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Preface

Liquid crystals (LCs) are the materials whose physical properties are intermediate be-
tween those of ordered solids like crystals and the isotropic liquids. The molecules in
the liquid crystalline state exhibit long-range orientational order and a few of them
also show positional order. Thus the LC phase exhibits the symmetries in-between
the liquids and the crystals. They exhibit liquid-like properties such as fluidity, vis-
cosity and surface tension. At the same time they also exhibit solid-like properties
namely, optical birefringence, anisotropies of refractive indices, dielectric and diamag-
netic susceptibilities. Liquid crystals are mainly divided into two categories namely,
thermotropic and lyotropic. In thermotropic LCs, the mesophases arise due to tem-
perature whereas in the lyotropic LCs, mesophases arise due to the concentration of

the solute as well as the temperature.

Rheology is a multidisciplinary branch of science which deals with the study of de-
formation and flow of matters. There are many ideal viscous liquids and ideal elastic
solids whose flow behavior can be explained by the classical extremes of Hooke’s law
and Newton’s law respectively. They are called as Hookean elastic solids and Newto-
nian viscous liquids. Apart from this ideal elastic behavior, there are many complex
fluids especially soft materials, which exhibit both the properties. Rheological prop-
erties of those soft materials like bio-fluids, foods, polymer-melts, cosmetics, paints,
liquid crystals etc, are interesting both from the fundamental and application point of

view.

In general, liquid crystals show long-range orientational order, but there are few
LCs, where chiral interactions dominate over the elastic forces to produce different
complex structures. When the chiral strength is increased, some compounds show
complex structures where topological defects stabilize the system. These are also called
the frustrated structures of liquid crystals. In this thesis, we study the rheological
properties and the microstructures of some complex phases of liquid crystals like Twist
grain boundary-A (T'GB,) and Blue phases (BP). The TGBj, is the intermediate
phase between the cholesteric and the smectic-A phase, where the twist penetrates

into a smectic-A structure via a lattice of screw dislocations and the linear array



of parallel screw dislocations form grain boundaries. So the defects are in-built to
the structure. Similarly in the blue phase, due to the increase in chirality in the
system, the orientation of the local director twists around two perpendicular axes
and the corresponding structures give rise to different phases like BP-I, BP-II and
BP-III, where BP-III is an amorphous one. So in both TG B, and blue phases, the
defects are inherent to the structures and those defects can be named as intrinsic or
structural defects. These topological defects can also be created by dispersing foreign
particles into the liquid crystals and called as extrinsic or induced defects. The present
thesis aims at understanding the rheological properties of the LCs with both structural
and induced topological defects. This thesis is organized into six chapters which are

described as following.

The first chapter is an introductory chapter which gives a brief discussion about
different phases and physical properties of liquid crystals, LC-colloids and different

rheological properties which are relevant to our studies.

The second chapter consists of all the experimental techniques used in this thesis.
For rheological studies, we used normal rheology, electro-rheology, rheo-microscopy,
rheo-sals (small angle light scattering) and magneto-rheology techniques. All the rhe-
ological measurements are done using a stress controlled rheometer (Anton Paar MCR
501) with cone plate or parallel plate measuring systems. To understand the rheo-
logical results we measured some physical properties of liquid crystals like dielectric
anisotropy (Ae), splay (Ki1), bend (K33) elastic constants and rotational viscosity

(71)- In this case we set up an electro-optic technique.

In third chapter we study the rheological properties of Twist Grain Boundary-
A (TGB,) phase which consists of a twisted arrangement of blocks of layered type
SmA liquid crystals, separated by twist grain boundaries, which are made of an array
of screw dislocations. The interacting dislocations form the grain boundary and the
interaction among the grain boundaries stabilizes the TG B, structure. So in this
phase defects are intrinsic to the structure and our main goal is to understand the
mechanical properties of this phase. Usually the temperature range of TG B4 phase

is short (1 — 2°C) in pure compounds. To get a broader temperature range of TG B4



phase, we have chosen a binary mixture of two compounds namely, 4-(2’-methyl butyl
phenyl 4’-n-octylbiphenyl-4-carboxylate (CE8) and 2-cyano-4-heptyl-phenyl-4’-pentyl-
4-biphenyl carboxylate [7(CN)5]. CES is a chiral and 7(CN)5 is a nonchiral compound

This binary mixture was prepared by taking 63.6 wt% of CE8 and 36.4 wt% of
7(CN)5 and a larger temperature range (18°C') of the TG B4 phase is obtained. This
mixture exhibits three different phases i.e cholesteric (N*), TGB,4, and SmC*. We
have analysed the elasticity of the TG B4 phase, based on the theory in lamellar
systems that accounts for the contribution of defects. The power-law dependence
of the complex shear modulus and the analysis of the experimental results suggest
that the elasticity of the T'GB4 phase is due to the screw dislocations and the grain

boundaries.

In fourth chapter we study on another interesting complex phase i.e Blue phase.
In highly chiral systems, close to the isotopic transition, the orientation of the local
director can twist around two perpendicular axes and the corresponding deformed
structure is termed as ‘double twist cylinder. Blue phases are the special cases in
which double twist cylinders fill up the volume by stabilizing a lattice of defect-
disclinations. Depending on the arrangement of the defect lines they are classified
into three types namely, BP-I (body-centered cubic structure), BP-II (simple cubic)
and BP-IIT (amorphous). The symmetry of BP-III is same as that of the isotropic
phase and shows amorphous structure. In BP-II case the disclination lines intersect
to form a simple cubic structure and form a characteristic network. In the BP-I case,
the disclination lines are separated and don’t intersect, hence form a body centred
cubic symmetry. Blue phases are stable only over a short temperature range (~1K).
Hence to get a large temperature range, we have chosen a multicomponent mixture
in our experiment. The mixture consists of four fluorinated compounds and a highly
chiral dopant which shows phase transitions of BP-II, BP-I and cholesteric phase re-
spectively. Recently some theoretical predictions have been made on the rheological
properties and the dynamics of the disclination networks of BP-I and BP-II, however
experimentally very little is explored. We performed rheomicroscopy and small angle
light scattering experiments to understand the microstructures and the dynamics of
defects under shear. Some features of our experimental results are discussed based on

the recent theoretical predictions.



In the fifth chapter we study the magnetoviscosity and magnetodielectric proper-
ties of ferromagnetic nematic LC. We prepared the ferronematic sample by dispers-
ing ferromagnetic nanoparticles i.e scandium-doped barium hexaferrite single-crystal
(BaFey155¢c05019) in a thermotropic liquid crystal 4-cyano-4’-octylbiphenyl (8CB).
We measured splay and bend elastic constant (K7; and K33) and rotational viscosity
(71). Both the splay elastic constant (/1) and rotational viscosity (7;) were substan-
tially lower than that of the pure LC. There was no distinguishable change observed
in the case of bend elastic constant (K33). In the ferromagnetic LC, the viscosity
exhibits three distinct regimes. In the very low field region (up to ~15 mT), n.ss (=~
72) is almost constant and increases rapidly in the intermediate field range (15 mT
to 22 mT). At relatively higher field, 7. saturates and exhibits hysteresis while the
field is reduced to zero. This is due to the orientational coupling between the director
field and the magnetization. The small amount of magnetic nanoparticles (e.g. 0.3
wt.%) do not change the Miesowicz viscosities but facilitate the measurements at a
significantly low magnetic field. thus this method may be used to measure the two

Miesowicz viscosities at very small magnetic field.

In the sixth chapter we study the rheological properties of nematic and smectic-A
liquid crystal colloids, where our main goal is to investigate the rheological properties
of LC colloids along with rheo-microscopy to understand the effect of defects. The
nematic and SmA colloids were prepared by dispersing bum spherical microspheres
in 8CB liquid crystals. The microparticles induce quadrupolar defects in the nematic
phase and create colloidal chains and the chains form network structures. We found the
apparent yield stress in the nematic phase increases with increasing volume fraction of
particles (¢) due to the network structure of the colloidal chains. The rheomicroscopy
studies reveal the shear-rate dependent distinct dynamics of those colloidal chains. We
observed a shear thickening behaviour of the effective shear viscosity in the nematic
phase. The critical strain amplitude (7, i.e., crossover of (G’ and G") in SmA-colloids
decreases significantly with increasing ¢. The variation of storage modulus with ¢

indicates that the SmA-colloids response is dominated by defects.
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1

Introduction

1.1 Rheology

heology is an interdisciplinary branch of natural sciences which deals with the
R study of deformation and flow of matter under applied forces, mainly in liquids
but also in soft solids or solids under suitable conditions. It is a multidisciplinary sci-
ence which deals with many scientific branches like polymer, biology, pharmaceutical
and food industries etc. Rheometry is the group of experimental techniques to explore
about the rheological properties of materials. The rheological properties are probed by
measuring the rheological parameters like viscosity and elasticity depending upon the
external applied conditions, such as shear rate, stress, strain, time-scale and tempera-
ture. Apart from the external factors, the internal sample variations like concentration

and stability are also the key features that control the rheological properties.

There are many complex materials which do not follow Newton-Stokes and Hooke
laws, but are very interesting from the theory and application points of view. In case of
these fluids the shear stress does not vary in the same proportion with shear rate, so the
viscosity of such fluids changes with respect to shear rate, called “apparent viscosity”.
However, there are some fluids which show decreasing viscosity with increasing shear
rate and the behavior is called as “shear thinning”. The examples of such kind of
fluids are paints, emulsions and dispersions. There are also some kind of complex fluids
which show increasing viscosity with increasing shear rate, called dilatant fluids and the
behavior is called as “shear thickening”. There are also certain complex fluids which
show a change in viscosity with time at a constant shear rate, called as “thixotropy”.

Most of these complex materials can be characterised by the dimensionless numbers,



1.2. Rheology of liquid crystals

such as Deborah number (D,), Weissenberg number (W;), Peclet number (P,) and
Ericksen number (£,) [1,2]. We discuss Deborah and Ericksen number as they are

relevant to the present thesis. Deborah number is defined as
D.=71/T or D.=wr (1.1)

where 7 is the characteristic relaxation time of the material and T is a characteristic
time of the deformation process being observed. In an oscillatory shear flow, if D,
= wt > 1, the material behaves as solid-like and when D, < 1, shows a liquid-like
terminal behavior. Hence The characteristic time 7 is infinite for Hookean elastic
solids and it is zero for a Newtonian viscous liquids. The Ericksen number for liquid

crystals is defined as
_ N Yess
"7 K/h?

where 7 is the typical Leslie viscosity, K is a Frank constant, 7.s is the average shear

(1.2)

rate and h is the length scale of the flow geometry. So it is the ratio of flow-induced
viscous stress to the Frank elastic stress. In liquid crystals the Ericksen number varies
over a large range (1-10°). For liquid crystals with small-molecule such as PAA or
MBBA, the Ericksen number is in the range of 10°. E, also depends on the particular

flow geometry as n and K vary with respect to it.

1.2 Rheology of liquid crystals

Liquid crystals are typical representative of soft materials and very responsive to rel-
atively weak perturbation. As the name suggests LCs have some of the ordering
properties like solids and also can flow like liquids. They exhibit unusual rheological
properties due to the competition between elastic forces provided by the LC molecules
and the tangential shear produced on them to align in the flow direction. In liquid
crystals topological defects are generated during the symmetry breaking phase transi-
tion from the isotropic to the liquid crystalline phases. Those defects have significant
effect on the rheological properties of the LC materials. Hence apart from the flow
properties it is very important to understand the dynamics of those defects under

shear. In this thesis we study rheological properties of some exotic chiral phases of
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liquid crystals where the defects are intrinsic (structural) and also the systems where
the defects are created by introducing foreign particles. These defects can be called

as extrinsic (induced) topological defects.

1.3 Liquid crystals

Liquid crystals (LCs) are the states of matter, which exists between the three di-
mensionally ordered solid crystals and the isotropic liquids. These partially ordered,
anisotropic fluids were first discovered by an Austrian botanist Friedricz Reinitzer in
1888. The molecules in this state exhibit long range orientational order, in addition
with one or two dimensional positional order. Liquid crystals exhibit both liquid-like
as well as solid-like properties. They have liquid-like properties like viscosity, surface
tension etc. At the same time they also exhibit solid-like properties, like anisotropy
in optical (birefringence), electrical (dielectric), and magnetic properties (diamagnetic
susceptibility) etc [3,4]. They show elastic properties and can transmit torques. Most
of their physical properties are highly anisotropic and due to these special charac-
teristics, they are very useful in making low power consuming displays and tunable
optical devices. Liquid crystals can be widely categorized into two groups namely
thermotropic and lyotropic. Thermotropic liquid crystals are basically temperature
dependent whereas lyotropic liquid crystals are both temperature and concentration
dependent. There are some compounds which exhibit both lyotropic and thermotropic

phases, these are called as amphotropic [5].

Thermotropic liquid crystals are further classified into three categories depending
upon the shape of the constituent molecules. They are known as (i) calamatic (consists
of rod-like molecules), (ii) discotic (consists of disc-like molecules and) and (iii) bent-
core (consists of bent-shaped molecules). The calamatic liquid crystals exhibit various

phases. Some of the phases are discussed here which are relevant to the present thesis.



1.3. Liquid crystals

1.3.1 Nematic phase

Nematic (N) phase is the simplest phase which has least order and the highest sym-
metry. It shows only orientational order of the long molecular axes. The average
alignment direction of the long molecular axes is called the director (72). The center of
mass of the molecules are randomly distributed in three dimensions. The director 7 is
apolar in nature, i.e., 7 and -n are physically identical. In the nematic phase usually
the rotational symmetry exists along the director, hence they are uniaxial in nature.

A schematic diagram of the nematic phase is shown in Fig. 1.1.

Figure 1.1: Schematic representation of nematic phase, 7 signifies the director of the

rod-shaped molecules.

1.3.2 Cholesteric phase

The chiral nematic phase is known as cholesteric (N*) phase. If the chiral dopants are
added to the nematic phase, or the molecules are inherently chiral, it causes a twist
or a helix in the nematic structure. Locally the cholecteric phase is very close to the
nematic phase, but due to the chirality of molecules, the director n rotates in a helical
manner. So it gives rise to a chiral pitch p, where the liquid crystal molecules rotate
through an angle of 360°. The director rotates 0°-180° as n and then 180°-360° as
—n, which are equivalent. So the pitch p repeats through a distance p/2. The pitch

4
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Figure 1.2: Schematic representation of the molecular arrangement in the cholesteric

phase. p/2 indicates the half pitch.

changes when the temperature is altered or if the other molecules are added into it.

The schematic diagram of the N* phase is presented in the Fig. 1.2.

1.3.3 Smectic phases

In the smectic phases apart from orientational order, the molecules also have an ad-
ditional positional order. This positional order may be one dimensional, directing to
the layered type structures namely SmA and SmC phases. Though the molecules are

arranged in the layers, their centres of mass are randomly distributed like liquids.

1.3.3.1 Smectic-A

In the smectic-A (SmA) phase the molecules are arranged in the layers, where the

director n is aligned parallel to the smectic layer normal 2 as shown in the Fig. 1.3.
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The layer spacing in the smectic-A phase is usually comparable with the molecular
length. The molecules can rotate freely in the layers. There is no long range correlation
of the center of mass of the molecules in the smectic layers. Hence the layers can slide
over each other and also the diffusion of molecules from one layer to other is possible.

The SmA phase is usually uniaxial and positive.

W -

|

Figure 1.3: Schematic representation of a SmA phase. The director 7 is oriented

parallel to the smectic layer layer normal 2.

1.3.3.2 Smectic-C

The smectic-C (SmC') phase looks almost similar to the smectic-A phase due to its

one dimensional positional order. The only difference is that the director is tilted by

i

Figure 1.4: Schematic representation of a SmC phase. The director n is tilted with

respect to the smectic layer normal Z by an angle 6.
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an angle with respect to the smectic layer normal (2), as shown in the Fig. 1.4. The
tilt of the director can be defined as an angle # and the layer thickness is dependant

on 6. The centres of mass of the molecules are randomly oriented in the SmC layers.

