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Preface

Liquid Crystal Displays (LCDs) play significant role in display information. There are
various types of LCDs available in the market. Almost allliquid 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 fulfil these requirements, it is necessary
to understand the relation between physical properties and the structure of molecules.
The 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 medium when an external field distorts the medium from
its ground state, whereas rotational viscosity describes the rotation of molecule around
an axis perpendicular to the local director. Several molecular structures were 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 scientific 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. This 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.

The first 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.

The 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 (An), dielectric constants (¢}, £, ), splay (Kj;) and

bend (Kj;) elastic constants, rotational viscosity (y,) and flexoelectric coeflicients are



explained briefly.

In the third chapter we study the temperature dependence of birefringence (An), splay
(Ki1), bend (K33) elastic constants and rotational viscosity (y,) of various concentra-
tions of the above mixture. We found that K;; and An remains almost constant for all
the concentrations, whereas Ks; is always lower than K;; and further decreases with
increasing concentration of bent-core compound in the mixtures. Apart from a large
jump in An at the nematic-isotropic transition (NI) a significant jump in An 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 %. The results are discussed on the basis of their structural similarity and

mutual alignment in the nematic phase.

The 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 (An), static dielectric constants (g)|) and (e ), splay (K;;) and bend (K33)
elastic constants, rotational viscosity (y,) and diffusion coefficients (D) and D, ) of
a microsphere. Both An and ¢ decrease rapidly with increasing BC concentration,
whereas ¢ remains almost constant. At a shifted temperature (e.g., T — Ty = —10
°C, where Ty; is isotropic-nematic transition temperature), K;; 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 (1, 17, )
which are nearly equal to the Miesowicz viscosities 7, and 75, 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 y, increases by 180
times (at ~ 43 mol %) compared to the corresponding values of pure 5CB. The stift-
ening of K;; and exorbitantly large enhancement in all the viscosities at a higher mol %
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



is presented.

In the fifth chapter we 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 Kj; in-
creases monotonically with decreasing temperature, whereas Kj; is practically inde-
pendent of temperature and is smaller than Kj;. K33 exhibits a pretransitional slow di-
vergence toward the smectic transition temperature and becomes slightly larger than
K. The small K3; 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, y, >~ 0.25 Pa s (e.g., at T — Ty; >~ —35 °C), which is only slightly
larger than the values known for several conventional calamitic nematic liquid crys-
tals. y, starts to increase rapidly below a reduced temperature, T — Ty; ~ —45 °C
showing the effect of short-range smectic fluctuations. The temperature dependence
of y, far from the nematic to smectic-C transition temperature is fitted well with the

Osipov-Terentjev theory.

The sixth chapter consists of measurement of birefringence, dielectric constant, splay
and bend elastic constants and rotational viscosity in the nematic phase (N) of a hockey
stick-shaped compound exhibiting smectic-A (SmA) and anticlinic smectic-C (SmC,)
phase transitions at lower temperature. It is found that the physical properties are sig-
nificantly different than calamitics and partially similar to the bent-core liquid crys-
tals. It exhibits the positive dielectric and the negative elastic anisotropy. The optical
and the thermal measurements show that all the transitions are first order. The ro-
tational viscosity is comparatively higher than that of calamitic liquid crystals and
exhibits weak pre-transitional divergence. The 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. The parallel
component of the dielectric constant exhibits a single Debye type relaxation in all the
phases. The activation energy in the nematic, SmA and SmC, 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



molecules.

The seventh chapter consists of measurement of splay K;; and bend K3 elastic con-
stants in the nematic phase of a liquid crystal with T-shaped molecules. We find that
the ratio, K33/Kj; is ~ 1 in the entire nematic range except very close to the nematic
to SmA (SN) transition. Both K33 and Kj; show pretransitional divergence as the SN
transition is approached from higher temperature. The ratio, K33/Kj; suggests that
the length L to effective width D ratio i.e., L/D is significantly smaller due to the pres-
ence of long and flexible lateral group, compared to that of rigid rodlike molecules. It
is argued that apart from the extra contribution to the elasticity the long and flexible
lateral group also has a significant contribution to the suppression of the splay fluctua-
tions at the onset of smectic short-range fluctuations. The 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 flexo-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. These bent-core (BC) molecules
have different core structures and their bent angles are 6§ ~ 120° and ~ 60° respec-
tively. We find 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, ¢*/K is always positive and its concentration depen-
dent variation is not unique. At 7 mol % it is significantly 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 ¢* /K is explained.
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1.1 Liquid crystals

IQUID CRYSTAL is an intermediate state of matter between that of a crystalline
solid and an isotropic liquid. Liquid crystals possess many of the mechanical
properties of liquid, e.g., high fluidity, 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. They are
found among organic compounds with molecular shape anisotropy. They are classi-
fied into two types namely thermotropic and lyotropic. Thermotropic 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.



1.2 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 classified
into three categories [5, 6]. (i) Calamitic, (ii) Discotic and (iii) Bent-core liquid crys-
tals. They are basically composed of rod-like, disc-like and bent-core molecules, re-

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

s
(iii)

<
(i) (ii)

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

1.2.1 Calamitic liquid crystals

A typical calamitic liquid crystal consists of rigid core with flexible side chains. The
physical properties are widely influenced by the nature of the core and the side chains.

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

1.2.11 Nematic phase

The uniaxial nematic (N) phase is the simplest phase among all the known mesophases.
The word nematic comes from the Greek word nema, which means thread. Thread
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. The direction is called
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x>

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

director, represented by 71 which is apolar in nature i.e. 7 and —# are equivalent. Since
there is no long-range correlation between the centres of mass of the molecules they

can translate freely.

1.2.111 Order parameter

The 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 define the local orientation at
a point 7 = (x,y,z), following de Jeu [4], let us assume that the molecule is a rigid
rod with a unit vector a along the long axis. Now consider the thermal average of
the relevant tensor that are composed into a, over a microscopic volume around 7.
The first choice is a vector order parameter (a), where the angular brackets denote
the ensemble average. The unit vector a will be zero in the nematic phase because 7
and —# are physically equivalent. The next choice of order parameter is a second rank

tensor S, the elements of which are given by

1
Sep = (auag) — §6a,3 aB=xy2z (1.1)



The addition of Kronecker delta ensures that S, is zero in the isotropic phase where
(aZ) = 1. The tensor order parameter is symmetric and traceless and has five 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

field in the nematic phase is given by

$ul1) = 8 (m ()~ 550 ) (1.2

where S is a measure of the degree of alignment of the long axis of the molecules
along 71(7) and the expression in the parenthesis describes the spatial variation of 7(7)
from point to point. 7 is independent of 7 in a well-aligned nematic. For cylindrically
symmetric molecules the scalar order parameter is defined as [1]

S = M (1.3)

2

where the angular brackets represent the ensemble average and 6 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. The 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. Along with 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 71 is completed by a distance p, called pitch. The

repetition period is p/2 since 71 and —# are equivalent. A schematic representation of
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the molecular arrangement of rod like molecules in the cholesteric phase is shown in

figure 1.3.

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. These phases show orienta-
tional order along with some positional order. The 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. There are several different types of smectic

mesophases.

1.21.3.2 Smectic-A (SmA)

In smectic-A phase the long axes of molecules are parallel to the layer normal z. The
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 (/). A schematic representation of the molecular

arrangement of rod-like molecules in the SmA phase is shown in figure 1.4.
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Figure 1.4: Schematic representation of the molecular arrangement of rod-like molecules in the
SmA phase, where 11 is the director and Z is layer normal.

1.21.3.3 Smectic-C (SmC)

In smectic-C phase the long axes of the molecules make an angle with the layer normal
z. The tilt angle 6 (polar) reduces the layer thickness. The azimuthal angle ¢ does not
affect the layer thickness. So at any temperature, the amplitudes of 6 fluctuations of the
director are small compared to those of the ¢ fluctuations. A schematic representation
of the molecular arrangement of rod-like molecules in the SmC phase is shown in

figure 1.5.

1.2.1.3.4 Anticlinic smectic-C (SmC,)

In anticlinic smectic-C phase the long axes of molecules make an angle with the layer
normal z similar to SmC but the angle changes its sign 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 figure 1.6.
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Figure 1.5: Schematic representation of the molecular arrangement of rod-like molecules in the
SmC phase, where 11 is the director and Z is layer normal.

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

1.2.1.3.5 Smectic-C* (SmC*)

If a smectic-C phase is composed of chiral molecules, the chiral interactions lead to the
formation of helical structure and the phase is called smectic-C* (SmC*). The helix is
formed by precession of the tilt direction about an axis perpendicular to the layer with

a characteristic pitch. The helix can be either right or left handed depending on the
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chirality of the constituent molecules. The helix of the smectic-C* can be unwound
either by surface interactions or by the application of strong electric or magnetic fields.
The tilt angle 6 (polar) remains the same whereas the azimuthal angle ¢ 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 figure 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

The liquid crystals composed of disc-like molecules are called discotic liquid crystals.
Discotic liquid crystals usually consist of a rigid, flat core unit and flexible side chains,

which are surrounding this core [7].

1.2.2.1 Nematic discotic phase

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

mesogens. Again, there is only orientational order. The 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 figure 1.8.

~

n

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

1.2.2.2 Columnar discotic phase

In columnar discotic phases the cores of molecules are aligned in columns, surrounded
by the side chains. These 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

figure 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].

The new phases exhibited by them are labelled as B, phases [9, 10]. The letter B stands
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for banana or bent-core or bow shaped molecules, 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 Bj 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 figure 1.10.
This 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 B; phase can exhibit several sub-phases which some-

times show switching properties.

o
%

Figure 1.10: Schematic representation of the molecular arrangement of bent-core molecules in
the B; phase.
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1.2.3.2 B, phase

In this phase molecules form polar and chiral layer structures. These 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. This phase is observed in compounds with long alkyl chains. The 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]. B, phase is identical as SmCP phase (P stands for polar). There are two
macroscopic racemic layer structures (SmCsP, and SmC,Pr) and two macroscopic
chiral structures (SmC, P, and SmCgPg), 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 B, phase is shown in figure 1.11.
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Figure 1.11: Schematic representation of the molecular arrangement of bent-core molecules in
the B, phase.

1.2.3.3 Bg phase

In this phase the molecules form an intercalated fluid lamellar (smectic) structure with
layer spacing equal to half the length of the molecules with short chains. Cores and
chains overlap significantly. A schematic representation of the molecular arrange-

ment of bent-like molecules in the B¢ phase is shown in figure 1.12. This phase is



1.3 Physical properties 12

Antiferroelectric ferroelectric
SmCP phase SC AC SC AC
C: tilted
SC: Syn-
clinic

AC: Anticlinic

SWICsPA ST’I’ICAPA ST’YICsPF SH’ICAPF

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

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

anti-ferroelectric order. The molecules do not switch under an electric field.

i

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

1.3 Physical properties

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

chapters.



1.3.1 Optical properties

1.3.1.1 Refractive index

Refractive index is the property of a material that determines the relative speed of light
in the material. In the case of liquid crystals, the speed of light for polarisation parallel
to the director is different from that for the perpendicular direction. The uniaxial
nematic phase has two principal refractive indices called n, and n,. The suffixes ‘¢’
and ‘o’ stand for extraordinary and ordinary rays respectively. For a nematic, n, = n,
and n, = n,, where the parallel and perpendicular directions are defined in relation
to the director. The average value of the refractive indices in the nematic phase is given
by

(n?) = %(nﬁ +2n%). (1.4)

1.3.1.2 Birefringence

The birefringence is given by
An=n,—n,=n| —ng (1.5)

which is usually positive and varies from 0.01 to 0.2 [4, 12]. The optical anisotropy
An = nj — ny_is defined by electronic polarizability anisotropy (4y* =y — y1),
measured parallel and perpendicular to the long molecular axis. However, An is used

to estimate the orientational order in liquid crystals using the relation

An
Ang

S~ (1.6)

where An, is the birefringence in fully aligned state when § = 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
field. 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 field.

Figure 1.13: Schematic representation of the principal components of the polarizabilities of liquid
crystal.

