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ABSTRACT OF THE DISSERTATION

Colloidal Dynamics in an Anisotropic Environment
by

Devika Gireesan Sudha
in Physics

University of California Merced, 2024

Professor Dustin Kleckner, Chair

Colloids are ubiquitous in nature and technology, playing vital roles in various
fields, from pharmaceuticals to materials science. Liquid crystal colloids, formed
by dispersing colloidal particles in a liquid crystal host, present a unique system
where the interplay between the orientational order of the liquid crystal and the
colloidal particles leads to complex, anisotropic interactions not seen in conven-
tional colloidal systems. These interactions are characterized by the formation of
topological defects and elastic deformations in the nematic order. This thesis aims
to give insights into the fundamental physics at the intersection of liquid crystal
and colloidal science, which can potentially lead to the development of advanced
materials.

In the first part of the thesis, we investigate the aggregation behavior of col-
loidal particles in a nematic liquid crystal phase, which leads to the formation
of hierarchical aggregate morphologies distinct from those in isotropic solvents.
We developed a novel self-assembling colloidal system to study aggregation over
large length scales involving thousands of colloidal particles. In this method hollow
micron-scale colloids form in situ within the nematic phase and aggregate into frac-
tal structures and colloidal gels. The morphology of these aggregates is determined
by colloid concentration and temperature quench depth through the isotropic-to-
nematic phase transition point. Using fluorescence microscopy, we measure the

aggregate structure across various length scales, analyze ageing mechanisms, and

XixX



explore the driving forces behind aggregation. Our findings suggest that the ag-
gregate dynamics are influenced by a combination of Frank elasticity relaxation,
spontaneous defect line annihilation, and internal aggregate fracturing.

The second part of the thesis focuses on the interactions between active colloids
and the anisotropic liquid crystal environment. For this work, we used platinum-
coated Janus colloids, which exhibit self-propelled motion in aqueous solutions
via the catalytic decomposition of hydrogen peroxide. When placed in a uniformly
aligned nematic phase of lyotropic chromonic liquid crystal, disodium cromoglycate
(DSCG), these active Janus colloids demonstrate motion that is strongly dictated
by the anisotropy of the liquid crystal — they tend to move parallel to the nematic
director. Motion analysis over a range of timescales reveals a cross-over from
ballistic to anomalous diffusive behavior on timescales below the relaxation time
for liquid crystal elastic distortions. Notably, we discover a size-dependent effect:
smaller particles exhibit rolling motion during ballistic motion, whereas larger
particles do not. This behavior highlights the complexity of phoretically-driven
particle motion in the anisotropic fluid environment.

By investigating both the aggregation of passive colloidal particles and the
motion of active Janus colloids, this thesis contributes to a deeper understanding
of how anisotropic environments influence colloidal dynamics. These findings have
the potential to help in the design of new materials and technologies that leverage

the unique properties of liquid crystal colloids.



Chapter 1

Introduction

1.1 Motivation

The study of colloidal materials, where small droplets or particles of one mate-
rial - typically ranging from 10nm to 10um in size - are dispersed in a continuous
phase of another material, has long been a central focus in material science re-
search [1,[2]. When the continuous phase is a liquid crystal (LC), the resulting
system is known as liquid crystal colloids [3,4]. Liquid crystals are orientationally
ordered fluid in which the molecules possess a degree of alignment or order along a
preferred direction, while retaining the ability to flow. The directional order makes
liquid crystals anisotropic.

The introduction of colloidal particles into a liquid crystal host has given rise
to a new field at the intersection of LC and colloidal science, driven by the rich
fundamental physics phenomena that arise from this unique combination. The
interplay between the liquid crystal medium and the colloidal particles results in
complex interactions and behaviors that are not observed in conventional colloidal
systems. This combination of liquid crystal properties with colloidal particle dy-
namics offers possibilities for discovering new phenomena and developing advanced
materials with technological applications.

One key difference between LC host and conventional isotropic host is that the
molecular interactions at the interfaces of colloidal particles and the surrounding

LC are highly anisotropic. When a spherical colloid with well-defined surface



anchoring is immersed in nematic liquid crystal, the alignment of the liquid crystal
molecules near the surface of the colloid deviates from the bulk ordering of the
liquid crystal. This deviation from the bulk alignment induces local disturbances
in the nematic order, leading to the formation of topological defects. Topological
defects are regions where the order cannot be defined, and at the core of the defect
there is no specific molecular direction.

The disturbances caused by these defects spread over micrometer scales and
can be considered as elastic deformations of the nematic liquid crystal. Since the
elastic energy of these deformations depends on the separation between colloidal
inclusions, they generate structural forces that are long-range and spatially highly
anisotropic. These forces trigger the spontaneous assembly of neighboring colloids

The goal of this thesis is to understand the complexities and dynamics of colloid-

nematic liquid crystal interactions. It covers the following two main topics

1.1.1 Aggregation behavior of colloidal particles within the

nematic liquid crystal phase.

The motivation behind studying the aggregation mechanism, cluster growth
and development in nematic liquid crystal host stems from the unique interac-
tions that occur in anisotropic fluids, which are significantly different from those
observed in isotropic solvents. Unlike in isotropic solvents, where colloidal aggre-
gation follows well-understood patterns, the nematic phase introduces additional
factors such as Frank elasticity and topological defect formation, leading to the
formation of hierarchical aggregate morphologies distinct from those that tend to
form in isotropic solvents [5].