1.3.3.3 Smectic-C*

In the smectic-C phase, if the molecules are chiral, then the chiral interactions develop
a spontaneous helical structure, called as smectic-C* (SmC*) phase. A schematic

diagram of this phase is shown in the Fig. 1.5. In this phase the helical axis is parallel

Figure 1.5: Schematic representation of a SmC™ phase where the tilt direction rotates

on passing from one layer to another in a helical manner.

to the layer normal. The arbitrary local director 7 can be defined as:
n = (sinfcosp, sinfsing, cosd) (1.3)

where 6 is the tilt angle and ¢ is the azimuthal angle. The tilt angle § remains same,

but ¢ varies, from one layer to another along the z direction.
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1.4 Defect induced phases in liquid crystals

1.4.1 Twist Grain Boundary phases

Twist grain boundary (T'GB) phases are the frustrated phases of liquid crystals lo-
cated in between cholesteric and smectic phases. In some smectics, when the molecu-
lar chirality increases, then the competition between twist formation and smectic layer
formation leads to a defect stabilized structure, named as T'G B phase. This thermody-
namically stable phase was first experimentally observed by Goodby et al. [6] and the
detailed structure was predicted by Renn and Lubensky [7]. This phase is analogous
to the Abrikosov phase of type-II superconductors in an external magnetic field [3,7].
In this analogy the twist of a cholesteric phase penetrating the SmA structure through
a lattice of screw dislocations which is similar to the magnetic flux lines penetrating a
type-1I superconductor via lattice of vortices. A schematic diagram showing the anal-

ogy between T'G B4 and the Abrikosov phase is shown in Fig. 1.6. Here the cholesteric

(a) (b)

o Metal Cholesteric
© = phase
= Q
Abrikosov =

2 >
= phase £

2 =

& . &
S Meissner S | Smectic

phase phase
Temperature Temperature

Figure 1.6: Schematic representation showing the analogy between TGB, and

Abrikosov phase.

phase corresponds to the normal metal in a magnetic field. SmA phase corresponds to
Meissner phase. Chirality field corresponds to magnetic field. The screw dislocations
and TG B phase correspond to magnetic vortex and Abrikosov phase respectively. A
schematic representation of the arrangement of smectic-A blocks of TG B4 phase is
shown in Fig. 1.7. A typical distance between two dislocations (I;) in a grain bound-
ary and the inter grain boundary distance (I;) is in the range of Iy ~ I, ~ 20 to 30

nm [8]. The smectic-A blocks with these dislocations form a helical structure. In
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Screw
dislocation

b Grain boundary

Figure 1.7: Schematic diagram showing the structure of the TG B4 phase. The distance

between two dislocations and two grain boundaries are [; and [, respectively.

this phase, well-defined SmA blocks are separated by regularly spaced planar arrays
of parallel screw dislocations (Fig. 1.7). These parallel screw dislocations arise due
to the rotation of successive smectic slabs relative to each other. This results a twist

deformation in the Frank-director.

1.4.2 Undulated Twist Grain Boundary-C* phase

Undulated twist grain boundary-C* (UT'G B¢+ ) phase is a three dimensionally modu-
lated chiral SmC phase [9,10], which has a two-dimensional (2D) undulation of SmC*

Smectic

Elocks Grain boundary

region

Figure 1.8: The schematic representation of UTGBc+. Adapted from ref. [10].

blocks in the form of a square lattice. A schematic diagram of this phase is shown

in the Fig. 1.8. In this phase the grain boundaries have two-dimensional undulation

9
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along the directions which are perpendicular to the TG B twist axis. Apart from these
configuration, within the smectic layers, the director has a helical arrangement. In this

phase the two dimensional undulation of SmC blocks, leads to a square grid pattern.

1.4.3 Blue phases

Blue phases (BP) are the frustrated phases observed in highly chiral systems. It
appears close to the isotropic-cholesteric or isotropic-smectic phase transition, where
the orientation of the local director can twist around two perpendicular axes and
the corresponding deformed structure is termed as a “double-twist cylinder” [3]. A

schematic diagram of BP-II and BP-I are shown in Fig. 1.9. Blue phases are special

| TN

Figure 1.9: Schematic diagrams of the BP-II and BP-I. (a) and (c) Spatial arrange-
ments of double twisted cylinders in unit cells. (b) Simple cubic unit cell of the
disinclination lattice in BP-II. (d) Body centered cubic unit cell of the disinclination

lattice in BP-I. The black lines in (b) and (d) are the defect-disinclinations.

cases in which double twist cylinders fill up the volume by stabilizing a lattice of
defect-disclinations [11,12]. Depending on the arrangement of the defect lines they
are classified into three types namely, BP-I (body-centered cubic structure), BP-II
(simple cubic) and BP-IIT (amorphous). The BP-III phase is amorphous, and its
symmetry is almost similar to the isotropic phase, so it is quite difficult to detect

under polarized microscope. The stability of BP-I increases with increasing chirality

10
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while BP-II exists upto a certain range of the temperature-chirality variation. In the
BP-II case, the disclination lines intersect to each other whereas in the BP-I case, they
don’t intersect to each other. In pure compounds these phases are observed within a

very short range of temperature (~ 1K).

1.5 Physical properties of liquid crystals

In this section we discuss some physical properties of the liquid crystals which are

relevant to our studies.

1.5.1 Dielectric constant

The dielectric properties of the liquid crystals are related to the response of the LC
molecules to an applied electric field. The dielectric constant depends on the molecular
charge distribution and the intermolecular interactions. In liquid crystals, consisting
of non-polar molecules, the dielectric constant arises due to the induced polarisation
and it has two parts i.e electronic polarization and ionic polarization. In liquid crys-
tals, consisting of polar molecules, the dielectric constant arises not only due to the
induced dipole moments, but also due to the permanent dipole moments, which has
the tendency to orient themselves parallel to the external applied field. The dielectric
constant of the material depends on the temperature and also the frequency of the
applied electric field. In liquid crystals, two components of the dielectric constant (e
and ¢)) can be measured depending on the direction of applied electric field with re-
spect to the LC director. The applied electric field, perpendicular to the LC director,

gives €, and parallel to the director gives €. The dielectric anisotropy is defined as:

Ae=¢ —€y (1.4)
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1.5. Physical properties of liquid crystals

1.5.2 Curvature elastic constants

Nematic liquid crystals are orientationally ordered fluids and can be deformed eas-
ily with the application of external force. When a director distortion is induced, the
derivatives of 7(r) arises, which leads to an elastic restoring torque tending to restore
7i(r) to the undisturbed state. The elastic deformation can be expressed as the com-
bination of three basic curvature deformations, known as splay, twist and bend. A

schematic diagram of these elastic distortions are presented in the Fig. 1.10. The

% | —cem——
W, =
\/// = N

Splay Twist Bend

Figure 1.10: Schematic representation of splay, twist and bend distortion of LC direc-

tor.

deformation free energy density is defined as [3,4, 13]:

1
FN _ é[Kll(Vﬁ)Q + Kgg(ﬁv > ’fL)Z + K33(ﬁ x V X 'fL)Z] (]_5)

where K, Ko and K33 are splay, twist and bend elastic constants, respectively.
Usually in rod-like molecules, K33 > K11 > Ky and these elastic constants are positive.

The typical magnitude of those constants are ~ 10712N.

1.5.3 Rotational viscosity

Rotational viscosity (71) is one of the most important physical properties of liquid
crystals. This parameter determines the elecro-optical switching speed. When an

external field is applied to the liquid crystals, the molecules can rotate around an axes

12



1.5. Physical properties of liquid crystals

perpendicular to the director, resulting the rotational viscosity (7). The magnitude
of 71 depends on the structure of the molecules, inter-molecular interactions, and

temperature. For nematics, v; is defined as [14, 15]:

T, K172
m= 7;21 (1.6)

where K77 is the splay elastic constant, d is the thickness of the NLCs in planar cells

and 7, is the relaxation time.

1.5.4 Alignment of liquid crystals

The director (72) of liquid crystals normally vary in space in an unaligned LC sample.
Thus it is very important to make the LC director aligned, for measuring the physical
properties of liquid crystals such as dielectric properties, curvature elastic constants,
rotational viscosity etc. Moreover uniform alignment is needed for display applications.
The director alignment can be obtained by an appropriate surface boundary conditions
(confined between two chemically treated glass substrates). There are basically two
different types of alignments used for the physical measurements, namely homogeneous
(planar) and homeotropic (perpendicular) [16,17]. The schematic diagrams of these

two different types of alignments are shown in the Fig. 1.11.

(a) Homogeneous alignment (b) Homeotropic alignment

Figure 1.11: Schematic diagrams of the homogeneous and homeotropic alignments.

1.5.4.1 Homogeneous alignment

The homogeneous or planar alignment of the director can be obtained by coating

the glass substrates with an appropriate polyimide. The rubbing of the coated glass

13



1.5. Physical properties of liquid crystals

surface creates micro-grooves along which the LC director can align in parallel to the
substrate. For an uniaxial nematic liquid crystal, the optic axis will be along the
rubbing direction. The Schematic representation of homogeneous alignment is shown

in the Fig 1.11(a).

1.5.4.2 Homeotropic alignment

The homeotropic alignment of the director can be obtained by coating the glass sub-
strates with a suitable polyimide which gives a perpendicular anchoring to the LC
molecules. In this case, the molecules have amphiphilic polar groups and aliphatic
alkyl chains, where the polar groups stick to the surface and the alkyl chains stand
perpendicular to the surface. The interaction between alkyl chains and LC molecules
make them align perpendicular to the glass substrate. The schematic diagram of

homeotropic alignment is depicted in the Fig 1.11(b).

1.5.5 Freedericksz transition

The transition from an uniformly aligned state of LC to a deformed state by the appli-
cation of electric or magnetic field is called as Freedericksz transition. The dielectric

displacement in a nematic liquid crystal is expressed as [18,19],
D=cpe E+ €oAe( - E)ﬁ (1.7)

and the dielectric energy density of a nematic is defined as,

I 3
Wit = —/O D dE = —Sepe s B? = Se,Aelin- ) (1.8)

In the above Eq. 1.8, the dielectric energy can be minimised, when the director
() is parallel to the electric field (E), which depends on the sign of the Ae. In
a homogeneously aligned nematic LCs, if electric field is applied perpendicular to
the director, after a certain field the director reorients along the field direction [20],
called as Freedericksz transition. The corresponding voltage is called as Freedericksz

threshold voltage and it is given by,

Ky
€, \€

‘/th =T (19)
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where K7; is the splay elastic constant, Ae is the dielectric anisotropy and d is the

thickness of the LC cell.

1.6 Rheological properties

In genearl rheological properties reveal the hardness or softness of a material indicat-
ing its fluid-like or solid-like behavior. The rheological properties of complex fluids
are mesaured through rheometer as a function of rate or frequency of deformation.
The storage and loss moduli and the shear viscosity are the important properties to
characterise the visco-elastic properties of soft materials. Basically two types of mea-
surements are made to study those properties, namely the oscillatory test and the

rotational test.

1.6.1 Storage and loss moduli

The rate of structural rearrangement within a complex fluid can be understood by
applying a small-amplitude oscillatory shearing on the material. This kind of defor-
mation can be performed by the oscillatory test in rheometer. The underlying principle
of an oscillatory test is to induce a sinusoidal shear deformation in the sample, called
as strain and to measure the corresponding storage (G') and loss modulus (G). The
time scale is probed by the frequency of oscillation, called as angular frequency (w) of
the shear deformation. In our experiment we use the measuring system, where bot-
tom plate is stationary and the top plate is movable. The top plate provides a time

dependent strain (sinusoidal strain) to the complex fluid and it can be defined as:

Y(t) = v, sin(wt) (1.10)

where 7, is the strain amplitude. Hence the time dependent shear stress (o(t)) can
be determined simultaniously from the measured torque that the sample imposes on
the top plate. This time dependent stress response at a constant angular frequency,

provides the elastic properties of the materials. If the material is an ideal elastic solid,
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then the shear stress is proportional to the strain deformation and the proportionality

constant is defined as the shear modulus of the material.
o(t) =G -~(t) (1.11)

where G* is the complex shear modulus. So for an ideal elastic material the shear
stress is always in phase with respect to the applied shear strain. In contrast, if a
material is pure viscous fluid, the shear stress is proportional to the shear deformation
and the proportionality constant is called as viscosity where the applied shear strain
and measured stress are out of phase with a phase angle 6 = /2. For a visco-
elastic material the shear deformation and stress show both in-phase and out-phase

components. So the shear stress is defined as [21]:
o(t) = o, sin(wt + 0) (1.12)

where o, is the shear stress amplitude and ¢ is the phase lag.

The visco-elastic behavior of the system can be characterised by storage modulus
(G") and the loss modulus (G") which signifies solid-like and fluid-like behavior to the
measured stress. For a sinusoidal shear deformation, the shear stress response of a

visco-elastic material can be defined as:
o(t) = G (w) 7o sin(wt) + G (w) 7, cos(wt) (1.13)

Here the 1st term consisting of G’ is in-phase with the applied strain and represents
the storage of elastic energy. The term containing G" is based on out-of phase with

the strain and represents viscous dissipation energy.

In general two important measurements are performed under oscillatory test i.e,
amplitude sweep and frequency sweep. In the amplitude sweep measurement, the
strain dependent G' and G are measured at a constant angular frequency w. The
region upto which both G and G remain constant with applied shear strain, is called
as “linear visco-elastic” (LVE) range. Beyond this range both the shear moduli start
decreasing and usually shows a crossover, which is called as strain induced yielding or

the critical strain (7.), above which the fluidization occurs. The storage (G') and loss

(G") moduli can be defined as:

¢ =2 cosd, G = %o sing (1.14)
Yo Yo
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The ratio of G” /G’ gives tand and is called as the loss tangent. The fluid characteristics
can be determined from this tand value. In the oscillatory measurements if G > G,
and tand <<1, then the elastic behavior dominates over the viscous behavior signifying
a solid-like response. If G > G’ and tand >>1, then the viscous behavior dominates
over the elastic behavior indicating a liquid-like response. The complex modulus G*

can be expressed as:

G =G +iG" (1.15)

Here G* signifies the overall shear modulus which resist to the deformation of the

complex fluid under applied shear strain.

In the frequency sweep measurement, the angular frequency dependent G’ and G
are measured at a constant shear strain. This experiment is performed to study the
dynamic behavior of the materials. If G* & w? and G"  w, then it shows a Maxwell-
fluid like behavior. If G', G” o w, then it shows a soft-glass behavior [22]. At low

frequency if G' > G, the material shows a gel-like behavior.

1.6.2 Shear viscosity

Shear viscosity (n) is basically defined as the ratio of shear stress to the shear rate. It

is defined as:

n= 5 (1.16)

Mainly there are three types of steady state flow behavior observed with respect to
shear rate. These are called Newtonian, shear thinning and shear thickening behavior.
If the viscosity remains constant with respect to the shear rate, it is called Newtonian
flow behavior. If the viscosity decreases with increasing shear rate, then it is called as
shear-thinning flow behavior and if the viscosity increases with increasing shear rate,
called as shear-thickening flow behavior [2,21]. Figure 1.12 shows these three different
types of flow behavior of fluids. There are different “power-law” models to characterise
the flow behaviors of the complex fluids. In the Sisko model the viscosity 7 is defined
as [1]

n= 1w+ Ky"" (1.17)
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Shear stress

Shear rate

Figure 1.12: The comparison of three different types of low behavior i.e shear thinning,

shear thickening and Newtonian.

where n is called the power-law index, K is called the “consistency”, with a unit of

Pa.s. According to the Bingham model:
o=0,+1,y (1.18)

where o, is the yield stress and 7, indicates the plastic viscosity. The Bingham equation
signifies the yield stress of materials at low shear rate region, whereas Sisko model
explains about the viscosity response in the mid to high shear rate range of a flow

curve.

1.7 Leslie-Ericksen theory

The viscosity of nematic LC can be explained based on the three fundamental orien-
tations of the director (72) under shear flow. A schematic diagram of these possible
orientations is shown in Fig. 1.13. These three fundamental flow directions of nematic

director was first time defined by Miesowicz [23]. These are:

(I) m1: when 7 is parallel to VV (velocity gradient direction) (Fig. 1.13),
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Y (Velocity gradient (VV))

X (Velocity (V))

Z (Neutral)

N1

Figure 1.13: Schematic representation of the three basic nematic director orientations

with respect to shear flow. The blue arrow shows the shear direction.

(IT) me: when # is parallel to V (shear direction),
(ITI) n3: when 7 is perpendicular to both V and VV.
In unaligned sample usually the director n can be defined as
N = (cosf cosg, cost sing, sinh) (1.19)

where 6 and ¢ are the angles of the nematic director with respect to V and VV. The

Leslie-Ericksen constitutive equations for the viscous stress is defined as [2,24],

&i,j = OzlnkAkpnpnmj + 042ij + Oé3niNj + 064141']'

+a5njAz~knk + OzﬁniAjknk (1.20)

where aq, s.....,aq are the Leslie coefficients, A is the velocity gradient tensor and N

is the rotation of the director relative to the background fluid.
It can be shown that the apparent viscosity n (6, ¢) can be expressed as [2]:
2 2 2 2 2y 1 - 2 2
n(0, ) = my cos=6 cos ¢ + ng sin“6 + n3 sin“p cos=0 + 7 Mz sin (20) cos*¢p  (1.21)
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where 71, 72, n3 and 715 are Miesowicz viscosities. Here 715 denotes the strength of
the deformation and can be neglected. The Miesowicz viscosities 71, 172 and 73 can be

expressed in terms of Leslie coefficients [2]:
— astouta — —
m = =G when 0=0, ¢=0,
Ny = =92E2atas when O=m/2, $=0,

n3 = %, when 0=0, ¢=n/2.