In liquid crystals, the dielectric constants £ and ¢, are measured with electric field
parallel and perpendicular to the director (#) respectively. The dielectric anisotropy
is given by Ae = ¢ — ;. These dielectric constants depend on orientational or-
der (S) of liquid crystal, the angle g between the molecular dipole and the axis of the
maximum polarizability of the molecule, the average molecular polarizability (y%) =

(yﬁ + 2y%)/3, and its anisotropy Ay* = Yﬁ -5



Maier and Meier’s theory [13] gives the following expressions for the dielectric con-
stants
ZAVE MZ

SLF
3 0T ST

4
g = 1+ ENAI’IF {<yE> +

L (1 —(1—3cos? B)S)} (1.7)

e =1+ PN | (y >—A—YES+F w 14 21— 3c0s2p)s (1.8)
MoA 3 3kpT 2 cos”p :

where M is molar weight, h = 3(e)/(2(e) + 1) is the cavity field factor, F = 1/(1 —
AyE)) where f = ((¢) — 1)/[2ma*(2(¢) — 1)] is the reaction field factor for spherical
cavity and a®> = 3(u/4m)N,p is the cavity volume. From equations 1.7 and 1.8 the

average dielectric constant (e) = (¢ + 2¢)/3 is given by

(g) = 1+VNAhF {( >+F3k: } (1.9)

and dielectric anisotropy is given by

MZ

2kgT

Ae =g —¢| = %NAhF {AyE—F (1 —3c032[3)} S. (1.10)
The relative magnitude of the two terms within the square brackets of equation (1.10)
determines the sign of Ae. When p < 55°, the two terms add up and the compound
exhibits a positive dielectric anisotropy. For p ~ 55°, the second term vanishes and
only Ay® contributes to Ae. For p > 55°, Ae > Oor < 0, depending on whether
the dipolar contribution is less or more than the contribution due to polarisability

anisotropy.

When a time-varying electric field is applied to the dielectric medium, a complex di-
electric permittivity describes the phase lag between the displacement D = ¢*E and
the external field E in the dispersion region of orientation polarizability. The complex
permittivity £* is given by

e =¢ — i (1.11)



where ¢’ and ¢” are, respectively, the real and imaginary parts of ¢*. They are given by

/ £(0) — &(c0)
& = S(OO) + W (1.12)
) [£(0) = e(o0) oy .

1 4 w?t}
where £(00) is the permittivity at the high frequency limit, £(0) is the static, low fre-
quency permittivity, w is angular frequency and 7, is the characteristic relaxation time

of the medium. The dielectric losses are given by

E”

tanp = = WTp. (1.14)

g — g(00)
These dielectric losses cause electric current even in a purely insulating medium where
there are no free charge carriers. The magnitude of the electrical conductivity caused

by dielectric losses is given by op = e.¢” w.

1.3.3 Viscoelastic properties

The viscoelastic properties of liquid crystals are very important. These properties
mainly determine the behaviour of liquid crystals in external electric or magnetic
fields. The 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 # is independent of r.
When a distortion is induced and the derivatives of #(r) exist, an elastic restoring
torque comes into play tending to restore 7(r) to the undistorted state. Any defor-

mation can be considered to be a combination of three basic curvature deformations.



1.3 Physical properties 17

These are called splay, twist and bend and the deformation free energy density is de-

fined as [1, 2, 14],

1
§=3 [Ki1(V - 71)* + Ky (71 - V x 71)* + Ksz (7t x V x 71)?] (1.15)

where K, K, and Kj; are the splay, twist and bend elastic constants respectively. The
constants are positive and usually K33 > K;; > Kj; in rod-like molecules. The typical
magnitudes of these constants are ~ 107!* N. A schematic representation of the splay,

twist and bend deformations is shown in figure 1.14.

W § =
i E ==

‘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. Three principal
viscosities can be define for nematic liquid crystals depending on the relative orien-
tation of the molecules with respect to the flow of the material. Depending on the
orientation of director with respect to flow direction the following viscosities are de-

fined.
(i) ny: director parallel to velocity gradient.

(ii) n,: director perpendicular to the velocity gradient (parallel to flow direction).
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(a) (b) (c)

flow direction

M Up) N3

Figure 1.15: The viscosity coefficients of a nematic liquid crystal. Arrows represent direction of
flow.

(iii) #5: director perpendicular to both velocity gradient and flow direction.

The three coefficients #;, 1, and 5, are called Miesowicz coefficients.

1.3.3.3 Rotational viscosity

Rotational viscosity (y,) results when molecule rotates around an axis perpendicular
to the director. Rotational viscosity (y,) is one of the most important parameter of
liquid crystal devices because it determines the electro-optical switching speed. The
magnitude of y, depends on temperature, inter molecular interactions, and the molec-
ular structure. For a liquid crystal slab of thickness d, y, is given by [15, 16]

TOK117T2

=" (1.16)

where Kj; is the splay elastic coefficient and 7, is the relaxation time. Thus y, can be

measured from the measurement of relaxation time (7).
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1.3.4 Flexoelectricity

The 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 field. This was first proposed by
Meyer (1969) and named as flexoelectric effect [17]. The flexoelectric polarization is
given by,

—

P = el(V : ﬂ)fl-f— e3(V X fl) X 7 (117)

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

where e; and e; are the two flexoelectric 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 flexoelectricity. 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. They 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 flexoelectric effect arises due to quadrupolar moments of the molecules. The
splay deformation develops a net dipole moment and the medium gets polarized.
The quadrupolar contribution is independent of the shape of the molecules. The
quadrupolar contribution to flexoelectric effect is of the same magnitude as due to
dipolar contribution. Since all nematogenic molecules have finite quadrupole mo-

ments, flexoelectric 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]. The 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

=——=—= Il fH NN
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Figure 1.17: Schematic diagrams of the (a) homogeneous, (b) homeotropic and (c) hybrid align-
ments of the molecules.

1.41 Homogeneous alignment

The molecules can be aligned parallel to the plane of the glass plates by coating the glass

plates with appropriate polyimide and rubbing. This geometry is called homogeneous



or planar geometry. The 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 figure 1.17(a).

1.4.2 Homeotropic alighment

The molecules can be aligned perpendicular to the plane of the glass plate by coating
suitable polyimide on to the glass plate. This 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 figure 1.17(b).

1.4.3 Hybrid alignment

In this geometry one plate is coated with polyimide and rubbed in specified direction
to achieve planar alignment whereas other plate is coated with homeotropic align-
ment layer to achieve perpendicular direction. This geometry is used to measure flex-
oelectric coefficient. A schematic representation of hybrid alignment is shown in fig-

ure 1.17(c).

1.4.4 Freedericksz transition

The dielectric displacement D in a nematic liquid crystal is given by [21, 22]

D = e, E+ e, Ae(in - E)in (1.18)
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Figure 1.18: Schematic representation of director configuration is shown (a) below and (b) above
the threshold field respectively.

and the dielectric energy density of a nematic is given by

E
R 1 - 1 -
Waier = —/ D-dE = —E&JSLEZ — EsoAs(fz -E)? (1.19)
0

It is noted that the dielectric energy is lowered by an alignment of # with respect to
E, which depends on the sign of the Ae. In a uniformly aligned sample when an elec-
tric field is applied perpendicular to the director (Ae > 0) a distortion takes place
only when the strength of applied field exceeds a certain well defined threshold value.
This is called Freedericksz transition [12]. A schematic representation is shown in

figure 1.18. The threshold voltage is given by

K
oAs

Vin=m (1.20)

where Kj; is the splay elastic constant.
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N this chapter we briefly discuss the procedure of liquid crystal cell preparation
and the experimental techniques that are used for the measurement of bire-
fringence (An), dielectric constants (g, £, ), splay (K;;) and bend (K33) elastic

constants, rotational viscosity (y,) and flexoelectric coeflicients (e; —e3). 5CB (pentyl-

cyanobiphenyl) is used to calibrate experimental techniques.

2.1 Preparation of liquid crystal cell

Two glass plates (area 1.5 cm?) coated with indium tin oxide (ITO) of thickness 1500
A and resistivity 15-20 Q /cm? are used to prepare cell. The ITO is a transparent con-
ductor which is used as an electrode in liquid crystal cells. The required pattern of ITO
on a glass plate is achieved by chemical etching. The patterned ITO glass plates are

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

25



using an ultrasonicator water bath. After taken out from bath the water droplets on
plates are removed by blowing N, gas. The 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. They are used for homogeneous and homeotropic alignments respec-
tively. The coated glass plates are cured at 180 °C and 200 °C respectively in an oven
for a duration of 1h. The 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. The thickness of cell is controlled
by size of silica beads. The schematic representation of top view of a liquid crystal cell
is shown in figure 2.1. The electrical connections to the cell are made by soldering

copper wires using an ultrasonic soldering (Sunbonder USM-1V).

Connecting wires

2 (N Glass plate

| | N
ITO Spacer  Active region

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

2.1.1 Measurement of cell thickness

The empty cell gap is measured using interferometric method with Ocean Optics (HR-

4000) spectrometer. The experimental setup is shown in figure 2.2(a).

The empty cell is kept under spectrometer reflection probe which consists of optical
fibres. It is illuminated by light through outer six fibres of probe and reflected light is

collected by central fibre of the probe and fed to spectrometer as shown in figure 2.2(b).
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Light Source

Optical fibre

O
Computer OQO
Probe Q9
| (®)
Spectrometer —_—

Liquid crystal cell

Figure 2.2: (a) Schematic diagram for measurement of cell thickness. (b) Bottom view of probe.

The corresponding spectrum is analized using SpectraSuite software. The spectrum
consists alternative maxima and minima as shown in figure 2.3. The thickness of air

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

AmAn Xn—m

= 2.1
A — Am 2 @1)

where 1,, and A, are wavelengths of m™ and #" maxima or minima.

400 A

300 [ A

Intensity (a.u.)

200 - .

| | | |
500 600 700 800
Wavelength (1)

Figure 2.3: The intensity variation from an empty cell.



2.2 Measurement of dielectric constant

The cell forms a parallel plate capacitor with an effective area A separated by distance
d. The empty cell capacitance is measured with the Agilent LCR Meter (E4980A).
The capacitance measured is recorded as C,. The cell is kept in heater and heated
above Ty of the liquid crystal sample. The sample is filled using capillary action in
isotropic phase. Then it is cooled in the nematic phase and observed in a polarizing
microscope to ensure desired alignment of liquid crystal director. The phase transition
temperatures of the sample are noted and photographs are taken in various phases and
at various temperatures. The ratio of capacitances with and without the sample gives
the dielectric constant (¢). The dielectric constant measured in planar cell provides
e, as the applied field is perpendicular to the liquid crystal director. Similarly the
dielectric constant measured in homeotropic cell provides ¢ as the applied field is
parallel to the director. The average dielectric constant and dielectric anisotropy can
be easily estimated by using the relations (¢) = (e + 2¢1)/3 and As = ¢ — ¢,

respectively.

2.3 Measurement of birefringence

The birefringence (An = n, — n,) of a uniaxial liquid crystal sample can be measured
with two techniques namely directly transmitted intensity measurement and phase

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

2.3.1 Intensity measurement technique

The birefringence of the sample is first measured using d.c. intensity measurement
technique. The optical setup for measurement of birefringence using d.c. intensity

measurement technique is shown in figure 2.4.
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Detector Dll/\ Multimeter

|
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90° | | Temperature
) K - Sample / controller
|45 |
—
7 0° Polarizer
-
X
/ D,
y
He-Ne laser Reference

Figure 2.4: Experimental diagram for measurement of birefringence using intensity measure-
ment.

The setup consists of two crossed Glan-Thompson 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. The plane polarized light after
first GT ploarizer passes through the sample in which the rubbing direction is kept
at 45° with respect to first polarizer. The transmitted light passes through second GT
polarizer and then goes to a detector. The detector output is connected to a Keith-
ley DC voltmeter for measurement of output intensity. The 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 finite
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 software designed by us using

LabVIEW.



Now consider liquid crystal sample of thickness d kept in between two crossed polar-
izers and the rubbing direction make an angle ¢ with polarizer. Assume polarizer and
analyzer are in x and y direction and light propagates in z direction. The expression

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

Eout == PverticulR(_(P)]lcR((P>PhorizontalEin (22)

. . . cosp  sing
where R(¢) is rotation about an angle ¢, is given by R(¢) = ,
—sing cos@
2mi

e_T”Ed

Jic is given by J;. = , A is the wavelength of the light and E;, is

2mi

0 e 1 nod
electric field of the incident light.

