionally the bent-core molecules also

show nematic and smectic phases.

1.2.3.1 B1 phase

In this phase the bent-core molecules are arranged in a 2D rectangular columnar

structure. It has two lattice parameters a and b as shown schematically in ĕgure 1.10.

is phase is observed in compounds with relatively short alkyl chains. Aromatic

cores and alkyl chains of the molecules overlap only near column boundaries. Re-

cently, it has been shown that B1 phase can exhibit several sub-phases which some-

times show switching properties.

.....

a

..

b

Figure 1.10: Schematic representation of the molecular arrangement of bent-core molecules in
the B1 phase.
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1.2.3.2 B2 phase

In this phase molecules form polar and chiral layer structures. ese structures arise

as molecular bows point in the same direction in one layer (giving rise to layer polar-

ization) and molecular long-axis tilted from the layer normal, as in the case of SmC

phase. is phase is observed in compounds with long alkyl chains. e layer has

no mirror plane and becomes chiral even though the molecules are achiral. As the

symmetry is broken spontaneously, structures of opposite chirality are equally prob-

able [11]. B2 phase is identical as SmCP phase (P stands for polar). ere are two

macroscopic racemic layer structures (SmCSPA and SmCAPF) and two macroscopic

chiral structures (SmCAPA and SmCSPF), each showing two enantiomeric structures

as shown in table 1.1 [11]. A schematic representation of the molecular arrangement

of bent-like molecules in the B2 phase is shown in ĕgure 1.11.

P

P

Figure 1.11: Schematic representation of the molecular arrangement of bent-core molecules in
the B2 phase.

1.2.3.3 B6 phase

In this phase themolecules form an intercalated Ęuid lamellar (smectic) structurewith

layer spacing equal to half the length of the molecules with short chains. Cores and

chains overlap signiĕcantly. A schematic representation of the molecular arrange-

ment of bent-like molecules in the B6 phase is shown in ĕgure 1.12. is phase is
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SmCPphase
C: tilted
SC: Syn-
clinic
AC:Anticlinic

Antiferroelectric ferroelectric
SC AC SC AC

SmCSPA SmCAPA SmCSPF SmCAPF

Table 1.1: Side view of bent-coremolecules in a layer structure.

observed in compounds with very short alkyl chains and they have weak transverse

anti-ferroelectric order. e molecules do not switch under an electric ĕeld.

Figure 1.12: Schematic representation of the molecular arrangement of bent-core molecules in
B6 phase.

1.3 Physical properties

In this section, we discuss some physical properties, that are measured in the later

chapters.
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1.3.1 Optical properties

1.3.1.1 Refractive index

Refractive index is the property of amaterial that determines the relative speed of light

in thematerial. In the case of liquid crystals, the speed of light for polarisation parallel

to the director is different from that for the perpendicular direction. e uniaxial

nematic phase has two principal refractive indices called ne and no. e suffixes ‘e’

and ‘o’ stand for extraordinary and ordinary rays respectively. For a nematic, ne = n||
and no = n⊥, where the parallel and perpendicular directions are deĕned in relation

to the director. e average value of the refractive indices in the nematic phase is given

by

⟨n2⟩ = 1
3
(n2|| + 2n2⊥). (1.4)

1.3.1.2 Birefringence

e birefringence is given by

Δn = ne − no = n|| − n⊥ (1.5)

which is usually positive and varies from 0.01 to 0.2 [4, 12]. e optical anisotropy

Δn = n|| − n⊥ is deĕned by electronic polarizability anisotropy (ΔγE = γE|| − γE⊥),

measured parallel and perpendicular to the long molecular axis. However, Δn is used

to estimate the orientational order in liquid crystals using the relation

S ≈ Δn
Δn◦

(1.6)

where Δn◦ is the birefringence in fully aligned state when S = 1.
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1.3.2 Dielectric properties

1.3.2.1 Dielectric constant

Dielectric constant is a measure of the response of materials to an external electric

ĕeld. It depends on the intrinsic properties of the materials like distribution of the

charges in the molecules as well as the intermolecular interactions. For liquid crystals

which consist of non-polar molecules, the dielectric constant arises due to induced

polarization whereas for liquid crystals with polar molecules dielectric constant arises

not only from induced polarization but also from permanent dipoles which orient

themselves parallel to the ĕeld.

...
θ
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ẑ

.

γE⊥

.

γE||

Figure1.13: Schematic representationof theprincipal components of thepolarizabilities of liquid
crystal.

In liquid crystals, the dielectric constants ε|| and ε⊥ are measured with electric ĕeld

parallel and perpendicular to the director (n̂) respectively. e dielectric anisotropy

is given by Δε = ε|| − ε⊥. ese dielectric constants depend on orientational or-

der (S) of liquid crystal, the angle β between the molecular dipole and the axis of the

maximum polarizability of the molecule, the average molecular polarizability ⟨γE⟩ =

(γE|| + 2γE⊥)/3, and its anisotropy ΔγE = γE|| − γE⊥.
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Maier and Meier’s theory [13] gives the following expressions for the dielectric con-

stants

ε|| = 1 +
4πρ
M

NAhF
[
⟨γE⟩+ 2ΔγE

3
S+ F μ2

3kBT
(
1 − (1 − 3 cos2 β)S

)]
(1.7)

ε⊥ = 1 +
4πρ
M

NAhF
[
⟨γE⟩ − ΔγE

3
S+ F μ2

3kBT

(
1 +

1
2
(1 − 3 cos2 β)S

)]
(1.8)

where M is molar weight, h = 3⟨ε⟩/(2⟨ε⟩ + 1) is the cavity ĕeld factor, F = 1/(1 −

f⟨γE⟩) where f = (⟨ε⟩ − 1)/[2πa3(2⟨ε⟩ − 1)] is the reaction ĕeld factor for spherical

cavity and a3 = 3(μ/4π)NAρ is the cavity volume. From equations 1.7 and 1.8 the

average dielectric constant ⟨ε⟩ = (ε|| + 2ε⊥)/3 is given by

⟨ε⟩ = 1 +
4πρ
M

NAhF
[
⟨γE⟩+ F μ2

3kBT

]
(1.9)

and dielectric anisotropy is given by

Δε = ε|| − ε⊥ =
4πρ
M

NAhF
[
ΔγE − F μ2

2kBT
(1 − 3 cos2 β)

]
S. (1.10)

e relative magnitude of the two terms within the square brackets of equation (1.10)

determines the sign of Δε. When β < 55◦, the two terms add up and the compound

exhibits a positive dielectric anisotropy. For β ∼ 55◦, the second term vanishes and

only ΔγE contributes to Δε. For β > 55◦, Δε > 0 or < 0, depending on whether

the dipolar contribution is less or more than the contribution due to polarisability

anisotropy.

When a time-varying electric ĕeld is applied to the dielectric medium, a complex di-

electric permittivity describes the phase lag between the displacement D⃗ = ε∗E⃗ and

the external ĕeld E⃗ in the dispersion region of orientation polarizability. e complex

permittivity ε∗ is given by

ε∗ = ε′ − iε′′ (1.11)
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where ε′ and ε′′ are, respectively, the real and imaginary parts of ε∗. ey are given by

ε′ = ε(∞) +
ε(0)− ε(∞)

1 + ω2τ2D
(1.12)

ε′′ =
[ε(0)− ε(∞)]ωτD

1 + ω2τ2D
(1.13)

where ε(∞) is the permittivity at the high frequency limit, ε(0) is the static, low fre-

quency permittivity, ω is angular frequency and τD is the characteristic relaxation time

of the medium. e dielectric losses are given by

tan φ =
ε′′

ε′ − ε(∞)
= ωτD. (1.14)

ese dielectric losses cause electric current even in a purely insulatingmediumwhere

there are no free charge carriers. e magnitude of the electrical conductivity caused

by dielectric losses is given by σD = ε◦ε′′ω.

1.3.3 Viscoelastic properties

e viscoelastic properties of liquid crystals are very important. ese properties

mainly determine the behaviour of liquid crystals in external electric or magnetic

ĕelds. e controlling voltage, steepness of the transmission-voltage curve, response

time, etc. depends on the viscoelastic properties.

1.3.3.1 Curvature elastic constants

A nematic liquid crystal possesses curvature elasticity. In a uniformly orientated,

mono-domain sample of nematic liquid crystal, the director n̂ is independent of r.

When a distortion is induced and the derivatives of n̂(r) exist, an elastic restoring

torque comes into play tending to restore n̂(r) to the undistorted state. Any defor-

mation can be considered to be a combination of three basic curvature deformations.
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ese are called splay, twist and bend and the deformation free energy density is de-

ĕned as [1, 2, 14],

g = 1
2
[
K11(∇ · n̂)2 + K22(n̂ · ∇ × n̂)2 + K33(n̂×∇× n̂)2

]
(1.15)

where K11, K22 and K33 are the splay, twist and bend elastic constants respectively. e

constants are positive and usually K33 > K11 > K22 in rod-like molecules. e typical

magnitudes of these constants are∼ 10−12 N. A schematic representation of the splay,

twist and bend deformations is shown in ĕgure 1.14.

...

Splay

.

Twist

.

Bend

Figure 1.14: Schematic representation of the splay, twist and bend deformations.

1.3.3.2 Flow viscosity

Viscosity is a collective property resulting from the interaction of the molecules with

one another, it is strongly dependent on the molecular environment. ree principal

viscosities can be deĕne for nematic liquid crystals depending on the relative orien-

tation of the molecules with respect to the Ęow of the material. Depending on the

orientation of director with respect to Ęow direction the following viscosities are de-

ĕned.

(i) η1: director parallel to velocity gradient.

(ii) η2: director perpendicular to the velocity gradient (parallel to Ęow direction).
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Figure 1.15: The viscosity coefficients of a nematic liquid crystal. Arrows represent direction of
øow.

(iii) η3: director perpendicular to both velocity gradient and Ęow direction.

e three coefficients η1, η2 and η3 are called Miesowicz coefficients.

1.3.3.3 Rotational viscosity

Rotational viscosity (γ1) results when molecule rotates around an axis perpendicular

to the director. Rotational viscosity (γ1) is one of the most important parameter of

liquid crystal devices because it determines the electro-optical switching speed. e

magnitude of γ1 depends on temperature, intermolecular interactions, and themolec-

ular structure. For a liquid crystal slab of thickness d, γ1 is given by [15, 16]

γ1 =
τ◦K11π2

d2
(1.16)

where K11 is the splay elastic coefficient and τ◦ is the relaxation time. us γ1 can be

measured from the measurement of relaxation time (τ◦).
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1.3.4 Flexoelectricity

e nematic medium does not exhibit spontaneous polarization due to the apolar na-

ture of the director. A macroscopic polarization can be induced in a nematic liquid

crystal by splay and bend distortions of the director ĕeld. is was ĕrst proposed by

Meyer (1969) and named as Ęexoelectric effect [17]. e Ęexoelectric polarization is

given by,

P⃗ = e1(∇ · n̂)n̂+ e3(∇× n̂)× n̂ (1.17)

...
(a)

.
(b)

.

(c)

.

(d)

Figure 1.16: The dipolar model of splay (a, b) and bend (c, d) deformation and corresponding
polarization.

where e1 and e3 are the two Ęexoelectric coefficients corresponding to splay and bend

distortions respectively. According to Meyer’s model only nematics made of polar

molecules with shape anisotropy can be expected to exhibit Ęexoelectricity. For ex-

ample, a nematic consisting of pear shaped molecules with longitudinal dipole mo-

ments become polarized under splay distortion and a nematic made of banana shaped

molecules with transverse dipole moments becomes polarized under bend distortion.

In the undistorted state, the dipole moments of the molecules are oriented with equal

probability in opposite directions. ey cancel each other and the net dipole density

is zero.
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Another microscopic model was developed by Prost and Marcerou [18] in which

the Ęexoelectric effect arises due to quadrupolar moments of the molecules. e

splay deformation develops a net dipole moment and the medium gets polarized.

e quadrupolar contribution is independent of the shape of the molecules. e

quadrupolar contribution to Ęexoelectric effect is of the same magnitude as due to

dipolar contribution. Since all nematogenic molecules have ĕnite quadrupole mo-

ments, Ęexoelectric effect is an universal property of nematics.

1.4 Types of alignments

Alignment of liquid crystals on substrate is very important from technological point

of view [19, 20]. e uniform orientation of director also enables us to measure the

several physical properties such as birefringence, dielectric and elastic constants. We

discuss here three different alignments of liquid crystals that are relevant to the later

chapters.

.....

(a)

.

(b)

.

(c)

Figure 1.17: Schematic diagrams of the (a) homogeneous, (b) homeotropic and (c) hybrid align-
ments of themolecules.

1.4.1 Homogeneous alignment

emolecules can be aligned parallel to the plane of the glass plates by coating the glass

plates with appropriate polyimide and rubbing. is geometry is called homogeneous
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or planar geometry. e rubbing on polyimide generates micro-grooves along which

the long axes of the molecules are aligned. In the case of uniaxial nematic liquid crys-

tal the optic axis will be along the rubbing direction. A schematic representation of

homogeneous alignment is shown in ĕgure 1.17(a).

1.4.2 Homeotropic alignment

e molecules can be aligned perpendicular to the plane of the glass plate by coating

suitable polyimide on to the glass plate. is geometry is called homeotropic geom-

etry. In case of surfactant the head groups sit on the glass plate and the chains stay

perpendicular to the plane of the glass plate and give rise to the perpendicular align-

ment of the long axes of the molecules. A schematic representation of homeotropic

alignment is shown in ĕgure 1.17(b).

1.4.3 Hybrid alignment

In this geometry one plate is coated with polyimide and rubbed in speciĕed direction

to achieve planar alignment whereas other plate is coated with homeotropic align-

ment layer to achieve perpendicular direction. is geometry is used to measure Ęex-

oelectric coefficient. A schematic representation of hybrid alignment is shown in ĕg-

ure 1.17(c).

1.4.4 Freedericksz transition

e dielectric displacement D⃗ in a nematic liquid crystal is given by [21, 22]

D⃗ = ε◦ε⊥E⃗+ ε◦Δε(n̂ · E⃗)n̂ (1.18)
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...

(a) V < Vth

.

(b) V > Vth

.. E⃗

Figure 1.18: Schematic representation of director conöguration is shown (a) belowand (b) above
the threshold öeld respectively.

and the dielectric energy density of a nematic is given by

Wdiel = −
∫ E

0
D⃗ · dE⃗ = −1

2
ε◦ε⊥E⃗2 − 1

2
ε◦Δε(n̂ · E⃗)2 (1.19)

It is noted that the dielectric energy is lowered by an alignment of n̂ with respect to

E⃗, which depends on the sign of the Δε. In a uniformly aligned sample when an elec-

tric ĕeld is applied perpendicular to the director (Δε > 0) a distortion takes place

only when the strength of applied ĕeld exceeds a certain well deĕned threshold value.

is is called Freedericksz transition [12]. A schematic representation is shown in

ĕgure 1.18. e threshold voltage is given by

Vth = π
√

K11

ε◦Δε
(1.20)

where K11 is the splay elastic constant.
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2
Experimental Setup

I this chapter we brieĘy discuss the procedure of liquid crystal cell preparation

and the experimental techniques that are used for the measurement of bire-

fringence (Δn), dielectric constants (ε||, ε⊥), splay (K11) and bend (K33) elastic

constants, rotational viscosity (γ1) and Ęexoelectric coefficients (e1−e3). 5CB (pentyl-

cyanobiphenyl) is used to calibrate experimental techniques.

2.1 Preparation of liquid crystal cell

Two glass plates (area 1.5 cm2) coated with indium tin oxide (ITO) of thickness 1500

Å and resistivity 15-20 Ω/cm2 are used to prepare cell. e ITO is a transparent con-

ductor which is used as an electrode in liquid crystal cells. e required pattern of ITO

on a glass plate is achieved by chemical etching. e patterned ITO glass plates are

cleaned thoroughly several times with hexane and acetone. en sonicated for 30min

25
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using an ultrasonicator water bath. Aer taken out from bath the water droplets on

plates are removed by blowing N2 gas. e patterned ITO glass plates are dried in an

oven for 15 min. Appropriate polyimide spin coated on the patterned ITO glass plates

at a speed of 3000 rpm. For our experiments we used two polimides namely AL-1254

and JALS-204. ey are used for homogeneous and homeotropic alignments respec-

tively. e coated glass plates are cured at 180 ◦C and 200 ◦C respectively in an oven

for a duration of 1h. e cured glass (AL1254) plates are rubbed unidirectionally with

a home made rubbing machine to align liquid crystal molecules in a particular direc-

tion. Two rubbed glass plates are kept one over the other with their active regions

facing each other and the rubbing directions are antiparallel, and are attached using

mixture of UV curable adhesive and silica beads. e thickness of cell is controlled

by size of silica beads. e schematic representation of top view of a liquid crystal cell

is shown in ĕgure 2.1. e electrical connections to the cell are made by soldering

copper wires using an ultrasonic soldering (Sunbonder USM-IV).