1.8 Topological defects in nematic and smectic lig-

uid crystals

1.8.1 Defects in nematic liquid crystals

In liquid crystals defects are generated in the symmetry breaking phase transitions. In
nematic liquid crystals, due to long range orientational order, they exhibit a number
of topological defects called disclinations. Those defects are observed under optical
polarising microscope. The core of defects can be seen as a black spot or a line
because it scatters light due to the random orientation of molecules at the core. These
defects are characterised by strength or winding number ‘s’ which is denoted with an
integer or half-integer number. The strength ‘s’ indicates the number of times the
director rotates by 27 around the singularity when one surrounds the defect core [4].
So mathematically ‘s’ can be defined as the number of rotations of the director around
the singularity divided by 27. If the nematic director is confined to a parallel set of

planes, then

—dl =27 1.22
/ dl 5 (1.22)

where ¢ denotes the orientation of the director field in a plane. The integral is taken
in a counter-clock-wise direction. The Frank elastic energy with one elastic constant

approximation can be expressed as
1 2
fa = 5K(V9) (1.23)
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Figure 1.14: (a) Schematic representation of few defects with different strength. (b)

The planar schlieren texture of a nematic liquid crystal under crossed polarisers.

The Euler-Lagrange minimisation condition corresponding to Eq. 1.23 is:
Vi =0 (1.24)
The orientation of the director field ¢ can be defined as:
@zstan_l(g)-l—ﬁ:soz-l-ﬁ (1.25)

where [ is a constant. The defect strength s depends on the symmetry of the medium.

In the case of nematic phase s can be any multiple of + %, as the director has n =
- n symmetry. Hence the rotational direction of the nematic director field can be
expressed by positive or negative sign of the strength value. Figure 1.14(a) shows the
schematic representation of defects with different strength. An example of a schlieren
texture of nematic liquid crystal under crossed polarisers is also shown in the Fig.

1.14(b). In the cholesteric phase due to the molecular chirality, the spontaneous twist

(a)

Figure 1.15: (a) The schematic representation of the cross section view of cholesteric
layer arrangement in a symmetric oily-streak defect. The layers undergo a rotation
of ™ between two constituent disclinations (shown as half circles) in the center of the

streak [25]. (b) The oily-streak network of defects in planar chiral nematic cell.
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is induced. It creates a complicated but stable networks of disclination lines in a planar
cell, called as oily-streak defcts. In the cholesteric phase, the layers undergo a rotation
of ™ between two disclination lines in the center of the streak (Fig. 1.15(a)) [25]. A
typical texture of the cholesteric phase showing oily-streak defect network is shown in

the Fig. 1.15(b).

1.8.2 Defects in smectic liquid crystals

Smectic liquid crystals exhibit dislocations due to their layered structure. Considering
smectic layers whose layer normal is along the Z-axis. In the presence of distortion,
there is a change in the smectic layer displacement field v which causes dislocations
and it is defined as [26],

jédu — (k)2 =1 (1.26)

where Z denotes the direction of the lattice distortion, d is the layer spacing and b
is called the ‘Burger’swvector’. So the physical nature of the defect depends on the

relative orientations of b and the dislocation line. A schematic representation of the

fito

Figure 1.16: (a) Schematic representation of screw dislocations in the smectic-A phase.
The cross-section shown here signifies that each layer changes height by half a layer
in half a circuit of the defect core. The dislocation line is denoted by I, is parallel to

band b = +d. (b) An edge dislocation with b = d.

screw dislocations is shown in the Fig. 1.16(a). If b is parallel to the dislocation
line, it is called the “screw dislocations”. Here the smectic layers change in a screw-

like manner in climbing up or down by an integral number of d on going round the
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dislocation line once.

If b is perpendicular to the dislocation line, it is called an “edge dislocations”, as
shown in the Fig. (1.16(b)). In this case a few number of layers are either added or

removed from one side of the dislocation line.

1.9 Induced topological defects in nematic LCs

The colloidal dispersion in isotropic medium like water and oil has been studied since
decades due to its wide range of applications. The rich variety of interaction forces
are the main cause of many exciting properties in classical colloidal systems. Apart
from those simple liquids, there are many complex fluids which can be used as a host
medium to expand and modify the behavior of colloids. The dispersion of nano and
micro particles in anisotropic liquids like thermotropic and lyotropic liquid crystals
are the best example of those complex fluids and the system is called as LC-colloids.
In this case the medium has a broken symmetry and an associated elastic energy
of deformations. The dispersion of colloidal particles produce topological defects in
the nematic liquid crystal (NLCs) and cause significant distortions of the director.
Usually the nanoparticles do not create any long-range elastic distortion in the NLCs
but the physical properties of the composites become significantly different from that
of the pure LCs and such materials are potential for several applications [27-29].
When microparticles are dispersed in nematic LCs, they create elastic distortions and
induce topological defects. This results long-range forces among the particles in the
medium. These forces have no analogue in common colloidal systems where particles
are dispersed in the isotropic liquids. The elastic energy stored due to the distortion
in the LC medium leads to significant changes in the morphology and the mechanical
properties of the system. In liquid-crystal-colloids the induced defects depend on
different parameters like surface anchoring coefficient (W), radius of colloids (R) and
the average Frank elastic constant K. The director field distortion around the particles
is controlled by the competition between the surface anchoring energy (~ W R?) and
the Frank elastic energy (~ KR). Experimentally W varies from 107¢ to 1073. The

ratio of the average elastic constant to the anchoring coefficient can be defined as A =
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K /W, where A has dimension of length and is called as de Gennes-Kleman length. For
a typical thermotropic liquid crystal K = 10 pN, hence depending on the anchoring
coefficient, A can vary from 0.1 to 10 um. Depending on the value of A, liquid-

crystal-colloids can be categorised into two classes namely type-I1 (R<<\) and type-II
(R>>\).

If the particle radius R>> A\, the director field around the particles becomes incon-
sistent with its uniform distribution in the bulk, that leads to a topological defect close
to the particle. These elastic distortions are responsible for long-range anisotropic in-
teractions of colloids in LLCs. The geometry of distortions in the director field depends
on the shape of the particle and the orientation of the easy axis. Depending on the
anchoring strength and the confinement, usually three different types of topological
defects are induced by spherical microparticles in NLCs namely hyperbolic hedgehog
(dipolar or point defect), saturn ring (quadrupolar) and boojum [30,31]. If the particle
of radius R<<A is placed in a uniform nematic LC, it does not perturb the director
field much but the addition of small particles influence the elastic, viscous, dielectric

and optical anisotropy properties [3].

1.9.1 Elastic dipole and quadrupole defects

In the LC-colloid system, in order to understand the effective interaction between the
particles in the LC medium, it is important to realize the liquid crystal ordering near
the particles. An isolated colloidal particle provides either perpendicular or parallel
boundary conditions to the nematic director creating elastic distortion. The elastic
distortion in the LC medium causes defect formation and the nature of defects can be
controlled by the surface anchoring on the colloid and the surface confinement of the

liquid crystal cell.

If the colloids with homeotropic anchoring are dispersed in a homogeneously aligned
nematic LC (Fig. 1.17), the locally surrounded nematic molecules are forced to orient
perpendicular to the surface without disturbing the far field director. It leads to a
director frustration and consequently topological defects appear to compensate this

elastic distortion (Fig. 1.17(a,b)). Here the defects appear either in the form of a
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black spot (Fig. 1.17(c,d)) called elastic dipole configuration or in the form of a closed
loop around the particle, called as elastic quadrupole configuration (Fig. 1.17(e,f)).
In dipolar case the particle exhibits radial hedgehog of topological charge +1 and

© t) (© lJf)
°d o3

Figure 1.17: A spherical microparticle with a strong homeotropic surface anchoring
dispersed into a uniformly aligned nematic liquid crystal exhibits two possible director
configurations: the dipolar, where the particle has a hyperbolic hedgehog of strength
-1 and a quadrupolar defect where the particle is encircled by a -1/2 disclination ring.
(a),(b) The schematic representation of the nematic director field showing dipolar and
quadropolar defects (c) the black spot corresponds to a point defect (e) two black
spots on the top and bottom side of the particle appears due to the encircled ring. (d)

and (f) appearance of the same under the crossed polarisers.

the hyperbolic defect has topological charge of -1 [31-33]. The particle-defect pair is
called as elastic dipoles, since the director fields are reminiscent of the field lines of
the electric dipole. Usually the dipolar colloids appear if the thickness of the nematic
layer is much larger than the particle size (d>>2R), where the surface confinement is
weaker [31]. These dipoles spontaneously assemble to form chains, called as dipolar
chains (Fig. 1.18(a)). The effective interaction potential between two dipoles is about

~ 12000 KT, when microparticle diameter is 5.2um.

If the nematic layer thickness is smaller, the surface confinement around the particle
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Figure 1.18: (a) Elastic dipoles spontaneously form dipolar chains along the rubbing
direction (b) Elastic quadrupoles spontaneously form kinked chains perpendicular to

the direction of rubbing. Adapted from ref. [31]

will be stronger and this leads to a quadrupolar defect configuration. In this case
a singular Saturn ring defect of -1/2 strength disclination ring encircles the particle
[30,31,33], as shown in Fig. 1.17(e,f). The Saturn ring defect appears when the dipolar
field around the colloid is strongly influenced by the surface confinement. Due to the
confining surfaces the opening of a point hyperbolic defect leads to a distribution of
charge over a circle and it is seen as a ring around the particle. Figure 1.17(e) shows
two black spots on the top and bottom of the particle, indicating a disclination ring
encircling it. Figure 1.17(f) shows the elastic distortion around the particle as four
bright lobes under crossed polarisers. Like dipolar colloids, quadrupolar colloids also
spontaneously assemble and due to the sharing of charge between two particles, they
form kinked chains, perpendicular to the nematic director (Fig. 1.18(b)). The strength
of interaction potential between the quadrupoles is usually lower than the dipole-dipole

interaction and it is about ~ 3000 KgT', when microparticle diameter is 5.2um.

1.9.2 Boojum defect

The spherical colloidal particles with sufficiently strong planar anchoring of LC molecules
(Fig. 1.19) develope a pair of antipodal surface topological defects in a uniformly
aligned LC, known as boojums. The particle-defect pairs are called as boojum colloids

(Fig. 1.19(a)) [33-35]. Figure 1.19(b) shows schematic representation of the director
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Figure 1.19: A spherical particle with planar anchoring placed into an uniformly
aligned nematic LC. (a) A boojum defect of strength -1/2 as seen in CCD camera. (b)
Schematic representation of nematic director field around the microsphere. (c) The

elastic distortion around the microsphere observed under crossed polariser.

field distortion around the microparticles. There are two black spots clearly observed
in both left and right side of the microsphere under crosed polarisers (Fig. 1.19(c)).
They also have a long-range interaction and tend to self-assemble. The effective inter-
action potential between two boojums is about ~ 1800 KT, for the microparticle of

diameter 5.2pm.
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2

Experimental Setup

2.1 Introduction

n this chapter we briefly discuss about different experimental techniques used in
I our experiments. We used a standard stress controlled rheometer MCR-501 (An-
ton Paar), with different measuring systems. Here we discuss the working of a modular
compact rheometer with various measuring systems and different techniques such as
rheo-microscopy, rheo-SALS (small angle light scattering), magneto-rheology (MR)
etc. We also measured several physical properties of the liquid crystals for under-
standing the rheological properties. Hence apart from rheometry, we discuss about
some electro-optic techniques which have been used to measure some physical prop-
erties of liquid crystals like dielectric anisotropy Ae, splay (K1), bend (K33) elastic

constants and rotational viscosity (7).

2.2 Rheometer

Anton Paar MCR-501 is the modular compact rheometer. It has an air bearing sup-
ported EC (Electrically Commutated) synchronised motor. The MCR consists of a
high-resolution optical encoder, based on data oversampling technology [1]. It controls
the angular deflection and can measure accurately the very small angular displacements
down to 0.1 prad. It has low fluctuation and high performance due to the digital sig-
nal processing (DSP) technology. MCR has an accuracy in the torque measurements

and normal force resolution. There are two air bearings to support the synchronous
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2.2. Rheometer

EC motor named as radial and axial. The radial bearing normally stabilize the cen-
tre rod in the motor part, whereas the axial bearing carry the whole weight of the
rotating parts. MCR is capable of measuring the low-torque down to a minimum of
0.5 nNm due to the support of those air bearings. It has an important component i.e
normal force sensor, which is connected with the air bearings. Basically the normal
force sensor can detect the movement of the bearings. It measures the normal force
both in upward (positive) and downward (negative) directions depending upon the
sample behavior during the steady and dynamic state. The Rheoplus software of the
rheometer is used to control and analyse the rheological measurements. The TruGap
technology is used to regulate the minimum and exact gap size between the two plates

of measuring geometry. The bottom plate of the rheometer is an immovable one and

Figure 2.1: Photograph of the rheometer (MCR-501).

the upper plate is movable. The photomicrograph of MCR-501 rheometer is shown
in the Fig. 2.1. The rheometer is equipped with a Peltier temperature controller
system with a peltier hood to maintain the required temperature, within an accuracy
of 0.02°C. The rheometer is connected with an oil-free compressor for the functioning
of air bearings, which provides 5-8 bars pressure to the rheometer. There is also a

chiller attached with it to circulate the water throughout the system to sustain the
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2.3. Measuring systems

room temperature (25°C). All the rheological measurements are carried out through
the Rheoplus software [1]. According to the response of the sample, a broad range of

measuring systems are used to measure the rheological properties.

2.3 Measuring systems

The measuring geometries, responsible for imposing a shear flow are divided into
three basic categories i.e., (1) cone and plate (CP) measuring system (2) parallel-plate
(PP) measuring system and (3) Cylindrical measuring systems (Co-axial cylinder (CC)
and double-gap (DG) cylinder measuring systems). In our experiments we used two
measuring geometries i.e., cone and plate and parallel-plate. Here we briefly discuss

about these measuring systems.

2.3.1 Cone and plate measuring system

The cone and plate (CP) measuring system has two important components. A bob
with a conical surface (upper plate) and a fixed plate with a flat surface (lower plate).
The accuracy in the measurements is basically determined by the cone radius ‘R’ and
the cone angle ‘@’ of the conical surface of the measuring system. There are two
different diameters of upper plate i.e 25 mm and 50 mm. The 50 mm geometry gives
more accuracy than 25 mm in case of low viscous fluids. It is because a larger radius
increases the sensitivity to low torque or shear stress values due to a large shear area.
But the sample with higher viscosity case, the smaller diameter measuring system (25
mm) is used. A schematic diagram of a cone plate measuring system is shown in the

Fig. 2.2.

In the case of CP measuring systems the shear rate value is independent of the
radius. Hence the shear rate is uniform throughout the entire gap of the measuring
system. So this is the most favourable measuring system than parallel-plate and
cylindrical measuring system. To obtain more accuracy in the measurements, the

truncated cone tip of the upper plate should touch the lower plate at one point. In
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‘a
T

=

Figure 2.2: Schematic diagram of cone and plate measuring system. The symbols
represent the following parameters: R - cone radius, h - gap between the two plates at

edge, « - cone angle, w - angular frequency and a - truncated gap between the plates.

CP measuring systems the measuring position (gap between the truncated cone tip
and the lower plate) is always fixed after mounting the sample on the lower plate. The

fixed measuring gap lengths are given below.
i. CP25-1°/ TG — d = 50pum
ii. CP 25-2°/ TG — d = 50um
iii. CP 50 - 0.50° / TG — d = 49um
iv. CP50-1° / TG — d = 48um

Here TG determines the true gap or measuring gap between the two plates. CP
25 indicates the cone-and-plate measuring system of diameter 25 mm. The gap must
be completely filled with respect to the plate diameter. Relatively less volume of the
sample is required due to the conical surface of the upper plate. A peltier hood is
placed to reduce the temperature gradients in the sample. The maintenance of this

geometry is quite easy comparing to other geometries.

35



2.3. Measuring systems

2.3.2 Parallel-plate measuring system

The parallel-plate (PP) measuring system consists of two plates, where both the upper
and lower plates are flat. The upper plate is movable one where the lower plate is fixed.
The geometry of the plate is determined by the plate radius R. The schematic diagram

of the parallel-plate measuring system is represented in the Fig. 2.3.