Several groups have investigated these effects with relatively small numbers of
colloids. For example, Musevic¢ et al. [6] demonstrated the use of optical tweezers
to position colloids into well-defined lattices stabilized by topological defects. Here,
the equilibrium separation distance between two colloidal particles in the nematic
phase is determined through a fine balance of elastic distortion energy minimization
and topological defects, which prevent the particles from close approach. Several

reports in this direction have shown that in small systems, colloidal particles can



Figure 1.1: Hierarchical aggregate morphology formed within the nematic liquid
crystal phase.

assemble into a variety of interesting morphologies, such as linear chains, [7, 8]
anisotropic clusters, [9] particle stabilized defect gels [10] and two-dimensional ne-
matic colloidal crystals [6]. These studies suggest that liquid crystal based colloid
assembly may be useful for the creation of new optical materials. Most of the
work on liquid crystal colloids has focused on either effective particle dispersion
techniques [11H14] or topological defect configurations around small numbers of
particles [15-18]. In contrast, conventional colloidal systems in isotropic solvents
have an extensive literature on the structure and mechanisms of particle aggre-
gation, with canonical examples being fractal growth in the diffusion limited and
reaction limited regimes [19-21]. A significant limitation to performing analogous
experiments in liquid crystal stems from the inherent difficulty in achieving a well
dispersed initial state.

The question is: How to achieve an initial state for aggregation experiments?
The goal is to develop a self-assembling colloidal system and investigate the mecha-

nism for colloidal interaction and aggregate structure development. Understanding



these processes can not only deepen our knowledge of self-assembly mechanisms in
anisotropic fluids but also potentially lead to the development of advanced mate-
rials with tailored properties.

Using a recently developed one-step process [22,23], we were able to produce
hollow, micron-scale colloids in situ in the nematic phase, which subsequently ag-
gregate to form fractal structures and colloidal gels. The structure of these aggre-
gates is determined by colloid concentration and the depth of temperature quench-
ing through the isotropic-to-nematic phase transition point. This self-assembling
colloidal system provides a unique method to study particle aggregation in lig-
uid crystals over large length scales. 1 would like to emphasize that this col-
loid formation process is distinct from the methods described by Terentjev and
colleagues [24-26], where dispersed 100nm to 150nm polymer spheres are cooled
through the isotropic-to-nematic transition, forming open cellular structures as the
particles become trapped by the growing nematic domains. In our method, the

phase transition leads to the formation of separate hollow colloids.

1.1.2 Interactions of active colloids with the anisotropic

liquid crystal environment

In nature, we have seen eye-catching displays of coordinated behavior among
large group of moving animals. Flocking of sheep, starling murmuration, and
schooling in fish - all these examples demonstrate how simple local interactions
can lead to complex behaviors and patterns at a large scale [27,28]. They come
under collective behavior and emergent phenomena in the study of active matter.

Active matter refers to a system composed of self-propelling units, active par-
ticles, that convert ambient free energy into directed, systematic motion. The
interaction of active particles among themselves and with the medium they live
in, gives rise to highly correlated collective motion and mechanical stress, driving
the system far from equilibrium. Unlike in passive systems, where equilibrium is
eventually reached and dynamics cease, active matter remains in a state of continu-
ous motion, breaking time reversal symmetry. This non-equilibrium nature allows

for the emergence of complex patterns and structures with distinct orientational



Figure 1.2: Examples of collective behavior ( from left to right) flocking of sheep,
starling murmuration, and schooling in fish.

order, where particles align their directions of motion over large distances. Here,
the emergence of orientational order is purely due to continuous activity.

The order parameter, as defined by the Vicsek model , is the average veloc-
ity vector of all the particles in the system, characterizing active polar systems. In
such systems, particles exhibit polar alignment, and the model describes an abrupt
change in order parameter - from randomly moving particles to particles aligning
and moving in the same macroscopic direction - when the noise strength is de-
creased, or the concentration of particles is increased. Several recent studies have
focused on the behavior of active particles dispersed in isotropic fluids, including
self-assembly and their collective dynamics . But what would happen if ac-
tive particles were placed in a nematic liquid crystal? The simple answer is that the
orientational order of the liquid crystal imposes a sense of direction. An exciting
recent development in this field was the creation of “living liquid crystals”. Such
materials combine rod-shaped swimming bacteria with water-based liquid crystal,
giving rise to an active nematic phase .

The goal is very ambitious: to develop non-biological active nematics using syn-
thetic active colloids in lyotropic chromonic liquid crystals. Achieving this involves
significant challenges, such as finding the right combination of particles and liquid
crystals that can sustain consistent motion in the presence of fuel. The particles
need to swim reliably over time, while the liquid crystal must provide an environ-
ment conducive to this activity, facilitating proper particle alignment. Moreover,
coupling individual particle dynamics to global flows in the liquid crystal without

causing aggregation adds further complexity. The project aims to discover the key



factors and parameters required for efficient particle propulsion, alignment with
the liquid crystal, and avoidance of particle clustering. Given the complexity of
the problem, we focus on understanding the dynamics of individual active particles
within the nematic matrix. For this work, we selected chemically powered synthetic
Janus colloids, driven by surface chemical reactions. These colloids typically propel
themselves through self-diffusiophoresis or self-electrophoresis mechanisms [33}34].

This work complements the previously described modes of colloidal motion in a
liquid crystal, reviewed recently [35]. In these systems, propulsion can be triggered
by an externally applied electric field, which causes (i) a realignment of the director
around a colloidal sphere and a backflow which displaces the particles [36-38|; (ii)
Quincke rotation that converts into translation by interactions with the bounding
walls [39,40]; (iii) liquid crystal-enabled electro-osmosis in which a patterned di-
rector field is set into motion by an ac electric field [41]; (iv) liquid crystal -enabled
electrophoresis, which requires fore-aft asymmetry of the director field around a
colloid in order to separate the space charge in the applied electric field [42-50].
In the latter case, the fore-aft asymmetry can be created by homeotropic align-
ment of the director [42,43] but Hernandez-Navarro et al. [47]and Devika et al. [48]
demonstrated that a snowman-shaped colloidal particles with tangential anchor-
ing create sufficient asymmetry to propel in an external electric field. For a Janus
particle (see section 2.8 on Janus particle design), a possible slight fore-aft asym-
metry of the director can also be caused by different anchoring conditions at the
two hemispheres. Furthermore, Sahu et al. [49] discovered electrically powered
propulsion of metal-dielectric Janus spheres in a thermotropic liquid crystal which
sets quadrupolar rather than dipolar director deformations. In this case, the Janus
asymmetry is sensed only by the electrostatics of the medium. From the point of
view of symmetry of the director and the colloid, our work is similar to the work
of Sahu et al. [49] as there is no clear fore-aft asymmetry of the director field.
However, there are two key differences. First, the Janus sphere in our study is
self-propelled, driven by internal mechanisms rather than by an external electric
field. This self-propulsion introduces a dynamic component to the system that

more closely mimics natural processes, potentially providing deeper insights into



active matter behavior.