If the intensity of the light after the first polarizer is I, then intensity at the detector is

given by

And
I = Iysin*(2¢) sin® (n }\n > ) (2.3)
Setting ¢=45°, the intensity at detector is given by

And
I = Iy sin® (” - ) (2.4)

and birefringence can be expressed as

A . Imeas
An = — arcsin . (2.5)
nd Io

2.3.2 Phase modulation technique

An optical setup for measurement of birefringence using phase modulation technique [2]

is shown in figure 2.5. The setup consists of two crossed Glan-Thompson 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. The 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. The transducer is controlled by an external controller.
A vertical optical bench setup is used, where the sample is supported on a shelf. The
plane polarized light after first GT ploarizer passes through PEM and sample where
both are kept at 45° with respective to first polarizer. The light passes through second
GT polarizer and then to a detector. The detector output is connected to a lock-in

amplifier for detection of the first and second harmonics of AC signal.

Detector Dr\ Lock-in amplifier
,,,,,,, | 1f reference
/ Analyzer
90° | | LCR meter
I™N_ 7| Sample
fo- x‘ 5 Temperature
%?, S | controller
NG PEM
45° | \
o . PEM controller
0° Polarizer
>
/ )
y He-Ne laser

Figure 2.5: Experimental diagram for the measurement of birefringence using PEM.

The expression for transmitted electric field is given by

Eout = PverticalR(_(P)]lc]PEMR((P)PhorizontalEin' (26)
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2.3 Measurement of birefringence

Consider PEM making an oscillation with amplitude A, and an angular frequency w.
Then the retardation (A) due to the PEM can be expressed as A = A, cos(wt), the

Jones matrix for PEM is given by [3]

2mi A
er2 0
Jpem = ani (2.7)
0 er 2
The intensity at detector is given by
And + A
[ = Iy sin®(2¢) sin® (W) . (2.8)
Setting ¢ = 45°, we get
And + A
I=Isin’ <M> . (2.9)
A
Substituting A = A, cos(wt) in above equation, we get
I 2 2
I = EO (1 — cos (%Andjt %AO cos(wt))) (2.10)

by considering optical phase shift of the liquid crystal sample, A® = 2%dAn and ex-

pressing A, in units of phase angle, it reduces to
I
I= 50 [1 — cos (AD) cos (A, cos(wt)) + sin (AD) sin (A, cos(wt))] . (2.11)
The above equation can be written as

I - %0 1 — cos(A®) x {Jo(As) + 2(5(As) cos(208)) + ..}

+sin(A®) x {2(];(As) cos(wt)) + ... }] (2.12)
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where Jo, /1, ], are Bessel functions of various orders. Intensity can be written as

1 — Jo(As) cos(AD)
2
+]5(A,) cos(AD) cos(2wt) + ...] . (2.13)

I = I + J1(As) sin(AD) cos(wt)

Therefore the intensity measured by the lock-in amplifier with 1f and 2f signals are

given by

Ilf == I()]l(A())Sin(ACD)

sz = Iojz(Ao)COS(A(D). (214)

In the present experiment A, = 2.405 so that Jo(A,) = 0, J;(A,) = 0.519 and
J2(Ao) = 0.4318.

T T T T
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— 2f intensity (w
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|
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Temperature (°C)

Figure 2.6: Temperature dependent transmitted 1f and 2f signals of 60CB.

The birefringence of the sample is given by

A A I x (A,
An = —A® = —— arctan <L2()) . (2.15)
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Figure 2.7: Temperature dependent birefringence of 60CB.

The amplitude and frequency of PEM are regulated by its controller. The output fre-
quency of PEM controller is given to lock-in amplifier as an external reference signal.
The lock-in amplifier measures amplitude of first and second harmonics of the out-
put signal with respect to reference frequency. The birefringence is calculated using

equation 2.15.

The birefringence of 60CB (p-hexyloxy-p-cyanobiphenyl) measured by the above
techniques are shown in figure 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?) very accu-

rately by phase modulation technique.

2.4 Measurement of elastic constants

The elastic constants are measured using electro-optic technique. The 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 Ae > 0.

x
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(a) V< Vy (b) V> Vy

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

Consider a liquid crystal with Ae > 0 is enclosed between two conducting glass plates
with a gap d as shown schematically in figure 2.8. If an electric field E is applied along
the x-axis, the dielectric energy is lowered by tilting the director. Now consider di-
rector (1) to be strongly anchored to the boundaries and parallel to the z-axis. The

electric field is along the x direction and we write,

Director:  n = (sin6(x), 0, cos 6(x)) (2.16)

Electric field: E = (E,,0,0) (2.17)

with 6(0) = 6(d) = 0. Now 6(x) is a function of x and has maximum 6,, at x = d/2.
After applying electric field, the director deforms and free energy per unit area is given

by [5-8]

2
(Kll COS2 6+ K33 sin2 9) (%) — l_j . E dx + Zf;(eo), (218)

where D is displacement vector and f; is surface free energy density. Considering there
are no free ions in liquid crystal and E satisfies maxwell equations V-D = 0, VxE = 0.

Since V - D = 0, x-component of D is constant. D, is independent of x but depends
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on 6(x) and given by

E()V

D, = — .
Jo (g sin® 6 4 £ cos? 6)dx

(2.19)

Free energy density is given by

2/
—_
0

dx
E()V2
2 de(SH sin® 6 + ¢, cos? §)~'dx

de\’
(K1 cos® 8 + K3 sin® 6) (—) ] dx

+2£(60). (2.20)

This free energy is minimised with appropriate Euler Lagrange equation [9]. The

Euler-Lagrange equation yields

d [de de\’

D2 (g —ey1)sinfcosf

. 2.21
£ (EH sin® § + £, cos? 9)2 ( )
Multiplying by 2% and integrating once
2 .2 de 2 DJZC s 2 2 n\2
(K11 cos” 8 + K33 sin” 6) ) = C+ —=(gsin” 6 4 &, cos” 6) (2.22)
X )

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

6(x) = 6,, at x = d/2. Then

D2 1

C: 2 )
g0 €1 €COS* B,y + € SIN” B,

putting y = (e — €1 )/e1 and k = (Ks3 — Ki1)/Kyp we get

de

E = Dx Y/<E()EJ_K11) ( (223)

sin’ 6,, — sin” 6 :
(1 + ksin® 6)(1 + ysin® ,,)(1 + y sin® 9)
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Integrating inverse of equation 2.23 and for x = d/2 we have 6 = 6,
2 — (% ((1+«sin?6)(1+ysin?6))
D, = ;l\/eoeLKu/y\H%—ysm Gm/o ( Ry ) do.
(2.24)

From equation 2.19 and equation 2.23 and substituting sin § = sin 8,, sin ¢ we get

1

Vv 2 1 + k sin? 6,, sin? 2
—:\/l—i—ysinzam/ — ’_Cz IPZ — dy (2.25)
Vi o L(14 ysin®8,,sin®¢)(1 — sin* §,, sin*¢)

where ® = sin"!(sin 6,/ sin 6,,) and Vy, = m, /E;E—liy is the Freedericksz threshold

voltage.

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

d
5O = 2% [ne(x) — noldx (2.26)
0

where, n,4(x) = n.ny/+/(n?sin? 8 + nZ cos? 8) is the effective extraordinary index at

x. Now inserting equation 2.23 in equation 2.26 we get

1 — 8@ -2nA/(n.d) = (1/Dx)\/ e Ki1/yy\/ 1 + ysin® 8,

1
2 [ (1 in” §)(1 in*9) |*
><—/ (Ltesin 6)(L+ysin 0) 240 (55
dJ, [(1-+vsin®6)(sin’6,, — sin® )

where v = (n2 — n}) /nt.

Inserting D, from equation 2.24 we get

O .2 . 2 3
(1—6d>~ 27IA> / [(1+K51n 6)(1 + ysin 0)} g6 —
0

n.d sin® 6,, — sin” 6

/9'” [( (1+ ksin®6)(1 + ysin? ) ];dé). (2.28)
0

1 + vsin? §)(sin? 6,, — sin® 6)




Substituting sin 6 = sin 6,, sin ¢ and rearranging, we get

7/2 [ (14« sin? 6, sin? ¢)(14y sin? 6, sin® ¢)
(1—sin? 8, sin? ¢) (1+v sin? Gy, sin? ) ¥

(€]
n/2 \/(H—K sin? 6, sin? ¢ (1+y sin? 6, sin? ) dlp ne

ned i

SD(V) = 21 (2.29)

(1—sin? 8, sin? ¢)

An electric field 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. The threshold voltage is

given by
Kll

2.30
IYAY: ( )

Vth =T

where Kj; is splay elastic constant and Ae is dielectric anisotropy. For a fixed tem-
perature the voltage dependent optical phase difference above threshold voltage is fit-
ted iteratively using equations 2.25 and 2.29 using ©, k and 6,, as parameters. From
Freedericksz transition splay (Kj;) elastic constant is calculated and from « (= (K33 —

K11)/Ki1) bend (Kj3) elastic constant is calculated within +6% error.

Algorithm for fitting to estimate K33

i. Read An, n,, €|, €1 and Ky,
ii. Choose approximate values of k, 6, and 6,,
iii. Evaluate the V and §®
iv. Interpolate experimental data
v. Measure y?
vi. Adjust © and k to get minimum x?

vii. Calculate K33 using k and K,
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Figure 2.9: The best fit 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 fitting of the
experimental data using theoretical relations. A numerical program is written using
Mathematica software (Wolfram). All the elliptic integrals are evaluated numerically
by the inbuilt package available in Mathematica. Some of the parameters required
to fit the experimental data above Freedericksz threshold are birefringence (An), or-
dinary refractive index (#,), parallel (¢) and perpendicular (¢, ) dielectric constants
and splay elastic constant (Kj;). Initially one has to choose approximate values of
k, tilt angle of director at surface (6y) and maximum angle of director at the centre
(6,,) of the cell. These values are used to evaluate the voltage V (eqn. 2.25) and opti-
cal phase difference §® (eqn. 2.29). It is enough to generate voltage values up to 2.5
times of V. 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 (x?) is calculated by taking difference between theoretically calcu-
lated and experimentally obtained optical phase difference values. ® and « are varied
as fit parameters to lower the value of x*. Best fit parameters ® and k are evaluated at

minimum x2.



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 ym) was tracked. Now consider
colloidal particles (silica microspheres of radius r) irregularly dispersed in a liquid of

viscosity 7.

The probability that a particle will diffuse a distance § in the plane in time 7 obeys the

Gaussian distribution [10]

P(6]r) = Po(r) exp <—Af—(1)> (231)

where Py(7) is a normalization constant and A(7) the width of the distribution. The

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

kgT

D=
6mry

(2.32)

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

We measure the passive viscosity coefficients (1, and 7, ) parallel and perpendicular
to the director n1. These can be compared to the Miesowicz viscosity coefficients ),
n, (fig. 1.15) ie, n; =~ n, and n, =~ n;. The silica microspheres of diameter 0.98
um (Bangs Laboratories) are dispersed in 0.5% water solution of octadecyldimethyl
(3-trimethoxysilylpropyl) ammonium chloride (DMOAP) and mixed for several min-
utes. The microspheres are then rinsed with distilled water several times and dried for
30 min at 120 °C. The 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. The particles are observed under
an inverted polarizing microscope (Nikon Eclipse, TE2000-U) with water immersion
microscope objective (100X) and NA=1.1. The 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. The obtained histogram of the microparticle displace-
ments is Gaussian. The diffusion coefficient parallel and perpendicular to the director

(D) and D, ) of the thermal motion are obtained using the relation D) , = A‘ZL | /4.

n, and n, are calculated using n,, = &Tf;ﬁ. 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

z PMT 1;/\ Oscilloscope
|
[ A
Z - nalyzer LCR meter
90° |
AN sampl
< \O‘ ampre Temperature
45 | controller
) 0° Polarizer
—) |
S i
y He-Ne laser

Figure 2.10: Experimental diagram for measurement of rotational viscosity.

Rotational viscosity (y,) is measured using phase-decay-time measurement [11] of
a parallel aligned liquid crystal (LC) cell under small excitation voltage. The exper-
imental setup for measurement of rotational viscosity (y,) is shown in figure 2.10.