I
w
R
th
Figure 2.3: Schematic diagram of parallel-plate measuring system. The symbols rep-

resent the following parameters: R - plate radius, h - gap between the two plates, w -

angular frequency.

In the case of parallel plate measuring system, the gap between two parallel plates
“h” must be less than the plate radius R i.e h<<R. The shear rate depends on the
radius of the upper plate, hence it is inhomogeneous throughout the sample. There is
no fixed gap maintained in between two parallel plates. So it is suitable to use for the
dispersed fluids containing larger particles. The larger diameter of 50 mm geometry is
required to measure the rheological properties of low viscous fluids and large particle
size samples. The gap maintained between the two plates should be at least 5 times
larger than the particle size. A large volume of sample is required due to the flexibility
in gap adjustment in between two parallel plates. Like CP measuring system, the
peltier hood is used to maintain an uniform temperature through out the sample. We
have two different parallel plate measuring systems having different diameter of plates.

These are:

(i) PP - 25/ TG
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2.4. Rheo-Microscopy

(i) PP - 50/ TG

2.4 Rheo-Microscopy

In general rheological measurements provide the information about the macroscopic
mechanical properties. However, the mechanical properties can be easily understood
by inspecting the microstructures and the microstructures can be seen by using a
rheo-microscopy technique. The simultaneous study of microstructures and mechanical
properties always provide better understanding about the sample [2]. Rheo-microscopy
technique is also very much useful to study all kinds of complex fluids like surfactant
solutions, colloidal suspensions, polymer solutions and polymer blends etc. We used a
rheo-microscopy setup, developed by Anton-Paar which can be directly attached with

the rheometer.

Parallel plate

= _sample—— Peltier heated glass
plate

Long working distance
objective

Microscopy tube

Tight

2

Figure 2.4: Schematic diagram of the rheo-microscopy setup. The setup is attached

under the bottom plate. The images are taken in the reflection mode.

The rheo-microscopy setup consists of a CCD camera, a microscopy tube and a long

working distance objective [1]. A schematic diagram of the setup is shown in Fig.
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2.4. In our experiments we used a Nikon-20X objective with numerical aperture (NA)
0.4. Apart from these, it is also equipped with a parallel-plate geometry of diameter
43 mm, which is made of glass and can prevent unwanted reflections. A thickness
of 6 mm glass is used as bottom plate to provide a good mechanical stability and a
temperature control. The sample is illuminated by using a polarized light through the
objective from the bottom. An analyzer is placed in the microscope tube before the
CCD camera. The microscope tube is adjustable in the y and z directions for focusing.
An additional peltier hood is used to maintain an uniform temperature throughout the

sample. The maximum temperature can be maintained in this setup is about 80°C.

2.5 Rheo-Small Angle Light Scattering (Rheo-SALS)

It’s very often required to study the microscopic structures of the sample for better
understanding of their rheological properties. The small angle light scattering (SALS)
technique is used for investigating the detailed structure-property relationships of com-

plex fluids [3]. A schematic diagram of the SALS setup is shown in Fig. 2.5.

Prism

- H ! Rheometer Drive

Polarizer

- Sample = —

Analyzer
Focusing Optics

Beam stop

Aperature

Screen

CCD
Camera

Figure 2.5: Schematic diagram of the small angle light scattering setup.

The setup consists of a prism, polarizer-analyzer, focusing optics, CCD camera and
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2.5. Rheo-Small Angle Light Scattering (Rheo-SALS)

a screen [1]. We used the parallel-plate measuring system, made of glass with diameter
43 mm. A diode laser with a wavelength of 658 nm is connected with the setup. A
beam of laser light is deflected into the upper plate through the prism and incident
on sample at lower plate. According to the fluctuations (orientation or concentration)
in the sample, the incoming light is scattered and passes through the analyzer. After
passing from the analyzer, the scattered light is collected by a focusing optics and
directed into the screen. Then the CCD camera records the scattering patterns from

the screen. The camera can be synchronized directly from the rheometer software.

The Rheo-SALS setup helps in providing the structural information simultaneous to
the rheological properties [4]. The principle of SALS is based on the angular distribu-
tion of the scattered light induced by the incoming laser beam. Hence the structural
informations can be obtained and analysed from the scattered light distribution with
respect to the angle and intensity. The elastically scattered light intensity is basically
dependent on the concentration and orientation fluctuations of the micro-domains.
Depending on the requirement, the polarizer (P) and the analyzer (A) can be used
either perpendicular or parallel to each other. If P and A are crossed, then it is called
depolarized scattering. It is sensitive on orientation fluctuations. On the other hand if
P and A are parallel to each other, then it is called polarized scattering. It is sensitive
on concentration as well as orientation fluctuations. In our experiments we kept P
and A are crossed with each other to study about the orientation fluctuations of the

director. The absolute value of the scattering vector is given by [5]

4
g= %sin(@/Z) (2.1)
where ¢ is the scattering vector, A is the wavelength of the light and @ is the scattering
angle. The accessible scattering angle ranges from 2° to 12°, which gives a scattering
vector q from 0.3 pum ™! to 2 wm~t. The maximum temperature of 70°C can be achieved

in this setup. We analyzed the SALS patterns with the help of NewSals software.
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2.6 Magneto-Rheology

The magneto-rheological device (MRD) is an important accessory of MCR rheometer
which facilitates all rheological tests simultaneously under the application of magnetic
field. The measuring geometry is provided with parallel-plate arrangement, having
20mm plate diameter (PP20/MRD/TI). A schematic diagram of the magnetorheology

setup is shown in the Fig. 2.6. There is a magnetic coil attached below the lower plate

D T — Measuring system

_.Non magnetic housing
with integrated
hall probe

Figure 2.6: Schematic diagram of the magneto-rheological device.

of the rheometer. The magnetic field is produced by applying an electric current to this

coil. The maximum field upto 1T can be provided to the bottom plate. A magnetic

1.2

o
O
T

Magnetic flux density (T)
= =)
W N

1 2 3 4 5
Current (A)

e
o
o

Figure 2.7: The calibration of magnetic flux density with current.

cover with two leads serves as to prevent the temperature gradient and the magnetic
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2.7. Preparation of liquid crystal cell

field fluctuations in the sample. The magnetic field is controlled by controlling the
current produced by the power source. The magnetic current is calibrated with the
magnetic field by an external teslameter. The calibrated graph is shown in the Fig.
2.7. We maintained a plate-gap of 0.2 mm for our measurements. The sample is placed
uniformly on the bottom plate to avail a magnetic flux density. The temperature of the
MRD can be controlled by using a fluid circulator. We used chiller filled with water for
providing the required temperature to the sample. The maximum temperature upto

70°C can be obtained in this setup.

2.7 Preparation of liquid crystal cell

To understand the rheological properties, we needed to measure some physical prop-
erties of the liquid crystals. We adapted some standard electro-optical techniques to

measure them. Here we briefly discuss the relevant setup.

We prepared liquid crystal cells for measuring some physical properties (non-rheological).
The cells are prepared by using two indium-tin-oxide (ITO) coated glass plates, where
the ITO layer thickness is about 1500 A and the resistivity is 15-20 Q/cm?. The ITO
coated glass plates are cleaned thoroughly by sonication using distilled water, acetone
and hexane. After drying them completely we spin coat with different polyimides for
different surface anchoring (planar and homeotropic). The glass plates are treated
with polyimide AL-1254 and cured at 180°C (for 1 hour) for planar or homogeneous
alignment. The homeotropic alignment of the LC molecules are obtained by treating
the glass plates with JALS-204 and cured at 200°C (for 1 hour 15 mins). The planar
treated glass plates are rubbed unidirectionally through a rubbing machine to align
the LC molecules in a certain direction. The two rubbed glass plates are placed one
above other in an antiparallel direction so that the active electrode regions are over-
lapped with each other. Then they are attached by a mixture of UV curable adhesive
mixed with silica beads of required diameter. The cell thickness is measured with
an Ocean optics spectrometer (HR 4000CG-UV-NIR) by using interferometric tech-
nique [6]. The corresponding spectrum is analysed through Spectra-suite software.

The spectrum consists of alternative maxima and minima and the thickness (d) of
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2.8. Electro-optic techniques for measuring physical properties

AmAn X n—m

- 57, where A, and A\, are
n m

the cell is calculated by using the formula, d =
wavelengths of m and n' maxima or minima. The electrical connections to the cells
are given by soldering with copper wires. The schematic representation of top view of

a liquid crystal sample cell is shown in the Fig. 2.8.

Active region  Glass plate

N

Connecting wires

ITO Spacer

Figure 2.8: Schematic diagram of the liquid crystal sample cell made of ITO coated

glass plates. The circular region shows the overlapped electrode region.

2.8 Electro-optic techniques for measuring physi-

cal properties

2.8.1 Measurement of dielectric constant

The ITO cell with an effective area A and thickness d acts as a capacitor. First
we measured the empty capacitance (C,) by an impedance analyser (Novo control,
Alpha-A). Then the cells were filled with the sample either in the isotropic or in the
nematic phase. We measured temperature dependant capacitance by the impedance
analyser with a constant frequency 1 kHz. The ratio of capacitance with and without
(empty capacitance) sample gives the dielectric constant (¢). The dielectric constant
measured in planar and homeotropic cells provide €| and ¢ respectively. The dielectric

anisotropy of the sample is given by Ae = ¢ - €;.
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2.8.2 Measurement of splay elastic constant (Ki;)

The splay elastic constants is measured by using an electro-optic technique. The
voltage dependent optical retardation of a planar aligned sample is measured to es-
timate the splay elastic constant Ki;. The technique is known as phase modulation
technique [7,8]. We used photoelastic modulator (PEM-100, Hinds Instruments), a
Helium-Neon laser (Thor Labs), and a lock-in amplifier (Ametek, SR-7265) to make
this setup. The schematic diagram of an experimental setup is shown in the Fig 2.9.

The experiments are done by applying an electric field perpendicular to the nematic

7 A Detector | 1)
Lock-in
amplifier
_________ 1f reference
Analyzer
goo | = / LCR meter
i \""- : Sample
P 45°
A== Temperature
L x PEM controller
45°
|
! 0% Polarizer PEM controller
>x
He-Ne laser

y

Figure 2.9: Experimental setup to measure elastic constants using PEM.

director in a well aligned cell. Then the optical phase difference is measured as a func-
tion of applied voltage using phase modulation technique. Above a certain applied
voltage, the nematic director starts orienting with respect to the field, called Freeder-
icksz transition and the corresponding voltage is called threshold voltage. The details
about the Freedericksz transition are discussed in chapter-1. Kj; can be calculated

directly from the Freedericksz threshold voltage (V) by:
K11 = €,Ae (Vi /)? (2.2)
where Ae = ¢ — €, is the dielectric anisotropy.
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2.8.3 Measurement of rotational viscosity (71)

Rotational viscosity (1) is measured using the phase-decay-time measurement tech-
nique. To measure the rotational viscosity (1) we adopted relaxation method [9]. In
this technique the transmitted light intensity is measured through a planar aligned LC
cell to obtain the optical phase as a function of time. The schematic diagram of an

experimental setup to measure rotational viscosity is shown in the Fig 2.10.

Z 4 PMT |D

Oscilloscope

Temperature
controller
’ 1 0 0
———
/ )
y He-Ne laser

Figure 2.10: Experimental setup for measuring rotational viscosity.

The experimental procedure is followed by two steps (i) measurement of voltage
dependent intensity at a fixed temperature and (ii) measurement of time dependent
transmitted intensity after switching off the voltage. The voltage dependent transmit-
ted intensity is measured to get the maxima and minima. A representative variation
of the voltage dependent transmitted intensity of a standard liquid crystal at room
temperature is shown in the Fig. 2.11(a). A small bias voltage (V}) is applied and
then it is switched off to measure the relaxation transmission intensity of the liquid

crystal by using an oscilloscope.

The phase change §(¢) as a function of time (¢) is measured from the time dependent
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Figure 2.11: (a) The voltage dependent transmission intensity of a standard liquid

crystal. (b) A representative of linear variation of In[0(0)/d(¢)] with time (t).

intensity, /(t), using the following equation:
I(t) = Ipsin® [(Agor — 6(t)) /2] (2.3)
where [ is the maximum intensity change.

The decay time (t) is given by the following equation [9,10] :

8(t) = 8(0) exp(—) (2.4)

To
where §(0) is the total phase change of the LC cell under a bias voltage V. The slope

of the linear plot In[6(0)/d(t)] is 2/79, and this gives the relaxation time (79) (Fig.
2.11(b)). The rotational viscosity (7;1) of the sample is given by:

T0K117T2

M= (2.5)

where d is the thickness of the cell.
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3

Rheology of
twist-grain-boundary-A liquid

crystals

3.1 Introduction

tructural disorder or defect in general affects the mechanical properties of all ma-
S terials. In solid materials the disorder or the defects are created or pinned down
by impurities for desired mechanical properties. Many anisotropic fluids such as liquid
crystals possess topological defects. The network of defects in such systems can re-
spond to shear, and hence their contribution to the rheological properties is expected
to be significant. The density of defects in liquid crystals can be enhanced by adding
colloidal particles into the liquid crystals [1-3]. Basappa et al. showed in the lyotropic
lamellar system that adding particles (~9um) enhances the elastic moduli and the
elasticity arises mainly due to the defect network [1]. Ramos et al. studied the rhe-
ology of defect networks by dispersing colloidal particles (1 um) into the cholesteric
liquid crystals and found a defect-mediated solid behavior of the cholesteric phase [2].
Bandyopadhyay et al. showed that the elasticity of LC-aerosil (7nm) composites of
SmA liquid crystal (octyl cyanobiphenyl (8CB)) is enhanced compared to the pris-
tine sample [3]. Recently the enhancement of elasticity due to the network of defect
lines entangled with colloidal particles in liquid crystals has been reported by Wood et
al. [4]. Generally, the viscoelastic properties in such composite systems are enhanced

and their dynamics can be explained based on the soft-glassy-rheology or the theory

48



3.1. Introduction

of rubber elasticity. However, soft materials with long-range periodic structural dis-
order due to the defects (dislocations) and the grain boundary composed of an array
of dislocations are rare and their viscoelastic properties are unexplored. One such
very unusual soft material is type-II smectic-A, known as the twist grain boundary-A
(TGBy4) liquid crystal. In this phase the defects are inherent to the structure and

hence can be termed as intrinsic or structural defects.

The twist grain boundary phases (T'GB,4) are frustrated phases, generally exist in
between the cholesteric and the smectic phases. The detailed structure of this phase
is discussed in chapter-1. The analogy between superconductors and smectic liquid
crystals was first proposed by de Gennes [5], who predicted one intermediate phase with
a lattice of dislocations in smectics. Renn and Lubensky showed that the intermediate
phase of highly chiral type-II materials consist of a twisted arrangement of blocks
of SmA liquid crystals, separated by twist grain boundaries, which are made of an
array of screw dislocations [6,7]. The contrary structure of smectic-like layering and
cholesteric-like twist was experimentally discovered in highly chiral liquid crystals by
Goodby et al. [8] and was characterized by several experiments [9,10]. Soon after
the discovery there were some reports on the observation of several variants of TG By,
such as a TG B¢, TGBe+ [10-12]. Apart from the TGB phases, there also exist a three
dimensionally modulated chiral smectic-C phase, called UT'GBe+ [13]. The detailed

structure of this phase is discussed in chapter-1.

In the TG B4 phase, the interacting dislocations form the grain boundary and the
interaction among the grain boundaries stabilizes the TG B4 structure. There are
several experimental reports on the structure, electro-optic, and dielectric properties of
various T'G'B liquid crystals [13,14]. However, the viscoelastic properties of this phase
remained unexplored. In this chapter we discuss the rheological properties of TG By,
UTGBec+ and SmC™ phases. Usually TGB4 phase exists over a very narrow range
of temperature, hence it is difficult to perform the experiments. It has been shown
that the temperature range can be enhanced by adding both chiral and nonchiral
compounds in certain proportions. In this experiment we prepared a binary mixture

that exhibits a large temperature range of TG B4 phase.
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3.2. Experimental

3.2 Experimental

We prepared a binary mixture of two compounds namely, 4-(2'-methyl butyl phenyl 4'-
n-octylbiphenyl-4-carboxylate (CES) and 2-cyano-4-heptyl-phenyl-4'-pentyl-4-biphenyl
carboxylate [7(CN)5]. CES is a chiral and 7(CN)5 is a nonchiral compound and both
were synthesized by our collaborators in Poland. The detailed phase diagram of the

binary mixtures was reported by Pramod et al., as shown in Fig. 3.1. [12,14].