Second, the medium in our study is a lyotropic liquid crystal rather than a ther-
motropic liquid crystal. This difference is critical because lyotropic liquid crystals
are water-based, which makes them more biologically compatible. This compati-
bility opens possibilities for interfacing our system with biological materials, such
as cell membranes or other biological tissues, where lyotropic liquid crystals can
better mimic the native environment. Hence, our study not only deepens our un-
derstanding of active colloids in anisotropic media but can also be used for potential

applications in bio-inspired materials and systems.

1.2 Outline of the thesis

In this thesis, we build on the topics discussed in previous sections to study
the dynamics of passive and active colloids in nematic liquid crystal.

We begin Chapter 2 discussing the background theory, materials and experi-
mental approach relevant to the projects discussed in this dissertation.

In Chapter 3, we study the aggregation dynamics and structural evolution of
colloidal assemblies in nematic liquid crystal. We explain the experimental setup,
including the self-assembling colloidal system used, and the analytical techniques
employed, such as fluorescence microscopy and image analysis. Later, we discuss
the key outcomes of the study focusing on the driving mechanisms behind these
processes.

In Chapter 4, we investigate the motion of chemically powered Janus particles in
a uniformly aligned nematic phase of lyotropic chromonic liquid crystal, disodium
cromoglycate (DSCG). We discuss the experimental set-up, analytical techniques
and outcomes of the study, focusing on how the liquid crystal’s anisotropy directs
self-propelled motion.

In Chapter 5, conclude with overall conclusions and future directions.



Chapter 2
Background Theory

In this chapter, I discuss the background theory required to understand the
fundamental properties, behaviors and interactions of nematic liquid crystals. It
starts with the concept of the nematic order parameter, a key descriptor of the
orientational order within these liquid crystals. The chapter then discuss lyotropic
chromonic liquid crystals, a specific class of mesophase that exhibit fascinating self-
assembly behavior. Experimental tool like polarized optical microscopy to visualize
the anisotropic properties, followed by the application of the Landau-de Gennes
theory to describe the nematic phase and its transitions. As the chapter progresses,
I discuss elastic distortions and topological defects that form in the nematic phase
and the free energy cost associated with them. The interactions between colloidal
particles and nematic liquid crystals are also discussed, highlighting how these
interactions lead to unique self-assembly behaviors. Finally, I discuss about active

colloids, which can add a dynamic element to the study of nematic systems.

2.1 Nematic order parameter

A nematic liquid crystal is a state of matter intermediate between an isotropic
liquid and a crystalline solid. It can flow like a fluid, but its constituent molecules
retain orientational order like solids. A nematic liquid crystalline phase is formed
by the packing of elongated, rod-like molecules with their long axes parallel to

each other. In this arrangement, the positions of the molecular centers of mass are



random, but they have long range order in orientational alignment of molecules.
The direction of this average molecular ordering is called the director, denoted as
n. It is a unit vector that represents the main axis of nematic order. The degree
of orientational order, which tells us how well the molecules are aligned with each

other, is determined by the scalar order parameter S, written as [51-53]:

/3,1
S—<2C089 2> (2.1)

Here, 6 is the angle between the long axis of a selected molecule within the molec-
ular ensemble and n. The brackets () denote the average of angular distribution
over the ensemble of molecules. If S = 0 there is no alignment, and the system
is in an isotropic phase. If § = 1, then it is fully aligned, the system is in a per-
fect nematic state. But the scale order parameter S alone can’t fully describe the
collective orientational ordering of molecules in space. For this, we need a tensor
order parameter. Therefore, by combining S and n which describes the magnitude
and direction of nematic order respectively, we can write a second rank tensor ()

expressed as [54]:

3 1
Qa,@ = S |:§7’Lan,3 — §5aﬂ:| (22)

This is only valid for the uniaxial nematic phase which has only one special axis n,
and n,, ng represent the components of 1 to give the full orientational description.
The @Q-tensor has two important properties, i) it is symmetric (Qup = Qpa) ii)
it is traceless (Qaa = 0). Qap has three eigenvalues: S, —S/2 and —S/2. The
eigenvector associated to S is n . The eigenvectors corresponding to the other two
eigenvalues are any direction perpendicular to 7o . Because there are two degenerate
eigenvalues of —S5/2, all directions perpendicular to 7 are equivalent, i.e. there is

rotational symmetry about 7 .

2.2 Lyotropic chromonic liquid crystal

Lyotropic chromonic liquid crystal (LCLC) is a special class of lyotropic mesophase
formed by the self-assembly of aromatic molecules in water. Common examples

include disodium cromoglycate (DSCG), sunset yellow (SSY) [55,56]. They are
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Figure 2.1: LCLC molecules form aggregate stacks and nematic phase. a) Face-
face assembly of molecules to form an elongated cylindrical aggregate of average
length Li,. b) Aggregate stacks forming a nematic phase. c) Phase diagram of
DSCG as a function of temperature and concentration.