The measurement consists two steps; i) measurement of intensity with voltage at fixed



temperature, and ii) measurement of time dependent relaxation transmission inten-
sity. 'The setup consists two Glan-Thompson polarizers, He-Ne laser and a photo-
multiplier tube (Hamamatsu). The 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. The equation of motion of planar aligned nematic liquid

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

o st 00k amocoss (€)'
(Ky; cos” 6 + Kj; sin e)d >+ (K33 — Kjp) sin 6 cos 0 g
X

x
+eoAcE? sin 6 cos § = ylﬁ + ]I@ (2.33)
dt dr?

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

(sin 6~86 &Ku ~ K33)

d*6 ) de
Ku@ + E()AEE 6 = yla (2.34)

When electric field is switched off then

a6 de
Kll@ = ylﬁ (235)
and the solution is given by
. X —t
6(x,t) = 6, sin <g> exp <T_o> (2.36)

d2
where 7, = Iglllnz

and 6, is maximum tilt angle at the centre of the cell.

The phase decay time is expressed as [14]

5(f) = 8o exp (_Zt) (2.37)

o
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[OV)

when & is equal or in the vicinity of (N + 1/2)m,

5(f) = 8 exp (_4t) (2.38)

(o]

when &, is equal or in the vicinity of Nr.

The time dependent transmitted intensity is

I(t) = Ipsin® [(Awr — 8(2)) /2] - (2.39)

Intensity (a.u.)

|
0.5 1 1.5 2
Voltage (V)

Figure 2.11: Voltage dependent transmission intensity at T = 33.2 °Cin 5CB.

The experimental procedure consists of two steps namely measurement of voltage de-
pendent intensity at a fixed temperature and measurement of time dependent trans-
mitted intensity after switching off the electric field. The voltage dependent trans-
mitted intensity is measured to find the maxima and minima. A typical variation of
voltage dependent intensity for 5CB is shown in figure 2.11. A small voltage (V},) cor-
responding to the first maxima or minima was applied depending on the transmission
intensity, such that the total phase retardation of the sample was nm. At time t = 0,

the bias voltage (V},) 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 V, in
5CB(T = 33.2°Q).
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Figure 2.13: Linear variation of In[8 / §(t)] with time (t) in 5CB (T = 33.2°C).

the liquid crystal cell was measured with an oscilloscope (fig. 2.12). The phase difter-

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

equation 2.39. The relaxation time 7, is estimated from the plot of In[§,/8(t)] with ¢

(fig. 2.13). The rotational viscosity (y,) of the liquid crystal is calculated using
TOKHTL'Z

V= (2.40)
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The 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 flexoelectric coeflicients
(e* = e; — e3) of nematic liquid crystals [16, 17]. The experimental setup for mea-

surement of flexoelectric coeflicients is shown in figure 2.14.

Detector I;,\ Multimeter
|
Analyzer | | Rotation stage
| controller
Sample
P D.C. Power
| source
Polarizer
I Temperature
controller
He-Ne laser

Figure 2.14: Experimental diagram for the measurement of flexoelectric coefficients.

The setup consists two GT polarizers, He-Ne laser and a detector. The Analyzer is
mounted on rotating stage (Thor 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 um apart on
the bottom plate such that electrodes are parallel to the rubbing direction which also

acts as spacers. The thickness of the cell is about 20 um. A schematic diagram is
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shown in figure 2.15. A dc voltage is applied and intensity is measured with rotation

of analyzer.

Sample

Electrodes |

Glass plates

Figure 2.15: (a) Geometry of the HAN cell used in the measurement of e* / K. (b) Twist deformation
produced by an inplane dc electric field along the y-axis. Top plate is coated with homeotropic
alignment layer ( 6, ~ 0°) and bottom plate is coated with planar alignment layer ( Gp ~ 90°).

The structure of cell causes splay-bend deformation in the director field, which give
rise to flexoelectric polarization P = e, (V - 1)71+ e5(V X #t) X #1. As we apply the field

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

The elastic energy density before the application of field is given by

doN® ., [do\’
(E) + sin Q(E) ] (2.41)

where 6 is tilt angle, ¢ is twist angle and K is average Frank elastic constant. The splay-

K

ﬁleE

bend deformation is defined by ¢ = 0 and d*6/dz*> = 0. Now the coupling energy
between Pand Eis —P - E = ¢*Esin® sin ¢, where ¢ is the twist caused by field E.
The equilibrium equations can be written as

426 do\’ 5 do
— S s = —¢*Esi — 242
K[dzz sin 6 cos 6 <dz) ] e"Esin Gcoscpdz ( )

d o de\ L do
I (Ksm gdz) = ¢"Esin 9cos<pdz. (2.43)



In the absence of electric field, ¢ = 0, and equation 2.42 reduces to

de
dz

where C; and C, are two integration constants. In splay-bend distortion the boundary

conditions are, 8(z = 0) = n/2 and 6(z = d) = 0. Tilt angle 6 can be expressed as

8(z) = g <1 . g) . (2.45)

For low fields, ¢ is a linear function of E. We can calculate ¢ by linearizing equa-

dz (Ksm 0 Z) = ¢*Esin® G(Zz)
K sin® —('D = ¢*Esin’ 6
d d
e*E sin 26
— 9—
f) = 5

d(p de e'E sin26
or, Ksin® 6 = 6 —
de dz 2 2

Inserting the value of d6/dz from equation 2.45 we get,

de — (e Ed) [1 sin26 — 9} sin~? 6. (2.46)
de nK 2

tion 2.43 in ¢.

or, K sin® 6(

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

by

e*Ed
nK

p(d) = (2.47)
The cell is kept in between crossed polarizers such that the rubbing direction is parallel
to polarizer. When there is no field, the polarized light emerges without intact and

gives minimum intensity at 0° (crossed possition) and increases as we rotate analyzer
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Figure 2.16: Variation of intensity with the the rotation of analyzer.
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Figure 2.17: Variation of field-induced azimuthal twist angle as a function of voltage. Solid line
represent the best fit to the equation ¢ = ¢*Ed/nK.

as shown in figure 2.16. When we apply dc field, twist deformation occurs in director
field which causes a rotation of ¢ in the plane of polarization of transmitted light. The
rotation ¢ is proportional to the magnitude of field E (eqn. 2.45). ¢ is measured as a
function of applied electric field and e* /K is estimated from the best fit in the linear
region (fig. 2.17). The variation of intensity with rotation of analyzer at two different

voltages are shown in the figure 2.16.
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Optical, dielectric and viscoelastic
properties of liquid crystal mixtures of
rod-like and bent-core molecules

3.1 Introduction

osT 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. This 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. The bent molecules exhibit several phases such as By, B,, ... and Bg
(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



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 SOCB 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 Kj; 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 K;; 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 fluctuations. They [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 An, Kj;, K33 and y, as a function of temperature and we show that
these physical properties of the mixture are significantly 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

3.21 Chemical structures and phase diagram

We prepared various mixtures of compounds 4-biphenylyl-4”-n-undecycloxybenzoate
and 1,3-phenylene-bis[4-(3-methylbenzoyloxy)]-4'-n-dodecylbiphenyl-4'-carboxylate.
The chemical structures of the compounds and their individual phase transition tem-

peratures are shown in figure 3.1.
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Figure 3.1: Chemical structures of the compounds and their phase transition temperatures.
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Figure 3.2: Phase diagram of the mixtures of the above two compounds. Vertically down red ar-
rows indicate the concentrations chosen for the experiments. (Adopted from ref. [1])

The 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 (fig. 3.2) and is the interest of the present
study. The isotropic-nematic transition temperature decreases (fig. 3.2) and nematic-
SmA, transition temperature increases with increasing concentration of bent-core
compound and SmA,;, appears beyond =~ 4 mol %. Recently Sasaki et al. [8] made de-

tail calorimetric measurements and showed that the critical heat anomaly associated



with the SmA, to SmA,, 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 (An) of the mixtures as a function of temperature.

First we discuss the optical and dielectric properties. The optical anisotropy (bire-
fringence) was measured using phase modulation technique as discussed earlier in
chapter-2. The temperature dependent variation of birefringence (An) of the pure
compound and various mixtures are shown in figure 3.3. An 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. An is almost constant in all the
mixtures at a fixed temperature which suggests that the orientational order, S (o< An)
is not affected by the inclusion of the bent-core molecules. A significant jump in An 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 first order and
consistent with the calorimetric measurements [8]. Further, the relative jump in An
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



parameter ¢ and fluctuation in the nematic order parameter S as the McMillan pa-
rameter (« = Tgy/Tny) 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 An, K;; and K;; of mixture of the present bent-core compound with
80CB were reported by Kundu et al. [5]. They reported inverse effect i.e., An decreases

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

The temperature dependent variation of dielectric anisotropy for the various mixtures
(As = g —¢ ) is shown in figure 3.4. The dielectric anisotropy is positive and relatively
small and decreases with increasing concentration of bent-core compound at a fixed
temperature. The resultant dipole moment of the rod-like molecules is along the long
axis whereas the bent-core molecules have transverse dipole moments (see figure 3.1).
We have discussed that the low frequency dielectric constants are mostly contributed
by orientational order S and molecular dipole moment. The 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 figure 3.5(a).
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Figure 3.5: (a) Mutual alignment of rod and bent-core molecules in nematic phase. Dotted region
shows a temporary cluster in the nematic phase. Schematic representation of (b) splay and (c) bent
distortion of the director in the mixtures.

3.2.3 Splay, bend elastic constant and rotational viscosity measurements
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Figure 3.6: Variation of splay elastic constant (K;1) of various mixtures as a function of tempera-
ture.
In this section we discuss the viscoelastic properties. The optical phase difference (A®)
of the sample was measured as a function of applied voltage to measure splay (K;;) and

bend (Kj3;) elastic constants at various temperatures. The variation of experimental
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Figure 3.7: Variation of bend elastic constant (K33) of various mixtures as a function of tempera-
ture.

data (A®) is fitted with equations 2.25 and 2.29 and the details of the fitting proce-
dure is discussed in chapter-2. The temperature-dependent variation of splay (Kj;)
and bend (K3;) elastic constants are shown in figure 3.6 and figure 3.7 respectively.
We notice that K, increases with decreasing temperature in the nematic phase and
shows a little change of curvature as the smectic phase is approached. Interestingly at
a fixed temperature there is no significant change in K;; with increasing concentra-
tion of bent-core compound. Since An (< S) do not change with the concentration,
K (x §* o< An?) is also not affected by the increasing concentration of bent-core
molecules. On the other hand Kj; decreases significantly (fig. 3.7) with increasing
concentration of bent-core compound. Variation of K;; and Kj; at two temperatures
namely T — Ty = —3.8 °C and —7.8 °C is shown in figure 3.8. It is observed that
K;; remain constant and Kj; 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 K;; and Kj; in the mixture of present bent-core compound with
80CB were reported by Kundu et al. [5] and they found that both decreases with in-
creasing concentration of bent-core compound in the mixtures. There were no struc-

tural similarities between the two molecules in their study. The strikingly different
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Figure 3.8: Variation of both K11 and K33 with the concentration of bent-core compound. Closed
symbols represent K1, and open symbols represent K33. Circles and squares represent measure-
ments at 3.8 and 7.8 °C below Ty respectively. Continuous lines are drawn as guides to the eye.

results i.e., both An and K;; 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 (fig. 3.5(a)), and the
bent molecules do not facilitate splay fluctuations hence K;; remain almost the same in
all mixtures. The 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 K3; can be significantly lower
than Kj;. A schematic representation of the splay and bend distortions in the mixture
is shown in figure 3.5(b) and 3.5(c) respectively. The pretransitional divergence of K3;
in pure calamitic (rod) compound as the nematic-SmA, transition is approached is
due to smectic short-range fluctuations in the sense that the bent fluctuations 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 K3; compared to the pure compound
is reduced with increasing concentration of bent-core compound as the nematic-SmA

transition is approached. This is a consequence of reduced Kj; in the sense that bent



fluctuations are relatively larger in the mixtures compared to the pure compound.
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Figure 3.9: Time dependent normalised transmitted intensity after the removal of the bias voltage
Vyat T — Ty = —2 °Cfor various mixtures.

