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Preface

Liquid Crystals (LCs) are intermediate state of matter observed between
crystalline solids and amorphous liquids. They exhibit both the liquid-
like and the solid-like properties. The molecules in this state exhibit
long-range orientational order in addition a few of them also exhibit 1
or 2-dimentional translational order. Liquid crystals (LCs) are mostly
of two categories namely, thermotropic and lyotropic. In thermotropic
LCs, the mesophases arise due to temperature whereas in lyotropic LCs,

mesophases arise due to the concentration as well as the temperature.

Generally, the liquid crystalline materials exhibit a variety of phase
transitions owing to their molecular structure and shape. The common
liquid crystal phases exhibited by low molecular weight liquid crystals
(LCs) are nematic (N), smectic-A (SmA) and cholesteric (N*) etc.
Phase transitions, physical properties and electrooptic properties of
thermotropic liquid crystals have always been the major area of interest
to the researchers with a goal to achieve improved liquid crystal display
properties. Rheology is a multidisciplinary science that concerns with
the study of deformation and flow of matter. The flow behavior of
ideal viscous liquids and the deformation of ideal elastic solids are well
explained by using Newton’s and Hooke’s law respectively. Usually
soft materials are neither ideal solids nor ideal liquids but exhibit
both properties and are therefore referred as viscoelastic materials.
The rheology of thermotropic liquid crystals has not been explored
much as they are not directly related to the device properties. The
rheology of anisotropic fluids are very interesting and they are important
from the fundamental point of view. There are a few reports on the

measurement of rheological properties such as Miesowicz viscosities or



Leslie coefficients of thermotropic nematic liquid crystals. However,
the effect of molecular structure, phase transitions on the rheological
properties of various LCs are not fully explored. In this thesis we studied
the rheological properties of a few thermotropic liquid crystals showing
nematic (N), smectic-A (SmA) and cholesteric (N*) phases. We used
various rheological techniques such as electro-rheology and rheo-small
angle light scattering to study and understand the temperature depen-

dent rheological properties.

The thesis is organized into six chapters.

The first chapter is the introductory part that focuses on the liquid crys-

tals and their basic rheological properties.

The second chapter discusses the experimental techniques used in this
thesis. For non-rheological study, we used some techniques to measure
birefringence (An) and dielectric anisotropy (Ae€). For rheological char-

acterisation, we used rheological techniques such as rheo-dielectric and
rheo-SALS (Small Angle Light Scattering).

The third chapter focuses on the rheological properties of three ne-
matic liquid crystals with highly polar molecules namely trans,trans-4-
n-heptyl-4’-cyanobicyclohexane (CCH-T7), trans-4-(4-heptyl-cyclohexyl)-
benzonitrile (PCH-7) and 4-(n-heptyl)-4’-cyanobiphenyl (CB-7), which
are having a systematic variation in the molecular structure. The two
Miesowicz viscosities 7o (director parallel to the shear direction) and 7,
(director perpendicular to the shear direction) were measured as a func-
tion of temperature and the orientation of the director was studied using
small angle light scattering (SALS) technique. 7o was measured in pres-

heared sample whereas 7; is measured by electrorheological technique.



We observed that nematic compounds with more number of aromatic
rings and lower Kirkwood correlation factor have the larger viscosities.
The temperature dependent viscosities (7o and 7; ) were understood based
on the intramolecular m-electron conjugation of neighboring molecules

and the antiparallel correlation of molecular dipoles.

The fourth chapter deals with the simultaneous measurement of shear vis-
cosity (1) and effective dielectric constant (¢) of octyloxy cyanobiphenyl
(80CB) in the nematic (N) and smectic-A (SmA) phases as a function
of temperature and electric field. The flow curves at various applied
fields show that competing orientation effect of the flow field and elec-
tric field. As electric field increases, effective viscosity increases in the
N phase whereas in the SmA phase it decreases and saturates beyond a
particular electric field in both the phases. The temperature-dependent
effective viscosity and effective dielectric constant at zero or at small elec-
tric field suggests the occurrence of several structures that results from
the precessional motion of the director along the neutral direction. We
show that the precessional motion is gradually suppressed with increas-
ing electric field and the effective viscosity resembles with the Miesowicz
viscosity 7, at high enough electric field. In the intermediate field range
the temperature-dependent effective viscosity exhibit anomalous behav-
ior across the N-SmA phase transition which is attributed to the large

contribution of Leslie coefficient «;.

The fifth chapter presents the experimental studies of small angle light
scattering (SALS), rheodielectric and electrorheological properties of a
binary mixture made of octyloxy cyanobiphenyl (80CB) and hexyloxy
cyanobiphenyl (60CB). This mixture exhibits nematic (V) to smectic-
A (SmA) phase transition, and then again to a reentrant nematic (Ng)

phase transition. Shear thinning in the quenched sample in the low shear



rate region in the N and SmA phases is observed from SALS experiments
and attributed to the realignment of the director within the domain.
The domain elongation starts beyond a threshold shear rate in both the
phases. In case of SmA, the threshold shear rate is about five times
higher than that of the N phase. At a steady shear rate the effective
viscosity increases with the electric field in all the phases and saturates
at much higher fields. It also exhibits two anomalous peaks across N-
SmA-Npg phase transitions beyond a particular field. The shear modulus
of the SmA phase in an intermediate field is significantly larger than that
measured at both low and high fields. The enhanced viscoelasticity of
the SmA phase is aided by the presence of dislocations, which disappear

on application of strong external electric field.

The shear and micro-rheological viscosities of bent-core nematic (BCN)
liquid crystal are presented in the sixth chapter. The shear viscosity
is measured using a rheometer and the micro-rheological viscosities are
measured by measuring the self-diffusion coefficient of a microsphere in
the aligned sample. The effective (shear) viscosity is larger and the ef-
fect of presmectic fluctuations are observed much higher than the N-
SmC' transition temperature than commonly seen in calamitic liquid
crystals. The temperature dependent micro-rheological viscosities are
stronger than that of shear viscosity. The study of Brownian fluctuation
is useful to understand the smectic fluctuations in bent-core nematic
liquid crystals. This, however, needs to be substantiated by more exper-

iments as well as simulations.
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Introduction

1.1 Rheology

heology is a multidisciplinary science which deals with the study of
R deformation and flow of matter. The term rheology is originated
from a Greek word “rheos” which means “flowing”. In these modern
days, rheology constitutes a wider science especially in research with a
goal to achieve improved material properties. The flow properties of
the ideal viscous liquids and the deformation of ideal elastic solids are
well explained using Newton’s and Hooke’s law respectively. Generally,
soft materials are neither ideal solids nor ideal liquids but exhibits both
properties and are so referred as viscoelastic materials. To analyze which
property dominates over the these materials, we need to study rheome-
try, its a group of experimental technique to investigate the rheological
properties of soft materials. Some materials exhibit solid-like property in
liquids and liquid-like property in solids, its depends on the scale of the
deformation process which is determined by the Deborah number (D.)

is defined as [1].



2 1.1. Rheology

where “7T7” is known as the characteristic time of the deformation pro-
cess being observed and “7” is known as the material characteristic time.
For a Hookean elastic solid, the time 7 is infinite whereas for Newtonian
viscous liquids the time 7 is zero. The flow behavior of liquid crystals
depends on the flow orientation and also on the boundary induced ori-
entation. It is determined by a dimensionless number called Ericksen
number (F£,), which is defined as the ratio of the flow induced viscous
stress to the Frank elastic stress. In the limit of low E, number the elas-
tic forces will exceed the viscous forces and so the director field will not

be strongly affected by the flow field. It can be expressed as

nﬁ/eff
Er = 5
K1

where 7 is the Leslie viscosity coefficient, K is the Frank elastic constant,
h is the length scale of the flow geometry and 7.sy is the average effective
shear rate. In our study, we emphasized on the viscoelastic properties of

some thermotropic liquid crystals.

1.1.1 Rheology of liquid crystals

Rheology of thermotropic liquid crystals have not been studied rigorously
as they are not directly related to the device properties. Nevertheless,
rheological studies of anisotropic fluids are very interesting in structural
point of view. However, some significant progress was made in under-
standing the flow behavior of low molecular weight thermotropic lig-
uid crystals both theoretically and experimentally. Among these, there
are some reports on the measurements of Miesowicz viscosities [2] or
Leslie coefficients in the nematic phase as a function of temperature using
various experimental techniques. However, the temperature dependent

shear viscosity properties are complex in compounds exhibiting N-SmA
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1.2. Liquid crystals 3

phase transition. In this thesis we studied the rheological properties of a
few thermotropic liquid crystals exhibiting nematic (N) and smectic-A
(SmA) phases.

1.2 Liquid crystals

Liquid crystalline state is a distinct state of matter observed between the
crystalline solid and amorphous liquid. Many of the organic compounds
having shape anisotropy exhibit this intermediate state. In 1888, an
Austrian botanist Fredrich Reinitzer first observed this state of matter
and was later named as liquid crystal by Lehmann in 1889. As the
name implies liquid crystals have both the liquid-like as well as solid-
like properties. In the liquid crystalline phase, molecules exhibit long
range orientational order and few of them also exhibit positional order
[3-5]. These liquid crystals exhibit liquid-like properties such as highly
fluidity, viscosity and surface tension. At the same time they also exhibit
solid-like properties such as optical birefringence, anisotropic refractive
indices, dielectric and diamagnetic susceptibilities [6, 7]. Liquid crystals
are mainly two types namely, thermotropic and lyotropic liquid crystals.
In thermotropic liquid crystals, the liquid crystalline phase arises because
of temperature, whereas in lyotropic it is by concentration as well as

temperature [8, 9].

1.3 Types of liquid crystals

Shape anisotropy is an essential requirement for exhibiting the liquid

crystalline phase. Depending on the shape of the molecules, liquid crys-

Introduction



4 1.3. Types of liquid crystals
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Figure 1.1: Schematic representation of molecular arrangement in the

>

nematic.

tals are classified broadly into three categories [10, 11] namely, calamitic,
bent core and discotic liquid crystals.

(i). Calamitic liquid crystals: consists of rod-like molecules

(ii). Discotic liquid crystals: consists of disc-like molecules

(iii). Bent-core liquid crystals: consists of bent-shape molecules

1.3.1 Nematic phase

Nematic(/V) phase is the simplest phase among all the known liquid
crystalline phases having rotational symmetry. Molecules in this phase
exhibit long range orientational order and the center of mass of the
molecules are distributed randomly. The average alignment of the
molecules with their long axes parallel to each other in a particular di-
rection as shown schematically in Fig. 1.1. The direction is called as
director, which is a dimensionless unit vector and represented by 7.
The director 7 is apolar in nature i.e., 7 and -n and are physically indis-
tinguishable [12]. Some discotic and bent-core liquid crystals also exhibit

nematic phase.

Introduction



1.3. Types of liquid crystals 5

/!
SO (1))
N

e ——
Y

Figure 1.2: Schematic representation of the molecular arrangement in
the cholesteric phase. The arrows indicate the orientation of the director

n.

1.3.2 Cholesteric phase

Cholesteric (N*) phase is observed when the molecules are either intrin-
sically chiral or a chiral dopant is added to nematic liquid crystals. In
this phase, the molecules exhibit long range orientational order and the
director rotates in a helical fashion, whose axis is perpendicular to the
director. This helical structure arises from the chiral properties of the
constituent molecules, in which the director 7 rotates continuously in
space along the z direction. A single rotation of n is completed over a
distance p, called as pitch. The repetition period is p/2, f and -n are
equivalent. The pitch of the cholesteric helix which would be right or
left handed and it strongly depends on the temperature. A schematic

representation of the director orientation is shown in Fig. 1.2.
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6 1.3. Types of liquid crystals
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Figure 1.3: Schematic representation of the molecular arrangement in
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the Smectic-A phase.

1.3.3 Smectic phases

In smectic liquid crystals, the molecules are arranged in layers having
a well defined interlayer distance. These phases exhibit an orientational
order along with some positional order. There are several types of smectic
mesophases based on the molecular arrangement within the layer. The

center of mass of the molecules are distributed randomly in the layer.

1.3.4 Smectic-A phase

In Smectic-A (SmA) phase, the molecules are arranged in layers as shown
in Fig. 1.3. The director n is aligned perpendicular to the layers and
is parallel to the layer normal. The center of mass of the molecules in
each layers are distributed randomly. In this phase, if the molecules are
symmetric and non-polar, the layer spacing is approximately equal to the

molecular length.
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Figure 1.4: Schematic representation of the molecular arrangement in the

SmC' phase. The molecules are tilted with respect to the layer normal k.

1.3.5 Smectic-C phase

In Smectic-C (SmC') phase, the director 7 is tilted at an angle 6 to the
layer normal as shown in Fig. 1.4, resulting in optical biaxiality of the
SmC' phase. The tilt angle 6 (polar) reduces the thickness of the layer,
whereas the azimuthal angle ¢ does not affect the layer thickness. The
angle 6 is temperature dependent and is called as smectic cone angle. In

this phase, the director n and -n are physically indistinguishable.

1.3.6 Smectic-C* phase

Smectic-C* (SmC™) phase consists of chiral molecules, where the chiral
interactions lead to the formation of a helical structure and the phase is
called Smectic-C*. In this phase, the helical axis and the layer normal are
in the same direction and it can be right or left handed. The tilt angle
0 remains the same whereas the azimuthal angle ¢ varies as we move

from layer to layer. The helix of the SmC™* can be unwound either by
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8 1.3. Types of liquid crystals

Figure 1.5: Schematic representation of the molecular arrangement in
the SmC™ phase. The tilt direction rotates between successive layers as

represented by arrows.

surface interactions or by the application of strong magnetic or electric
fields. A schematic representation of the molecular arrangment of rod-

like molecules in the SmC™ phase is shown in Fig. 1.5.