plank-like molecules with a polyaromatic central core and hydrophilic ionic groups
at the peripheries. Once dissolved in water, these molecules aggregate face-to-
face forming stacks with the ionic groups exposed at the aggregate-water interface.
This aggregate stack forms the basic building block of LCLCs. Within the stack,
the molecules interact through 7-7 attraction and the hydrophilic ionic groups at
the interface make it water soluble. The energy required to break one aggregate
into two called the scission energy F is the order of 10kgy. The LCLC aggregates
are flexible making them different from conventional LCs made up of rigid rods.
The flexibility is characterized by the persistence length A,, which is the length
over which the direction of the tangent to the aggregates remains correlated. If
the length of the aggregate is greater than A, the aggregate is more flexible. The
flexibility of the aggregates can also be influenced by the ion content which controls
the Debye screening length A\p. When the aggregate bend, the negative surface
charges come closer and causes stronger electrostatic repulsion. A short Ap, at
high ionic content, effectively screen the negative charges relieving repulsion, and

makes the aggregates more flexible. The average length of the aggregate in terms
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of volume fraction ¢ of LCLC molecules, the temperature, the scission energy E

and the diameter D of aggregate is [57]:

_ Ap\ 3 E+k
Liso - LO¢5/6 (Ep) eXp ( 2/{?BT¢> (23)

where Ljg is the characteristic length of an LCLC molecule, k the constant taking
into the excluded volume effects. Since L changes with temperature and concen-
tration, we can control phase by varying these two parameters. Figure 2.1c shows
the phase diagram for DSCG. At low temperature with increasing concentration,
the length of the aggregate increases and eventually form a nematic (N) phase with
aggregates aligning parallel to each other. There is a columnar (M) phase at high

concentration wherein the stacks pack into a hexagonal array of extended columns.

2.3 Polarized optical microscopy

Liquid crystals are optically anisotropic. In a uniaxial liquid crystal, like DSCG,
the optical properties vary along one specific axis called the director (or optic axis).
The light passing parallel to the director experience a different speed and refractive
index compared to the light passing perpendicular to the director. This anisotropy
leads to birefringence, where light is split into ordinary and extraordinary rays,
resulting in a phase difference between them. The phase difference depends on
the difference in refractive indices, which varies with the wavelength of light due
to dispersion. As the refractive index changes with wavelength, birefringence also
varies, causing different wavelengths to undergo distinct phase shifts. This results
in interference patterns that appear as a spectrum of colors under polarized light
microscopy, allowing the visualization of the liquid crystal’s optical properties.

In polarized optical microscopy, the birefringent material is placed between
two crossed polarizers. In figure 2.2, the left polarizer is denoted as P, the right
polarizer called the analyzer, is denoted as A. Non-polarized white light enters
through P and is linearly polarized with an orientation in the direction indicated
by the arrow. The polarized light then enters the birefringent material where

it is refracted and divided into two mutually perpendicular components. The
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Figure 2.2: Birefringent material between crossed polarizers. Fig-

ure adapted from Olympus Life Science, “Birefringence”, available at:
https://www.olympus-lifescience.com/en/microscope-resource/primer/
lightandcolor/birefringence/

difference in refractive indices associated with the ordinary and extraordinary rays
or birefringence, is a measurable quantity expressed as an absolute value by the
equation [58]:

B = |n. — no| (2.4)

As birefringence varies with wavelength, different wavelengths experience different
phase shifts. When the light exits the birefringent material and passes through A,
these wavelengths interfere differently producing a spectrum of colors.

For a negative birefringent material like DSCG, ng > n.. Their long axis is the
“fast” axis which correspond to the extraordinary wave in this case. Light polarized
in a plane parallel to the fast axis will pass through the crystal faster than light
perpendicular to it as it experiences a lower refractive index. Consequently, the

velocity of the ordinary ray is retarded compared to the faster ray, and the relative


https://www.olympus-lifescience.com/en/microscope-resource/primer/lightandcolor/birefringence/
https://www.olympus-lifescience.com/en/microscope-resource/primer/lightandcolor/birefringence/
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retardation is given by:

['=t-|ne—mno| (2.5)

where t is the thickness. As the two rays exit the material, they interference
constructive or destructive as they pass through the analyzer, creating a spectrum
of colors as a result of wavelength dependent birefringence.

To determine the sign of birefringent material or the orientation of the nematic
director, we can use accessory retardation plates. The retardation plate is also
made of birefringent material and has its own perpendicular fast and slow axes.
For the work carried out in Chapter 4 we inserted a full wave retardation plate,
which introduce a phase difference of 27 between two orthogonal components of
polarized light, at 45° with respect to the polarizer P. When the long (fast) axis
of DSCG is aligned with the slow axis of the wave plate, we see a yellow-hued
interference color. When the long (fast) axis is perpendicular with the slow axis,

we see blue color.

2.4 Landau-de Gennes Theory

When 0 < § < 1, the system is in nematic phase with molecules aligning
preferentially in the direction of n. When S = 0, the molecular orientational
ordering is completely lost and the system transforms into an isotropic fluid phase.
We can use Landau-de Gennes (LdG) theory [51-53.59] to describe isotropic-
nematic phase transition and determine the transition temperature and equilibrium
order parameter. This theory is a macroscopic approach that involves expanding
the free energy density as a function of the order parameter (Q,s) and finding
the equilibrium configuration by minimizing the free energy. Since free energy is
a scalar and . is a second rank tensor, to construct a scalar out of tensor the
theory makes the following assumptions: i) free energy is a smooth function of
the order parameter; we can write it as a power series in Qs and, ii) the order
parameter is small; we can truncate the power series after a few terms. Thus, the

free energy density is written as [51,52}59):

f = fO + %AQaﬂQaﬂ + %BQaﬁQﬁwQ'ya + ic (QaﬁQaﬁ)z T (2'6)
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This can be further simplified by writing it in terms of S and n. Using equation
(2.2) we get,

1 1 1
f = fo + 5&52 + ngg =+ 1_1654 4+ - (27)

where fj is the bulk free energy density associated with the isotropic phase (S
=0), a = %A, b = %B and ¢ = %C. Here the free energy is independent of n,
because no symmetry-breaking field is applied to the system, and the unknown
coefficients a,b,c are considered to be smooth functions of temperature. When
the parameters b and ¢ were held fixed, with b < 0 and ¢ > 0, and varying
a linearly with temperature, the plots of LdG free energy density as a function
of S appear as shown in Figure 2.3. At high temperature for large positive a,
there’s only one minimum at S = 0, corresponding to the isotropic phase (Figure
2.3a). On decreasing the temperature, a also decreases and there is a metastable
nematic minimum at S > 0, along with the stable isotropic minimum at S = 0.
As temperature continues to decrease, implicitly a is also decreasing, the nematic
minimum becomes deeper. At a certain value of a, both minima becoming equally
deep and a first-order transition from the isotropic phase to the nematic phase
take place (Figure 2.3¢). On lowering the temperature below the transition, there
is a stable minimum at S > 0 in the nematic phase and a metastable minimum at
S = 0 in the isotropic phase.
of _