...

Connecting wires

. ITO. Spacer. Active region.

Glass plate

Figure 2.1: Schematic diagramof liquid crystal sample cell (Top view). The central circular region
is the overlapped electrode region.

2.1.1 Measurement of cell thickness

eempty cell gap ismeasured using interferometricmethodwithOceanOptics (HR-

4000) spectrometer. e experimental setup is shown in ĕgure 2.2(a).

e empty cell is kept under spectrometer reĘection probe which consists of optical

ĕbres. It is illuminated by light through outer six ĕbres of probe and reĘected light is

collected by central ĕbre of the probe and fed to spectrometer as shown in ĕgure 2.2(b).
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Figure 2.2: (a) Schematic diagram for measurement of cell thickness. (b) Bottom view of probe.

e corresponding spectrum is analized using SpectraSuite soware. e spectrum

consists alternative maxima and minima as shown in ĕgure 2.3. e thickness of air

gap between two glass plates (cell) is calculated by using the formula

d =
λmλn

λn − λm
× n−m

2
(2.1)

where λm and λn are wavelengths of mth and nth maxima or minima.
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Figure 2.3: The intensity variation from an empty cell.
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2.2 Measurement of dielectric constant

e cell forms a parallel plate capacitor with an effective area A separated by distance

d. e empty cell capacitance is measured with the Agilent LCR Meter (E4980A).

e capacitance measured is recorded as C◦. e cell is kept in heater and heated

above TNI of the liquid crystal sample. e sample is ĕlled using capillary action in

isotropic phase. en it is cooled in the nematic phase and observed in a polarizing

microscope to ensure desired alignment of liquid crystal director. ephase transition

temperatures of the sample are noted and photographs are taken in various phases and

at various temperatures. e ratio of capacitances with and without the sample gives

the dielectric constant (ε). e dielectric constant measured in planar cell provides

ε⊥ as the applied ĕeld is perpendicular to the liquid crystal director. Similarly the

dielectric constant measured in homeotropic cell provides ε|| as the applied ĕeld is

parallel to the director. e average dielectric constant and dielectric anisotropy can

be easily estimated by using the relations ⟨ε⟩ = (ε|| + 2ε⊥)/3 and Δε = ε|| − ε⊥

respectively.

2.3 Measurement of birefringence

e birefringence (Δn = ne − no) of a uniaxial liquid crystal sample can be measured

with two techniques namely directly transmitted intensity measurement and phase

modulation technique. Here we brieĘy discuss about the two techniques.

2.3.1 Intensity measurement technique

e birefringence of the sample is ĕrst measured using d.c. intensity measurement

technique. e optical setup for measurement of birefringence using d.c. intensity

measurement technique is shown in ĕgure 2.4.
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Figure 2.4: Experimental diagram for measurement of birefringence using intensity measure-
ment.

e setup consists of two crossed Glan-ompson polarizers, a He-Ne laser source

and a detector. A vertical optical bench setup is used, where the sample is supported

on a shelf with a hole for the light to pass through. e plane polarized light aer

ĕrst GT ploarizer passes through the sample in which the rubbing direction is kept

at 45◦ with respect to ĕrst polarizer. e transmitted light passes through second GT

polarizer and then goes to a detector. e detector output is connected to a Keith-

ley DC voltmeter for measurement of output intensity. e temperature of sample is

controlled by a temperature controller (Instec) with an accuracy of 10 mK. For mea-

surement of temperature dependent birefringence, temperature is varied with ĕnite

steps and in every step the intensity at the detector is measured. All the measure-

ments are controlled by a computer with the help of a soware designed by us using

LabVIEW.
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Now consider liquid crystal sample of thickness d kept in between two crossed polar-

izers and the rubbing direction make an angle φ with polarizer. Assume polarizer and

analyzer are in x and y direction and light propagates in z direction. e expression

for the electric ĕeld of the transmitted light is given by [1]

Eout = PverticalR(−φ)JlcR(φ)PhorizontalEin (2.2)

where R(φ) is rotation about an angle φ, is given by R(φ) =

 cos φ sin φ

− sin φ cos φ

,

Jlc is given by Jlc =

 e− 2πi
λ ned 0

0 e− 2πi
λ nod

, λ is the wavelength of the light and Ein is

electric ĕeld of the incident light.

If the intensity of the light aer the ĕrst polarizer is I0 then intensity at the detector is

given by

I = I0 sin2(2φ) sin2
(
πΔnd
λ

)
. (2.3)

Setting φ=45◦, the intensity at detector is given by

Imeas = I0 sin2
(
πΔnd
λ

)
(2.4)

and birefringence can be expressed as

Δn =
λ
πd

arcsin
(√

Imeas

I0

)
. (2.5)

2.3.2 Phase modulation technique

Anoptical setup formeasurement of birefringence using phasemodulation technique [2]

is shown in ĕgure 2.5. e setup consists of two crossed Glan-ompson polarizers,
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a photoelastic modulator, a He-Ne laser source and a detector. A photoelastic mod-

ulator (PEM) is used to modulate the polarization of the light source. e principle

of PEM is that a transparent solid material becomes birefringent under compression

or stretching. A fused silica bar is made to vibrate with a natural resonant frequency

about 50 kHz and this vibration is sustained by a quartz piezoelectric transducer at-

tached to the end of the bar. e transducer is controlled by an external controller.

A vertical optical bench setup is used, where the sample is supported on a shelf. e

plane polarized light aer ĕrst GT ploarizer passes through PEM and sample where

both are kept at 45◦ with respective to ĕrst polarizer. e light passes through second

GT polarizer and then to a detector. e detector output is connected to a lock-in

ampliĕer for detection of the ĕrst and second harmonics of AC signal.
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Figure 2.5: Experimental diagram for themeasurement of birefringence using PEM.

e expression for transmitted electric ĕeld is given by

Eout = PverticalR(−φ)JlcJPEMR(φ)PhorizontalEin. (2.6)
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Consider PEM making an oscillation with amplitude A◦ and an angular frequency ω.

en the retardation (A) due to the PEM can be expressed as A = A◦ cos(ωt), the

Jones matrix for PEM is given by [3]

JPEM =

 e 2πi
λ

A
2 0

0 e−2πi
λ

A
2

 . (2.7)

e intensity at detector is given by

I = I0 sin2(2φ) sin2
(
π(Δnd+ A)

λ

)
. (2.8)

Setting φ = 45◦, we get

I = I0 sin2
(
π(Δnd+ A)

λ

)
. (2.9)

Substituting A = A◦ cos(ωt) in above equation, we get

I = I0
2

(
1 − cos

(
2π
λ
Δnd+ 2π

λ
A0 cos(ωt)

))
(2.10)

by considering optical phase shi of the liquid crystal sample, ΔΦ = 2πd
λ Δn and ex-

pressing A◦ in units of phase angle, it reduces to

I = I0
2
[1 − cos (ΔΦ) cos (A◦ cos(ωt)) + sin (ΔΦ) sin (A◦ cos(ωt))] . (2.11)

e above equation can be written as

I =
I0
2
[1 − cos(ΔΦ)× {J0(A◦) + 2(J2(A◦) cos(2ωt)) + ...}

+ sin(ΔΦ)× {2(J1(A◦) cos(ωt)) + ...}] (2.12)
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where J0, J1, J2 are Bessel functions of various orders. Intensity can be written as

I = I0
[
1 − J0(A◦) cos(ΔΦ)

2
+ J1(A◦) sin(ΔΦ) cos(ωt)

+J2(A◦) cos(ΔΦ) cos(2ωt) + ...] . (2.13)

erefore the intensity measured by the lock-in ampliĕer with 1f and 2f signals are

given by

I1f = I0J1(A◦) sin(ΔΦ)

I2f = I0J2(A◦) cos(ΔΦ). (2.14)

In the present experiment A◦ = 2.405 so that J0(A◦) = 0, J1(A◦) = 0.519 and

J2(A◦) = 0.4318.
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Figure 2.6: Temperature dependent transmitted 1f and 2f signals of 6OCB.

e birefringence of the sample is given by

Δn =
λ

2πd
ΔΦ =

λ
2πd

arctan
(
I1f × J2(A◦)

I2f × J1(A◦)

)
. (2.15)



2.4 Measurement of elastic constants 34

...
..

45

.

50

.

55

.

60

.

65

.

70

.

75

.

80

.0 .

0.05

.

0.1

.

0.15

.

0.2

.

Temperature (◦C)

.

Δn

.

. ..Δn using intensity

. ..Δn using PEM

. ..Δn Ref. [4]

Figure 2.7: Temperature dependent birefringence of 6OCB.

e amplitude and frequency of PEM are regulated by its controller. e output fre-

quency of PEM controller is given to lock-in ampliĕer as an external reference signal.

e lock-in ampliĕer measures amplitude of ĕrst and second harmonics of the out-

put signal with respect to reference frequency. e birefringence is calculated using

equation 2.15.

e birefringence of 6OCB (p-hexyloxy-p’-cyanobiphenyl) measured by the above

techniques are shown in ĕgure 2.7. Our measurements are also compared with the

data available in the literature [4] those are measured by direct intensity measurement

technique. It is observed that the temperature variation of birefringence measured

with phase modulation technique is smoother than the direct intensity measurement

technique. In addition we can measure very small birefringence (∼ 10−3) very accu-

rately by phase modulation technique.

2.4 Measurement of elastic constants

e elastic constants are measured using electro-optic technique. e voltage depen-

dent retardation of a planar aligned sample is used to measure splay and bend elastic
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constants of liquid crystal with Δε > 0.

...

(a) V < Vth

.

(b) V > Vth

.. E⃗.θ.
z

.

x

.

n̂

.

d

Figure 2.8: Schematic representation of director conöguration is shown (a) below and (b) above
the threshold öeld respectively.

Consider a liquid crystal with Δε > 0 is enclosed between two conducting glass plates

with a gap d as shown schematically in ĕgure 2.8. If an electric ĕeld E is applied along

the x-axis, the dielectric energy is lowered by tilting the director. Now consider di-

rector (n̂) to be strongly anchored to the boundaries and parallel to the z-axis. e

electric ĕeld is along the x direction and we write,

Director : n̂ = (sin θ(x), 0, cos θ(x)) (2.16)

Electric field : E⃗ = (Ex, 0, 0) (2.17)

with θ(0) = θ(d) = 0. Now θ(x) is a function of x and has maximum θm at x = d/2.

Aer applying electric ĕeld, the director deforms and free energy per unit area is given

by [5–8]

F =
1
2

∫ d

0

[
(K11 cos2 θ + K33 sin2 θ)

(
dθ
dx

)2

− D⃗ · E⃗

]
dx+ 2fs(θ0), (2.18)

where D⃗ is displacement vector and fs is surface free energy density. Considering there

are no free ions in liquid crystal and E⃗ satisĕesmaxwell equations∇·D⃗ = 0,∇×E⃗ = 0.

Since ∇ · D⃗ = 0, x-component of D is constant. Dx is independent of x but depends
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on θ(x) and given by

Dx =
ε0V∫ d

0 (ε|| sin
2 θ + ε⊥ cos2 θ)dx

. (2.19)

Free energy density is given by

F =
1
2

∫ d

0

[
(K11 cos2 θ + K33 sin2 θ)

(
dθ
dx

)2
]
dx

− ε0V2

2
∫ d
0 (ε|| sin

2 θ + ε⊥ cos2 θ)−1dx
+ 2fs(θ0). (2.20)

is free energy is minimised with appropriate Euler Lagrange equation [9]. e

Euler-Lagrange equation yields

d
dx

[
dθ
dx

(K11 cos2 θ + K33 sin2 θ)
]
= (K33 − K11) sin θ cos θ

(
dθ
dx

)2

−D2
x

ε0
(ε|| − ε⊥) sin θ cos θ

(ε|| sin2 θ + ε⊥ cos2 θ)2
. (2.21)

Multiplying by 2dθ
dx and integrating once

(K11 cos2 θ + K33 sin2 θ)
(
dθ
dx

)2

= C+
D2

x
ε0
(ε|| sin2 θ + ε⊥ cos2 θ)2 (2.22)

where C is integration constant and is calculated by putting condition dθ/dx = 0 and

θ(x) = θm at x = d/2. en

C = −D2
x

ε0
1

ε⊥ cos2 θm + ε|| sin2 θm

putting γ = (ε|| − ε⊥)/ε⊥ and κ = (K33 − K11)/K11 we get

dθ
dx

= Dx
√

γ/(ε0ε⊥K11)

(
sin2 θm − sin2 θ

(1 + κ sin2 θ)(1 + γ sin2 θm)(1 + γ sin2 θ)

) 1
2

. (2.23)
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Integrating inverse of equation 2.23 and for x = d/2 we have θ = θm

Dx =
2
d
√

ε0ε⊥K11/γ
√

1 + γ sin2 θm
∫ θm

0

(
(1 + κ sin2 θ)(1 + γ sin2 θ)

sin2 θm − sin2 θ

) 1
2

dθ.

(2.24)

From equation 2.19 and equation 2.23 and substituting sin θ = sin θm sin ψ we get

V
Vth

=
√

1 + γ sin2 θm
∫ π

2

Θ

[
1 + κ sin2 θm sin2 ψ

(1 + γ sin2 θm sin2 ψ)(1 − sin2 θm sin2 ψ)

] 1
2

dψ (2.25)

where Θ = sin−1(sin θ0/ sin θm) and Vth = π
√

K11
ε0ε⊥γ is the Freedericksz threshold

voltage.

For any applied voltage, the optical phase difference is given by,

δΦ =
2π
λ

∫ d

0
[neff(x)− n0]dx (2.26)

where, neff(x) = nen0/
√

(n2e sin2 θ + n20 cos2 θ) is the effective extraordinary index at

x. Now inserting equation 2.23 in equation 2.26 we get

1 − δΦ · 2πλ/(ned) = (1/Dx)
√

ε0ε⊥K11/γ
√

1 + γ sin2 θm

×2
d

∫ θm

0

[
(1 + κ sin2 θ)(1 + γ sin2 θ)

(1 + ν sin2 θ)(sin2 θm − sin2 θ)

] 1
2

dθ (2.27)

where ν = (n2e − n20)/n20.

Inserting Dx from equation 2.24 we get

(
1 − δΦ · 2πλ

ned

)
·
∫ θm

0

[
(1 + κ sin2 θ)(1 + γ sin2 θ)

sin2 θm − sin2 θ

] 1
2

dθ =∫ θm

0

[
(1 + κ sin2 θ)(1 + γ sin2 θ)

(1 + ν sin2 θ)(sin2 θm − sin2 θ)

] 1
2

dθ. (2.28)
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Substituting sin θ = sin θm sin ψ and rearranging, we get

δΦ(V) = 2π
ned
λ

∫ π/2
Θ

√
(1+κ sin2 θm sin2 ψ)(1+γ sin2 θm sin2 ψ)
(1−sin2 θm sin2 ψ)(1+ν sin2 θm sin2 ψ) dψ∫ π/2

Θ

√
(1+κ sin2 θm sin2 ψ)(1+γ sin2 θm sin2 ψ)

(1−sin2 θm sin2 ψ) dψ
− n0

ne

 . (2.29)

An electric ĕeld is applied orthogonal to the director in a well aligned sample and

the optical phase difference is measured as a function of applied voltage using phase

modulation technique. Above a certain voltage (called threshold voltage) the director

orientation distorts and it is called Freedericksz transition. e threshold voltage is

given by

Vth = π
√

K11

ε0Δε
(2.30)

where K11 is splay elastic constant and Δε is dielectric anisotropy. For a ĕxed tem-

perature the voltage dependent optical phase difference above threshold voltage is ĕt-

ted iteratively using equations 2.25 and 2.29 using Θ, κ and θm as parameters. From

Freedericksz transition splay (K11) elastic constant is calculated and from κ (= (K33−

K11)/K11) bend (K33) elastic constant is calculated within ±6% error.