Here we discuss the rotational viscosity (y,) of the mixtures in the nematic phase. The
details of the experimental techniques are discussed in chapter-2. The normalized
intensity of the transient response in various mixtures is shown in figure 3.9. The time
dependence of the retardation was estimated from the normalized intensity by using
equation 2.39. y, was estimated from equation 2.40 by measuring the relaxation time
7, as discussed in chapter-2. The temperature-dependent variation of y, is shown in
figure 3.10. y, 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, y, increases significantly compared to the pure compound
with increasing concentration of bent-core compound. For example, at two shifted
temperatures namely T — Ty = —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 %

(fig. 3.11).
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Figure 3.10: Variation of rotational viscosity (y,) of mixtures as a function of shifted temperature.
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Figure 3.11: Variation of y, with the concentration of bent-core molecules at two different shifted
temperatures. Continuous lines are drawn as guides to the eye.

It may be mentioned that in the mixture the increase in y, can be solely attributed
to the increase in 7, since K;; almost remains constant. The temperature dependent
variation of y, measured by magnetic field 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



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 y, 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-core molecules. A schematic repre-
sentation of such temporary clusters in the nematic phase is depicted in figure 3.5(a).
The size and the number of clusters can increase with increasing concentration of

bent-core molecules and y, 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. The 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. The splay elastic constant (o< S$*) remains constant
whereas, bend elastic constant decreases significantly with increasing concentration
of bent-core molecules, suggesting the coupling of bent-shape with the bend distor-
tion. The increase in rotational viscosity with concentration suggests the presence of

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

4.1 Introduction

N 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.
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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. Thus, studies on ambient-temperature mixtures
could be rewarding from both the fundamental and application points of view. In this
chapter for the first time we report measurement of birefringence (An), static dielectric
constants (g and ¢, ) splay, bend elastic constants (K, K33), rotational viscosity (y, ),
diffusion coefficients (Djj, D ) of a microsphere and corresponding viscosities (”H’ n,)
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

4.21 Samples and phase behaviour

We studied various mixtures 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). The chemical
structures and the phase transition temperatures of the compounds are shown in fig-
ure 4.1. The 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.

The phase diagram of the binary mixtures is shown in figure 4.2. It is noted that ini-
tially nematic-isotropic transition temperature (Ty;) 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 %. Thus, the nematic range in the

intermediate region of concentrations is enhanced in the mixture.
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Figure 4.1: Chemical structures of the compounds and the phase transition temperatures.
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Figure 4.2: Phase diagram of the binary mixture. 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. The temperature variation
of An of the mixtures is shown in figure 4.3. In all samples, An increases with de-

creasing temperature. At a fixed shifted temperature (i.e., T — Ty;), An is decreasing



and tends to saturate at much higher mol % of bent-core compound. The temper-
ature variation of An can be approximated by the Haller extrapolation formula [2],
An = Ang(1 — T/T*)F, where B, T**, are the fit parameters and Any is the birefrin-
gence of the perfectly aligned sample. The fit parameters are listed in table 4.1. T**
is slightly higher than Ty; and f is of the order of ~ 0.2 instead of 0.5 as predicted
in the mean field theory [3]. Similar values of p were also reported in many other
calamitics [4] and in binary mixtures of calamitic and bent-core liquid crystals [5].
The order parameter (S) of the long molecular axis was estimated using the relation
S = An/Any. The temperature variation of order parameter S of the mixtures are
shown in figure 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 finally

tends to saturate beyond it.
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Figure 4.3: Temperature variation of birefringence (An) of the mixtures.

The variation of static dielectric constant as a function of shifted temperature is shown
in figure 4.5. It is observed that the parallel component of dielectric constant (¢||) de-
creases rapidly with increasing mol % of bent-core compound whereas the perpendic-
ular component (g, ) remains almost constant. The dielectric anisotropy is positive
(Ae > 0) and reduces significantly with increasing mol % of bent-core compound.

Since both the molecules have large dipole moments which are presumably oriented
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Figure 4.4: Temperature variation of estimated orientational order parameter (S) of the mixtures.

| Mol % | Ty (K) [ T (K) | Ang | B |
0 3082 | 3089 [0.33]0.18
27 | 3118 | 3122 |0.33|0.19
59 | 3152 | 3156 |0.31|0.20
119 | 3192 | 3195 | 030 | 0.20
20 | 3224 | 3226 |0.29 | 0.20
429 | 321.8 | 3221 [0.27 0.8

Table 4.1: Fit parameters Ang, T** and  obtained from Haller's extrapolation formula.
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Figure 4.5: Temperature variation of dielectric constant. Continuous lines are drawn as a guide to
the eye.



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 ¢, o< u*, where u is the mean-square effective molecular dipole
moment [6]. The reduction in ¢;, 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 £ | remains constant. The 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 £ can decrease.
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Figure 4.6: Voltage dependent normalized optical retardation (A®) for various mol % of bent-core
compound.

4.2.3 Splay, bend elastic constant measurements

The splay and bend elastic constants (Kj;, 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 figure 4.6.
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Figure 4.7: Temperature variation of splay (K11) elastic constant at various mol % of bent-core
compound.
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Figure 4.8: Temperature variation of bend (K33) elastic constant at various mol % of bent-core
compound.

It is noticed that the Freedericksz threshold voltage increases with increasing mol %
of bent-core compound. The temperature variation of both Kj; and K33 are shown
in figure 4.7 and figure 4.8. In all the samples Kj; increases as the temperature is re-
duced (fig. 4.7) and at a fixed shifted temperature, K;; increases with increasing mol %
of bent-core compound. In case of K3; it is noticed that at a fixed shifted temperature

K33 decreases rapidly (fig. 4.8) with increasing mol % of bent-core compound. At 20



mol % of bent-core compound, K3; is almost independent of temperature except very
close to Ty;. Further, at 42.9 mol % of bent-core compound Kj; increases initially
and then decreases slightly as the temperature is reduced showing a broad maximum
approximately at T — Ty ~ —6 °C. In figure 4.9 the variation of K;; and K33 at some
shifted temperatures are presented with mol % of bent-core compound. It is observed
that at T — Ty = —10 °C, Kj; 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 o~ 43%. At a shifted temperature e.g.,
T — Tny = —10 °C, the reduction is about 80% compared to pure 5CB. The ratio of
K33/Ky; as a function of mol % of bent-core at a few temperatures is also shown in
figure 4.10. The ratio reduces below 1 at 7 mol % of bent-core compound and reaches
to0 0.2 at >~ 43 mol %. 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 Ks;/Kj; is significantly small (0.2 at 43 mol %) mainly due to the decrement

OfK33.
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Figure 4.9: Variation of K1, and K33 with mol % of bent-core compound at various shifted tem-
peratures.

There have been a few reports on the measurements of K;; 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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Figure 4.10: Variation of K33/K11 with mol % of bent-core compound.

found that both K;; and Kj; 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
K. In the previous chapter we showed that K33 decreases significantly whereas Kj;
remains almost constant in the binary mixture due to the structural similarity of the
rod molecule with one half of the bent-core molecule. The increase of K;; with in-
creasing mol % of bent-core was also reported recently [8]. The reduction in Kj; is
due to the coupling of the bent-shape of the molecules with the bend distortion as
explained in the previous chapter. The anomalous temperature dependence of K;; 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 field theory, K; o< $%. S o< An 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 K;; and
K33 as a function of An in figure 4.11 and figure 4.12. The experimental data are fitted
with K;; o< An*, where x is a fit parameter. The fit parameter x is listed in table 4.2. It

is observed that the exponent x for Kj; is 2 up to 11.9 mol % and consistent with the



| Mol % | ~ x for Ky; | ~ x for K3 |

0
2.7
59
11.9
20

42.9

2.0
2.0
2.0
2.0
2.2
2.8

2.2
2.2
2.1
1.7

Table 4.2: Fit parameters obtained from K;; oc An* in the samples.

prediction of the mean field theory. It increases to 2.8 at >~ 43 mol %. On the other

hand the exponent x for K3 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 significant beyond 5.9 mol % of bent-core compound. At higher

concentration (particularly at 20 and ~ 43 mol %) Kj; initially increases and finally

decreases with increasing An showing a maxima at An = 0.14. The 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 K3 starts to decrease.
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Figure 4.11: Variation of K11 with An at various mol % of bent-core compound. Continuous lines

are fit to the equation Ky, o< An~.

For the enhancement of K, at least two considerations can be made. K;; can increase

in the mixture due to increase in S as predicted in the mean field theory (K;; o< $?).

On the contrary, we observe (fig. 4.4) that S decreases slightly with increasing mol %
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Figure 4.12: Variation of K33 with An at various mol % of bent-core compound. Continuous lines
are fit to the equation K33 o< An~.

of bent-core compound. Thus the stiffening of K;; 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. This can lead to the
formation of smectic clusters of a few bent-core molecules. The larger exponent (i.e.,
x > 2) for Kj; at higher mol % of bent-core could be a pointer to the existence of
short axis correlation. There 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 K;; is due to the presence
of such clusters whose corresponding elastic constants are expected to be larger. The
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 7 and shear. There could be three viscosity coefficients (fig. 1.15).

These parameters are measured for several nematic liquid crystals. However, there
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4.2 Results and Discussion

are no reports of these viscosities in the bent-core nematic liquid crystals. The 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 (u/) sample is enough for the

experiment. The details of the experimental technique is explained in chapter-2.
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Figure 4.13: Typical histograms of the displacements of a microsphere of diameter 0.98 yum in
direction parallel and perpendicular to the nematic director at room temperature for the mixture
with 10 mol % of bent-core compound. Dotted lines are fit (eqn. P = Py exp(—s*/A%(t)) ) to the

corresponding data.
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Figure 4.14: Variation of diffusion coefficients parallel (D| | ) and perpendicular (D | ) to the direc-
tor with mol % of bent-core compound at 25 °C (open symbols) and Ty + 5 °C (closed symbol)
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Figure 4.15: Estimated viscosities using the Stokes-Einstein relation. Continuous lines are drawn
as a guide to the eye.

The microparticle undergoes Brownian motion and the histogram of the displacement
has a Gaussian shape. Typical histograms i.e., the variation of the displacement of a
colloid in particular interval over a specified time (counts) along and perpendicular
to the director in a planar aligned cell is shown in figure 4.13. The variation of self-
diffusion coefficients D) and D, of the microsphere with mol % of bent-core com-
pound is shown in figure 4.14. The isotropic diffusion coeflicient, D;,, is significantly
higher than Dj and D, of nematic phase and all of them decrease as the mol % of
the bent-core compound is increased. The corresponding viscosities can be obtained
from the Stokes-Einstein equation 1 | = kzT/(6nrD)| 1 ), where r is the radius of the
microparticle. From the experimental arrangement we can expect that 1, ~ 1, and
1, =~ 15, where 1,, 1; are the Miesowicz viscosities with flow direction parallel and

perpendicular to the director respectively.

It may be pointed out that a dipole defect is associated with each microparticle. Hence
the effective hydrodynamic radius of the microparticle could be slightly larger than the
actual size. However, it appears not to affect the measurements significantly, since the

estimated values of 7, and #, for pure 5CB at room temperature in a planar cell are



comparable to the Miesowicz viscosities 7, and 7, respectively. The estimated viscosi-
ties against mol % of bent-core are shown in figure 4.15. It is noticed that the isotropic
viscosity (#;,,) increases only slightly with the mol % of bent-core compound. This is
perhaps due to the molecular size effect of bent-core molecules in the mixture. In all
the samples 77, < #, as expected and both of them increase relatively more rapidly
than #;,, with the mol % of bent-core compound (fig. 4.15). For example, # /1;,, > 12
and 17, /n,, =~ 9 at >~ 43 mol % of bent-core compound at ambient temperature. Such
alarge enhancement in the passive viscosities with increasing mol % 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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Figure 4.16: Variation of rotational viscosity (y,) of various mixtures as a function of shifted tem-
perature.