By minimizing the free energy and solving for 55 = 0, we get three real solu-

tions: S =0, § = =bEvbidac V;’CQ_‘“’C. Putting § = =b=vb—dac sz_‘lac into equation 2.7, we will

22

5. and the correspond-

find a at the isotropic-nematic transition point as a;y =

ing order parameter on the nematic side as S = =2, Using a = /(T — Tp) the

isotropic-nematic transition temperature becomes 17y = Ty + 925'25 [54].

2.5 Elastic distortions of the nematic order

In section 2.4, free energy depends on S but not on n. The molecular inter-
actions determine the magnitude of S but doesn’t care about the orientation n
of nematic order, unless n is spatially varying. If n is varying as a function of

position, then the molecules are not as well aligned as they were if n was uniform.
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Figure 2.3: Plots of the Landau-de Gennes free energy density f as a function of
the nematic order parameter S. a) Far above the isotropic-nematic transition. b)
Slightly above the isotropic-nematic transition. c¢) At the the isotropic-nematic
transition. d) Below the isotropic-nematic transition (reproduced from Selinger,
2016 with permission from Springer International Publishing) ||

This adds an additional free energy term to equation (2.6) called the elastic free
energy, or the Frank free energy [51,/61]. Starting with 7(r) as the director field,

that vary as a function of position, equation (2.2) can be re-written as:

3

Qus(r) = 5 | Sra(r)ns(r) = S0 2.

where Q,5(r) is the tensor field specifying the nematic order for molecules near the
position r. Including the gradients of (),4(r) and maintain appropriate symmetries,

the LdG free energy density now becomes [54],
1 1
f = fO + §AQa6Qaﬂ + gBQaﬂQﬁ’vaa
1 1
+ 501 (Qa,BQaB)Q + gOZQaBQﬁ'waéQéa (29)

1
+ §L (anaﬁ) (anaB) +
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Figure 2.4: Three modes of elastic distortion; i) spay ii) twist and iii) bend. (re-
produced from Van der Schoot, 2022, with permission from Springer International

Publishing) [60]

The 5L (0,Qagp) (0,Qap) term in equation (2.9) gives the free energy cost of varying
any component of (), in any direction r.,. The coefficient L is the elastic constant,
which depends on the material properties of the liquid crystal and quantifies the
energy required to create distortions in molecular alignment. The elastic free
energy term can be further simplified using the constraint that n(r) is a unit

vector; nan, = 1 The elastic free energy now becomes [54]:

F:/fTEK@MM&%ﬂ (2.10)

where K = $L52. Equation (2.10) shows that variations of any director compo-
nent n, in any direction r, cost free energy. Depending on the orientation of the
local average n(r) and the varying component of 7n(r) with respect to the gradient
direction, there are three modes of elastic distortion; i) spay ii) twist and iii) bend.

Equations 2.9 and 2.10 correspond to the ”one elastic constant approximation”,
also known as ”isotropic elasticity”, where the three elastic constants associated
with splay, twist and bend distortions are assumed to be equal and are denoted
by a single elastic constant K. This is done for mathematical convenience and is
often used in theoretical calculations, especially when the three elastic constants are
relatively close in value. However, since the nematic liquid crystal is an anisotropic
material, the actual free energy cost is different for different type of distortions.
The free energy density contributions for the three modes of elastic distortions are

the fOHOWng, 1) fsplay = %Kl(V . TAL)2 11) ftwist = %Kg[fl . (V X ﬁ)]Z 111) fbend =
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s K[ x (V xn)]?, where Ky, K,, and Kj are the Frank elastic constants for splay,
twist, and bend, respectively. Putting all these together, the more general form of
the Frank free energy for elastic distortions in a nematic liquid crystal becomes,

F= /d?’r BKl(V R)? + %KQ[ﬁ. (V x 7))+ %Kg[ﬁ x (V x n))? (2.11)

2.6 Topological defects in nematic

Topological defects are another type of director distortions that cannot just
come and go continuously. They are regions of singularities of the director field,
that appear as point defects called hedgehogs or defect lines called disclinations.
Consider a 2D nematic phase, where the magnitude of nematic order S is fixed,
and only the direction can vary. Let’s say at any point, the direction of nematic
order is given by the director n(r) = (cos ¢(r),sin ¢(r)). Since in nematic phase
both n and —n are the same, the direction of nematic order is represented using
double-headed arrows. Suppose we have a director field configuration shown in
Figure 2.5a, a local distortion in the center which cannot relax away. We can
characterize the defect mathematically using Burgers circuit. A Burgers circuit is
a closed loop drawn around the defect. After constructing a circuit (red circle)
and monitoring the change in orientation of the director as we move in a counter-
clockwise manner around the circuit, we will see ¢ increase from 0 to /2, 7, 37/2,
and ends at 2r. Writing it as an integral we get § d¢ = 27. Comparing this with
Gauss’s law in electrostatics, where the closed surface integral of the electric field
over an arbitrarily shaped surface gives the total charge enclosed by that surface,
we can use it to find the enclosed topological charge. So, the topological charge q

enclosed inside the circuit,
f d¢ = 27TQenclosed (212)