Algorithm for ĕtting to estimate K33

i. Read Δn, no, ε||, ε⊥ and K11

ii. Choose approximate values of κ, θ0 and θm

iii. Evaluate the V and δΦ

iv. Interpolate experimental data

v. Measure χ2

vi. Adjust Θ and κ to get minimum χ2

vii. Calculate K33 using κ and K11
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Figure 2.9: The best öt to the theoretical retardation obtained by using equations 2.25 and 2.29
is given by a solid line.

Bend elastic constant (K33) is estimated using a nonlinear least square ĕtting of the

experimental data using theoretical relations. A numerical program is written using

Mathematica soware (Wolfram). All the elliptic integrals are evaluated numerically

by the inbuilt package available in Mathematica. Some of the parameters required

to ĕt the experimental data above Freedericksz threshold are birefringence (Δn), or-

dinary refractive index (no), parallel (ε||) and perpendicular (ε⊥) dielectric constants

and splay elastic constant (K11). Initially one has to choose approximate values of

κ, tilt angle of director at surface (θ0) and maximum angle of director at the centre

(θm) of the cell. ese values are used to evaluate the voltage V (eqn. 2.25) and opti-

cal phase difference δΦ (eqn. 2.29). It is enough to generate voltage values up to 2.5

times of Vth. In general experimental values of applied voltage data points do not co-

incide with theoretically evaluated, hence the experimental data is interpolated to get

experimental data points corresponding to the theoretically generated points. Mean

square deviation (χ2) is calculated by taking difference between theoretically calcu-

lated and experimentally obtained optical phase difference values. Θ and κ are varied

as ĕt parameters to lower the value of χ2. Best ĕt parameters Θ and κ are evaluated at

minimum χ2.
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2.5 Measurement of viscosity

2.5.1 Measurement of passive viscosities

To measure the passive viscosity coefficients, i.e., the viscosities parallel and perpen-

dicular to the director, we used a videomicroscopy technique where the Brownian

motion of a tiny silica microsphere (diameter 0.98 μm) was tracked. Now consider

colloidal particles (silica microspheres of radius r) irregularly dispersed in a liquid of

viscosity η.

e probability that a particle will diffuse a distance δ in the plane in time τ obeys the

Gaussian distribution [10]

P(δ|τ) = P0(τ) exp
(
− δ2

Δ2(τ)

)
(2.31)

where P0(τ) is a normalization constant and Δ(τ) the width of the distribution. e

self-diffusion coefficient of a random walker is given by the Stokes-Einstein relation

D =
kBT
6πrη

(2.32)

where kB is the Boltzmann constant and T is the temperature [10].

We measure the passive viscosity coefficients (η|| and η⊥) parallel and perpendicular

to the director n̂. ese can be compared to the Miesowicz viscosity coefficients η1,

η2 (ĕg. 1.15) i.e., η|| ≃ η2 and η⊥ ≃ η3. e silica microspheres of diameter 0.98

μm (Bangs Laboratories) are dispersed in 0.5% water solution of octadecyldimethyl

(3-trimethoxysilylpropyl) ammonium chloride (DMOAP) andmixed for severalmin-

utes. emicrospheres are then rinsed with distilled water several times and dried for

30 min at 120 ◦C. e dried microspheres are dispersed in the liquid crystal mixtures

with an approximate concentration of 0.1%. Uniform colloidal dispersion is obtained
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by mechanical means like vortexing and sonication. e particles are observed under

an inverted polarizing microscope (Nikon Eclipse, TE2000-U) with water immersion

microscope objective (100X) and NA=1.1. e Brownian motion of an isolated mi-

crosphere is video recorded for at least 300 s and the position is determined with the

help of a computer program. e obtained histogram of the microparticle displace-

ments is Gaussian. e diffusion coefficient parallel and perpendicular to the director

(D|| and D⊥) of the thermal motion are obtained using the relation D||,⊥ = Δ2
||,⊥/4τ.

η|| and η⊥ are calculated using η||/⊥ = kBT
6πrD||,⊥

. We calibrated this technique using

5CB. It may be noted that this technique needs a very small amount of sample (a few

micro litre) and hence very useful for studying unconventional liquid crystals.

2.5.2 Measurement of rotational viscosity
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Figure 2.10: Experimental diagram for measurement of rotational viscosity.

Rotational viscosity (γ1) is measured using phase-decay-time measurement [11] of

a parallel aligned liquid crystal (LC) cell under small excitation voltage. e exper-

imental setup for measurement of rotational viscosity (γ1) is shown in ĕgure 2.10.

e measurement consists two steps; i) measurement of intensity with voltage at ĕxed
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temperature, and ii) measurement of time dependent relaxation transmission inten-

sity. e setup consists two Glan-ompson polarizers, He-Ne laser and a photo-

multiplier tube (Hamamatsu). e rubbing direction of the sample is kept at 45◦ to

both polarizer and analyzer and the intensity is measured using photomultiplier tube

(PMT) with an oscilloscope. e equation of motion of planar aligned nematic liquid

crystal under electric ĕeld is given by [12, 13]

(K11 cos2 θ + K33 sin2 θ)
d2θ
dx2

+ (K33 − K11) sin θ cos θ
(
dθ
dx

)2

+ε0ΔεE2 sin θ cos θ = γ1
dθ
dt

+ I
d2θ
dt2

(2.33)

If the blackĘow and inertial effects are ignored, and under small angle approximation

(sin θ ∼ θ & K11 ∼ K33)

K11
d2θ
dx2

+ ε0ΔεE2θ = γ1
dθ
dt

(2.34)

When electric ĕeld is switched off then

K11
d2θ
dx2

= γ1
dθ
dt

(2.35)

and the solution is given by

θ(x, t) = θm sin
(πx
d

)
exp

(
−t
τ◦

)
(2.36)

where τ◦ = γ1d2
K11π2

and θm is maximum tilt angle at the centre of the cell.

e phase decay time is expressed as [14]

δ(t) = δ0 exp
(
−2t
τ◦

)
(2.37)
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when δ0 is equal or in the vicinity of (N+ 1/2)π,

δ(t) = δ0 exp
(
−4t
τ◦

)
(2.38)

when δ0 is equal or in the vicinity of Nπ.

e time dependent transmitted intensity is

I(t) = I0 sin2 [(Δtot − δ(t))/2] . (2.39)
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Figure 2.11: Voltage dependent transmission intensity atT = 33.2 ◦C in 5CB.

e experimental procedure consists of two steps namely measurement of voltage de-

pendent intensity at a ĕxed temperature and measurement of time dependent trans-

mitted intensity aer switching off the electric ĕeld. e voltage dependent trans-

mitted intensity is measured to ĕnd the maxima and minima. A typical variation of

voltage dependent intensity for 5CB is shown in ĕgure 2.11. A small voltage (Vb) cor-

responding to the ĕrst maxima orminimawas applied depending on the transmission

intensity, such that the total phase retardation of the sample was nπ. At time t = 0,

the bias voltage (Vb) was removed and the relaxation transmission intensity change of
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Figure 2.12: Time dependent transmission intensity after the removal of the bias voltage Vb in
5CB (T = 33.2 ◦C).
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Figure 2.13: Linear variation of ln[δ0/δ(t)]with time (t) in 5CB (T = 33.2 ◦C).

the liquid crystal cell was measured with an oscilloscope (ĕg. 2.12). e phase differ-

ence δ(t) for small director deformation (given by equation 2.37) is calculated from

equation 2.39. e relaxation time τ◦ is estimated from the plot of ln[δ0/δ(t)] with t

(ĕg. 2.13). e rotational viscosity (γ1) of the liquid crystal is calculated using

γ1 =
τ◦K11π2

d2
. (2.40)
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e setup is calibrated using 5CB at a few temperatures. At T=28 ◦C the reported

value is 63.1 mPa s and we obtained 62.7 mPa s. Our results are comparable to the

values known in the literature [15].

2.6 Measurement of flexoelectric coefficients

We used a standard experimental technique for measuring Ęexoelectric coefficients

(e∗ = e1 − e3) of nematic liquid crystals [16, 17]. e experimental setup for mea-

surement of Ęexoelectric coefficients is shown in ĕgure 2.14.
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Figure 2.14: Experimental diagram for themeasurement of øexoelectric coefficients.

e setup consists two GT polarizers, He-Ne laser and a detector. e Analyzer is

mounted on rotating stage (or Labs) and its rotation can be controlled by a con-

troller. We prepared a hybrid aligned cell in which the bottom plate is coated with

AL-1254 to get homogeneous alignment and top plate is coated with JALS-204 to get

homeotropic alignment. Two aluminium strip electrodes are placed 850 μm apart on

the bottom plate such that electrodes are parallel to the rubbing direction which also

acts as spacers. e thickness of the cell is about 20 μm. A schematic diagram is
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shown in ĕgure 2.15. A dc voltage is applied and intensity is measured with rotation

of analyzer.

!
ˆ

⊕

Figure2.15: (a)Geometryof theHANcell used in themeasurementofe∗/K. (b) Twist deformation
produced by an inplane dc electric öeld along the y-axis. Top plate is coated with homeotropic
alignment layer ( θh ≃ 0◦) and bottom plate is coated with planar alignment layer (θp ≃ 90◦).

e structure of cell causes splay-bend deformation in the director ĕeld, which give

rise to Ęexoelectric polarization P⃗ = e1(∇· n̂)n̂+ e3(∇× n̂)× n̂. As we apply the ĕeld

along y axis, an electric torque results which creates a twist in the director ĕeld.

e elastic energy density before the application of ĕeld is given by

fel =
K
2

[(
dθ
dz

)2

+ sin2 θ
(
dφ
dz

)2
]

(2.41)

where θ is tilt angle, φ is twist angle andK is average Frank elastic constant. e splay-

bend deformation is deĕned by φ = 0 and d2θ/dz2 = 0. Now the coupling energy

between P⃗ and E⃗ is −P⃗ · E⃗ = e∗E sin2 θ sin φ dθ
dz , where φ is the twist caused by ĕeld E⃗.

e equilibrium equations can be written as

K

[
d2θ
dz2

− sin θ cos θ
(
dφ
dz

)2
]
= −e∗E sin2 θ cos φ

dφ
dz

(2.42)

d
dz

(
K sin2 θ

dφ
dz

)
= e∗E sin2 θ cos φ

dθ
dz

. (2.43)
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In the absence of electric ĕeld, φ = 0, and equation 2.42 reduces to

dθ
dz

= C1Z+ C2 (2.44)

whereC1 andC2 are two integration constants. In splay-bend distortion the boundary

conditions are, θ(z = 0) = π/2 and θ(z = d) = 0. Tilt angle θ can be expressed as

θ(z) = π
2

(
1 − z

d

)
. (2.45)

For low ĕelds, φ is a linear function of E⃗. We can calculate φ by linearizing equa-

tion 2.43 in φ.

d
dz

(
K sin2 θ

dφ
dz

)
= e∗E sin2 θ

(
dθ
dz

)
or, d

dθ

(
K sin2 θ

dφ
dz

)
= e∗E sin2 θ

or,K sin2 θ
(
dφ
dz

)
=

e∗E
2

(
θ − sin 2θ

2

)
or,K sin2 θ

(
dφ
dθ

dθ
dz

)
=

e∗E
2

(
θ − sin 2θ

2

)

Inserting the value of dθ/dz from equation 2.45 we get,

dφ
dθ

=

(
e∗Ed
πK

)[
1
2
sin 2θ − θ

]
sin−2 θ. (2.46)

Integrating equation 2.46 we get φ(z). Now the largest value φ(d) at top plate is given

by

φ(d) = e∗Ed
πK

. (2.47)

e cell is kept in between crossed polarizers such that the rubbing direction is parallel

to polarizer. When there is no ĕeld, the polarized light emerges without intact and

gives minimum intensity at 0◦ (crossed possition) and increases as we rotate analyzer
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as shown in ĕgure 2.16. When we apply dc ĕeld, twist deformation occurs in director

ĕeld which causes a rotation of φ in the plane of polarization of transmitted light. e

rotation φ is proportional to the magnitude of ĕeld E⃗ (eqn. 2.45). φ is measured as a

function of applied electric ĕeld and e∗/K is estimated from the best ĕt in the linear

region (ĕg. 2.17). e variation of intensity with rotation of analyzer at two different

voltages are shown in the ĕgure 2.16.



REFERENCES 49

References

[1] T. Scharf, Polarized light in liquid crystals and polymers. Wiley-Interscience, 2007.

[2] T. C. Oakberg, “Measurement of low-level strain birefringence in optical ele-

ments using a photoelastic modulator,” Proc. SPIE, vol. 2873, no. 3, pp. 17–20,

1996.

[3] J. C. Kemp, “Basic Laboratory setup for various measurements possible with the

photoelastic modulator,” Application Note, p. Hinds Instruments, 1975.

[4] V.Manjuladevi, Experimental Studies on Phase Diagrams of Liquid Crystals. PhD

thesis, Jawaharlal Nehru University, New Delhi, 2004.

[5] F. C. Frank, “I. liquid crystals. on the theory of liquid crystals,” Discuss. Faraday

Soc., vol. 25, pp. 19–28, 1958.

[6] H. Gruler and G. Meier, “Electric ĕeld-induced deformations in oriented liq-

uid crystals of the nematic type,” Molecular Crystals and Liquid Crystals, vol. 16,

no. 4, pp. 299–310, 1972.

[7] H. J. Deuling, “Deformation of nematic liquid crystals in an electric ĕeld,”Molec-

ular Crystals and Liquid Crystals, vol. 19, no. 2, pp. 123–131, 1972.

[8] H. Gruler, T. Sheffer, and G. Meier, “Elastic constants of nematic liquid crystals.

I. theory of the normal deformation,” Z. Naturforsch, vol. 27a, pp. 966–976, 1972.

[9] Y. A. Nastishin, R. D. Polak, S. V. Shiyanovskii, V. H. Bodnar, and O. D.

Lavrentovich, “Nematic polar anchoring strength measured by electric ĕeld

techniques,” Journal of Applied Physics, vol. 86, no. 8, pp. 4199–4213, 1999.

[10] P. M. Chaikin and T. C. Lubensky, Principles of Condensed Matter Physics. Cam-

bridge University Press, 1998.



REFERENCES 50

[11] S.-T.Wu, “Phase retardation dependent optical response time of parallel-aligned

liquid crystals,” Journal of Applied Physics, vol. 60, no. 5, pp. 1836–1838, 1986.

[12] J. L. Ericksen, “Conservation laws for liquid crystals,” Transactions of the Society

of Rheology, vol. 5, no. 1, pp. 23–34, 1961.

[13] F.M. Leslie, “Some constitutive equations for liquid crystals,”Archive for Rational

Mechanics and Analysis, vol. 28, pp. 265–283, 1968.

[14] S.-T. Wu and C.-S. Wu, “Experimental conĕrmation of the osipov-terentjev the-

ory on the viscosity of nematic liquid crystals,” Phys. Rev. A, vol. 42, pp. 2219–

2227, Aug 1990.

[15] A. V. Zakharov, A. V. Komolkin, and A. Maliniak, “Rotational viscosity in a

nematic liquid crystal: A theoretical treatment and molecular dynamics simula-

tion,” Phys. Rev. E, vol. 59, pp. 6802–6807, Jun 1999.

[16] Dozov, I., Martinot-Lagarde, Ph., and Durand, G., “Flexoelectrically controlled

twist of texture in a nematic liquid crystal,” J. Physique Lett., vol. 43, no. 10,

pp. 365–369, 1982.

[17] P. R. M. Murthy, V. A. Raghunathan, and N. V. Madhusudana, “Experimental

determination of the Ęexoelectric coefficients of some nematic liquid crystals,”

Liquid Crystals, vol. 14, no. 2, pp. 483–496, 1993.



