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Preface

Liquid crystal (LC) is an intermediate state of matter between completely ordered
crystals and completely disordered liquids. LCs possess long range orientational order
with no positional order and exhibit different phases depending on the orderliness. The
most common phase, Nematic (N), forms when the LC molecules get aligned locally
(over a few micrometer) along a certain direction, the average of which is called the
director, n. Like crystals, LCs also exhibit topological defects in the form of points
or lines, known as disclination lines which are formed due to the symmetry breaking
phase transition from the isotropic phase to the nematic phase. The defects are the
discontinuities in the director field where the orientation of the molecules can not be
defined uniquely. These topological defects can also be induced in a uniformly aligned
LC medium by introducing foreign particles with certain surface anchoring conditions.
For example, particles with normal anchoring to LLC molecules could nucleate either
a hyperbolic hedgehog (dipolar) or a Saturn-ring defect (quadrupolar) depending on
the anchoring strength and the cell confinement while particles with degenerate planar
anchoring stabilise boojum defects. Here the dipolar and quadrupolar terms represent
the type of director profile (transverse components) around the particles in analogy
with electrostatics. The elastic distortion around the particles facilitates anisotropic
long range interaction among them, instigating spontaneous self-assembly which is
in general of high interest in the context of colloidal crystals for photonic band gap

materials and tunable devices.

The LC medium acts as a fascinating dielectric medium for the study of electrophore-
sis. Under external electric field, the conductivity anisotropy and the director structure
play an important role in separation of free charges over a length scale of particle’s
dimension. Symmetric director profiles around the particles make them immobile. If
the director profile around the particle breaks the fore-aft symmetry of the surround-
ing fluid flows, then the particle starts propelling, a phenomenon known as liquid
crystal-enabled electrophoresis (LCEEP). Such an ability of LC medium to bring out
activeness to the dispersed particles is important for both fundamental and techno-

logical perspectives.



Designing self-propelled or externally powered particles is a topic of immense inter-
est in the area of soft and active matter physics. The control over the dynamics of
particles is a very important for developing new technologies. Propulsion of particles
in fluids at low Reynolds number resembles the swimming mechanism of many living
micro-organisms like bacteria, algae, etc. These particles are usually transported by
electrophoresis, diffusiophoresis, thermophoresis and light. Recently, electrophoresis
of symmetric particles in LCs have been studied. The direction of motion of the par-
ticles is guided by the nematic director field pattern and consequently, it lacks the
tunability of the particle trajectories. We focus on the electrophoretic mobility of
surface asymmetric particles, namely Janus (metal-dielectric) particles, accompanied
with different types of defects, dispersed in LC medium. This thesis mainly aims at
studying and manoeuvring the direction of transport of the particles. In addition,
we present a novel method of measuring induced dipole moment of metal-dielectric
Janus particles. Finally, we investigate the orientation dependent elastic interactions
of hematite peanut-shaped particles and estimate magnetic moment of the particles

from the competing effect between the elastic and magnetic torques.

The first chapter gives a brief introduction to different liquid crystal phases, phys-
ical properties and topological defects. We also discuss about the induced defects
by dispersing microparticles with different surface anchoring conditions in uniformly
aligned LC medium. We also present an introduction to the non-linear electrophoresis

of particles in LCs.

The second chapter consists of all the relevant experimental techniques needed
for studying colloidal interactions, effect of electric and magnetic fields in the nematic
liquid crystals. Experiments including sample preparation, cell preparation (both in-
plane and out-of-plane cells), polarizing optical microscopy and particle manipulation
using optical tweezer etc. are explained in detail. Finally, we discuss about the exper-
imental procedure for observing the electro-osmotic flows and the required software

and mathematical programmes used for tracking trajectory of the particles.

In the third chapter, we focus on electrophoresis of metal-dielectric Janus particles

nucleating Saturn-ring defect encircling the particle by creating symmetric director



profile in the nematic LC. We create controllable active Janus particles which acquire
motility through a nematic liquid crystal film by transducing the energy of an imposed
perpendicular AC electric field. We show that the direction of transport of Janus
particles is purely dictated by the orientation of the metal-dielectric interface i.e angle
between the Janus vector § and the far field director. The underlying mechanism
exploits the sensitivity of electro-osmotic flow to the asymmetries of the particle surface
and the quadrupolar defect structure. We present a calculation of the dipolar force
density produced by the interplay of the electric field with director anchoring and the
contrasting electrostatic boundary conditions on the two hemispheres, which accounts
for the dielectric-forward (metal-forward) motion of the colloids due to induced puller
(pusher) force dipoles. We achieve complete command over the particle trajectories
by varying field amplitude and frequency of the applied field. We demonstrate the
navigational capabilities of particles. These results open unexplored directions for
the use of colloids and liquid crystals in controlled transport, assembly, and collective

dynamics.

In the fourth chapter we study the electrophoresis of Janus particles with degen-
erate planar anchoring condition on the particle surface which induces two antipodal
surface defects, known as boojums in a thin film of liquid crystal. Even though boojum
Janus particles have quadrupolar symmetric director structure, the electro-kinetics of
the particles is significantly different. In a sharp contrast to the propulsion of Saturn-
ring Janus particles, we show that the boojum Janus particles self-propel along all
possible directions on a plane perpendicular to the electric field but always facing the
metal hemisphere. We control the direction of motion of boojum Janus particles by
changing the amplitude and frequency of the field and show that the navigational
capability of boojum Janus particles is markedly different than that of the Saturn-
ring Janus particles. We show that the electro-osmotic flow of fluids around a static

boojum Janus particle is always pusher type.

In the fifth chapter, we study electrophoresis of metal-dielectric Janus particles
with dipolar director symmetry in two nematic liquid crystals (LCs) having same sign
of conductivity anisotropy but opposite sign of dielectric anisotropy. The applied ac

electric field is parallel and perpendicular to the director for positive and negative



dielectric anisotropy LCs, respectively. We show that the Janus dipolar particles
propel faster than the non-Janus dipolar particles in both LCs. The propelling speed
of Janus dipolar particles is also significantly higher compared to the quadrupolar
Janus particles studied previously. We map the electro-osmotic flows surrounding a
fixed particle using micro-particle image velocimetry (u-PIV) technique and show that
the flows on the metal hemisphere is stronger than that of the dielectric hemisphere
and pumping of LC along the direction of motion of Janus particles is more compared
to that of the non-Janus particle. Altogether, Janus dipolar particles demonstrate
efficient electrophoresis compared to both Janus and non-Janus quadrupolar particles.

These findings may be useful for active matter, microrobotic and microfluidic devices.

In the sixth chapter, we demonstrate a novel method for estimating the induced
dipole moment of individual Janus particle dispersed in a nematic host. Here, we
focus on a pair of metal-dielectric Janus quadrupolar colloids assembled as a result
of attractive elastic forces between them. Upon application of the electric field, the
particles get polarized and a net electric dipole moment is induced along the direction
of the field as a result of which the particles experience electrostatic repulsion. From
the competing effect between the attractive elastic and repulsive electrostatic forces, we
estimate the induced dipole moment of the Janus particles. Here the electric field is low
enough so that the effect of electrokinetic flow is negligible. We theoretically calculate
electric polarizability using Clausisus-Mossotti factor and show that the experimental
results agree well with the theory. Although, our study focuses on spherical particles
in nematic liquid crystals, this method is applicable to all microscopic Janus particles

irrespective of their shape in a variety of liquid crystals.

In the seventh chapter, we report experimental studies on spontaneous orientation,
mutual interaction, laser assisted self-assembly and the effect of external magnetic
fields on the hematite peanut-shaped particles dispersed in a nematic LC. Majority
of the particles spontaneously orient either parallel or perpendicular to the nematic
director. Particles oriented parallel to the director nucleate dipolar director distortions
while the particles oriented perpendicularly exhibit two types of quadrupolar textures
due to the out of plane tilting, which is corroborated by the Landau-de Gennes Q-

tensor modelling. The transverse magnetic moment (1.7 x 107 emu) of the peanut-



shaped colloids is estimated by using a simple analysis based on the competing effects

of magnetic and elastic torques.
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1

Introduction

1.1 Liquid Crystals

iquid crystal (LC) phase usually appears between the completely ordered solid
L crystals (Fig.1.1(a)) and the disordered isotropic liquids (Fig.1.1(c)). Although
LCs show flow properties at macroscale, on the molecular scale, it possess an orienta-
tional order (Fig.1.1(b)). They are consist of shape anisotropic organic molecules and

the interaction between them leads to orientational ordering. As the name suggests,

(@) (b)\ ' (0)1 '\
' 0\ .\/I(
/Q,

Figure 1.1: Schematic representation of the molecular arrangement in a (a) solid crystal

exhibiting both orientational and positional order, (b) LC with only orientational order

and an (c) isotropic fluid with neither positional nor orientatinal order.

LCs exhibit both liquid-like properties like viscosity, surface tension as well as solid-like
properties like anisotropy in optical (birefringence) and electrical (dielectric permittiv-
ity and conductivity) properties [1,2]. LCs are broadly classified into two categories
namely, thermotropic and lyotropic. Thermotropic LCs possess different phases as a

function of temperature whereas lyotropic LCs show phase transitions as a function



1.1. Liquid Crystals

of both temperature and concentration of LC molecules in a solvent. Thermotropic
LCs are further classified into calamitic, discotic and bent-core LCs if the constituent
molecules are rod-shaped, disc-shaped and bent-shaped, respectively. Thermotropic
calamitic LCs exhibit several phases such as nematic, smectic, cholesteric etc. In the

next section, we briefly introduce these phases.

1.1.1 Nematic phase (N)

Nematic phase is the most common LC phase which has the least order and the highest
symmetry. The word nematic comes from a Greek word nema which means thread and

the name was justified due to the presence of thread like defects. In nematic phase, the

@bwvﬁw{
W
W)

Figure 1.2: (a) Schematic representation of a nematic phase. The average orienta-

tion of molecules is represented by a double headed arrow known as director, fi. (b)

Schlieren texture of a nematic (adapted from ref. [3]).

molecules have long range orientational order with no positional order. The elongated
molecules tend to align locally (over a few micrometer range) along a certain direction
called the director and is denoted by i as shown in Fig.1.2(a). A Schlieren texture is
shown in Fig.1.2(b). Nematic phase is apolar in nature i.e, fi and -fi are equivalent.
Most of the nematics have rotational symmetry along the director, consequently they

are uniaxial.

1.1.1.1 Nematic order parameter

An order parameter is a measure of degree of order of a system which changes across

the phase transitions. In nematic phase, the scalar order parameter S is the ensemble
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average of the second Legendre polynomial which describes the degree of orientational
ordering of the molecules. In order to express S, let us consider the director is along
Z-axis and orientation of the molecules is characterized by the azimuthal angles,

and ¢ as shown in Fig.1.3(a). The state of molecular alignment can be described

(a) (b) (c)
Z
@1
g
0 § %
5 = 505
- E »X e
5 )
0 /2 m 0 Tur
v 0 Temperature —>

Figure 1.3: (a) Characterization of orientation of a molecule in spherical polar coordi-
nate. Director 11 is along z-axis. (b) Distribution function f(#) versus 6 for molecular
alignment. f(6) is small for constituents normal to fi, i.e # = 7/2 and it is large for
6 = 0 or 7. (c) Typical behavior of scalar order parameter of a NLC with temperature.

T 7 denotes the isotropic to nematic phase transition temperature.

by a distribution function f(6, ¢) which provides the probability of finding a molecule
oriented within a solid angle dQ as dp = 1= f (0, ¢)dQ = 4= f (0, ¢)sinfdfd¢. For uniaxial

4

nematic, f(0,¢) is independent of ¢ (Fig.1.3(b)), hence can be expressed as

£(8,0) = £(0) = ZZq fu Pu(cost) (1.1)

where P, (cosf) is the n'" Legendre polynomial and f,, = 252 [ £(0) P, (cosf)d(cost)
is the corresponding coefficient. The first term, fy = 1 and all the odd order terms
vanish as i and —i are equivalent. Thus, the first non-zero contribution comes from

the quadrupolar term f, which defines the order parameter as
1
S = (Py(cosb)) = 5(300529 —-1) (1.2)

where (...) denotes the ensemble average of the molecules. Due to the apolar nature
of the nematic phase, the order parameter is a second rank tensor and for a uniaxial

nematic it can be expressed as [1]

Sus(7) = Sra(Fns(7) — 30 (1.3
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where the term n, (7)ng(7) represents the spatial variation of n(7). Theoretically, S can
vary from 0 (isotropic phase) to 1 (completely ordered phase), as shown in Fig.1.3(c).
The sharp discontinuity in S at the nematic to isotropic phase transition (7;) denotes
the first order phase transition. However, experimentally S varies approximately from

0.3 at N-I transition to 0.8 at lower temperature.

1.1.2 Cholesteric phase (N*)

The chiral nematic phase, broadly known as cholesteric phase exists when either chiral
dopants are added to the nematic phase or the molecules are inherently chiral. The
chirality of molecules causes a twist in the director structure, which rotates in a helical
manner (Fig.1.4(a)). The director completes a full rotation along the helical axis over
a distance, called pitch p and the repetition occurs at a distance p/2 as fi and -fi
are equivalent. Typically pitch varies in the range of 200-1000 nm depending on the

chirality and it is temperature dependent. A schlieren texture is shown in Fig.1.4(b).

Figure 1.4: (a) Schematic representation of molecular arrangement in cholesteric phase.
(b) Polarizing optical micrograph (POM) of a cholesteric phase showing oily streaks
(adapted from ref. [4]).

1.1.3 Smectic phases

In smectic phases, the molecules possess one dimensional positional order in addition
to the long-range orientational order. That’s why smectic liquid crystals are known
as l-dimensional crystals. The positional ordering gives rise to layer structure where

the molecules in each layer possess orientational order. Depending on the type of

4
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molecular arrangement within a layer, there are several subcategories of smectic phases

like smectic-A, smectic-C, smectic-C*, etc

(d)

Figure 1.5: Schematic representation of alignment of rod shaped molecules in (a) SmA
and (b) SmC phases. 7 is the director and £ is the layer normal. Focal conic texture

of a (¢) SmA and (d) SmC phase (adapted from ref. [5,6]).

Smectic-A (SmA) phase is the least ordered smectic phase where the average ori-
entation of the molecules in each layer is parallel to the layer normal. Each layer
behaves as a two dimensional fluid as there is no long range correlation among the
center of mass of the molecules. Hence, the layers can slide over each other and the
molecules can diffuse into the consecutive layers. A schematic representation of the
arrangement of rod-shaped molecules in the SmA phase is shown in Fig.1.5(a). The

density of molecular distribution along the layer normal can be written as [2]

p(z) = po + pe'a* (1.4)

where pg is the average density and Z is a unit vector along the layer normal and 1,

the complex order parameter known as smectic density wave which is given by

W(z) =| o | ez (15)

where | 9 | is the complex amplitude of density wave, g4 = 272 /d, where d is the layer
thickness and ¢ an arbitrary phase. 1 is non-zero in smectic phase while ) = 0 in the

nematic phase.

In smectic-C (SmC) phase, the long axis of the molecules make an angle 6 with the

layer normal 2 as shown schematically in Fig.1.5(b). The tilt angle of the molecules

5



1.2. Alignment of liquid crystals

is temperature dependent. Usually it decreases as the temperature is increased and

varies at SmA-SmC transition.

1.2 Alignment of liquid crystals

A uniform defect free alignment of LC molecules with a preferred orientation on the
substrates is the primary requirement for both physical studies and their application in
displays. This can be achieved by an appropriate chemical treatment on the substrate
which provides the desired boundary condition. In case of anisotropic surface of the
substrate, the LC molecules prefer to orient in such a direction that costs less energy,
which is denoted as easy axis (Fig.1.6(a)). The mismatch between the director and
the easy axis gives rise to anchoring energy function f, = fs(6, ¢), where 6 and ¢ are
polar and azimuthal angle assigned to the director. Defining polar angle 6y and the
azimuthal angle ¢ for easy axis (Fig.1.6(a)), the anchoring energy can be expressed
as [7]

fs= %Wp sin? (6 — 6p) + %Wa sin?6 sin? (¢ — ¢y) (1.6)
where W, and W, are the polar and azimuthal anchoring strengths. For isotropic

surface, usually two types of alignment of LC, namely homogeneous (planar) and

homeotropic (perpendicular) are used.

Glass substrate

easy axis

Figure 1.6: (a) Easy axis and the director on the substrate. Schematic diagrams of

(b) homogeneous and (c¢) homeotropic alignments of LC molecules.



1.3. Physical properties of liquid crystals

1.2.1 Homogeneous alignment

The homogeneous or planar alignment of the director can be achieved by treating the
glass substrates with an appropriate polyimide. A list of polyimides used in our studies
is given in chapter-2. The unidirectional rubbing on the coated glass surface creates
micro-grooves along which the LC molecules get align. A schematic representation of

homogeneous alignment is shown in Fig.1.6(b).

1.2.2 Homeotropic alignment

The homeotropic alignment of the director can be obtained by coating the glass sub-
strates with an appropriate polyimide. In this case, the molecules have amphiphilic
polar groups and long aliphatic alkyl chains, where the polar groups stick to the surface
and the alkyl chains stand freely. The LC molecules get aligned along the long alkyl
chain providing normal anchoring to the surface. A schematic diagram of homeotropic

alignment is shown in Fig.1.6(c).

1.3 Physical properties of liquid crystals

The order parameter of nematic LCs is a second rank tensor. Consequently most
of the physical properties are anisotropic. The anisotropy vanishes as the LC goes
to isotropic phase. This property together with the fluidity makes LCs suitable for
designing optically or electrically tunable devices. In this section, we discuss some
physical properties of conventional nematic LCs which are relevant to our studies. For
uniaxial LCs, the anisotrpy is evaluated by measuring the physical properties parallel

and perpendicular to the director.

1.3.1 Birefringence

The interaction of light with a material depends on the preferred molecular orientation
of the constituent molecules in LCs. If the material possesses rotational symmetry,
light passes through it at a certain velocity without any polarization. If the molecules

have orientational order, light gets polarized and travels at different speeds depending
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on it’s direction of propagation with respect to the symmetry axis (optic axis) of the
material.

Liquid
Polarizer P ™\ n T |Crystal
[
White |
Light

Analyzer A/

Retardation
(An x d)

7
i ina 4,‘ / /

Polarized light

->| I‘— Two components
Cell thickness (d) resulting from
birefringence

Figure 1.7: Schematic presentation of retardation of light due to birefringence of LC.

Specifically, in LCs, light with polarization parallel to the director moves with a
different speed than that with polarization perpendicular to the director fi. This
suggests that LCs possess two refractive indexes corresponding to the polarization of
light parallel (n) and normal (n,) to the director. The interaction of light passing
through a LC medium is shown schematically in Fig.1.7. The polarized light splits
into two components due to the anisotropy in refractive index known as, birefringence

and is defined as

An =nj—ny (1.7)

1
ny i
5 1
3 i
1N
g 1

= I Miso
< 1
f3=] 1
(] 1
o~ __//:
n, |
1

Ty

Temperature —

Figure 1.8: Temperature dependence of refractive indices of uniaxial nematic LCs.
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The resulting path difference or retardation can be calculated as An x d, where d is
thickness of the LC film . An is usually positive for uniaxial calamatic liquid crystals
(Fig.1.8) and it varies from 0 to 0.4 [11,12]. Since LC director is tunable by external

electric and magnetic fields, LCs act as a controllable birefringent medium.

1.3.2 Dielectric anisotropy

Dielectric permittivity is a measure of the response of the LCs to an external applied
electric field. The dielectric constant depends on the molecular charge distribution,
polarity of the molecules and intermolecular interactions. For L.Cs consisting of apolar
molecules, dielectric permittivity arises due to the induced polarization whereas in case
of LCs consisting of polar molecules, the dielectric permittivity arises due to both the

induced and the permanent polarizations. The dielectric permittivity of a nematic can

(a) T €l (b)

Ae >0 Ae <0

Tfl

-
— €
‘

Figure 1.9: Schematic presentation of electrical polarization of LC molecules (a) par-

allel (Ae > 0) and (b) perpendicular (Ae < 0) to the director.

be written in the form of a second rank tensor with two components of permittivities,

€| (parallel to fi) and e, (perpendicular to i) as
€ij = €10;; + Aen;n; (1.8)
where the dielectric anisotropy (Ae) is defined as [13]
Ae=¢ —€y (1.9)

Ae can be positive or negative depending on the directional polarity and position of the

polar group of the constituent molecules. In case of Ae > 0 (Ae < 0), the molecules

9
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get polarized parallel (perpendicular) to the director as schematically shown in Fig.1.9.

The dielectric constant varies with the temperature and frequency of the applied field.

1.3.3 Electrical Conductivity

The presence of residual impurity ions are responsible for the conductivity of LCs. The
magnitude of conductivity depends on the mobility of ions in response to the applied
electric field and is, in general of the order of 10~ Sm~!. The anisotropy in conduc-
tivity arises due to the difference in the mobility of ions parallel and perpendicular to

the director and can be written in the form of second rank tensor
045 = UL(Sij + Aaninj (110)

where Ao = o — 0, o and o, are conductivities parallel and perpendicular to the
director 0, respectively. Usually, Ao is positive in most calamitic nematic LCs, but

negative in smectics as the ions move easily in the layer than along the layer normal.

1.3.4 Curvature elastic constants

External force can create director distortions in a uniformly aligned LC medium which
eventually leads to the gradient in the director field. The medium tries to restore the
undistorted state which gives rise to elastic properties. Commonly observed elastic
deformations in NLCs are called splay, twist and bend. Schematic representations of
three deformations are shown in Fig.1.10. The elastic free energy density in Frank-
Oseen form is defined as [8-10]:

1
f =5 [Ku(Va) + Kn(n.V x #)° + K x V x )] (1.11)

where K, K9 and K33 are splay, twist and bend elastic constants, respectively.
Usually, in case of rod-shaped molecules, K33 > K1 > Ky. The Frank-Oseen free

energy can be further expanded by the divergence energy density terms as

f13 =K13V. (’I’L (Vn))
foa=—KuV.(n(V.n)+nx(V xn))

where K3 and Ky, are called splay-bend and saddle-splay elastic constants, respec-

tively whose contributions are however limited to the surface of liquid crystals and

10
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Splay Twist Bend

Figure 1.10: Schematic representations of splay, twist and bend elastic deformations

of the director field.

roughly affect the bulk behavior. A simple and common approach to simplify all the
functional is to adapt one-constant approximation which implies K3 = Ko = K33 =

K and the corresponding free energy density can be written as

f= %K (Vn)® + (V x n)’] (1.12)

These constants are positive and their typical magnitude is of the order of 1072N.

1.3.5 Flow Viscosity

LCs exhibit liquid-like flow properties as it can flow under the application of small
amount of shear. The flow viscosity depends on the director orientation relative to the
direction of applied shear or flow of LCs called Miesowicz viscosity. There are three
principal viscosity coefficients; 1y, where the director is parallel to the velocity gradient,
12, where director is parallel to the flow direction (normal to velocity gradient) and 73,
where the director is perpendicular to both the velocity gradient and the flow direction
as depicted in Fig.1.11. Typical value of these viscosity coefficients of low molecular
weight nematic LCs are of the order of 10-200 mPas which is 10-100 times larger than

the viscosity of water.

11
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Z (Velocity gradient)

Y (Velocity)

Shear

Ny (@ Il Vo) n, (T L VD) n; (@ L V9,7)

Figure 1.11: Schematic representation of three fundamental director orientations of
nematic liquid crystals with respect to the shear direction. Miesowicz viscosities cor-

responding to each orientations are designated by 7;, 7o and 73, respectively.

1.3.6 Diamagnetic anisotropy

An external magnetic field can also cause reorientation of LC molecules analogous
to the application of electric field. As mostly organic molecules are diamagnetic, the
aromatic ring present in the LC molecules contribute to the diamagnetism of LCs. On
application of magnetic field, the plane of the aromatic rings tend to align with the

field.

Diamagnetic susceptibility (x) of LCs is also anisotropic. The susceptibilities parallel
(x)) and perpendicular (x.) to the director are negative and small (1077 to 1075
cm?/g). The difference between x| and x| defines the diamagnetic anisotropy (Ax).
Usually in calamitic nematics, Ax > 0. Typical value of external magnetic field needed

to align LC molecules is of the order of 0.5 to 1T.

12



1.4. Freedericksz transition

1.4 Freedericksz transition

The response of LCs to an external applied electric field depends on the dielectric
anisotropy (Ae) and director orientation with respect to the direction of the applied
field. The LC molecules can reorient themselves either parallel or perpendicular to the
direction of applied field depending on the sign of dielectric anisotropy (Ae€). In case
of electric field applied across a homogeneous cell filled with a positive LC (Ae > 0),
the molecules in bulk reorient along the field direction as shown in Fig.1.12. Similar
reorientation of LC molecules takes place perpendicular to the field direction in case
of field applied across a homeotropic cell filled with a negative LC (Ae < 0). This
phenomenon is known as Freedericksz transition [12] and it occurs beyond a certain

threshold electric field known as the Freedericksz threshold field.

X (@ E<E, (b) E>Eg

Figure 1.12: (a) Schematic presentation of bulk orientation of positive LC (Ae > 0)

in a homogeneous cell (a) below and (b) above the Freedericksz threshold field.