From this we get a topological charge of +1 for Figure 2.5a. The topological charge
in Figure 2.5 b,c are +1/2 and —1/2 respectively. As all defect configurations cause
significant director distortions they accumulate lot of elastic energy. To determine
the free energy cost for topological defects in 2D nematic phase, we can start

by inserting n(r) = (cos ¢(r),sin ¢(r)) into equation (2.10). Considering a single
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Figure 2.5: Topological defects in a 2D nematic phase with a topological charge of
a) +1, b) +1/2 and —1/2. (reproduced from Selinger, 2016 with permission from
Springer International Publishing) ||

Frank constant, the free energy becomes,
1
F = /d% {§K|V¢|Z] (2.13)

Although the uniform configuration (no topological defects) is the absolute mini-
mum for free energy. The defect configuration ¢(r) represents a local minimum,
in the sense that no small changes in the director field can reduce the free energy
further. The system is ‘trapped’ in this local minimum. However, small motions
of the defect itself, through adjustments in the director field, can slightly lower the

free energy. In this local minimum, the system satisfies the condition,

5F
560 = ~KV2 =0 (2.14)

On solving this Laplacian and inserting it back into equation (2.13), we will get

the free energy for a defect of topological charge q at the origin (Figure 2.5) as [54],

Rmax
F = Eppe + 1K ¢*log ( ) (2.15)
a

where FE,,,. is the energy at the core of the defect, a the radius of the core which is
typically the order of nanometers and R,,,; is the length scale of the sample that

is distorted.
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Figure 2.6: Nematic director profiles (black lines) near microspheres with a) a
tangential anchoring showing surface defects dubbed as 'boojums’(quadrupolar
symmetry), or homeotropic anchoring with b) a hedgehog defect (dipolar symme-
try) or ¢) a Saturn-ring defect (quadrupolar symmetry). (reproduced from Kim et
al., 2019, with permission from The Royal Society of Chemistry) ||

2.7 Colloids in nematic liquid crystal

When a spherical colloid is introduced into a nematic liquid crystal, the liquid
crystal molecules at the particle’s surface align in a preferred direction due to the
surface interaction. This alignment can be anchored in one of two ways: either
normally (homeotropically) or tangentially (homogeneously) to the surface. This
surface induced alignment creates a distortion in the surrounding nematic liquid
crystal that extends over macroscopic distances, making the particle appear much
larger than its actual size. This distortion is anisotropic due to the creation of topo-
logical defects, which are disruptions in the nematic order. These defects manifest
as point defects (localized disruptions) or small loops of misaligned molecules near
the particle’s surface. These defects are fundamental and cannot be removed, fol-
lowing the law of conservation of topological charge, similar to the conservation of
electric charge in electrostatics. The nature and extent of the distortion depend on
the balance between the surface anchoring energy, which tries to align the liquid

crystal molecules at the particle surface, and the bulk distortion energy, which re-
sists this alignment. This balance is quantified by the deGennes—Kleman [3]/51,/63],
& = %, where K is the average elastic constant measuring the free energy cost of
splay, bend and twist elastic deformations and W is the anchoring strength. When

the colloidal particle radius R > &, the surface anchoring dominates, strongly in-
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fluencing the molecular orientation near the particle, resulting in a highly distorted
director field. In contrast, when R < &, the elastic energy overcomes the surface
anchoring, leading to a more uniform director field, though the surface molecules
deviate from their preferred alignment.

When the colloidal surface favors homeotropic surface anchoring [3}6], there are
two possible configurations of the distorted nematic around the colloidal particle, i)
hyperbolic hedgehog defect, ii) Saturn ring. A hyperbolic hedgehog defect is a point
defect with a topological charge of —1 and appear near the particle. The colloidal
particle can be considered a source of a radial hedgehog defect, conceptually located
at its center, carrying a topological charge of +1. This charge-compensating radial
hedgehog together with the nearby hyperbolic hedgehog defect, forms a topological
pair reminiscent of an electric dipole. This configuration is known as a topological
dipole and is associated with a distorted director field exhibiting dipolar symmetry.
The Saturn ring defect is a disclination loop which encircles the colloidal particle,
resulting in a quadrupolar symmetry in the surrounding director field. When
anchoring is tangential, the field distortion has quadrupolar symmetry with two
surface boojums located at the particle-liquid crystal interface.

When several colloids are brought together, their regions of distortion overlap
and interact, leading to structural forces between the particles. These forces which
are elastic in origin, are long-range and highly anisotropic. As a result, the colloids
self-assemble into two-dimensional (2D) structures, arranging themselves in a way

that minimizes the system’s total energy.

2.8 Active colloids

Active colloids are microscopic particles capable of autonomously moving through
viscous fluids by harnessing and converting energy from their environment into di-
rected motion. This category includes self-phoretic colloids, which generate their
own gradients through internal mechanisms; field-driven colloids, which rely on
external fields such as electric, magnetic, or acoustic fields for propulsion; and mi-

croorganisms like bacteria that use specialized appendages for movement. Their
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Figure 2.7: Schematic of self-generated phoresis. a) The asymmetric breakdown of
hydrogen peroxide on the Pt side (dark patch) causes the Janus particle to move
with a speed of +v, the direction of which depends on the local chemical environ-
ment. b) An self-generated electric field E interacts with the surface of the particle
Sp creating a tangential pressure gradient V P which drives fluid flow. (reproduced
from Longbottom and Bon, 2018, with permission from Springer Nature) [64]

continuous movement and energy consumption drive these colloids far from ther-
modynamic equilibrium, leading to complex dynamics and collective behaviors.

Active colloids often operate in viscous-dominated fluid environments where
traditional methods of locomotion, such as reciprocal back-and-forth movement,
fail to produce net displacement. This is due to the symmetry of forces at low
Reynolds numbers. To overcome this, these colloids employ non-reciprocal mech-
anisms—motions or processes that do not reverse with time. By breaking time-
reversal symmetry, they achieve sustained propulsion. In the case of Janus parti-
cles, this is achieved through their asymmetrical surface properties. This asymme-
try breaks both spatial reflection and time-reversal symmetry, enabling continuous,
directed movement despite the viscous drag of the fluid.