3
Optical, dielectric and viscoelastic

properties of liquid crystal mixtures of
rod-like and bent-core molecules

3.1 Introduction

M of the liquid crystal displays (LCDs) use liquid crystalline mixture

because all the desired physical and electroptical properties can not be

achieved in a single compound. Efforts are made to obtain the desired

properties by synthesizing new kinds of liquid crystal molecules. is led to the dis-

covery of new liquid crystals such as discotic and bent-core liquid crystals. Recently

the liquid crystals made of bent-core molecules created interest in the liquid crys-

tal community. e bent molecules exhibit several phases such as B1, B2, ... and B8

(B-phases) etc as mentioned in the introduction. In the beginning there were some

experimental studies on binary mixtures of bent-core and rod-like molecules. Here

51
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we summarise a few of them. A new orientational transition in binary mixtures of

rod and bent-core molecules was reported by Pratibha et al. [1, 2]. Dodge et al. [3, 4]

measured the bend elastic (K33) constant in mixtures of 8OCB with different kinds of

bent-core molecules and showed that the addition of a small concentration of bent-

core liquid crystal in calamitic compound system reduces K33 by a factor of two or

more. Later Kundu et al. [5] studied mixture of BC12 and 8OCB at various concen-

trations and reported anomalous trend in the temperature dependence of K11 and K33

in the nematic phase and explained the results on the basis of their mutual orienta-

tion [5] in the presence of short-range smectic Ęuctuations. ey [6] also reported

the evidence of polar clusters of bent-core molecules in the nematic phase of a bi-

nary mixture of rod-like and bent-core molecules. In this chapter, we present the

measurements of Δn, K11, K33 and γ1 as a function of temperature and we show that

these physical properties of the mixture are signiĕcantly different than the previously

reported in other binary systems. We emphasize that the difference is owing to the

structural similarity i.e., the molecular structure of the rod is matched with one half

of the bow in the present system.

3.2 Results and Discussion

3.2.1 Chemical structures and phase diagram

Weprepared variousmixtures of compounds 4-biphenylyl-4′′-n-undecycloxybenzoate

and 1,3-phenylene-bis[4-(3-methylbenzoyloxy)]-4′-n-dodecylbiphenyl-4′-carboxylate.

e chemical structures of the compounds and their individual phase transition tem-

peratures are shown in ĕgure 3.1.
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Figure 3.1: Chemical structures of the compounds and their phase transition temperatures.

...
..

0

.

2

.

4

.

6

.

8

.

10

.

12

.

14

.
100

.
105

.

110

.

115

.

120

.

125

.

Mol % of Bent-core compound

.

Te
m

pe
ra

tu
re

(◦
C)

.

Isotropic

.

Nematic

.

SmA2

.

SmA2b

....
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e mixture exhibits some new phase transitions and the detailed phase diagram

is reported by Pratibha et al. [1, 7]. Part of the phase diagram showing nematic-

isotropic (NI) phase transition is reproduced (ĕg. 3.2) and is the interest of the present

study. e isotropic-nematic transition temperature decreases (ĕg. 3.2) and nematic-

SmA2 transition temperature increases with increasing concentration of bent-core

compound and SmA2b appears beyond≃ 4 mol %. Recently Sasaki et al. [8] made de-

tail calorimetric measurements and showed that the critical heat anomaly associated
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with the SmA2 to SmA2b transition is described with Fisher-renormalization form of

the usual scaling expression.

3.2.2 Optical and static dielectric constant measurements
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Figure 3.3: Variation of birefringence (Δn) of themixtures as a function of temperature.

First we discuss the optical and dielectric properties. e optical anisotropy (bire-

fringence) was measured using phase modulation technique as discussed earlier in

chapter-2. e temperature dependent variation of birefringence (Δn) of the pure

compound and various mixtures are shown in ĕgure 3.3. Δn jumps to 0.06 from 0 at

nematic-isotropic transition in the pure as well as in all the mixtures and increases

with decreasing temperature in the nematic phase. Δn is almost constant in all the

mixtures at a ĕxed temperature which suggests that the orientational order, S (∝ Δn)

is not affected by the inclusion of the bent-core molecules. A signiĕcant jump in Δn is

also observed at nematic-smectic-A (NS) transition in all the mixtures including the

pure compound indicating that the nematic-smectic-A transition is ĕrst order and

consistent with the calorimetric measurements [8]. Further, the relative jump in Δn

across nematic-smectic-A transition appears to increase with increasing concentra-

tion of the bent-core compound suggesting the increase in coupling of smectic order
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parameter ψ and Ęuctuation in the nematic order parameter S as the McMillan pa-

rameter (α = TSN/TNI) increases from 0.96 to 0.97 in the present mixtures. It may be

mentioned that observations of such enhancement in the optical anisotropy is rare.

Measurement of Δn, K11 and K33 of mixture of the present bent-core compound with

8OCBwere reported byKundu et al. [5]. ey reported inverse effect i.e., Δn decreases

signiĕcantly with increasing concentration of bent-core compound.
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Figure 3.4: Variation of dielectric anisotropy (Δε) of the mixtures as a function of temperature at
f=4.11 kHz.

e temperature dependent variation of dielectric anisotropy for the various mixtures

(Δε = ε||−ε⊥) is shown in ĕgure 3.4. edielectric anisotropy is positive and relatively

small and decreases with increasing concentration of bent-core compound at a ĕxed

temperature. e resultant dipole moment of the rod-like molecules is along the long

axis whereas the bent-coremolecules have transverse dipole moments (see ĕgure 3.1).

We have discussed that the low frequency dielectric constants are mostly contributed

by orientational order S and molecular dipole moment. e reduction in dielectric

anisotropy with increasing concentration of the bent-core compound in the nematic

phase keeping the orientational order almost the same suggests that the long axes of

the bent-core molecules on an average are parallel to the long axes of the rod-like

molecules as shown schematically in ĕgure 3.5(a).
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(a)

(c)

(b)

Figure 3.5: (a)Mutual alignment of rod andbent-coremolecules in nematic phase. Dotted region
showsa temporary cluster in thenematic phase. Schematic representationof (b) splay and (c) bent
distortion of the director in themixtures.

3.2.3 Splay, bend elastic constant and rotational viscosity measurements
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Figure 3.6: Variation of splay elastic constant (K11) of variousmixtures as a function of tempera-
ture.

In this sectionwe discuss the viscoelastic properties. eoptical phase difference (ΔΦ)

of the sample wasmeasured as a function of applied voltage tomeasure splay (K11) and

bend (K33) elastic constants at various temperatures. e variation of experimental
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Figure 3.7: Variation of bend elastic constant (K33) of variousmixtures as a function of tempera-
ture.

data (ΔΦ) is ĕtted with equations 2.25 and 2.29 and the details of the ĕtting proce-

dure is discussed in chapter-2. e temperature-dependent variation of splay (K11)

and bend (K33) elastic constants are shown in ĕgure 3.6 and ĕgure 3.7 respectively.

We notice that K11 increases with decreasing temperature in the nematic phase and

shows a little change of curvature as the smectic phase is approached. Interestingly at

a ĕxed temperature there is no signiĕcant change in K11 with increasing concentra-

tion of bent-core compound. Since Δn (∝ S) do not change with the concentration,

K11 (∝ S2 ∝ Δn2) is also not affected by the increasing concentration of bent-core

molecules. On the other hand K33 decreases signiĕcantly (ĕg. 3.7) with increasing

concentration of bent-core compound. Variation of K11 and K33 at two temperatures

namely T − TNI = −3.8 ◦C and −7.8 ◦C is shown in ĕgure 3.8. It is observed that

K11 remain constant and K33 is reduced by a factor of ∼ 1.7 as the concentration is

increased from 0 to 10 mol % and tends to saturate beyond this concentration.

Measurement of K11 and K33 in the mixture of present bent-core compound with

8OCB were reported by Kundu et al. [5] and they found that both decreases with in-

creasing concentration of bent-core compound in the mixtures. ere were no struc-

tural similarities between the two molecules in their study. e strikingly different
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results i.e., both Δn and K11 remaining constant in the present mixtures can arise due

to the structural similarity of the aromatic and aliphatic parts of the rod to the one half

of the bow of bent-core molecule. Further, as mentioned earlier the bow axes of bent-

core molecules are parallel to the long axes of rod-like molecules (ĕg. 3.5(a)), and the

bentmolecules do not facilitate splay Ęuctuations henceK11 remain almost the same in

all mixtures. e decrease of bend elastic constant (K33) is due to the coupling of bent

shape of the molecules with bent distortion. In this case the strain in the bent distor-

tion is partly relieved due to the coupling and as a result K33 can be signiĕcantly lower

than K11. A schematic representation of the splay and bend distortions in the mixture

is shown in ĕgure 3.5(b) and 3.5(c) respectively. e pretransitional divergence of K33

in pure calamitic (rod) compound as the nematic-SmA2 transition is approached is

due to smectic short-range Ęuctuations in the sense that the bent Ęuctuations are sup-

pressed at the onset of smectic short-range order. Such pretransitional divergence of

K33 in the mixture is also observed in other calamitic liquid crystals [4, 9]. Further-

more, it is noticed that the relative divergence in K33 compared to the pure compound

is reduced with increasing concentration of bent-core compound as the nematic-SmA

transition is approached. is is a consequence of reduced K33 in the sense that bent
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Ęuctuations are relatively larger in the mixtures compared to the pure compound.
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Figure 3.9: Timedependent normalised transmitted intensity after the removal of thebias voltage
Vb atT− TNI = −2 ◦C for variousmixtures.

Here we discuss the rotational viscosity (γ1) of the mixtures in the nematic phase. e

details of the experimental techniques are discussed in chapter-2. e normalized

intensity of the transient response in various mixtures is shown in ĕgure 3.9. e time

dependence of the retardation was estimated from the normalized intensity by using

equation 2.39. γ1 was estimated from equation 2.40 by measuring the relaxation time

τ◦ as discussed in chapter-2. e temperature-dependent variation of γ1 is shown in

ĕgure 3.10. γ1 of the pure calamitic compound is relatively low and comparable to

many known calamitic compounds [10]. It increases with decreasing temperature in

the nematic phase as expected due to the increase in the orientational order parameter

(S) [11]. In the mixture, γ1 increases signiĕcantly compared to the pure compound

with increasing concentration of bent-core compound. For example, at two shied

temperatures namely T − TNI = −1.8 ◦C and −6.8 ◦C, it increases by a factor of

four when the concentration of bent-core compound is increased from 0 to 10 mol %

(ĕg. 3.11).
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It may be mentioned that in the mixture the increase in γ1 can be solely attributed

to the increase in τ◦ since K11 almost remains constant. e temperature dependent

variation of γ1 measured bymagnetic ĕeld was also reported to be higher in pure bent-

core compounds than conventional calamitic compounds [12, 13]. In some cases it

was reported to be 10 times higher and explained due to the formation of temporary
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smectic clusters that originate from the bent-shape of the molecules [12, 14]. Exis-

tence of such clusters in the nematic phase is revealed in dynamic light scattering [15]

and rheological studies [16]. In the present mixture γ1 is almost 4 times larger even at

relatively small concentration (10 mol %) of bent-core compound and is expected to

be contributed by such temporary clusters of bent-coremolecules. A schematic repre-

sentation of such temporary clusters in the nematic phase is depicted in ĕgure 3.5(a).

e size and the number of clusters can increase with increasing concentration of

bent-core molecules and γ1 of the mixture can increase.

3.3 Conclusions

We measured birefringence, splay and bend elasticity and rotational viscosity of sev-

eral mixtures of a rod-like molecule, whose aromatic and aliphatic parts matched

with one half of the bent-core molecule, at various concentrations. We observed

that the birefringence and hence the orientational order (S) remain the same in all

mixtures. e dielectric anisotropy decreases with increase in concentration of bent-

core molecules indicating that bow axes of bent-core molecules align parallel to the

long axes of rod-like molecules. e splay elastic constant (∝ S2) remains constant

whereas, bend elastic constant decreases signiĕcantly with increasing concentration

of bent-core molecules, suggesting the coupling of bent-shape with the bend distor-

tion. e increase in rotational viscosity with concentration suggests the presence of

temporary smectic clusters of bent-core molecules in the mixtures.
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4
Optical, dielectric and viscoelastic
properties of ambient-temperature

nematic binary mixtures of bent-core and
rod-like molecules

4.1 Introduction

I the previous chapter we studied the binary mixture of a rod and bent-core

compounds that exhibits nematic phase much above the ambient temperature.

In this chapter we discuss the measurements of the temperature variation of

several physical properties in ambient-temperature nematic liquid crystal mixtures

of a rod (5CB) and a bent-core molecules. Both the compounds have low nematic-

isotropic phase transition temperatures and exhibit only nematic phase.

64
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In the literature all the experiments reported so far on the binary mixtures exhibit

nematic phase much above the ambient temperature. For practical applications room

temperature nematic phase is desired. us, studies on ambient-temperaturemixtures

could be rewarding from both the fundamental and application points of view. In this

chapter for the ĕrst timewe reportmeasurement of birefringence (Δn), static dielectric

constants (ε|| and ε⊥) splay, bend elastic constants (K11, K33), rotational viscosity (γ1),

diffusion coefficients (D||,D⊥) of amicrosphere and corresponding viscosities (η||, η⊥)

of ambient-temperature liquid crystal mixtures of bent-core and rod-like molecules.

We show that the results are distinctly different than previously studied mixtures.

4.2 Results and Discussion

4.2.1 Samples and phase behaviour

We studied variousmixtures of a bent-core nematic compound 3-[4-(4-dodecyloxybe

nzylideneamino)benzoyloxy]-4-hexylphenyl4-(4-dodecyloxybenzylideneamino)- ben-

zoate and a calamitic nematic compound pentylcyanobiphenyl (5CB). e chemical

structures and the phase transition temperatures of the compounds are shown in ĕg-

ure 4.1. e synthesis and some preliminary characterization of the bent-core com-

pound has already been reported [1]. Both the compounds exhibit nematic phase at

ambient temperature and they have antagonistically oriented resultant dipoles with

respect to their long axes.

e phase diagram of the binary mixtures is shown in ĕgure 4.2. It is noted that ini-

tially nematic-isotropic transition temperature (TNI) increases with increasing mol

% of bent-core compound and reaches to a maximum at ∼ 30 mol % of bent-core

compound before it decreases at much higher mol %. us, the nematic range in the

intermediate region of concentrations is enhanced in the mixture.



4.2 Results and Discussion 66

.....
O

.
C12

.
H25

..............
N

....................

O

......

O

............

O

....

O

......................
N

........................
O

.
C12

.
H25

........................

C6

.

H13

................................

(BC) N 43 ◦C I

.....H11 .C5 ........................ C. N........................

(5CB) N 35.2 ◦C I

Figure 4.1: Chemical structures of the compounds and the phase transition temperatures.

...
..

0

.

20

.

40

.

60

.

80

.

100

.35 .

40

.

45

.

50

.

Nematic

.

Isotropic

.

Mol % of BC

.

Te
m

pe
ra

tu
re

(◦
C)

Figure 4.2: Phase diagram of the binarymixture. Continuous line is drawn as guide to eyes.

4.2.2 Optical and static dielectric constant measurements

In our physical measurements we restricted the mixing ratio of bent-core up to ∼ 43

mol % beyond which the dielectric anisotropy tends to change the sign and the pas-

sive viscosity is so high that the Brownian motion of the microparticle appears to be

seized. All the mixtures were observed carefully under optical polarizing microscope

and found that all of them exhibit uniaxial nematic phase. e temperature variation

of Δn of the mixtures is shown in ĕgure 4.3. In all samples, Δn increases with de-

creasing temperature. At a ĕxed shied temperature (i.e., T − TNI), Δn is decreasing
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and tends to saturate at much higher mol % of bent-core compound. e temper-

ature variation of Δn can be approximated by the Haller extrapolation formula [2],

Δn = Δn0(1 − T/T∗∗)β, where β, T∗∗, are the ĕt parameters and Δn0 is the birefrin-

gence of the perfectly aligned sample. e ĕt parameters are listed in table 4.1. T∗∗

is slightly higher than TNI and β is of the order of ≃ 0.2 instead of 0.5 as predicted

in the mean ĕeld theory [3]. Similar values of β were also reported in many other

calamitics [4] and in binary mixtures of calamitic and bent-core liquid crystals [5].

e order parameter (S) of the long molecular axis was estimated using the relation

S = Δn/Δn0. e temperature variation of order parameter S of the mixtures are

shown in ĕgure 4.4. S increases in the nematic phase as the temperature is reduced. S

decreases slightly from∼ 0.54 to∼ 0.5 when the mol % is increased to 5.9 and ĕnally

tends to saturate beyond it.
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Figure 4.3: Temperature variation of birefringence (Δn) of themixtures.

evariation of static dielectric constant as a function of shied temperature is shown

in ĕgure 4.5. It is observed that the parallel component of dielectric constant (ε||) de-

creases rapidly with increasingmol % of bent-core compoundwhereas the perpendic-

ular component (ε⊥) remains almost constant. e dielectric anisotropy is positive

(Δε > 0) and reduces signiĕcantly with increasing mol % of bent-core compound.