Let’s consider a homogeneously aligned nematic with the director along x-axis in
equilibrium. An external electric field is applied along z-axis which creates elastic dis-
tortions in the director field. But the director distribution is limited to one-dimension
only. In this geometry, the elastic deformation has contribution from splay and bend

and the corresponding free energy can be written as [1]

1 , do\’
fetastic = fo + B (Kn cos’0 + Kss Slﬂzg) (E) (1.13)

where 6 is the tilt of the bulk nematic director with respect to the far field director.

13



1.4. Freedericksz transition

For undistorted nematic, % = 0 and hence f; gives the minimum energy. The elastic

torque density originating from any deformation in the nematic in terms of elastic

energy is given by

0 d 0
Telastic — _%Afelastic + dz(de)Afelastic (114)
dz
The resulting elastic torque density is then given by
o\’ d20
Telastic = (K33 — K1) sinf cosf (dz) + <K11 cos’0 + K sin29) 12 (1.15)

On the other hand, the molecules try to align with their long axis parallel to the
field in order to minimize the elastic free energy density. Similarly, the corresponding

electrostatic torque acting on the LC molecules is given by

0 d 0
eec:_iA elec — <A elec 1.16
where the change in the electric field energy (A fee.) is given by [1]
1 D? 1D?
Aferec = s e (1.17)

2 ¢ sin®6 + €, cos?6 26,
where D is the displacement vector. Since the uniform alignment is in the zy-plane of
the cell, the dielectric tensor reduces to a function of z only. As the electric field directly
correlates with the local distribution of €, it also becomes a function of z. Hence, D,
is constant and the second term becomes independent of the director orientation 6(z).
Therefore,

D? (6” —€ L)

Telee = 5 siné cosd (1.18)
<€HSiI12(9 + qcos%)

which can be further simplified to
Telee = (6” - q) E?sind cosf) (1.19)
The equilibrium condition demands
Telastic T Telec = 0 (1.20)

Assuming only very small distortion of director field (0 << 1) leads to a pure splay
deformation and the corresponding linear differential equation for #(z) can be written

as
d*0 (z)
dz?

Ky + eoAeE?0 =0 (1.21)

14
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One of the solutions of the above equation is given by

0 (2) = 0y sin (T;) (1.22)

where 0, is a constant and d is the cell gap. Substituting this solution in the eq.(1.21)

for equilibrium condition and considering the first order terms, we get

2
coAE? sinf cost) — Ky (Z) =0 (1.23)

For sufficiently small distortions, sinfcosf) < 6, the nontrivial solution requires

E® = ~ E2, (1.24)

The corresponding voltage known as Freedericksz threshold voltage is given by,

Ky
€,\€

Vip =T (1.25)

The typical value of Freedericksz threshold voltage is in the range of 0.5 -5 V.

1.5 Topological defects in nematic LCs

Topological defects are the singularities where the order parameter of a system goes
to zero. They are spontaneously formed as a consequence of symmetry breaking phase
transitions. In liquid crystals, defects are the discontinuities in the director field i.e
the regions where the molecular orientations can not be defined uniquely. In NLCs,
we see disclinations which are either line or point defects. In smectic phase, defects
are observed in the form of edge or screw dislocations. These defects are topologically
stable as they can not be transformed to a uniform director state through any contin-
uous deformation of the order parameter field. In NLCs, disclinations appear as lines
or points with the defect core (~10 nm). A schlieren texture of an unaligned NLC
and the corresponding molecular arrangement around a point defect (under cross po-
larizers) is shown in Fig.1.13(a) and (b), respectively. These defects are characterised
by strength or winding number s which indicates the number of times the director
rotates around the singularity when one surrounds the defect core by 27 angle [2]. So
mathematically s can be calculated as the degree of rotation of the director around the

defect core or line divided by 27 in one full rotation. In other words, the strength s of
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7N N

S=+1 S=-1 S=+1/2 S=-1/2

Figure 1.13: (a) The schlieren textures of a nematic liquid crystal under cross polar-
izers. (b) Molecular arrangement around a point defect of strength +1. (c) Director

field lines representing point and line defects of strengths s = +1, —1,+1/2,—1/2

a disclination is the angle by which the director rotates along a closed loop enclosing

the disclination by 27 (1.13(b)),
dy
—dl =2 1.2
f ¥ dl = 27s (1.26)

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 [10]
1 2
fu= L K(79) (1.27)
The Euler-Lagrange minimisation condition corresponding to Eq. 1.27 is given by
Vi =0 (1.28)
The orientation of the director field ¢ can be defined as:
gpzstcm—l(g)-i-ﬂ:sa—i-ﬁ (1.29)
x
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1.6. Topological defects induced by
microparticles in NLCs

where (3 is a constant. The defect strength s depends on the symmetry of the medium.
s can be any integral multiple of +1/2 where positive or negative sign indicates the
rotation direction of the director with respect to the sense of rotation. Fig.1.13(c)
shows schematic representation of some frequently occurring defects with different

strength with 5 = 0 in NLCs.

1.6 Topological defects induced by

microparticles in NLCs

Dispersion of foreign particles in a uniformly aligned nematic medium creates elastic
distortion and nucleate topological defects around them. The elastic distortion created
by the presence of colloids increases the elastic energy which scales as K R, where K
is the typical elastic constant and R denotes the size of the particles [18]. The elastic
distortion also depends on the anchoring of LC molecules on the surface of particles.
The anchoring energy varies as WR?, where W is anchoring coefficient describing
the amount of energy spent to align the molecules on the particle’s surface per unit
area. The comparison between these two energy gives rise to a characteristic length,
A = K/W, known as de Gennes-Kleman length. Typically, value of K (kgT/a, where
a is molecular length) is 10 pN and anchoring coefficient W ranges from 107 to 1073
Jm~2. Consequently, A\ ranges from 10 nm to 10 pm and lies between the molecular
dimension and micrometer sized particles. Thus, there exist two situations based on

the comparison of A\ and the size of the particles.

1.6.1 Case-I (R << )\)

In case of R << A, i.e when the size of particles is smaller or compared to the de
Gennes-Kleman length A, they are mostly nano particles and they do not create any
elastic distortion as the LC molecules can not pin at small surface area (Fig.1.14).
Instead, liquid crystal provide a platform to achieve assembly of these nanoparticles.
In case of elongated nano particles, the long axes of the particles usually gets aligned
along the director and generate one dimensional array. Although these particles do

not perturb the director field, but they significantly affect the anisotropic physical
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Figure 1.14: Schematic representation of nano-particle dispersion in a uniformly
aligned liquid crystal in dilute regime. Small particles (R << \) do not create di-

rector distortion.

properties of LCs [17,19-23]. In fact, ferromagnetic NLC was prepared by dispersing

ferromagnet nanoparticles in conventional NLCs [24].

1.6.2 Case-II (R >> ))

In case of R >> ), i.e when the size of the particles is larger than the de Gennes-
Kleman length A, the LC molecules tend to follow the anchoring condition on the
particle’s surface and create elastic distortions in the surrounding LC medium. The
size of the particles, type and strength of the anchoring condition decides the nature
of distortions. The distortions generally nucleate topological defects as a result of
competition between the anchoring energy and the bulk elastic property, ensuring the
conservation of topological charge and stability of the system [25,26,38,39]. Here the
particles act as a source of defect and another defect of opposite strength is nucleated

so that topological charge is conserved.

1.6.2.1 Spherically symmetric particles in nematic LCs

To study the LC colloidal systems, it is important to understand the defects associated
with individual particle and the effective interaction among the colloids. The defect
formation depends not only on the surface anchoring of the particles but also the

anchoring of the molecules on the substrate and confinement.

18



1.6. Topological defects induced by
microparticles in NLCs

For simplicity, let us consider spherical particles with diameter of a few micrometer
in a homogeneously aligned (planar) nematic LC (Fig.1.15(a)). If the particles provide
homeotropic anchoring to the LC molecules, they act as a source of virtual point defect
of strength +1 (radial hedgehog where the director field lines diverges from a single

point). The elastic distortion created surrounding the particles nucleates a point defect

(a) (b) \\

Figure 1.15: (a) A spherical microparticle with a strong homeotropic surface anchoring
dispersed into a uniformly aligned nematic liquid crystal exhibits two possible director
configurations: (b) the dipolar, where the particle induces a hyperbolic hedgehog
of strength -1 and (¢) a quadrupolar defect where the particle is encircled by a -1/2
disclination ring. (d) A spherical particle with planr anchoring dispersed in a uniformly

aligned liquid crystal. (e) Particle induces a pair of antipodal surface defects.

of strength —1 (hyperbolic hedgehog, Fig.1.15(b)) without disturbing the far field
director in order to fulfil the demand of conservation of topological charge [27,28]. If the
particles are weakly anchored, then the hyperbolic hedgehog open up to a ring defect
of strength —1/2 encircling the sphere, which is known as Saturn ring defect [27,38,39].
The ring defect appears as two black spots on the top and bottom of the particle as
shown in Fig.1.15(c). This can be achieved experimentally by confining the cell such
that the gap between the two plates is comparable to the size of the particles. Both

point and ring defects are topologically equivalent as one can be transformed to the

19



1.6. Topological defects induced by
microparticles in NLCs

other without any discontinuous deformation. When the surface of particles provide
planar anchoring to the surrounding L.C molecules in a homogeneously aligned nematic
cell (Fig.1.15(d)), the elastic distortion nucleates a pair of antipodal surface defects
of strength —1/2 on the equator of the particle (Fig.1.15(e)). The particle-defect pair
is known as boojum-particle [40]. The corresponding director pattern is shown in

Fig.1.15(e).

Due to the pronounced nonlinearity of nematic elasticity near the particle’s surface,
director profiles can not be found analytically. Considering the far-field behavior of
the nematic, where director gradients are small, Euler-Lagrange’s equation can be
linearized. Using Frank’s one elastic constant approximation, the elastic free energy

of the LC colloidal system is given by [27]
K
U = E/dgr(v.nf (1.30)

where n is unit nematic director, chosen along x-axis to give the lowest order n ~
n(1,n,,n,). The minimisation of free electric energy reduces to Laplace equation for
n as

Vin'=0,i=y,z (1.31)

At a large distance r, the solution of Eq.(1.31) is given by a multipole expansion in n’

as [27]
A" Pirg LT
ni=" Ty Q]’“; LI (1.32)
r r r

where A is the elastic monopole moment of the particle-defect combination. Summa-
tion over j and k = z,y, z is implied. The director field around the spherical particle
should be invariant with respect to rotations about the far-field director, which sets
the monopole coefficient A = 0. P and @ are dipole and quadruple moments, respec-
tively. Using dimensional analysis, P o a? and Q o a®, where a is the radius of the
particle. Finally, for n ~ n(1,n,,n.), the director component in terms of multipoles

can be written as [27] ‘ ‘
: rt xrt

The far-field solutions of director field around a particle are found to resemble with

the solution for electric field far from a conducting sphere of radius a. with a reduced
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charge p. Electric field at a distance r along the symmetric axis along x is given by [27]

— 2 A —
- T €, — 3xT

where e, is unit vector along coordinate axis x. The electrostatic analog assigns the
dipole moment pa? and the quadrupole moment %ag to the particle. The charge p
is considered as the variational parameter of the director field which determines the
distance form the point defect to the center of the particle as 1.17a. If P > 0, the far
field Eq.(1.33) resembles with the dipolar term of Eq.(1.34) and the director configu-
ration is of dipolar type with the defect on the right side of the particle (Fig.1.15(b)).
Hence, the particle with the pair of virtual (+1) and induced (—1) defects is called an
elastic dipole as the director field lines are reminiscent of that of an electric dipole.
Saturn-ring and surface defect configurations possess symmetry about an axis per-
pendicular to the director. Therefore, the dipole term vanishes (P = 0), and the far
field Eq.(1.33) resembles quadruplar term of Eq.(1.34) which belong to a quadrupo-
lar configuration. Hence, the particles nucleating Saturn ring and surface defects are
called elastic quadrupoles as the transverse component of director field lines around it
are reminiscent of that of an electric quadrupole. The particles can also induce many
complex defect structures if they possess hybrid surface anchoring condition. For ex-
ample, conically degenerate boundary condition on the particle’s surface gives rise to
elastic hexadecapolar distortion [41]. Complex size and shape of the particles could

also induce complicated and higher order elastic distortions and defetcs [43-45,49].

1.6.2.2 Shape asymmetric particles in LCs

In contrast to spherically symmetric particles, shape asymmetric particles create com-
plex elastic distortion and defects in LCs which plays a key role in complex colloidal
assembly. There are many studies on nonspherical particles in LCs as shown in
Fig.1.16(a-h). Some examples are: rod-shaped [43,46], star-shaped [44], rectangu-
lar [47,48], ring [51], square [49], cube [50], bullet [52], doughnut-shaped [51] and

snowman-shaped particles. Such particles are useful in designing heterostructures.
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Figure 1.16: Bright and polarizing optical micrograph of (a) rod-shaped, (b) star-
shaped, (c) rectangular-shaped, (d) ring-shaped, (e) square-shaped, (f) cube-shaped,
(g) doughnut-shaped, (h) Snowman-shaped particles in LCs. Double headed arrows

indicate the director.

1.6.3 Elastic levitation of microparticles in LCs

If the density of dispersed particles (p,) is higher than that of surrounding fluid medium
(pm), i.e Ap = p, — py, > 0, the gravity causes sedimentation of particles and the
particles tend to accumulate near the bottom plate. Sedimentation of such particle
is usually countered by thermal (Brownian) motion as the thermal noise can raise a
sphere of radius r up to a height of z, = 3kgT /47r3gAp from the bottom plate, where
g = 9.8 ms™2 is the acceleration due to gravity. For typical glass or silica particles,

Ap ~ 1072 Kgm™ and thus, z, =1 pum [53].

In case of liquid crystal as a host, sedimentation of particles is mainly opposed by
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the elastic repulsion from the bounding walls as the contribution from the thermal
noise is negligible. Consider a homeotropically anchored sphere of radius » =1 um
inducing a point defect in a uniformly aligned planar cell of height (cell gap) h with
bottom plate at z = 0 (Fig.1.17(a)). Clearly, the mismatch in the anchoring condition
between the particle’s surface and the substrate creates elastic repulsion which prevent
sedimentation. In the dipole approximation, the elastic potential of repulsion can be
written as [54]

7,,4
Frepulsion ~ Azﬂ-K; (135)

where the dimensionless coefficient A depends on anchoring strength, anisotropy in
elasticity, etc. The competition between the gravity and the elastic repulsion levitate

the particles upto a certain height which is given by [54]

3 N2 ([ Kr )"
(24 Ar 1.
Zelastic (2 ) <Apg> ( 36)

(a)

Frepulsion

Fy

ravity

54.0 ym

Z=0

Figure 1.17: (a) Schematic presentation of competing effect between elastic and grav-
itational force in NLCs. (b) Fluorescence Confocal Polarizing Microscopy (FCPM)
images of cross sections of a particle nucleating point defect levitated in planar cells
of different thickness (h). The shift § from the center of the cell increases with cell
thickness (adapted from ref. [54]).

For A =1, K = 10pN, Ap ~ 1072 Kgm ™3, 2astic = 10 pm, which is higher than
the sedimentation distance z, in isotropic fluids by one order of magnitude. This
was confirmed in experiments which was carried for a dipolar particle dispersed in
different cell thickness and observing the shift 6 = h/2 — zjastic from the middle of the

cell through fluorescence confocal polarizing microscopy as shown in Fig.1.17(b).
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1.6.4 Brownian motion of particles in LCs

The random displacement of particles in a fluid caused by thermal fluctuations is
known as Brownian motion. The average displacement of particles is zero, but the
average mean square displacement (MSD) varies linearly with time, (Ar?(7)) = 6D,
where D is the translational diffusion coefficient of the particles. Using Stoke-Einstein

relation for a sphere of radius a in a fluid of viscosity 1, D can be expressed as

D = kgT/6mna.

In case of complex fluids, Brownian motion can become anomalous allowing MSD to
follow power law as (Ar?(7)) oc 7%, « > 1 corresponds to superdiffusive behavior while

subdiffusive motion is characterized by o < 1. Especially, in case of LCs, dispersed

(a) (b)

(Ar?(1)) o T¢

= Superdiffusion Normal diffusion = Dy = kpT/6mmya

Y (a>1) (a=1) N

2 2

5 z

= = (d)
Subdiffusion D, = kgT/6mn,a

(a<1)

T(s) (s)

Figure 1.18: (a) MSD ((Ar?)) versus 7 for normal and anomalous Brownian behaavior.
(b) Typical anisotopic diffusion of particles in LCs. (c¢) Elastic forces pushes the
particle towards the splay gaining superdiffusive behavior. (d) Restoring elastic force

opposite to particle displacement leads to subdiffusive behavior (adapted from ref.

[55])-

particles possess both anomalous as well as anisotropic diffusive behavior. At relatively
large time scales, particles experience anisotrpic diffusion as a consequence of viscous
anisotropy with diffusion coefficients D and D, along and normal to the director,
respectively (Fig.1.18(b)). The corresponding Stoke-Einstein relation can be written
as [55]

Dy = kgT/6mny 1a (1.37)
where 7 and 7, are the viscosities parallel and perpendicular to the director, respec-

tively. On the other hand, at time scales equal to the relaxation time of the director
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(0-20 s), molecular orientation, director fluctuations and type of anchoring play cru-
cial role in determining the diffusive behavior. Particles with planar anchoring show
subdiffusive behavior whereas particles with homeotropic anchoring feature a superdif-
fusive character which can be explained by the interplay between the fore-aft elastic
forces acting on the particle’s displacement [55]. In case of planar anchoring (subd-
iffusive regime), fluctuations in displacement increases elastic energy in the direction
of displacement which generates a restoring elastic force that slows down the diffu-
sive motion (Fig.1.18(d)). Opposite effect is observed in case of superdiffusive regime,
where particles experience elastic force in the direction of displacement towards the

distorted region (Fig.1.18(c)).

1.7 Interaction and assembly of LC col-

loids

Unlike the short-ranged colloidal interactions in isotropic solvent, the nematic LC
colloids experience a long-range elastic interaction which enables them to form an
efficient assembly. The interactions among LC colloids are mediated by minimizing
the local structural or elastic forces acting between them through sharing the induced
topological defects. The orientational order of nematic medium further offers an ad-
ditional feature of anisotropy in the interaction which guides the directional assembly
of particles. As long as the particles are isolated form each other, they display Brow-
nian motion as a random displacement controlled by kinetic energy dissipation. In
LCs, Brownian motion becomes anisotropic and the corresponding anisotropic drag
coefficient is given by [18]

Qe = ksT/Dj 1 (1.38)

Here we present a semi-classical approach to understand the interaction between a pair
of colloids. Each particle associated with topological defect possesses it’s own region of
elastic distortion around it. When two such particles come closer, the distortion region
starts overlapping and the system try to minimize the local elastic energy either by
attracting or repelling the colloids. When two particles approach towards each other,

they experience two forces, namely elastic (F.;) and drag (Fy) forces while the inertial
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1.7. Interaction and assembly of LC colloids

dR(t)

forces are negligible. The drag force is given by Fy, = —C=5

where ( is the drag
coefficient and R(t) represents the time dependent separation between two colloids.

As both the forces act opposite to each other, the equation of motion is given by

Fu+F;=0 (1.39)
or .
. dR(t
Fo+ };i) =0 (1.40)

If the particles are elastic dipoles, the force acting between them is given by F, =

—k/R*, where k is a constant. Therefore Eq.(1.40) becomes

dR(t)
— R G A 1.41
k/p = (I (1.41)
On solving R(t) we get

R(t) = (R — 5at)1/?) (1.42)

where o = k/¢ and Ry is the initial separation between two particles at time t = 0.
Similarly, if the two interacting colloids are elastic quadrupoles, then the elastic force

would be F,; = —k/R® and the corresponding R(t) can be written as
R(t) = (R} — Tat)V/D (1.43)

As an example, the time dependent separation between two interacting elastic dipolar
and quadrupolar particles are shown in Fig.1.19(a) and Fig.1.19(b), respectively. The
experimental data is well fitted to Eq.(1.42) and Eq.(1.43).

The interparticle potentials can be analytically calculated using the multipole ex-
pansion approach. It is assumed that particles are far away from each other for the
director around the particles to retain the dipolar or quadrupolar multipole structure.
Thus, particles interact due to the over-lapping region of elastic deformations and the
change in elastic energy drives the interaction. As discussed in ref [27], the long-range
elastic pair interaction between two elastic dipoles is

P
Ujy = Clﬁ (1 — 300839) (1.44)
where (] is proportionality constant, R is the distance between the centres of mass

of interacting particles and @ is the angle between the line connecting centres of the
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Figure 1.19: (a) Equilibrium separation with time between two elastic dipolar particles.
Red line is the best fit to the equation, R(t) = (RS — 5at)/%) with o = 2.8 x 10* um?®
s~1. (b) Equilibrium separation with time between two elastic quadrupolar particles.
Red line is the best fit to the equation, R(t) = (R} — Tat)M/? with a = 1.2 x 10* um”

s~!. Inset shows the corresponding interaction energies.
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Figure 1.20: Laser assisted 2D assembly of (a) dipolar and (b) quadrupolar particles.

Double headed arrows denote the director.

particles and the far field director. Similarly, the interacting potential between two

elastic quadrupoles is derived as [2§]

Uypy = 02% (9 — 90cos®6 + 1o5cos40) (1.45)
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1.8. Active particles

where (5 is a proportionally constant. For example, the interacting potential between
two dipolar and quadrupolar particles are shown in the inset of Fig.1.19(a) and (b),
respectively. The value of potential energy is of the order of few thousands of kgT.
Since the interaction is defect mediated, the value of potential depends on the type
of defects induced on the particles. For example, the interaction energy between two
dipolar particles is higher than that between two quadrupolar particles. This potential
energy makes the colloidal pairs in LCs more stable than it’s isotropic counterpart.
With the help of laser tweezers, these particles can also be assembled to regular crys-
talline structures. For example, 2D-crystals made out of dipolar and quadrupolar

particles are shown in Fig.1.20(a) and (b), respectively.

1.8 Active particles

The term ‘active’ represents self-propelled systems which are able to extract energy
from the surrounding medium and convert to mechanical energy for steady motion. At
large scale, active natural agents like human crowd, flock of birds, swarm of fishes show
collective behavior as a result of interaction with neighborhood. At small length scales,
of the order of micrometer, living organisms like bacteria, algae show self-propulsion.
Propulsion of such organism broadly can be classified in two types; (i) pusher type,
where the surrounding fluid is pushed away by the swimmer and (ii) puller type, where
the fluid is pulled towards the swimmer with respect to the direction of motion. For
example, E.coli bacteria is a pusher [29,30] whereas chlamydomonas algae is a puller

type microswimmer [31,32] as shown in Fig.1.21.

In order to establish efficient and controlled propulsion at microscale, artificial mi-
croswimmers have been developed in the laboratories. These microswimmers are
passive until unless they are powered by either internal or external forces. Inter-
nal phoretic-based propulsion involves interaction of particles with a gradient field like
chemical concentration or temperature gradient in the medium. These are known as

diffusiophoresis or thermophoresis, respectively.

For example, silica or polystyrene spherical particles with one hemisphere coated

with Pd or Pt starts propelling in a solution of hydrogen peroxide due to the con-
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Figure 1.21: Bright-field image of (a) Escherichia coli bacteria and (¢) Chlamydomonas
algae. (b) Pusher and (d) puller type flow patterns with respect to the direction of

motion.

centration gradient created by the decopmposition of HoO5 into water and oxygen by
the metal catalyst as shown in Fig.1.22(a) [33]. Similarly, a hemispherical metal (Au)
coating on silica particles can create an asymmetric temperature profile around them-
selves by absorbing the radiation when exposed by defocused laser beam [34]. This

leads to propulsion of such particles in a fixed direction as shown in Fig.1.22(b).
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Figure 1.22: (a) Diffusiophoresis of hemispherical Pt coated polystyrene particles by
decomposing hydrogen peroxide. Orange dimers present H,Oy molecules (adapted
from ref. [33]). (b) Thermophoresis of Au coated Janus particles (adapted from ref.
[34]).

On the other hand, external forces like magnetic or electric fields can be used to
generate phoretic forces in order to make the functional particles motile. For example,

silica with helical nanostructured tail can be navigated along a pre-defined direction
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1.9. Electrophoresis and Electroosmosis

Figure 1.23: (a) SEM image of a silica screw wuth hielical tail structure. Adapted
from ref. [35]. (b) Colloidal assemblies achieved by paramagnetic colloids. Adapted
from ref. [36]. (c) streptavidin (red cross symbols) coated magnetic particles linked

)
with Dna shoing beatin behaviour under magnetic field. Adapted from ref. [37].

by applying homogeneous magnetic field (Fig.1.23(a)) [35]. Paramagnetic colloids
linked with biotin-terminated ¢cDNA strand can stabilize doublets of different sizes.
These doublet can rotate and achieve controlled propulsion under magnetic field and
form different assemblies (Fig.1.23(b)) [36]. Similarly magnetic particles coated with
streptavidin and linked by double stranded DNA with biotin at each end show beating
pattern when subjected to magnetic field (Fig.1.23(c)) [37]. While propulsion due to
electric field, a phenomena known as electrophoresis is discussed in more details in the

following sections.