Wt % of 7(CN)S

Figure 3.1: The phase diagram of the binary mixtures of CE8 and 7(CN)5. Adapted
from ref. [12]

Based on the above phase diagram (Fig. 3.1), we prepared a binary mixture by
taking 63.6 wt% of CE8 and 36.4 wt% of 7(CN)5 to get a large temperature range of the
TG B4 phase. We heated the sample above the isotropic phase and mixed physically
by using a thin glass rod. Polarized optical microscope (POM) shows following phase
transitions on cooling: T 120.2°C BP 119°C N* 80°C T'GB4 62.1°C UTG B¢+ 59.8°C
SmC*. It may be noted that the temperature range of TGB, is about 18°C and
UTGBe- is very short, about 2°C. The temperature range of T'GB4 is much larger
than that usually observed in a single liquid crystal compound. We performed all the
rheological measurements by using a stress-controlled rheometer with the cone and
plate measuring system of diameter 25 mm, cone angle 1°, and with a minimum gap

of 50 pm (the gap between the plate and the truncated cone). After mounting the
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3.3. Results and discussion

sample, we heated it to the isotropic phase and all the experiments were performed
in cooling. The sample was then presheared for about 400 s~! with a shear-rate of 10

s~ ! before the measurements.

3.3 Results and discussion

3.3.1 Texture and physical observations

First we made some preliminary observations by filling the sample in a planar cell under
optical polarizing microscope (OPM). We observed the typical textures of various
phases, as presented in Fig. 3.2. The N* phase exhibits the typical defect network of
the “oily-streak” [Fig. 3.2(a)]. The TG B4 phase shows almost homogenous texture

and that the slight nonuniformity in the color is due to the nonuniform alignment of

the helix axis at different regions ([Fig. 3.2(b)]. We also observed a short temperature

TGB,(73°C)  SmC*(55°C

Figure 3.2: Textures observed under polarizing optical microscope (POM) at different
temperatures (a) 110°C (N*) (b) 73°C(T'GBj,), and (c) 55°C (SmC™). A square grid
pattern appears in between TGB4 and SmC™* phase indicating the UT'G Be+ phase,

as shown in the box.

range of the UT'G B+ phase below the T'G B4 phase with a characteristic square-grid
pattern. Further, by lowering the temperature we observed SmC™, where the square
grid patterns are still present [Fig. 3.2(c)], and it can be removed by slightly shearing

one of the plates.

The physical appearance of the sample at various tempeartures is shown in the Fig.
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3.3. Results and discussion

N (110°C)

Figure 3.3: The physical appearance of the sample while trying to pull it up by a glass
rod at different phases.

3.3. We performed this observation under mechanical disturbance such as pulling it up
by a thin glass rod (after mounting the sample on the bottom plate of the rheometer).
It appears that N* phase tends to flow easily like a liquid. The T'G B4 phase appears
like a sticky fluid and SmC™* is kind of a semi-solid that does not flow easily.

3.3.2 Rotational measurements

First we performed the temperature dependent shear viscosity at a constant shear rate

100 s~ 1, to see all the phase transitions.

A

TGB,

10°F

. O g

MNegr (mPas)

|
|
|
I
| |
1 " 1Y 1 " 1 " 1 " LY

60 70 80 90 100 110 120
Temperature ("C)

Figure 3.4: Variation of effective shear viscosity as a function of temperature at a

constant shear rate 100 s—1.
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3.3. Results and discussion

The temperature dependent shear viscosity is shown in Fig 3.4, where we observed
three phase transitions: 1 123°C N* 83.5°C TG B4 60.2°C SmC™ clearly. These tran-
sition temperatures are slightly different (within 2 - 3°C), compared to the transitions
observed under POM. This is due to the temperature gradient of the rheometer plate
or the difference in the temperature calibration. We observed there is a gradual in-
crease in the viscosity in the cholesteric phase. Then there is a large increase in the
viscosity at the N* to TG B4 transition followed by SmC™ phase. The reason of large
increase in viscosity in both TG B4 and SmC™ phase have been explained later.

55°C (SmC*) 60°C (SmC*) with
square grid 68°C (TGB,)

T
< S ', =2
‘& ¥ %
78°C (TGBa)
T

Figure 3.5: The simultaneous rheomicroscopy images are taken during the measure-
ment of temperature dependant shear viscosity at a constant shear rate 100 s—!. The

red circle shows the square grid patterns in the UT'G Bg+ phase.

We performed the simultaneous rheomicroscopy observations during the measure-
ment of temperature dependant shear viscosity at a constant shear rate ¥=100 s~1.
The images are shown in the Fig. 3.5. It shows a typical SmC™ texture (unaligned) at
55°C. Some patches of square grid patterns are observed at 60°C indicating UT' G B¢~
phase. Again increasing the temperatures, we observed the textures similar to the
Grandjean orientation at planar anchoring conditions [15]. These are characteristics
of TGB,4 phase, shown in the Fig 3.5 (at 68°C, 74°C, 76°C and 78°C). The TG B4
phase shows different textures at different temperatures, which is probably due to the

rapid increase in the pitch value.

We performed shear rate dependent shear stress measurements to obtain the appar-
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3.3. Results and discussion

ent yield stress for relative comparison of the different phases of the sample [16-18].

Fig. 3.6 shows the shear rate dependent effective shear stress (o.sf) at different tem-

10 100 10" 100 100 10
Yol
Y(s)
Figure 3.6: Shear rate dependent effective shear stress (o.ss) at different tempera-
tures N*: [110°C (squares)], near N*-T'G B, transition: [81°C (circles)], TGBa: [73°C
(uptriangles)], TGBy4: [68°C (downtriangles)], SmC*: [57°C (diamonds.]

peratures. At the low shear rate (¥ < 0.1 s7!), the stress tends to reach almost a
constant value as ¥ — 0, showing an apparent yield stress (o,). At 110°C (N*), o,
is negligibly small (o, ~ 1072 Pa) and it increases as the temperature is lowered in
the TGB4 and SmC* phases. For example, at 68°C (I'GBj,), 0, ~ 10 Pa and it fur-
ther increases to about 20 Pa as the temperature is decreased to SmC™* (57°C) phase.
Very small o, in the N* phase is due to the residual oily-streak defect network of the
presheared sample. Here o, is three orders of magnitude larger in TG B4 than that of
N* phase. The apparent yield stress measurement have also been reported in many
other smectic liquid crystals [19,20]. However, the apparent yield stress of the TG B4
and the SmC™ phases of the present system is much larger than that known for low
molecular weight smectic liquid crystals [19,21]. The N* phase shows shear thinning
followed by a Newtonian behavior at high shear rates (>10 s7!). In the intermediate
shear rate range, i.e., 0.1 < 4 < 100 s7!, it shows shear thinning behavior in all the
phases. The shear rate dependent viscosity of nematic or cholesteric liquid crystals is
usually characterized by the Ericksen number [22], which is given by the ratio of the
flow-induced viscous stress (77 ) to the Frank stress (K /h?), where K is the average

curvature elastic constant and h is the length scale of the low geometry. Theoretically
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3.3. Results and discussion

it has been shown that in the intermediate range of the Ericksen number (10 to 400),
usually the shear viscosity shows a shear thinning behavior [23]. Assuming a typical
average value of curvature elastic constant K ~ 10~ N and apparent viscosity of the
N* phase 7 ~ 10 mPa s, the estimated Ericksen number is ~ 300, which is in the
theoretically predicted range. At very high shear rate (¥ > 100 s71), o.s; in both the
TGB4 and SmC™ phases fall suddenly to a much lower value. This sudden decrease

could be due to the wall slip or the plastic deformation of the sample.

3.3.3 Oscillatory measurements

To determine the linear regime of viscoelasticity, we measured the strain amplitude
dependence of storage (G') and loss (G") moduli at various temperatures. The mea-
surement is performed every time on a fresh sample and the results are shown in Fig.

3.7.
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Figure 3.7: The strain amplitude dependence of the storage G' (solid symbols) and
the loss G" (open symbols) moduli at different temperatures. 110°C (hexagons) [N*],
73°C (diamonds) [TGBa4l, 68°C (circles) [T'GBal, and 59°C (squares) [SmC*| at w =
1 rad/s. |

The data in the N* phase (110°C) at low strain amplitude are noisy due to the
lower limit of the G' and G values which our rheometer can reproducibly measure.
In the TGB, phase, (73°C and 68°C) in the linear viscoelastic region G' > G" and
G’ of TGB, is more than 1000 times larger than that of the N* phase. Similarly, in
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3.3. Results and discussion

the SmC* phase (55°C), G’ > G" and G is about 2.5 times larger than that of the
TG By phase. The viscoelasticity of the N* phase is mostly contributed by the three-
dimensional network of residual oily-streak defects [2]. The SmA liquid crystals have a
larger viscoelastic response than nematic or N* merely because of the positional order.
For example, in our previous studies, in cholesterol nonanoate (exhibits N* to the SmA
transition), we found G, 4 ~ 80 G'y. [24]. In the present sample, we found Grqp .
~ 1000 G'y.. Hence, the enhanced elasticity of the TG B, phase can be attributed
to the structural defects present in the system. In this phase the enhancement in
the viscoelasticity may also be due to the energy cost for the deformation of grain
boundaries. In addition, the surface tension of the smectic layers which acts against the
deformation plays a vital role for increasing the shear modulus. In the SmC* phase,
there is no grain boundary, however, the individual dislocations and their motions
contribute to the viscoelastic properties. In fact, it has been suggested that the shear
modulus is strongly influenced by the line tension of screw dislocations because it acts
against the Peach-Koehler force which controls the motion of the dislocations [25].
When the force exerted on the dislocations dominates over the line tension, then the
system overcomes its elastic deformation and undergoes plastic deformation. The
drastic fall of o.ss shown in Fig. 3.6 for both the TG B4 and SmC™ phases could be
due to the plastic deformation. The role of defects and disorder on the viscoelasticity of
randomly oriented type-I smectic liquid crystals has been discussed by many authors
[1,3,25-31]. In those experiments, the defects were either stabilized by quenched
disorder or by dispersing colloidal particles in the samples. The storage modulus of

such systems show a power-law behavior [2, 3]
G (w) = G, + Bw® (3.1)

where (G, is the plateau modulus arising from the zero frequency shear modulus. In
the present sample, TG B4 is composed of rotating SmA blocks, which creates grain
boundaries. These defects are inherent to the structure and cannot be removed by
the effect of shear. Here we analyze the dynamic response of our sample based on the

power-law model (Eq. 3.1).

Figure 3.8 shows some representative frequency dependence of storage and loss mod-

uli in all the phases. In the N* phase, G’ > G" , and at the low frequency region (w
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3.3. Results and discussion

< 2 rad/s) both are constant. They increase with frequency beyond this range. For
example, beyond w > 2 rad/s they vary as G ~ w?and G" ~ w. It may be mentioned
that solid-like behavior in the low frequency region (w = 1 rad/s) was also observed
in colloidal-particle-dispersed cholesteric liquid crystals. But at higher frequency the
same sample showed fluid-like behavior (G' < G") [2]. The fit parameters obtained

W
10°L
® G'(55°0)
2 [ o G"(55°C)
T j W
e
N’ 3 i
LR S—

o5 e G' (68°C)
C , o G" (68°C)
10 -_._._._u.] asaal 1 2 2 2 222220
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= G'(110°C)
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Figure 3.8: The frequency dependence of (a) storage G (solid symbols) and (b) loss
G" (open symbols) moduli at three representative temperatures in all the phases. The

solid lines are best fits to Eq. (3.1).

from different phases are shown in Fig. 3.9(a). In the N* phase (90° to 110°), «
obtained from both the G' and G" data are almost close to 2 and 1, respectively. It
is interesting to note that the exponent a obtained from both the fittings of G' and
G" decreases rapidly (below 90°C) and is almost equal, i.e. @ ~ 0.5. Ramos et al. [2]
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3.3. Results and discussion

showed that the storage modulus of liquid crystalline systems with a defect network

2 and

has contributions both from the disoriented part of the sample, G’ (w) oc w?
regions of the sample where the layers are parallel to the shear direction G’ (w) oc w?.

Similarly, the loss modulus also has contribution from disoriented parts of the sample,

G

1

(w) oc w!/? and a Maxwell fluid type contribution G (w) o< w. Comparing to our
results, it appears that the storage and loss moduli of TGGB4 phase have a significant

contribution from the disoriented layers of the sample only.
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Figure 3.9: (a) The exponent o characterizing the power-law contribution to G'
(w)(solid squares) and G (w) (open squares) as a function of temperature. (b) Tem-
perature variation of fit parameters, G, and 3 obtained from the fitting of G’ (w) and
G" (w) data. Diamonds (solid and open) and circles (solid and open) are obtained

from G’ (w) and G (w) data respectively.

The temperature dependence of G, and 3 obtained from the fitting of G’ (w) and G"
(w) is also shown in Fig. 3.9(b). For example, at 110°C, G, obtained from both the
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3.3. Results and discussion

fits are 0.25 and 0.12 respectively. At the same temperature, 5 values are 0.01 and
0.03 respectively, and similar values were also reported in other cholesteric samples [2].
The plateau modulus (G,) usually arises from the elasticity of static defects in lamellar
systems [2,3]. In the present system G, is much larger (~ 10 times) than the low
molecular weight thermotropic SmA liquid crystal, such as 8CB [3].

The variation of G, with reduced temperature x = (Ty+_rgp,-T )/TN+—TcB, 18
shown in Fig. 3.10. In the TGB4 and SmC™ phases, G, is more than three orders
of magnitude larger than the N* phase [2]. In analogy with rubber elasticity, the
contribution to the elastic response of static defect network varies as G, ~ 7/ d?,

where 7 is the line tension and d is a typical average spacing between defects [2]. In

2

c

case of screw dislocations the defect line tension can be written as 7 = Bb*/12873r
where B is the layer compression modulus, b = md, is the Burger’s vector of integer
strength m and r. is the defect core radius [32]. Measurements on many smectic
systems show that B ~ x%4 [33] and r;2 ~ ¥? ~ x%3, where ¢ is the smectic order
parameter [34]. Hence the defect line tension (7) can be defined as, 7 ~ x%?  which
implies G, ~ x7 with v = 0.9. It suggests the defects significantly contribute to
the shear response [34]. In analogy with this theoretical calculation we have fitted x
dependent G, values with respect to the equation G, ~ x” (Fig. 3.10), which shows the
fitting parameter v = 1. It is comparable with the theoretical calculation, suggesting

the screw dislocations notably contribute to the shear response . Assuming a moderate

2000
1500
1000 [

S

5001

0-

0.4 0.2 0.0 02 -04
X

Figure 3.10: The variation of G, with reduced temperature y. The solid line showing

the best-fit result G, >~ x7 , with vy =1
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3.4. Conclusion

value of Berger’s vector of integer strength m=2 [35], B ~ 2 x 10° Pa [3,33] and using
the relation G, ~ 7/d?, we got d ~ 26 nm in the TG B4 phase. This is comparable with
the experimentally measured dislocation spacing in T'G B4 phase [9]. In the lamellar
phase, the parameter 3, that determines the strength of bulk response is given by
B = (1242 x \/@), where 7 is the effective viscosity [2]. Taking 5 ~ 300 (at
68°C), the calculated viscosity in the TG B, phase is n ~ 10°> mPa s, which is close
to the experimentally measured value (in Fig. 3.4). We noticed that the exponent
« in the TG B4 phase is ~ 0.5, and further it tends to decrease in the SmC™ phase
(Fig. 3.9(a)). This is somewhat less than that of the lamellar block copolymer (a =
0.6) [36]. Within the soft glass rheology model, the glass transition is characterized

from the power-law exponent G' ~ w* 1.

In this model, “x” is an effective noise
temperature and in the range of 1 < z < 2 and G" and G’ have a constant ratio [37].
The system approaches the glass transition as  — 1,i.e., « = (z — 1) — 0. In the N*
phase, o obtained from the fitting of G’ and G is very different and it decreases with
decreasing temperature and merges to (~ 0.5) upon entering the TGB4 and SmC*
phases. Though the TG B4 and SmC™ phases are thermodynamically stable and the

experimental value of = is about 1.5, indicating that their rheological responses are

similar to many soft glassy materials.