Named after the two-faced Roman god Janus, Janus particles are special type
of colloidal particles with two distinct hemispheres. These hemispheres typically
possess different physical or chemical properties, such as different materials or
different functional groups. This duality allows Janus particles to exhibit a variety
of asymmetric interactions with their environment, leading to behaviors that are
not observed in isotropic colloids. For one of the thesis projects, we used Janus
particles which were fabricated by capping one hemisphere of polystyrene (PS)
spheres with a thin layer of metallic platinum (Pt). The PS side is fluorescent and
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inert whereas the Pt side is active and non-fluorescent (see section 4.2.1). This
contrasting Janus design allowed for the controlled study of particle dynamics -
the active Pt side drives motion and the fluorescent PS side enables tracking and
analysis through imaging techniques.

These engineered Janus particles exhibit self-propulsion when suspended in
aqueous hydrogen peroxide (HyO) solution. Hy0O, is a reactive chemical that
can decompose into water and oxygen (Os) under certain conditions, 2H,O0y —
2H;0 + Os. The Pt side interacts with HoOs5 and catalyzes its decomposition
creating a local concentration gradient of reaction products around the particle.
This asymmetric chemical reaction generates a self-induced field E' which interacts
with the particle’s surface Sp in the interfacial region o, which is the thin layer of
fluid immediately adjacent to the particle’s surface. As a result of this interaction, a
tangential pressure gradient V P is set along the surface of the particle, driving the
movement of fluid around the particle. This flow generates an effective slip velocity
along the particle’s surface, which propel the particle forward. Typically, Janus
particles propel with the PS side leading the way, by means of self-diffusiophoresis
[33,65,/66].

However, observations of ionic effects influencing propulsion direction, speed,
and catalytic efficiency suggest electrophoretic contributions to the motion. Some
researchers propose that ionic intermediates, such as superoxide (O5 ) ions, play
a crucial role in the propulsion mechanism by generating a localized electric field,
which interacts with the particle surface. Others argue that neutral diffusiophore-
sis, driven by chemical gradients of non-ionic species like oxygen and water, might
be the primary driving force. The precise mechanism remains a subject of debate,
with ongoing studies exploring the relative contributions of surface roughness, Pt
thickness, and asymmetry in catalytic activity. Further research, involving elec-
trochemical measurements and controlled experiments, is also required to resolve

this debate definitively [67,68].



Chapter 3

Colloidal aggregation in liquid

crystal

In this chapter, I discuss the mechanism for colloidal aggregation and the subse-
quent structure development in liquid crystal solvent. Leveraging phase transition
in liquid crystals, we developed a novel self-assembling colloidal system to study
aggregation process over large length scales. Our observations using optical imag-
ing and spatial correlation functions revealed that initial aggregation proceeds via
mutual colloidal interactions is driven by Frank elasticity, followed by dramatic
ageing effects characterized by defect annihilation and local compaction leading to
the emergence of voids in the aggregate. The final aggregate structure ranges from
dense gels, percolating networks to more tenuous fractals and isolated clusters.
Our findings suggest that the continuously changing nematic director field around
the growing cluster and presence of colloid-trapping line defects and loops makes
this a complex many-body problem. Therefore, we need a new Elasticity Limited
Cluster Aggregation (ELCA) model for anisotropic fluids to predict the structure

and dynamics of large-scale aggregation and gelation.

3.1 Introduction

Colloidal aggregates are a feature of a wide range of natural and synthetic

physical systems, where small, suspended particles tend to attract each other and

23
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clump [69-72]. While the structure and formation dynamics of colloidal aggregates
are well known in conventional, isotropic solvents, their properties in anisotropic
solvents are less explored [73-76]. Generally, the stability of a colloidal system
depends on the balance between particle—particle interaction forces, the gravita-
tional force and thermal fluctuations. In dilute suspensions, a net attractive force
between colloidal particles leads to the formation of fractal flocs which grow via
cluster—cluster aggregation |19,73]. However, when colloidal particles are dispersed
in an anisotropic fluid, such as the nematic liquid crystal phase, an effective force
between particles arise due to Frank elasticity, an intrinsic property of the liquid
crystal phase [54]. In the nematic phase, constituent molecules exhibit orienta-
tional order, defined by the director, n. Over short length scales, these molecules
tend to align and any deviation from this local alignment can be described by
Frank elasticity theory in which deformations to uniform alignment are described
by three elasticity parameters, splay, twist and bend (Chapter 2). When a spher-
ical particle with well-defined surface anchoring is introduced into the phase, it
frustrates the director locally causing elastic deformations around the particle,
thereby increasing the free energy of the system. To minimize this energy cost,
topological defects arise [3]. Consequently, when many particles are introduced
into the nematic phase, they tend to group together, minimizing the free energy
cost per particle.

While recent studies on the controlled assembly of colloidal particles in liquid
crystals have attracted significant experimental and theoretical interest, research
on aggregation mechanisms beyond the interactions of a small number of particles
remains limited. This comes from the difficulties in creating an initial state for
aggregation experiments. Using a recently discovered one-step process which pro-
duce hollow colloids that spontaneously self-assemble from dispersed nanoparticles
as the system passes through the isotropic to nematic phase transition [22,23], we
developed a novel method for the creation of well dispersed colloidal dispersions
in liquid crystal in situ. The colloids produced in this method are micron-scale
and form in the nematic phase with a random distribution. This method thus

produces an excellent initial state for aggregation experiments, not easily acces-
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sible by conventional colloid dispersion techniques such as sonication and is free
from the effects of large-scale advective flows. Immediately after formation, the
newly formed colloids respond to their liquid crystal environment and proceed to
aggregate.

To form the colloids, individual surface-modified nanoparticles [77] were dis-
persed in the isotropic phase of the liquid crystal, then subjected to a rapid temper-
ature quench through the isotropic to nematic phase transition (Figure 3.1) [22,23].
To perform the quench, the material is held slightly above the isotropic to nematic
transition temperature (Ty), and then transferred to a stage held at T, a tem-
perature below the transition point. The quench depth, AT is equal to Tn; — T.
After performing the temperature quench, colloids form within approximately one
second. They are hollow, with walls composed of dense, randomly packed nanopar-
ticles and range in size from 1-50pm. The size is controlled by quench depth and
the concentration of nanoparticles [22]. Formation of these hollow colloids repre-
sents the starting point for this work, and it enabled us to investigate aggregation
over large length scales using 1000s of colloidal particles.