1.3.7 Bent-core liquid crystals

Liquid crystals consisting of bent core molecules show various mesophases
and they are mostly different from those exhibited by rod-like and disk-
like molecules [12]. The bent-core molecules are strongly polar and biax-
ial in shape and thus deviate from the cylindrical symmetry. Bent-core
molecules exhibit a new class of liquid crystals, these are known as ba-
nana phases By, Bs........... Bg [13]. In addition, these bent-core molecules
also show nematic and smectic phases. In the last chapter of this thesis

we discuss the rheological properties of a bent-core nematic liquid crystal.

Introduction



1.4. Physical properties of nematic liquid crystals 9

1.4 Physical properties of nematic liquid

crystals

1.4.1 Birefringence

Refractive index is a material property which determines the relative
speed of light in the material. In liquid crystals, the speed of light for
polarization parallel to the director is different from that for the perpen-
dicular direction. Uniaxial nematic phase has two principal refractive
indices called n. and n,, suffix “e” and “o0” stands for extraordinary and
ordinary rays respectively. For uniaxial nematic, n, = nj 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
() = S(nf +202)

When a plane polarized light enters a birefringent medium, it results
in two mutually perpendicular components called the ordinary (o) and
extraordinary (e) rays. In uniaxial nematics, the electric field of the o-ray
is always perpendicular to the optic axis, so its refractive index n, is a
constant which is independent of propagation direction. In nematic or
uniaxial smectic liquid crystal, the optical axis is parallel to the director
and n, = n and n, = n,. The birefringence is given by An = n, —n, =
nj — ny. Generally, the birefringence varies within 0 to 0.5. An is used
to calculate the approximate order parameter (S) of the nematic liquid

crystals by using the relation [12].

An
An,

where An, is the birefringence in the fully aligned state.

S ~
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10 1.4. Physical properties of nematic liquid crystals

1.4.2 Dielectric constant

The dielectric constant (€) is a measure of the response of materials in the
presence of 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. The dielectric constant of the material
depends on temperature as well as frequency of applied electric field [14].
In liquid crystals, the dielectric constant €| and e, are measured with
electric field parallel and perpendicular to the director (72) respectively.

The dielectric anisotropy is given by
Ae=¢|—e€L

The dielectric permittivity €, of a LC is defined as the ratio of the
capacitance C)|  of the parallel plate capacitor that contains the material
to the empty capacitance Ck,,, of the cell.

Clja

L =
’ Cem
P

1.4.3 Order parameter

The order parameter S is a measure of order in the relevant phase. In
a nematic liquid crystal, the orientational order parameter defines the
average orientation of the long axis of the molecules with respect to the
director. The order parameter for uniaxial nematic phase is represented

by X
Sap(T) = S(na(r)ns(r) — Sdas), (1.1)

here, S is a measure of the degree of alignment of the long axis of the

molecules along 7(7). 7 is independent of 7 in a well aligned nematic
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Homogeneous alignment Homeotropic alignment

Figure 1.6: Schematic representation of homogeneous and homeotropic
alignment of the director between two coated ITO substrates. 7 is the

director.

phase. For a cylindrically symmetric molecules the scalar order parame-

ter is defined as [15].
(3cos*0 — 1)
2

In a perfectly aligned sample, the order parameter S = 1, whereas in

S = (1.2)

a isotropic phase S = 0. Generally, the value of S in a nematic liquid
crystal varies from ~ 0.3 to 0.8 with change in temperature. The order
parameter S is connected to determination of experimental quantities

such as diamagnetic, dielectric anisotropy and birefringence [12].

1.4.4 Alignment of liquid crystals

Alignment of liquid crystals on substrate is very important from techno-
logical as well as fundamental research point of view [16, 17]. The uniform
orientation of the director is needed to measure several physical proper-

ties such as birefringence, dielectric and elastic constants. Here we briefly
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12 1.5. Rheological properties of nematic liquid crystals

discuss about two different alignment of liquid crystals namely, homoge-
neous and homeotropic. Both homogeneous and homeotropic alignments
of liquid crystals can be achieved by coating substrate with appropriate
polyimide. In the case of homogeneous alignment, the surface is rubbed
in a particular direction and the director is parallel to the rubbing direc-
tion, whereas in homeotropic alignment, the alignment layer is oriented
perpendicular to the substrate. A schematic representation of the ho-
mogeneous and homeotropic alignments of the director is shown in Fig.
1.6.

1.5 Rheological properties of nematic lig-

uid crystals

Two types of measurements are usually made to study the visco-elastic
properties of nematic liquid crystals (NLCs) [18-20], we discuss them
in the following subsections. We also briefly discuss the Leslie-Ericksen

theory that is used to study the viscous properties of NLCs.

1.5.1 Oscillation test

In oscillation test, the amplitude sweep and frequency sweep are the two
different measurements which provide the structural behavior of the lig-
uid crystals. In the amplitude sweep, the strain amplitude varies at a
constant frequency. This measurement helps in finding the linear vis-
coelastic (LVE) range of a given material. The viscous and elastic prop-

erties are obtained from the amplitude and phase shift of the sinusoidal
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1.5. Rheological properties of nematic liquid crystals 13

functions. For viscoelastic materials the stress is expressed as [19].
7(t) = 7, sin(wt + 0) (1.3)

where 7(t) is shear stress, 7, is stress amplitude and § is phase shift. In

general, the sinusoidally varying stress is represented as [19].
7(t) = 7,[G' (w) sin(wt) + G"(w) cos(wt)] (1.4)

where G'(w) is known as the storage modulus which indicates the storage
of elastic energy and G”(w) is known as the loss modulus which denotes
the viscous dissipation energy and 7, is strain amplitude. In the LVE
range at lower amplitudes, storage modulus (G’) and loss modulus (G”)
are constant. The strain amplitude upto which G’ and G” are constant
is represented as .. If G'>G", then the elastic behavior dominates over
the viscous behavior which denotes the solid-like behavior. If G">G,
the viscous behavior dominates over the elastic behavior which indicates
the liquid-like behavior of the sample. Using Eq. 1.3 and 1.4, the storage

and loss modulus are expressed as,

G = Ecosé, G" = "2 ging,
Yo Yo

In frequency sweep, the dynamic viscosity, storage and loss moduli are
measured by applying a sinusoidal oscillating strain (or stress) to a liquid
crystal sample and measuring its stress (or strain) response, as a function
of frequency. In liquid-like fluids, the storage modulus is proportional to
w? and loss modulus is proportional to w. In low frequency limit, both
G'" and G” obey the power law behavior. In solid-like fluids, the storage
modulus is almost independent of frequency. The complex shear modulus

can be expressed as [1].

G*(w) = G'(w) + iG" (w) (1.5)
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14 1.6. Leslie-Ericksen theory

where G* characterizes the overall resistance to deformation of the mate-
rial (either viscous or elastic). Similarly the complex dynamic viscosity
is expressed as [1].

n'(w) =n"—in" (1.6)
Therefore, the relation between the complex shear modulus and complex

dynamic viscosity is represented as
G"(w) = iwn*(w) (1.7)
By substituting Egs. 1.5 and 1.6 in Eq. 1.7, we get,

G +iG" = iw[n' —in" (1.8)

G//

. . . _ a
By comparing real and imaginary parts, we get 7' = =

W

and n” =

1.5.2 Rotational test

Rheological measurements with rotational test reveal the relationship
between shear stress versus shear rate and shear viscosity versus shear
rate in the form of rheograms (or flow curves) [20]. In these rheograms
shear stress and shear viscosities are plotted against shear rate, called as
stress and viscous flow curves respectively. Here the shear stress serves
as torque and shear rate as speed. In this thesis, we have used rotational
test to measure the shear dependent properties of a few thermotropic

liquid crystals.

1.6 Leslie-Ericksen theory

The Frank-Oseen theory is used to study elastic properties and Leslie-
Ericksen theory used to study the viscous properties of NLCs. These are

explained briefly in the following subsections.
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1.6. Leslie-Ericksen theory 15

1.6.1 Curvature elastic constants of nematic liquid crystals

In nematic liquid crystal the orientation of the director differs from one
surface to another. All these deformations that results in elastic distor-
tions which can be considered to be a combination of three basic curva-
ture deformations. They are represented as splay, twist and bend. The

deformation free energy density is represented as [3, 4].
]_ AN2 ]- A AN\2 ]' A AN\2
Fd = §K11(vn> + §K22(nv X n) + §K33(n x V x n) (19)

where, V. and V x 7 are the divergence and curl on 7 and Ky, Koo, K33
are splay, twist, bend elastic constants, respectively. Usually, these elas-
tic constants are positive and K33 > K3 > Ko in rod like molecules.
The typical magnitude of these constants are ~ 10712 N. A Schematic
representation of splay, twist and bend elastic deformations are shown in

Fig. 1.7.

V7%

/
W
W)

\\i;/

P > N
Weconpl) £ N
V.a+0 n.(VxXn) #0 AX(VXA)#0

Figure 1.7: A Schematic representation of the splay, twist and bend

deformations.

1.6.2 Viscosities of nematic liquid crystals

Viscous effects of nematic liquid crystals are studied by Leslie, called

Leslie viscosities. In general, these Leslie viscosities cannot be identified
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16 1.6. Leslie-Ericksen theory

individually but they are the linear combination of Leslie coefficients and
this has been proved experimentally by Miesowicz, referred to as Miesow-

icz viscosities (11,72 and n3). These Miesowicz viscosities are measured

Z (velocity gradient)

}) Y (velocity)

X (neutral)

N1 N2 N3

Figure 1.8: Schematic representation of the three fundamental director
orientations of nematic liquid crystals with respect to the shear direction.
Miesowicz viscosities corresponding to each orientations are designated

by n1 , m2 and 73 respectively.

independently by considering the director orientation with respect to ve-
locity (V) and velocity gradient (AV'). Three basic flow geometries are
shown in Fig. 1.8. Miesowicz viscosities 7; and 7, are measured when
the director is parallel to AV and V respectively whereas n3 measured
when the director is perpendicular to both V' and AV. If the director
n is aligned in an arbitrary direction with respect to V and AV, result-
ing in the effective viscosity which is a linear combination of the Leslie

coefficients. The director 7 can be defined as,

f = (cos 6 cos ¢, cos 0 sin ¢, sin 0)

Introduction



1.6. Leslie-Ericksen theory 17

where 6 and ¢ are the angles of the director 7 with respect V and AV.

From Leslie theory, the viscous stress is expressed as [20].

tiJ' = alnkAkpnpninj + OéQNiTLj + OégniNj + CE4AZ‘j

+a5njA,~knk + agniAjknk (110)

where the coefficients aq, ag............. ,ag are called as Leslie coefficients;
n, A and N are represented as the director, stress tensor and the velocity
of the director respectively. The apparent viscosity n(6, ¢) is defined as
[20].

n(6, ¢) = ny cos® 0 cos® ¢ + ny sin” § + 13 sin” ¢ cos® O

1
+Z7712 sin?(26) cos? ¢ (1.11)

where 11,192,173 and 72 are the Miesowicz viscosities and 7,5 is a strength
type of deformation, which can be neglected. The viscosities 7, 12, 13 are
expressed in terms of Leslie coefficients as below
m = %(a3+a4+046) = %(a2+20¢3+044+045) when § =0 and ¢ =0
Ny = %(—042+oz4—|—a5) when ¢ = 7 and ¢ =0

7)3=%Oz4 WhenQ:Oandgb:g

In terms of Leslie coefficients Eq. 1.11 can be expressed as
1
n(0,0) = a; cos? fsin?  + 5(@3 + o) sin® 0

1 1
+§(a5 — rp) cos? 0 + 3% (1.12)

This equation is useful to explain some experimental results in chapter
fourth and fifth.
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Instrumentation

2.1 Introduction

n this chapter, we discuss various experimental techniques used in the
I thesis. Apart from MCR 501 Rheometer we discuss various geome-
tries and two techniques namely rheo-dielectric and rheo-SALS (Small
Angle Light Scattering). We also discuss some non-rheological techniques

such as measurement of birefringence (An) and dielectric anisotropy

(Ae).

2.2 Rheometer (MCR 501 Anton Paar)

Anton Paar MCR 501 rheometer is a compact system with air bearings
and high performance synchronous motor, having a normal force sen-
sor. The normal force sensor can detect the movement of the bearings.
The bottom plate of this rheometer is immovable and is equipped with
a Peltier temperature controller unit fitted with a hood to maintain the
uniformity of sample temperature. The photograph of MCR 501 rheome-

ter is shown in Fig. 2.1. For air bearing, the oil-free air compressor is used

23



24 2.2. Rheometer (MCR 501 Anton Paar)

Figure 2.1: Photograph of a MCR 501 Rheometer (Anton Paar).

which supplies continuous pressure (5-8 bars) to the rheometer. A chiller
was used to circulate the water throughout the instrument to maintain
the room temperature (25°C). The rheological measurements are con-
trolled and analyzed with the help of RheoPlus software. A wide range
of measuring systems are available to measure the rheological properties

of variety of samples.

The air bearing supported synchronous motor is one of the promi-
nent component of this rheometer. There are two types of air bearings
namely, radial and axial air bearings. The axial air bearing supports
weight of all the rotating parts. The optical encoder can measure even
very small angular displacements down to 0.1 prad. This encoder con-
sists of non-contacting light source and photo cell. The normal force
sensor is integrated with the air bearing, it measures the normal force
in both positive and negative directions, during the transient and steady
state test. The temperature control unit ensures a uniform temperature

through out the sample. The Peltier system having an actively controlled
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lower plate and hood, which provide a desired level of temperature di-
rectly in the plate more rapidly with 0.02°C accuracy. Toolmaster is a
fully automated tool, to identify and monitor the MCR 501 rheometer
configuration. The TruGap technology is based on induction method
which determines the exact gap size between the plates. This technology
also aids in suppressing the errors in measurements caused by thermal
expansion and normal force. A transponder chip is integrated to the
geometry which contains all the relevant geometry data and the same is
communicated to the RheoPlus software. The measuring geometries are

easily connected to the rheometer rotor using a quick-fitting coupling.