3.4 Conclusion

We studied the rheology of a binary mixture showing a large temperature range of
the TG B, phase. All the phases in the mixture, i.e., N*, TG B4, and SmC* exhibit
solid-like behavior. The elasticity of the T'G B4 phase is discussed based on the theory
of lamellar systems that accounts for the contribution of defects. The power-law
dependence of the complex shear modulus and the analysis of the experimental results
suggest that the enhanced elasticity of the T'G B4 phase is due to the structural defects.
The effective noise temperature approaches 1, suggesting T'G B4 liquid crystals and its
low temperature phases are a defect-mediated soft solid whose dynamics is similar to

soft glassy materials.
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4

Experimental studies on the

rheology of cubic blue phases

4.1 Introduction

In the previous chapter we have studied the rheological properties of TG B4 liquid
crystals. In this chapter we study the rheology of another frustrated phase of liquid
crystals namely the blue phase. In this case the lattice of disclination defects stabilise

its structure.

Blue phases (BPs) are distinct thermodynamic phases, exist within a narrow range
of temperature (~1 K) in highly chiral liquid crystals. This phase was first observed
by Friedrich Reinitzer in 1888 on the melting behaviour of cholesteryl benzoate and he
noted that the substance turned to blue and formed a cloudy state upon cooling [1].
This specific state of the liquid crystalline phase remained unexplored for a long time.
Later the discovery of polymer stabilised blue phase with wide temperature range
has been created immense interest in the scientific community [2-10]. Based on the
structure, blue phases are categorised as BP-1, BP-II and BP-III. The BP-III has an
amorphous structure, so its symmetry is same as that of the isotropic phase. Hence it’s
often quite hard to identify under polarising microscope, because it looks like foggy.
BP-II shows simple cubic structure where BP-1 shows body-centered cubic structure.
The detailed structure of two blue phases (BP-I and BP-II) have been discussed in
chapter-1. BP-II and BP-I can be detected and identified under polarising microscope.

BP-II is generally observed over a certain range of chirality regime, and it vanishes
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4.2. Experimental

in the high chirality regime, whereas the stability of BP-I increases with increasing

chirality.

Significant progress has been made in understanding the complex structure of blue
phases. Still many fundamental aspects of these exotic phases are unexplored. For
example, recently several predictions were made on the rheological properties and
the dynamics of the disinclination networks of BP-I and BP-II [11-13]. However
experimentally very little is known about the rheological properties of these phases
[14-16]. In this chapter, we discuss the first detailed experimental studies on the
rheology of cubic blue phases. Our results show that different rheological responses
of BP-II and BP-I are connected to their structures and the dynamics of the defect

networks.

4.2 Experimental

The blue phase liquid crystal, we used in this study is a mixture of four fluorinated
compounds and a highly chiral dopant. These compounds were synthesized by our
collaborators in Poland. They are chemically stable and exhibit high resistivity [17].
The detailed molecular structure and the wt% of the individual components in the
mixture are given below in Fig 4.1. It exhibits following phase transitions: 1 46.4°C
BP-I1 41.4°C BP-1 36.6°C N*. We performed rheological measurements by using stress-
controlled rheometer with a cone-plate measuring system having a plate diameter of
25 mm and a cone angle of 1°. The temperature of the sample was controlled with
an accuracy of 0.1°C. We used rheo-microscopy setup to observe the microstructures

under shear. The details about this setup are explained in the chapter-1.

4.3 Results and discussion

First we observed the textures of various phases of our sample under polarised op-
tical microscope in a planar cell. Fig. 4.2(a) and (b) show BP-II and BP-I phases
respectively and Fig. 4.2(c) shows the cholesteric (IV*) phase having oily-streak defect
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Chemical structure Compounds Concentration

F

4'-(trans-4-Propylcyclohexyl)-3.,4-

C;H~4<‘ >—©v@7r difluorobiphenyl 19%
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- 4'-(trans-4-ethylcyclohexyl)-3,4- 19%
wﬁ{ D—</:\> </—§ F difluorobiphenyl ’

4'(trans-4-pentylcyclohexyl)-3,4-

-
CSHH*<_>—</:\>—\//:§*F difluorobiphenyl 38%
cfuﬁf(/ \>7</ \>;F 4’-pentyl-4-fluorobiphenyl 4%

CanO‘@*COO 7 3,6-bis-(4-hexyloxybenzoyl) 0
5 00(:4<j>—o<:6H13 isomannide 20%

Figure 4.1: The chemical structure and the wt% of individual compounds in the

mixture, that shows blue phases.

network. The bulk sample was mounted on the rheometer without any surface treat-

100pm 100pm

Figure 4.2: The textures of BP-II, BP-I and cholesteric (N*) phase observed under

optical polarising microscope.

ment of the measuring plates. We made all the measurements on cooling the sample
from the isotropic phase. To identify the phase transition temperatures in the rheome-
ter, we first measured the temperature dependent shear stress at a fixed shear rate
(Fig. 4.3). The isotropic (I) to BP-II phase transition is marked by a rapid increase
of the stress and the BP-I to cholesteric phase (IN*) transition is marked by a sudden
fall of the same. We observed a small kink at the BP-II to BP-I phase transition. The
temperature range of BP-II and BP-I is 5°C and 4.8°C, respectively. The stress in the
N* is almost comparable to that of the isotropic phase except a gradual increase due

to the decrease of temperature. We observed that the shear stress of BP-I is larger
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Figure 4.3: Temperature dependent shear stress at a constant shear rate (10 s71).

Three different phase transitions are marked by dotted vertical lines.

than that of the BP-II and N* phase.

Fig. 4.4 shows some representative rheomicroscopy images which were taken during
the measurement of temperature dependent shear stress at a constant shear rate. In
BP-II, we observed the Grandjean-cano lines which are oriented perpendicular to the
shear direction (Fig. 4.4(a)). It suggests that the director is aligned parallel to the
shear direction. The increase of shear stress compared to the isotropic phase is due
to the motion of these Grandjean-cano lines. As the temperature is reduced, some
filamentary structures appear in BP-I (Fig. 4.4(b)) and the stress is also increased
compared to BP-II. These filamentary structures are continuously broken and rejoined
during the steady shear. The cholesteric phase shows a typical texture (Fig. 4.4(c)
and (d)) similar to that usually observed under planar degenerate surface anchoring

conditions.

In Fig. 4.5 the shear rate dependent viscosity is shown. We observed that the N*
phase exhibits a typical shear thinning behavior. The viscosities of BP-II and BP-I
phases are much larger than that of the N* phase in the low shear rate regime (0.01 to

1 s71). For example, at 4 = 0.01 s7*

, Ny« = 1.2 Pas, ngp_; =17 Pasand ngp_; = 52
Pa s. BP-I and BP-II show multiple shear thinning behavior and the slope of 17 changes

at different 4. The viscosity of BP-II at the highest shear rate is lower than that of
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Figure 4.4: Optical rheomicroscopy images taken during the measurement of tempera-
ture dependent shear stress at a constant shear rate of 10 s~! in three different phases.

The direction of shear is shown by an arrow. P and A indicate polariser and analyser.
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Figure 4.5: Shear rate dependent viscosity at three different temperatures representing

BP-II, BP-I and N* phases.
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the N* phase. Thus BP-II shows stronger shear thinning behavior than the other two
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Figure 4.6: Shear rate dependent shear stress at three different temperatures repre-

senting BP-II, BP-I and N* phases.

phases. Further we have also estimated the approximate Ericksen number (E,) of the
three phases, where the elastic constant (K) of BP is in the order of 107'! N. The
range of Ericksen numbers of the N* phase is 30 < Er < 9 x 10* where the shear
rate (%) varies from 0.01 to 1000 s~!. Similarly for the BP-IT and BP-I, the ranges of
Ericksen number are 50 < Er < 7 x 10* and 300 < Er < 1.2 x 10° respectively. The
large Ericksen number in the BP-I signifies that the shear viscosity is larger than the

Frank elastic energy which could be due to the filamentary microstructures observed

in the Fig. 4.4(b).

The variation of shear stresses with respect to shear rate of three phases is shown
in Fig. 4.6. Shear stress of BP-II shows three distinct regimes namely BP-II(1):
= 0.01-0.3 s7': BP-II[(2): 4 = 0.3-2 s7! and BP-II(3): 4 = 2-1000 s~'. A power
law fit 7 = ay* (Fig. 4.7) describes the data to a very good approximation. The fit
parameters are: a = 0.87 and o = 0.33 in BP-II(1); a = 0.42 and a = 0.35 in BP-I1(2);
a = 0.12 and o = 0.87 in BP-II(3).

Some representative rheomicroscopy images in three different shear rate ranges are

also shown in Fig. 4.8. We observed that in BP-IT (0.01 — 0.3 s7!), the Grandjean-cano

70



4.3. Results and discussion

45°C (BP-II)

[
S
T

01 Nl L L L el el
0.01 0.1 1 10 100 1000
Shear rate (s'l)

Figure 4.7: Shear rate dependent shear stress at 45°C (BP-II). Red lines are best fits

to the power law: 7 = a¥®.

lines flow parallel to the shear direction (downward green arrows in BP-II, Fig. 4.8). In
BP-II (0.3 — 2 s71), the Grandjean-cano lines are broken and in BP-II (2 — 1000 s~ '),
the texture appears like a flow aligned nematic phase. In BP-I, there are also several
regimes observed but they are not distinctly separable as that of BP-II. Nevertheless
it is clear that the multiple shear thinning is due to the breaking of texture at different
shear rates (BP-I in Fig. 4.8). The cholesteric phase shows uniform shear thinning
behavior and there is no significant change in the textures up to the shear rate of 10
s~!. Beyond this shear rate the helix uncoils and leaves a flow induced nematic phase
and hence the viscosity decreases. In the case of BP-II and BP-I, the flow induced
nematic state appears at shear rate above 126 s~! and 200 s~! respectively. Recently,
Henrich et al. studied the rheology of cubic blue phases by numerical simulation [12].
Depending on the shear rate and the Ericksen number, various flow regimes have
been identified in both BP-I and BP-II and our results qualitatively agree with their
predictions as shown in the Fig. 4.9. In particular we observed this phenomena at
much higher shear rate (0.01 - 1000 s~!), compared to the simulation. However it may
be possible to observe the similar behavior in the simulation at much higher shear rate

(similar to our experiment) by appropriate choice of the parameters.
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Ie0US
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Figure 4.8: Rheomicroscopy images taken during the measurement of shear rate depen-
dent viscosity in three phases. The direction of shear is shown by an arrow on the right
side. The downward green arrows in BP-II show the motion of the Grandjean-cano

lines.
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Figure 4.9: Flow curve of shear rate dependent shear stress showing various flow
regimes of (a) BP-II and (b) BP-I. Above a critical shear rate the network breaks up
into the Grandjean texture (open triangles) or a flow aligned nematic state at even
higher shear rates (solid triangles). The red arrows indicate fall in the shear stress

values. Adapted from the ref. [12]
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We also performed small angle light scattering (SALS) experiments. The details of
the experimental setup are explained in the chapter-2. The images of HV scattering
at various shear rates are shown in Fig. 4.10. We observed that the SALS patterns of
all the phases at the lowest shear rate (0.01 s71) are mostly circular with the largest
diameter in the N* phase. It suggests that the orientational fluctuations are stronger
in the N* phase compared to the other two phases. Interestingly at higher shear rates
(40 - 126 s~!), BP-II shows obscure butterfly patterns. The butterfly patterns are
prominently observed in contour plots (insets of Fig. 4.10, BP-II). These kinds of
SALS patterns are typically observed in complex fluids including polymer solutions,
polymer mixtures, micellar surfactants and lyotropic lamellar phases due to the density
or concentration fluctuations that are moderately coupled to the flow [18,19]. However
we did not observe any special feature in rheomicroscopy at the same shear rates. It
suggests that the characteristic time of flow is faster than the breaking and reforming of
the microstructures. At a shear rate 40 s—!, BP-I shows multiple scattering patterns
(Fig. 4.10, BP-I) which are very different from BP-II. This is due to the stronger
orientational fluctuations caused by larger microstructures observed (Fig. 4.8, BP-I)
in rtheomicoscopy. At a shear rate of 40 s~1, N* shows an anisotropic scattering pattern
that is elongated perpendicular to the shear direction. At a very high shear rate (e.g.
631 s71), the scattering patterns of both BP-IT and N* phases are highly elongated
perpendicular to the shear direction. Since the images are in the g-space, the overall
alignment of the director is along the shear direction. The scattering intensity at a
higher shear rate (for example, at 631 s7!) in BP-I is almost zero and this could be
due to the very low birefringence and ceasing of orientational fluctuations due to the

large elastic modulus.

Fig. 4.11 shows the strain dependent storage (G') and the loss (G") moduli of all
the phases. We observed that in the N* phase, in the low strain regime (v < 1%),
G'~G". In the high strain regime (y > 1%), G" is larger than G' (G">G') and it
shows a typical fluid-like behavior. G' of both the blue phases is higher than that of
the N* phase and G’ of BP-I is around 5 times larger than that of BP-II. The linear
viscoelastic (LVE) range of both the cubic phases is almost comparable (i.e., 7. = 4%).
In BP-I, the strain induced fluidization (the crossover of G and G") occurs at v =

16% whereas in BP-II it occurs at a higher strain value (7 = 20%) than that of BP-I.
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Figure 4.10: Small angle light scattering (SALS) images taken in the HV polarisation
configuration at three different temperatures and various shear rates. The direction

of shear is shown by an arrow. The insets are contour plots with false colours.
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Figure 4.11: The strain dependence of the storage (G') and the loss (G") moduli of

the sample at three different temperatures where w = 1 rad s*

This could be due to the fact that the defect lines in BP-II are intersecting and larger
strain is needed to break the intersection and as a result its critical strain amplitude

is higher than that of the BP-I.

To get more insight into the dynamics of the defect networks, we performed step-
strain measurements. Figure 4.12 shows the stress response under applied step-strain.
Here the strain value is changed from 0.3% (within LVE) to 30% (above LVE range).
There are three regions in the time dependent shear stress. Initially (region-I) the
strain is below the LVE range and constant for 600 s. Then the strain is increased
above the LVE range (region-II) and constant for 600 s and again it is decreased to
0.3% (region-I1T). The N* phase shows expected stress response under applied step-
strain in all the regions. In region-II of BP-II there is a gradual decrease of stress with
time and it could be due to the breaking of defect nodes under high strain followed
by a continuous bulk flow. In the same region of BP-I the stress is constant where
the system undergoes a flow aligned state. In this case there is no breaking of defect
networks, as they do not intersect. In region-III both BP-I and BP-II show sinusoidal
stress oscillations that decay with time. The amplitude of oscillation is more in BP-I

than that of BP-II (Fig. 4.12, region-III). The periodic modulation in the BP-I, in
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Figure 4.12: Time dependent shear stress at three different temperatures.
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Figure 4.13: The periodic modulation in the BP-I, in region-III of Fig. 4.12.
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Figure 4.14: The frequency dependence of the storage (G') and the loss (G") moduli

of the sample at three different temperatures at a constant strain amplitude v = 1%.

region-11I of Fig. 4.12, is shown separately in the Fig. 4.13. Under a large strain the
defects of BP-I are displaced from the equilibrium positions consequently the network
is distorted and they tend to reorganize upon removal of the strain and this could lead
to a periodic stress oscillation that decays with time. The small oscillation in region-
I1T in BP-II could be due to the reconnection of some defects. We conjecture that the
step strain experiment displays the different dynamical responses of BP-I1 and BP-I1I

under large strain which are due to the different network structure of the defects.

Finally we have measured the frequency response of G' and G" of three phases (Fig.
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4.14) at a constant strain amplitude v = 1%. The cholesteric phase exhibits a behavior
very similar to that of a gel [20]. At low frequency (w < 0.2), G’ reaches a plateau
where G, = 0.1 Pa, and the elastic modulus is higher than the loss modulus. At higher
frequency (w > 0.2), a fluid like behavior is observed with G” being greater than G .
There is a crossover at a critical frequency w = 0.2 rad s™!, from a solid-like regime
where G' > G” and a fluid-like regime where G” > G’. In the case of BP-IT and BP-I,
G’ is always greater than G~ and a plateau signifies a solid-like behavior of the two

phases.