We also measured the rotational viscosity (y,) of the samples at various temperatures
which is also expected to be influenced by the presence of such clusters. The exper-
imental technique is discussed in chapter-2. The temperature variation of y, for the
mixtures are shown in figure 4.16 and concentration dependence of y, at a few shifted
temperatures for a few mixtures of different mol % of bent-core compound is shown
in figure 4.17. It is found that y, increases rapidly with the mol % of bent-core com-

pound. For example, at T— Ty; = —10 °C, it increases almost by a factor of 180 when
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Figure 4.17: Variation of y | with the mol % of bent-core compound at a few shifted temperatures.
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Figure 4.18: Ratio of y, /17||7L with mol % of bent-core compound.

the mol % of bent-core compound is increased to ~ 43 in the mixtures. Measurement
of y, with the phase-decay-technique and flow viscosities using pulsed magnetic field
of a few pure bent-core nematic liquid crystals have been reported recently [16, 17].
It was reported that the ratio T' = y, /# is significantly less for bent-core compound
(T ~ 0.02) than the calamitic liquid crystals mainly due to the large value of flow
viscosity [17]. On the contrary, in the present study we observe that I' increases re-
markably with mol % of bent-core compound compared to pure 5CB. For example,

in pure 5CB, T = y,/n, ~ 1, T =y,/n ~ 1.5 and increases to 12, 16 respectively
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(fig. 4.18) when the mol % of bent-core compound is increased to ~ 43 mol %. It
may be noted that all viscosities y,, 1, and #; increases with the mol % of bent-core

compound but the rate of increment of y, is much faster than the other two. Such exor-
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Figure 4.19: Schematic representation of director orientation around a micropatrticle with dipole
defect. (a) in rod-like molecules (b) in the mixture. The small dot above the microparticle is the cen-
ter of the dipole defect. Note the attachment of a few clusters of bent-core molecules surrounding
the microparticle.

bitantly large increase in y, can not be accounted by the increase of mol % of bent-core
molecules (with large molecular weight) alone. The relatively faster enhancement of
y, 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-core molecules along the bow axis and a few bent-core molecules can form smec-
tic clusters or permanent layers at the surface which in principal can reduce the Brow-

nian motion of the microparticle and can increase the passive viscosities. A schematic



representation of such clusters surrounding the microparticle with dipole defects are
shown in figure 4.19. It may be mentioned that no Brownian motion was observed in
pure bent-core compound at room temperature. This 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 crystals with rod-like and bent-core molecules 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) significant stiffening of splay and large softening 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. The stiffening of K;; 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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Optical, dielectric and viscoelastic
properties of a pure bent-core nematic
liquid crystal

5.1 Introduction

N the previous chapters we studied binary mixtures of rod and bent-core com-
pounds. We found that the physical properties are significantly 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 flexoelec-
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
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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 first time we
carry out the temperature dependent measurement of various physical parameters of
bent-core nematic liquid crystals. We emphasise that the temperature dependence of
K, and Ks; is significantly different from that in rod-like molecules; i.e., K33 is much

lower compared to K;; except very near the SmC phase transition.

5.2 Results and Discussion

5.21 Sample and phase behaviour

X (@]
(@) N
CH; O _N
H7Cg CiHys

SmC118.5°CN 176.5°C1

Figure 5.1: Chemical structure of the bent-core molecule used in the experiment.

The chemical structure of the compound is shown in figure 5.1. It has the following
phase transitions: SmC 118.5 °C N 176.5 °C I. The compound exhibits a large tem-
perature range of nematic phase and it is also stable as there was no significant change

in the transition temperatures after several cycles of heating and cooling.



5.2.2 Optical and static dielectric constant measurements
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Figure 5.2: Variation of birefringence (An) and order parameter (S) as a function of temperature.

The main aim of this chapter is to measure elastic constants of bent-core nematic liquid
crystal. However we first systematically measure and discuss the optical and dielec-
tric properties as they are needed to understand the elastic properties. The variation
of birefringence (An) as a function of temperature is shown in the figure 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 — Ty = —64 °C. The temperature dependent birefringence in the nematic
liquid crystals can be approximated by the formula An = An,(1 — T/T**)F, where T**
and B are the adjustable fit parameters and An, is the birefringence of the perfectly
aligned sample. The equation fits well in the entire nematic range with fit parameters
An, = 0.28 and p = 0.21. The order parameter S was estimated using the rela-
tion S = An/An,. The temperature variation of the calculated order parameter is also
shown in figure 5.2. The 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. The temperature dependent S was also measured by



Weissflog et al. [9] and Dong et al. [10] in the nematic phase of bent-core nematic lig-
uid crystals using nuclear magnetic resonance spectroscopy, and similar temperature

dependence with slightly smaller values of S was reported.

Dielectric constant

| | |
-8 —60 —40 20 0
T-Tn; (°C)

Figure 5.3: Variation of parallel (s‘ | )and perpendicular (s | ) components of the dielectric constant
as a function of temperature.

The variation of parallel (¢)) and perpendicular (¢ | ) components of dielectric constant
as a function of temperature is shown is figure 5.3. In the nematic phase, the dielectric
anisotropy is small and positive and changes sign in the SmC phase. The temperature
dependent dielectric constant can be understood as follows: The molecules have both
longitudinal and transverse dipole components mainly 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 field
dielectrically. Hence positive dielectric anisotropy results in the nematic phase. The
change of sign of dielectric anisotropy from the nematic phase to the SmA phase of rod
like molecules was reported by de Jeu et al. [11] and it was explained by an increased
dipolar correlation between the molecules 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

field, contributing the increase of ¢, . The increasing ¢, with decreasing temperature



is caused by larger rotational hindrance. As discussed by de Jeu et al. [11], the decrease
of g is explained by increased antiparallel correlation between the dipoles along the
molecular long axis. This 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 ¢, in the SmC phase. The sharp variation of
dielectric constants across the nematic to SmC transition (fig. 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 of K1 and K33 as a function of shifted temperature.

The temperature dependence of K33 and Kj; is shown in figure 5.4. The value of K},
increases monotonically as the temperature is lowered and no pretransitional diver-
gence is observed. The value of K33 at a given temperature is always lower than Kj,
except very to close the nematic-SmC transition and shows pretransitional divergence
below T—Ty; =~ —50 °C. For example at T— Ty =~ —1°C. i.e., just below the nematic-

isotropic transition K33 /K;; ~ 0.7 and reduces to ~ 0.4 at about T — Ty; ~ —45 °C.



Then because of pretransitional increase of K33 below T — Ty; =~ —50 °C, the ratio

Ks3/K;; increases to 1 with approaching nematic-SmC transition.
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Figure 5.5: Temperature dependent K1 and K33 against An. Solid lines are best fit to Ky, and
K33 vs An*. x=2.9 and 2 in cases of K1 and K33, respectively.

K, and Kj; are plotted as a function of birefringence (fig. 5.5). It is observed that Kj;
is proportional to An* (< §?) in the vicinity of the nematic-isotropic transition as pre-
dicted by the simple mean field theory. Kj; is also fitted with K;; oc An* 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 like molecules (e.g.; 8OCB, octyl cyano biphenyl) it is
known that Kj; is always higher and the ratio K33/Kj; ~ 2, very close to the nematic-
isotropic transition and increases to ~ 6 as the SmA phase is approached [12, 13]. The
values of Kj; in both 80CB and the present compound are comparable, although the
temperature dependence of Kj; is stronger (x = 2.9) in the pure bent-core nematic

liquid crystal than 8OCB.

The unusual ratio of K33 /K;; 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 fig-
ure 5.6(a) and 5.6(b). The almost linear increase in K;; can be attributed to the increase

in the order parameter as seen in the birefringence measurement (fig. 5.2). Here the
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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 (fig. 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 K3; 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 figure 5.6(b).
As the temperature is lowered towards the SmC phase, because of smectic short-range
fluctuations, K3 starts to change the temperature dependence at T — Ty =~ —30 °C.
The 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 find no pretransitional divergence in K;; 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]. They

reported that K33 obtains a maximum value just above the nematic to SmC transition



point and such behaviour can not be explained by any of the existing models. It may be
mentioned that previously this compound was reported to show the uniaxial to biaxial
nematic transition (N, — N;) [18] at T — Ty =~ —30 °C, though recently Le et al. [19]
have shown that the medium is uniaxial. Interestingly the temperature at which Kj;
starts changing the temperature-dependence (T — Ty; =~ —30 °C) coincides with the
transition temperature reported [18], suggesting the onset smectic short-range fluc-
tuation at that temperature. Thus the biaxial-like order seen in the X-ray as reported
in reference [18] could be due to the presence of smectic short-range fluctuations, 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 7, using phase-decay-
time measurement in the entire nematic phase at various temperatures. The details of
the technique is already discussed in chapter-2. The variation of relaxation time 7, as

a function of temperature is shown in figure 5.7.
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Figure 5.7: Variation of T, as a function of shifted temperature.



It is observed that near the nematic-isotropic transition the relaxation time 7, is ~
0.22 s and gradually increases with decreasing temperature, and tend to diverge as
the smectic-C (SmC) phase is approached. The temperature dependent variation of
y, = 1oK11m*/d* calculated from the measurement of relaxation time is shown in fig-
ure 5.8. Itis noted that the value of y, 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 shifted temperature T — Ty; ~ —45 °C, and then tends to diverge before the ne-
matic to Sm-C transition occurs. The measurement of y, of a bent-core nematic liquid
crystal with negative dielectric anisotropy was reported by Dorjgotov [22] by pulsed
magnetic field. 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 the molecules in the
sense that the bent-shape and the transverse dipole moment of the molecules together
facilitates the formation of clusters. On the other hand the present compound exhibits
a positive dielectric anisotropy and the value of y, 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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Figure 5.8: Variation of y, as a function of temperature. Solid line is a theoretical fit to Osipov-
Terentjev [23] theory.



Further the close proximity in the values and the temperature dependencies of y, 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. They 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 (y,)

B 1 * E, - ﬁ o E; + oS (5.1)
=8\ ) \ KT, BT.) SP\ kT ‘

where g; is a constant, J, = BkgT,, E, is the activation energy, S is the order parameter.
The temperature dependent y, can be well fitted to the above equation up to T— Ty =
—54 °C with the fit parameters go = 1.9 x 10 Pass, J, = 48.5 meV and E; = 0.525
eV. The fitting of the experimental data with the above equation is shown in figure 5.8,
showing very good fit. The fit parameters are comparable to the values known in many

calamitic liquid crystals [24].

Finally we want to make a brief comment on the temperature dependence of y,. As
we mentioned earlier that Prasad et al. [18] had reported a uniaxial to biaxial nematic
transition at T — Ty; ~ —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 fitted to the Osipov-Terentjev [23] theory over a wide temperature
range including the suggested transition temperature T — Ty; ~ —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 — Ty ~

—45 °C) to the effect of short-range smectic fluctuations. Thus rapid increase in 7, and



hence the y, is due to the onset of the smectic short-range fluctuations in the nematic

phase.

5.3 Conclusions

In conclusion, we for the first time measured K;; and Ks; elastic constants and rota-
tional viscosity (y,) as a function of temperature in a pure bent-core liquid crystal.
Our measurement shows that K33 is much lower than Kj; except for the temperature
region close to the nematic to SmC transition. The temperature dependence clearly
shows a strong coupling of bent-shape with the bend distortions in pure compound.
Thus, various physical properties and their temperature dependence related to K3; are
strongly influenced 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 fluctuations. The
temperature dependent viscosity data prior to the onset of smectic fluctuations can be

fitted well with the Osipov-Terentjev theory.
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Optical, dielectric and viscoelastic
properties of a liquid crystal with
asymmetric bent-core (hockey
stick-shaped) molecules

6.1 Introduction

N 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 (SmC,) phase transitions.
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6.2 Results and Discussion

6.2.1 Sample and phase behaviour

The chemical name of the hockey stick-shaped compound is 4-n-butyloxyphenyl [4-
(4-n-heptyloxybenzoyloxy4-benzoyloxy)]biphenyl-3-carboxylate. It exhibits metastable
liquid crystalline phase transitions. The chemical structure and the phase transition
temperatures of the compound is shown in figure 6.1. The synthesis and some pre-

liminary characterisation was reported previously [1].

Bessacy
U

OC7H;s5
SmX 97.0 °C SmC, 110.5 °C SmA 114.5°CN 123.5°C1

Figure 6.1: Chemical structure of the compound and the phase transition temperatures.