While considering the swimming mechanism at micrometer length scale, two parame-
ters namely Reynolds (R.) and Ericksen (£, ) number becomes important. R, = pvL/u
presents the ratio of the inertial to viscous forces where as £, = pvL/K is a dimension-
less number that describes the ratio of elastic to viscous forces, where p is the density,
v is swimming velocity, L is characteristic length, p is the dynamic viscosity of the
fluid and K is elastic constant. In the regime of small R,, viscous force dominates and

effect due to inertia is negligible.

1.9 Electrophoresis and Electroosmosis

Electrophoresis is the motion of charged particles in an electrolyte under the appli-

cation of an external uniform electric field. Historically, fundamental research and
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1.9. Electrophoresis and Electroosmosis

industrial applications mainly aim at electrophoresis as the most efficient approach
for transporting particles in isotropic solvents like water [56-58]. The separation of
charges which eventually forms the space charge over the particles is essential for par-
ticle propulsion. The force experienced by the space charge leads to ion flows around
the particles known as electroosmosis, and consequently the particles propel. The
linear and non-linear nature of electrophoresis depends on several factors which are

discussed below in both isotropic (water) and in anisotropic (LC) solvents.

1.9.1 Electrophoresis in isotropic electrolytes

In case of aqueous electrolytes, the applied external electric field creates separation of
charges over the charged particles and forms an electric double layer (EDL) of thick-
ness, so called Debye screening length Ap = £ (ecokpT/ Y, ¢;27) around the particles,
where e is the electron charge, € is the dielectric constant of the electrolyte, z; and ¢;
are the valency and concentration of ions in the electrolyte. Even though, the elec-
trolyte near the electrodes or the particle itself remains neutral, the spatial separation

of charges is sufficient enough to induce electrokinetics. The applied electric field ex-

Figure 1.24: (a) Linear electrophoresis of a charged dielectric particle in the isotropic
electrolytes. Curved arrows indicate the electro-osmotic flows around the particle.
(b) Induction of an electric double layer over a polarizable (metallic) particle and
generation of a flow pattern having symmetry with respect to both horizontal and
vertical planes, resulting no propulsion. (¢) Symmetric quadrupolar ICEO flow pattern

around a metallic (Au) particle (adapted from ref. [66]).
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1.9. Electrophoresis and Electroosmosis

erts a torque on the EDL, resulting in acceleration of the counter ions relative to the
charge on the electrode. As a result, the ion slips on the particle’s surface with a
slip velocity (Fig.1.24(a)), subsequently the electrophoretic velocity of the particles is
given by Helmholtz—Smoluchowski formula [59]

€€l
n

v=pkE = (1.46)

where p = €€g(/n is the mobility of ions in the electrolyte and ( is the zeta (surface)
potential of the particles. This suggests that the particle velocity depends only on it’s
zeta potential and not on it’s size or other properties. It was further shown that when
the electric double layer is negligible (low Dukhin number regime, Du = 0,/0,,r <<
1, r is particle’s radius, o, and o, are conductivity of the particle and electrolyte,
respectively), the velocity does not depend even on the shape of the particles and
is completely predetermined by ¢ [60]. For Du >> 1, the electrophoretic velocity

becomes nonlinear function of particle’s size and electric field, and is given by

v = ceoC (B + B(r)E™) /n (1.47)

where index n depends on the Peclet number (P, = rv/d, D is diffusion coefficient of
ions and v is particle velocity relative to fluid) [60]. Both the linear and non-linear
relationship between the velocity and electric field implies that the flow of particles
and fluid are only possible under the application of DC electric field. A symmetric
AC electric filed with zero time average would give rise to no propulsion. DC driving
does not produce steady flow longer than the time for screening of the electric field
and invites undesirable electrochemical reactions at the electrodes. Due to these limi-
tations, there is a growing interest towards the nonlinear phenomena, especially where

electrokinetics flows are quadratic to the field, which can be achieved by AC electric

field.

In case of nonlinear electrokinetics, separation of charges is induced by the applied
electric field where charges of opposite polarity accumulate in different regions to form
the ‘space charge’ [61]. In the first approximation, the space charge density is pro-
portional to the field strength E, i.e p o< ¥ . Therefore, the force determined by the
product of the charge and field strength, acting on the charge cloud is proportional to
E? ie F ~ pE ~ E? [61-64]. It implies that the polarity of driving force does not
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1.9. Electrophoresis and Electroosmosis

change by the reversal of field polarity. This is known as induced charge electrophore-
sis (ICEP). Hence AC driving produces persistent flow of steady directionality. Since
in the first approximation, the viscous resistance is independent of the applied electric
field, the velocities of electrokinetic flows should be proportional to E?. For example,
let us consider a metallic spherical particle in an isotropic electrolyte under the appli-
cation of a uniform field. The field polarizes the particle and induces a electric double
layer by driving the ions through the electrolyte. The double layer expels the field
lines and drives the induced charges. This generates an electroosmotic flow around
the particle. The flows have fore-aft symmetry due as the homogeneity of the particle
and consequently, there is no propulsion as schematically illustrated in Fig.1.24(b).
The ICEO flow pattern obtained by illuminating Q-dots as tracers around such par-
ticles is symmetric as shown in Fig.1.24(c). Propulsion is possible when the particle

becomes asymmetric either by its physical or chemical or surface functionalization.

For example, in case of metal-dielectric Janus particles, the fore-aft symmetry of the
surrounding flow is broken as the density of induced charge and the electro-osmotic
flows are stronger on the metallic side than on the dielectric side as shown in Fig.1.25(a)
[65]. This induced-charge electrophoresis was first experimentally reported by Velev
et al. [65]. Using the standard low-voltage model for thin double layers, Squires and
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Figure 1.25: (a) Symmetry breaking of charge cloud around a Metal-dielectric Janus
particle resulting propulsion facing the dielectric hemisphere. (b) Quadratic field de-
pendence of velocity of Janus particles at different ion concentration in the electrolyte,
adapted from ref. [65]. (¢) Asymmetric quadrupolar ICEO flow pattern around a im-

mobile Janus particle, adapted from ref. [66].

Bazant predicted that a metallic sphere with a hemispherical dielectric coating will
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1.9. Electrophoresis and Electroosmosis

move due to ICEP in the direction of its dielectric end at a velocity [65]

9 cak?

= — 14
ViCcEP 6477(1+5) ( 8)

where € is the permittivity and n the viscosity of the bulk electrolyte, a is the radius of
the particle, E is the field amplitude, and 0 is the ratio of the differential capacitance
of the compact and diffuse layers. For highly polarizable particles, the induced space
charge density is proportional to the applied field strength, thus the ICEP velocities
vary quadratically with the field (Fig.1.25(b)). The asymmetric ICEO flow pattern

around Janus particle can be seen in Fig.1.25(c).

The electrophoretic velocity is also frequency dependent and there exist two im-
portant characteristic time scales; (i) particle charging time 7, = €\},/¢,D for a
dielelctric sphere or 7, = Apa/D for a conductive sphere and (ii) electrode charg-

ing time 7. = A\pL/2D. For A\p << a << L, the bulk AC field is controlled by 7, and

given by [67]
1% T, ,
Ey(t) = focos(wt)Re [1_2;0;%6_“} (1.49)
The time-dependent polarization of the sphere is proportional to Re(lf::p) The

resulting frequency dependence of the velocity is given by [67]

1 —I—wQTf
(1+w?r2)(1+ wQTg)

v(w) = vy (1.50)

with a single peak at the characteristic charging frequency w, = 7, L of electric double
layer. v increases as w? when w is low. At higher frequency, velocity decreases as ions

1

can not follow the rapidly changing field. The reciprocal of these time scales, 7, and

7. ! stand for the higher and lower cut off frequency of the electrophoresis.

1.9.2 Electrophoresis in LCs

Electrophoresis in isotropic solvents requires certain conditions i.e either the particles
must be charged or highly polarizable, where the solvents play a supportive role by
supplying counter ions. When LC replaces the isotropic electrolyte, the anisotropy of
LCs bring new mechanism for separation of charges and the consequent electrophore-
sis and electroosmosis is called liquid crystal-enabled electrokinetics (LCEK) [67,69).

This phenomenon is rooted in anisotropy of physical properties, director distribution
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1.9. Electrophoresis and Electroosmosis

and resulting topological defects and lifts many impositions on the properties of the

particles as discussed below [54,70,71].

1.9.2.1 Liquid crystal-enabled electroosmosis (LCEO)

Electrically powered transport of particles in an anisotropic fluid, especially in liquid
crystal is rich in dynamics than it’s isotropic counterparts. Replacement with LCs as
an electrolyte brings anisotropy in dielectric permittivity and conductivity of the host
medium which plays crucial role in transporting particles. The dielectric anisotropy
causes the director realignment, especially in the distorted region while conductivity
anisotropy give rise to anisotropy in ionic mobility around the particles. This phenom-
ena is primarily caused by the asymmetric director distribution around the particles
and known as liquid crystal-enabled electrophoresis (LCEEP). So, particles inducing
symmetric director structure (Saturn ring and boojum defects) do not propel due to
LCEEP. The electrophoretic velocity could be both linear and non-linear with electric
field depending on the charge, size and strength of the applied field, thus allowing a

high degree of freedom for moving the particles in LCs.

Let us consider a spherical particle with normal anchoring disperse in a uniformly
aligned LCs (Ae ~ 0) placed between two planr anchored electrodes. Suppose the
particle induce a disclination ring (Saturn ring) defect due to the confinement of the
cell. The electric field is applied along the far field director 7w = (1,0,0), i.e £ =
(E,,0,0) (Fig.1.26). The applied field does not perturb the far field director as the
dielectric anisotropy is zero. LCs have some free ions and they have higher mobility
along the director as the conductivity anisotropy, Ao > 0. For the shown polarity
E, > 0 in Fig.1.26(a), negative ions accumulate on the right side of the sphere and
positive ions deposit on the left side. The charge density induced by the electric field
in a distorted LC can be calculated under the approximation of weak anisotropies of
conductivity and permittivity (Ae << € where € = (¢ + €1)/2,Ac << 7, where

G = (0 +01)/2) and weak director gradients as: [69]

A Ao\ 0
p(xay) = 60E <€ - U) ajEz

€ o

(1.51)

The charge density is directly dependent on properties of LCs, namely (i) the director

gradients %Z’, where ¢ is the angle between the unperturbed 7y and the far field di-
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rector 72 (Fig.1.26(a)) and (ii) anisotropies Ae, Ao and the field strength. The electric
field drives the separated charges by imposing a Coulomb force of density f o pFE,,
which yields an electroosmotic flow of the nematic around the sphere (Fig.1.26(a)).
Reversing the field polarity alters the sign of the induced charge p o« FE,, but the
product f « pE, o< E? remains insensitive to the field polarity. It implies that the

flows and forces are also independent of polarity. The polarities of space charge is de-

(d)

(2

Figure 1.26: Schematic diagram showing charge separation across the particles with
(a) Saturn-ring, (b) boojum and (c) hyperbolic point defect in a NLC. (d-f) LCEO
flows around the respective particles. (g-i) Velocity field mapping of LCEO flows
around the particles (adapted from ref. [69]).

pendent on the type of anchoring on the particle’s surface. For example, tangentially
anchored particle acquires positive and negative ions on the right and left side of the
particle, respectively (Fig.1.26(b)) which is exactly opposite to the case of homeotrop-
ically anchored particles. This depicts the sensitiveness of induced space charge to the
sign of director gradient g_;?‘ The electro-osmotic flow is of "puller" type around the

homeotropically anchored particle and of "pusher" type around the planar anchored
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particle as shown in Fig.1.26(a) and (b), respectively. These particles show no propul-
sion as the flows have fore-aft symmetry in both the cases which can be clearly seen
from the fomation of four vertices in the streamline flow pattern around the particles
(1.26(d,e,g,h)). But the fore-aft symmetry of the flow is broken when the normally an-
chored particle induce a point defect and possesses dipolar director structure (1.26(c).
If the dipolar particle is made immobile, the induced electro-osmotic flow pump the
LCs from right to left of it as shown in Fig.1.26(f,i). If the particle is free, it moves
with a electrophoretic velocity proportional to E2. The amplitude of electro-osmotic
flow around the particle or equivalently the electrophoretic velocity of the free dipolar
particle can be obtained by balancing the driving Coulomb force f o« pE, and viscous

resistance nv/a® and given by [69]

(1.52)

ea A A
U:aeoea|fe_ja|E2
€ o

n
where o ~ 1 is a dimensionless quantity introduced to account for the director gradi-

ents.

1.9.3 Electrophoresis of charged particles in NLCs

Let’s consider a positively charged particle with homeotropic surface anchoring dis-
persed in a uniformly aligned liquid crystal having positive dielectric anisotropy with
the director along z-axis, i.e 7 ~ n(1,0,0) (Fig.1.27(a)). As Ae > 0, electric field
is applied along the director 7, i.e E = (F,,0,0) so that it does not influence the
far field director. In the isotropic phase, the charged particle shows a classical linear
electrophoresis similar to the discussed above with a linear mobility coefficient. Once
the medium is cooled down to the nematic phase, the particle induce radial director
configuration in it’s vicinity and nucleate a point defect (hyperbolic hedgehog). The
particle-defect represents an elastic dipole, p ~ (p,,0,0) as already discussed. Due to
mismatch in anchoring conditions between the electrodes and the particle surface, the

particles levitate in the bulk, resisting sedimentation.

Under DC field, the particle has two velocity along the same direction i.e along the

director; (i) v oc E due to it’s charge and (ii) v o< E? due to asymmetric director
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(a) |8

%’”’J

Figure 1.27: Schematic diagrams of two types of electrophoretic motion of a spherical
charged particle nucleating dipolar director profile in a uniformly aligned nematic

liquid crystal having (a) Ae > 0 and (b) Ae < 0.

profile around it (LCEEP). So, the electrophoretic velocity of the particle is given by
Ve = pl, + BE? (1.53)

where [ is the field-dependent coefficient. The sign of 5 changes with the reversal of
elastic dipole, p.

In case of LC with negative dielectric anisotropy, the field is applied perpendicular to
the director,i.e £ = (0, E,,0) as shown schematically in Fig.1.27(b). Here, the particle
possesses two velocity components, one along the field due to classical electrophoresis
and the other along the director due to LCEEP. The velocity component along the
field shows a linear dependence on field, when field strength is weak. The direction of
transport of particle changes as one reverses the field polarity. For stronger field, the

cubic term becomes more apparent [68],
_ 3
vy = By, + 3, (1.54)

where p3 is a mobility coefficient and is more effective for larger particles. The velocity
component along the director (perpendicular to field) due to LCEEP as discussed
previously is

v, = BE? (1.55)
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In general, the electrophoretic velocity in the tensorial form can be written as
v; = i By + Bijp B By + psijun By E (1.56)

with linear (py,5), quadratic (5;;,) and cubic (u3;;x) tensorial coefficients (i, j = z,y, 2).
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2

Experimental Setup

2.1 Introduction

n this chapter we briefly discuss about different experimental techniques and setup
I used in the experiments. First, we describe the preparation of LC cells. Then, we
discuss fabrication of Janus particles and chemicals desired for surface alignment of
liquid crystals on the particle’s surface. Further, we explain the setup and working
principle of optical tweezers which was used to manipulate the particles. An imaging
technique with A-plate is discussed in order to construct the director field and iden-
tify the defects surrounding the particles. Finally, we present the video-microscopy

technique for tracking the position of the particles.

2.2 Preparation of LC cells

LC cells are made by arranging two glass plates (1.6x1.1 cm?) of thickness 0.5 mm.
The glass plates are washed thoroughly with soap water and then, rinsed with dis-
tilled water for several times. They are further cleaned through sonication using an
ultrasonic water bath in both acetone and water. Then the glass plates are dried in
the oven at 100°C for 20 minutes and also by blowing Nitrogen gas. After drying, the
glass plates are spin coated with a polymer (AL-1254, JSR Corporation, Japan) using
a spincoater (Holmarc) which is programmed to rotate at a speed of 4000 rpm for first
20 s and 6000 rpm for the next 20 s. The coated glass plates are cured at 180° in the
furnace for 1 hour. The surface of the cured glass plates are rubbed unidirectionally

using a bench-top rubbing machine (HO-IAD-BTR~01). Finally, two such plates are
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2.2. Preparation of LC cells

attached with the help of an optical adhesive mixed with spacer (silica microspheres)
in antiparallel fashion with respect to their rubbing direction in order to provide uni-
form planar alignment of the LC director. For applying electric field, we used ITO
(Indium-Tin Oxide) coated glass plates. In order to apply electric field parallel to the
LC director, we make in-plane cells where a region of the bottom ITO is etched using
conc. HCl and Zinc powder while the top glass is a non-ITO (Fig.2.1(a)). For applying
electric field perpendicular to the director, we used two ITO glass plates and made
cells as discussed above (Fig.2.1(b)). Electrical contacts are made by soldering copper
wires using ultrasonic soldering (Sunbonder USM-IV). Alternating current electrical
signals to the cells in the sinusoidal form are applied by a function generator (AFG

3102, Tektronix) which was further magnified by a voltage amplifier (TEGAM 2350).

(a) ITO (b)

glass slide

Figure 2.1: (a) Schematic diagram of a cell for applying in-plane electric field. The
ITO etched portion is the region of interest. (b) Schematic diagram of a a cell for

applying out-of-plane electric field. Red lines represent the electrical wires.

Figure 2.2: Experimental setup for measuring cell thickness.

The empty cell gap is measured by using a standard interference technique with the
help of a high resolution spectrometer (Ocean Optics HR4000CG-UV-NIR). The cell
is illuminated with light through an optical fiber as shown in the Fig.2.2. The light
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2.3. Liquid crystals and colloids

reflected from the top and bottom plates is collected by the probe and the resulting
interference pattern can be analyzed through a software (SpectraSuite) interfaced with
a computer. The spectrum consists of maxima and minima as shown in Fig.2.2. The

thickness of the cell is calculated using the formula

AmAn m-—n

Ao n T

d = (2.1)

where \,, and \, are the corresponding wavelengths of m*® and n'* maxima or minima.

2.3 Liquid crystals and colloids

In all experiments, we used calamitic liquid crystals (consist of rod shaped molecules)
such as 5CB (4-cyano-4’-pentylbiphenyl) and MLC-6608 obtained from Sigma Aldrich
and Merck, respectively. 5CB is a room temperature nematic liquid crystal exhibiting
the following phase transitions : Cr 22°C N 35°C Iso. At room temperature, the
birefringence of 5CB, An = 0.18 and the dielectric anisotropy, Ae=13. On the other
hand, MLC-6608 is a mixture of liquid crystals exhibiting a large temperature range
of nematic phase: SmA -30° N 90° Iso. The dielectric anisotropy of MLC-6608 is
negative (Ae= -4.2) and it possesses low birefringence (An = 0.08). The values of

some physical properties of both LCs are presented in Table 2.1.

Liquid crystals | nj njg € € o oL
(x107%) Sm~t | (x107?) Sm~!

5CB 1.77 | 1.59 | 19.7 | 6.7 7.18 5.18

MLC-6608 1.55 | 147 | 7.8 | 3.6 0.5 0.2

Table 2.1: Values of refractive index, dielectric permittivity and electrical conductivity

of 5CB and MLC-6608 LCs at room temperature.

2.3.1 Fabrication of Janus particles

We prepared metal-dielectric Janus particles using directional deposition (Fig.2.3(a))
of metal onto dry silica particles (SiO5) of diameter 2a = 3.0 £0.2 um (Bangs Labora-
tories, USA) in vacuum [1-3|. Approximately 2% suspension (25 pl) of silica particles
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2.3. Liquid crystals and colloids

is spread on a half glass side (40 mmx25 mm), whose surface is made hydrophilic by
treating with Piranha solution and dried to form monolayer as shown in Fig.2.3(b,c).
A enlarged view of monolayer shows a hexagonal closed packed structure of particles
(Fig.2.3(d)). Next, a thin Titanium (Ti) layer of thickness 35 nm is deposited verti-
cally using electron-beam deposition at a pressure of 3 x 1076 torr, and deposition rate
of 0.5 As*. On top of this, a thin layer of SiO; film (10-15 nm) is deposited in order to
make the particle surface chemically isotropic as shown in Fig.2.3(e)). Ti coating on
the silica particles appear dark when observed through transmitted light (Fig.2.3(f)).

@ Lasm

(35 nm)
SICIC X
Q 00 QQO/

Monolayer of Silica particles
of diameter ~ 3 um

(e l lll l SiO, 5*)

(10 nm)

e°e°e°o°o% g (v (

2 pm

Figure 2.3: (a) Schematic presentation of directional deposition of Ti on a monolayer
of silica microspheres. (b) SiO, microspheres on a glass substrate. (c) Dried silica
particles forming crystalline structure. (d) Closed hexagonal pattern of monolayer of
silica particles. (e) Coating SiOy above Ti-coating. (f) Optical micrograph of coated
particles through transmitted light. (g) Bright field image of a few Janus particles.

(h) Scanning electron microscopic (SEM) image of a few Janus particles.

Then the slides with silica monolayer are washed thoroughly with deionized water
(DI) and isopropyl alcohol. The particles are detached from the slides by ultrasoni-
cation in deionized water of volume 20 ml for 100 s. The bright region in Fig.2.3(f)
indicates that the particles are removed, leaving their mark on the sustrate. Further,
the collected particles are sonicated for 30 minutes to breakup any agglomeration of
the particles. After sedimentation of the particles at the bottom of the centrifuge
tube, the concentrated suspension is used for the experiments. A bright field image
of a few Janus particles is shown in Fig.2.3(g) where the metal-dielectric interface is

easlily distinguishable. The darker part represents metal while the brighter part rep-

20



2.3. Liquid crystals and colloids

resents silica. The thin layer of SiOs coating on Ti does not make much difference
in appearance due to the transparency of silica. Scanning electron microscope (SEM)

image of a few Janus particles is shown in Fig.2.3(h).

2.3.2 Surface treatment of particles

The particles are treated with appropriate polymer to get the desired anchoring of
the LC molecules on their surface. N,N-dimethyl-Noctadecyl-3-aminopropyl-trimet-
hoxy-silyl chloride (DMOAP) is functionalized on the surface of particles to obtain
normal or homeotropic alignment of LC molecules [4,5]. Schematic diagram of surface

coupling of DMOAP is shown in Fig.2.4(a).

(a) CisHsy CH;

C|BH37
>Ni o s,
H3C (CHp_); - SI(OCH;); 8 _o O/ (é’:ar:glzel alignment
/h?\/\/\si\\O/\Si\/\/\/Nf &

N,N-Dimethyl-N-octadecyl- , 2 2

3-aminopropytrimethoxysilyl chloride (DMOAP) glass
(b) H
—o \/o
W /n\/\/\si\/o\Si\/\/\”/

H}C (CHz)‘; = si(OCHx); [ 2 ol

N-methyl-3-aminopropytrimethoxysilane (MAP) glass

Figure 2.4: Schematic diagram showing coupling of (a) DMOAP and (b) MAP on the

surface.

The procedure for surface functionalisation is as follows: about 2wt% of DMOAP
was added to a diluted solution of Janus particles. Next, it was mixed for 10 minutes
using a vertex mixture (SPINIX) to get uniform coating of octadecyl chains on the
particle surface. Then the excess DMOAP was removed by centrifuging the mixture
using Mini Spin centrifuge (Eppendorf) and by rinsing in deionized water several times.
The solution is then cured at 100°C in the oven to make permanent bonding which
provides normal anchoring to LLC molecules. The particles are treated with N-methyl-
3-aminopropyltrimethoxysilane (MAP) to induce planar anchoring of LC molecules on

the surface. The MAP was coated on the microsphere following the same procedure
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2.4. Optical Setup

discussed above. Schematic diagram of surface coupling of particle surface with MAP

is shown in Fig.2.4(b).

2.4 Optical Setup

We have used optical tweezers in order to manipulate the micro-particles in LCs.
The laser tweezers setup is built on an inverted optical polarizing microscope (Nikon,
Eclipse Ti-U) installed on a vibration free optical bench. The optical setup is presented
schematically in Fig.2.5 and the actual setup in the laboratory is shown in Fig.2.6. A
sample stage (PRIOR) is fixed with the microscope and a halogen lamp is used to il-
luminate the sample. The movement of the sample stage is controlled with the help of
a joystick (PRIOR optiscan II). Polarizer, analyzer and required filters are kept along
the optical path. Objectives used in our experiments are 20X air (WD = 2.6 - 1.8 mm)
and 60X water immersion (WD = 2.8 mm). 60X water objective with NA=1.0 was
used for creating laser traps. Water as immersion medium is used to reduce spherical
aberrations of light for better trapping. The microscope has multiple ports for connec-
tion to the cameras. Right side port is connected to a CCD camera (IDS UI-3370CP,
2048-2048 pixels, resolution 4.19 MPix, black/white) camera which is interfaced with
a computer through Tweez software. A colour camera (Nikon DS-Ri2) is attached to
the left side of the microscope for capturing colour images and movies. All the optical

devices are interfaced with the system through various computer programs.