Since both the molecules have large dipole moments which are presumably oriented
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Mol % TNI (K) T∗∗ (K) Δn0 β
0 308.2 308.9 0.33 0.18
2.7 311.8 312.2 0.33 0.19
5.9 315.2 315.6 0.31 0.20
11.9 319.2 319.5 0.30 0.20
20 322.4 322.6 0.29 0.20
42.9 321.8 322.1 0.27 0.18

Table 4.1: Fit parametersΔn0,T∗∗ and β obtained fromHaller’s extrapolation formula.
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antagonistically in the nematic phase i.e., in case of 5CB the dipole moment is parallel

to the long axis and in case of bent-core molecule it is almost perpendicular to the

bow axis. In the isotropic phase of the mixtures it is fair to assume that the isotropic

dielectric constant εiso ∝ μ2, where μ is the mean-square effective molecular dipole

moment [6]. e reduction in εiso with increasing mol % of bent-core as observed

indicates that the effective dipole moments in the isotropic phase is reduced. In the

nematic phase the bow axis is assumed to be parallel to the director and the molecules

rotate freely about their long axis, so that the effect of transverse dipole moment is

suppressed and as a result ε⊥ remains constant. e longitudinal component of dipole

moment of the bent-core molecule is much lesser than 5CB molecule and hence the

effective longitudinal dipole moment per unit volume in the mixture decreases with

increasing mol % of bent-core molecules and as a result ε|| can decrease.
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Figure4.6: Voltagedependentnormalizedoptical retardation (ΔΦ) for variousmol%ofbent-core
compound.

4.2.3 Splay, bend elastic constant measurements

e splay and bend elastic constants (K11, K33) were measured from the voltage de-

pendent retardation in planar cell as described in chapter-2. Variation of normalized

retardation as a function of applied voltage for a few mixtures are shown in ĕgure 4.6.
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It is noticed that the Freedericksz threshold voltage increases with increasing mol %

of bent-core compound. e temperature variation of both K11 and K33 are shown

in ĕgure 4.7 and ĕgure 4.8. In all the samples K11 increases as the temperature is re-

duced (ĕg. 4.7) and at a ĕxed shied temperature,K11 increases with increasingmol %

of bent-core compound. In case of K33 it is noticed that at a ĕxed shied temperature

K33 decreases rapidly (ĕg. 4.8) with increasing mol % of bent-core compound. At 20
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mol % of bent-core compound, K33 is almost independent of temperature except very

close to TNI. Further, at 42.9 mol % of bent-core compound K33 increases initially

and then decreases slightly as the temperature is reduced showing a broad maximum

approximately at T− TNI ≃ −6 ◦C. In ĕgure 4.9 the variation of K11 and K33 at some

shied temperatures are presented with mol % of bent-core compound. It is observed

that at T − TNI = −10 ◦C, K11 increases by 50% with respect to pure 5CB, whereas

K33 decreases almost exponentially before it reaches to a minimum value when the

mol % of bent-core compound is increased to ≃ 43%. At a shied temperature e.g.,

T − TNI = −10 ◦C, the reduction is about 80% compared to pure 5CB. e ratio of

K33/K11 as a function of mol % of bent-core at a few temperatures is also shown in

ĕgure 4.10. e ratio reduces below 1 at 7 mol % of bent-core compound and reaches

to 0.2 at≃ 43mol %. Similar cross over was also reported in polymeric nematic liquid

crystals and it was shown that the ratio reduces to ≃ 0.83 when the effective chain-

length to diameter ratio increases by a factor of three [7]. In the present binary system

the ratio K33/K11 is signiĕcantly small (0.2 at 43 mol %) mainly due to the decrement

of K33.
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ere have been a few reports on the measurements of K11 and K33 in binary mix-

tures of rod-like and bent-core molecules as mentioned earlier. In these studies it was
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found that both K11 and K33 decreases with increasing mol % of bent-core compound

and the rate of decrement of K33 with mol % of bent-core is several times faster than

K11. In the previous chapter we showed that K33 decreases signiĕcantly whereas K11

remains almost constant in the binary mixture due to the structural similarity of the

rod molecule with one half of the bent-core molecule. e increase of K11 with in-

creasing mol % of bent-core was also reported recently [8]. e reduction in K33 is

due to the coupling of the bent-shape of the molecules with the bend distortion as

explained in the previous chapter. e anomalous temperature dependence of K33 at

∼ 43 mol % (i.e., it decreases with decreasing temperature) is due to the enhanced

orientational order (S) of the bent-core molecules. Similar observation at higher mol

% of bent-core was also reported by Kundu et al. [9]. It suggests that the coupling of

the bent shape of the molecule with the bent-distortion is stronger at higher S.

In the mean ĕeld theory, Kii ∝ S2. S ∝ Δn and can be measured from the temperature

dependent variation as discussed earlier. To gain more insight on the relationship

between the order parameter and elastic constants we plotted the variation of K11 and

K33 as a function of Δn in ĕgure 4.11 and ĕgure 4.12. e experimental data are ĕtted

with Kii ∝ Δnx, where x is a ĕt parameter. e ĕt parameter x is listed in table 4.2. It

is observed that the exponent x for K11 is 2 up to 11.9 mol % and consistent with the
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Mol % ≃ x for K11 ≃ x for K33

0 2.0 2.2
2.7 2.0 2.2
5.9 2.0 2.1
11.9 2.0 1.7
20 2.2 -
42.9 2.8 -

Table 4.2: Fit parameters obtained fromKii ∝ Δnx in the samples.

prediction of the mean ĕeld theory. It increases to 2.8 at ≃ 43 mol %. On the other

hand the exponent x for K33 is about 2 up to 5.9 mol % and starts decreasing beyond

this concentration (table. 4.2). It clearly indicates that the coupling of bent-shape with

the bent distortion is signiĕcant beyond 5.9 mol % of bent-core compound. At higher

concentration (particularly at 20 and ≃ 43 mol %) K33 initially increases and ĕnally

decreases with increasing Δn showing a maxima at Δn = 0.14. e initial increase is

due to the increasing orientational order (S) as expected. However with increasing S

the coupling with bend distortion also gets stronger as a result K33 starts to decrease.
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Figure 4.11: Variation ofK11 withΔn at variousmol%of bent-core compound. Continuous lines
are öt to the equationK11 ∝ Δnx.

For the enhancement ofK11, at least two considerations can bemade. K11 can increase

in the mixture due to increase in S as predicted in the mean ĕeld theory (K11 ∝ S2).

On the contrary, we observe (ĕg. 4.4) that S decreases slightly with increasing mol %
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Figure 4.12: Variation ofK33 withΔn at variousmol%of bent-core compound. Continuous lines
are öt to the equationK33 ∝ Δnx.

of bent-core compound. us the stiffening of K11 can not be attributed to the en-

hancement of S. Another possible explanation is based on the evolution of transverse

correlation (i.e., along the short axis) of two or more bent-core molecules that is de-

veloped due to the restricted free-rotation along the long axis. is can lead to the

formation of smectic clusters of a few bent-core molecules. e larger exponent (i.e.,

x > 2) for K11 at higher mol % of bent-core could be a pointer to the existence of

short axis correlation. ere are several reports suggesting formation of smectic clus-

ters in bent-core nematic liquid crystalss or in binary mixtures of rod and bent-core

molecules [5, 10, 11]. It is possible that the enhancement of K11 is due to the presence

of such clusters whose corresponding elastic constants are expected to be larger. e

number density and size of these clusters can increase with increasing concentration

of bent-core molecules.

4.2.4 Viscosity measurements

Nematic liquid crystals have anisotropic shear viscosity which depends on the orien-

tation of director n̂ and shear. ere could be three viscosity coefficients (ĕg. 1.15).

ese parameters are measured for several nematic liquid crystals. However, there
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are no reports of these viscosities in the bent-core nematic liquid crystals. e prac-

tical difficulty in measuring is the lack of a large quantity of sample. So here we use

a videomicroscopy technique in which a few micro litre (μl) sample is enough for the

experiment. e details of the experimental technique is explained in chapter-2.
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emicroparticle undergoes Brownianmotion and the histogramof the displacement

has a Gaussian shape. Typical histograms i.e., the variation of the displacement of a

colloid in particular interval over a speciĕed time (counts) along and perpendicular

to the director in a planar aligned cell is shown in ĕgure 4.13. e variation of self-

diffusion coefficients D|| and D⊥ of the microsphere with mol % of bent-core com-

pound is shown in ĕgure 4.14. e isotropic diffusion coefficient, Diso is signiĕcantly

higher than D|| and D⊥ of nematic phase and all of them decrease as the mol % of

the bent-core compound is increased. e corresponding viscosities can be obtained

from the Stokes-Einstein equation η||,⊥ = kBT/(6πrD||,⊥), where r is the radius of the

microparticle. From the experimental arrangement we can expect that η|| ≃ η2 and

η⊥ ≃ η3, where η2, η3 are the Miesowicz viscosities with Ęow direction parallel and

perpendicular to the director respectively.

It may be pointed out that a dipole defect is associated with eachmicroparticle. Hence

the effective hydrodynamic radius of themicroparticle could be slightly larger than the

actual size. However, it appears not to affect the measurements signiĕcantly, since the

estimated values of η|| and η⊥ for pure 5CB at room temperature in a planar cell are
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comparable to theMiesowicz viscosities η2 and η3, respectively. e estimated viscosi-

ties against mol % of bent-core are shown in ĕgure 4.15. It is noticed that the isotropic

viscosity (ηiso) increases only slightly with the mol % of bent-core compound. is is

perhaps due to the molecular size effect of bent-core molecules in the mixture. In all

the samples η|| < η⊥ as expected and both of them increase relatively more rapidly

than ηiso with themol % of bent-core compound (ĕg. 4.15). For example, η||/ηiso ≃ 12

and η⊥/ηiso ≃ 9 at≃ 43 mol % of bent-core compound at ambient temperature. Such

a large enhancement in the passive viscosities with increasingmol%of bent-core com-

pound indicates the existence of clusters as mentioned earlier. Experimental evidence

on the existence of such clusters has been revealed in various other experiments [5, 10–

15].
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We also measured the rotational viscosity (γ1) of the samples at various temperatures

which is also expected to be inĘuenced by the presence of such clusters. e exper-

imental technique is discussed in chapter-2. e temperature variation of γ1 for the

mixtures are shown in ĕgure 4.16 and concentration dependence of γ1 at a few shied

temperatures for a few mixtures of different mol % of bent-core compound is shown

in ĕgure 4.17. It is found that γ1 increases rapidly with the mol % of bent-core com-

pound. For example, at T−TNI = −10 ◦C, it increases almost by a factor of 180 when
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the mol % of bent-core compound is increased to≃ 43 in the mixtures. Measurement

of γ1 with the phase-decay-technique and Ęow viscosities using pulsed magnetic ĕeld

of a few pure bent-core nematic liquid crystals have been reported recently [16, 17].

It was reported that the ratio Γ = γ1/η is signiĕcantly less for bent-core compound

(Γ ∼ 0.02) than the calamitic liquid crystals mainly due to the large value of Ęow

viscosity [17]. On the contrary, in the present study we observe that Γ increases re-

markably with mol % of bent-core compound compared to pure 5CB. For example,

in pure 5CB, Γ⊥ = γ1/η⊥ ∼ 1, Γ|| = γ1/η|| ∼ 1.5 and increases to 12, 16 respectively
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(ĕg. 4.18) when the mol % of bent-core compound is increased to ≃ 43 mol %. It

may be noted that all viscosities γ1, η2 and η3 increases with the mol % of bent-core

compound but the rate of increment of γ1 ismuch faster than the other two. Such exor-

(a) (b)

5CB Mixture

Figure 4.19: Schematic representation of director orientation around amicroparticle with dipole
defect. (a) in rod-likemolecules (b) in themixture. The small dot above themicroparticle is the cen-
ter of the dipole defect. Note the attachment of a few clusters of bent-coremolecules surrounding
themicroparticle.

bitantly large increase in γ1 can not be accounted by the increase ofmol % of bent-core

molecules (with large molecular weight) alone. e relatively faster enhancement of

γ1 with respect to the passive viscosities can be attributed to the presence of smectic

clusters of bent-core molecules. In the present mixtures both the compounds do not

have any smectic phases. Nevertheless the smectic clusters are formed inherently due

to the highly restricted free rotation of the bent-core molecules along the bow axis.

Further, the bent-core molecules presumably align perpendicularly on the surface of

the microparticle due to the DMOAP coating. In that case the steric barrier and par-

tial pinning of the molecules on the microsphere’s surface prevent free rotation of the

bent-coremolecules along the bow axis and a few bent-coremolecules can form smec-

tic clusters or permanent layers at the surface which in principal can reduce the Brow-

nianmotion of themicroparticle and can increase the passive viscosities. A schematic
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representation of such clusters surrounding the microparticle with dipole defects are

shown in ĕgure 4.19. It may be mentioned that no Brownian motion was observed in

pure bent-core compound at room temperature. is is perhaps due to the very large

viscosities and presence of a few smectic layers surrounding the microparticle.

4.3 Conclusions

In conclusion, measurements of optical, dielectric and viscoelastic properties of room

temperature nematic liquid crystalswith rod-like andbent-coremolecules have shown

following interesting results: (1) mutual alignment of bow axis in 5CB is such that the

effective dipole moment in the isotropic and in the nematic phase parallel to the di-

rector is reduced; (2) signiĕcant stiffening of splay and large soening of bend elastic

constants; (3) large reduction in both the diffusion coefficients in the nematic phase

compared to the isotropic phase and hence unprecedented increase in the passive vis-

cosities; (4) two order of magnitude enhancement in rotational viscosity with increas-

ing mol % of bent-core compound. e stiffening of K11 and extraordinarily large vis-

cosities are attributed to the presence of smectic clusters of bent-core molecules in the

mixtures. Present studies suggest that ambient-temperature bent-core nematic could

be advantageous as a dopant for optimizing the birefringence, dielectric constants and

elastic properties of low molecular weight liquid crystals but the enhanced viscosities

in the mixtures are highly disadvantageous as well as a matter of concern and has to

be reduced for practical application.
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5
Optical, dielectric and viscoelastic

properties of a pure bent-core nematic
liquid crystal

5.1 Introduction

I the previous chapters we studied binary mixtures of rod and bent-core com-

pounds. We found that the physical properties are signiĕcantly different in

the mixtures. In this chapter we present various physical properties of a pure

bent-core nematic liquid crystal. Recently some interesting experimental results are

reported in the nematic phase of bent-core (BC) liquid crystals, i.e., large Ęexoelec-

tric coefficient [1, 2], unusual electroconvection [3–5] and Kerr effect [6]. Olivares et

al. [7] conducted a dynamic light scattering measurement in a pure bent-core com-

pound with oxazole heterocyclic ring in the central core, and suggested that the tem-

perature dependence of elastic constants is weak with no signature of pretransitional

83
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behavior towards the transition temperature of the smectic (SmC) phase. Recently

Dozov et al. [8] theoretically showed that a spontaneous symmetry breaking phase

transition inside the nematic phase is possible because of mutual tendency of banana-

shaped molecules to induce a local bend director with negative bend elastic constant.

However, there is report on the measurement on the temperature dependent elastic

constants in pure bent-core nematic liquid crystals. In this chapter for the ĕrst timewe

carry out the temperature dependent measurement of various physical parameters of

bent-core nematic liquid crystals. We emphasise that the temperature dependence of

K11 and K33 is signiĕcantly different from that in rod-like molecules; i.e., K33 is much

lower compared to K11 except very near the SmC phase transition.

5.2 Results and Discussion

5.2.1 Sample and phase behaviour
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Figure 5.1: Chemical structure of the bent-coremolecule used in the experiment.

e chemical structure of the compound is shown in ĕgure 5.1. It has the following

phase transitions: SmC 118.5 ◦C N 176.5 ◦C I. e compound exhibits a large tem-

perature range of nematic phase and it is also stable as there was no signiĕcant change

in the transition temperatures aer several cycles of heating and cooling.
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5.2.2 Optical and static dielectric constant measurements

...

..0 .

0.05

.

0.1

.

0.15

.

0.2

.