2.3 Measuring geometries

Measuring geometries are mainly divided into three basic categories
namely, cone-plate, parallel-plate and cup-bob. Each type of measur-
ing system has its own advantages and disadvantages. In our work we
used cone-plate and parallel-plate geometries, and are briefly discussed

in the following section.

2.3.1 Cone-plate (CP) geometry

Usually, the measuring geometry consists of a bob with a conical surface
and a fixed plate with a flat surface. The geometrical dimensions of this
CP are specified by cone radius R and the cone angle . A schematic
setup of the CP geometry is shown in Fig. 2.2. Maintenance of this
particular geometry is relatively easy compared to other measuring ge-
ometries. It requires relatively small volume of the sample and is well

suitable for high viscous materials. The shear rate is maintained uni-

Instrumentation



26 2.3. Measuring geometries

Figure 2.2: Schematic diagram of cone-and-plate measuring geometry.
Here the symbols represents the following parameters: R— cone radius,
H— gap between the two plates at edge, a— cone angle, w— angular

frequency and a— truncated gap between the plates.

form through out the gap between the plates. Peltier hood is required
to reduce any temperature gradients in the sample. To get more accu-
rate rheological measurements in this geometry, the cone tip should be
touching the lower plate. For fluids with low viscosity it is preferable to
use a large measuring geometry, meaning measuring geometry with large
radius that provides a large shear area. Where as for fluids with high
viscosity, small measuring geometry would be suitable. The gap between
the two plates must be completely filled in order to attain accurate rheo-
logical results. Especially in the case of low viscosity liquids, the sample
will run out of the gap when the cone rotates and also the turbulent flow

behavior may occur at higher shear rates.
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2.3.2 Parallel-plate (PP) geometry

Parallel plate (PP) measuring geometry consists of a bob and a fixed
plate, both being flat. A schematic setup of this geometry is shown in
Fig. 2.3. The geometrical dimensions of this PP geometry, are specified
by plate radius R and the gap between the two parallel plates H. Parallel
plate geometry alike cone-plate, is easy to clean and also requires only
a small sample volume. One major advantage when compared to cone
plate geometry is that the distance between two plates is adjustable, so
that it is suitable to measure the dispersions containing relatively large

particles. The shear rate can be varied between the two plates, and it

1y
o

Figure 2.3: Schematic diagram of parallel-plate measuring geometry.
Here the symbols represents the following parameters: R— plate radius,

H— gap between the two plates and w— angular frequency.

depends on the distance r from the rotational axis (which increases from
zero at the center of the plate to the maximum at the edge). This shear
rate has a great influence on the rheological behavior. Peltier hood is used
to reduce any temperature gradient in the sample. In this PP geometry,
inhomogeneity increases within the sample by increasing H, which leads

to the evaporation of solvent. The degree of evaporation can be reduced
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using a solvent trap and cover. Therefore, to get accurate rheological
data the sample volume must be homogeneous throughout the gap. The
large measuring geometry (PP) is preferable to measure the rheological
properties of low viscous fluids and some large particle size samples. One
major requirement is that the distance between the two plates should be

at least 5 times larger than the particle size.

2.4 Electro-Rheology

The Electro-Rheology device is an attachment of Anton Paar MCR
501 rheometer, having Peltier temperature controller unit with a range
of -40°C to 200°C. Rheological measurements were performed using a
rheometer in the parallel plate geometry with a plate diameter of 50
mm. Parallel plate geometry is a more flexible option to adjust the gap
between the plates. The parallel plate configuration was chosen for the
simultaneous measurements of the rheological and dielectric properties.
Most of the electro-rheological measurements were made with a plate
gap of 75 um. The electric field was applied between the plates in up-
ward direction using two electrodes, as shown in Fig. 2.4. The top plate
was connected to a low friction spring wire. The air correction i.e.,
contribution due to the small friction in the absence of the sample was

subtracted from the measured values when the sample is present.

The dielectric properties can be measured with the help of a LCR me-
ter (Agilent E4980A) upto 20 V. For voltages above 20 V, we have used a
signal generator (Tektronix AFG3102) and voltage amplifiers (TEGAM).
The frequency of the sinusoidal voltage was 3.11 kHz. Rheometer gener-
ates an alternative signal through the M1/M2 port for every measured

rheological data and this signal was connected to the LCR meter input.
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Protection Cover . Connecting wires

Insulated 5 ({ LCR,I.neter P
geometry 2

Figure 2.4: Schematic diagram of Electro-Rheology setup.

LCR meter output was connected to the sample with the help of elec-
trodes to measure the capacitance and resistance that can be stored using
a storage device. A protecting cover is required to reduce the temper-
ature gradient in the sample and appropriate measuring geometry was
connected to the rotor using quick-fitting coupling. Zero-gap was ad-
justed prior to the sample being mounted between the two plates. The
measured rheological data was stored in the computer for further analy-
sis. The temperature of the sample was controlled within an accuracy of
0.1°C by a Peltier temperature controller with an accessory hood for the
uniformity of the sample temperature. Calibration of the temperature
controller was checked by measuring the phase transition temperature of

some standard liquid crystalline materials.

2.5 Small Angle Light Scattering (SALS)

The Small Angle Light Scattering (SALS) is one of the most widely used

technique for obtaining the structural information along with the rhe-
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Figure 2.5: Photograph of a SALS setup.

ological data simultaneously. Rheological methods exclusively provide
the information on the macroscopic behavior of the samples, which are
highly dependent on its microscopic structural properties. Study of the
micro-structure gave a better insight in understanding the rheological
behavior of the samples. SALS working principle involves an incom-
ing beam that is scattered through the sample resulting in the angular
distribution, finally analyzing the scattered intensity distribution in the
inverse or momentum space. Beam can be scattered because of fluctua-
tions, in concentration or in orientation. Depending upon measurement,
the polarizer and the analyzer are kept either parallel (scattering due to
fluctuations in concentration) or perpendicular (scattering due to fluctu-
ations in orientation) to each other. Here we studied only scattering due
to fluctuations in orientation. The photograph of SALS setup is shown
in Fig. 2.5.

A schematic diagram of the setup for SALS is shown in Fig. 2.6.
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Figure 2.6: Schematic diagram of the small angle light scattering setup.

We used parallel plate geometry (glass plates) with diameter 43 mm,
which requires small sample than the concentric cylindrical measuring
geometry. Polarized light of a laser diode with a wavelength of 658 nm
is deflected into the measuring geometry by a prism. After the sample
passes through the analyzer, focusing optics collect the scattered light
from a certain point in order to prevent multiple scattering. An analyzer
crossed with respect to the polarizer, a beam stopper, and a focusing
lens were adjusted to obtain the scattering pattern on the screen. The
light scattering patterns are recorded by a CCD camera located below
the screen on which the scattered light is directed. The magnitude of

scattering vector is defined as,
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A 6

¢ =sin(3)
where A is the wavelength of light beam and 6 represent the scattering
angle, respectively. The accessible scattering angle of the SALS system
ranges from 2° to 12°, which represent a range for the scattering vector

q from 0.3 pm~! to 2 pm=L.

The rate of heating and cooling depends
on the circulation bath, used in the setup. The maximum temperature
of the liquid bath allowed is 70°C. The appropriate measuring geometry
was connected to the rheometer rotor. Zero gap was adjusted prior to
the sample being mounted between the two plates. All the measurements
were made upon cooling the sample from the isotropic phase. The mea-
sured rheological data was stored in computer for further analysis, SALS

patterns are analyzed with the help of NewSals software.

2.6 Non-rheological techniques

In this section, we discuss the procedure for cell preparation and the non-
rheological experimental techniques that are used for the measurement

of birefringence and dielectric constant.

2.6.1 Liquid crystal cell

To prepare liquid crystal cell we used Indium-Tin-Oxide (ITO) coated
glass plates with ITO thickness and resistivity of 1500 A and 15-20
ohm/cm? respectively. The required pattern of ITO on glass plate is
achieved by chemical etching. The I'TO patterned glass plates are cleaned
thoroughly several times with water, acetone and sonicated in hexane al-

most 15 min. Nitrogen gas is used to blow off any excess water droplets
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before spin coating. Appropriate polyimide is coated at a speed of 6000-
8000 rpm. For homogeneous and homeotropic alignments, we used AL-
1254 and JALS-204 respectively. The coated glass plates are cured at
180°C and 200°C respectively in a oven for a duration of 1 hr. To obtain
the homogeneous alignment, a rubbing machine is used to rub the plates.

Two rubbed glass plates are placed one over the other with their active

Spacer ITO

Glass plate

Electrical connections

Figure 2.7: Schematic representation of LC cell made up ITO glass
plates.

regions facing each other. Making rubbing directions antiparallel. The
plates are fixed using a mixture of UV curable adhesive and silica beads.
The cell thickness is controlled by the size of silica beads. The schematic

diagram of a LC cell is shown in Fig. 2.7.

2.6.2 Measurement of dielectric constant

The LC cell acts as a parallel plate capacitor with an effective area A
separated by a distance d. Agilent LCR Meter (E4980A) was used to
measure the empty cell capacitance. The LC cell was placed in a heater
and heated above Ty, of the liquid crystal sample. The sample was
filled using the capillary action in the isotropic phase. It is then cooled
in the LC phase and observed using a polarizing optical microscope to
ensure the desired alignment of the liquid crystal director. The ratio

of the capacitances with and without the sample provides the dielectric

Instrumentation



34 2.6. Non-rheological techniques

constant. In the planer cell, the measured dielectric constant is € |, where
the applied field is perpendicular to the liquid crystal director. Similarly
the dielectric constant measured in a homeotropic cell provides € as the
applied field is parallel to the director. Therefore, the average dielectric
constant and dielectric anisotropy can be estimated by using the relations

(€) = (¢ +2€1)/3 and Ae = ¢ — €, respectively.

2.6.3 Measurement of birefringence

We have used phase modulation technique to measure birefringence (An)
of uniaxial nematic liquid crystals. A schematic optical setup for mea-
surement of An using phase modulation technique is shown in Fig 2.8.

The setup consists of two crossed Glan-Thompson (GT) polarizers, pho-

z
A
Detector
| Lock-in amplifier
" 1f reference
/ ’ Analyzer ‘
o ; | LCR meter
’ Sample +:< Temperature
4 50 | controller
/| PEM \
45° | PEM controller

Figure 2.8: Experimental diagram for the measurement of birefringence

using PEM.

toelastic modulator (PEM), He-Ne laser and detector. The plane polar-
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ized light first passes through a GT polarizer, then through PEM and
then through the sample. Here both PEM and sample are kept at an
inclination of 45° with respect to polarizer and analyzer. The light trans-
mitted from the sample then passes through analyzer and is detected by
the detector. A Lock-in amplifier is connected to the detector to detect
the first and second harmonics of the AC signal. Here PEM makes an
oscillation with amplitude A, and an angular frequency w as a result the
retardation (A) can be expressed as A = A, cos(wt). The intensity at

the detector is given by,

A
I =1, sin®(26) sin? (ﬂAmj\H—)) (2.1)
As 0 is set to 45°, the above equation reduced to
A A
I =1, sin? <7T<nd+)) (2.2)
A
By substituting A = A, cos(wt) in above equation, we get
I 2 2
I= 50 (1 — cos (;TAnd + %AO cos(wt))) (2.3)

A® is the optical phase shift of the liquid crystal sample and defined as
AP = %An. By substituting in the above equation, we get

I,
I = 2[1 —cos(AP) cos(A, cos(wt)) +sin(AP) sin(A, cos(wt))} (2.4)
The above equation can be written as

I
[==2
2

1 — cos(AD) x {JO(AO) +2(Ja(Ay) cos(2wt)) + }

+sin(AP) x {2(J1(AO) cos(wt)) + H (2.5)

where J,, Ji, Jo are Bessel functions of various orders, and the intensity

can be represented as
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I =1,

Ll de) OSBR) 4 Ji(4,) sin(A) cos(et)

+J2(A,) cos(AP) cos(2wt) + .. (2.6)

The intensity measured by the Lock-in amplifier with 1f and 2f frequen-
cies are given by
Ilf = IoJI(Ao) SID(A(I))

Ly = 1,J5(A,) cos(AD)
In this experiments A, = 2.405 and J,(A4,) = 0,J1(A,) = 0.519 and

J2(A,) = 0.4318. Therefore, the birefringence of the liquid crystal sample

is given by

A A Ly X Ja(Ao)
An=-""Ad = " arctan |20 2.
"7 9rd omd <12f X J1(A,) 27)

We have employed this technique to measure the birefringence of highly

polar nematic liquid crystals and are discussed in the next chapter.
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Rheology of nematic liquid
crystals with highly polar

molecules

3.1 Introduction

n this chapter, we discuss the rheological properties of three nematic
I liquid crystals with highly polar molecules. Generally, a large number
of nematic liquid crystal compounds are used for various applications.
Most of the molecules have highly polar cyano or nitro end group. The
polar molecules are more stable electrochemically and thermally. The
electro-optical response of this liquid crystals depends on their physical

properties and they are related to the molecular structures [1-5].