We used an infrared laser (1064 nm) with maximum power 5W for creating laser
traps. A single mode output, typically gaissian mode TEM is delivered by the laser.
The beam passes through an acusto-optic deflector (AOD) which helps in creating mul-
tiple traps simultaneously by time sharing. AOD consists of a piezo-electric crystal
(TeOy) which produces a travelling sound wave and the wavelength of the sound wave
act as diffraction pattern for the laser beam. The first order diffracted light of wave-
length A is deflected through an angle A = \f/v, where f and v are the frequency
and velocity of the acoustic wave, respectively. AOD has four output slots which are
connected to the followings: (i) a safety switch in order to abort the operation in case

of emergency, (ii) a photodiode for checking laser power, (iii) a CCD camera and (iv)

92



2.4. Optical Setup

Halogen Lamp
Nd-YAG Laser
(A= 1064 nm)

Function
generator

Polarizer / Amplifier
, l 7
£ f{XV e,

H

(\ Fluorescent
AOD U Light source
Filters ——

Analyzer <= I - I
Eyepiece

Figure 2.5: Schematic diagram of the experimental setup.

Figure 2.6: Photograph of the actual experimental setup. Side view of the microscope

is given in the inset. Equipments are marked with red colour text.
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Figure 2.7: Schematic diagram of acusto-optic deflector (AOD).

interlock to the microscope.

2.5 Optical trapping

Here we discuss basic principles of optical trapping of particles. Laser light exerts
a force on the particles through momentum transfer when it undergoes reflection or
refraction [6-8,10]. The force exerted by the light has two components such as gradient
forces (Fyraq) and scattering forces (Fyeqt). Based on the relative wavelength (\) of
the light and size of the particles (r), it is broadly classified in to two regimes such as
Rayleigh regime (r << A) and Mie regime (r >> \). In Rayleigh regime, particles
can be considered as dipoles polarized by the component of light field and creates a
electrostatic potential with interaction of electric field of light. So, the gradient force

can be given as [§]

ndrd (n2—1
Foa = —VU = r E? 2.2
grad = =VU 2 <n3+2>v (2.2)

where n, and n,, are refractive indexes of the particle and the medium, respectively

and n, = n,/n,, the relative index of the particle to the the surrounding medium.
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2.5. Optical trapping

(a) (b)

Figure 2.8: Schematic representation of axial trapping forces. In the absence of the
particle, two rays (a and b) are focused through the objective at the true laser focus, f.
(a) Particle placed above the focus leads to the refraction of light rays resulting the new
focus to lie below f. The two rays become more convergent upon exiting the particle;
F, and F, are the forces exerted on the particle by rays ‘a’ and ‘b’, respectively. Fioal
is the sum of these two vectors and points upwards. (b) Displacement of particle above
the focus makes the rays ‘a’ and ‘b’ are more divergent, and the resulting force points

downward [11].

The scattering force along the direction of propagation of light of intensity I, arises

due to the transfer of momentum carried by the photons and can be expressed as [8]

1287%75 (2 — 1\ ny,
Foout = - — 1 2.3
Y <n2 +2> ¢’ (2:3)

A stable trap is possible when Fy,,q is greater than the F,.,; and n, is greater than n,,.
On the other hand, when the size of particle larger than the wavelength of the light, we
are in the Mie regime and the scenario can be understood with the help of ray optics
where the particle can be treated as a lens. When light interacts with the particle, it
bends away due to refraction and the change in field momentum leads to create equal
and opposite forces on the particle. The resultant force acting on the particle is the
vector sum of the forces resulting from ensemble of rays of light refracted through the
particle. Fig.2.8 shows the trapping mechanism of an axially displaced particle. F,

and Fy are the forces experienced by the particle due to rays a and b, respectively and
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2.5. Optical trapping

Fiotar is the sum of these two vectors. When the particle is displaced down the focal
point, Fyq is upward (Fig.2.8(a)) and when the particle is displaced above the focal
point, Fie is downward (Fig.2.8(b)). In practical applications, neither Rayleigh nor
the ray optics is considered as the particle size is almost comparable to the wavelength
of the light. In both the cases, trapping is possible only if the refractive index of the
particles is higher than that of the host medium. However, the trapping mechanism
of particles in liquid crystals is very different than in water. Here, we present a brief

description of the laser trapping of particles in nematic liquid crystals.

2.5.1 Force Calibration

For all practical applications of optical tweezers, it is desired to have information about
the optical force acting on a trapped object. Moreover, for effective use, the tweezers
need to be calibrated. One of the easiest way to calibrate tweezers is to analyze the
Brownian motion of a trapped particle. For example, we consider spherical particles
of diameter 2 pm dispersed in water. A tightly focused laser beam was used to trap a
particle and the position fluctuations were recorded. Figure 2.9(a) shows the position
of a trapped particle with time. The inset of Fig.2.9(a) shows a bright field image
of a trapped particle. The position distribution of the trapped particle well fits with
Gaussian distribution as shown in Fig.2.9(b). We present two simple methods of trap

calibration [9)].

2.5.1.1 Calibration using equipartition theorem

An optical trap can be calibrated using the equipartition theorem assuming the trap-
ping potential is harmonic. Equipartition theorem states that each degree of freedom
contributes kgT'/2 to the average energy, where kp is the Boltzmann constant. From
the recorded position of the trapped particle, the averaged square of the displacement

from the trap center is given by

or = ((z—(a))") and oy ={(y— ()" (2.4)

where < x > and < y > are the mean displacements along x and y -axis, respectively

and the trap stiffness k;, can estimated as
koy = kT /o2, (2.5)
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Figure 2.9: (a) Positions of a trapped spherical particle of diameter 2 wm with time
in water. (b) Position distribution along both x and y-axis. Solid lines represent
Gaussian fits. (c) Trapping potential in x and y directions. Solid lines represent
fittings to harmonic potentials. (d) Linear variation of stiffness coefficients with laser

the power. (Objective used 60X)

This method however is not accurate for particle position far from the center of the
trap where the potential is not harmonic.
2.5.1.2 Calibration using Boltzmann statistics

According to Boltzmann statistics, the probability density p(x,y) of particle position
is given by

p(l‘ay) = C'exp (—U(l’,y) /kBT) (26)
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2.5. Optical trapping

where C' is a constant and U(x,y) is the trapping potential. The potential can be

estimated from the normalized histogram of particle position as

Ul(x,y) = —In(p(z,y)) (2.7)

The harmonic potential can be fitted with a parabola y = az?+b in the central region.
The stiffness coefficient can be calculated as &k = 2akgT and is more accurate than
Eq.(2.5). For example, the harmonic potential of the trapped particle is shown in
Fig.2.9(c) and the corresponding fitting parameter gives the value of stiffness coeffi-
cients as k, = 9.18 x 107% and k, = 8.5 x 107 Nm~'. The stiffness coefficients are
found to be linear with laser power as shown in Fig.2.9(d). The corresponding force
experienced by the particle for displacement at length scales of micrometer is in the

range of 1-10 pN.

2.5.2 Optical trapping and manipulation of microparticles in

nematic liquid crystals

As discussed earlier, for an effective trapping the refractive index of the particle should
be larger than that of the medium. When the host medium is a nematic LC, the
trapping mechanism is very different as the refractive of the LC is greater that the
particles. There are different mechanisms of trapping. One of the techniques involves
creation of an elastic distortion of low refractive index using laser tweezers and it’s
interaction with the real colloid [12-15]. For demonstration purpose, we have used
dielectric silica microspheres (diameter = 5.2 pm) of low refractive index (n = 1.4) as
compared to the host medium liquid crystal (7 = 1.65) which is contrary to the basic

requirement for optical trapping.

An isotropic bubble is created due to the local heating of LC medium which can be
seen as grey circular line in Fig.2.10. The distorted region acts as a trapping site for
the particle and attracts the real colloid over several micrometers. Figure.2.10(a-d)
show the sequence of a trapping event. The point defect shows a long range attractive

interaction with the distorted region.

Optical tweezers can be used to manipulate the defects around the particles. Isotropic

bubble created by local quenching converges to different types of defects. Fig.2.11
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2.5. Optical trapping
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Figure 2.10: Sequence of snapshots (a-d) showing the motion of a particle towards
the ghost colloid. The circular region is the melted region of nematic due to the laser

heating. Cell thickness is 10um.
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(d)

5 um

Figure 2.11: Sequence of snapshots (a-d) showing the manipulation of a particle from
Saturn ring defect to a hyperbolic hedgehog defect. (e) Topological transformation

from hyperbolic hedgehog to a disclination ring.

shows the conversion of a point defect in to a ring defect using an optical trap.
Figure.2.11(e) shows the schematic of transformation from hyperbolic hedgehog (s =
—1) to a disclination ring of strength s = —1/2. The reverse transformation is also
possible. The optical trap is also used to change the position of point defects which is

an important factor in assembling colloidal particles.

Optical tweezers are used to direct assemble of many particles nucleated with defects

to form linear chains as shown in Figs.2.12(a-b). Many such chains can also be brought
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2.6. Determination of director orientation using full waveplate (A-plate)
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Figure 2.12: Sequence of snapshots (a-d) showing the laser assisted 2D assembly of

dipolar particles.

together in an anti-parallel fashion to make 2D crystal [16,17].

2.6 Determination of director orientation

using full waveplate (A-plate)

In order to study the defects around the particles and resulting elastic distortions
in a uniformly aligned LC, it is important to know about the orientation of the LC
molecules. The particles create elastic distortions in the medium. The images of
the particles are seen with an additional full wave retardation plate (A-plate) kept in
between the sample and the polarizer. The A-plate introduces an exact retardation
of one wavelength (530 nm) between the ordinary and extraordinary wavefronts. The
consequence of a A-plate in linearly polarized white light as a combination blue, green
and red wavefronts is schematically shown in Fig.2.13. Without the sample, the \-
plate induces elliptically polarized blue and red wavefronts, but linear polarized green
wavefront which gets blocked by the analyzer as it is placed cross to the polarizer.
The combination of red and blue give rise to bright magenta colour (visible light
without the green component) as shown in Fig.2.13(a). When a birefringent sample
with wavefront ellipsoid parallel to the slow axis of the A-plate, the relative retardation
is increased so that the linearly polarization character is shifted to higher wavelength
(red). The blue and green wavelengths interfere to form a hue similar to second

order blue color as shown in Fig.2.13(b). If the birefringent sample is rotated by 90°,
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2.6. Determination of director orientation using full waveplate (A-plate)

Analyser/v

N/ X X

A-plate

(530 nm)
nm x x

N\ s

Birefringent
(a) (b) Sample (c)

Figure 2.13: The effect of A-plate on the white polarised light. (a) Without any
sample in the optical pathway. A birefringent sample with ellipsoidal wavefront with

(b)parallel and (c¢) perpendicular to A-plate.

the resultant retardation will decrease and the shorter wavelengths (blue) get linear
polarized. Elliptically polarized green and red wavelengths ultimately recombine to
form a first order yellow (subtraction) interference color. Consequently, elliptically
polarized red and green wavelengths combine to form a first order yellow interference

color (Fig.2.13(c)).

(a)

Figure 2.14: Display of the color pattern according to the orientation of LC molecules
with respect to the A-plate. Red arrow shows the slow axis of the A-plate. (b) Director
profile around a particle nucleating Saturn-ring defect. (c¢) The corresponding POM

image with the A-plate inserted at 45° in between the sample and the polarizer.

In our experiments, the emerging color depends on the orientation of the director
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2.7. Particle tracking

field. The effect of A-plate on the orientation of director filed is shown schemati-
cally in Fig.2.14(a). If the director field is parallel to the polarizer, it will display
magenta color. If the LC molecules are oriented parallel (perpendicular) to the slow
axis of the retardation plate, the retardation will be towards higher (lower) wave-
length and consequently display blue (yellow) color. For example, consider a particle
with homeotropic anchoring nucleate a Saturn-ring defect as discussed in the previous
chapter. Figure.2.14(b) shows the director pattern around the particle. Figure.2.14(c)
shows the corresponding POM image with A-plate where the color pattern matches

with the director orientation as expected from Fig.2.14(a).

2.7 Particle tracking
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Figure 2.15: (a) Screenshot of the PartTrack software. The green square presents the
region containing the particle. The red color presents the tracked region and the yellow
color shows the particle’s trajectory. Intensity profile of the tracked particle along (b)

x and (c) y-axis.

We have traced the position of the particles using the video-microscopy technique.The
movies with 30-100 frames per second were captured by an iDS CCD camera attached

to the microscope. A particle tracking software (PartTrack4) was used for particle
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2.7. Particle tracking

tracking. Figure.2.15 shows a screenshot of the software interface tracking a spherical
particle of diameter 2 um. The software treat the video as an array of images. We
manually choose a region containing the desired particle and fix the highest or lowest
(depending upon the contrast of the particle with respect to the background) intensity
of the particle on the basis of grey scale as shown by green box around the particle
in Fig.2.15. The intensity profiles along both x and y-axis with the origin passing
through the center of the particle are shown in Fig.2.15(b) and (c), respectively. Both
intensity profile well fit to Gaussian distribution with FWHM (full width half max-
imum) 1.03 £ 0.06 and 1.04 + 0.05 um along = and y-axis, respectively. The same
intensity with deviation (same as FWHM), set as threshold is followed for the con-
secutive images in that selected region and eventually the software provides the pixel
coordinate (center of the tracked region shown in red color) of the particle. It is then
converted to real time coordinate by calibrating the image using a microscope scale
bar (1 px = 0.08 pm). This enables us in getting the time coded trajectory as well as
the velocity of the particles. The accuracy of determining the position of the particle

is about 20 nm.
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3

Electrophoresis of metal-dielectric
Janus particles with quadrupolar

director field: Particles with

equatorial ring defects

3.1 Introduction

T \lectrophoresis, the use of electric fields to transport tiny particles through fluids,

1 _J is an important technology for macro-molecular sorting, colloidal assembly and
display devices and a challenging area of soft-matter research [1-8]. As discussed in
chapter-1, classic electrophoresis is linear where ions in the electrical double layer drag
the fluid, and hence the particle propels with a velocity proportional to and along the
applied field direction. However, induced-charge electroosmosis (ICEQ) of particles is
nonlinear where the applied field itself creates the double layer. Polarity in the shape
or surface properties of the particle results in a flow pattern that picks out a direction
of motion, with velocity quadratic in and normal to the field as discused in chapter-
2 [9-13]. Neither effect offers the option of continously tuning the direction of transport
and hence the desired motility of the microscopic particles. Thus, the controlled

motility and navigational ability of the microscopic particles is still challenging [14,15].

When the ambient fluid is a nematic liquid crystal (NLC), the anchoring of the mean

molecular orientation or director i normal to the surface of a suspended homogeneous
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3.1. Introduction

spherical particle mandates Saturn-ring [16,17] or asymmetric [18, 19] defect struc-
tures, resulting, respectively, in quadrupolar or dipolar elastic distortions in the NLC
(see chapter-1). The nonlinear electro-osmotic flow resulting from an imposed elec-
tric field yields transport of dipolar particles parallel to the local director, thanks to
their broken fore-aft symmetry, an effect termed liquid crystal-enabled electrophoresis
(LCEEP) [20-24] as dicussed in chapter-1. The Saturn-ring particles, by contrast,
maintain the quadrupolar symmetry of the flow as shown in Fig.3.1 and hence display

no motility [23,24].

Figure 3.1: (a) A quadrupolar particle (with Saturn ring) under in-plane electric field.
(b) Directional streamlines of electroosmotic flows around the same particle (adapted

from ref. [24]).

In this chapter, we focus on spherical particles with two hemispherical faces, one
metal, the other dielectric. Their “Janus” character is sensed only by the electrostatics
of the medium; as far as the mechanics of the ambient NLC is concerned they are elastic
quadrupoles. Our central result is that purely by tuning the amplitude and frequency
of an imposed electric field, and not its direction, we can achieve guided transport of
quadrupolar Janus colloids in the direction of our choosing perpendicular to the field,

amounting to a realization of controllable active particles [25].
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3.2. Experimental

3.2 Experimental

We prepared metal-dielectric Janus particles using directional deposition of metal (Ti)
onto dry silica (SiOz) particles as discussed in the chapter-2. The surface of Janus par-
ticles was coated with N, N-dimetyl-N-octadecyl-3 aminopropyl-trimethoxysilyl chlo-
ride (DMOAP) in order to induce perpendicular (homeotropic) orientation of the lig-
uid crystal director. A schematic diagram showing successive coatings is presented

in Fig3.2(a). A small quantity (0.5 wt%) of DMOAP coated Janus particles was dis-

@) \;}Ul (®)

Light source

Dielectric

- (510,)

Luxn

DMOAP side view

Cross-section view

Figure 3.2: (a) Side and cross-section views of a metal-dielectric Janus particle pre-
pared by coating 35 nm Ti layer on SiO, microparticle. On top of Ti, 10 nm of SiOq
is coated. Magenta color strands represent DMOAP molecules, which are anchored
to the particle’s surface. (b) Diagram of the experimental cell. The electric field is
applied along the z-direction. Red circles indicate ring defects encircling the Janus

particles.

persed in nematic liquid crystal, MLC-6608 (SmA -30° N 90° Iso). The liquid crystal
obtained from Merck wass used directly without any further purification. The dielec-
tric anisotropy of MLC-6608 is negative (Ae = ¢ — e, = —4.2+ 0.1, where ¢ and €,
are the dielectric permittivities for electric field E, parallel and perpendicular to 7, re-
spectively) whereas the conductivity anisotropy is positive (Ao = o —o ~ 6 X 10710

Sm~! at 100 Hz). There is no electroconvection observed in the experimental field and
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3.3. Results and discussion

frequency range. An inverted polarising optical microscope (Nikon Ti-U) with water
immersion objective (Nikon, NIR Apo 60/1.0) was used for observing the particles as
shown schematically in Fig.3.2(b). An infrared laser tweezers setup as described in
chapter-2 was used for manipulating particles. A charge-coupled device (CCD) video
camera (iDs-UI) at a rate of 50-100 frames per second was used for video recording
of the particle trajectory. A particle tracking program was used off-line to track the

centers of the particles, with an accuracy of +20 nm.

3.3 Results and discussion

Macroscopic alignment of the LC director in the x direction is imposed by the treated
surfaces of the bounding electrodes parallel to the zy plane (Fig.3.2(b)). Their sepa-
ration is larger than, but close to, the diameter 2a of the suspended particles, which

produce a quadrupolar elastic field in the nematic (Fig.3.3(a)). We work in the dilute

(a)v (b). |
A

Figure 3.3: (a) Quadrupolar distortion of nematic director around a spherical particle.

Red circle represents Saturn-ring defect. (b) Janus quadrupolar particles in a planar
cell. The dark hemisphere represents metal. (¢) Optical microscope texture of a Janus
quadrupolar particle in the NLC between crossed polariser (P) and analyser (A) in
the zy plane. (Inset) Texture with a A-plate (530 nm) with it’s slow axis kept at 45°

with respect to the director fi, shown by double headed arrows.

regime (0.5 wt%) and do not consider cases of higher concentration where aggrega-
tion and network formation are important [27,28]. Due to the elastic distortion of
the director, the particles resist sedimentation and levitate in the bulk as discussed in
the chapter-1 [29]. This feature, and therefore liquid crystal enabled electrophoresis
(LCEEP) as well, is absent in the isotropic phase. As the dielectric anisotropy of the
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3.3. Results and discussion

sample is negative, the applied electric field E in the z direction does not influence the
macroscopic director except near the particles [23]. Figure 3.3(b) shows bright image
of a few Janus quadrupolar particles with their metal hemisphere oriented in different
directions, always keeping the Saturn rings perpendicular to the macroscopic director.
Figure 3.3(c) shows the optical microscope texture of a Janus quadrupolar particle
with cross polarisers. The four-lobed intensity pattern of the particle, a characteristic
feature of elastic quadrupole, was further substantiated by the texture obtained by

inserting a A-plate (inset of Fig.3.3(c)).
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Figure 3.4: (a) ¢ is the angle between the director fi and Janus axis § (normal to the
metal-dielectric interface). (b) Selected orientation of a particle in the zy plane at
different . (c) Time coded trajectories (T, =0s to Thax=bs ), labelled from I to
VIII, under AC electric field (1.54 Vum™!, 30 Hz). Trajectories of selected particles
are grouped. Pink arrows denote the direction of motion. The direction of electric
field, E and the director (1) for all trajectories are shown at the center. Cell thickness:

5.2um.

Once the AC electric field is switched on, the particles reorient so that the plane of
the metal-dielectric interface lies parallel to the field due to the induced dipole mo-
ment which will be discussed in details in chapter-6 (Fig.3.2(b)). With increasing field,
they start moving in specific directions in the plane of the sample, depending on the
orientation of the Janus vector §, a unit normal vector to the metal-dielectric interface

as shown in Fig.3.4(a). Real-time trajectories of selected particles shown in Fig.3.4(b)
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3.3. Results and discussion

are grouped and presented in Fig.3.4(c). The dielectric hemispheres (Fig.3.4(c), III
and VII) lead when movement is parallel to, and the metal hemisphere (Fig.3.4(c), I
and V) when it is perpendicular to, the macroscopic director. For particles moving
at other angles the Janus vector § interpolates smoothly between these two extremes
as shown in Fig.3.4(e), II, IV, VI and VIII. This implies that the angle between the
Janus vector and far field director decides the direction of transport of particle. Of-
ten we used the laser tweezers setup to fine-tune the orientation of Janus vector and

achieve the omnidirectioal transport of the particles as shown in Fig.3.5. For all tra-
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Figure 3.5: Time coded trajectories of particles in many directions. Directions of #
and E (f = 30 Hz, E = 1.54 Vum™!) are shown in the central region. Magenta
arrows indicate the direction of motion of the particles. By relative coordinate we

mean relative to the starting point of each trajectory. Cell thickness: 5.2 pm.

jectories, the velocity shows a quadratic dependence on the applied field indicating the
non-linear behavior of liquid crystal-enabled electrophoresis (LCEEP). For example,
Fig.3.6 shows the field dependent velocity of Janus particles in trajectories-I1I, I and
IT (Fig.3.4(c)). In all these trajectories v oc E?, with their respective slopes given by
3.5£0.1 um3V=2571,2.14£02 um3V—2s7! and 3.6 0.1 um®V~—2s71. The slope of v, is

greater than that of v, as the particles can move easily along the director rather than
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in the perpendicular direction.
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Figure 3.6: Electric field dependent velocity of particles in (a) trajectory-III (v,), (b)

trajectory-1 (v,) and (c) trajectory-1I (v,) (see Fig.3.4(f)). Arrows near the spheres

indicate the direction of motion. Solid lines show least squares fit to v o< £?. Frequency

= 30 Hz. Error bars represent the standard deviation of the mean value. Cell thickness:

5.2um.

To understand the motility of a Janus particle in an AC electric field we calculate

the electrostatic force density induced by the field in the region around the particle.

This force density drives fluid flow over the surface of the particle in such a way as to

turn the particle into a swimmer, as sketched in Fig.3.8.

b4

X
S
n

Figure 3.7: Quadrupolar director field surrounding a Janus particle. Applied electric

field E is transverse to the director. Red circle denotes Saturn ring defect. The dark

hemisphere represents metal.
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We consider a single spherical Janus particle of radius a in a NLC. The particle’s
surface consists of a conducting and a dielectric hemisphere, both of which are taken
to impose identical uniform homeotropic surface anchoring on the ambient nematic,
so as to produce an elastic quadrupolar distortion in the director field, that is, a
radial hedgehog compensated by a Saturn ring defect. An electric field Eqo along
z is externally imposed on the system as shown in Fig.3.7. The mean macroscopic
director field lies parallel to the x axis and local deviations from this mean direction are
described by an angle 6, positive for counterclockwise rotation. We consider a system
with conductivities o)), o and dielectric constants €|, €, for electric fields parallel (]|)
and perpendicular (L) to the director fi, and define the anisotropies Ao = o)) — o,
and Ae = ¢ — €. Our strategy, generalizing [24], is to use charge conservation and
Gauss’s law to obtain the total electric field E and the charge density p and thus the
electrostatic force density F(r) = p(r)E(r), separately for the case of a dielectric and
a conducting sphere and to combine these results to infer the character of the induced

flow around the Janus sphere.

For our particles of radius a ~ 1.5 pum moving at speed v ~ 10 um s~! through a
liquid crystal of mass density p ~ 103 kg m™3, shear viscosity n ~ 0.02 Pa.s, Frank elas-
tic constants K ~ 20 pN (values quoted by supplier Merck for MLC-6608), Reynolds
number Re = pva/n ~ 1077, and Ericksen number Er = nva/K ~ 1072, We can
therefore ignore the effect of fluid inertia and we can take the director configuration
around the particles to be negligibly influenced by fluid flow. As in [24], we work at
zero Peclet number, i.e., take the charge currents to be purely Ohmic and not advected
by fluid flow. For simplicity we work at low frequencies so that time dependence can
be neglected in the induction equation and thus the electric field E = —VU¥ where
U is a potential. We work to first order in the anisotropies Ao and Ae. We begin
by evaluating the potential for a conducting or dielectric particle in the absence of

anisotropy, for which the electrostatic boundary conditions imply

E 3
W = —Foz + AE® = —Fpz + A\— (3.1)
r
1, conductor,
A= € — 1

< 1, dielectric,
€ +2
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3.3. Results and discussion

where ¢, is the dielectric constant.