4.4 Conclusion

We experimentally studied the rheological properties of cubic blue phases. Our exper-
iment reveals several flow regimes with characteristic microstructures within each blue
phase. At a high shear-rate regime all the phases exhibit a flow aligned nematic state.
The measured apparent viscosity is larger in BP-I than in BP-II. In the step strain
measurements BP-I exhibits decaying stress oscillation with time which is connected
to the different dynamical response of the defect networks under large strain. The
amplitude of the sinusoidal oscillations of BP-I in the step-strain experiment is larger
than that of BP-II. These results are qualitatively in agreement with recent simulation.
The larger critical strain for yield transition in BP-II is due to the breaking of defect
nodes. Both BP-II and BP-I exhibit a solid-like behavior while the cholesteric phase
shows a gel-like behavior and the elastic modulus of BP-I is larger than that of BP-II.
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5

Magnetodielectric and
magnetoviscosity response of a
ferromagnetic liquid crystal at low

magnetic fields

5.1 Introduction

errofluids are liquids prepared by suspending nanometer sized ferromagnetic par-
F ticles in isotropic carrier fluids. The magnetic attraction of nanoparticles is weak
enough that the entropic forces of the particles, steric and electrostatic repulsion due
to the surfactant prevents magnetic clumping or agglomeration. The magnetic mo-
ments of the nanomagnets are aligned along the direction of the external magnetic
field resulting in chain formation due to the dipole-dipole interaction. As a result,
the viscosity of the ferrofluids increases significantly and these materials are useful for

various magnetorheological applications [1-3].

Nematic liquid crystals exhibit anisotropic physical properties. The colloidal dis-
persion of nanoparticles (with low concentration) in liquid crystals does not affect
the overall molecular orientation. Nevertheless, the small particles affect significantly
the anisotropic physical properties that depend on the size, shape, concentration, and
properties of the nanoparticles [4-15]. The colloidal dispersion of nanoparticles in

liquid crystals combines the physical properties of nanoparticles and the orientational

82



5.2. Experimental

order of liquid crystals. Long ago, Brochard and de Gennes theoretically predicted var-
ious interesting properties of anisotropic ferrofluids, which can be prepared by dispers-
ing different types of ferromagnetic nanoparticles in nematic liquid crystals (NLCs).
They provided a continuum theory of magnetic suspensions in NLCs and so contrived
the term as ferronematics [16]. In spite of several attempts in the past, only very
recently the successful experimental realization of a ferromagnetic liquid crystalline

material was reported by Mertelj et al. [17].

They prepared colloidal suspension of platelet type ferromagnetic nanoparticles in
pentyl cyanobiphenyl (5CB) liquid crystal at room temperature. Subsequently, they
studied on magneto-optic and converse magnetoelectric effects in these materials and
described the system by a simple macroscopic theory [18]. There are a few studies
on the physical measurements of liquid crystal nanocomposites based on ferromag-
netic nanoparticles. Most of the experimental results showed that the nanocomposites
are paramagnetic [15,19]. This recent discovery of unambiguous ferromagnetic liquid
crystals has created immense interest in the scientific community. A suspension of
ferromagnetic nanoplatelets in a NLC can be macroscopically described by coupled
]\_4> and n, where ]\_4) describes the density of magnetic moments. The coupling is a
result of the interaction of the NLC with the surface of the nanoplatelets. ﬁ directly
responds to magnetic and 7 to electric fields. However, due to their coupling, ]\_4> also
indirectly responds to electric field and inversely 7 to small magnetic fields. In this
chapter, we study magnetodielectric and magnetoviscosity response of ferromagnetic
LCs and in addition we also measured the splay elastic constant (K1) and rotational

viscosity (71).

5.2 Experimental

We used 4-cyano-4'-octylbiphenyl (8CB) liquid crystal obtained from Sigma-Aldrich.
It exhibits the following phase transitions: I 38.8°C N 32.5°C SmA 21.5°C Cr. We
prepared isotropic suspension of scandium-doped barium hexaferrite single-crystal
(BaFeq; 5S¢0 5019) magnetic nanoplatelets in isopropanol. The nanoplatelets are chem-

ically treated with a surfactant dodecylbenzenesulfonic acid, for homeotropic anchoring
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of the nematic director at its surface. The thickness of the platelets is about 5 nm, the
distribution of the platelet diameter is approximately 70 nm, and the standard devia-
tion is 38 nm [20]. The TEM image of the nanoplatelets is shown in Fig. 5.1(a). We
prepared ferronematic samples by adding appropriate amount of suspension in 8CB
liquid crystal. For example, 60 pl and 30 pl suspensions were added in each 100 ul of
pure 8CB to get ferronematics with 0.6 wt% and 0.3 wt% of nanoplatelets respectively.
The image shows that there is a large poly dispersity of the particles in the suspen-

Figure 5.1: (a) TEM image of the magnetic nanoplatelets.

sion. It was mixed in the isotropic phase (45°C) of the 8CB liquid crystal and stirred
with a glass rod. In addition, we sonicated it for 30 minutes and kept in the oven for
12-14 hours (at 60°C) for the evaporation of isopropanol from the mixture. Then we
quenched the sample into the nematic phase by immediately putting the sample with

glass container in the water at room temperature (Fig. 5.2).

Figure 5.2: Preparation of ferromagnetic nematic suspension.
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5.3 Results and discussion

5.3.1 Sample and texture observation

The physical appearance of the suspensions in the nematic phase with different weight
percentage (0, 0.3 and 0.6 wt%) of nanoplatelets is shown in Fig. 5.3. The sample

appears reddish with increasing concentration of the nanoplatelets.

Figure 5.3: Magnetic nanoplatelets suspended in 8CB liquid crystal at three different
concentrations: 0 wt.%, 0.3 wt.%, and 0.6 wt.% at 35°C.

We performed the preliminary texture observations of the ferromagnetic suspension
in the nematic phase by filling the sample in a planar cell under optical polarising
microscope (OPM) (Fig. 5.4(a) and 5.4(b)). It shows, the director is aligned uniformly

along the rubbing direction with no evidence of large agglomeration of the platelets.

(_‘i_,, (b)

Figure 5.4: Photomicrographs of aligned cell of a ferromagnetic suspension (0.6 wt.%
magnetic nanoplatelets) in the nematic phase under optical polarized microscope, po-
lariser (P) and analyser (A) are crossed. (a) The rubbing direction (R) is parallel to
P (b) the rubbing direction is at 45° with respect to P and A. Photomicrographs are

taken in the absence of magnetic field.

All the observations are made under crossed polarisers. In Fig. 5.4(a) the rubbing

direction (R) is parallel to the polariser and in Fig. 5.4(b) the rubbing direction is at

85



5.3. Results and discussion

45° with respect to polariser (P) and analyser (A). Fig. 5.5(a) and 5.5(b) show the
difference between, without and with the application of magnetic field respectively.
Here the applied magnetic field is perpendicular to the nematic director. With the
application of magnetic field, the magnetic domains are observed (Fig. 5.5(b)). The

size of these domains increase up to few hundred micrometers.

Figure 5.5: Photomicrographs of aligned cell of a ferromagnetic suspension (0.6 wt.%
magnetic nanoplatelets) under optical polarized microscope (a) without magnetic field

(b) with magnetic field. The green regions indicate the magnetic domains.

Figure 5.6: A schematic presentation of the director, n (black) and the magnetic
field (green) around the platelets (red and vertical short-lines). Black dots represent

cross-section of disinclination lines. Model adapted from Ref. [17]

A schematic representation of the magnetic nanoplatelets together with the LC di-

rector and cross-section of disclination lines is also shown in Fig. 5.6. The direction
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of magnetization is perpendicular to the plane of the nanoplatelets. The LC director
is anchored perpendicular to the nanoplatelets surface and forms a stable suspension
with a macroscopic magnetization along the director [17]. The stable suspension is
possible due to the competition between the nematic mediated elastic force and the
magnetic interaction between the nanoplatelets. The pairs of nanoplatelets in the
nematic phase interact as quadrupoles. The quadrupolar interaction between the par-
ticles is maximum, when the line joining between the particles makes an angle 50°
with respect to the nematic director. At this angle, the magnetic dipole interaction
is very small, which leads to a parallel orientation of the particles. This prevents the

agglomeration and gives a stable suspension.
5.3.2 Measurement of splay elastic constant (/K3;) and rota-
tional viscosity (1)

First we discuss some physical properties measured in the absence of magnetic field.

Figure 5.7 shows the temperature dependence of parallel (¢)) and perpendicular (/)

= 14 Jﬂ:ﬁ:ﬂzﬁ:ﬁtﬂcﬂzﬁzﬂzﬁzﬂ:ﬁﬂaﬁ%
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34 35 36 37
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Figure 5.7: Temperature variation of parallel () and (e, ) perpendicular components

of dielectric constant.

components of dielectric constant. It is observed that the dielectric anisotropy Ae (=
€| - €1 ) remains unaffected by the incorporation of nanoparticles. For example, in all

the samples including the pristine one, Ae ~ 8.
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Figure 5.8: (a) Splay elastic constant (K7;), and (b) rotational viscosity (1) in the
nematic phase of the sample. Vertically downward arrows indicate the decrease of
respective properties with increasing concentration of magnetic nanoparticles. Cell

thickness 13.1 pm.

The temperature dependence of splay elastic constant (K7;) is shown in Fig. 5.8(a).
We measured the splay elastic constant by using phase modulation technique (The de-
tails are discussed in chapter-2). It is measured directly from the Freedericksz threshold
voltage [21], i.e., Vi, = m\/ K11 /€. Ae. 1t is observed that K;; decreases with increasing
concentration of magnetic nanoplatelets. For example, at a particular temperature
(35°C), Kj; in the suspension (with 0.6 wt.% magnetic nanoplatelets) decreases by
22% compared to the pristine LC. We also measured the rotational viscosity (7;) from
the measurement of relaxation time (7,) in a planar cell using a phase-decay-time
measurement technique. The details of this technique are discussed in chapter-2. The
temperature variation of v; is shown in Fig. 5.8(b). It is observed that 7, decreases
with increasing concentration of magnetic nanoplatelets. For example, at 35°C, v, (0.6
wt.% nanoplatelets) is reduced by 11% compared to the pure nematic LC. In the mean
field theory [21,22], both Ki; oc S? and v, o< S?. The decrease of S in the suspensions

(0.6 wt.% magnetic nanoplatelets), according to dielectric anisotropy measurement is
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less than 4%. Hence, the decrease of K1; and 7, cannot be due to the decrease of S

alone as both decrease more than that expected from the decrease of S.

5.3.3 Magnetodielectric measurements

To study the magnetodielectric effect, we filled the sample in a planar cell and the
magnetic field is applied perpendicular to the director (n), i.e., § 1 n. Fig. 5.9(a)
shows the variation of effective dielectric constant (e.rr) with magnetic field in pure
8CB in the nematic phase. It is observed that e.f; increases rapidly beyond the
Freedericksz threshold magnetic field (~ 128 mT) (Fig. 5.9(a)) and tends to saturate
at higher field as expected. The magnetic field dependence of e.sf in the suspensions
is significantly different. We filled the sample in the planar cells (thickness 60 pm) in
the absence of external magnetic field, so initially they were magnetically polydomain
state. During the first measurement (Fig. 5.9(b)), we observed that e.;; increases
slightly with magnetic field up to 4mT, and beyond this field it increases steeply.
Finally, it saturates above a magnetic field of 10 mT. The saturation in €.y is a
signature of a magnetically monodomain state.  In the decreasing field, it shows
hysteresis in the dielectric constant. It is due to the transformation from a polydomain
to a monodomain state. However, due to the domain wall pinning at the surface
imperfections, this transformation is not complete; as a result, we also observed the

hysteresis in the successive measurements.

We performed the second measurement (Fig. 5.10), 20 min after the first one.
During this time, the value of €.¢¢ (at 1 mT) is reduced from 10 (at 0.6 wt.% in Fig.
5.9(b)) to 8 (Fig. 5.10), which shows that the additional magnetic relaxation of the
sample occurred (e.g., slow motion of domain walls). In the second measurement, €.f¢
steeply increases with the external field as expected in a monodomain sample (Fig.
5.10). In the decreasing field, the curve is almost identical to the first measurement.
The time lapse between two successive measuring points in both measurements was 30
s. The first measurement shows the growth of magnetic domains, which is governed
by the motion of domain walls and during this measurement the sample is almost

transformed from polydomain to a monodomain state. In pure 8CB, 7 is directly
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Figure 5.9: (a) Variation of effective dielectric constant (e.;r) with magnetic field (B)

of pure 8CB at 36°C. (b) Variation of €.f; with magnetic field of a few samples with

different concentrations: 0 wt.% (blue spheres), 0.3 wt.% (red squares), and 0.6 wt.%

(green hexagons).

Upward and downward arrows indicate the data collected during
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Figure 5.10: Variation of effective dielectric constant (e.sr) with magnetic field (B) in

the second measurement.
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coupled to ?, whereas in the suspensions the coupling between n and § is indirect.
The external magnetic field § directly induces reorientation of magnetization ]\_4) and
since ]\_4) is coupled to the orientation of 7; § indirectly causes a reorientation of 7.
The latter results in the increase of e.;r. Here the reorientation of 7 is smaller than
the reorientation of ﬁ and so the saturated value of €. in the suspensions is smaller
(Fig. 5.9(b)) than in the pure 8CB (where orientation of 7 is directly coupled with
the external field) (Fig. 5.9(a)) [18] . Here we observed that the saturated value of
€efs in the suspensions with higher concentration of platelets is larger (Fig. 5.9(b)).
This is expected, since the saturated value depends on the coupling between ]\_4) and

n, which is larger for higher density of the nanoplatelets.

5.3.4 Magnetoviscosity measurements

Magnetoviscosity measurements were made by using the magnetorheology setup. The
details about this setup are discussed in chapter-2. The direction of the magnetic
field is perpendicular to the plane of the plates. The variation of shear viscosity with
magnetic field is shown in the Fig. 5.11. In pure 8CB, the shear viscosity (7.rs) at
zero magnetic field is 25 mPa s and it is comparable to the Miesowicz viscosity 7, of
the nematic phase of the pure 8CB [23]. It suggests that the untreated plates of the
rheometer induce almost planar alignment of the director along the shear direction
(Fig. 5.11(a)). As the magnetic field is increased, the viscosity increases beyond 120
mT and reaches to about 40 mPa s at around 1 T. The measured viscosity in the
decreasing field is lower than that measured during increasing magnetic field. This
is because in the freshly loaded samples, usually there are many defects (disclination
lines) and the sample is less homogeneous. In the ferromagnetic LC, the viscosity
exhibits three distinct regimes. In the very low field region (below 10 mT), n.rs (= 12)
is almost constant and increases rapidly in the intermediate field range (10 mT to 20
mT). At relatively higher field, 7.s; saturates and exhibits hysteresis, while the field
is reduced to zero (Fig. 5.11(b)).

In the suspension with 0.3 wt.% magnetic nanoparticles, at zero magnetic field, 7.ss

= 25 mPa s and it increases up to 62 mPa s in the saturation region and finally reduced
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Figure 5.12: Orientation of director (7) and magnetization (M) at (a) zero and (b)

finite field. The horizontal lines represent the direction and magnitude of shear velocity

(V).
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to 27 mPa s at zero field. The viscosity at the zero field is equal to that of the pure
8CB sample and hence comparable to Miesowicz viscosity 7;. The effective viscosity
in the saturated region is almost comparable to the Miesowicz viscosity 7, of the pure
8CB at the same temperature [23]. This suggests that the director is almost parallel
to the magnetic field (perpendicular to the shear direction) as schematically shown in
Fig. 5.12(b). This technique helps us to measure two Miesowicz viscosities using a
very small magnetic field. In the suspension with 0.6 wt.% magnetic nanoplatelets, the
overall behavior is almost similar except that the values are larger and this is expected

as the viscosity is linearly proportional to the phase volume of the nanoparticles.
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Figure 5.13: Variation of shear viscosity (7.ss) with magnetic field of 0.6 wt.% sus-

pension in the second measurement.

We performed the second measurement (Fig. 5.13), 20 min after the first one. The
field dependence of viscosity at the second measurement (Fig. 5.13) is significantly
different from the first measurement (Fig. 5.11(b), at 0.6 wt.%) and somewhat similar
to that is observed in the magnetodielectric measurements. We attributed this be-
havior to the growth of magnetic domains, resulting in the magnetically monodomain
sample as mentioned previously. The second measurement shows the behavior of a
monodomain sample. In the second measurement at the smallest field (1 mT), the
viscosity is larger than that of the first measurement (Fig. 5.11(b), at 0.6 wt.%),
and further it steeply increases and saturates above ~ 15 mT (Fig. 5.13). In the
magnetodielectric measurements, there is a competing orienting mechanism. The cell
surfaces induce parallel orientation of the director, and the magnetic field induces per-

pendicular orientation of the same. On the other hand, in the rheological experiment,
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parallel orientation is induced by flow and this competes with the magnetic alignment

(Figs. 5.12(a) and 5.12(b)).