The molecule is achiral, asymmetric, hockey stick-shaped and has several strong dipo-
lar groups. The texture obtained in between two glass plates without any surface treat-
ment is shown in figure 6.2. In the nematic phase a typical schlieren texture with four
brush defects are observed (fig. 6.2 (i)). SmA is spontaneously aligned homeotropi-
cally below the nematic-SmA transition temperature (fig. 6.2(iii)) and again the dark
region of the texture is transformed into schlieren texture as the temperature is re-
duced to SmC, (fig. 6.2(iv)) phase. SmC, exhibits two and four brush defects with dy-
namic fluctuations (fig. 6.2(iv)), suggesting it to be an anticlinic SmC (SmC,) phase.
The anticlinic structure in case of rod-like molecule is schematically shown in chapter-
1 (fig. 1.6). The textures obtained in planar and homeotropic cells under optical po-

larizing microscope is shown in figure 6.3. It is noticed that all the phases can be
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Figure 6.2: Photomicrographs obtained in untreated cell under cooling at different temperatures
(i) nematic phase (ii) at nematic-SmaA transition (iii) SmA and (iv) SmC,.

aligned well in planar cells. In homeotropic cell both nematic and SmA phases are
well aligned. In case of SmC, 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

The temperature dependent variation of An and a differential scanning calorimetric
(DSC) thermogram are shown in figure 6.4. The enthalpies of isotropic to nematic,
nematic to SmA and SmA to SmC, transitions are 0.38, 0.98 and 0.23 kJ/mol respec-
tively. An 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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SmA —

SmC,—

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 An is also seen at SmA- SmC, transition and further An increases as the temper-
ature is decreased. Since An o S, where S is the orientational order parameter, it is
anticipated that orientational order parameter increases with decreasing temperature
showing finite jumps across the transitions. Hence, these are first order phase tran-
sitions. Further, nematic-SmA transition (fig. 6.4) is comparatively less sharp than
SmA-SmC, transition due to the presence of smectic short-range fluctuations in the
nematic phase. Finite enthalpies of these transitions also suggest that the transitions

are first order. It may be pointed out that usually the measurement of An in lower



symmetric smectic phases are difficult and rare due to poor alignment of the liquid
crystal director. Moreover SmC, is biaxial because of tilting of the molecules from
the layer normal. The narrow lines along the rubbing direction in figure 6.3(v) could
be due to the local biaxial order of SmC, phase. Nevertheless in the present system
it was possible to measure An because the director in the SmA phase is well aligned
(fig. 6.3(iii)) and the effective principal axis in the SmC, 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: A DSC thermogram in cooling cycle (rate 5°/min) and variation of birefringence (An).

Temperature dependent variation of dielectric constants ¢, £, and average value, &
(= (g + 2¢1)/3) are shown in figure 6.5. € in the nematic phase is less and fur-
ther reduces in smectic phases from the extrapolated value of the isotropic dielec-
tric constant. Usually € 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.
The dielectric anisotropy Ae (= | — £ ) is positive in all the phases. ¢ 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 SmC, phase. The decrease
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Figure 6.5: Variation of dielectric constant (¢, €. and €) 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 £ in conventional and in unconventional compounds with similar molecular struc-
ture is due to the increase in antiparallel correlation between the long axis components
of dipoles in the SmA layer [3]. The slow decrease of €| as the temperature is reduced
in the SmC, phase is due to the tilting of the molecules in addition to the antiparallel
correlation. e, 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 SmC,
with slope change at the transitions. The lower value of €| in the SmA phase suggests
that there is also an antiparallel correlation between the short axis components of the
dipoles in the SmA layer. This 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 SmC, phase, ¢ in this phase refers to the
dielectric constant when the electric field is parallel to the layer normal rather than
the director. Further both the planar and homeotropic alignment of the SmC, phase
is relatively poor than the SmA phase due to the reason mentioned above and the ab-
solute accuracy in the measurements of An, ¢ and ¢, in this phase is expected to be

somewhat less than both in nematic and SmA phases.



6.2.3 Splay, bend elastic constant measurements

To measure K;; and K3; we measured voltage dependent optical retardation (A®) at
various temperatures in the nematic phase. The temperature variation of K;; and Ks;
are shown in figure 6.6. Kj; is significantly higher than K3; in the entire nematic phase.
K33 increases much slower than Kj; 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 K3 is lower
than Kj;. The hockey stick-shaped molecule also has asymmetric bent-shape and the

present result is the manifestation of the same effect as described in the previous chap-

ters.
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Figure 6.6: Variation of splay (K1) 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 (y,) in the nematic phase as a function of tem-
perature by using the time dependent phase-decay method. Representative variation

of In[6,/8(t)] with time () at two different temperatures together with the best fits
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Figure 6.7: Variation of rotational viscosity (y,) as a function of shifted temperature. Continuous
line is drawn as a guide to the eye

are shown in the figure 6.8. y, increases as the temperature is lowered in the nematic
phase and a change in curvature is observed at T — Ty; ~ —5 °C suggesting a pretran-
sitional effect of smectic short-range order in the nematic phase. y, in this compound
is slightly larger than in pure bent-core nematic liquid crystals (chapter-5) and sig-
nificantly higher than that of many known calamitic nematic liquid crystals [4]. The
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 fluctuating
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]. The 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 fluctuating clusters.
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Figure 6.8: Variation of In[§,/§(t)] at two shifted temperatures namely T-Tyy=-7.5 °Cand -2.5°C
with best fits.

6.2.5 Dielectric relaxation

The hockey stick-shaped molecule has several dipolar groups which are oriented in
different directions. Since Ae > 0, it is anticipated that the molecule has relatively
strong longitudinal dipole moment along the long axis as a result ¢| can relax at rela-

tively low frequency. In case of €| no dipolar relaxation was found up to 10 MHz.

Variation of ¢ as a function of frequency in the three phases at three different tem-
peratures are shown in figure 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. The other one is above ~1 MHz frequency and is indepen-
dent of temperature. The high frequency relaxation is temperature independent and
is attributed to the relaxation due to the finite resistance of ITO which is even present
in empty cell. The 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 figure 6.10. They 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 6.9: Frequency dispersion of real (ei| )(open symbols) and imaginary (sr| ) (filled symbols)

parts of the dielectric constant at three different temperatures namely 119 °C (N), 112 °C (SmA)
and 104 °C (SmC,). Dotted lines are theoretical fit to the equation (6.1).
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Figure 6.10: Cole-Cole plot for €] relaxation at the same temperatures. The centers of the semi-

circles lies on the s]l axis suggesting that the relaxation is Debye type. Dashed lines are theoretical
fit 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 fitted complex dielectric constant
(¢"(w) = € (w) — i€ (w)) as a function of frequency to find the exact dipole relaxation

frequency. The complex dielectric function is given by

o — €1 4 &1 — &
1+ (iwt)= 14 (ioty)' ==

() =6+ (6.1)



where ¢, is the static dielectric permittivity, ¢; and 7; are the frequency limits and re-

laxation times of the i mode. «; is the Cole-Cole distribution parameters of the re-

spective modes.
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Figure 6.11: Variation of dielectric strength (sy — £1) with shifted temperature. Continuous line is

drawn as a guide to the eye.

Itis found that both «; and «, are very small (< 0.01) at all temperatures and the relax-
ation time 7, is independent of temperature as expected. The temperature variations

of dielectric strength (¢9 — ¢;) and relaxation time 7, with temperature are shown

20
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Figure 6.12: Variation of relaxation time t1 as a function of 1/ T. Continious lines are theoretical
fit to the equation T = toexp(U/RT). Vertical lines indicate the phase transition temperatures.



in figure 6.11 and figure 6.12. The 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 (fig. 6.11). The sharp decrease below nematic-SmA transition
is due to strong antiparallel correlation of the longitudinal components of the dipoles
in the smectic phases as discussed earlier. 7, increases and varies linearly with the
inverse of temperature (fig. 6.12) and can be fitted well with the Arrhenius equation,
71 = 70exp(U/RT). The activation energy U of the nematic, SmA and SmC, phases
are 158, 117 and 127 kJ/mol respectively. These 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-
SmC, phase transition [11]. Since the activation energy represent the energy barrier
associated with the flip-over of the long molecular axis it suggests that the flip-over
motion is relatively uneasier in hockey-stick or bent-core systems than calamitic lig-
uid crystals. Presumably this could arise due to the shape and larger rotational viscos-
ity (fig. 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 first time. All phase transitions
are detected to be first 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 SmC, phases.
Bend elastic constant is significantly lower than splay elastic constant as seen in other
bent-core nematic liquid crystals. Rotational viscosity is comparatively larger than
calamitics and are influenced by pretransitional smectic fluctuations. 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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Optical, dielectric and elastic properties
of a nematic liquid crystal with T-shaped
molecules

71 Introduction

N 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 including X-ray diffraction study of a liquid crystal with T-shaped

molecules, and show that elastic properties are significantly different than that of bent-

core and rod-like molecules.

111
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7.2 Results and Discussion

7.21 Sample and phase behaviour

The compound used in the present study was synthesized by M. C. Varia et al. [1]. The
chemical structure of the compound is shown in figure 7.1. It has the following phase

sequence: Cr 90 °C SmA 108 °CN 128 °C L.

. O N
N (6]
>_©7 Ot

(6] (6]

31A

o

Cr90°CSmA 108 °CN 128 °C1

Figure 7.1: Chemical structure and the energy minimized structure obtained from quantum chem-
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 figure 7.2.

7.2.2 Optical and static dielectric measurements

The variation of birefringence (An) in the nematic and the SmA phases as a function

of temperature is shown in figure 7.3. An 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 (An) 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 significant increase in An is also observed in the SmA phase
(below 108 °C). The temperature dependent An in nematic liquid crystals can be ap-
proximated by the formula An = An,(1 — T/T*)P, where T** and B are the adjustable
fit parameters and An, is the birefringence of the perfectly aligned sample. The equa-
tion fits well in the entire nematic range with fit parameters An, = 0.31 and g = 0.21.
The order parameter S was estimated using the relation S = An/An,. The tempera-

ture variation of the calculated order parameter is also shown in figure 7.3. The jump
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Figure 7.4: Variation of parallel (¢)|) and perpendicular (e | ) components of the dielectric constant
as a function of temperature.

in the order parameter at the nematic-isotropic transition was 0.25 and it increases
to 0.65 (at 95 °C) with a significant increase ASgy =~ 0.06 (at 107 °C) in the SmA
phase. There have been many experimental and theoretical studies on the nematic to
SmA (SN) transition in compounds with rod-like molecules. The coupling between
the smectic order parameter ¢ and the fluctuations in the nematic order parameter S
can cause a crossover toward a tricritical point leading to a first order transition as the
McMillan parameter a (=Tsy/Tny) approaches to 1 [2]. The theoretical value of a for
the crossover to the tricritical point is « ~ 0.83. However, the experimental value of
«a is not unique and is slightly higher [3], and it also depends on the type of the SmA
phase [4-6]. The value of a for the present compound is 0.95 and is well above the
tricritical point value. The large value of ASgy (~ 0.06) in addition to large a suggests
that the present nematic to SmA transition is first order in nature. A small increasein S
in the nematic to SmA transition is also known in many other calamitic liquid crystals
such as 80CB (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 ASgy is ~ 0.01 and the nematic to SmA transition is considered
to be weakly first order [9]. In the present compound ASgy (=~ 0.06) is much larger

than that of 8CB. We also measured the enthalpies of isotropic-nematic (AHy;) and



nematic-SmA transitions (AHgy) using a differential scanning calorimeter. They are
AHn;=2.0 kJ/mol and AHgn=1.6 kJ/mol, respectively. Thus enthalpies of both these
transitions are comparable for present compound whereas AHgy is ~ 11 and ~ 22
times smaller than AHy; in case of 8CB and 8 OCB, respectively [10]. The large values
of ASsy and enthalpy (AHgy) further support first order nature of the nematic-SmA
transition. The temperature variation of parallel (¢||) and perpendicular (g ) compo-
nents of the dielectric constant are shown in figure 7.4. The dielectric anisotropy is
small and positive (Ae = 0.9 at T=115 °C) in the nematic phase, and reduces in the
SmA phase. The temperature dependent dielectric anisotropy is interpreted on the ba-
sis of the role of permanent dipoles and the molecular shape. The molecules have both
longitudinal and transverse dipole components mainly due to the azo and ester link-
ages. The partial suppression of the transverse dipole moment in the nematic phase
is made possible by largely unhindered rotations about the long molecular axis. This
leads to a positive A¢ 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. This 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 significant 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. The temperature dependent variation of both Kj; and Kj; is
shown in figure 7.5. The variation of K33 near Ty; is proportional to $* 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 find that the temperature dependence of Kj; is the same as that of K3;. The ratio