To calculate the induced charge density in the nematic due to anchoring, we impose
steady-state charge conservation V -J = 0 for a current J = o - E = (0.1 + Acfifd) -

—VVU). where | is the unit tensor. This implies
( ), p
(o 1+ Achhi) : V(VY) = —Ag(AV -+ i - Vi) - VU, (3.2)

where the colon : denotes contraction with both indices of V(VW). For small deviations
on about a mean alignment fig, and corresponding deviations JE from a field E =
—V Vg imposed from the boundaries, writing 6E = —VJ0WV in terms of a potential oW,
(3.2) becomes
(0L + 0y V)T = —Ac[(7gV - 06 + fig - VR) - VTp+ 3.3
(oo + dfig) : V(Vp)]
where || and L denote components along and transverse to fig and ¥ = W+ W,. Next,

Gauss’s Law p = V- D = ¢V - (eE) reads, in the same linearized approximation,

p=—¢c(e, Vi + 6||Vﬁ)\11 - EOAG{(IAIOV - on+

flo - VOR) - VW + (Agdf + fiflg) : V(VWy)] 4
Solving (3.3) for ¥ allows us to write the force density
F = pE ~ 6(~Ae+ AoG,'G,) [(DV - 6y - Voih)- 55
VW, + (g0 + 6ifig) : V(V¥o)|Eg
where we have defined the Green’s functions
Gy = (0.V +0Vi)! (3.6)
and
Ge= (e, V3 + eHVﬁ)_l. (3.7)

At the lowest order in i the charge density is driven by the externally imposed electric
field Eg. We show below that the second term (which we call Fry) in brackets on the
right-hand side of (3.5) contributes only a higher multipole to the force density. The

force density thus takes the form
F ~ eo(—Ae+ AcG'G,) {(ﬁov -0+ fy - Von) - V\IJO}EO (3.8)
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3.3. Results and discussion

It is useful to decompose the force density as F = Fy+ F ) where Fj is a contribution
independent of whether the sphere is dielectric or conducting, while F, depends,

through A, on the electrical nature of the sphere:
Fo~ —c(—Ae+ AcG'G,) (V- 60 + g - VOR) - 2E5% (3.9)

and

Fr =~ eoM—Ac+ AcG 1 G,)(HV - 60 + g - Vo) - VOESZ (3.10)

where @ is defined in (3.1) above, and F is the same for both dielectric and conducting
surfaces, while the symmetry breaking piece is F. From (3.9) and (3.10), we see that
the effect is proportional to the square of the electric field and thus survives time
averaging over a period. Also from (3.10), the force dipole is larger for a conducting
sphere than for a dielectric sphere by a factor of 1/\. Therefore, for a Janus particle,
the center of the force dipole shifts from the geometric center towards the conducting
side, breaking the symmetry and hence rendering the particle motile in an applied AC

electric field.

For Fig.3.7, we consider a local Cartesian coordinate system and small-angle ap-
proximation, iy ~ X and 6t ~ (0,6(z,2)). The second term in (3.5) reduces to
Frr =~ 2e(—Ac + AcG1G,)0,00,YEq, with signs (— + —+) for positive z and
(+ — +—) for negative z, as one moves from positive z towards negative =, and hence
has only a higher multipole contribution. The force density of (3.8), on the other

hand, reads,

@ oV, N % oV,
0z Ox Oor 0z

Fo eo(—Ae+AaG;1GJ)< )Eoi (3.11)

In Fig.3.7 we see that the director curvatures in (3.11) are composed of bend concen-
trated just outside the Saturn ring (9,0) coupled to (0,¥y) and splay on the particle
surface (0,0 ) coupled to (0,¥y). We see that the signs in the four quadrants are 0,0
(——4+), 0.V (————), 0.0 (+——+), and 9, ¥y (—+—+). From (3.6) and (3.7) we
see that although GG, has a nonlocal piece decaying as 1/r3, it is formally a positive
operator if examined in Fourier space. For our system Ae < 0 and Ao > 0. Therefore,
the splay contribution produces a force dipole of the contractile or puller type, while
the bend produces a force dipole of the extensile or pusher type with respect to the

electric-field axis.
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3.3. Results and discussion

Figure 3.8: Liquid crystal-enabled electroosmotic flows around a quadrupolar Janus
particle in two orthogonal planes parallel to the electric field. Red circles represent
Saturn-ring defects. The dark hemisphere represents metal. The large curved arrows
on the metal hemisphere indicate stronger flows. The off-centered force dipoles F
(shown in green colour) are (a) pullers and (b) pushers. The propulsion direction of
the particles is indicated by a pink arrow for (a) Trajectory III/VII (b) Trajectory
I/V.

Given that the electric field, via Eq.(3.11), results in a force density along z, we can
understand trajectory III and VII (see Fig.3.4(c)) by asking how the Janus character
breaks symmetry in the xz plane. In this plane, the splay contribution is greater than
the bend as it is present over a larger part of the particle surface. Shifting the force
dipole towards the metallic side yields a puller-type force dipole resulting in motility
with the dielectric face forward as shown in Fig.3.8(a). To test whether this idea
makes sense let us apply it to the case of trajectories I and V in Fig.3.4(c). Here
the breaking of symmetry in the yz plane is of relevance. Bend all along the Saturn
ring is in play, which gives a pusher force dipole. Shifting this towards the metal
face results in motility with the conductor face forward as shown in Fig.3.8(b). The
consistency of our explanation for the cases of Janus axis parallel and perpendicular
to the macroscopic nematic alignment is reassuring. For other trajectories motility is
due to a combination of both the effects stated above and therefore interpolates in

direction.

76



3.3. Results and discussion

®) H'D o af (©))
1.98 me 1 =
-y
5' S0+
-8 )
¥
=
2 T ot
E.
1-16%
2.0 Vum'! =< 30f
' 15
1.1 um'l T. =0 R
= s 24 <l 1I2 1I6 2I0
-12 8 4 0 “E Vum) :
Relative Coordinate X (1m) o
80 T
2 (e) 70 Hz §))
= 30 60 Hz 70
>
]
20 50 Hz Boof
= )
é ' AWHZ ) 50
@ 10 30 Hz
s Toax =208
3 I w0}
&~ 0F 4—’
Q r -
_I_n_l_n_l_n. in 1 1
0 20 40 60 80 o i N w
X (pm) Relative Coordinate X (um) f (Hz)

Figure 3.9: (a) Change of direction of motion of a quadrupolar Janus particle by alter-
ing the field amplitude recursively between 1.5 Vum™! (purple) to 2.0 Vum™! (yellow),
keeping the frequency constant at 30 Hz. Arrows indicate the direction of motion. (b)
Time-coded trajectories of a particle at different field amplitudes and fixed frequency
(30 Hz). (c) Angle between the trajectory and the director () decreases linearly with
field at a slope of —43.2 4+ 2.3°umV~!. (d) Change of direction of motion of a par-
ticle by altering the frequency recursively between 30 Hz (purple) to 50 Hz (yellow),
keeping the field amplitude constant at 1.5 Vum™'. (e) Time coded trajectories of
a particle at different frequencies and fixed amplitude (1.5 Vum™). (f) 6 increases
linearly with f at a slope of 140.05° Hz~!. By “relative coordinate” we mean relative
to the starting point of each trajectory. Error bars represent the standard deviation

of the mean value. Cell thickness: 5.2um.
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3.3. Results and discussion

When the Janus vector 8 is oriented neither parallel nor perpendicular to 1, its
direction of motion can be controlled by changing the amplitude and frequency of the
field as shown in Figs.3.9(a) and (d), respectively. The moving direction is changed
recursively at different points (Fig.3.9(a)) by altering the field amplitude between 1.5
Vum™! to 2.0 Vum™! at a fixed frequency. Figure 3.9(b) shows the trajectories of a
Janus particle at different fields for a fixed orientation of the metal-dielectric interface.
The angle # their velocity makes with the director fi decreases with increasing field
(Fig.3.9(c)), with a linear dependence over the range explored. Figure 3.9(d) shows
the variation in direction of motion along a trajectory as the frequency is changed
from 30 to 50 Hz at a fixed field amplitude. Figure 3.9(e) shows the trajectories of a

particle at various frequencies in which € increases linearly (Fig.3.9(f)).

Particles with appropriately chosen orientation of the Janus vector can be trans-
ported to any predetermined place in the plane of the sample by varying the amplitude
and frequency of the AC field. Figure 3.10(a) shows the trajectory of a particle whose

Janus vector § is oriented at an angle ¢ = 135° with respect to fi. The particle is
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Figure 3.10: (a) A particle with ¢ = 135° is piloted to a predetermined place by
changing the amplitude of the field. The field amplitude is increased in a continuous
manner from 1.2 Vum™! to 2.0 Vum™', keeping the frequency fixed at 30 Hz. (b)
A particle with ¢ = 315° is transported to a predetermined place by increasing the
frequency in a continuous manner from 20 to 90 Hz, keeping the amplitude fixed at
1.6 Vum~!. The arrows near the particles show the initial direction of motion. Cell

thickness: 5.2um.
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3.3. Results and discussion

piloted to a predetermined location on the left with respect to the starting point by
increasing the amplitude of the field at a fixed frequency. Similarly, a particle with
@ = 315° is guided to a specified destination by increasing the frequency while keeping
the amplitude fixed (see Fig.3.10(b)). In both cases the direction of motion changes

continuously while the orientation of the Janus vector 8 remains unchanged.

To understand the navigation of the Janus quadrupolar particles, we measured the
field dependence of the velocity (see Fig.3.6). The motion of the particles shown in
Fig.3.9(a) and (d) has two velocity components, namely, V, and V,,, along the = and
y directions, respectively, both of which are proportional to £?, but the slope of V, is

larger than Vj, (see Fig.3.11(a)).
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Figure 3.11: (a) Dependence of velocity components V,, and V,, of a Janus particle
(trajectory-11, Fig.3.4(f)) on electric-field amplitude F at f=30Hz. Solid lines show
least-squares fit to V o< E2. Slopes of V, and V,, are 3.2 pm*V 257! and 2.2 um?3V—2s~!
respectively. (b) Frequency dependent (E = 1.54 Vum™1!) velocity components V, and
Vy. Red and blue lines show theoretical fit to Eq.4.12. Fit parameters are: 7. = 0.25
s, T, = 0.032 s for V,, and 7. = 0.08 s, 7, = 0.04 s for V,,. Error bars represent the

standard deviation of the mean value. Cell thickness: 5.2um.

When the field is increased, the relative enhancements are unequal, i.e., AV, is larger
than AV}, and consequently, § = tan~'*(AV,/AV,) decreases. The velocity compo-
nents also depend strongly on the frequency (f) of the field (see Fig.3.11(b)). Both

the components show a typical frequency dependence of non-linear electrophoresis as
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described in the chapter-1 and given by [11,23]

2.2
W Te

Vi = Wi
(W) o, (1+ w%ﬁ)(l + w?72)

(3.12)

where ¢ = z,y; w = 27 f is the angular frequency of the applied field, 7. and 7,
are the characteristic electrode and particle charging time, respectively. Both the
velocity components increase as f? in the low-frequency regime but decrease as f~2
at higher frequencies because the ions cannot follow the rapidly changing field. For
frequencies above 15 Hz both V, and Vj, are proportional to 1/f? but the coefficient
of the decrease in V, is larger than that for V,,, resulting in an increase in the angle 6

when f is increased.

Chiral ordering of the liquid crystals often alters the defect structure induced by
the particles, with a possible impact on the liquid crystal-enabled electrophoresis.
Further, we studied the effect of twisted nematic on the directional transport of Janus
quadrupolar particles. In order to examine, we dispersed quadrupolar Janus particles
in a twisted cell, which is prepared by arranging the rubbing directions orthogonal to
cach other as shown in Fig.3.12(a). This provides a 7/2-twisted director configuration

between the two plates. The handedness of the twisted structure is determined by
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Figure 3.12: (a) Layout of 7t/2-twisted nematic cell. Blue arrows indicate orthogonal
rubbing directions. (b) Light-microscope texture of a quadrupolar particle at £ = 0
Vum™!, with polarizer P and analyser A, both being parallel to the bottom plate.
(c) Refocused texture in twisted cell after the field is switched on. (d) Time coded

trajectories of a few particles are grouped. (Thin = 08, Thax = 5 )
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inserting a A—plate (530 nm) in the polarising optical microscope. The plane of the
Saturn ring is found to be rotated clockwise (Fig.3.12(b)and (c)) in comparison to
the orientation in untwisted cell (see Fig.3.3(c)). Once the field is switched on, the
particle move slightly to the bottom plate and the Saturn ring is further rotated nearly
by 45°, while going in the downward direction (Fig.3.12(d)). Then, it starts moving
along a trajectory which depends on the orientation of the metal-dielectric interface.
Trajectories of a few selected particles are grouped and shown in Fig.3.12(e). The
trajectories in the twisted cell are found to be rotated clock-wise nearly by 45° in
the viewing plane in comparison to the untwisted cell. Thus, chirality provides an

additional control on the field-induced motility of Janus particles in a liquid crystal.

Two further remarks are in order. First, for induced-charge electro-osmosis in an
isotropic medium the flows are always of the puller type with respect to the electric-
field axis [32], ruling out directional control of the type we discuss. Second, we expect
that hydrodynamic torques arising from the coupling between the squirmer flow field
and the anisotropic viscosity of the NLC [33] cannot operate here, as the orientation
of the force dipole driving our swimming particles is determined by the direction of
the imposed electric field. This rules out spontaneous change of direction of motion of

particles due to such torques at a fixed field and frequency.

3.4 Conclusion

We have shown that metal-dielectric Janus particles in a nematic liquid crystal film
subjected to a perpendicular AC electric field behave like steerable active particles
whose direction of motion can be dictated purely by varying the field amplitude and
frequency. The underlying mechanism involves the contrasting electrostatic boundary
conditions on the two Janus faces of the particles, the dielectric anisotropy of the ne-
matic, and anchoring on the particle surfaces. We have show that the time-averaged
electrostatic force density produced around the Janus particle by the AC field is that of
a force dipole whose center is shifted towards the conducting face, causing the particle
to swim in the plane transverse to the field, with dielectric (metal) face forward for par-

ticle axis parallel (perpendicular) to the nematic director and interpolating smoothly
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for intermediate orientations. Studies on the motility at higher concentrations, as
well as collective dynamics as for diffusiophoretic active colloids [34,35], are natural
experimental and theoretical challenges. Our study has focused only on spherical par-
ticles. The abundance of new particles with controlled shapes, surface anchoring [36]
and genus [37] now available, and their extraordinary topological [38] and dynamical
properties [39,40] promise a wide range of as yet unexplored physical effects and their

applications.
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4

Electrophoresis of metal-dielectric
particles with quadrupolar director

field: Particles with antipodal

surface defects

4.1 Introduction

n the previous chapter we have studied the electrophoretic transport of Janus par-
I ticles with homeotropic surface anchoring. The particles nucleate equatorial ring
defect stabilizing symmetric (quadrupolar) director profile. We showed that the surface
asymmetry of the particles breaks the fore-aft symmetry of the surrounding electroos-
motic flows and the particles can be transported in all possible direction in a plane
perpendicular to the electric field. Moreover, the direction of motion can be navigated
at will by changing the amplitude and frequency of the ac electric field. The electro-
static force dipole shows that the particles with ring defects are either puller or pusher

type microswimmers depending on the surrounding director curvature.

When the particle’s surface is chemically treated for planar or homogeneous align-
ment of the director on the particle, it nucleates two antipodal surface defects of
strength -1/2, known as boojums. These detects appear along the diameter, paral-
lel to the far field director as shown in Fig.1.10 in chapter-1. The particle dressed

with these defects are known as boojum colloids. In this case the near field director
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is symmetric (quadrupolar) and the surrounding electroosmostic flows have fore-aft

symmetry as shown in Fig.4.1. As a result of which the particles do not propel [1,2].

Figure 4.1: (a) A quadrupolar particle (with two antipodal surface defects) under
in-plane electric field. (b) Directional streamlines of electroosmotic flows around the

same particle (adapted from ref. [2]).

In this chapter we study the effect of ac electric field on metal-dielectric Janus boo-
jum particles. We show that unlike non-Janus boojum-colloids, these Janus boojum
colloids can be transported and their direction of motion can be controlled by chang-
ing the frequency and amplitude of the ac field. In contrast to the particles with ring
defects, we show the boojum particles are pusher type and propel always facing the

metal hemisphere.

4.2 Experimental

We synthesized the metal-dielectric Janus particles by following the procedure dis-
cussed in the chapter-2 [3,27]. A schematic view of a Janus particle is shown in
Fig.4.2(a). The Janus particles were coated with N-Methyl-3 aminopropyl trimethoxysi-
lane (MAP) to induce planar or homogeneous anchoring of the LC molecules (Fig.4.2(a)).
A small quantity of Janus particles was dispersed directly in the nematic liquid crystal
(MLC-6608, Merck). It exhibits the following phase transitions: SmA -30°C N 90°C
Iso. The dielectric anisotropy is negative (Ae = ¢ — e, =-4.2), and and the conductiv-

ity anisotropy is positive (Ac = o — 0 ~ 6.1 x 1071 S m™') at room temperature.
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The subscripts || and L denote the quantities measured with electric field applied

parallel and perpendicular to the director i, respectively.

@) g (b)

Dielectric
(Sio,)

Light source

Dielectric

i( (Sio,)

Cross-section view

Figure 4.2: (a) Side and cross-section view of a metal-dielectric Janus particle. MAP
coating is indicated by magenta strands. (b) Diagram of the experimental cell. Electric

field is applied along the z-axis and the observation is made in the zy-plane.

The colloidal mixtures were studied in two different types of cells prepared for out of
plane and in-plane field application. For out-of-plane field application, two indium-tin-
oxide (ITO) coated glass plates were used (Fig.4.2(b)). For in-plane field application,
we used two copper tapes of thickness 35 um with a gap of 1 mm as shown in Fig.4.5(a).
In both cells, the plates are pretreated with a polyimide AL-1254 (JSR Corporation,
Japan) and cured at 180°C for 1 h. Then they are rubbed unidirectionally using a
benchtop rubbing machine (HO-IAD-BTR-01) for planar alignment of the director.
Typical cell thickness used for the out of field application is in the range of 5-7 um.
We used an inverted polarising optical microscope (Nikon Ti-U) with water immersion
objective (Nikon, NIR Apo 60/1.0) for the experiments (Fig.4.2(b)). For particle
manipulation, a dynamic laser tweezer with a cw solid-state laser operating at 1064
nm (Aresis, Tweez 250si) was used. A charge-coupled device (CCD) camera attached
to the microscope is used for recording the particle trajectories at a frame rate of 50-60

per second. The position of the particle is tracked off-line using a computer program

89



4.3. Results and discussion

with an accuracy of 20 nm.

4.3 Results and discussion

The MAP coated Janus particles induce boojum defects in NLCs as shown schemat-
ically in Fig.4.3(a). Figure 4.3(b) shows the polarising optical micrograph of a Janus
boojum-particle in MLC-6608. The anchoring of the LC molecules and the result-
ing defect structure are confirmed with the help of a A-plate (530 nm) as shown in
Fig.4.3(c). The magenta color corresponds to the parallel orientation of the long axis
of the molecules in the rubbing direction (e.g., the far field director fi), whereas the
bluish and yellowish colors surrounding the particle correspond to the anti-clock-wise
and clockwise rotation of the director with respect to the rubbing direction, respec-

tively [25].

Figure 4.3: (a) Director field around a Janus particle with boojum defects. (b) Po-
larising optical micrograph of a boojum Janus particle in the NLC. (¢) Micrograph
with a full-wave plate (530 nm) with it’s slow axis oriented at 45° with respect to the
director. Blue and yellow color represents the anti-clockwise and clockwise orientation
of local director with respect to the far field director, respectively. Double headed

arrows represent director fi. Scale bar: 3 pum.

In what follows, we study the effect of steady ac electric field on the boojum Janus
particles. When the field is switched on, the particles reorient such that the metal-
dielectric interface becomes parallel to the field direction; consequently, the Janus
vector § (a unit normal vector to the metal-dielectric interface to represent the orien-
tation of Janus particles as schematically shown in Fig.4.4(a)) becomes perpendicular

to E, to minimise the torque due to the induced dipole moment [26,28]. Since the
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dielectric anisotropy is negative, and the field is perpendicular, the macroscopic di-
rector remains unaffected except near the particles [1]. Beyond a particular field, the
particles start moving along a straight line in some specific directions in the plane of

the sample, depending on the orientation of the metal-dielectric interface.

Representative trajectories of some particles with selected orientations (Fig.4.4(b))
at a fixed field are grouped together and shown in Fig.4.4(c). It is noticed that for
all trajectories, the particles are moving, facing the metal hemisphere, i.e., the Janus
vector § is parallel to the trajectory (Fig.4.4(c)). This is in sharp contrast to the
motion of the Saturn-ring Janus particles where the motion is not restricted to the
metal facing as discussed in the previous chapter. In particular, the Janus vectors
of Saturn-ring particles are not parallel to the trajectory except along the x and y

directions (Fig.3.3(c)) [26].

(2)

(b) 9 Orientation

0°
450
90°
1359
180°
2250
270°

315°
360°

=l U TSN e

Figure 4.4: (a) Janus vector 8 is normal to the metal-dielectric interface. ¢ is the angle
between § and the far field director fi. (b) Particles with selected ¢ are chosen for
the experiments. (c) Trajectories of a few selected particles in the zy-plane, labeled
from I to VIII, under the action of an ac electric field (2.38 Vum™, 30 Hz). Red
arrows denote the direction of motions. The direction of electric field E (along the
z-direction, which is out of the plane) and the director fi for all the trajectories are

shown at the center. T,,;,=0 s and T,,,,=5 s. Cell thickness: 5.2um.
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The motility of the Janus particles with Saturn-ring defect was accounted for theo-
retically from the electrostatic force density induced by the field, which drags the fluid
in the vicinity of the particles as discussed in the previous chapter [26]. The force
depends on the field strength, dielectric anisotropy, conductivity anisotropy, and the
curvature of the director around the particles. Within a linearised theory and assum-
ing the deviation of director (with respect to the far field director) near the equator
is small, it was shown that the resulting force dipole was either a puller or a pusher
depending on the orientation of the Janus vector (Fig.3.6). However, for particles with
planar anchoring, the director deviation near the defects is not small and the force den-
sity equation can not be simplified analytically. A numerical solution of the complete
nonlinear theory will be required for getting quantitative values of the force dipoles,
which is beyond the scope of the present work. It may be mentioned that the inertial
effect is negligibly small for our particles, and the director configuration around the
particle remains unaffected because the Reynolds and the Ericksen numbers both are

very much less than 1 [26].

To get a qualitative idea about the surrounding flow field, we studied the effect
of in-plane ac electric field. The field direction is perpendicular to the director i
as shown in Fig.4.5(a). When the electric field is switched on, the particles reorient
such that the metal-dielectric interface becomes parallel to E. Figure 4.5(b) shows
the trajectory of a boojum Janus particle moving along the x-axis facing the metal
hemisphere (Fig.4.5(b)). This is just opposite to the behavior that was observed in
case of Janus particles in water by Gangwal et al., wherein the particles move facing
the dielectric hemisphere [11]. With respect to the direction of the electric field, two
possible types of electroosmotic flows around the particle can be considered, namely,
either a pusher or a puller type. In the case of the pusher type, the flows are directed
towards the particle and for the puller type, it is directed away from the particle as
shown in Fig.4.5(c) and (d), respectively. Since the metal is highly polarised (larger
induced charge density), the flow is expected to be stronger on the metal hemisphere
relative to the dielectric hemisphere as shown by bigger arrows. Consequently, the fore-
aft symmetry of the electroosmotic flows is broken. The puller type flow for boojum
particles is ruled out as they should move facing the dielectric hemisphere similar to

that was reported in water [11]. Therefore, the LCEO flow around the boojum Janus
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Glass slide

Cu tape
(thickness = 35 um)

Figure 4.5: (a) Diagram of the cell for the application of the in-plane electric field
prepared by copper tapes (orange color). Double headed arrow between the copper
electrodes represents director fi. (b) Color coded trajectory of a boojum Janus particle
under the action of the ac electric field (E= 1.7 V. um™!, f = 30 Hz). Velocity of the

particle, v = 0.7um s~ 1.

Diagram of (c) pusher and (d) puller LCEO flows around
the metal (black) dielectric (white) Janus particle with respect to the field direction
(y-axis). Bigger arrows on the metal hemisphere indicate stronger flow. Pink arrows

indicate the direction of motion of the particle.

particle is pusher type as shown in Fig.4.5(c). Electrokinetic flows in patterned LCs
with topological defects having various configurations such as a pair and triplets of
disclinations have been studied by Peng et al. [29]. The flow field surrounding a triplet
disclinations of strength m=-1/2, 1, -1/2 is pusher type, i.e., similar to the boojum
particle. Hence, our result is consistent, and it is also expected as the boojum particle

is topologically equivalent to a triplet state.