There are several reports on the new electro-optic effects in nematic
liquid crystals with highly polar molecules [6]. Apart from those ap-
plications, these compounds also exhibit several unusual features such
as reentrant phase transitions, smectic-A polymorphism, nematic to ne-

matic transition, strong suppression of director fluctuation by fields etc.
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[7-15]. When the nematic liquid crystals are sheared, they exhibit three
different viscosities depending on the orientation of the director with re-
spect to the flow and velocity gradient directions and are discussed in the
first chapter [see Fig. 1.8]. The Miesowicz viscosities can be expressed
in terms of Leslie coefficients (v to ag) that are used to define the ne-
matic stress tensor as we have already discussed in the first chapter.
For a simple shear flow, the dynamic behavior depends on the values
of the Leslie coefficients oy and a3 only. If both a3 and as are nega-
tive, then ay/ag is positive indicating that the nematic flow is aligning.
The director aligns in the plane of shear at a fixed angle, called Leslie
angle, § = tan™1'\/ay/az [16-20] and in this case the effective viscosity
Neff =~ M2. The temperature dependent Miesowicz viscosities of nematic
liquid crystals depend on the molecular structures and their intermolec-
ular interactions [2, 4, 21]. There are a few studies on the viscosity
coefficients of nematic liquid crystals with polar molecules [22-24], but
there is no systematic investigation on the structural correlation to the
Miesowicz viscosities. In this chapter, we report experimental studies of
two Miesowicz viscosities (7, and 1) of three low molecular weight ne-
matic liquid crystals with highly polar molecules. Our results reveal the
effect of antiparallel correlation of dipoles and 7-electron conjugation of

neighboring molecules on the viscosity.

3.2 Experimental

We have chosen the following compounds: 4-(n-heptyl)-4’-cyanobiphenyl
(CB-7), trans-4-(4-heptyl-cyclohexyl)-benzonitrile (PCH-7) and trans,
trans-4-n-heptyl-4’- cyanobicyclohexane (CCH-7) having a generic molec-

ular structure. The chemical structures and phase transition tempera-
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tures are shown in Fig. 3.1. The lengths and widths of all the molecules

Cr 30°C N 42.8°C I
(CB-7)

C7H15@..IIIIIIIOCN

Cr 30°C N 59°C 1
(PCH-7)

C;H, 5uum......<:>__<:>—CN

Cr 71°C N 83°C I
(CCH-7)

Figure 3.1: Chemical structures of CB-7, PCH-7 and CCH-7 liquid crys-

tals and their phase transition temperatures.

are almost the same [25]. The dielectric anisotropy of all the compounds
is positive i.e., Ae = €| — e > 0, where the subscripts refers to the
direction in relation to the director. Some physical properties such as di-
electric constants, diamagnetic susceptibility and elastic constants have
already been studied [22-25]. Viscosity measurements were made using
a Rheometer (Anton Paar MCR 501). Both parallel plate and cone-plate
systems induce planar alignment of director [26] and no additional align-
ment layer was used. We used cone-plate system with diameter 50 mm
and cone angle 1° for measuring 7, and parallel plate geometry with a
plate diameter of 50 mm for measuring 7;. A cell gap of 75 pum was
used and an electric field was applied between the two plates by using

a low friction spring wire [26, 27]. The Freedericksz threshold voltage
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for the nematic liquid crystal is given by Vi, = (/K11 /€,A¢, where Kiq
is the splay elastic constant [3]. Since the dielectric anisotropy for the
present samples are positive and average molecular orientation is parallel
to the direction of shear, the measured viscosity below Vy, is 7o. When
the applied voltage V' >> V};,, the director changes orientation and be-
comes perpendicular to the shear direction and we measure 7,. The
dielectric anisotropy and birefringence were measured by using a photoe-
lastic modulator, He-Ne laser and a LCR meter [28-30]. The small angle
light scattering experimental method is already discussed in the previous

chapter [27].

3.3 Results and discussion

3.3.1 Birefringence and dielectric anisotropy measurements

First we discuss some non-rheological properties such as the temperature
variation of the birefringence (An) and dielectric anisotropy (Ae). We
observe that An increases in nematic phase with increasing an aromatic
ring from CCH-7 to CB-7 as shown in Fig. 3.2. For example, at a fixed
temperature (T-Ty; = -10°C) (N phase) Ancep—7 = 0.046, Anpog_7
= 0.086 and Ancp_7 = 0.16. Thus merely from the molecular struc-
ture point of view (Fig. 3.1), the replacement of a cyclohexane by an
aromatic ring increases An by an amount of ~ 0.04. Which is expected
as the intramolecular conjugation length increases from CCH-7 to CB-7.
We observe that Ae also increases in the nematic phase with aromatic
ring from CCH-7 to CB-7 as shown in Fig. 3.3. For example, at a fixed
temperature (T-Tn; =-10°C) Aeccy—7 =4, Aepoy_7 = 8.7 and Aecp_7

= 9.9. However, the relative difference of dielectric anisotropy between to
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Figure 3.2: Variation of birefringence (An) with shifted temperature of

CB-7 (stars), PCH-7 (circles) and CCH-7 (squares) liquid crystals with

cell thickness 5 pm.

successive compounds are not regular. For example, at the same temper-
ature, Aepeg_7—Aecog—7 = 4.7 and Aecp_7—Aepoy_7 = 1.2. Though
the dipolar group is the same (-CN), the contribution of the polarizability
anisotropy are very different due to the different intramolecular conjuga-

tion length.

3.3.2 Shear dependent viscosity measurement

To show the effect of shear on the nematic phase, we show a representa-
tive rheo-SALS data of CB-7. We simultaneously measured the effective
viscosity as a function of shear rate () in the quenched (isotropic to
35°C) and in presheared samples (Fig. 3.4). It is observed that in the
quenched sample, viscosity is high at lower shear rates (< 10 s7!) and

shows strong shear thinning behavior at higher shear rates. When the
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Figure 3.3: Variation of dielectric anisotropy (Ae¢) with shifted tempera-
ture of CB-7 (stars), PCH-7 (circles) and CCH-7 (squares) liquid crystals.
The dielectric constants are measured at a frequency of 4.11 kHz. Cell

thickness 5 pm.

100 ———

Effective viscosity (mPa s)

01 1 10 100 1000

Shear rate (s71)
Figure 3.4: Variation of the effective viscosity as a function of shear
rate in the nematic phase of CB-7 in quenched (squares) and presheared
(circles) samples at 35°C. P, A are polarizer and analyzer. Red arrow

indicates the direction of shear.
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sample is presheared at 500 s~! for about 10 minutes, the viscosity is
almost constant and does not depend on the shear rate. In fact, beyond
4 = 50 s7!, the effective viscosities are almost comparable. The light
scattering patterns in two cases in the low shear-rate range are differ-
ent. For example, in the quenched sample, at 4 = 0.1 571, the scattering
pattern is almost circular. This indicates that in the quenched sample,
at the low shear rate, there is a spatial variation of the director which
gives polydomain textures. At higher shear rate the circular patterns get
elongated perpendicular to the shear direction and the viscosity shows
shear thinning behavior. Since SALS measures the image in the q space,
it suggests that the polydomain textures are elongated parallel to the
shear direction. This enforces realignment of the director along the shear
direction. In the presheared sample the scattering pattern at ¥ = 0.1
571 is slightly elongated suggesting that the director is already aligned
along the shear direction. The scattering patterns in both the cases are

1

almost similar beyond ¥ =10 s™, suggesting that the effective viscosity

at higher shear rate is equal to 1y (i.e., nefr > 12).

3.3.3 Miesowicz viscosity 7,

In Fig. 3.5, the variation of 7y of CB-7, PCH-7 and CCH-7 is shown
as a function of temperature. The isotropic viscosity (1;s,) of CB-7 is
much larger than that of PCH-7 and CCH-7 and they vary in the in-
creasing order, S8~ > pfOH=T » pCCH=T "1y addition, 7, increases
as the temperature is reduced and an abrupt decrease is observed at the
nematic-isotropic (INI) transition temperature. The temperature depen-
dent, n;,, of all the compounds increase linearly and we fit to Arrhenius

equation, 1,5, = 1n,exp(—E,/kT), where 7, is the pre-exponential factor

and F, is the activation energy of the isotropic viscosity.
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Figure 3.5: Variation of 7, as a function of shifted temperature at a fixed

shear rate, ¥ = 50 s 1.
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Figure 3.6: Variation of logarithm of 7, with the inverse of temperature

in the isotropic phase. The lines are best fit to Arrhenius equation.

Rheology of nematic liquid crystals with highly polar molecules



3.3. Results and discussion 45

The logarithm of viscosity is plotted against inverse temperature as
shown in Fig. 3.6 and the activation energies are listed in the Ta-
ble 3.1. We notice that they increase in the following order, i.e.,
ECB-T > pPCH=T 5 pOCH=T  The increase of activation energy is an
indicator of increasing intermolecular interaction in the isotropic phase.

It may be emphasized that CCH-7 has no aromatic ring, PCH-7 has

3_
0
©
> 2f
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@
> 1t N |
12 -8 4 0 4

T-Ty (°C)

Figure 3.7: Comparison (ratio) of 1y of CB-7 and PCH-7 with respect to
that of CCH-7.

one aromatic ring and CB-7 has two aromatic rings. The increase of
number of aromatic rings can enhance the © — 7 interaction of aromatic
cores (m-electron conjugation) among neighboring molecules and hence
the stronger intermolecular interaction is expected. Thus the increase in
isotropic viscosity in compounds having phenyl rings can be attributed
to the effect of enhanced 7m-electron conjugation compared to the com-
pounds having cyclohexane because in the later there is no m-electron
at the core. In the nematic phase, at a fixed temperature, ny also in-

creases in the same order i.e., ngP~7 > pbPH=T > pfCH=T (Fig. 3.5).
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Further, it is interesting to note that the relative differences among the

viscosities of CCH-7, PCH-7 and CB-7 are reduced in the nematic phase

than that in the isotropic phase. For example, at T — Ty = —1°C,
npCH=T _ pCCH=T — 34 mPa s and 277 — nh9”=7 = 10.4 mPa s re-
spectively. In the nematic phase, for example, at T' — Ty; = —5°C,
nfCHJ — nQCCH’7 = 2 mPa s and 77203’7 — n2PCH’7 = 9.7 mPa s re-

spectively. We compare 7, of CB-7 and PCH-7 with respect to CCH-7
and show their temperature variation in Fig. 3.7. It is noticed that

CB-7/ CCH-T : PCH-7 /. CCH-T7
2 /772 /772

is much larger (almost double) than 7, and

n
the former one increases with decreasing temperature. This suggests
that the viscosity enhancement is not linear with the number of aro-
matic rings (replacing cyclohexane rings) keeping the other parts of the
molecule same. The molecular weight of the compounds are slightly
different (Table 3.1) hence expected not to contribute so much to the
viscosity. On the other hand, the nematic to isotropic (/NI) phase tran-
sition temperatures are very different (T$SH =7 > TEYH=T ~ 7EB=7) and
this will have significant effect on the viscosity in the sense that the vis-
cosity is lower at higher temperature. Nevertheless, the large differences
of 1 among the compounds and their temperature dependence can not
be accounted based on this fact alone. To understand this, we present
some useful data, in Table 3.1, i.e., the birefringence (An), dielectric
anisotropy (Ae€), dipole moment (1), and Kirkwood correlation factor

(9). The Kirkwood correlation factor g is expressed as,

9= (ttegs/1)? (3.1)

where fi.5¢ is the effective dipole moment as calculated from Kirkwood-
Froehlich equation [31] using dielectric data and p is the dipole moment
of a single molecule. Both An and Ae are positive and increase from

CCH-T to CB-T as expected because larger contribution of aromatic rings
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Table 3.1: Molecular weight (M), birefringence (An), dielectric
anisotropy (Ae), activation energy (FE,), dipole moment () and Kirk-

wood correlation factor (¢) [25] . Both An and Aec are taken from Fig.
3.2 and Fig. 3.3 at T'— Ty = —10°C.

Compounds: CCH-7 PCH-7 CB-7

M 289.5 283.45  277.40
An 0.046 0.086 0.161
Ae 4.0 8.7 9.9
E,(eV) 0.17 0.2 0.24
(D) 35 4.4 4.7
g 0.70 0.60 0.50

to the birefringence than cyclohexanes as discussed earlier. The dipole
moment g of the molecules obtained from ref. [25] varies in the order
pCB=T > yPOH=T 5 CCH=T Tt may be mentioned (Fig. 3.1) that the
charge separation of the molecules in the ground state are very different
[25]. For example, conjugation between the two aromatic rings in CB-7 is
only partial due to the torsional angle between the planes in the ground
state is about 35°. The cyano group is conjugated with one aromatic ring
in PCH-7 and unconjugated in case of CCH-7, hence no delocalization of
the electrons and as a result there is a systematic variation in the dipole
moments (see Table 3.1). This gives rise to molecular association that is

usually measured in terms of Kirkwood correlation factor.

The Kirkwood correlation factors of these compounds were measured
by Schad et al. just above the NI transition temperature [25]. It is

presented in Table 3.1 for comparative discussion. g lower than 1 for all
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the compounds suggest existence of antiparallel correlation of the molec-
ular dipoles even in the isotropic phase. In addition, we notice that,
gCBT < gPOH-T < gCCH=T This suggests that the strength of antiparal-
lel correlation of dipoles is stronger in CB-7 than both PCH-7 and CCH-7.
In the nematic phase density increases and the intermolecular distance
decreases and antiparallel correlation is even stronger that is reflected
in terms of reduction in average dielectric constant (€ = (¢ + 2¢.)/3)
[25]. In addition to that it causes m-electron conjugation of aromatic
rings of neighboring molecules. In case of CB-7, due to the effect of
intermolecular m-electron conjugation and dipolar antiparallel correla-
tion it behaves like a dimer because of almost complete overlap of the
aromatic rings, whereas CCH-7 behaves like a monomer due to lack of
m-electron conjugation [2]. Thus the relative reduction of 7y in the ne-
matic phase compared to the isotropic viscosity (7;s), can be attributed

to the molecular association due to antiparallel correlation of dipole and

intermolecular m-electron conjugation.