Bi
re

fr
in

ge
nc

e(
Δn

)

.

. ..Δn

....
−80

.
−60

.
−40

.
−20

.
0

. 0.

0.2

.

0.4

.

0.6

.

0.8

.

1

.

T-TNI (◦C)

.

O
rd

er
Pa

ra
m

et
er

(S
)

.

. ..S

..

Sm-C

..

N

.

I

Figure 5.2: Variation of birefringence (Δn) and order parameter (S) as a function of temperature.

emain aimof this chapter is tomeasure elastic constants of bent-core nematic liquid

crystal. However we ĕrst systematically measure and discuss the optical and dielec-

tric properties as they are needed to understand the elastic properties. e variation

of birefringence (Δn) as a function of temperature is shown in the ĕgure 5.2. It is

noticed that birefringence appears abruptly at the nematic-isotropic (NI) phase tran-

sition and gradually increases as the temperature decreases in the nematic phase. A

small jump in the birefringence data is also observed near nematic-SmC phase tran-

sition at T−TNI = −64 ◦C. e temperature dependent birefringence in the nematic

liquid crystals can be approximated by the formula Δn = Δno(1−T/T∗∗)β, where T∗∗

and β are the adjustable ĕt parameters and Δn◦ is the birefringence of the perfectly

aligned sample. e equation ĕts well in the entire nematic range with ĕt parameters

Δn◦ = 0.28 and β = 0.21. e order parameter S was estimated using the rela-

tion S = Δn/Δn◦. e temperature variation of the calculated order parameter is also

shown in ĕgure 5.2. e order parameter in the nematic phase just below the nematic-

isotropic phase transition was approximately 0.2 and reached to 0.7 with a small jump

at nematic-SmC phase transition. e temperature dependent Swas alsomeasured by
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WeissĘog et al. [9] and Dong et al. [10] in the nematic phase of bent-core nematic liq-

uid crystals using nuclear magnetic resonance spectroscopy, and similar temperature

dependence with slightly smaller values of S was reported.
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evariation of parallel (ε||) and perpendicular (ε⊥) components of dielectric constant

as a function of temperature is shown is ĕgure 5.3. In the nematic phase, the dielectric

anisotropy is small and positive and changes sign in the SmC phase. e temperature

dependent dielectric constant can be understood as follows: e molecules have both

longitudinal and transverse dipole componentsmainly due to the ester linkages. In the

nematic phase, molecules freely rotate about their long axes, so that the effect of trans-

verse dipoles is suppressed. But the longitudinal dipoles respond to an electric ĕeld

dielectrically. Hence positive dielectric anisotropy results in the nematic phase. e

change of sign of dielectric anisotropy from the nematic phase to the SmAphase of rod

like molecules was reported by de Jeu et al. [11] and it was explained by an increased

dipolar correlation between themolecules in the same layer. In addition to such effect,

we consider the bent-shape of the molecules, i.e., local packing of the bent-shaped

molecules in the SmC layers hindering the free rotation about their molecular long

axis, leading to quasi-macroscopic transverse dipoles, which respond to the electric

ĕeld, contributing the increase of ε⊥. e increasing ε⊥ with decreasing temperature



5.2 Results and Discussion 87

is caused by larger rotational hindrance. As discussed by de Jeu et al. [11], the decrease

of ε|| is explained by increased antiparallel correlation between the dipoles along the

molecular long axis. is could be possible even in the local packing condition. In

addition, the layer formation suppresses the dielectric response about the molecular

short axis, contributing the decrease of ε|| in the SmC phase. e sharp variation of

dielectric constants across the nematic to SmC transition (ĕg. 5.3) in the present bent

core liquid crystal compared to the slow variation in rod-like molecules [11] is due to

the contribution of rotational hindrance.

5.2.3 Splay, bend elastic constant measurements
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Figure 5.4: Variation ofK11 andK33 as a function of shifted temperature.

e temperature dependence of K33 and K11 is shown in ĕgure 5.4. e value of K11

increases monotonically as the temperature is lowered and no pretransitional diver-

gence is observed. e value of K33 at a given temperature is always lower than K11

except very to close the nematic-SmC transition and shows pretransitional divergence

belowT−TNI ≈ −50 ◦C. For example atT−TNI ≈ −1 ◦C. i.e., just below the nematic-

isotropic transition K33/K11 ∼ 0.7 and reduces to ∼ 0.4 at about T− TNI ≈ −45 ◦C.



5.2 Results and Discussion 88

en because of pretransitional increase of K33 below T − TNI ≈ −50 ◦C, the ratio

K33/K11 increases to 1 with approaching nematic-SmC transition.
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Figure 5.5: Temperature dependent K11 and K33 against Δn. Solid lines are best öt to K11 and
K33 vsΔnx. x=2.9 and 2 in cases ofK11 andK33, respectively.

K11 and K33 are plotted as a function of birefringence (ĕg. 5.5). It is observed that K33

is proportional to Δn2 (∝ S2) in the vicinity of the nematic-isotropic transition as pre-

dicted by the simple mean ĕeld theory. K11 is also ĕtted with K11 ∝ Δnx and the value

of x = 2.9. Slightly lower value of x (= 2.5) was reported in the rod and bent-core

mixtures [12]. In the case of rod likemolecules (e.g.; 8OCB, octyl cyano biphenyl) it is

known that K33 is always higher and the ratio K33/K11 ≃ 2, very close to the nematic-

isotropic transition and increases to≃ 6 as the SmA phase is approached [12, 13]. e

values of K11 in both 8OCB and the present compound are comparable, although the

temperature dependence of K11 is stronger (x = 2.9) in the pure bent-core nematic

liquid crystal than 8OCB.

eunusual ratio ofK33/K11 and the temperature dependence of these two elastic con-

stants are expected to originate from the bent structure of the molecules. A schematic

representation of splay and bend distortion of bent-core molecules are shown in ĕg-

ure 5.6(a) and 5.6(b). e almost linear increase inK11 can be attributed to the increase

in the order parameter as seen in the birefringence measurement (ĕg. 5.2). Here the
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Fig.4

(a)

(b)

Figure 5.6: Schematic representation of (a) splay and (b) bend distortion in bent-core nematic
liquid crystals.

bent shape does not facilitate the splay distortion in the medium (ĕg. 5.6(a)). How-

ever, as the temperature is lowered the bent shape coupled to the bend distortion easily

facilitates the bent distortion. As a result K33 becomes lower in the nematic phase. In

this case the strain in the bend distortion is partly relieved by changing the equilibrium

distribution of the molecules with one side “up” or “down” as shown in ĕgure 5.6(b).

As the temperature is lowered towards the SmC phase, because of smectic short-range

Ęuctuations, K33 starts to change the temperature dependence at T − TNI ≈ −30 ◦C.

e divergence of elastic constants near the SmC phase has been theoretically stud-

ied by de Gennes [14] and Chen and Lubensky [15]. According to both the theories

all three elastic constants show pretransitional divergence. In the present compound

we ĕnd no pretransitional divergence in K11 and the exponent of divergence of K33 is

≈ 0.43 which is much lower than the predicted value (0.7) indicating that the existing

theoretical models are insufficient to explain the pretransitional behaviour near SmC

of bent-core liquid crystals. It may be pointed out that there are also some experi-

mental reports on the measurement of elastic constants in some binary mixtures by

using a light scattering technique above the nematic to SmC transition [16, 17]. ey

reported that K33 obtains a maximum value just above the nematic to SmC transition
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point and such behaviour can not be explained by any of the existingmodels. Itmay be

mentioned that previously this compoundwas reported to show the uniaxial to biaxial

nematic transition (Nu−Nb) [18] at T−TNI ≈ −30 ◦C, though recently Le et al. [19]

have shown that the medium is uniaxial. Interestingly the temperature at which K33

starts changing the temperature-dependence (T− TNI ≈ −30 ◦C) coincides with the

transition temperature reported [18], suggesting the onset smectic short-range Ęuc-

tuation at that temperature. us the biaxial-like order seen in the X-ray as reported

in reference [18] could be due to the presence of smectic short-range Ęuctuations, as

suggested [20, 21].

5.2.4 Rotational viscosity measurement

In this section we discuss the rotational viscosity of bent-core nematic liquid crystal.

To measure the rotational viscosity we measure relaxation time τ◦ using phase-decay-

time measurement in the entire nematic phase at various temperatures. e details of

the technique is already discussed in chapter-2. e variation of relaxation time τ◦ as

a function of temperature is shown in ĕgure 5.7.
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It is observed that near the nematic-isotropic transition the relaxation time τ◦ is ≃

0.22 s and gradually increases with decreasing temperature, and tend to diverge as

the smectic-C (SmC) phase is approached. e temperature dependent variation of

γ1 = τ0K11π2/d2 calculated from the measurement of relaxation time is shown in ĕg-

ure 5.8. It is noted that the value of γ1 is about 0.1 Pa s or less near the nematic-isotropic

transition and increases superlinearly to 0.35 Pa s with decreasing temperature until

the shied temperature T − TNI ∼ −45 ◦C, and then tends to diverge before the ne-

matic to Sm-C transition occurs. emeasurement of γ1 of a bent-core nematic liquid

crystal with negative dielectric anisotropy was reported by Dorjgotov [22] by pulsed

magnetic ĕeld. According to their report, the rotational viscosity is almost 10 times

larger than the calamitic liquid crystals. Such larger rotational viscosity was attributed

to the formation of temporary clusters owing to the bent-shape of themolecules in the

sense that the bent-shape and the transverse dipole moment of themolecules together

facilitates the formation of clusters. On the other hand the present compound exhibits

a positive dielectric anisotropy and the value of γ1 is slightly larger by a factor of two or

three (far from the nematic-isotropic transition) compared to that in many calamitic

liquid crystals, suggesting the size of temporary clusters to be very small.
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Further the close proximity in the values and the temperature dependencies of γ1 of

the present bent-core compound with the calamitic materials urge us to consider and

compare the experimental results with the known theories. Osipov and Terentjev de-

veloped a microscopic theory (OT theory) [23] for describing the rotational viscosity

of liquid crystals. ey derived general expression for the microscopic stress tensor

of the nematic which was presented in terms of molecular moments of inertia and the

intermolecular interaction potential and showed that rotational viscosity (γ1)

γ1 = g0
(
T
Tc

)4( E1

KBTc

)−3( J0S
kBTc

)0.5

exp
(
E1 + J0S
kBT

)
(5.1)

where g0 is a constant, J0 = BkBTc, E1 is the activation energy, S is the order parameter.

e temperature dependent γ1 can be well ĕtted to the above equation up toT−TNI =

−54 ◦C with the ĕt parameters g0 = 1.9 × 10−4 Pa s, J0 = 48.5 meV and E1 = 0.525

eV. e ĕtting of the experimental data with the above equation is shown in ĕgure 5.8,

showing very good ĕt. e ĕt parameters are comparable to the values known inmany

calamitic liquid crystals [24].

Finally we want to make a brief comment on the temperature dependence of γ1. As

we mentioned earlier that Prasad et al. [18] had reported a uniaxial to biaxial nematic

transition at T− TNI ∼ −30 ◦C though later Le et al. [19] showed that the medium is

uniaxial and subsequentially Lavrentovich et al. [25] showed by detailed experiments

that such transition is absent. From our study it is also clear that there is no indication

of the aforesaid transition. Moreover, the temperature dependence of the rotational

viscosity is well ĕtted to the Osipov-Terentjev [23] theory over a wide temperature

range including the suggested transition temperature T − TNI ∼ −30 ◦C. Upward

deviation from the Osipov-Terentjev theory at lower temperature was also observed

in calamitic liquid crystals [24], and was explained by the pretransitional effect when

approaching to the crystal phase. Here we attribute the deviation below (T − TNI ∼

−45 ◦C) to the effect of short-range smectic Ęuctuations. us rapid increase in τ◦ and



5.3 Conclusions 93

hence the γ1 is due to the onset of the smectic short-range Ęuctuations in the nematic

phase.

5.3 Conclusions

In conclusion, we for the ĕrst time measured K11 and K33 elastic constants and rota-

tional viscosity (γ1) as a function of temperature in a pure bent-core liquid crystal.

Our measurement shows that K33 is much lower than K11 except for the temperature

region close to the nematic to SmC transition. e temperature dependence clearly

shows a strong coupling of bent-shape with the bend distortions in pure compound.

us, various physical properties and their temperature dependence related toK33 are

strongly inĘuenced and further the bent-shape has to be taken into account in under-

standing the physical properties of bent-core molecules. Temperature dependence of

rotational viscosity shows the effect of smectic short-range order Ęuctuations. e

temperature dependent viscosity data prior to the onset of smectic Ęuctuations can be

ĕtted well with the Osipov-Terentjev theory.
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6
Optical, dielectric and viscoelastic
properties of a liquid crystal with
asymmetric bent-core (hockey

stick-shaped) molecules

6.1 Introduction

I chapter-3 and chapter-4 we studied various physical properties of binary mix-

tures of rod and bent-core compounds. In the last chapter (chapter-5) we also

studied various properties of a pure bent-core nematic liquid crystal. In this

chapter we discuss the measurement of various physical properties of a liquid crystal

with hockey stick-shaped molecules. It exhibits nematic, SmA and anticlinic smectic-

C (SmCa) phase transitions.
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6.2 Results and Discussion

6.2.1 Sample and phase behaviour

e chemical name of the hockey stick-shaped compound is 4-n-butyloxyphenyl [4-

(4-n-heptyloxybenzoyloxy4-benzoyloxy)]biphenyl-3-carboxylate. It exhibitsmetastable

liquid crystalline phase transitions. e chemical structure and the phase transition

temperatures of the compound is shown in ĕgure 6.1. e synthesis and some pre-

liminary characterisation was reported previously [1].
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Figure 6.1: Chemical structure of the compound and the phase transition temperatures.

emolecule is achiral, asymmetric, hockey stick-shaped and has several strong dipo-

lar groups. e texture obtained in between two glass plates without any surface treat-

ment is shown in ĕgure 6.2. In the nematic phase a typical schlieren texture with four

brush defects are observed (ĕg. 6.2 (i)). SmA is spontaneously aligned homeotropi-

cally below the nematic-SmA transition temperature (ĕg. 6.2(iii)) and again the dark

region of the texture is transformed into schlieren texture as the temperature is re-

duced to SmCa (ĕg. 6.2(iv)) phase. SmCa exhibits two and four brush defects with dy-

namic Ęuctuations (ĕg. 6.2(iv)), suggesting it to be an anticlinic SmC (SmCa) phase.

e anticlinic structure in case of rod-likemolecule is schematically shown in chapter-

1 (ĕg. 1.6). e textures obtained in planar and homeotropic cells under optical po-

larizing microscope is shown in ĕgure 6.3. It is noticed that all the phases can be
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(i) (ii)

(iii) (iv)

116 °C 113 °C

109.5 °C 103.5 °C

Figure 6.2: Photomicrographs obtained in untreated cell under cooling at different temperatures
(i) nematic phase (ii) at nematic-SmA transition (iii) SmA and (iv) SmCa.

aligned well in planar cells. In homeotropic cell both nematic and SmA phases are

well aligned. In case of SmCa phase the overall texture is dark in homeotropic cell

except some comparatively brighter and smaller regions are seen due to the tilting of

the molecules with respect to the layer normal.

6.2.2 Optical and static dielectric measurements

e temperature dependent variation of Δn and a differential scanning calorimetric

(DSC) thermogram are shown in ĕgure 6.4. e enthalpies of isotropic to nematic,

nematic to SmA and SmA to SmCa transitions are 0.38, 0.98 and 0.23 kJ/mol respec-

tively. Δn jumps to 0.06 from 0 at nematic-isotropic (NI) transition and gradually

increases as the temperature is lowered. At nematic-SmA transition it shows signif-

icant increase (0.02) and tends to saturate in the SmA phase. A similar jump (0.02)
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(v) (vi)

119 °C 119 °C

112 °C 112 °C

104 °C 104 °C

.

N

.

SmA

.