As a next step, we show the effect of change of the field amplitude in the direction
of motion of the particles. The particles, whose Janus vectors are either parallel or
perpendicular to the director, direction of motion cannot be changed by varying the

field or frequency which was alos observed in the case of Janus particles induced with
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Figure 4.6: (a) A few trajectories of a boojum Janus particle at different field am-
plitudes and at a fixed frequency (30 Hz) for a fixed orientation (¢ = 45°) of the
Janus vector 8. T .,= 14.5 s and T;,= 0 s. 0 is the angle of the trajectories with
respect to the director while varying fields. (b) g decreases with the field with a slope
(—340° £35°) um V1. (c) Velocity components V,, and V}, at different fields obtained
from (a). Slopes of V, and Vj, are 1.85 and 1.01 um?® s V-2, respectively.

Saturn-ring defect in chapter-3. For other particles, it can be changed. For example,
we have chosen a particle with a particular orientation of the Janus vector as shown in
Fig. 4.6(a). For this particle, the minimum field required for the motion is E = 2.29
V um™!, and the particle moves along a trajectory, making an angle g ~ 76° with
respect to the director fi. When the applied field is higher, e.g., E = 2.34 V pm™1, it
moves along a different trajectory with a smaller angle, 0 ~ 60°, and so on. Thus,
for a fixed orientation of the Janus vector, the trajectories are different for different

starting field amplitudes. It may be mentioned that if the field is increased beyond 2.47
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V um™!, for the chosen particle, 0z does not reduce further. It means the direction of
motion is tunable within a limited range of angle as shown in Fig. 4.6(b). The angle
O decreases with increasing field amplitude and can be fitted to a straight line with
a slope (—340° £ 35°) wm V!, This effect is similar to that was discussed in case
of Saturn-ring Janus particles but the slope was (—43.2° + 2.3°) um/V as shown in
Fig.3.8(c) [26]. The slope for boojum particles is about 8 times larger than that of
the Saturn-ring particles. Hence, the tunability of the trajectories of boojum Janus
particles is more sensitive to the field amplitude compared to that of the Saturn-ring
Janus particles. The angular sensitivity could be related to the difference in the spatial
charge separation in distorted regions of the boojum and Saturn-ring defects [2]. In
addition to that the effect of topological-defect-induced surface charge heterogeneities
may be important [30]. The field dependent change of direction can be explained
following the analysis presented for Saturn-ring Janus particles in the chapter-3 [26].
The amplitude of LCEEP velocity or equivalently the velocity of a spherical particle
of radius R in a nematic LC as discussed in the chapter-1, is given by [2,13]

€oeR

U]

Ao A
i 2 (4.1)

o €

VI=a

where 0 = (o) +0.)/2 and € = (¢ 4+ €,)/2 are the average conductivity and dielectric
constant, respectively, 7 is the average viscosity and a (~ 1) accounts for the director
gradients and replacement of anisotropic LC viscosity with 7. As expected, both V
and V, increases linearly with £? (Fig.4.6(c)) but V. increases at relatively much faster
rate than V, due to the Janus character of the particle. Thus, when the field amplitude
is enhanced, AV, is larger than AV); consequently, the angle between the director fi

and the trajectory, p = tan~*(AV,/AV,) decreases.

For a fixed orientation of the Janus vector, the direction of motion of the particles
also depends on the frequency of the ac field as shown in Fig.4.7(a). Figure 4.7(b)
shows that when the frequency of the field is increased from 30 to 90 Hz, the angle (6;)
between the trajectory of the particle and the director is increased from 58° to 80°.
Similar effect was also observed for Saturn-ring Janus particles in the previous chapter
but the rate of change of 0y with frequency was somewhat larger [26]. The frequency
dependence of direction of motion can be explained from the relative variation of the

velocity components V, and V,, with frequency (f) as shown in Fig.4.7(c). The motion
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Figure 4.7: (a) A few trajectories of a particle at different frequencies and at a fixed
amplitude (2.38 Vum ™) for a fixed orientation (¢ = 250°) of the Janus vector. Tpax=
10 s and Tyin= 0's. 6 is the angle between the far field director and the trajectory. (b)
Variation of #; with f. Dotted curve is a guide to the eye. (c) Velocity components
V. and V, at different frequencies at E= 2.38 Vum™'. Red and black curves show
theoretical fits to Eq.(4.2). Fit parameters are: 7. = 0.05 s, 7, = 0.014 s for V, and
7. = 0.045 s, 7, = 0.008 s for V. Inset shows variation of V, and V,, with 1/f?, above
the peak frequencies. The slopes of the linear fit for V, and V, are (36.7 +2.7) x 10?
and (8.2 4+ 0.07) x 103um s, respectively. Error bars represent the standard deviation

of the mean value.

of the particles is observed within a narrow range of frequency (30-170 Hz). The

frequency dependence of both the velocity components shows a typical behavior of
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Figure 4.8: (a) Change of direction of motion of a boojum Janus particle with a fixed
orientation (p = 45°) by altering the field amplitude recursively between 2.29 Vum™!
(black) to 2.38 Vum ™! (red), keeping the frequency constant at 30 Hz. (b) Change of
direction of motion of a janus particle (o = 315°) by altering the frequency recursively

between 30 Hz (Black) to 60 Hz (Red) at a fixed field 2.38 Vpum™.

the induced charge electrophoresis (ICEP) as disussed in the chapter-1, and can be

expressed as
2.2

WoT,

Viw) =V, .
W =V i T o)

(4.2)

where the particle charging time is given by 7, = ApR/D (for a conductive sphere) and
Tp = €mAh/eaD (for a dielectric sphere), R is the radius of the particle, Ap is the Debye
screening length, D is the diffusion coefficient, €, and ¢; are the permittivities of the
medium and the dielectric sphere, respectively. Equation (4.2) can also be used to
describe the frequency dependence of the particle’s velocity along x and y directions,
where V, contains a quadratic dependence of the electric field amplitude [1, 26, 31].
Figure 4.7(c) shows that both the velocity components, V, and Vj, increase as f? when
f is low, but decrease as 1/f? when f is high. Above the peak frequencies, the velocity
components decrease as 1/f2, but the slope of V, is nearly four times larger than that

of V, (see inset to Fig.4.7(c)), as a result the angle §; increases with the increasing
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frequency.

We have shown that the direction of motion of the particles depends on the field
amplitude and frequency. This effect can be exploited for steering the motility of the
particles in the plane of the sample. Figure 4.8 presents some representative results
for a particle with a fixed orientation of the Janus vector. Figure 4.8(a) shows that
the particle changes its direction of motion with respect to the previous direction by
nearly 40° when the field amplitude is increased and decreased recursively between
2.29 to 2.38 Vum~!. Figure 4.8(b) shows that the direction of motion of the particle
is changed by 50° when the frequency is changed alternately between 30 to 60 Hz.
Thus, it is possible to guide the transport of the particle to a desired destination. It
is noted that while the direction of motion is changed, the orientation of the Janus

vector remains unchanged (Fig. 4.8(a) and (b)).

We would like to make a comment here. The studies on the field driven motility of
dipolar and Saturn-ring particles are relatively easy than the boojum particles. The
dipolar or Saturn-ring particles (homeotropic anchoring) are elastically levitated from
the bottom electrode as there is an antagonistic boundary condition on the particle’s
surface compared to the cell substrates [32]. The boojum particles, with time (more
than 24 hours), often get stuck to the bottom electrode, perhaps due to the matching
boundary condition i.e., planar anchoring on both the surfaces of the particle and
the substrate. Such particles do not show any Brownian motion, and they are not

transportable by the electric field.

4.4 Conclusion

We have studied the effect of ac electric field on metal-dielectric Janus particles induc-
ing boojum defects. Non Janus boojum particles have symmetric director configuration
and induce quadrupolar LCEO flow. Consequently, they are not motile under applied
electric field. The Janus character of the particles breaks the fore-aft symmetry of
the flow, making them electrically transportable. In contrast to the Saturn-ring Janus
particles, boojum Janus particles are pusher type. The direction of motion of the

particles is maneuvrable by changing the amplitude and frequency of the field, similar
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to that was shown for Saturn-ring Janus particles in the previous chapter. However,
the field amplitude and frequency sensitivity of tunability of the boojum particles are
quite different than that of the Saturn-ring particles. So far only dipolar particles
(non-Janus) [13,16] and Saturn-ring particles (Janus) [26] are known to be electri-
cally motile in nematic liquid crystals. We have, thus, added a new active particle
in the group of active liquid-crystal colloids. From the perspective of active matter,
studies on collective dynamics of such active nematic colloids are interesting as well
as challenging [33-35]. Our study provides a benchmark for investigating electrically
controllable transport of particles in liquid crystals with symmetric director distor-
tion. This idea could be useful for exploring the Janus character of several new shape

asymmetric particles in liquid crystals.
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5

Electrophoresis of metal-dielectric
Janus particles with dipolar

director field: Particles with

hyperbolic hedgehog defects

5.1 Introduction

n the previous chapters, we have shown the electrophoretic propulsion of two types
I of quadrupolar Janus particles, namely, particles with ring defect (chapter-3) and
particles with antipodal surface defect (chapter-4). In both cases, the Janus character
breaks the fore-aft symmetry of surrounding electroosmotic flows, and consequently the
quadrupolar particles become motile. In case of non-Janus dipolar particles (nucleating
point defect) the asymmetric director profile around the particles is responsible for
breaking the symmetry of electroosmotic flows (Fig.5.1). The dipolar particles propel
along the director (see chapter-1) [1,2].

In this chapter we report experimental studies on the transport of dipolar metal-
dielectric Janus particles in two nematic liquid crystals, one with a positive and the
other with a negative dielectric anisotropy. We show that the velocity of the Janus
particles in both nematic LCs is much higher than that of the non-Janus particles. We
map the surrounding flow fields using the micro-particle image velocimetry (pu-PIV)

technique and show that not only the left-right symmetry of the flow field is broken
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Electrode

Figure 5.1: Symmetry breaking of the electroosmotic flows around a non-Janus dipolar
particle. Bigger curved arrows indicate stronger flows. Magenta arrow presents the

direction of propulsion.

but also the flow on the metal hemisphere is stronger than that on the dielectric

hemisphere.

5.2 Experimental

We fabricated metal-dielectric Janus particles using normal deposition of Titanium
(Ti) onto dry silica particles (SiO) of diameter 2a = 3.0+0.2 pm (Bangs Laboratories,
USA) as discussed in the 2nd chapter [3]. The surface of the Janus particles is treated
with N, N-dimetyl-N-octadecyl-3 aminopropyl-trimethoxysilyl chloride (DMOAP) in
order to induce perpendicular (homeotropic) anchoring to the liquid crystal director.
A small quantity (~0.1 wt%) of DMOAP coated Janus particles were dispersed in the
nematic liquid crystals. We used two nematic liquid crystals, namely 5CB (pentyl
cyanobiphenyl) and MLC-6608 (LC mixture obtained from Merck), which are in ne-
matic phase at room temperature. The dielectric anisotropy Ae of 5CB is positive
whereas it is negative for MLC-6608 (Table-5.1). The conductivity anisotropy Ac
for both LCs is positive. For particle image velocimetry (u-PIV) experiment, we dis-
persed CdSe/ZnS quantum dots (~0.05 wt%) in 5CB using a vortex mixer and an

ultrasonicator.
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Liquid crystals | Ae | Ae/e | Ao/ | Ae/e - Ao /T
5CB 13 1094 | 0.5 0.44

MLC-6608 | -3.8 -0.64 | 0.9 -1.54

Table 5.1: Dielectric (Ae = ¢ — €,) and conductivity (Ao = o)) — ¢ ) anisotropies of

5CB and MLC-6608 at room temperature. € = (¢ +€.)/2 and & = (o)) + 0.)/2.

We prepared Hele-Shaw type cells made of two parallel plates as discussed in chapter-
2. Both upper and bottom plates were coated with AL-1254, cured at 180°C for 1 h

and rubbed antiparallelly for obtaining planar alignment of the director. For applying

Light source

1]

ITO etched region
Spacer ,—1—\ 2 mm 8

Figure 5.2: Diagram of a cell with in-plane electrodes. zy-plane is the plane of ob-
servation. The double headed arrow indicates the director fi and the direction of the

applied ac electric field.

an in-plane electric field (parallel to fi for 5CB), the bottom plate was coated with

indium-tin-oxide (ITO) in which a small strip of width 2.0 mm was etched as shown
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schematically in Fig.5.2. For applying an electric field orthogonal to fi (for MLC-6608)
two ITO coated glass plates were used as shown in Fig.5.5(a). A function generator
(Model: Tektronix AFG31000) and a voltage amplifier (Model: TEGAM 2350) were
used for applying ac electric field to the cells. A mixture of Janus particles and LCs was
inserted into the cells via capillary action. An inverted optical polarizing microscope
(Ti-U, Nikon) was used in the experiments. The motion of the particles was recorded
using a 60X (NA =1.0) water immersion microscope objective (NIR Apo, Nikon) and
a charge-coupled device (CCD) camera (iDs-Ul) at a rate of 40 frames per second.
The position of the particles was tracked from the recorded videos using a particle

tracking program.

5.3 Results and discussion

The DMOAP coated Janus particles nucleate a hyperbolic hedgehog defect of strength,
s = —1, in nematic liquid crystals and the resulting director profile is dipolar as
shown in Fig.5.3(a). The elastic dipole p points from -1 defect towards the centre of
the particle. The bright field image of a dipolar Janus particle in 5CB is shown in
Fig.5.3(b). In transmitted light, the metal coated hemisphere appears darker. The

corresponding cross polarized image is shown in Fig.5.3(c). When an ac electric field

a)

Figure 5.3: (a) Dipolar director profile around a Janus particle. p denotes the elastic
dipole. (b) Optical micrograph and (c) polarising optical micrograph of a dipolar

Janus particle in 5CB. Double headed arrow indicates the director. Scale bar: 2 pm.

is applied, above a threshold field, the particles start propelling along the director,
irrespective of the orientation of the metal-dielectric interface. Here, the electric field
is applied parallel to the director 1, in order to avoid elastic distortion due to the

Freedericksz transition. The direction of motion of particles is found to be parallel to
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5.3. Results and discussion

the elastic dipole p (see Figs. 5.4(a-d)). This observation is very different compared to
the multidirectional mobility of quadrupolar Janus particles discussed in the previous
chapters where the mobility is not restricted along the director. In particular, the
direction of motion of quadrupolar particles depends on the orientation of the metal

hemisphere with respect to the director n.

R 3t @ Janus T

—"m

£ 5 O Non-Janus

g i

S ]
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0.0 2.0x10° 4.0x10° 6.0x10°

2 -
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Figure 5.4: (a-d) Sequence of images with elapse time showing the mobility of a
dipolar Janus particle along the director in 5CB LC. Note that the direction of motion
is parallel to the elastic dipole p. The double headed black arrow in (a) represents
the director, fi. (e) Electric field dependent velocity (v) of a Janus and a non-Janus
particle. Red lines represent linear fits to v oc E? with slopes 625 and 278 um? s'V-2
for the Janus and non-Janus particles, respectively. Error bars show the standard

deviation of the mean value.

Figure 5.4(e) shows that the velocity of Janus particles varies quadratically with the
field as expected in liquid crystal enabled electrophoresis (LCEEP) [29]. For compar-

ison, we also present the field dependent velocity of a non-Janus dipolar particle. We
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observe that Janus particles propel faster than non-Janus particle (Fig. 5.4(e)). For
example, at E? =4 x 1073 (V um™)?2, the velocities of the Janus and non-Janus par-
ticles are v;=2.8 um s and v=1.03 um s, respectively. It is also observed that the
threshold field (above which the particles start propelling) for the Janus particles is
less compared to non-Janus particles. For example, the threshold fields for the Janus
and non-Janus particles were measured as F;=1.1x107* V um™' and £ = 1.1 x 1073

V um, respectively.

The electroosmotic velocity of the LLCs around a particle varies quadratically with

the electric field and it can be written as [2,40]:
u=CE? (5.1)

The constant C' is given by

C=a (5.2)

€ o

coeR (A Ao
ST
Where R is the radius of the particle, 7 is the viscosity of LCs [2]. Here the coefficient
a ~ 1 is introduced to account for the approximations such as 1/R as a measure of
director gradients. The sign of the quantity in the parenthesis determines the direction
of motion of the particles with respect to the elastic dipole p [40]. If this quantity is
positive, the direction of motion is parallel to p and, if it is negative, the direction of
motion is antiparallel to p . For 5CB, Ae¢/e — Ao /g = 0.44 (Table 5.1) and, hence,
the direction of motion is parallel to p (Fig.5.4(b-d)).

In what follows, we study electrophoresis of Janus dipolar particles in MLC-6608. It
exhibits negative dielectric anisotropy (Table 5.1). In this sample, the electric field was
applied perpendicular to the director fi (Fig. 5.5(a)) in order to avoid elastic distortion
due to the Freedericksz transition. Figures 5.5(b-d) show time coded trajectories of
three Janus dipolar particles with different orientations of the metal hemisphere under
the action of an ac electric field. The particles propel along the director but with
point defects leading the way in contrast to the particles in 5CB. This means that
the direction of motion is antiparallel to the elastic dipole p. This is expected as the
quantity in the parenthesis of Eq.(5.2) i.e., A¢/eé — Ao /T (=-1.54) is negative (Table
5.1). Figure 5.5(e) shows that the velocity of both the particles vary quadratically
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Figure 5.5: (a) Diagram of a cell for applying electric field orthogonal to the director fi.
E is along the z-axis and the director is along the x-axis. (b-d) Time coded trajectories
of a few Janus dipolar particles in MLC-6608 liquid crystal with different orientations
of the metal hemisphere under the field amplitude of 2.0 Vum™"! at 30 Hz (see Movie
S2). Tiax = 58, Thin = 0 s. Note that the direction of motion is antiparallel to elastic
dipole p. (e) Electric field dependent velocity (v) of a Janus and non-Janus dipolar
particle. Red lines represent linear fits to v o E? with slopes 4.1 and 0.4 um3 s1V-2

for the Janus and the non-Janus particles, respectively.

with the field but the slope for Janus particle is about 10 time higher than that
for the non-Janus particle. Thus Janus particles propel much faster than the non-
Janus particles. It may be noted that in the 5CB LC this factor is about 2.2 times
(see Fig.5.4(e)). This difference is expected as the velocity depends on the quantity
Ae/e — Ao /7, which is about 3.5 times larger for MLC-6608 than that for 5CB (table
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5.1). Moreover, the applied electric field in MLC-6608 is much higher than that in
5CB. In both samples, the velocity of the Janus dipolar particles is much higher than
that of the non-Janus particles and this can be quantitatively understood based on
the electroosmotic flows surrounding the particles. We have used the p-PIV technique

to observe the electroosmotic flows in 5CB LC.

5.4 Particle Image Velocimetry(u-PIV)

PIV (Particle Image Velocimetry) is an optical method of visualization of fluid flows.
It is used to obtain the instantaneous velocity measurements and related properties
in fluids. Generally, the fluid is seeded with tracer particles (sufficiently small in size)
which are assumed to faithfully follow the flow dynamics. The fluid with entrained
particles is illuminated so that particles are visible. The motion of the seeding par-
ticles is used to calculate speed and direction (the velocity field) of the flows. In our
experiments, we have chosen a bigger particle of diameter 50 £4um and fixed it with a
glue in the middle of the cell as shown in Fig.5.6(a). The gap between the two in-plane
electrodes was kept at 4 mm. A small quantity (~0.01wt%) of CdSe/Zn fluorescent
quantum dots (QDs) of size 1-2 nm were dispersed in 5CB and used as tracer particles.
The absorption maximum of the QDs was 510-540 nm and the emission wavelength
was in the range of 530-550 nm. A bright image and the corresponding fluroscent
image of a dipolar Janus particle surrounded by QDs in 5CB is shown in Fig.5.6(b)
and (c), respectively. In the presence of an ac field, QDs follow the streamlines of
electroosmotic flows. Movies of the flow were recorded using a Ni-S2 (Nikon) colour
camera exposed at 300 ms with a rate of one frame per second. The recorded file was
saved as an array of images and analysed using pu-PIV software [41]. The final flow

pattern was obtained after averaging over nearly 100 images.

Figures 5.7 (b) and (e) show the flow streamlines around a non-Janus and a Janus
dipolar particle, respectively. In the case of non-Janus particle, two bigger vortices are
formed adjacent to the point defect and smaller vortices are formed on the opposite
side; consequently the fore-aft symmetry of the electroosmotic flow is broken. The

corresponding directional flow (Fig.5.7(c)) shows that the flow is outward along the
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(@)

4 mm

(b) ()

ey —

Figure 5.6: (a) Schematic of the experimental cell. (b) Bright image of a Janus
dipolar particle in 5CB. (c¢) Fluorescent image of uniform distribution of QDs around
the particle in 5CB excited at 530 nm. Double headed arrow represents the director

n. Scale bar : 50 um

director, similar to that of “Pusher” type micro-swimmers [2]. The flow field of the
Janus particle is somewhat different. Firstly, two small vortices on the left side of the
microsphere disappear. Secondly, the velocity of the fluid near the metal hemisphere
is much higher than that on the silica hemisphere (see the colour coded bars). For
example, the maximum electroosmotic velocity for the non-Janus particle is 0.07 pm
st Using Eq.(5.2) and considering 7, ~ 90 mPas, £ = 9 mV/um, R=25 pm and
taking Ae and Ao from Table 5.1, we estimate the electroosmotic flow velocity for
the non-Janus particle w4, ~ 0.05 um/s. This is very close to the value measured in
the experiments (Fig.5.7(c)). In contrast the maximum velocity for the Janus particle

is 0.16 um s!, i.e. mnearly double that for the non-Janus particle (Fig.??(f)). This
is expected due to the higher polarisability of the metal hemisphere than that of the
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Figure 5.7: (a,d) Director profile around a Janus and non-Janus particles. The applied
electric field is parallel to the director i.e., along the x-axis. (b) Streamlines of LC flow
around a dipolar non-Janus particle. (¢) Directional streamlines i.e., the velocity map
of the LCEO flows around the non-Janus dipolar particle. (e) Streamlines of LC flow
around a dipolar Janus particle. (f) The velocity map of the LCEO flow around the
Janus dipolar particle. Field amplitude: 9.0 mVum™!, frequency: 30 Hz.

dielectric hemisphere and consequently the higher induced charge density on the metal

hemisphere.

We have calculated the volumetric flows @), (z) and @Q,(y), defined as the volume
of fluid pumping per second around the sphere along x and y directions of the cell,

respectively. They can be expressed as [2]:

Qu() = gh / yy w2, y)dy (5.3)
Qy(y) = gh _200 uy(x,y)dx (5.4)

where u,(z,y) and u,(z,y) are the velocity components known from the experiments,

h is thickness of the cell and zp = yo = 150 um. The calculated Q,(z) and Q,(y)
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Figure 5.8: Volumetric flow functions @, (x) and @Q,(y) for the (a) non-Janus and (b)
Janus particles obtained from the directional streamline in Fig.5.7(e,f). Pumping of

LC is from the left to the right direction.

for both non-Janus and Janus particles are shown in Fig.5.8(a) and (b), respectively.
For the non-Janus particle, @), is positive on both left and right sides of the particle,
which means that the LC is pumped from left to right. In contrast, @, is positive on
the left and negative on the right side of the particle, which means no net pumping
of the fluid along the y-direction. For the Janus particle, the response is similar but
the maximum (), value is larger than that of the non-Janus particle. This means
that the pumping of the fluid from left to right is more for the Janus particle. It
may be mentioned that the magnitudes of @), and @), depends on the dielectric and
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conductivity anisotropies of the NLCs and the applied field strength. We obtained an
almost one order of magnitude less volumetric flow as our material is different and

also our field value is almost 3 times smaller than that used in ref. [2].

Further, we make two observations in comparison to studies on quadrupolar Janus
particles discussed in the previous chapters. Firstly, the threshold field required for
Janus particles with hyperbolic hedgehog defects (E =1.2 V um™!) is almost compara-
ble to that of particles with Saturn ring defects (£ =1.3 V um™!'). But it is relatively
lower compared to particles with boojum defects (F = 2.1 V um™!). Secondly, the
velocity of Janus dipolar particles is much higher compared to both quadrupolar Janus
particles (i.e., with boojum and Saturn ring defects). For example, the velocity of a

Janus dipolar particle at a frequency of 30 Hz and a field E= 2.12 V um™!

is 12 pm
s, whereas the velocities of Janus particles with Saturn ring and boojum defects are
6.4 and 1.5 um s !, respectively. In particular, for a given field and frequency the
velocity of Janus particles can be arranged n decreasing order as: Viyperbolic hedgehog >

VSaturn ring > Viooojum-

5.5 Conclusion

We have studied the electrophoretic locomotion of Janus dipolar particles and shown
that the direction of motion of the particles is parallel to the elastic dipoles in 5CB and
antiparallel in MCL-6608 LCs. The velocity of the Janus particles is about 10 times
higher than that of the non-Janus particles in 5CB and 2 times higher in MLC-6608.
We have mapped the electroosmotic flow fields in 5CB using u-PIV and observed two
vortices around the Janus particles as opposed to four vortices around the non-Janus
particles. The flows on the metal hemisphere are stronger and the volumetric flow
of the fluid along the direction of motion of Janus particles is nearly 2 times higher
compared to the dielectric hemisphere. Our experiments demonstrate that the propul-
sion of Janus dipolar particles in NLCs is the highest compared to both non-Janus
and Janus quadrupolar particles. For Janus quadrupolar particles, the surrounding
medium (director profile) is symmetric and the asymmetric particle breaks the fore-

aft symmetry of electroosmotic flows as discussed in the previous chapters [35,36]. In
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case of Janus dipolar particles, both the medium and the particles are asymmetric and
they both are responsible for breaking the symmetry of the flow. Overall, the Janus
dipolar particles display superior electropphoresis as far as propulsion is concerned,
compared to both Janus and non-Janus quadrupolar particles in nematic liquid crys-
tals. Janus particles with an asymmetric shape, a higher order elastic moment and a

genus could offer unusual motility and dynamics in liquid crystals.
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6

Measurement of electric
field-induced dipole moment of

metal-dielectric Janus particles

6.1 Introduction

n recent years, Janus particles have emerged as a new class of colloids that finds
I potential applications in interdisciplinary areas ranging from physics to biology,
medicine and chemistry. Janus particles are used as building blocks for reconfigurable
colloidal structures and superstructures on different length scales, which are potential
for designing new and functional materials with complex architecture [1]. The im-
posed electric field induces dipole moment, whose magnitude depends on the electrical
properties of the suspending medium and plays a crucial role in determining their
equilibrium structures and dynamics. Although several experimental studies have
been reported, the magnitude of the induced dipole moments of such particles has
not been measured experimentally. In this chapter, we demonstrate a novel method
of measuring the effective dipole moments of the Janus particles in a nematic liquid

crystal.