3.3.4 Miesowicz viscosity 7,

To measure 7, first we measured the electric field dependent viscosity
at a fixed temperature in the nematic phase (Fig. 3.8). It is observed
that the effective viscosity increases with applied electric field for all the
samples and saturate beyond about 80x10* V/m. Since the dielectric
anisotropy is positive (i.e., Ae > 0), beyond the Freedericksz threshold
field the director tends to orient along the electric field direction. How-
ever, the shear field tends to align the director along the shear direction.
Thus, there is a competing effect of these two force fields on the director
orientation. However, at a steady shear rate if the electric field is strong

enough the director is finally orientated along the electric field direction.

Rheology of nematic liquid crystals with highly polar molecules
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Figure 3.8: Variation of effective viscosity (n.ss) at a fixed shear rate, ¥
= 50 s7! as a function of applied field at a frequency 3.11 kHz. At high
field (beyond about 80x10* V/m) 7. = 1.

As a result the equilibrium orientation of the director is perpendicular to
the shear direction. Thus essentially we measure 7; at high electric field

(>80 x 10* V/m).

In Fig. 3.9, we show the variation of 7; as a function of temperature for
all the compounds. We notice that apart from a sharp increase at the NI
transition, n; increases almost linearly as the temperature is reduced for
all the compounds. At a fixed temperature, in all the compounds, 17; > 79
as expected. In the nematic phase, the relative differences of 77, among
the compounds are almost comparable. For example, at T — Ty; =
—5°C, P CH-T _ pCCH=T — 18 7 mPa s and n¢P~7 — pPCH-T = 198
mPa s respectively. The viscosity anisotropy An (= 7, — 72) obtained
from Fig. 3.5 and Fig. 3.9 are presented in Table 3.2 It is noticed that
An increases almost linearly with An from CCH-7 to CB-7. As far as

Rheology of nematic liquid crystals with highly polar molecules
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Figure 3.9: Variation of 1; as a function of shifted temperature and fixed
electric field 133x10* V/m (¥ = 50 s71).

molecular structure is concerned (Fig. 3.1), it seems that the replacement
of a cyclohexane by an aromatic ring increases An, by 15 to 20 mPa s.
In case of ny the director is parallel and in case of 7y, the director is
perpendicular to the shear direction. In the rheometer, the bottom plate
is fixed and the top plate is rotating hence the velocity gradient decreases
from top to bottom. From the microscopic point of view this will cause
a net downward flow of momentum per unit time and area which is
proportional to the viscus frictional force. The frictional force depends
on molecular associations, which is due to intermolecular conjugation
length and permanent dipole moment. Thus the molecular associations
not only contribute to the dielectric and optical properties but also to

the Miesowicz viscosities.
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Table 3.2:  Viscosity anisotropy An (= 1, — 12) obtained from Fig. 3.5
and Fig. 3.9 at T'— Ty; = —10°C.

Compounds: CCH-7 PCH-7 CB-7
An (mPa s): 25 45 62

3.4 Conclusions

We have measured temperature dependence of two Miesowicz viscosities
(mp and ny) of three highly polar nematic liquid crystals, having a
systematic variation in the molecular structure. We showed that
nematic compounds with more number of aromatic rings and lower
Kirkwood correlation factor have larger viscosities. Low Kirkwood
correlation factor is an indication of strong antiparallel correlation of
dipoles. The temperature variation of 7, reveals strong intermolec-
ular associations that results from both the w-electron conjugation
of neighboring molecules and antiparallel correlation of molecular
dipoles. Compare to molecular associations, intramolecular conjugation
length seems to be more significant in determining 7;,. Finally our
measurements established that apart from the optical and dielectric
properties, molecular associations of highly polar molecules in nematic

liquid crystals significantly affect the rheological properties.

Rheology of nematic liquid crystals with highly polar molecules
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Rheo-dielectric and
electro-rheological properties

of 8OCB liquid crystal

4.1 Introduction

n the previous chapter we have studied the rheological properties of
I three highly polar nematic liquid crystals, having a systematic varia-
tion in the molecular structure. In this chapter we discuss the simulta-
neous measurements of shear viscosity () and dielectric constant (e) of
octyloxy cyanobiphenyl (80OCB) liquid crystal as a function of tempera-

ture and electric field.

The structure property relation, phase transitions and electro-optic
properties of low-molecular-weight thermotropic liquid crystals have al-
ways been the main area of research. Flow behavior of such materials
has not been studied so rigorously as it is not directly related to the
device properties. Nevertheless, some significant progress has been made

in understanding the flow behavior of low-molecular-weight liquid crys-

o7
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tals both theoretically and experimentally [1-36]. Among them there
are many reports on the measurement of Miesowicz viscosities or Leslie
coefficients in the nematic phase as a function of temperature using vari-
ous experimental techniques and the results are discussed on the basis of
Leslie [1] and Ericksen [2] theories. However, the temperature-dependent
shear viscosity is very different and complex in compounds exhibiting
N-SmA phase transition. In a pioneering work Safinya et al. [14] have
shown several steady-state structures that results from the interplay be-
tween the viscous frictional forces and flow-induced fluctuation forces by
synchrotron X-ray radiation. They showed various shear-induced struc-
tural changes and precessional motions of nematic director in the octyl

cyanobiphenyl (8CB) compound as the SmA phase is approached.

First, we briefly discuss the effect of shear on the N-SmA transition in
8CB compound [15]. In the nematic phase, under shear there are mainly
three different director orientations namely a, b, ¢ with respect to the
flow (velocity) direction and the corresponding Miesowicz viscosities [4]
are represented by 1, = (13), m = (12) and 7. = (1) respectively which

are shown in Fig. 4.1. Usually, for all nematic liquid crystals as < 0

Figure 4.1: (a) Three fundamental director orientations under shear flow
and SmA fluctuation is shown for the ¢ orientation. Adapted from ref
[15].

and the director orientation under flow depends on the sign of a3. Nor-
mally near nematic to isotropic transition (Tyy), ag < 0 and the ratio

of Leslie coefficients «as/ag is positive and the director tends to align

Rheo-dielectric and electro-rheological properties of 80CB liquid crystal
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along the flow direction with the orientation angle 8 = tan=!(y/as/a3)
with respect to the velocity direction. Just below the I-N transition,
the director is parallel to the shear plane in the b orientation, which
is stable. This stable b orientation for n is shown schematically in the
right side of the Fig. 4.2(top). Below the I-N transition the direc-
tor undergoes flip transition through a mixed state namely, a-b in Fig.
4.2 (bottom). On the otherhand, as is renormalized (af > 0) in com-
pounds exhibiting N-SmA transition due to the pretransitional smec-
tic fluctuations, those introduce an elastic distortion between the bulk
and the wall layer. The flow alignment of the director is prohibited
that leads to several structural distortions namely, a,,,as, a(b) and a.
depending on the temperature and shear rate [14]. These structures
arise because of precessional motion of the director at which 7 — 1
and the director oriented along the neutral direction (z-axis) that can
be described by the equation of an ellipse: n2(t)/n2, + nZ(t)/n, = 1,
where n,(t) = ngocos(wot) and n,(t) = nyesin(wet) are components of

the director n(t)= (n,(t),n,(t),n.(t)). Thus the director precess with

an angular frequency wy = \/ 32 (—agadl) /42 where af is the renormal-
ized viscosity coefficient, 7 is the shear rate and v, = a3 — ay [14]. The
above mentioned structures are described as follows. In a,, structure: the
precessional motion is anisotropic with a larger amplitude in the x direc-
tion than the y direction (ny > nyo); as structure: isotropic precession
with equal amplitude in both the directions (n,o = ny0); a(b) structure:
anisotropic precession with lesser amplitude in the x direction than the
y direction (n, < nyo) and in a, structure: anisotropic precession with
a very large amplitude in the y direction (n,0 << nyp). The schematic
representation of the distribution of 7 for three structures are shown in

Fig. 4.2 (top). In this chapter we discuss the electro-rheological and

Rheo-dielectric and electro-rheological properties of 80CB liquid crystal
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b
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e Nematic —-l

TEMPERATURE [°C]

Figure 4.2: Bottom: The 4 — T phase diagram for 8CB compound. Top:
Schematics of the stable orientation of director in the b regime (right),
and the distribution of director in three of the a regimes (left). Adapted
from ref [15].

rheo-dielectric studies on octyloxy cyanobiphenyl (80OCB) liquid crystal.

4.2 Experimental

Compound octyloxy cyanobiphenyl (80CB) was synthesized by our col-
laborators from Poland, and exhibits the following phase sequences as
observed in polarising optical microscope on cooling: 1 79.5°C N 66.6°C
SmA 54.5°C Cr. The chemical structure and phase transition tempera-
tures of 8OCB is shown in Fig. 4.3. Figure. 4.4 shows the schematic
representation of the three fundamental director orientations in the N
and SmA phase under shear. Rheological measurements were performed
using a rheometer in the parallel plate geometry with a plate diameter

of 50 mm. The parallel plate configuration was chosen for the simul-
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| 79.5°C N 66.5°C SmA 54.5°C Cr
(80CB)

Figure 4.3: Chemical structure of 8OCB liquid crystal with phase tran-

sition temperatures.

Z (velocity gradient)

Y (velocity)
X (neutral)

Nematic Phase

[/ [

Figure 4.4: Schematic representation of the three fundamental director
orientations in the N and SmA phase under shear. The director orien-
tations are along the x (neutral), y (velocity) and z (velocity gradient)
directions in a, b, c¢ respectively. Layer orientations in the SmA phase
that are parallel to the zy, xz, and xy planes in a’, b’, and ¢’ respectively.
Miesowicz viscosities corresponding to each orientations in the N phase

are designated by ns, 1o and 7; respectively.
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taneous measurements of rheological and dielectric properties. The cell
gap was taken 75 um as we experimentally verified that the effect of sur-
face anchoring is observed below 50 pym. In addition, we find that the
zero field viscosity in the isotropic and nematic phases of the same com-
pound agrees well with the values reported in the literature in which the
measurements are made by using other geometries [19, 22]. A schematic
setup and the experimental methods for measuring the rheological and

rheo-dielectric properties are already discussed in the second chapter.

4.3 Results and discussion

4.3.1 Shear dependent effective viscosity (1) and dielectric

constant (¢) measurements

The flow curve i.e., the variation of shear viscosity (1) as a function of
shear rate (¥) at various applied electric fields in the nematic phase is
shown in Fig. 4.5. The electric field is perpendicular (z-axis) to the
flow field direction (y- axis in Fig. 4.4). At zero field the viscosity is
low (~ 10.5 mPa s) and is comparable to the shear viscosity 73 [22]. It
does not depend on the shear rate thus behaves like a Newtonian fluid.
With increasing electric field the director tends to align along the field
direction beyond a threshold field as the dielectric anisotropy is positive
(Ae = ¢ — e, > 0). Both n (Fig. 4.5(a)) and € (Fig. 4.5(b)) increase
with increasing field upto ~ 27 x 10* V/m in the low shear rate region.
At higher shear rate the flow field is strong and forces the director to
align parallel to the xy-plane (Fig. 4.4) as a result both the n and ¢
decreases. In the intermediate shear rate a Non-Newtonian flow behavior

is observed where the director makes an angle with respect to the xy-
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Figure 4.5: Variation of (a) shear viscosity (1) (which we represent as
effective viscosity) and (b) dielectric constant (¢) (which we represent as
effective dielectric constant) as a function of shear rate () at various

applied a.c electric fields. Dotted lines are drawn as a guide to the eye.
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plane due to the competition between the electric and the flow fields.
Further beyond ~ 6.6 x 10* V/m viscosity shows two Newtonian regimes
within the measured shear rate range. In the low shear rate region (upto
4 ~ 100 s~1) there is no significant increase in 1 and € beyond ~ 27 x 104
V/m, suggesting that the director orientation is almost parallel to the
electric field (z-axis) direction. Furthermore, the shear rate at which the
director orientation deviates from the electric field direction increases
almost linearly with increasing field as seen in Fig. 4.4 demonstrating the

opposite and competing orientational effect of the flow field and electric
field.

4.3.2 Field dependent effective viscosity (1) and dielectric con-

stant (¢) measurements

Variation of shear viscosity with the applied electric field at a few shear
rates is shown in Fig. 4.6(a). At shear rate ¥ = 50 s~!, the viscosity
increases monotonically and saturates at higher field. No clear threshold
is observed in the viscosity data as the director is already tilted by a
finite angle with respective to the xy-plane. At higher shear rates (¥
=100 and 199.5 s7') in the intermediate field region i.e., from ~ 8 x 10*
V/m to ~ 30 x 10* V/m (Fig. 4.6(a)), n is always low compared to

the values at 4 = 50 s !

suggests that the tilt angle is reduced with
respect to the xy-plane at higher shear rates. Beyond ~ 30 x 10* V/m
viscosity tends to saturate and merge together at higher field. There is a
slight change in the slope of the viscosity at ~ 8x10* V/m (Fig. 4.6(a))
and can be explained as follows. The director gets partially aligned
(homogeneously) due to the flow field and the slope change indicates a
threshold field in homogeneously aligned sample at which the director

starts tilting significantly.
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Simultaneous measurement of dielectric constant at the same temper-
ature (72°C) and at shear rate ¥ = 50 s~! is shown in Fig. 4.6(b). In
unsheared sample (¥ = 0 s7!) the dielectric constant remain constant
upto the threshold electric field ~ 1.5 x 10* V/m and then increases
rapidly to saturate beyond ~ 7 x 10? V/m. The dielectric constant be-
low threshold field is € ~ 11 and comparatively larger than measured
in aligned cell (e, ~ 7.3 [29]) suggesting that the director orientation
is random in unsheared sample. The dielectric constant at high field
(=~ 25 x 10* V/m) is comparable to € ~ 15.2 [29] (measured in aligned
cell) and suggests that the director is oriented almost parallel to the field
direction at unsheared sample. At shear rate ¥ = 50 s~!, the dielectric
data is very different than unsheared sample (Fig. 4.6(b)). The dielectric
constant is low (e ~ 7.6) compared to the unsheared sample indicating
that the director in some domains is oriented slightly out of xy-plane.
Dielectric constant increases almost linearly upto ~ 8 x 10* V/m and
saturates at higher field followed by a slope change at this field and is
consistent with the viscosity data in Fig. 4.6(a).