5.4 Conclusion

We found that the splay elastic constant and rotational viscosity are reduced in the
ferronematic LC. The low field magnetodielectric and magnetoviscosity responses re-
markably differ in the suspension from the pure LC due to the orientational coupling
between the director field and the magnetization. The low magnetic field effects in
these ferronematic materials make them useful for multipurpose applications because
these are useful for both display and non-display applications such as a smart fluid. The
small amount of magnetic nanoparticles (e.g. 0.3 wt.%) do not change the Miesowicz

viscosities but facilitate the measurement at a significantly low magnetic field.
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6

Rheological studies on
liquid-crystal-colloids prepared by
dispersing microparticles with

homeotropic surface anchoring

6.1 Introduction

In the previous chapter we have studied the magnetodielectric and magnetoviscosity
properties of ferromagnetic nanoplatelets suspended in nematic liquid crystals. In
this chapter we discuss the defect induced microstructures by spherical microspheres

and their effect on the rheological properties.

The colloidal dispersion in isotropic liquids like water, oil etc have been studied since
decades due to their wide range of applications. However, the study of dispersion of
nano and micro particles in anisotropic liquids like lyotropic and thermotropic liquid
crystals (LCs) have created an immense interest in last two decades [1-6]. These are
known as LC-colloids. The details about the LC-colloids and the induced topologi-
cal defects are discussed in chapter-1. There have been many interesting experimental
studies reported on liquid-crystal-colloids. In most studies the attention has been paid
on the topological defects induced by a variety of particles or the laser assisted self-
assembly, manipulation of defects by optical tweezers [2-4,7,8]. However, a few studies

have been made on the bulk and rheological properties of liquid-crystal-colloids. For
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example, Oswald et al. studied the rheology of a lyotropic lamellar phase, where they
showed under shear-flow how the dislocation loops cross and connect the layers and
disturb the flow [9]. Meeker et al. have found an unusual soft-solid state in 5CB
(pentyl cyanobiphenyl) liquid-crystal-colloids prepared by dispersing PMMA (poly-
methylmethacrylate) nanoparticles (250 nm) [10]. Petrov et al. showed that solid
cellular structures are formed in these systems [11]. Anderson et al. have studied
the details of the morphology of the cellular microstructures [12]. Subsequently they
studied the mechanical properties of the nematic matrix with the cellular morphol-
ogy [13]. The origin of cellular structure was studied and discussed by Vollmer et
al. [14,15]. Raghunathan et al. studied the elastic properties (splay and bend) of ly-
otropic liquid-crystal-colloids and found no substantial change in the elastic constant
in the low particle concentrations (< 2%) [16]. Poulin et al. have studied the phase
separation and morphology of lyotropic colloidal systems made of small particles (60
to 120 nm latex polyballs) [17]. Zapotocky et al. investigated the effect of bigger silica
particles (about 1 pm) in cholesteric LCs. From the rheological studies they showed
the effect of network of disclinations connecting the bigger clusters of particles [18].
Wood et al. dispersed nearly a micron sized particles in 5CB and showed that the
elasticity of the LC-colloids increases beyond a certain concentration. They showed it
was due to the formation of percolating network structure of disclination lines. These
lines are entangled with the particles giving a self-quenched defect glass state of line
defects [19]. Bandyopadhyay et al. studied the rheology of LC-aerosil (7 nm) compos-
ites of SmA liquid crystal (8CB) and reported a soft glassy behavior of the composites
with increasing particle density [20]. In all the above experiments, topological defects
induced by the particles play a crucial role and these defects were induced mostly due

to the spontaneous anchoring of the molecules on the particle’s surface.

In this chapter we study the rheological properties of LC-colloids prepared by dis-
persing silica microparticles in 8CB LC. The particles are treated for homeotropic
alignment of the LC molecules at the surface that usually induce hyperbolic hedge-
hog, Saturn ring or escaped defects (bubble-gum defects) depending on the surface
anchoring and confinement. We performed rheomicroscopy studies that reveal shear
dependent microstructural change of the nematic-colloid that gives shear thickening.

Our study suggests that with increasing volume fraction, the SmA-colloids tend to
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emerge from soft-glass to shear induced ordered state of colloids.

6.2 Experimental

In the experiment we used monodisperse silica microspheres (average diameter 5 pm),
coated with octadecyldimethyl[3-(trimethoxysilyl)propyl]ammonium chloride (DMOAP)
to obtain perpendicular (homeotropic) alignment of LC molecules on the surface. Rel-
atively larger size of the particle was chosen (than previously reported) for the purpose
of simultaneous optical rheomicroscopy studies. The microspheres with different vol-
ume fractions (¢) namely 1 to 20% were dispersed in the nematic phase of 8CB liquid
crystal by using a vortex mixture and ultrasonication. We used rheomicroscopy setup
for all the rheological measurements. The details about this setup are discussed in
chapter-2. A polarizer and an analyzer were kept crossed and placed in the micro-
scope tube in appropriate places. The gap maintained between two parallel glass
plates was 0.075 mm. We used 8CB LC which exhibits the following phase sequence:
[ 39.7°C N 32.4°C SmA. All the experiments were performed in cooling the sample

from the nematic to SmA phase.

6.3 Results and discussion

First we observed the samples under polarizing optical microscope keeping it between
two untreated glass plates. There was no appreciable change in the nematic-isotropic
phase transition temperatures. It is also confirmed by differential scanning calorimetry
(DSC) studies. Figure 6.1 shows the DSC measurements showing the temperature de-
pendent heat flow on heating and cooling the sample at different volume fractions. We
observed that there is no distinguishable change in the phase transition temperatures

with increasing volume fractions.

Figure 6.2(a) shows the image of composite with volume fraction of particle 10% at
room temperature (SmA phase) on the bottom plate of the rheometer. Figure 6.2(b)

shows the image when it is heated above the nematic-SmA phase transition. We also
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Figure 6.1: Temperature dependent heat flow on heating and cooling of the sample at

different volume fractions.

observed that the sample in the nematic phase tend to flow while SmA behaves like a

semi-solid.

SmA (25°C)

Nematic (35°C)

Figure 6.2: Physical appearance of the sample with ¢ = 10% volume fraction of
particles during mounting. (a) SmA phase (25°C) and (b) Nematic (35°C).
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6.3.1 Nematic colloids

Figure 6.3 shows the texture observed under rheomicroscope after mounting (with-
out shear). Most of the particles are agglomerated in smaller domains and only a
few of them are dispersed individually. The isolated particles in Fig. 6.3 show four
visible colored lobes of director distortion suggesting they have quadrupolar director

configuration [19].

Figure 6.3: Rheomicroscopy image taken under crossed polarizers without shear for
¢ = 1% in the nematic phase (35°C). Four bright lobes showing the director distortion

due to the Saturn ring defects associated with the particles.

The sample was presheared at a low shear rate (=10 s7!) for 5 minutes before
starting the measurements. Figure 6.4(a) shows the shear rate dependent shear stress
at different concentrations of particles in the nematic phase (35°C). The apparent yield
stress (o) is increasing with increasing volume fraction of particles. Above shear rate
10 57!, the stress is proportional to the shear rate and this behavior is typical for

nematics at high shear rate.

Figure 6.4(b) shows the variation of apparent yield stress (o) as a function of volume
fraction (¢). Up to ¢ = 5%, it shows a small but linear increase and beyond this o,
changes slope and increases rapidly. For example, o, at ¢ = 20% is approximately 200
times larger than that of the pure 8CB (Fig. 6.4(b)). The linear increase of stress is
expected in dilute colloidal systems (Einstein’s relation). The rapid increase in the o,

suggests that there are some collective response of the particles.
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To get more insight into the dilute systems, we looked at the textures in the rheomi-
croscope and measured the shear rate dependent viscosity at various temperatures.
The sample was presheared at a high shear rate (¥ = 500 s!) for 5 minutes to dis-
perse the particles. Figure 6.5 shows the variation of apparent viscosity at ¢ = 1%
in the nematic phase at various temperatures. A clear shear thickening behavior is
observed in the nematic phase (with particles) at all temperatures in the low shear
rate range. This behavior is significantly different than the shear thinning behavior of

nematic without particles (open circles in Fig. 6.5).

Figure 6.6 shows some representative images taken at different shear rates at tem-
perature 33.5°C for ¢=1%. With increasing shear rate, different microstructures of
the particles are observed. In the low shear rate range (0.01 - 0.4 s'), the colloidal
chains are bridged to form a network structure. The increase of the yield stress (Fig.
6.4(b)) with volume fraction of particles is due these network structure. In the shear
thickening region the network is stretched, accompanied by deformation of the bridg-
ing chains. Increasing the shear rate increases the stress on the network structures and
once the critical force is exceeded (about 4=0.6 s7!) they begin to break into smaller
chains showing a shear thinning behavior. The shear thinning continues as long as the
breaking process continues. At higher shear rate (¥ = 39.8 s71) the chains start to
break and forms relatively shorter chains. This shear thickening mechanism is some-

what similar to those reported in micelle forming associating polymers in water [21].

At much higher shear rate 4 = 100 s~! many chains tend to align normal to the shear
direction. At the same time many long disinclination lines are appeared (Fig. 6.6 4 =
100-150 s71). These line defects could be similar to those observed in micro-channels
by Sengupta et al. [22]. With increasing shear the nematic director is orientated more
uniformly and the nearly perpendicular orientation of the chains is consistent with the
quadrupolar defect structure. In particular, in aligned cells, the quadrupolar chains
tend to align perpendicular to the nematic director. At very high shear rate (above ¥ =
200 s~1) the short chains further break into individual particles which are connected
by the disclination lines. This can be understood based on the competing effect of
shear energy and elastic interaction energy of the particles. The approximate shear

energy of a particle can be written as E = 6mnyha®, where 7 is the apparent viscosity,
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1e0US

Figure 6.6: Representative rheomicroscopy images taken during the measurement of
shear rate dependent shear viscosity in the nematic phase at 33.5°C for ¢=1%. Red

arrows indicate the disclination lines.
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‘h’ is the gap between the plates and ‘a’ is the radius of the particles. The estimated
shear energy at 4 =20 s~! is about 10 SkgT. Typical elastic interaction energy per
particle is about a few thousand kg7 [4]. However this energy is expected to be a
few orders of magnitude larger in the network (because a large number of particles
are involved) and comparable to the shear energy. When the shear energy exceeds the

elastic interaction energy, the breaking of chains into individual particles is expected.

6.3.2 SmA Colloids

Induced defects and colloidal interaction in SmA liquid crystals is not well understood
so far. There are a few studies on the transformation of the topological defects across
the nematic-SmA phase transition [7,8,23] in uniformly aligned cells. The induced
disorder by the foreign particles in the SmA phase is expected to affect the mechanical
properties. Hence we carried out rheological measurements in the SmA phase.

37°C (N)

32.4°C (Ty.sma) 28.5°C (SmA)

—

100um

Figure 6.7: (a) Some representative rheomicroscopy images taken across the N-SmA

phase transition (shear rate ¥ = 1 s71).

Figure 6.7 shows some representative rheomicroscopy images taken across the N-SmA
phase transition. We observed that as the SmA phase is approached, the networks
tend to get compressed and in the SmA phase the particles are collapsed creating focal
conic texture. The regions without particles are well aligned (no focal conic texture).
Unlike the nematic phase, no colloidal chains are observed in the SmA phase. Isolated
colloidal particles with quadrupolar defect across the N-SmA phase transition has been

studied by us in planar aligned cell [23]. The Saturn ring disappears at the transition
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and there is a boundary condition violation at the interface and clear layer structure

around the particles cannot be directly deduced from the optical micrographs [23].

Figure 6.8 shows the variation of shear stress in the SmA phase (28°C) at various
volume fractions. The apparent yield stress (o,) increases with increasing volume
fraction of particles. For example, o, for pure SmA is about 0.33 Pa and it increases

to 51 Pa at ¢ =20% hence this is about 150 times larger (Fig. 6.9).

10 —=— Pure 8CB SmA (T=28°C)
t——0=1%
3E A =5% o
10 +¢:10% ““00‘: vvvv
2:_ e $=20% i
=10 M
a9 [
6 I
10 ¢
10"

V(s™
Figure 6.8: Shear rate dependent shear stress in the SmA phase (28°C) at various

volume fractions (¢) of particles.

150

100

pure

o 5 10 15 20
Volume fraction, ¢ (%)

Figure 6.9: The apparent yield stress (o,) with ¢ obtained from Fig. 6.8.

Figure 6.10 shows the variation of storage (G") and loss (G') moduli, as a function of
applied strain ~ at different volume fractions. Two important observations are made;
(1) both the elastic moduli (G' and G") increase and (2) the critical strain amplitude

e (crossover of G and G”) decreases with increasing ¢.
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Figure 6.10: (a) to (e) Strain dependence of the storage G' and loss G" moduli with
increasing volume fraction of particle at constant angular frequency w = 1 rad/s at
T=25°C. The arrows indicate the crossover. (f) The variation of critical strain ampli-

tude, 7. (the cross over of G' and G” ) at different volume fractions.
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For example, G is 300 times larger in LC-composite with ¢ = 20% compared to the
pure 8CB. The variation of ~, (strain induced yielding) with ¢ at two different tem-
peratures is shown in Fig. 6.10(f). It is observed that 7. is decreasing with increasing
¢. For example, the value of 7, for 0 to 10% is one order of magnitude larger than
that of » =20%. This behaviour can be explained based on the jammed domains of
particles as seen in the rheomicroscopy (Fig. 6.7, SmA phase). With increasing ¢, the
number density and size of these jammed domains increase. As they are fragile, under
low strain amplitude they can break and flow as a result the critical strain amplitude

(7.) is expected to decrease [24].

It is known that the colloidal suspension can undergo glass transition with increas-
ing particle concentration and can crystallize under favourable condition [24,25]. To
see this aspect we studied the frequency dependence of the storage (G') and loss (G")
moduli. Figure 6.11 shows the angular frequency dependence of G' and G at different
volume fractions. The SmA phase (without colloids) shows typical frequency depen-
dence i.e., both moduli are increasing with frequency. It is noted that for ¢ =1, 5 and
10%, G” (w) exhibits a shallow minimum. This is due to the increase in G (w) at both
lower and at higher frequencies. The low frequency rise is due to a very slow structural
rearrangement of the particles suggesting there exists a relaxation process. The high
frequency rise signifies the domination of viscous relaxation of fluid phase [26,27]. This
is also a typical characteristic of many colloidal soft glasses. Hence we analyze the
results based on the soft glassy rheology model. In this model the real part of the
storage modulus is given by [28,29]:

G'(w) = Gy + Bu” (6.1)

where G, is the plateau modulus that arises due to the static defects in SmA and the
frequency dependent term results from the bulk response of the materials. [ arises

from the disorientated (misaligned) parts of the sample [20,28,30].

The fit parameters are plotted with volume fraction in Fig. 6.12. It is observed
that o decreases with increasing volume fraction and tends to zero (o — 0) upto
¢ = 10% (Fig. 6.12(a)). Similar behavior was also observed in many colloidal soft

glass materials [20,25]. The variation of the ratio G* /G with ¢ is also shown in
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Figure 6.12: Variation of « characterizing the power-law contribution to G’ (w) and
the ratio of G" /G as a function of volume fraction of particles (¢). (b) Variation of
fit parameters, G, and 3 obtained from the fitting of G’ (w) data with respect to ¢ .
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Fig. 6.12(a). We observed that G" /G’ ~ « as expected in the soft glassy rheology
model [20,29,31]. Fig. 6.12(b) shows the variation of G, and  with volume fraction.
The increase of g with ¢ indicates that the contribution from the disoriented parts of
the sample increases due to the inclusion of the particles. The increase of GG, indicates
that the smectic defects dominate this soft glassy rheology. Theoretically in analogy
with rubber elasticity the elastic response of static defect-networks should vary as
G, ~ p*, where p is the density of the particles [20,28]. In our experiment we find
that G, ~ ¢8£02 (Fig. 6.12(b)). Similar exponent was also reported in case of aerosil
dispersed SmA liquid crystals (8CB) [20]. At higher concentrations (¢ =20%), both «
and the ratio G" /G’ tend to increase with ¢. We conjecture that at this high volume
fraction of particles under oscillation some short-range order among the particles is

developed.
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6.4 Conclusion

We studied the rheological properties of nematic and SmA LC-colloids prepared by
dispersing spherical microparticles with homeotropic boundary condition in 8CB lig-
uid crystals. The microparticles in the nematic phase create chains mediated by the
induced defects with quadrupolar director configuration and form networks with in-
creasing volume fraction. We observed a shear thickening behavior in the low shear
rate range. The rheomicroscopy studies in the nematic phase reveal the shear-rate de-
pendent distinct dynamics of the networks. The dynamic response of the SmA colloids
shows a soft glassy rheology with increasing volume fraction up to a certain range. Fi-
nally, our study reveals that the rheological properties of nematic and SmA colloids

are significantly contributed by the particle induced defects and their self-assembly.
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