Here, we study the effect of small amplitude AC electric fields on a pair of assembled
quadrupolar Janus particles. Such pairs are static as they do not move under low
electric field. The particles experience dipolar Coulomb as well as elastic forces of
the medium which are directed oppositely along the line joining their centres. We

demonstrate a competing effect of the two forces, which allows us to measure the
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effective induced dipole moments of the particles. The applicability of the technique
is limited to liquid crystals but relevant to all microscopic particles, irrespective of

shapes.

6.2 Theoretical background

Here, we present a theoretical model for calculating polarizability, especially the
Clausius-Mossotti factor of metal and dielectric spherical particles dispersed in an

aqueous solution.

6.2.1 Polarizability of a conducting spherical particle

Consider a conducting spherical particle of radius ‘a’ dispersed in an aqueous elec-
trolyte. An external electric field E drives the ions and eventually induce an electric
double layer (EDL) on the particle surface of typical thickness (A\p = eKgT/ 3, n?z2e?),
the so-called Debye length as already discussed in chapter-1. In order to induce
voltage less than the threshold voltage required for Faradic reactions at conductor-
electrolyte interface, electric field of low strength is considered. At length scale larger
than Ap, the electrolyte remains neutral. The typical charging time for the EDL is
T = ae/oAp which is basically the charging time (RC) of the double-layer capacitance
(C = 4ma*e/\p for a sphere) on the metal surface through the resistor (R = 1/4woa,
for a sphere) of the bulk electrolyte. For time scale larger than 7, EDL is fully charged,
there is no current normal to the particle surface, and the electric field lines go around
the particle. The situation is equivalent to an insulating sphere (Fig.6.1(a)). For time
scale smaller than 7, charge accumulated in the EDL is negligible and electric field

lines intersect normally to the particle surface which is similar to conducting sphere

(Fig.6.1(b)).

As the medium is neutral (at length scales » A\p), the electric potential in the bulk

electrolyte satisfies Laplace’s equation (V2® = 0). The solution can be expressed as
A
$ = —Egrcost + — cost (6.1)
r
where Ej is the amplitude of the applied electric field, A is a constant, r is distance
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(a) (b)

Figure 6.1: (a) For time scale much larger than 7, the EDL is fully charged and electric
field lines go around the particle. (b) For time scale much smaller than 7, negligible
amount of charge gets accumulated in the EDL and field lines intersect normaly to

the particle surface (adapted from ref. [2]).

from the center of particle and # is the angle between the position vector and the
applied field vector. The required boundary condition is provided by the conservation
of charge at the particle surface. The dielectric current J.& = Cpyp, (9(V — ®)/0t)
charges the EDL, where é is a unit normal vector to the particle surface, Cpy, is the
specific capacitance of the EDL, V' is the electric potential in the metal sphere, and ®
is the potential outside the EDL. Thus, the voltage drop across the EDL is (V — ).

If V is taken as zero, the boundary condition for the potential is [3]

od
0= iwCpr®, atr=a (6.2)
where w is the angular frequency of the applied electric field. Solving for A in Eq.(6.1)
we obtain,
0 —1/2
A=FEdS 2 0= 2 .
0a Q1 wCpra/2o (6.3)

The term Acosf/r? in Eq.(6.1) compared to the potential produced by a dipole moment
p = 4meA, where € is the dielectric constant of the electrolyte. So the induced dipole

moment is given by
41 —1/2

iQ+1 (64)

p = 4rmelha
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In terms of the Clausius-Mossotti factor Ky (w), p can be expressed as
p(w) = dmeEya’ Ky (w) (6.5)

The real and imaginary part of the Kj;(w) for the conducting sphere can be written

as [3]

02 —-1/2
02 +1

302
0241

Re[Ky(w)] = and Im[Ky(w)] (6.6)

6.2.2 Polarizability of a dielectric spherical particle

In general, there are mainly two characteristics mechanisms of dielectric dispersion
for suspensions in electrolyte solutions working in different frequency scales, which
are sensitive to the polarization of the EDL induced on the dispersed particle. In the
first case, dielectric dispersion is due to the electrolyte concentration variations on
the local currents in the EDL induced by the applied field, known as low-frequency
dispersion (a-dispersion). The second type of dispersion happens at higher frequency
and is due to the formation of free charge distribution near the surfaces, known as
Maxwell-Wagner dielectric dispersion. The reciprocal of the relaxation time of the
electrolyte solution 7, divides the frequency scale and is given by
L = m (6.7)
where €,, and o, are the absolute dielectric constant and conductivity of the disper-
sion medium. Electric field perturbations and screening of charge in the electrolyte
solutions are characterized by the time scale 7,,. It’s role in the time domain is similar
to that played by the Debye screening length
)\DE\/(D++D_)€m (6.8)

20,

in the space domain, where DT are the ionic diffusion coefficients. The time required
for ion diffusion through Debye length is of the order of magnitude of 7,,:
Ab
m R —— 6.9
Tm R 5 (6.9)

where D is the average ion diffusion coefficient.

For frequencies w << w,,, the characteristics value of the conduction current density

(current carried due to the flow of charges) in the electrolyte solution exceeds the
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6.2. Theoretical background

displacement current density (current caerried due to the varying electric field), and the

space distribution of the local electric fields in the disperse system is determined by the

distribution of ionic currents. In the high frequency range w >> w,,, the characteristics

value of the displacement current density the conduction current density, and the space

distribution of the local electric fields in the disperse system is determined by the

polarization of the molecular dipoles, rather than by the distribution of ionic currents.

A general formula of the dipole coefficient for the wide-frquency range is given by [4]

where

p(w) efem—1 3  €afem —2Du 1
a3 egfem +2  2(eq/em +2)(Du+ 1)1+ iwTaw

3Rt — RH  1+/2/SViwr,
245 1 4,/2/SViwTy + iwT,

X emp(—w)e—m (6.10)
Oum
04
Du(¢) = 2&
ue)= 2L,
R:I: — 21(:;’
ota
A = 4Du(¢) + 4,

e 26 (keT\
C3nDE N\ ze )

+
Ut — Mln lcoshzcl ,
a 4

B=(R"+2)(R +2)—Ut—U — (U'R-+U R")/2,

S=A/B,
o a*(D*+ D7)S
“ 4DtD- 7
D —-Dt
~ 2(D- + DY)’
o (RT—R)(1—=22A%) - U+ U +2A0UT+ U~
1 ;
€ €qfem +2
MW = 20, Du+1 '

€p is the dielectric constant of the dielectric particle, o4 is the surface conductivity of

the particle, Du(() is Dukhin’s number, ( is the potential across the EDL, a size of the

particle, D¥ is the diffusion coefficients of ions, 7 is the viscosity of the electrolyte.,
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6.2. Theoretical background

Tuw is the relaxation time corresponding to Maxwell-Wagner dispersion. The complex
dipole coefficient provides both real and imaginary parts which will be used later for

calculating induced polarizability of the particles due to external electric field.

6.2.3 Calculation of the effective dipole shift of a dielectric

hemisphere

In general, particles dispersed in a medium induce electric dipole moment along the
direction of applied electric field. For a dielectric particle with metal coating on one
hemisphere, we assume that induced dipole moment on each hemisphere is half of that
induced on a full sphere of same material and size. But for a hemispherical particle,
there is a shift in the effective induce dipole moment [5]. Let’s consider a dielectric
hemisphere of radius r in an aqueous solution under an electric field E. Following
electrostatics, the surface polarization charge density p can be expressed as [5]

€p)€m — 1
) = ) Dl Ll — 0 11
0(60) = 360 (%km+2)ms (6.11)

where €,, and €, are the dielectric constant of the medium and the particle, respectively.
As schematically shown in the Fig.6.2, the unit dipole moment dp comprising positive
and negative surface charge elements each occupying a unit surface area dA, separated

by distance [ is given by [5]

dp(0,¢) = p(60).dA(0,¢).1(6, 9)

= (350E (%) cos@) . (R2sin9d€d¢) . (2Rcosb) (6.12)

-1
= 6eg Y %/L R3cos*0sinfdfde
€p/€m + 2

The effective dipole shift 7 of the hemisphere, similar to the definition of center of

mass is defined as

o $7(0,0)dp(6.9)
heft $dp(0, )

Symmetry in the Fig.6.2 implies the shift will be along y-axis, so the y component of

(6.13)

displacement of dp from the center is § = Rsinflsing and the shift of dipole along the
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6.2. Theoretical background

Figure 6.2: Schematic presentation of a dielectric hemisphere in an aqueous solution.
The origin of the defined coordinate system matches with center of equatorial plane

of the hemisphere.

y-axis is given by [5]
_ $0(60,¢)dp(6,¢)

T dp(6,0)
fo df [y dobeg (E”/Em_l) Ricos®0sin*0sing

/e€m—+2
Jo db [ dpbegE (6”§6m_1> R3cos0sinb
_ gR (6.14)

For metal hemisphere, the shift in effective dipole is also the same but the magnitude
of dipole moment will be higher than the dielectric hemisphere because of higher
polarizability. Hence, the effective induce dipole moment of a metal-dielectric Janus
particle is given by the sum of the dipole moments induced on both metal and dielectric

hemispheres.
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6.3. Experimental

6.3 Experimental

We prepared metal-dielectric Janus particles using directional deposition of metal (Ti)
onto dry silica particles (SiO2) of diameter 2a = 3.0 £ 0.2 pm (Bangs Laboratories,
USA) in vacuum as explained in the 2nd chapter [1]. The surface of the Janus par-
ticles is coated with N, N-dimetyl-N-octadecyl-3 aminopropyl-trimethoxysilyl chloride
(DMOAP) in order to induce perpendicular (homeotropic) orientation of the liquid
crystal director [20-22]. A small quantity (0.01 wt%) of DMOAP coated Janus parti-
cles is dispersed in nematic liquid crystal, MLC-6608 (Merck). It exhibits the following
phase transitions: SmA —30°C N 90°C Iso. The dielectric anisotropy of MLC-6608 is
negative (Ae = ¢ — e, = —3.3, where ¢ and ¢, are the dielectric permittivities for
electric field E, parallel and perpendicular to fi) whereas the conductivity anisotropy
is positive (Ao = o — o, ~ 6 x 1071 Sm™ at 100 Hz) (see Appendix). No electro-

convection was observed in the experimental field and frequency range.
(a)fZ (b)tZ

/_k /

y 20280 PPN

7, e

X' 2N

Figure 6.3: Janus quadrupolar particles (a) without and (b) with electric field. Note

that the metal-dielectric interface becomes parallel to the field direction.

The experimental cells are prepared with use of two indium-tin-oxide (ITO) coated
glass plates. The plates were spin coated with polyimide AL-1254 (JSR Corporation,
Japan) and cured at 180°C for 1 h. They were then rubbed unidirectionally with a
benchtop rubbing machine (HO-TAD-BTR-01) for homogeneous or planar alignment
of the nematic director fi. The ITO plates were separated by spherical spacers of
diameter 5.0 um, making the rubbing directions antiparallel, and then sealed with UV-
curing optical adhesive (NOA-81, Norland). A schematic diagram of a cell is shown
in Fig.6.3(a). The output of a function generator (AFG 3102, Tektronix) is connected
to a voltage amplifier for application of sinusoidal voltage to the cell (Fig.6.3(b)). An
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6.4. Results and discussion

inverted polarising optical microscope (Nikon Ti-U) with water-immersion objective
(NIR Apo 60/1.0, Nikon) was used for observing the particles. A laser tweezer is built
on the microscope using a cw solid-state laser operating at 1064 nm (Tweez 250si,
Aresis) for manipulating the particles. A charge-coupled device (CCD) video camera
(iDs-UI, CMOSIS) at a rate of 50-100 frames per second was used for video recording
of the particle trajectory. A particle-tracking program is used off-line to track the

particles with an accuracy of £20 nm.

6.4 Results and discussion

We worked in the dilute regime of the concentration (0.001wt%) and disperse the
particles in a cell whose gap is larger than but close to the diameter of the parti-
cles. In this case the particles mostly stabilize quadrupolar director field as shown in
Fig.6.4(a). Figure 6.4(b) shows the light-microscope texture of a few Janus particles
placed between crossed polarizers. The four-lobed intensity pattern of the particles, a
characteristic feature of elastic quadrupoles, is further substantiated from the texture
obtained by inserting a A-plate (inset to Fig.6.4(b)). The texture of the particles (with-
out polarizers) shows that the metal hemisphere (dark half) of particles is oriented in
different directions, always keeping the Saturn-rings perpendicular to the macroscopic
director (Fig.6.4(c)). Once the ac electric field is switched on along the z-axis, the
particles reorient [24] such that the plane of the metal-dielectric interface lies parallel
to the field as shown in Fig.6.3(b). Since the dielectric anisotropy of MLC-6608 is
negative, the applied electric field does not influence the far field director except very
close to the particles [17]. We focused on a pair of Janus particles that are assembled
by elastic forces of the nematic liquid crystal and study the effect of field. At zero
field, the line joining the centers of the particles makes an angle of 57° with respect
to the director fi. [6]. At this angle the particles experience an attractive elastic force.
Once the electric field is switched on, the particles rotate such that the metal-dielectric
interface becomes parallel to the field due to the effective induced electric dipole mo-
ment (pesr), keeping the mutual separation unchanged as shown in Figs.6.5(a) and (b).
With increasing field amplitude, the particles are displaced in the opposite directions

along the joining line of their centers as shown in Figs.6.5(c) to (e). Above a certain
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(b) (©
(@

Figure 6.4: (a) Quadrupolar elastic distortion of nematic director fi around a spher-
ical dielectric particle. Red circle represents Saturn-ring defect. (b) Cross-polarised
micrograph of a few quadrupolar particles without electric field. Inset shows the mi-
crograph of a particle with a A-plate (530 nm) inserted in between the polariser and
sample with it’s slow axis at 45° to the director. (c¢) Image captured by CCD camera.

Dark (bright) hemisphere represents the metal (dielectric).

field, the particles become free from each other’s influence and swim independently as

described in the chapter-3.

The centre-to-centre separation r as a function of the field at different frequencies is
shown in Fig.6.5(f). For a given frequency f, it is apparent that there is a threshold
field E5, beyond which r increases rapidly. Careful observation reveals that in the
low field region (E < Es) there is another threshold Ej, beyond which the separation
begins to increase. For clarity, the low field region of Fig.6.5(f) is expanded and shown
in Fig.6.5(g). For example at 20 Hz, the threshold fields are £} ~ 0.2 Vum~! and
Fy ~ 0.7 Vum™'. With increasing field the magnitude of p.;s, and consequently
the repulsive dipolar force Fj increases, which pushes the particles apart. At FEj,
the magnitude of Fy just exceeds the elastic binding force F,;, and beyond FEj the
particle’s state is controlled by the surrounding electroosmotic flows. In the field
range £y < E < FEj,, the dipolar Coulomb (repulsive) and elastic (attractive) forces
are balanced as shown schematically in Fig.6.6(a), resulting in a stable system in which
the equilibrium separation (r,) is measured. Within this range the effect of the field

is reversible (i.e., 7, reduces to zero when the field is decreased to zero). Below Ej,
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Figure 6.5: (a-e) Effect of AC field on a pair of assembled quadrupolar Janus particles
(f = 100 Hz). (f) Centre-to-centre separation r with field at different frequencies.
(g) Expanded rectangular region in (f) enclosed by dashed line. E; and Ej are the
first and second threshold fields, respectively and 7, is the equilibrium separation in

the field range: F; < E < F5. Dotted lines are drawn as a guide to the eye. Cell

12 T T T v T T T T

() . #
o ! ¢
10+ © 20 Hz 7 |
® 50 Hz i g
z e 100 Hz ;e
S 8 e 500Hz ° o 9 T
g e 1000 Hz ;
? o s
6 E, E, ® i ,'é & .
/ & e' / y.)
[ - — 7 ’gg’s’%j - I,JI gpe’ﬁ
| ’ ,ﬁfgj &5 o8 o -
4 1€ g 3&89:83283-88@0?&
0.0 0.6 1.2 1.8 2.4
-1
E(Vpum))
4.8 T T E M T T
®
(g) 2\ K ’p
[ © 20Hz s £ F
® 50 Hz / e
~ 445 o 100 Hz Lo 1
£ b & ®
3 ® 500 Hz &
~ , & °° ®
s e 1000 Hz ° o L&
~ .Ql 9’, ,5 ’ef’e
4.0+ E 6 - . e-& .
1 ,0’ e oo
o 5 2.8
- ?g:-':g.;g.-g_—:g‘.'g--a-o-b--e-e-e—-e-e-&-e-e
3.6 1 1 1 1
0.0 0.5 1.0 1.5
-1
EV pum))

thickness: 5.5 um.

132
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the separation occurs along the line joining their centers, which makes an angle 57°
with respect to the far-field director i, irrespective of the orientation of the Janus
vector § (normal to the metal-dielectric interface). This indicates that the induced
electroosmotic flows surrounding the particles are weak and does not affect to their
equilibrium separation. Above FE,, the surrounding electroosmotic flows are stronger
and the particles start swimming in different directions in the plane of the sample,

depending on the orientation of § as discussed in the chapter-3 [19].

The electric field also induces a dipole moment in silica particles (non-Janus) and
hence a similar effect is expected to be seen in a pair of silica quadrupolar particles.
To see such an effect, we applied an electric field and compared the results with those
for the Janus particles. Figure 6.6(b) shows that the equilibrium separation between
two silica particles does not change upto the applied field (E < E,). Even at much
higher fields the separation remains unchanged until electrohydrodynamic instability
was observed. This indicates that the magnitude of induced dipole moment in silica
particles is much smaller than that of the Janus particles. This is expected as the
polarizability of silica is lower than that of Titanium metal. As a result, the dipolar
Coulomb repulsion between the two silica particles is not sufficiently strong in the

applied-field range to overcome the attractive elastic forces.

The Coulomb force Fy between two identical induced electric dipoles (pesy) of the

Janus particles is expressed as:
Fy(r) = 3p2;4(E) [Ameoemra,(E) (6.15)

where €, is the relative permittivity of the medium and r.,(E) is the equilibrium
separation. In the field range: F; < E < FE,, the Coulomb force Fy(r) is obtained
by balancing it against the elastic force F(r), which is obtained by videomicroscopy
in the absence of an electric field. To measure F,;, initially two particles are held
at a distance with the help of the laser tweezers and then allowed to interact freely,
by switching off the laser. The centre-to-centre separation r(¢) between two particles
obtained from the recorded movie is shown in Fig.6.7(b). The motion of the particles
in the NLC is overdamped due to high viscosity. Consequently, the Stokes drag force
(Fs) in a uniformly aligned NLC is in equilibrium with the elastic force F(r), result-

ing in no acceleration. The elastic force between two particles is calculated from the
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(a)
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Figure 6.6: (a) Schematic diagram demonstrating the balance of elastic and dipolar
Coulomb forces. Induced dipole moments (p) are parallel to E (out of plane). Green
lines indicate far field director i. (Inset) CCD image of Janus particles under AC
field. (b) Equilibrium separation 7., between a pair of Janus (blue half-filled circles)

and silica (pink open circles) particles with field (f=100 Hz).
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Figure 6.7: (a) Mean squared displacements of a quadrupolar Janus particle in two
orthogonal directions (parallel and perpendicular to the director) in MLC-6608. (b)
Centre-to-centre distance r(t) between two Janus quadrupolar particles approaching
due to elastic interaction in the absence of electric field. Inset shows the snapshots at
initial (¢ = 0 s) and final time (£ ~ 9 s). (c) Variation of elastic force Fi; between two

Janus particles as a function of r measured from the videomicroscopy.

numerical differentiation of the trajectory, which is given by F.(r) = —Fs = idzl(tt),

where (; is the drag coefficient and the subscript, i refers to the motion either par-
allel to i (i =||) or perpendicular to fi (i =1) [25,26]. Using methods similar to
those reported in references [21,22], we have determined ¢ and ¢, of a Janus particle
in MLC-6608 by measuring its anisotropic diffusive motion. Particle displacements
(Az and Ay) along parallel and perpendicular to the director i were measured us-
ing videomicroscopy as a function of delay time 7. The mean squared displacements
along x and y directions shown in Fig.6.7(a) are linear in 7 with different slopes

corresponding to two diffusivities, D) and D, as O'ﬁ’ L = 2Dy 7. The diffusion con-
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stants obtained from from the least-squares fits are given by Dj = 4.1 £0.1 x 107°p
m?st and D; = 2.9 £0.2 x 10 3um?s!. The corresponding drag coefficients ob-
tained by using the Stokes-Einstein relation ¢, = KgT/D), are (| ~ 1.0 x 1076
kg s7! and ¢, ~ 1.4 x 107% kg s™!. In estimating F,(r), the average drag coefficient
¢ = (¢ +¢1)/2~12x107° kg s7! is used. The variation of F.(r) between two
Janus particles as a function of separation is shown in Fig.6.7(c). If we substitute
Fy(r) = Fy(r) in Eq.(6.16), the magnitude of the effective induced dipole moment of

the Janus particles can be expressed as:

Pers(E) = \/(4/3)meoemrt, (E) Fu(r) (6.16)

where €, is the average relative permittivity of the sample and can be written as
€m = (€)+2€1)/3 = 6.4 (see Appendix). The variation of p.ss calculated with Eq.(6.17)
as a function of the field amplitude (E; < E < Ej) at different frequencies is shown
in Fig.6.8(a). We observe a linear variation with field, that is, p.sr = aeprE, where
aesyp is the effective electric polarizability of the Janus particles. The best-fit lines
nearly pass through the origin. This means that the dipole moment is induced only
by the electric field and eventually it asserts that the separation (r.,) between the two
particles (below Es) occurs primarily due to the dipolar Coulomb repulsion. Figure
6.8(b) shows a.fs obtained as a fit parameter at different frequencies. It decreases

with increasing frequency as expected.

In what follows, we theoretically calculate the polarizability of the Janus particles.

For a spherical particle polarizability can be expressed as [5]
aur.p(w) = 4megenm Kr p(w)a® (6.17)

where €, is the relative permittivity of the dispersing medium, K (w) is the complex
Clausius-Mossotti factor, a is the radius of the sphere and M and D stand for metal
and dielectric, respectively. The Clausius-Mossotti (CM) factors of the metallic and
dielectric spheres are calculated by using the analytical solutions provided above, given
by Ramos et al. [29] and Shilov et al. [?], respectively. The real and imaginary com-
ponents of the Claussius-Mossotti factors for both metal and dielectric spheres are
presented in Fig.6.9. The average relative permittivity of the sample obtained from

the experiments is given by ¢, = 6.4 (see Appendix). We use superposition principle
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Figure 6.8: (a) Effective induced dipole moment p.r; with field at different frequencies.
Solid lines show the least squares fit to equation: p.rs = acsrE. (b) Polarisability o.ry
at different frequencies obtained from the experiments (filled red circles) and theory
(filled black circles). Dotted and dashed lines are drawn as a guide to the eye. Error

bars represent the standard deviation of the mean value.

in which it is assumed that the induced dipole moment of a Janus particle is equal to
the sum of half the contribution from a metal sphere and half the contribution form
a dielectric sphere, so the effective theoretical polarizability of the Janus particles can
be written as aesrp = 3(aa + ap). The polarizability calculated using Eq.(6.18) at

different frequencies is shown in Fig.6.8(b), and is in reasonably good agreement with
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Figure 6.9: Frequency dependence of the Clausius-Mossotti factors. Filled and empty
circles represent the real and imaginary parts of the Kj; for metal (red circles) and

Kp for dielectric spheres (blue circles) respectively at different frequencies.

the experiments.