4.3.3 Temperature dependent viscosity () and dielectric con-

stant (¢) measurements

The variation of temperature dependent shear viscosity and simultane-
ous measurement of dielectric constant at various applied electric field is
shown in Fig. 4.7. Viscosity does not depend on the electric field in the
isotropic phase and comparable to the previously reported values [22].
The rheodielectric [19] and shear dependent X-ray measurements [15] of
8CB are suggestive for understanding the present temperature depen-
dent electrorheological and rheodielectric data of 8OCB. In the nematic

phase the zero field viscosity decreases initially upto T'—Tx; = —2°C and
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Figure 4.7: Variation of (a) shear viscosity (1) (which we represent as effective

viscosity) and (b) dielectric constant (¢) (which we represent as effective dielectric

constant) as a function of temperature and various applied electric fields. Vertical

dotted lines are drawn considering the similarity of temperature dependent zero field

viscosity with that of 8CB [19] and represent the approximate temperature regions

with possible director orientations.

The vertically down arrow indicates the peak

position in the viscosity (T' — Ty = —13.8°C). (c¢) Schematic representation of the

precessional motion of the director at 13.3x10* V/m and at various temperatures.
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suggests flow induced alignment of director ( similar to b orientation in
Fig. 4.4). Below this temperature a mixed state namely a-b orientation
occurs and the viscosity increases monotonically upto T'— Ty = —11°C
(Fig. 4.7(a)). A slight slope change below this temperature followed by
a rapid increase of the viscosity in the SmA phase is observed. The tem-
perature dependent dielectric constant (Fig. 4.7(b)) together with the
viscosity data between T'— Ty = —11°C to —13°C reflects the various
precessional motion of the director along the neutral direction such as
ac, a(b), as, a,, of the director that are seen in the x-ray measurements of
similar compound 8CB. In the SmA phase the viscosity is high due to
the occurrence of a'-c orientation (Fig. 4.4). When the field is increased
to 13.3x10* V/m, the viscosity increases in the nematic phase. The
temperature dependent dielectric constant (Fig. 4.7(b)) at this field in
the nematic phase is higher compared to the values measured at smaller
field (1.2 x 10* V/m) and indicates that the director is tilted at lower
field with respect to the field direction. However, in the SmA phase the
viscosity at 13.3x10* V/m is comparable to the zero field viscosity sug-
gesting that this field is not sufficient to change the director orientation
compared to the zero field orientation. An anomalous increase in the
viscosity is also observed across the N-SmA phase transition that will
be discussed later. The dielectric constant (at 13.3x10* V/m) is rapidly
increasing across the /-N transition and then decreases monotonically
as the temperature is reduced to N-SmA transition. The temperature
dependent viscosity and dielectric constant (Fig. 4.7(a) and 4.7(b)) at
this field just above N-SmA transition does not show any signature of
presence of several structures as seen in zero field. Further, compara-
tively smoother decrease of dielectric constant and increase of viscosity
at 13.3x10? V/m with temperature in the nematic phase suggests about

the uniform precessional motion of the director (below T'— Ty = —2°C)
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about an axis that is tilted with respect to the xy-plane. A schematic
representation of the director orientation along a cone that is tilted with
respect to the xy-plane is shown in Fig. 4.7(c). The dielectric constant
at 26.7x10* V/m in the nematic phase agrees well with ¢ [29] at the
same temperature and indicates that, at this temperature the director
orients almost along the field direction and goes to a'-¢ orientation in
the SmA phase. At the applied field 26.7x10* V/m, the temperature de-
pendent viscosity is almost similar with the data measured at 13.3x10%
V/m, except a slight increase in the viscosity in the nematic phase and
a slight increase in the peak height of anomalous viscosity. In the SmA
phase at 26.7x10% V/m, the viscosity is substantially low compared to
the viscosity measured at zero field or 13.3x10* V/m. On the other hand
the dielectric data in the SmA phase at 26.7x10* V/m is almost compa-
rable to ¢ as measured in the aligned cell sample [29]. It indicates that
at this particular field the SmA layers are parallel to the shear plane and
acquire ¢ orientation (Fig. 4.4). Further, at higher field (66.7x10* V/m)
there is no significant change in the viscosity in the nematic and SmA
phases compared to the values at 26.7x10* V/m except the anomalous
peak is suppressed completely. At least two possible explanations can
be considered for the occurrence of anomalous peak across the N-SmA
transition. The anomalous increase of shear viscosity can occur due to
the effect of shear on the pretransitional fluctuating clusters as suggested
by de Gennes [30] and Onuki [31]. When the SmA phase is approached
from the nematic the relaxation time of the collective fluctuation of smec-
tic clusters increases and the flow field can easily distort the clusters as
suggested by Safinya et al. [15], as a result the viscosity can increase
anomalously. However, the suppression of the viscosity peak at higher
field can not be understood on this basis. Another possible explanation

is based on the large contribution of Leslie coefficient a1 to the measured
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viscosity. When sufficient electric field is applied the director tends to

align in the field direction (z-axis).

The orientational angle of the director is determined from a balance of

the torque exerted on the director, it can be defined as [28].

0%0
[ —=T,+T.+4+T, 4.1
T +Te+Tg (4.1)
here I is a moment of inertia, I',, = (a3 sin® 0 — ay cos? 0)y — (a3 — ag)%
is a viscous torque, ', = —(1/2)AeE?sin 20 is a torque due to the elec-

tric field (v/2E, coswt), [y = K0?0/02% is a torque originating from the
elastic distortion and 6 is the orientational angle of the director. If we
consider that the moment of inertia term is negligibly small, and suppose
that an flow alignment occurs and the contribution from the elastic dis-
tortion is small, then I = 0, 90/0t = 0 and 9%0/02* = 0, which reduces

the torque balance equation as follows [16, 17].
(azsin® § — ap cos® 0) — AeE?sinf cosf = 0 (4.2)

where Ace is the dielectric anisotropy and E is the applied electric field.
The viscosity in such condition can be calculated by using Leslie-Ericksen

theory [1, 2], studied in the first chapter.
1
n(0) = ay cos® fsin? § + 5(043 + a) sin® 6

1 1
+§(a5 — 1) cos? O + 504 (4.3)

where a; to ag are the Leslie coefficients [16, 17]. In the isotropic phase,
all of them vanish except a4, which becomes the isotropic shear viscosity
coefficient. So effectively there are only five independent coefficients. Due
to the smallness of a; it is neglected frequently in the nematic phase but
this can contribute significantly to the measured viscosity near N-SmA

phase transition as suggested by Negita et al. [27]. Under zero field there
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are several precessional motions just above the Ty 4 which are suppressed
at some finite field (~ 13.3 x 10* V/m) and the director orientation
changes gradually via precessional motion around a cone as shown in Fig.
4.7(c). In the nematic phase it starts from some finite angle on the cone
(Fig. 4.7(c)-1) and rotates from some minimum angle (Fig. 4.7(c)-3) to
maximum angle (~ 90°, Fig. 4.7(c)-4) through 45° at which the first term
in Eq. 4.3 has maximum contribution and can lead to the peak in the
shear viscosity. Further, it is noticed from Fig. 4.7(b) that at 13.3 x 10*
V/m the minimum (mark 3 in Fig. 4.7(b)) and the maximum (mark
4 in Fig. 4.7(b)) in the dielectric constant occurs at temperatures 7' —
Ty~ —13.3°C and ~ —14.3°C respectively. Interestingly the anomalous
peak in the viscosity data (Fig. 4.7(a)) at the same field appears at an
intermediate temperature T — Ty; ~ —13.8°C and indicate that the
director orientation at the anomalous peak is nearly 45°. When the field
is sufficiently high the director is aligned parallel to the field direction
and the precessional motions are completely suppressed, consequently a;

does not contribute to n and the peak is not observed.

4.4 Conclusions

In conclusion, we have measured shear viscosity of 8OCB in both the N
and SmA phases as functions of temperature and applied electric field.
The flow curve at various applied field shows the competing orienta-
tional effect of the flow field and electric field. The viscosity increases
with increasing electric field in the nematic phase and saturates to n;. At
sufficiently high field the SmA exhibits ¢ orientation and corresponding
viscosity is significantly low compared to the viscosity of a'-¢ orienta-

tions. The shear viscosity and the dielectric data at zero or small electric
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field suggests occurrence of several structures related to the precessional
motion of the director as reported in 8CB. An anomalous peak is ob-
served in the viscosity across the N-SmA transition (i.e., from ¢ to ¢
orientation). Two possible explanations are discussed for the anomalous
increase in the viscosity namely the pretransitional smectic fluctuations
and large contribution of ay to the shear viscosity near T 4. We argue
that the second explanation is more appropriate and explains our data

satisfactorily.
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Rheology of a reentrant

nematic liquid crystal

5.1 Introduction

n the previous chapter we have studied the shear viscosity and dielec-
I tric constant of octyloxy cyanobiphenyl (80OCB) in the nematic (V)
and smectic-A (SmA) phases as functions of temperature and electric
field. In this chapter we will discuss on the rheological measurements
of a binary mixture of octyloxy cyanobiphenyl (80CB) and hexyloxy
cyanobiphenyl (60CB) liquid crystals exhibiting reentrant nematic (Ng)
phase.

LCs exhibit a variety of phase transitions owing to their molecular
structures and shapes. The flow properties of these LCs are very in-
teresting and there are many theoretical and experimental studies on
the flow viscosities [1-18]. In previous chapter we showed that the vis-
cosity increases and the director orientation changes under the appli-
cation of an external electric field when the temperature is reduced in

octyloxy cyanobiphenyl (80OCB) [19]. The rheodielectric measurements
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mostly provide overall information on the director orientation during the
flow. However, small angle light scattering (SALS) measurements have
the potential to infer the effect of domain shape and size on the rhe-
ological properties and such studies are meager in these materials. In
addition, the flow behavior and hence the rheological properties across
the SmA-to- Ng transition are very rare and they are interesting from the
phase transition point of view. In this chapter we discuss the small angle
light scattering (SALS), rheo-dielectric, and electro-rheological studies
on the binary mixture of hexyloxy cyanobiphenyl (60CB) and octyloxy
cyanobiphenyl (80CB) and investigate the effect of an external a.c elec-
tric field on the effective visco-elastic properties. We emphasize that the
flow behavior and effect of presmectic fluctuations are similar in both N
and Ny phases. The viscoelasticity in the SmA phase is dominated by
dislocations and shows an interesting variation on the application of an

external field.

5.2 Experimental

The compounds octyloxy cyanobiphenyl (80CB) and hexyloxy
cyanobiphenyl (60CB) were obtained from our collaborators in Poland.
Chemical structures and the phase transition temperatures of these sam-
ples are shown in Fig. 5.1. 60CB exhibits only N phase, while SOCB
exhibits both N and SmA phases. There have been several studies on the
phase transitions in these mixtures [20, 21]. The phase diagram obtained
from ref [22] is shown in Fig 5.2. We have chosen a mixture of 27 wt% of
60CB and 73 wt% of 8OCB that exhibits a reasonably wide temperature
range (=~ 10°C) of the SmA phase above the reentrant nematic phase.

The mixture shows the following phase sequence as observed in polarizing
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C6HB_OCN

| 76°C N 56°C Cr
(60CB)

C8H17_OCN

| 79.5°C N 66.5°C SmA 54.5°C Cr
(80CB)

Figure 5.1: Chemical structures and phase transition temperatures of

60CB and 8OCB liquid crystals.

optical microscope on cooling: Np 32.4°C SmA 43.2°C N 77.5°C I. In the
second chapter the experimental methods for both elecro-rheology and
small angle light scattering (SALS) have already been discussed. Sam-
ples were prepared physically by mixing without adding any solvent. It’s
done with the help of a glass rod by constant stirring for around 40 min
in the isotropic phase. All the rheological measurements were made by

cooling the sample from the isotropic phase.

5.3 Results and discussion

5.3.1 Shear dependent SALS and viscosity (7)

To understand the shear thinning behavior we measured simultaneously
the effective shear viscosity (7ef¢) in a quenched sample with shear rate,

in both N and SmA phases along with the small angle light scattering
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Figure 5.2: Phase diagram of the 60CB-8OCB binary mixture: [-N-
SmA and RN (which we represent as Ng) refer to the isotropic, ordinary
nematic, smectic-A and reentrant nematic phase, respectively. The phase

diagram was obtained from ref [22].

data (Fig. 5.3). In the N phase 7./ is very high (~ 700 mPa s) at shear
rate (§) 0.1 s and exhibits strong shear thinning behavior upto 4 = 10
s71 (Neyy ~ 35 mPa s). Beyond this shear rate 7., is constant and hence
the sample behaves like a Newtonian fluid. The shear rate dependent
effective viscosity in the IV phase can be described using the Sisco model
[23].