K33/K;; >~ 1 at all temperatures except very close to the nematic-SmA transition. This
ratio varies from 2 to 6 in case of rod-like molecules (e.g., 8OCB) as the temperature is
reduced from the isotropic-nematic to the nematic-SmaA transition. K3; shows strong
pretransitional divergence as predicted and is given by K33 = K3; + A[(T/Tns) —
1]7* [12, 13], where K}, is the background nematic contribution and x is the critical
exponent. In the present compound x=14-0.09 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

KII/K - 1+A—3A/p4/p2 (71)
K22/I_< — 1—2A—A/p4/p2

K33/I_< — 1+A+4A/P4/P2

where K = (1/3)(K;; + Ky, + K33), P, and P, are second and fourth order Legendre
polynomials respectively, and A and A’ are constants depending on molecular prop-

erties and are given by

A = (2R*—2)/(7R* +20) (7.2)

A = 9/16(3R* — 8)/(7R* + 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 /K;; can be written as

Ks3/Kyy = (1+ A+ 4A'P,/P,)/(1+ A —3A'P,/P,). (7.3)



7.2 Results and Discussion 117

Since the molecules have long flexible lateral group, we calculated the radius of gyra-
tion along the long axis to estimate their width. It turns out that this effective width
(=29 A) is about a third of the experimentally measured length of the long axis (28.8
A, discussed below), i.e., L ~ 3D. Assuming E/}Tz issmall (~ 0.1) and L ~ 3D (i.e.,

R ~ 2) the estimated ratio of K33/K;; ~ 1 which is close to the experimental value

(fig. 7.5).
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Figure 7.5: Variation of Ky, and K33 as a function of temperature. Solid line is a theoretical fit to
Ks3 = K33 + A[(T/Tns) — 1]

Figure 7.6: Schematic of the splay fluctuations at the onset of short-range smectic order. Note the
tilting of the molecule (splay deformation) is associated with a change in the layer spacing in Il.

The divergence of Kj; is a consequence of suppression of splay fluctuations as SmA

phase is approached. This looks unusual since the splay fluctuations 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 flexible lateral
group and is undergoing largely unhindered rotations along the long axis. This seems
to modify the aspect ratio of the molecules, effectively making it 3 (i.e., L ~ 3D),
depicted as a cylinder in figure 7.6(I). Splay fluctuations involving such objects lead
to significant changes in the layer spacing as shown schematically in figure 7.6(Il),
necessitating relatively large elastic energy. Hence the splay fluctuations are consid-
erably suppressed leading to the observed divergence in Kj,. Further, compared to
more rigid molecules the flexible terminal alkyl chains and long flexible lateral groups
have the potential to partially hinder the mutual sliding of the molecules along each
other. The 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 reflection
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Figure 7.7: X-ray intensity as a function of angle 6. (inset) A small second order reflection is shown.

Finally we discuss the arrangement of T-shaped molecules in the smectic layers from

the X-ray diffraction measurements. Typical intensity profile as a function of angle 6 is
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Figure 7.8: Schematic arrangement of the molecules in the Sm-A phase.

shown in figure 7.7. Two sharp reflections in the small-angle region with spacing 28.8
A, 15.1 A, as well as an additional broad diffuse wide-angle reflection at about 4.6 A
can be seen. Ratio of the first 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. The average length of
the particular segment, containing three phenyl rings, azo and ester linkages with two
terminal alkyl chains, is L ~ 31 A (fig. 7.1). This suggests that L is parallel to the
smectic layer normal and the flexible chains are randomly oriented in the plane of the
smectic layer as schematically shown in figure 7.8. Slightly lower value of the experi-
mentally measured length ( i.e., 28.8 A), compared to the computed L value (= 31 A)
from the energy minimized structure, suggests that the molecules is not fully stretched

in the SmA phase.

7.3 Conclusions

In conclusion, we for the fist time measured elastic constants K;; and K33 as a func-
tion of temperature in a liquid crystal with T-shaped molecules exhibiting both first
order isotropic-nematic and nematic-SmA transitions. Our measurements show that

K33/ Ky ~ 1 and both diverge as the SmA is approached. These 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 flexible 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. This

axis is parallel to the the SmA layer normal and the flexible lateral groups are in the

plane. This system may prove to be a convenient medium for testing theoretical mod-

els based on one elastic constant approximation.
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Large antagonistic flexoelectric response
in liquid crystal mixture of bent-core and
rod-like molecules

8.1 Introduction

BOUT 40 years ago Meyer predicted that the nematic liquid crystals can
exhibit microscope polarization due to the distortions in the director field [1].
This is known as flexoelectric effect. It was shown that the distortion in-

duced polarization is given by

-

B=e(V.i)i+es(V x 1) x (8.1)

where e; and e; are the flexoelectric coefficients connected to the splay and bend dis-

tortions respectively. Since then a large number of experimental investigations are
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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 or wedge shaped molecules. Ne-
matic liquid crystals with wedge shaped molecules and longitudinal dipole moments
can induce flexoelectric polarization when splayed. Similarly bent-core molecules
with transverse dipole moments can induce the flexoelectric polarization when it is
subjected to a bend deformation. The flexoelectro-optic effect is linear with applied
field 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 flexo-
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
es oc ©(b/a)*u, where y is the transverse dipole moment, @ is the bend angle, a and
b are the length and breadth of the molecule. In the recent past a giant flexoelectric-
ity in pure bent-core liquid crystal was reported by Harden et al. [9]. This triggered
various flexoelectric studies on pure [10-12] as well as on the binary mixture of rod-
like and bent-core molecules [13-16]. There are also some reports on the flexoelectric
studies in bimesogenic liquid crystals [3, 17-19] with cis form. In most of these studies
a significant enhancement of flexoelectric 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 (fig. 8.1). The phase
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Figure 8.1: Chemical structures and phase transition temperatures of the compounds. The first,
second and third compounds are designated as RO, BC-120 and BC-60 respectively. The phase tran-
sition temperatures are indicated below each compounds.

diagram of the binary mixture of BC-120 with RO is already reported [20]. The core
of BC-120 is a resorcinol derivative substituted at the 1, 3 position and the bent angle
is about 120°. The compound BC-60 has naphthalene core in which Schiff’s based
side wings are substitutes on 1, 2 positions. The 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



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 flexo-elastic ratio e* /K, where K is the average elastic constant of the nematic lig-
uid crystal and e* = e; — e5. The experimental technique to measure e* /K is explained
earlier in chapter-2. In the present experiment d = 20 um and the gap between the
electrodes is 850um. We used a motorized and computer controlled analyzer to mea-
sure azimuthal twist angle (¢) as a function of applied electric field and e*/K was
estimated from the best fit in the linear region. The error in the measurement is about
7% considering the errors from both the cell thickness measurement and the gradi-
ent of ¢ with electric field. It may be mentioned that we did not observe any domain

formation in the cell within the range of applied field.
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Figure 8.2: Variation of field-induced azimuthal twist angle as a function of voltage in binary mix-
ture of RO and BC-120 molecules. Solid lines represent the best fit to the equation ¢ = e¢*Ed /.

We measured the azimuthal twist angle (¢) as a function of applied field for all the
mixtures and the host compound. A representative variation of ¢ with the applied

dc electric field in the mixtures with BC-120 molecule is shown in figure 8.2. It is
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Figure 8.3: Temperature variation flexo-elastic ratio e* / K for mixtures with BC-120 for three dif-
ferent concentrations, 0, 4.5 and 7 mol %.
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Figure 8.4: Temperature variation flexo-elastic ratio e* / K for mixtures with BC-60 for three differ-
ent concentrations, 0, 4.5 and 7 mol %.

noticed that the slope decreases and changes sign from positive to negative with in-
creasing concentration of BC-120 molecules. The temperature variation of e* /K of
BC-120 is shown in figure 8.3. It is noticed that e* /K decreases and changes sign with
increasing concentration of BC-120 molecules (fig. 8.3). For example, in the host
compound (RO), at a shifted temperature T — Ty; = —5 °C, ¢*/K ~ 1.7 Cm !N !

and it reduces to ~ —0.48 Cm'N~! when the concentration of BC-120 molecules



is 4.5 mol %. It changes sign and reduces to about —1.9 Cm'N~! when the con-
centration is increased to 7 mol %. Assuming a linear variation, ¢* /K of pure BC-120
liquid crystal is expected to be 30 times larger (negative) than the host compound. The
temperature variation of ¢*/K in the binary mixture of BC-120 and 80CB (octyloxy
cyanobiphenyl) was reported by Kundu et al.[15]. They found that e* /K is negative
and the magnitude increases significantly with increasing concentration of BC-120
molecules. They suggested that e*/K in pure BC-120 compound could be 20 times
larger than that of SOCB. Thus in the present mixture the enhancement is significantly
more than they reported. The compound RO appears to be a good host for BC-120
molecules for large flexoelectric 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 (fig. 8.3). It is expected as both e* and K is proportional to the square of the
order parameter (§). ¢* in the host compound RO is positive i.e., e, > e3. Since the
dopant molecule (BC-120) has large dipole moment along the arrow axis (i.e, trans-
verse dipole), the bend distortion of the medium gives rise to a large e; with increasing
concentration of BC-120 molecules and as a result e* /K changes sign beyond a par-
ticular concentration. In figure 8.4 we show the temperature variation of e* /K for the
mixtures with BC-60 molecules. It remains positive but reduces slightly in the mixture
(4.5 mol %) compared to the host compound (RO) and also exhibits weak tempera-
ture dependence. Interestingly it increases significantly in the mixture with 7 mol %.
For example, at a shifted temperature T — Ty; = —2 °C, ¢*/K ~ 1.5 Cm'N~! in
host compound RO, and in the mixture it is ~ 5.8 Cm~'N~! i.e., about 4 times larger
and decreases rapidly with reducing temperature. Thus in the mixture (with BC-60),
the sign of e* /K is antagonistic in the sense that ¢* /K is large positive compared to
the large negative value at the same concentration with BC-120 molecules. Hence it
is possible to tune significantly the magnitude and sign of flexoelectric coeflicient by

adding appropriate bent-core molecules.
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8.2.3 Dielectric measurements
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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 (Ae = ¢ — 1) as a function of temperature
at a frequency of 4111 Hz. The perpendicular component of dielectric constant (¢ )
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 (¢))) ,
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Figure 8.7: Schematic representation of orientations of the bent-core molecules at higher concen-

tration (7 mol %) for the BC-120 mixture

Figure 8.8: Schematic representation of orientations of the bent-core molecules at higher concen-

tration (7 mol %) for the BC-60 mixture

we measured dielectric constant in the same cell as a function of voltage. Since the



dielectric anisotropy is positive, it increases with voltage and saturates at higher volt-
ages. The linear part is plotted against 1/V and fitted to a straight line. The extrapo-
lated value of dielectric constant at 1/V = 0 provides ¢||. The temperature variation
of A¢ of all the samples are shown in figure 8.5 and figure 8.6. Measurement of vis-
coelastic properties and Ae of the mixtures with BC-120 was reported in chapter-3. It
is observed that Ae is small and positive (fig. 8.5). At any shifted temperature it de-
creases with increasing concentration of BC-120 molecules. This indicates that the
arrow axes are orientated perpendicular to the director as shown schematically in fig-
ure 8.5. The temperature variation of Ae 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 % (fig. 8.6).
The increase of Ae 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 Ae 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 As 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 (fig. 8.6). The longitudinal components of dipole moments can also get correlated
and the conformational freedom of individual molecules in the cluster is reduced and
as a result Ae can again increase. Presence of such clusters in the medium is expected
to increase e; significantly than e; as a result e* /K is large and positive (fig. 8.4). The
effect of conformational freedom on the flexo-elastic coefficient in 80CB liquid crys-
tal was experimentally studied by Dosov et al.[23]. They 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. The anomalous temperature dependence of e* /K in the



present mixture is expected to originate from the similar conformational degrees of

freedom of terminal alkoxy chains.

8.3 conclusions

In conclusion, we measured the flexoelectric coefficient of a binary mixture 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. The 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 flexoelectric properties for bistable liquid crystal dis-

plays.
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