Two further remarks are in order. First, apart from dipolar repulsion, the hydro-
dynamic repulsion due to the overlap of electroosmotic flows may also contribute to
the interparticle separation [30]. We present an approximate estimation of the mag-
nitudes of the two forces. The swimming force of the particles can be written as
Fywim = 6mnav, which approximately sets the upper limit of effective hydrodynamic
force. Taking radius a = 1.5 pm, flow viscosity n = 20 mPas and swimming velocity
v=1pum s~ ! (below F,), we find the estimated hydrodynamic force Fy;m, >~ 0.6 pN.
Using eq.(6.16) and taking separation r = 4pum, €,, = 6.4, and p.;; = 2x 10® D we find
the estimated dipolar force between two particles is given by F; ~ 7 pN, which is one
order of magnitude higher than the upper limit of the hydrodynamic force. Therefore,
the effect of hydrodynamic repulsion is much smaller compared with that of the dipo-

lar repulsion between the two particles. Further, reasonably good agreement between
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the experimentally measured and theoretically calculated polarizabilities based on an
approximate model affirms that the effect of hydrodynamic repulsion on the equilib-
rium separation between two Janus particles below FE5 is negligibly small compared
with the effect of the dipolar Coulomb repulsion. Second, conceptually this method
could also be employed to measure the induced dipole moments of silica particles but
a much higher electric field is required. Hence, an appropriate liquid crystal must be

chosen such that no electroconvection is observed at the desired fields.

6.5 Conclusion

We have studied the effect of an ac electric field on a pair of quadrupolar Janus particles
that are assembled in a nematic liquid crystal by the elastic forces of the director field.
The imposed electric field induces an effective dipole moment in each particle that is
parallel to the field direction. The dipolar Coulomb repulsion between two assembled
Janus particles increases with field, and beyond a particular field the repulsive force
exceeds the elastic binding force of the particles, as a result of which the mutual
separation increases. The competing effects of these two oppositely directed forces
within a certain field range allows us to measure the effective induced dipole moments
of the Janus particles, which vary linearly with the field. We measured the effective
polarizability at different frequencies. The theoretically calculated polarizability of
the particles based on the superposition principle agrees well with the experimental
findings. Our study focussed on spherical particles in nematic liquid crystals; however,
this method is applicable to all microscopic Janus particles irrespective of their shape

in a variety of liquid crystals.

Appendix: Measurements of relative permittivity and conduc-
tivity anisotropy

The relative permittivity and conductivity of MLC-6608 at room temperature (30°C)
in the experimental frequency range (20-500 Hz) are measured using an LCR-meter.
The frequency dependence of the parallel and perpendicular components of the relative

permittivity (¢ and €, ) and conductivity (o and o) are shown in Fig.6.10. Both the
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6.5. References

permittivities remain constant (Fig.6.10(a)) whereas both conductivities are increasing
with frequency and o increases at much faster rate than o, (Fig.6.10(b)). The relative
permittivity anisotropy of the sample (MLC-6608) is negative (Ae = ¢ — e < 0),

whereas the conductivity anisotropy is positive (Ao = o — o > 0).
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Figure 6.10: Parallel and perpendicular components of (a) the relative permittivities
(¢ and €, ) and (b) the conductivities (o and o) as a function of frequency at room

temperature at an applied field of 0.1 V um™!.
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7

Defects, elastic interactions and
magnetic response of
peanut-shaped hematite particles

in a nematic liquid crystal

7.1 Introduction

n the previous chapters, we worked on shape symmetric (sphere) particles with
I asymmetric surface and studied their electrophoretic motion. In this chapter, we
focus on shape asymmetric particles. It has been shown that the symmetry of the
elastic interaction and the resulting colloidal assembly can be markedly different due
to the shape of the colloids. In fact there are several reports on the induced defects
and complex interaction of nonspherical microparticles such as rod-shaped [1,2], star-
shaped [3], rectangular [4,5], triangular [6], square, bullet [7] and doughnut-shaped [§]

etc in nematic LCs.

Most of the studies reported on LC colloids are so far based on non-magnetic parti-
cles. However, recent advances in colloidal synthesis has made it possible to fabricate
magnetic particles with different shapes. These particles induce topological defects
and self-assemble due to long range elastic interactions. The self-assembly of such
particles can be manipulated by external magnetic fields which are very promising for

advanced tunable materials. Brochard and de Gennes first theoretically studied the
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magnetic particles in nematics and proposed the idea of a ferronematic [10]. Lately
there are several experimental studies on magnetic nanowires [9,13] and nanoparticles
in nematic liquid crystals [14-16]. However, after the discovery of true ferronematic
by Mertelj et al. [17], it has created immense interests [18-20]. In this chapter, we
introduce a new nematic colloid — peanut-shaped hematite colloids in nematic liquid
crystals. The assembly and interactions of these particles have been studied in aqueous
medium. They interact via dipolar magnetic interaction and also experience a mag-
netic torque under the influence of external magnetic field. In isotropic solvents like
water they exhibit complex self-assembled and ordered structures [21]. In anisotropic
solvent such as in nematic liquid crystals, we can expect the diversity of the interaction,
orientation and hence the self-assembly of the magnetic colloids by exploiting the com-
bined effect of magnetic and elastic interactions. With this aim we study spontaneous
orientation, induced defects, anisotropic elastic interactions, directed self-assembly and
magnetically driven rearrangement of peanut-shaped magnetic colloids. By balancing
the liquid crystal imposed forces with applied magnetic field we determine the elastic
torque which leads to the quantitative measurement of the magnetic dipole moment

of the peanut-shaped magnetic particles.

7.2 Experimental

The peanut-shaped hematite(a-Fe,O3) particles were synthesized based on gel-sol
method by our collaborators at IIT Madras [23,24]. In a typical synthesis, 90 ml
of 5.4 M NaOH solution is added to 100 ml of 2 M FeCls solution for 5 minutes under
magnetic stirring, followed by an addition of 10 ml of 0.6 M NaySO, solution. Thus,
the obtained condensed FeHO, gel is aged for 8 days at 100°C.

The hematite particles in the resulting suspension were separated by repeated wash-
ing with Milli-(Q water and centrifugation, and finally stored in Milli-Q water. The
particles were characterized using high resolution scanning electron microscope (HR-
SEM, Hitachi S-4800, Japan) and transmission electron microscope (TEM, Tecnai 12)
as shown in Fig.7.1(a) and (b), respectively. The particle size analysis is performed

using ImageJ [25]. The average length and the lobe diameter of these particles are
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about 3.2 pm and 1.54 pm, respectively (Fig.7.1(c)).

1.54 pm

Figure 7.1: (a) SEM and (b) TEM micrograph of peanut-shaped particles spreaded
on a clean glass plate. (c¢) Diagram of a peanut-shaped particle. The length and lobe

diameter of the particles are 3.2 um and 1.54 um, respectively.

The particles were dispersed in 4-cyano-4 pentylbiphenyl (5CB) liquid crystal with-
out any surface treatment for the anchoring of liquid crystal molecules. Cells with
spacing in the range of 8-10 pm were fabricated using glass plates, spin coated with
polyimide, AL-1254 and cured at 180°C. The glass plates were rubbed along a par-
ticular direction and then fixed using a UV curable optical adhesive mixed with the
desired spacer as discussed in the chapter-2. Prepared cells provide planar orienta-
tion of liquid crystal director along the rubbing direction. The LC-colloid mixture
was introduced into the cells by capillary action and the textures were observed using
an inverted polarising optical microscope. A laser tweezer operating at 1064 nm, is
built on the same inverted microscope (Nikon eclipse Ti-U) and was used for optical
trap and hence particle-defect manipulation. The motion of the particle was video
recorded using a CCD camera (Pixelink PLB 741F) and an appropriate software was
used to track the time dependent positions of the particles. All the experiments were

performed at a temperature of 25°C.

7.3 Numerical simulation

Numerical simulations were done in collaberation with Dr. Simon Copar, Jozef Stefan

Instutute, Slovenia. It was done with a finite difference scheme based on a Landau-de
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Gennes Q-tensor free energy density model with equal elastic constants in the form [22]:
L A B C
= §Qz‘j,szj,k + 5@@'@1]’ + g@ij@jk@ki + Z(Qij@ij)Q (7.1)

and surface free energy term fg = 3 W (Q;;—Q%)? with QY being the preferred Q-tensor
consistent with the director pointing along the particle surface normal. The elastic
constants are set to the well-tested set for simulating 5CB liquid crystals: L = 8 x
10712J, A= -0.172MJm™, B = —2.12MJm™, C = 1.73 MJ m™, and relatively weak
anchoring W = 1.0 x 1072 J m™2. The simulations were done for particle dimensions
1.0 pm x 0.5 pm x 0.5 pm with computational grid resolution of 10nm in a 300 x 300 x 300
simulation box. The particle size is smaller than in experimental setting, to make the
computation feasible. However, as long as the defects are in the same positions as in the
experiments, the director field is scale-independent, making the simulations suitable
for reproducing the optical micrographs. The simulations of the crossed polarizer

micrograph with an inserted retarder plate were performed using the Jones matrix

formalism.

7.4 Results and discussion

The mixture of peanut-shaped colloids and 5CB was introduced in planar cells. Figure
7.2(a) and (b) show bright and polarized optical micrograph of few dispersed peanut-
shaped hematite particles. It was observed that the colloids orient themselves with
their long axis at all possible angles with respect to the nematic director, n. The
statistical analysis of orientation of about 250 particles is shown in Fig.7.2(c). About
35% colloids are oriented perpendicular to the director and 13% are oriented parallel
to the director. The remaining colloids are oriented at all other angles (0° < 6 < 90°).

This possibly indicates a slight differences in anchoring strength of the particles.

The elastic distortion of a few isolated colloids which are either parallel or perpen-
dicular to the director are investigated with a 60x objective and numerical aperture
(NA) of 1.0. To get qualitative information about the anchoring and the induced
defects, a retarder wave plate (530 nm) was introduced into the optical path between
the polarizer and the sample stage making the fast axis 45° with respect to the di-

rector and the corresponding image is shown in Fig.7.3(b). The molecules, parallel
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Figure 7.2: (a) Bright field micrograph of peanut-shaped particles spreaded on a clean
glass plate. (b) POM texture of dispersed particles in 5CB, where double headed ar-
row above 7 indicates the nematic director and crossed double headed arrows indicate
orientation of polariser and analyser. (c) The percentage of number of colloids orien-
tated at different angles with respect to the director (7). Orientation of about 250
particles are analysed. Cell thickness d = 9.5 pm.

or perpendicular to the slow axis of the wave plate, transmit blue or yellow colour
representing the clockwise or anticlockwise orientation with respect to the director,
respectively. Figure 7.3(a) shows the POM micrograph of a particle oriented parallel
to the director. It induces a hyperbolic hedgehog point defect and elastic distortion
similar to that of spherical micro-particles, excepting the presence of another point

defect between them (see Fig.7.3(d)). The point defect is slightly extended, possibly
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Figure 7.3: (a,e,i) POM images of particles orientated parallel and perpendicular to
the director. (b,f,j) Corresponding images obtained by keeping the fast axis of the
A-plate (530 nm) at 45° with respect to the polariser. (¢) Schematic diagram of elastic
dipolar-type deformation around a colloid with parallel orientation (d) Schematic dia-
gram of elastic deformation around a pair of spherical dipolar colloids for comparison.
Perpendicular colloids with (e) nontilted and (i) tilted orientations. Simulated POM
images with A-plate of perpendicular colloids with (g) nontilted and (k) tilted orien-
tations. (h) Director image from the simulation showing elastic distortion and ring
defect around the nontilted colloid (thick-red band along the length). (1) Schematic
diagram of a tilted colloid in 3D perspective. In this configuration, the particle is
positioned near the bottom of the cell. The black arrows near the edges of the box

indicate the rubbing direction.

due to the shape or the aspect ratio of the particle. A schematic diagram of the direc-
tor field around the particle is shown in Fig.7.3(c). POM micrographs of two particles
oriented perpendicular to the director are shown in Fig.7.3(e,i). Unlike the colloids
that are oriented parallel to the director, the defects in this case are not easily iden-

tifiable. They exhibit two different retardation profiles when observed under A-plate.
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Figure 7.4: (a) Statistical analysis of perpendicular colloids on the basis of A-plate
images. Black and red bars represent percentage of nontilted and tilted colloids. (b-d)
Sequence of CCD images showing that the orientation of a particle is changed by using

a laser tweezer from horizontal to vertical.

In type-I, a typical sequence of blue and yellow colors that surrounds the particles
(similar to that is observed in case of spherical colloids) suggests homeotropic anchor-
ing of the liquid crystal molecules (Fig.7.3(f)). Figure 7.3(g) shows the corresponding
simulated image, where the particle is surrounded by a —1/2 disclination ring (Sat-
urn ring) around its larger perimeter. The surrounding elastic distortion resembles
to that of a pair of quadrupolar colloids except the concave surface around the neck.
The A-plate image of a type-IT colloid shown in Fig.7.3(j) is noticeably different than
that of type-I (Fig.7.3(f)) though their POM images look similar (Fig.7.3(e) and (i)).
Careful observation shows that not all the particles that are oriented perpendicular to
the director appear to have same length while dispersed in liquid crystals (Fig.7.2(b)).
The type-II colloids appear somewhat smaller than that of type-I, suggesting that the
type-II colloids are tilted with respect to the plane of the cell. Based on this idea
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we carried out computer simulation for different tilt angles and vertical particle po-
sitions. Figure 7.3(k) shows the corresponding simulated A-plate image of the tilted
particle associated with the Saturn ring defect where the upper part of the particle
is tilted 45° out of the plane of paper and the lower part is set close to the bottom
glass plate. In this configuration, the blue and yellow colour coincides best with that
of the experiment (Fig.7.3(f)). This suggests that the type-II relies on the interaction
with the cell walls for stability, while the type-I is floating in the bulk. We have also
done a statistical analysis of the two types of particle configurations. Figure 7.4(a)
shows that among the particles that are oriented perpendicular to the director nearly
70% are type-II i.e., tilted and remaining 30% are parallel to the glass plate. However,
the orientation of the particles can be changed from parallel to perpendicular or from

type-I to type-1I or vice versa by using the optical tweezer as shown in Fig.7.4(b-d).

The elastic interaction between two particles is studied using a video microscopy
technique. Two dipolar colloids are brought a few micrometers apart with the help of
the optical tweezer and left free to evolve. Figure 7.5(a) shows the variation of sepa-
ration R(t) between two colloids with time. In this case, the attractive elastic force
(F) is balanced by the viscous drag force acting opposite to Fi, hence F, + Fyqy = 0,
where Fy,qy = —CdR(t)/dt. The interaction force between two dipolar colloids is given
by F, = —k/R*, where k is a constant and depends on the mean elastic constant of the
medium, size and shape of the particles. The time dependent inter-particle separation
is given by R(t) = (R(0)° — 5at)'/®, where a = K /¢ and R(0) is the initial separation
at t = 0s [29]. The red line in Fig.7.5(a) shows the best fit to the experimental data.
Figure 7.5(b) shows time coded trajectories of a particle when it approaches another
particle from different angles with parallel orientation of their dipolar axes. They have
attractive interaction within about £30° angle along the joining line and repulsive at
other angles. When the dipolar particles approach along the broad-side on position
with opposite orientations (Fig.7.5(c)), they exhibit repulsive interaction within $+45°
with respect to the joining line and attractive at other angles (Fig.7.5(d)). The over-
all anisotropic interaction of two peanut-shaped colloids are almost similar to that of

spherical colloids except the numerical values of the interaction time and the range.
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(a) (b) Tmax
To
(s)
(c) (d) Trnax
To

(s)

Figure 7.5: The variation of center-to-center separation distance between two peanut-
shaped particles with (a) parallel and (c) antiparallel dipolar configuration as a func-
tion of time. Red lines are the best fit to the equation: R(t) = (R(0)° — 5at)'/®. Time
coded trajectories of a dipolar particle from different angles with respect to another
(b) parallel and (d) antiparallel dipole at the center. Each trajectory is recorded for
time interval from To= 0 s to (b) Tyax= 144 s and (d) Tpax= 120 s .
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Figure 7.6: (a) Variation of equilibrium separation between two peanut-shaped par-
ticles with tilted elastic quadrupolar configurations. Red line is the best fit to the
equation: R(t) = (R(0)"—7at)*7. (b) Time coded trajectories of a tilted quadrupolar
particle from different angles with respect to another at the centre. Each trajectory is

recorded for time interval from To= 0 s to Tpax= 30 s.

Pairs of perpendicular colloids (both types) show quadrupolar interaction (i.e F, =
—k/R®). Figure 7.6(a) shows the variation of inter-particle separation with the best
fit to the corresponding equation, R(t) = (R(0)" — 7at)'/7. Figure 7.6(b) shows that
except along the joining line of two colloids, they have attractive but short-range
interaction. We prepared linear chains with a few colloids using the optical tweezer.
Figure 7.7(a) and (b) shows self-assembled chains of peanut-shaped colloids with dipo-
lar and quadrupolar defect configurations. The dipolar chain is oriented parallel to
the director and the quadrupolar chain is oriented perpendicular to the director. Two
orthogonal chains are guided by the laser tweezer to combine and form a L-shaped
structure (Fig.7.7(c)). This can be used as a building block for making complex col-
loidal self-assembled structures, which are responsive to external magnetic field. It may
be mentioned that the orthogonal orientation of colloidal chains of spherical particles

are not stable in nematic liquid crystals.
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Figure 7.7: (a) Laser tweezer assisted self-assembly of dipolar and quadrupolar peanut-
shaped colloids. (b) A linear chain of dipolar colloids parallel to the director. (b) A
linear chain of tilted quadrupolar colloids normal to director. (c) L-shaped structure

obtained by combining the two chains..

We studied the effect of external magnetic field on the orientation and defects of
dipolar colloids and estimated the magnetic dipole moment from the competing ef-
fects of elastic and magnetic torques. Two thick, disc-shaped magnets of diameter
20mm were placed diametrically opposite in a circular track around the microscope
objective, keeping the cell at the centre as shown schematically in Fig.7.8(a). This
arrangement produces a uniform magnetic field with a fixed amplitude at the sample,
which depends on the diameter of the circular track (Fig.7.8(b)). The direction of
magnetic field is changed by rotating the two magnets simultaneously in the track.
The magnetic field at the centre is calibrated by a magnetometer. Figure 7.9(a-e)
shows the effect of rotating magnetic field of strength 300 gauss on a dipolar colloid.
Since the diamagnetic anisotropy of 5CB liquid crystal is very small the applied mag-
netic field does not have any effect on the orientation of the director. The orientation

of the particle remains unaffected when the magnetic field is perpendicular to the long
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axis. As the magnetic field is rotated from 90° to 0°, the colloid rotates, keeping the

(2)
(b)

Light source

Objective

Figure 7.8: (a) Schematic diagram of experimental setup for applying horizontal mag-
netic field from two disc shaped magnets on a circular track. (b) Real experimental

setup.

point defect facing toward the rubbing direction. This suggests that the direction of
magnetic moment is perpendicular to the length of the colloids. Figure 7.9(f) shows
the response of the colloid when the magnetic field is rotated from +90° to —90° (right
to left). Below £30° the colloid tilts out of the observation plane. At ¢ = 0°, the
tilt angle reaches maximum and the particle flips its direction from anti-clockwise to

clock-wise.

To calculate the magnetic torque on the colloid we present a simple diagram in
Fig.7.10(a). It shows an equilibrium orientation of the colloid when the magnetic field
is applied at an angle ¢ with respect to the director. The long axis of the colloid
makes an angle o with respect to the director. The angle of the magnetic moment
with respect to the director is 6. At equilibrium the magnetic toque pBsin(¢ — 0) is
balanced with the gradient of elastic energy —0U /06 and the torque balance equation
is written as [30]:

—0U/00 + uBsin(¢p —0) =0 (7.2)
Considering usual one constant approximation for the nematic, the distortion free

energy is given by

1
U= 5K/dv|v1a|2 (7.3)
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(f)

Figure 7.9: (a-e) Effect of magnetic field of strength 300 gauss on a peanut-shaped
dipolar nematic colloid at different directions from 90° to 0° with respect to the direc-
tor, N. ¢ is the angle between the director and the magnetic field (é) Corresponding
A-plate images are shown underneath. (f) POM images when the magnetic field direc-
tion is changed from +90° to —90°. Double headed arrow at the centre represents the

director .

where K = Ky, = K9y = K33 is the elastic constant. Considering the rotation of the
particle only in the xy-plane, the director components can be written as n, = sina(r),

n, = cosa(r) and n, = 0. This gives:
1
U= §K/dv|Va|2 (7.4)

and the optimum corresponds to V2a = 0. Brochard and de Gennes showed that
this equation is equivalent to the field energy of (47K )'/2a(r) with a spatially varying
voltage in electrostatics. Within this analogy, the boundary condition at the surface

of the elongated particle is equivalent to that of a surface at fixed voltage V. Now,
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Figure 7.10: (a) Schematic diagram showing the direction of magnetic field and the
magnetic moment with respect to the director. (b) Variation of magnetic torque
Bsin(¢ — 6) with 6. Measurement is restricted within £7/2 to +7/4 as the colloid
tilts out of the plane preventing the exact measurement of . (c) Red line represent

best linear fit to the selected experimental data as highlighted by dotted green box.

158



7.4. Results and discussion

associating the elastic energy of rotated particle with the field energy %C’VQ, stored in
a capacitor, we get [10,11]

/ (ng)zdu - ;(192 (7.5)

where C is the capacitance of the particle of length L and diameter d [10]. From the
work of Maxwell [12], the charge density per unit length of such elongated object is
approximately constant A = ()/L along the axis of the body (let’s say, z-axis). The

potential can be estimated at the center and consequently the capacitance is given by

- L2Q dx —Q21 L/2+/d*>+ L?/4 Q21 L -6
=2, Tvmrac i a vy (79
Hence, the corresponding capacitance is given by
L
~— 7.7
210g§ (7.7)
Using Eq.(7.7) in (7.5), we arrive at
U = 2rCK6? (7.8)
Thus, from Eq.(7.2) we get,
uBsin(¢ —0) = 4rC K6 (7.9)

The variation of Bsin(¢ — ) with 6 is shown in Fig.7.10(b). The magnetic torque
varies linearly but in a periodic manner and at § = 0°, it changes direction. The
slope of the best fit is given by 4rCK/u = 190 gauss/radians (Fig.7.10(c)). Taking
K ~ 5x107"dyn and C' ~ 5 x 10~*cm, the estimated magnetic dipole moment
i~ 1.7 x 107" emu. This is very close to the value reported by Lee et al. from an

independent measurement of bulk sample [31].

We also studied the effect of magnetic field on a self-assembled dipolar chain struc-
ture. Figure 7.11(a~h) shows a few textures of a dipolar chain, when the magnetic field
is rotated around the director. The angle between the director n, and magnetic field,
§ is ¢. The chain remains straight when the magnetic field § is perpendicular to
the length of the chain, i.e., » = 90°. The chain as a whole, tends to reorient and the
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Figure 7.11: (a—h) Polarising optical microscope images showing the effect of rotating
magnetic field on a dipolar chain of peanut-shaped particles. (i) Schematic diagram of
the director structure when the magnetic field is perpendicular to the chain as shown
in texture (a). (j) Schematic diagram of the director structure when the magnetic field

is rotated at the angle.

colloids slide over each other as ¢ is decreased from 90°. The sliding is associated with
a slight displacement of the point defects from their initial positions. Consequently
the length becomes shorter and finally the chain flips its direction at ¢ = 0°. Director

structures for two orientations are schematically shown in Fig.7.11(i,j) respectively.

7.5 Conclusion

In summary, peanut-shaped hematite microparticles spontaneously orientate at various
angles with respect to the nematic director exhibiting both dipolar and quadrupolar
symmetry of elastic distortion. Among the quadrupolar colloids majority of them are
tilted with respect to the plane of the cell, which has been corroborated by the com-

puter simulation results obtained from Landau de Gennes Q-tensor modelling. The
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elastic interactions are highly anisotropic and short-ranged compared to that of a pair
of spherical colloids. The dipolar and quadrupolar linear chains are combined with the
help of a laser tweezer to form a stable structure retaining their orthogonal orientations.
The colloids have transverse magnetic dipole moments and hence their reorientations
are manipulated in the liquid crystal by the applied external magnetic field. The esti-
mated magnetic moment obtained from the competing effects of elastic and magnetic
torques is about 1.7 x 107! emu. Magnetic colloids with anisotropic shape have a
potential use for making magnetic field responsive complex self-assembling colloids, as
demonstrated on magnetically rearranging linear chain of particles. Peanut shape is
structurally very similar to a pair of spherical particles, bound at a fixed distance, so
the particles could also be used in a mixture of spherical and peanut-shaped particles

to functionalize the particle assembly with magnetic response.
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Future work

Although the goal of the thesis has been accomplished, there are plenty of scopes for
improvements to achieve better results. The results reported in this thesis provide a
strong foundation for future work and create many opportunities in the field of active

particles in liquid crystals. Some of the future perspectives are mentioned below.

1. In order to achieve more precise and greater control over the directional trans-
port, magneto-dielectric Janus particles can be prepared. In such systems, the

orientation of the particles could be controlled by external magnetic field.

2. Shape asymmetric Janus particles could show interesting dynamics and offer

higher degree of freedom in commanding their transport.

3. The spatially varying LC director can act as an additional parameter for piloting

particles. In such case, patterned LC and chiral LCs can be used as the host.

4. This thesis focused on the dynamics of individual particles, but the collective
behaviour of such particles could create a new class of active matter, which

could be termed as “topological active matter”.
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