N =Moo +a’y™ " (5.1)
where 7, and n are the asymptotic value of the viscosity (at very high
shear rate) and the power-law index, respectively. The best fit to the
Sisco model is shown in Fig. 5.3. The index n is about 0.8 and com-
parable to the previously reported value [24]. In the SmA phase 7y is
about ten times higher than in the N phase and exhibits shear thinning

Rheology of a reentrant nematic liquid crystal



5.3. Results and discussion 83

behavior upto 4 = 50 s~'. At higher shear rate n.;; does not saturate,

indicating the presence of multiple shear thinning events.

4
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102

i -ﬂﬂﬂﬂf

Y 01
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Shear rate (s™1)
Figure 5.3: Shear rate dependent effective shear viscosity (1.s7) in the N
(T'—Txn; = —30°C) and SmA phases (T'—Tn; = —43°C). The depolarized
scattering patterns (HV) at some representative shear rates are shown in
both the phases. The red arrow indicate the direction of shear. The upper

and lower scattering patterns correspond to the SmA and N phases,

respectively. The continuous line is a best fit to Eq. (5.1).

The depolarized light scattering (crossed polarisers) patterns obtained
from the horizontal-vertical orientation of the polarizers (HV) at some
representative shear rates are also shown in Fig. 5.3, and the shape
remains symmetric (almost circular) upto ¥ = 10 s~! in the N phase.
Beyond this shear rate the shape is elongated normal to the shear direc-
tion and tends to be elliptical. Nematic liquid crystals normally exhibit a
polydomain texture, separated by spatially distributed disclination lines.
Since SALS measures the image in the ¢ space, it suggests that, below
4 = 10 s7!, the reorientation of the director takes place such that it
tends to orient parallel to the shear plane without affecting the domain

shape. At higher shear rate the polydomain texture is elongated along
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the shear direction. In the SmA phase a non-Newtonian flow behavior
is observed in the entire range of shear rate, and beyond 4 = 50 s7*
the onset of elongation of the scattering pattern is observed. Thus, this
threshold shear rate is almost five times larger than that of the N phase.
The SmA phase has focal conic domains with spatially distributed dis-
locations in the sample. The realignment of the director, and hence the

SmA layers, take place within 4 = 50 s71.

The elongation of domains
occurs beyond this shear rate. This was also observed previously in a
polarizing optical microscope [25] but the shear rate dependent shape
was not reported. It may be mentioned that the scattering intensity also
increases with shear rate in both phases and similar behavior was also
observed in other systems [26, 27]. Since HV scattering in the present
sample arises preliminarily from orientational fluctuations, it suggests

that these fluctuations are increasing with shear rate.

5.3.2 Temperature dependent SALS and viscosity (1)

We measured the temperature dependent effective viscosity (n.rr) at a
steady shear rate (4 = 50 s7!') and recorded the scattering patterns at
some representative temperatures to investigate the domain structure.
It was not possible to record SALS patterns above T' — Ty ~ 15°C
due to the limitation of the associated temperature controller. In Fig.
5.4 we present the variation of 7.s; with temperature and a few SALS
patterns. We find that 7.;s decreases in the N phase just below the NI
transition. This is due to the shear-induced alignment of the director
along the shear direction as shown in Fig. 4.4(b) in previous chapter.
Below T' — T'yy = —4°C, nf5 begins to increase, suggesting the onset of
a mixed director orientation (i.e., a-b structure). The viscosity increases

almost linearly upto T — Ty; ~ 25°C. A small slope change below this
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Effective viscosity (mPa s)
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Figure 5.4: Temperature variation of effective shear viscosity (n.ss) at a
steady shear rate (§ = 50 s71). HV scattering patterns at a few tem-
peratures. The red arrows indicate the direction of shear. The possible
director orientations at different temperatures are also indicated consid-
ering the similarity of temperature dependent zero-field viscosity of 8CB
[18] and 8OCB [19].

temperature, followed by a rapid increase of the viscosity in the SmA
phase, is observed. Similar behavior of 1.5y was also observed above the
N-SmA phase transition in pure 8CB and 80OCB liquid crystals [18, 19].
It was explained based on the occurrence of various structures, namely
a., a(b), as , and a,,, that arise because of precessional motion of the
director, discussed earlier. The scattering patterns at this shear rate
(% = 50 s7!) in the N phase (Fig. 5.4) are elongated perpendicular
to the shear direction due to the deformation of domains, as explained
previously. The orientations of the patterns at N-SmA and SmA-Ng
transitions are noticeably different in the sense that the long axis of the
ellipse is rotated by an angle ~ 45° to the left side of the shear direction.

This implies that the elongation directions of the domains are rotated by
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the same angle on the right side of the shear direction. It seems that the
precessional motion of the director (as described by Safinya et al. [14])
also induces significant change in the microtexture of the sample. In the
SmA phase the domains have ¢ and @' director orientation (Fig. 4.4
in previous chapter), and the scattering pattern is almost circular (Fig.
5.4), suggesting that the shapes of the domains remain unaffected at this
shear rate. This is also consistent with the observation in Fig. 5.3. In
the Ngi phase the viscosity decreases sharply and again the scattering

pattern gets elongated perpendicular to the shear direction.

5.3.3 Rheodielectric and electrorheological measurements

To investigate the director orientation inside the domain we measured
the effective dielectric constant (e.;s) simultaneously with the viscos-
ity as a function of temperature at various fields. First, we show the
electric field-dependent effective viscosity (7.7¢) as a function of temper-
ature in Fig. 5.5(a). Its behavior at a low field (i.e., 0.8 x 10* V/m)
was already discussed in Fig. 5.4 and is presented here again for the
purpose of comparison with the data at higher fields. At a fixed tem-
perature in the N phase, 7.5 increases with electric field and saturates
beyond a threshold value (26.7 x 10* V/m). It exhibits two anomalous
peaks [Fig. 5.5(a)] across N-SmA-Ng phase transitions beyond a partic-
ular field (> 13.3 x 10* V/m). At much higher field the peaks become
sharper and they tend to get suppressed beyond ~ 93.3 x 10* V/m [Fig.
5.5(a), inset]. The anomalous behavior of 7.s; across the N-SmA tran-
sition was also observed in a few liquid crystals and it was attributed to
the significant contribution of the Leslie coefficient «; near the N-SmA
transition [10, 28]. Since the hydrodynamic theory of both the N and

Ng phases is expected to be the same [17], the second peak across the
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SmA-Ng transition could be due to the similar effect. Furthermore, it
may be noted that both the peaks are asymmetric in shape with tem-
perature and the second peak is relatively stronger than the first one.
The origin of this asymmetry in not clear, however; the difference in the

smectic short-range order in both NV and Ny phases could be responsible.

The variation of €.¢; that was measured simultaneously with the viscos-
ity measurement is shown in Fig. 5.5(b). At zero shear rate and low field
(0.8 x 10* V/m) in the N phase, €.y is lower than in the I phase, sug-
gesting that the parallel plate induces planar orientation of the director.
Since the dielectric anisotropy (Ae = ¢ — € ) of the mixture is positive
[22] we essentially measure the perpendicular component, i.e., €55 >~ €.
In the SmA phase, €.¢; is comparatively lower than both the /N and the
Ng phases, indicating a strong antiparallel correlation of the transverse
component of the dipolemoments in the SmA layers [29]. At the same
field the temperature variation of e.¢s is significantly different when the
sample is subjected to a steady shear rate (¥ = 50 s1), especially below
T — Ty = —10°C. This is because of the orientational change of the
director across the phase transitions. In the SmA phase €. is slightly
larger than the values in both N and Ny phases due to the a’-¢ orien-
tation of SmA layers as described in Fig. 5.4. At an intermediate field
(e.g., 13.3 x 10 V/m), €. just below the N transition is much larger
than in the I phase and decreases gradually with decreasing temperature.
Initially the director tends to orient along the field direction as Ae > 0.
On the other hand, due to the effect of shear and presmectic fluctuations
it tends to be parallel to the shear plane with decreasing temperature.
Thus, at every temperature the direction of director orientation is de-
termined by these two competing force fields. When the electric field
is increased to 26.7 x 10* V/m, €.ss is much higher and e.;; =~ €| and
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Figure 5.5: (a) Variation of effective shear viscosity (n.ss) with tempera-
ture at various a.c electric fields. All the data were collected at a steady
shear rate (=50 s~1). Inset: Suppression of peaks under strong electric
fields. (b) Static dielectric constant at same shear rates and same electric
fields as in (a). The dielectric data represented by star were measured
without shear and at a field 0.8 x 10* V/m. The frequency of the applied
field is 3.11 kHz.
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decreases gradually as the N-SmA transition is approached. In the SmA
phase e.r; again increases and reaches a maximum value (e.ff =~ 15)
which is slightly less than that measured in the N phase (near the N[

transition), suggesting that the layer orientation in this phase is almost

d type.

5.3.4 Field-dependent complex shear modulus measurements

The experimental results from the SALS measurement provided qualita-
tive information about the microtexture, and the rheo-dielectric proper-
ties revealed the changes in the director orientation. In the phase diagram
of this binary mixture the SmA phase is surrounded by the nematic phase
[20] and has different types of defects (dislocations). We anticipated that
the investigation on the shear modulus across the phase transitions could
be interesting in the sense that the applied electric field can change the
defect density. Hence we measured the storage and loss moduli (G/ and
G") as a function of temperature. In Fig. 5.6(a) we show the variation
of G and G as a function of temperature at various applied electric
fields. At a low field (0.8 x 10* V/m) G and G are very small (~ 0.5
Pa) in both N and Ng phases compared to the SmA phase (~ 20 Pa).
Both G’ and G” increase in the SmA phase when the field is increased to
13.3x10* V/m and decrease again at much higher field (66.6 x 10* V/m).
For example, in the middle of the SmA phase (i.e., T — Ty; = —42°C)
at a low field (0.8 x 10* V/m), G’ ~ 20 Pa and increases to ~ 32 Pa at a
field 13.3 x 10* V/m and then decreases to a small value ~ 4 Pa beyond
226.7 x 10* V/m. Similar behavior with temperature and field is also
observed in the case of G" as shown in Fig. 5.6(b). To understand the
temperature variation of G' and G" at various fields we simultaneously

measured the effective dielectric constant (e.r¢) as a function of temper-

Rheology of a reentrant nematic liquid crystal
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Figure 5.6: Variation of (a) storage modulus (G') and (b) loss modulus
(G") across N-SmA and Ng phase transitions at various a.c electric fields

at angular frequency w = 10 rad/s and strain amplitude v = 0.05.
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ature as shown in Fig. 5.7. It is noticed that €.;; at low field (0.8 x 10*

18

T
|
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9- = A 66.6x10" Vim
=15
=
m%mmmmmmmmﬁ@] Do
61N. |, smA , N
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Figure 5.7: Variation of effective dielectric constant (e.ss) across N-SmA
and Ngr phase transitions at various a.c electric fields at an angular fre-
quency w = 10 rad/s and strain amplitude v = 0.05. The frequency of
the applied field is 3.11 kHz. Orientations of SmA layers with respect to

field direction are shown schematically.

V/m) in N, SmA, and Ng phases are comparable to the perpendicular
component of the dielectric constant (e, ) measured in a surface aligned
planar cell [33], suggesting that the SmA layers within the domains are
oriented parallel to the field direction as shown in Fig. 5.7. When the
field is increased to 13.3 x 10* V/m, €.;; increases in all the phases due to
the partial alignment of the director along the field direction. However,
at the same field €.¢ is comparatively lower in the SmA phase than in
both the N and Npi phases. For example, at the middle of the SmA
temperature range (i.e., T — Ty; = —42°C) €55 =~ 12.5 whereas in both
N and N phases it is ~ 15. At much higher field (66.7 x 10* V/m) €.,

Rheology of a reentrant nematic liquid crystal
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is almost comparable in all the phases, indicating that the director, and
hence the layer normal in the SmA is almost parallel to the field direc-
tion. This suggests that in the intermediate field (13.3 x 10* V/m) SmA
layers (within the domains) are oriented such that the layer normals in
different domains are tilted in different directions with respect to the field
direction. Such orientations of SmA layers are expected to create more
dislocations, and as a result both the shear moduli can increase (in Fig.
5.6). At high field (66.7 x 10* V/m) the dislocation density decreases
due to the almost complete orientation of the SmA layers (Fig. 5.7) and

both the moduli decrease.

5.4 Conclusions

In conclusion, we have shown that strong shear thinning is due to both
the elongation of domains and the realignment of a director within the
domains in both N and SmA phases. The domain elongation starts be-
yond a threshold shear rate and in the case of SmA this shear rate is
about five times higher than in the N phase. The director orientation
changes under the application of electric field as the temperature is re-
duced across N-SmA-Ng phase transitions. We presented possible layer
orientations at various electric fields and showed that the zero-field vis-
coelasticity in the SmA phase is aided by the presence of dislocations,

which disappear on application of strong external field.

Rheology of a reentrant nematic liquid crystal
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Rheology of a Bent-Core
Nematic Liquid Crystal.

6.1 Introduction

e have previously discussed the small angle light scattering, rheo-
W dielectric and electro-rheological properties of a binary mixture
of octyloxy cyanobiphenyl (80CB) and hexyloxy cyanobiphenyl (60CB)
liquid crystals. In this chapter we will discuss on the measurement of
viscosities of a bent-core nematic liquid crystal by using the rheometer

as well as a micro-rheological technique.

The viscosity of liquid crystals strongly depends on the microscopic
structure of the constituent molecules and the mesophases. There are
several theoretical and experimental studies on the low molecular weight
liquid crystals, where the molecules are mostly cylindrical symmetric [1—-
3]. Recently, liquid crystals consists of bent-core molecules have created
immense interest [4, 5]. In 1996 Niori et al. [8] first observed the fer-
roelectric switching in a compound that are made of achiral bent-core

molecules. In these bent-core molecules, the nematic phase is uncom-
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98 6.2. Experimental

mon due to their strong tendency to form smectic phases. However,
a number of bent-core compounds exhibiting nematic phase have been
reported [9]. Their physical properties are reported to be significantly
different than conventional calamitic nematic liquid crystals [10-18]. In
this context the measurement of flow or shear viscosity in the bent-core
liquid crystals is very rare. The major problem in such measurements
is the requirement of a large quantity of sample, which is in general not
easy to get. In this chapter we report measurements of shear and micro-

rheological viscosities of a bent-core nematic liquid crystal.