SmCa

Figure 6.3: Photomicrographs obtained in planar cell (i, iii, v) and in homeotropic cell (ii, iv, vi)
at various temperatures under polarizing optical microscope. White arrows indicate the rubbing
directions.

in Δn is also seen at SmA- SmCa transition and further Δn increases as the temper-

ature is decreased. Since Δn ∝ S, where S is the orientational order parameter, it is

anticipated that orientational order parameter increases with decreasing temperature

showing ĕnite jumps across the transitions. Hence, these are ĕrst order phase tran-

sitions. Further, nematic-SmA transition (ĕg. 6.4) is comparatively less sharp than

SmA-SmCa transition due to the presence of smectic short-range Ęuctuations in the

nematic phase. Finite enthalpies of these transitions also suggest that the transitions

are ĕrst order. It may be pointed out that usually the measurement of Δn in lower
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symmetric smectic phases are difficult and rare due to poor alignment of the liquid

crystal director. Moreover SmCa is biaxial because of tilting of the molecules from

the layer normal. e narrow lines along the rubbing direction in ĕgure 6.3(v) could

be due to the local biaxial order of SmCa phase. Nevertheless in the present system

it was possible to measure Δn because the director in the SmA phase is well aligned

(ĕg. 6.3(iii)) and the effective principal axis in the SmCa phase still remains parallel to

the rubbing direction because of opposite tilt of the molecules in successive layers.
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Figure 6.4: ADSC thermogram in cooling cycle (rate 5◦/min) and variation of birefringence (Δn).

Temperature dependent variation of dielectric constants ε||, ε⊥ and average value, ε

(= (ε|| + 2ε⊥)/3) are shown in ĕgure 6.5. ε in the nematic phase is less and fur-

ther reduces in smectic phases from the extrapolated value of the isotropic dielec-

tric constant. Usually ε is expected to increase as the temperature is reduced due to

the increase in density and contribution from orientational polarization [2]. In the

present compound the opposite behaviour especially in the smectic phases are due to

the strong antiparallel correlation of the longitudinal components of dipole moments.

e dielectric anisotropy Δε (= ε|| − ε⊥) is positive in all the phases. ε|| increases as

the temperature is lowered in the nematic phase and starts to decrease sharply at the

nematic-SmA transition and decreases rather slowly in the SmCa phase. e decrease
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Figure 6.5: Variation of dielectric constant (ε||, ε⊥ and ε) as a function of temperature. Dotted
vertical lines are drawn to indicate the transitions. Dashed line denotes the extrapolated value of
isotropic dielectric constant.

in ε|| in conventional and in unconventional compoundswith similarmolecular struc-

ture is due to the increase in antiparallel correlation between the long axis components

of dipoles in the SmA layer [3]. e slow decrease of ε|| as the temperature is reduced

in the SmCa phase is due to the tilting of the molecules in addition to the antiparallel

correlation. ε⊥ decreases in the nematic phase as the temperature is decreased from

the isotropic phase. It is further lower in the SmA phase than both nematic and SmCa

with slope change at the transitions. e lower value of ε⊥ in the SmA phase suggests

that there is also an antiparallel correlation between the short axis components of the

dipoles in the SmA layer. is result is opposite to the behaviour seen in pure bent-

core nematic liquid crystal (chapter-5). It may be mentioned that since the molecules

have anticlinic tilt in successive layers of SmCa phase, ε|| in this phase refers to the

dielectric constant when the electric ĕeld is parallel to the layer normal rather than

the director. Further both the planar and homeotropic alignment of the SmCa phase

is relatively poor than the SmA phase due to the reason mentioned above and the ab-

solute accuracy in the measurements of Δn, ε|| and ε⊥ in this phase is expected to be

somewhat less than both in nematic and SmA phases.
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6.2.3 Splay, bend elastic constant measurements

To measure K11 and K33 we measured voltage dependent optical retardation (ΔΦ) at

various temperatures in the nematic phase. e temperature variation of K11 and K33

are shown in ĕgure 6.6. K11 is signiĕcantly higher thanK33 in the entire nematic phase.

K33 increases much slower than K11 with decreasing temperature and shows strong

pretransitional divergence as the SmA phase is approached. Similar behaviour were

also seen in the previous studies in the pure bent-core compound. It has been shown

that the bent shape of the molecules facilitate bend distortion as a result K33 is lower

than K11. e hockey stick-shaped molecule also has asymmetric bent-shape and the

present result is themanifestation of the same effect as described in the previous chap-

ters.
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Figure 6.6: Variation of splay (K11) and bend (K33) elastic constants in the nematic phase as a
function of shifted temperature. Continuous lines are drawn as a guide to the eye.

6.2.4 Rotational viscosity measurement

We also measured rotational viscosity (γ1) in the nematic phase as a function of tem-

perature by using the time dependent phase-decay method. Representative variation

of ln[δo/δ(t)] with time (t) at two different temperatures together with the best ĕts
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are shown in the ĕgure 6.8. γ1 increases as the temperature is lowered in the nematic

phase and a change in curvature is observed at T−TNI ≃ −5 ◦C suggesting a pretran-

sitional effect of smectic short-range order in the nematic phase. γ1 in this compound

is slightly larger than in pure bent-core nematic liquid crystals (chapter-5) and sig-

niĕcantly higher than that of many known calamitic nematic liquid crystals [4]. e

larger rotational viscosity in this hockey stick-shaped compound partially may arise

due to the effect of molecular weight compared to the calamitics. However in case

of bent-core compounds we attributed it to the existence of temporarily Ęuctuating

smectic clusters of a few molecules in the nematic phase that are expected to origi-

nate from the restricted free rotation of the bent-core molecules along the long axis.

Existence of such temporary clusters in the nematic phase is also revealed in rheologi-

cal [5] and dynamic light scattering studies [6] and more recently in small angle X-ray

studies [7–10]. e hockey-stick shaped molecule can be considered as highly asym-

metric bent-core molecule and hence the enhanced rotational viscosity is believed to

originate from the temporarily Ęuctuating clusters.
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6.2.5 Dielectric relaxation

e hockey stick-shaped molecule has several dipolar groups which are oriented in

different directions. Since Δε > 0, it is anticipated that the molecule has relatively

strong longitudinal dipole moment along the long axis as a result ε|| can relax at rela-

tively low frequency. In case of ε⊥ no dipolar relaxation was found up to 10 MHz.

Variation of ε|| as a function of frequency in the three phases at three different tem-

peratures are shown in ĕgure 6.9. It is observed that there are two relaxations, one is

temperature dependent (below∼1 MHz) and the relaxation frequency decreases with

decreasing temperature. e other one is above ∼1 MHz frequency and is indepen-

dent of temperature. e high frequency relaxation is temperature independent and

is attributed to the relaxation due to the ĕnite resistance of ITO which is even present

in empty cell. e low frequency relaxation is due to the longitudinal component of

the molecular dipole moment of the long axis. Cole-Cole plots of the dielectric con-

stant are shown in ĕgure 6.10. ey are semicircular with the centers on the x-axis

suggesting that the relaxation is Debye type. Similar low frequency relaxations are

also seen in other bent-core compounds [11]. Since the relaxation region due to ITO
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Figure 6.10: Cole-Cole plot for ε|| relaxation at the same temperatures. The centers of the semi-

circles lies on the ε′|| axis suggesting that the relaxation is Debye type. Dashed lines are theoretical
öt to the Cole-Cole equation. The high frequency portion of the semicircles are due to the ITO cell
relaxations.

is partially overlapped with dipolar relaxation we ĕtted complex dielectric constant

(ε∗(ω) = ε′(ω)− iε′′(ω)) as a function of frequency to ĕnd the exact dipole relaxation

frequency. e complex dielectric function is given by

ε(ω)∗ = ε2 +
ε0 − ε1

1 + (iωτ1)1−α1
+

ε1 − ε2
1 + (iωτ2)1−α2

(6.1)
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where ε0 is the static dielectric permittivity, εi and τi are the frequency limits and re-

laxation times of the ith mode. αi is the Cole-Cole distribution parameters of the re-

spective modes.
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Figure 6.11: Variation of dielectric strength (ε0− ε1) with shifted temperature. Continuous line is
drawn as a guide to the eye.

It is found that both α1 and α2 are very small (< 0.01) at all temperatures and the relax-

ation time τ2 is independent of temperature as expected. e temperature variations

of dielectric strength (ε0 − ε1) and relaxation time τ1 with temperature are shown
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Figure 6.12: Variation of relaxation time τ1 as a function of 1/T. Continious lines are theoretical
öt to the equation τ1 = τ0exp(U/RT). Vertical lines indicate the phase transition temperatures.
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in ĕgure 6.11 and ĕgure 6.12. e dielectric strength increases rapidly in the ne-

matic phase due to the increase in the orientational order and decreases sharply at the

nematic-SmA transition (ĕg. 6.11). e sharp decrease belownematic-SmA transition

is due to strong antiparallel correlation of the longitudinal components of the dipoles

in the smectic phases as discussed earlier. τ1 increases and varies linearly with the

inverse of temperature (ĕg. 6.12) and can be ĕtted well with the Arrhenius equation,

τ1 = τ0exp(U/RT). e activation energy U of the nematic, SmA and SmCa phases

are 158, 117 and 127 kJ/mol respectively. ese values are comparatively higher than

many calamitics in their respective phases [12, 13]. Similar behaviour is also reported

very recently in a binary liquid crystal mixture (rod and bent-core) showing nematic-

SmCa phase transition [11]. Since the activation energy represent the energy barrier

associated with the Ęip-over of the long molecular axis it suggests that the Ęip-over

motion is relatively uneasier in hockey-stick or bent-core systems than calamitic liq-

uid crystals. Presumably this could arise due to the shape and larger rotational viscos-

ity (ĕg. 6.7) of the hockey stick-shaped and bent-core compounds. However further

investigations are needed to shine more light on this aspect.

6.3 Conclusions

In conclusion, we measured detailed physical properties of an unconventional liquid

crystal with hockey stick-shaped molecules for the ĕrst time. All phase transitions

are detected to be ĕrst order from optical and thermal (DSC) measurements. Dielec-

tric measurements indicate that there exists an antiparallel dipolar correlation of both

the longitudinal and transverse components of dipoles in the SmA and SmCa phases.

Bend elastic constant is signiĕcantly lower than splay elastic constant as seen in other

bent-core nematic liquid crystals. Rotational viscosity is comparatively larger than

calamitics and are inĘuenced by pretransitional smectic Ęuctuations. Dielectric re-

laxation of the longitudinal components of dipole moments is Debye type and the
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relaxation frequency exhibits Arrhenius behaviour with comparatively higher activa-

tion energy. Finally it may be asserted that many physical properties of hockey stick-

shaped compound are noticeably different than that of calamitic liquid crystals and

that the shape is an important parameter for tuning the physical properties.
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7
Optical, dielectric and elastic properties
of a nematic liquid crystal with T-shaped

molecules

7.1 Introduction

I the last chapter we studied various physical properties of a liquid crystal with

hockey stick-shaped molecules. In this chapter we present various physical

measurements includingX-ray diffraction study of a liquid crystalwithT-shaped

molecules, and show that elastic properties are signiĕcantly different than that of bent-

core and rod-like molecules.

111
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7.2 Results and Discussion

7.2.1 Sample and phase behaviour

e compound used in the present study was synthesized byM. C. Varia et al. [1]. e

chemical structure of the compound is shown in ĕgure 7.1. It has the following phase

sequence: Cr 90 ◦C SmA 108 ◦C N 128 ◦C I.

◦ ◦ ◦

31
 Å

Figure7.1: Chemical structureandtheenergyminimizedstructureobtained fromquantumchem-
ical calculations using GAUSSIAN-03.

A typical schlieren texture in the nematic phase at 123 ◦C and a focal conic texture in

the SmA phase at 103 ◦C are shown in ĕgure 7.2.

7.2.2 Optical and static dielectric measurements

e variation of birefringence (Δn) in the nematic and the SmA phases as a function

of temperature is shown in ĕgure 7.3. Δn develops sharply at the nematic-isotropic
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Figure 7.2: (a) Schlieren texture in nematic phase (at 123 ◦C ) and (b) Focal conic texture in SmA
phase (at 103 ◦C).
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Figure 7.3: Variation of birefringence (Δn) and order parameter (S) as a function of temperature.

phase transition as expected and gradually increases as the temperature decreases in

the nematic phase. A signiĕcant increase in Δn is also observed in the SmA phase

(below 108 ◦C). e temperature dependent Δn in nematic liquid crystals can be ap-

proximated by the formula Δn = Δn◦(1−T/T∗∗)β, where T∗∗ and β are the adjustable

ĕt parameters and Δn◦ is the birefringence of the perfectly aligned sample. e equa-

tion ĕts well in the entire nematic range with ĕt parameters Δn◦ = 0.31 and β = 0.21.

e order parameter S was estimated using the relation S = Δn/Δn◦. e tempera-

ture variation of the calculated order parameter is also shown in ĕgure 7.3. e jump
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in the order parameter at the nematic-isotropic transition was 0.25 and it increases

to 0.65 (at 95 ◦C) with a signiĕcant increase ΔSSN ≃ 0.06 (at 107 ◦C) in the SmA

phase. ere have been many experimental and theoretical studies on the nematic to

SmA (SN) transition in compounds with rod-like molecules. e coupling between

the smectic order parameter ψ and the Ęuctuations in the nematic order parameter S

can cause a crossover toward a tricritical point leading to a ĕrst order transition as the

McMillan parameter α (=TSN/TNI) approaches to 1 [2]. e theoretical value of α for

the crossover to the tricritical point is α ≃ 0.83. However, the experimental value of

α is not unique and is slightly higher [3], and it also depends on the type of the SmA

phase [4–6]. e value of α for the present compound is 0.95 and is well above the

tricritical point value. e large value of ΔSSN (≃ 0.06) in addition to large α suggests

that the present nematic to SmA transition is ĕrst order in nature. A small increase in S

in the nematic to SmA transition is also known inmany other calamitic liquid crystals

such as 8OCB (4-octyloxy 4’- cyanobiphenyl) [7], 8CB (4-octyl-4’-cyanobiphenyl) [8]

and in some banana shaped compounds (chapter-5). In the case of 8CB the jump in

the order parameter ΔSSN is ≃ 0.01 and the nematic to SmA transition is considered

to be weakly ĕrst order [9]. In the present compound ΔSSN (≃ 0.06) is much larger

than that of 8CB. We also measured the enthalpies of isotropic-nematic (ΔHNI) and
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nematic-SmA transitions (ΔHSN) using a differential scanning calorimeter. ey are

ΔHNI=2.0 kJ/mol and ΔHSN=1.6 kJ/mol, respectively. us enthalpies of both these

transitions are comparable for present compound whereas ΔHSN is ∼ 11 and ∼ 22

times smaller than ΔHNI in case of 8CB and 8OCB, respectively [10]. e large values

of ΔSSN and enthalpy (ΔHSN) further support ĕrst order nature of the nematic-SmA

transition. e temperature variation of parallel (ε||) and perpendicular (ε⊥) compo-

nents of the dielectric constant are shown in ĕgure 7.4. e dielectric anisotropy is

small and positive (Δε = 0.9 at T=115 ◦C) in the nematic phase, and reduces in the

SmAphase. e temperature dependent dielectric anisotropy is interpreted on the ba-

sis of the role of permanent dipoles and themolecular shape. emolecules have both

longitudinal and transverse dipole components mainly due to the azo and ester link-

ages. e partial suppression of the transverse dipole moment in the nematic phase

is made possible by largely unhindered rotations about the long molecular axis. is

leads to a positive Δε in the nematic phase. In the SmA phase the dielectric anisotropy

is reduced because the rotations about their long axes are more hindered due to the

presence of a long side chain. is results in developing a quasi-macroscopic trans-

verse dipole as suggested in previous chapters. Further, the increased in-layer dipolar

correlation as reported by de Jeu et al. [11] has signiĕcant contribution in reducing

the dielectric anisotropy in the SmA phase.

7.2.3 Splay, bend elastic constant measurements

Voltage dependent retardation is used to measure splay and bend elastic constants as

described in chapter-2. e temperature dependent variation of both K11 and K33 is

shown in ĕgure 7.5. e variation of K33 near TNI is proportional to S2 and increases

as the temperature is reduced similar to its variation as seen in many calamitic liquid

crystals, diverging rapidly as the nematic-SmA transition is approached. Interestingly

we ĕnd that the temperature dependence of K11 is the same as that of K33. e ratio
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K33/K11 ≃ 1 at all temperatures except very close to the nematic-SmA transition. is

ratio varies from 2 to 6 in case of rod-likemolecules (e.g., 8OCB) as the temperature is

reduced from the isotropic-nematic to the nematic-SmA transition. K33 shows strong

pretransitional divergence as predicted and is given by K33 = K0
33 + A[(T/TNS) −

1]−x [12, 13], where K0
33 is the background nematic contribution and x is the critical

exponent. In the present compound x=1±0.09 which is similar to the value reported

in 8CB [8].