6.2 Experimental

The chemical structure and the phase transition temperatures of the

bent-core nematic (BCN) liquid crystal are shown in Fig. 6.1, which

(v]
O /©/\N \©\
| 176.4°C N 118.3°C SmC CioHas

Figure 6.1: Chemical structure and the first two phase transition tem-

CgHi7

peratures of the bent-core compound.

exhibits the following phase transitions (cooling): I 176.4°C N 118.3°C
SmC 101.3°C SmX 90.4°C SmY 60.2°C Cr and was obtained from our
collaborators in Poland. In Fig. 6.2 we present the typical textures
of bent-core compound in the nematic phase. These textures are ob-
served while cooling the sample at a rate 1°C/min from the isotropic

phase under polarizing optical microscope. The shear (active) viscosity

Rheology of a Bent-Core Nematic Liquid Crystal.
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Figure 6.2: Photomicrographs of nematic phase of bent-core compound
(a) T — Ty = —45°C (b) T'— Ty; = —15°C cooling from the isotropic
phase.

measurements were made using a rheometer (Anton Paar MCR 501) in
plate-cone geometry with plate diameter 50 mm and a cone angle of 1°.
The plates were not treated for any specific orientation of the molecules.
The temperature of the sample was controlled with a Peltier temperature
controller within an accuracy of 0.1°C. We have used a videomicroscopy
technique to measure the self-diffusion coefficients of a tiny silica micro-
sphere (with a diameter = 0.98 um) and hence the micro-rheological (pas-
sive) viscosities of the sample parallel and perpendicular to the director.
To promote a specific molecular alignment on the surface of the silica mi-
crospheres were coated with octadecyldimethyl (3-trimethoxysilylpropyl)
ammonium chloride (DMOAP) before mixing with the liquid crystal
[20]. The Brownian motion of an isolated microsphere in a planar cell
(d = 23 pm) was recorded and the position was determined with the
help of an appropriate computer program. The histogram of the mi-
crosphere displacements were fitted to Gaussian with a probability P
that the particle would diffuse a certain distance ¢ in the time interval
T is P(0|7) = Py(1)exp(—52/A%(7) [20], where A(7) is the width of the

Rheology of a Bent-Core Nematic Liquid Crystal.



100 6.3. Results and discussion

distribution and FPy(7) is the normalization constant. The self-diffusion
coefficients of the microsphere parallel (D) and perpendicular D, ) to
the director are obtained by using the relation D), = Ai /4t The
corresponding viscosities are estimated by using Stokes-Einstein relation

n,. = kgT/(6mrD) 1), where r is the radius of the microsphere [20].

6.3 Results and discussion

6.3.1 Measurement of shear viscosity

We show the variation of shear stress with shear rate in Fig. 6.3 at
various temperatures in the nematic phase. The sample was mounted
on the rheometer in the nematic phase at a temperature 140°C. It is
observed that the shear stress is proportional to the shear rate except
at a low shear rate range (¥ < 2 s7!) where the stress is constant,
suggesting a shear thinning behavior. This could be due to the shear
induced realignment of the nematic director within the domains that
are separated by disclination lines [21]. This effect is more prominent
in the first measurement (140°C[1%]) i.e., immediately after mounting
the sample. Beyond % ~ 2 s7!, the shear stress is proportional to the
shear rate, hence BCN shows the behavior of a Newtonian fluid within
the experimental limit (¥ = 1000 s~!). The shear-dependent viscosity
of a bent-core nematic was also studied using a nanolitre rheometer by
Bailey et al. [6] in the shear-rate range of 500-10000 s~! . They reported
Newtonian behavior below the shear rate range (< 2000 s~') and non-

Newtonian behavior above this range.

In Fig. 6.4 we show the variation of effective viscosity (n.ss) with

shifted temperature (i.e., T —Ty7) at a shear rate 4 = 50 s~!. The value

Rheology of a Bent-Core Nematic Liquid Crystal.



6.3. Results and discussion 101

100 ; =
E o 1(120°C) o
_ f ©(140°C) [2™] -
S 10l ©(140°C) [1%] o
N E 7 (160°C) 0%
7)) = .
7)) 099y
7 &0%
- R A
= . vH
2
o 0-1Foq0
0010w v T
1 10 100 1000

Shear rate (s™)

Figure 6.3: Variation of shear stress with shear rate at various tempera-
tures. The sample was mounted at 140°C. 1% and 2"¢ indicates the two

consecutive measurements at the same temperature.

of Ty was determined from the temperature-dependent measurement
of the viscosity. Here the effective viscosity means the bulk viscosity
measured in the cone-plate arrangement. We notice that 7.5 is reduced
below the NI phase transition and increases with decreasing temper-
ature. At T — Ty; = —58°C, it sharply changes slope and increases
very rapidly indicating a N-SmC' phase transition. For the purpose of
comparison we also measured 7.7y for the 4’-octyloxy-4-cyanobiphenyl
(80CB) sample and present the results in Fig. 6.4. The behavior of
Nefs has some common features in both compounds. It is reduced below
the NI transition, increases with decreasing temperature, and diverges
at the N to SmA or SmC' transition. In addition there is a small slope
change in the viscosity data near N to SmA or SmC' transition in both

samples. The data in the case of the BCN is shown in the inset of Fig.

Rheology of a Bent-Core Nematic Liquid Crystal.
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Figure 6.4: Temperature variation of 7.s¢ in both SOCB and BCN com-

pounds at a shear rate 4 = 50 s *

. Upper and lower x-axes corresponds
to the temperature scale of BCN (open squares) and 80OCB (filled cir-
cles) samples respectively. Common features indicating various steady
state structures as described in the text are indicated in the shaded re-
gions. The notation used in the shaded regions follow the notation that
was used in the fourth chapter to describe the different dynamical re-
sponse regimes of 8CB. (Inset) Arrow indicates a small slope change in

the viscosity data of BCN liquid crystal.
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6.4 for clarity. In contrast, n.r; behavior has at least two uncommon
and distinct features. Firstly, ness in the BCN is significantly larger
than 8OCB. For example at T — Tyy; = —2°C, n¥fF"=10.2 mPa s and
nfng =18.7 mPa s for SOCB and BCN liquid crystals, respectively. As-
suming we are essentially measuring 7, (since this temperature is close
to NT), we assert that this viscosity is almost twice as high in the BCN
than that of the 8OCB liquid crystal. Secondly, the small slope change
in 7.7y of the BCN (Fig. 6.4) appears at much higher temperature than
that in the 8OCB liquid crystal. For example, it appears at 24.5°C above
the N-SmC' phase transition for BCN and 2°C above the N-SmA phase
transition for 8OCB sample, respectively. A similar slope change in the
viscosity data of 4’-octyl-4-cyanobiphenyl (8CB) in conjugation with X-
ray [22] and rheodielectric data [23] was identified as the onset of preces-
sional motion of the director at which 47 — 1 and several steady state
structures appear as discussed in the fourth chapter. Considering the
similarity to the previously measured viscosity data of 8CB and 8OCB,
we conjecture that the precessional motion of the director in the present
BCN sample begins far away i.e., 24.5°C above the N-SmC' transition.
Previously, some studies involving X-ray measurements indicated that
this compound exhibits a uniaxial to biaxial nematic transition around
T — Tny ~ —30°C [24, 25]. However, concurrently various experiments
indicated that this is due to the onset of smectic fluctuations and no
phase biaxiality was confirmed [26, 27]. Moreover, recently, in the same
compound around a similar temperature we observed that the bend elas-
tic constant as well as the rotational viscosity starts to increase more
rapidly with the temperature [17, 19]. We believe that this small slope
change (Fig. 6.4 (inset)) indicates the temperature at which 47 — 1.

Rheology of a Bent-Core Nematic Liquid Crystal.
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6.3.2 Measurement of viscosity by using a micro-rheological

technique

In the earlier chapters we have studied the temperature dependent
Miesowicz viscosities (72 and 7;) of several samples by using rheome-

ter. There, ny was measured in the partially aligned sample in which

—> (Camera

—> Analyzer

/

Polarizer

Heater

Temperature
Controller

Figure 6.5: Schematic diagram for micro-rheology setup.

the alignment of the director parallel to the flow, was obtained by shear-
ing the sample. In case of 7;, the director was aligned perpendicular
to the flow by applying a strong electric field. In case of the bent-
core liquid crystal due to the large ionic conductivity of the sample, we
could not measure 7; following the same procedure. Hence, we adapted
a micro-rheological technique to measure the anisotropic viscosities. The
schematic setup for micro-rheology is shown in Fig. 6.5. Instec tem-
perature controller is used to control the temperature of the sample; a
polarized microscope to observe the Brownian fluctuations and a camera
to record corresponding videos and images. The histograms of the par-
ticle displacement o|r(¢+ 7) — r(?)| in both = (||n) and y (L n) and a

microparticle with a dipole defect are shown in Fig. 6.6. It is evident that

Rheology of a Bent-Core Nematic Liquid Crystal.
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Figure 6.6: (a) Distribution of particle displacements along parallel (cir-
cles) and perpendicular (stars) to the director for 7 = 1 s. The solid lines

are Gaussian fits. (b) A micro particle with a dipole defect.

A > Ay, implying Djj > D, as expected. The ratio Dy/D, varies with
temperature and changes from 1.4 to 1.7, which is close to the number
(1.6) reported in calamitic liquid crystal e.g, 4’-pentyl-4-cyanobiphenyl
(5CB) with dipole defects [28].

In Fig. 6.7 we show the temperature variation of 7 and 7, of the BCN
liquid crystal as determined from D) and D, using the Stokes-Einstein
relation. We note that in the isotropic phase, n = 7. and is comparable
to ners measured by the rheometer. Just below the NI transition the
director is aligned along the flow direction and 7| is nearly equal to the
Miesowicz viscosity i.e., n = 172 = (a3 + oy + a6)/2. In the nematic
phase 7] < n.(= 13 = au/2) and both increases as the temperature is
reduced; n.¢s also increases with temperature, but the relative rate of
increase of the former two is larger. Two considerations can be made
to understand their temperature dependence. Firstly, apart from the

temperature effect, the viscosity can also increase as the smectic phase

Rheology of a Bent-Core Nematic Liquid Crystal.
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Figure 6.7: Variation of n.s; (stars), n (squares) and n, (circles) as a
function of shifted temperature. (Inset) Two dimensional projection of
trajectories of a microsphere closer to the NI transition (7" — Ty =

—7.6°C) and closer to the N-SmC' transition (7' — Ty = —47.6°C).

is approached due to the occurrence of temporary smectic clusters in the
bulk. Secondly, the colloids are coated with DMOAP, which promotes
homeotropic alignment of the bent-core molecules. On the surface of
the microsphere the free rotation of the molecules along the long axis is
restricted due to steric hindrance; As a result, the hydrodynamic radius
of the microsphere could be significantly larger than the actual radius
due to the large cloud of the distorted nematic around the microsphere.
Assuming 7 = 7y = 21.6 mPa s near the NI transition (T' — Ty =
—18°C), the estimated hydrodynamic radius of the microsphere is 0.68

pm, which is about 0.2 um larger than the actual radius.

A schematic molecular orientation of bent-core molecules and some

clusters around the microsphere with a dipolar defect is shown in Fig.

Rheology of a Bent-Core Nematic Liquid Crystal.
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Figure 6.8: Schematic molecular orientation around the microsphere with
dipolar defect configuration. It may be noted that the clusters attached
to the microsphere are permanent whereas they are temporal in the bulk.

A small dot on the upper side indicates a hyperbolic hedgehod.

decrease when the size of the microsphere is greater than 0.5 pym. It
is attributed to the effective size of the microsphere is bigger than the
geometric size [20]. In addition, the smectic layering effect can increase
with decreasing temperature due to a kind of condensation of the clus-
ters around the microsphere effectively increasing the diameter of the
microsphere with decreasing temperature. As the temperature is further
reduced and we approach to the SmC' phase, interestingly we notice that
n tends to diverge around 24°C above the N-SmC' transition. To un-
derstand this we look at the Brownian trajectory of a microsphere. The
two-dimensional projection of the trajectories of a microsphere near NI
(T — Tn; = —7.6°C) and N-SmC (T — Ty; = —47.6°C) transitions are
shown in the inset of Fig. 6.7. We notice that the fluctuations are highly
restricted near the N-SmC' transition compared to that observed near the

NI transition. Since the cell is rubbed, it is expected that the smectic

Rheology of a Bent-Core Nematic Liquid Crystal.
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layer planes in the temporarily fluctuating clusters are oriented perpen-
dicular to the rubbing direction. In this case the fluctuating clusters are
large enough and the self-diffusion of the microsphere in the direction
perpendicular to the layer plane is expected to be lower than that in

parallel direction and as a result 7 can diverge.

6.4 Conclusions

In conclusion, the effective viscosity is larger and the effect of presmec-
tic fluctuations are observed much higher than the N-SmC' transition
temperature than commonly seen in calamitic liquid crystals. The tem-
perature dependence of micro-rheological viscosities are stronger than
that of shear viscosity. The study of Brownian fluctuation is useful to
understand the smectic fluctuations in bent-core nematic liquid crystals.
This, however, needs to be substantiated by more experiments as well as

simulations.

Rheology of a Bent-Core Nematic Liquid Crystal.
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