Priest [14] showed that the Frank elastic constants may be expressed in terms of even-

order Legendre polynomials averaged over the one-molecule orientational distribu-

tion function. It is found that

K11/K̄ = 1 + Δ− 3Δ′P̄4/P̄2 (7.1)

K22/K̄ = 1 − 2Δ− Δ′P̄4/P̄2

K33/K̄ = 1 + Δ+ 4Δ′P̄4/P̄2

where K̄ = (1/3)(K11 + K22 + K33), P2 and P4 are second and fourth order Legendre

polynomials respectively, and Δ and Δ′ are constants depending on molecular prop-

erties and are given by

Δ = (2R2 − 2)/(7R2 + 20) (7.2)

Δ′ = 9/16(3R2 − 8)/(7R2 + 20).

Here R = (L− D)/D, where L and D are the effective length and the width of spyro-

cylindrical molecule.

Using equation 7.1 the ratio K33/K11 can be written as

K33/K11 = (1 + Δ+ 4Δ′P4/P2)/(1 + Δ− 3Δ′P4/P2). (7.3)
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Since the molecules have long Ęexible lateral group, we calculated the radius of gyra-

tion along the long axis to estimate their width. It turns out that this effective width

(≃ 9 Å) is about a third of the experimentally measured length of the long axis (28.8

Å, discussed below), i.e., L ≃ 3D. Assuming P4/P2 is small (≃ 0.1) and L ≃ 3D (i.e.,

R ≃ 2) the estimated ratio of K33/K11 ≃ 1 which is close to the experimental value

(ĕg. 7.5).
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Figure 7.5: Variation ofK11 andK33 as a function of temperature. Solid line is a theoretical öt to
K33 = K0

33 + A[(T/TNS)− 1]−x.

....I . II....

Figure 7.6: Schematic of the splay øuctuations at the onset of short-range smectic order. Note the
tilting of themolecule (splay deformation) is associated with a change in the layer spacing in II.

e divergence of K11 is a consequence of suppression of splay Ęuctuations as SmA

phase is approached. is looks unusual since the splay Ęuctuations are taken to be
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compatible with the constant layer spacing requirement of smectics in conventional

liquid crystals. However in the present case, the molecule has a long Ęexible lateral

group and is undergoing largely unhindered rotations along the long axis. is seems

to modify the aspect ratio of the molecules, effectively making it 3 (i.e., L ≃ 3D),

depicted as a cylinder in ĕgure 7.6(I). Splay Ęuctuations involving such objects lead

to signiĕcant changes in the layer spacing as shown schematically in ĕgure 7.6(II),

necessitating relatively large elastic energy. Hence the splay Ęuctuations are consid-

erably suppressed leading to the observed divergence in K11. Further, compared to

more rigid molecules the Ęexible terminal alkyl chains and long Ęexible lateral groups

have the potential to partially hinder the mutual sliding of the molecules along each

other. e consequent close proximity of aromatic cores of neighbouring molecules

may also be responsible for larger effective width, thus supporting the experimental

observations.

7.2.4 X-ray measurement

second order re!ection
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Figure7.7: X-ray intensity asa functionof angle θ. (inset) A small secondorder reøection is shown.

Finally we discuss the arrangement of T-shaped molecules in the smectic layers from

theX-ray diffractionmeasurements. Typical intensity proĕle as a function of angle θ is
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Figure 7.8: Schematic arrangement of themolecules in the Sm-A phase.

shown in ĕgure 7.7. Two sharp reĘections in the small-angle region with spacing 28.8

Å, 15.1 Å, as well as an additional broad diffuse wide-angle reĘection at about 4.6 Å

can be seen. Ratio of the ĕrst two spacings 1:1/2 clearly indicates a layered structure.

Length of different segments of a single molecule were also estimated from energy

minimized structure by considering different dihedral angles. e average length of

the particular segment, containing three phenyl rings, azo and ester linkages with two

terminal alkyl chains, is L ≃ 31 Å (ĕg. 7.1). is suggests that L is parallel to the

smectic layer normal and the Ęexible chains are randomly oriented in the plane of the

smectic layer as schematically shown in ĕgure 7.8. Slightly lower value of the experi-

mentally measured length ( i.e., 28.8 Å), compared to the computed L value (= 31 Å)

from the energyminimized structure, suggests that themolecules is not fully stretched

in the SmA phase.

7.3 Conclusions

In conclusion, we for the ĕst time measured elastic constants K11 and K33 as a func-

tion of temperature in a liquid crystal with T-shaped molecules exhibiting both ĕrst

order isotropic-nematic and nematic-SmA transitions. Our measurements show that

K33/ K11 ≃ 1 and both diverge as the SmA is approached. ese results suggest that
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the length to effective width ratio of the molecule is smaller than that of rigid rod-

like molecules due to the presence of long Ęexible lateral group. Small angle X-ray

diffraction and energy minimized structure suggest that the three phenyl rings and

two linkages (azo and ester) and two terminal alkyl chains form the long axis. is

axis is parallel to the the SmA layer normal and the Ęexible lateral groups are in the

plane. is system may prove to be a convenient medium for testing theoretical mod-

els based on one elastic constant approximation.
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8
Large antagonistic flexoelectric response
in liquid crystal mixture of bent-core and

rod-like molecules

8.1 Introduction

A 40 years ago Meyer predicted that the nematic liquid crystals can

exhibitmicroscope polarizationdue to the distortions in the director ĕeld [1].

is is known as Ęexoelectric effect. It was shown that the distortion in-

duced polarization is given by

P⃗ = e1(∇.n̂)n̂+ e3(∇× n̂)× n̂ (8.1)

where e1 and e3 are the Ęexoelectric coefficients connected to the splay and bend dis-

tortions respectively. Since then a large number of experimental investigations are

122
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reported and continuous efforts are made to enhance and understand this effect in

various liquid crystalline systems such as chiral nematics [2, 3], blue phase liquid crys-

tals [4, 5] and lipid bilayers [6]. It is well established that the origin of this effect is the

molecular shape asymmetry such as seen in bent-core orwedge shapedmolecules. Ne-

matic liquid crystals with wedge shaped molecules and longitudinal dipole moments

can induce Ęexoelectric polarization when splayed. Similarly bent-core molecules

with transverse dipole moments can induce the Ęexoelectric polarization when it is

subjected to a bend deformation. e Ęexoelectro-optic effect is linear with applied

ĕeld and can be exploited to make switchable and bistable device with sub millisec-

ond response time [7]. However their application is limited due to the small Ęexo-

electric polarization in conventional liquid crystals with rod-like molecules. It was

theoretically shown by Helfrich [8] that in liquid crystals with bent-core molecules

e3 ∝ Θ(b/a)2/3μ, where μ is the transverse dipole moment, Θ is the bend angle, a and

b are the length and breadth of the molecule. In the recent past a giant Ęexoelectric-

ity in pure bent-core liquid crystal was reported by Harden et al. [9]. is triggered

various Ęexoelectric studies on pure [10–12] as well as on the binary mixture of rod-

like and bent-core molecules [13–16]. ere are also some reports on the Ęexoelectric

studies in bimesogenic liquid crystals [3, 17–19]with cis form. Inmost of these studies

a signiĕcant enhancement of Ęexoelectric effect has been observed and it is expected

that apart from the bistable device it has the potential to be used in sensors and micro

electric power generators.

8.2 Results and Discussion

8.2.1 Samples and phase behaviour

We prepared two mixtures with different concentrations namely 4.5 mol % and 7 mol

% of bent-core compounds with the calamitic compound, RO (ĕg. 8.1). e phase
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Figure 8.1: Chemical structures and phase transition temperatures of the compounds. The örst,
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sition temperatures are indicated below each compounds.

diagram of the binary mixture of BC-120 with RO is already reported [20]. e core

of BC-120 is a resorcinol derivative substituted at the 1, 3 position and the bent angle

is about 120◦. e compound BC-60 has naphthalene core in which Schiff ’s based

side wings are substitutes on 1, 2 positions. e synthesis and characterization of this

compound was reported by Lee et al. [21]. It exhibits only liquid crystalline SmA

phase and it was suggested from the X-ray studies that the arrow axis of the molecule

is aligned perpendicular to the SmA layer. We found that the binary mixture of BC-60
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and RO exhibits nematic phase in the low concentration range (< 10 mol %).

8.2.2 Flexoelastic measurements

We used a hybrid aligned nematic (HAN) cell as proposed by Dosov [22] to measure

the Ęexo-elastic ratio e∗/K, where K is the average elastic constant of the nematic liq-

uid crystal and e∗ = e1−e3. e experimental technique tomeasure e∗/K is explained

earlier in chapter-2. In the present experiment d = 20 μm and the gap between the

electrodes is 850μm. We used a motorized and computer controlled analyzer to mea-

sure azimuthal twist angle (φ) as a function of applied electric ĕeld and e∗/K was

estimated from the best ĕt in the linear region. e error in the measurement is about

7% considering the errors from both the cell thickness measurement and the gradi-

ent of φ with electric ĕeld. It may be mentioned that we did not observe any domain

formation in the cell within the range of applied ĕeld.
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We measured the azimuthal twist angle (φ) as a function of applied ĕeld for all the

mixtures and the host compound. A representative variation of φ with the applied

dc electric ĕeld in the mixtures with BC-120 molecule is shown in ĕgure 8.2. It is
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noticed that the slope decreases and changes sign from positive to negative with in-

creasing concentration of BC-120 molecules. e temperature variation of e∗/K of

BC-120 is shown in ĕgure 8.3. It is noticed that e∗/K decreases and changes sign with

increasing concentration of BC-120 molecules (ĕg. 8.3). For example, in the host

compound (RO), at a shied temperature T − TNI = −5 ◦C, e∗/K ≃ 1.7 Cm−1N−1

and it reduces to ≃ −0.48 Cm−1N−1 when the concentration of BC-120 molecules
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is 4.5 mol %. It changes sign and reduces to about −1.9 Cm−1N−1 when the con-

centration is increased to 7 mol %. Assuming a linear variation, e∗/K of pure BC-120

liquid crystal is expected to be 30 times larger (negative) than the host compound. e

temperature variation of e∗/K in the binary mixture of BC-120 and 8OCB (octyloxy

cyanobiphenyl) was reported by Kundu et al.[15]. ey found that e∗/K is negative

and the magnitude increases signiĕcantly with increasing concentration of BC-120

molecules. ey suggested that e∗/K in pure BC-120 compound could be 20 times

larger than that of 8OCB.us in the presentmixture the enhancement is signiĕcantly

more than they reported. e compound RO appears to be a good host for BC-120

molecules for large Ęexoelectric response perhaps due to its partial structural similar-

ity i.e., the aromatic and aliphatic parts of the rod are matched with one arm of the

BC-120 molecule. Further it is observed that e∗/K is very weakly dependent on tem-

perature (ĕg. 8.3). It is expected as both e∗ and K is proportional to the square of the

order parameter (S2). e∗ in the host compound RO is positive i.e., e1 > e3. Since the

dopant molecule (BC-120) has large dipole moment along the arrow axis (i.e, trans-

verse dipole), the bend distortion of themedium gives rise to a large e3 with increasing

concentration of BC-120 molecules and as a result e∗/K changes sign beyond a par-

ticular concentration. In ĕgure 8.4 we show the temperature variation of e∗/K for the

mixtures with BC-60molecules. It remains positive but reduces slightly in themixture

(4.5 mol %) compared to the host compound (RO) and also exhibits weak tempera-

ture dependence. Interestingly it increases signiĕcantly in the mixture with 7 mol %.

For example, at a shied temperature T − TNI = −2 ◦C, e∗/K ≃ 1.5 Cm−1N−1 in

host compound RO, and in the mixture it is ≃ 5.8 Cm−1N−1 i.e., about 4 times larger

and decreases rapidly with reducing temperature. us in the mixture (with BC-60),

the sign of e∗/K is antagonistic in the sense that e∗/K is large positive compared to

the large negative value at the same concentration with BC-120 molecules. Hence it

is possible to tune signiĕcantly the magnitude and sign of Ęexoelectric coefficient by

adding appropriate bent-core molecules.
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8.2.3 Dielectric measurements

...
..

−14

.

−12

.

−10

.

−8

.

−6

.

−4

.

−2

.

0

.0 .

0.2

.

0.4

.

0.6

.

T-TNI (◦C)

.

Δ
ε

.

. ..0.0 M

. ..4.5 M

. ..7.0 M

Figure 8.5: Variation of dielectric anisotropy with temperature for mixtures with compound BC-
120.
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Figure 8.6: Variation of dielectric anisotropy with temperature for mixtures with compound BC-
60.

To get an idea about the orientation of BC-60 and BC-120 molecules in the mixture

we measured the dielectric anisotropy (Δε = ε|| − ε⊥) as a function of temperature

at a frequency of 4111 Hz. e perpendicular component of dielectric constant (ε⊥)

was measured by using a LCR meter (Agilent 4980A) below the Freedericksz thresh-

old voltage as a function of temperature. To estimate the parallel component (ε||) ,
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...

n̂

Figure8.7: Schematic representationof orientationsof thebent-coremolecules at higher concen-
tration (7mol %) for the BC-120mixture

...

n̂

Figure8.8: Schematic representationof orientationsof thebent-coremolecules at higher concen-
tration (7mol %) for the BC-60mixture

we measured dielectric constant in the same cell as a function of voltage. Since the
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dielectric anisotropy is positive, it increases with voltage and saturates at higher volt-

ages. e linear part is plotted against 1/V and ĕtted to a straight line. e extrapo-

lated value of dielectric constant at 1/V = 0 provides ε||. e temperature variation

of Δε of all the samples are shown in ĕgure 8.5 and ĕgure 8.6. Measurement of vis-

coelastic properties and Δε of the mixtures with BC-120 was reported in chapter-3. It

is observed that Δε is small and positive (ĕg. 8.5). At any shied temperature it de-

creases with increasing concentration of BC-120 molecules. is indicates that the

arrow axes are orientated perpendicular to the director as shown schematically in ĕg-

ure 8.5. e temperature variation of Δε of mixtures with BC-60 is not unique in the

sense that it decreases at 4.5 mol % and then tends to increase at 7 mol % (ĕg. 8.6).

e increase of Δε at 7 mol % suggests that the effective dipole moment along the

director is increased i.e., the arrow axis of the molecule is orientated parallel to the

director as the direction of dipole moment in the this molecule is along the arrow

axis. On the other hand the decrease of Δε at 4 mol % can not be understood based on

this model. However it may be noted that the terminal units of BC-60 molecules are

alkoxy chains which have conformational freedom. As a result at low concentration

of BC-60 molecules the transverse component of dipole moment can increase and

hence Δε is reduced. Further, BC-60 can be considered as wedge shaped molecules

that can generate substantial splay distortion in the host calamitic sample to reduce

the steric interaction and can form a complex cluster [16] with increasing concentra-

tion (ĕg. 8.6). e longitudinal components of dipolemoments can also get correlated

and the conformational freedom of individual molecules in the cluster is reduced and

as a result Δε can again increase. Presence of such clusters in the medium is expected

to increase e1 signiĕcantly than e3 as a result e∗/K is large and positive (ĕg. 8.4). e

effect of conformational freedom on the Ęexo-elastic coefficient in 8OCB liquid crys-

tal was experimentally studied by Dosov et al.[23]. ey reported that e∗/K decreases

with reducing temperature. Using Landau de Gennes theory, Osipov [24] showed

theoretically that it can be understood based on the average conformational degrees

of freedom of alkoxy chains. e anomalous temperature dependence of e∗/K in the
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present mixture is expected to originate from the similar conformational degrees of

freedom of terminal alkoxy chains.

8.3 conclusions

In conclusion, wemeasured the Ęexoelectric coefficient of a binarymixture with bent-

core molecules having two different bend angles. We showed that both the magnitude

and sign can be tuned over a large range by adding small concentration of bent-core

molecules with different bend angles. e arrow axes of the BC-120 molecules in the

mixture are aligned perpendicular to the director whereas they are aligned parallel to

the director in case of BC-60 molecules. Finally we showed that the appropriate se-

lection of bent-core molecules in the binary mixture provides a viable route to greatly

enhance and tune the sign of the Ęexoelectric properties for bistable liquid crystal dis-

plays.
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