Our experiments demonstrate how large-scale colloidal aggregation in liquid
crystal produces significantly different morphologies to aggregates formed in ordi-
nary isotropic solvents. The resulting structures are anisotropic on short length
scales, with colloids organized into local chains. On medium to large length scales,
they are fractal-like, increasing in overall density as colloid size decreases. Our
analyses using pair correlation functions and particle velocimetry suggest that
aggregate dynamics depend on a combination of Frank elasticity relaxation, spon-

taneous defect line annihilation and internal aggregate fracturing.
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3.2 Experimental methods

3.2.1 One pot synthesis of colloidal aggregation in nematic
liquid crystal
Following the method reported by Riahinasab et al. a homogenous dis-

persion of ligand modified CdSe/ZnS core/shell quantum dots (QDs) was first
prepared in the liquid crystal 5CB at 60°C, in the isotropic phase. A small drop
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Figure 3.1: Schematic demonstrating the process of colloid formation. Well dis-
persed quantum dots in the isotropic phase (above T;) are rapidly transferred
onto a lower temperature heat stage maintained at a temperature below T;.

of the above prepared solution was then pipetted onto a clean, warm glass slide
with a 120um thick spacer film. A coverslip was placed on top to slightly flatten
the droplet. To ensure that the 5CB does not undergo the isotropic to nematic
phase transition during cell construction, the microscope slides were assembled
inside an oven held at 60°C. Then, using a hot copper block, the assembled glass
slides with liquid crystal droplet were placed on a heat stage maintained at 50°C.
From the 50°C heat stage, the glass slide containing the droplet is quickly trans-
ferred to an adjacent temperature stage maintained at a temperature below the

isotropic—nematic transition temperature (Ty;). This transfer made the liquid
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crystal droplet to undergo an isotropic to nematic phase transition in a rapid
quench. Depending on the temperature difference (quench depth) between heat
stages, the dispersed quantum dots organized into micron-sized assemblies with
distinct morphologies [22]. We used quench conditions that favor the formation
of small, single compartment hollow colloids in most experiments. The so formed
hollow colloids attract each other and clump to form aggregates. The QDs forming
the colloid walls were previously shown to have an average interparticle spacing of

12.94nm [23] and are high temperature tolerant due to the presence of ligand [77].

3.2.2 Fluorescence microscopy

Images were taken with a Leica DM2500P upright reflection microscope using
a 10x objective. Because the aggregates are composed of colloids formed from
quantum dots, (emission wavelength 620nm), we selected a 450-490nm band-pass
filter for excitation. Emission was detected using a 510nm dichroic mirror and a
515nm long pass filter. Videos were recorded using an QImaging Retiga Exi camera
at 1s time intervals with a 33.33ms exposure time for the first 2min after transfer to
the microscope mounted heating stage. Later images were recorded at 10s intervals
for 30min. Additional characterization of the aggregates was performed using
images taken with a Zeiss LSM 880 confocal microscope, with Airyscan detector.
To overcome the quasi-two-dimensional (2D) effect while taking a 2D image from
a three-dimensional sample, the z-resolution was kept smaller than the average
colloid size by making appropriate choice of objective lens and numerical aperture
(objective plan-apochromat 63x/1.4 oil DIC M27, objective w plan-apochromat
20x/1.0 DIC M27 75mm, objective plan-apochromat 10x/0.45). The resulting
images were remarkably clear on the smallest length scales of our experiment,
with individual colloids and their hollow interiors resolved well. Combining this
resolution with tile-scanning allowed us to probe structure over a particularly wide

range of length-scales (from 0.8um to 1000um).
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3.2.3 Image processing

Prior to analysis, confocal tile scan images were post processed to minimize
noise and reduce motion blur. The fluorescence images, consisting of discrete hol-
low colloids on a dark background, required precise localization of colloids within
the aggregate. However, shading effects observed during fluorescence imaging
caused intensity variations that did not directly reflect mass density, as lower in-
tensity did not necessarily mean less mass. To address these issues and accurately
show both the position of the colloids and the mass distribution, we performed
the following multi-step protocol in ImagelJ. (1) Background subtraction - a local
background value for every pixel was determined using the rolling ball algorithm.
The rolling ball radius was set to be equal to the average size of the colloids, in
pixels. These background intensity values were then subtracted from the original
image to remove any large background intensity variations in the image. (2) To
further reduce noise and to smooth the image, a median filter was used. This fil-
ter replaces each pixel value with the median of its neighboring pixel values, while
preserving the edges. The filter radius was set equal to the average thickness of the
colloid walls in pixels. (3) A second background subtraction was also performed to
further minimize spatial intensity variations. This time the rolling ball radius was
kept much smaller. (4) Binary image masking - to clearly separate colloid pixels
from background pixels, we set the value of a background pixel to 0 and the object
pixel to 1. To create the binary mask, we first converted the processed image to
8-bits, then adjusted the binary threshold to an appropriate value. Everything
below a threshold value was converted to 0 (background). After binarizing the
image, we used the 'remove outliers’ tool, skeletonized the binary image and then
dilated it twice afterwards. Pixel values were divided by 255 to create the binary
mask. (5) The raw data was then multiplied by the binary mask to obtain the

final image, which was used for analysis.
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3.3 Analysis techniques

3.3.1 Pair auto-correlation function

The confocal tile scan images depict hollow colloids, densely packed into a gel-
like aggregate, it was fairly difficult to perform image segmentation to determine
exact colloid positions. Therefore, we calculated the pair correlation function of
the entire aggregate using a Fast Fourier Transform method described by Veatch
et al. [78] to quantify colloidal organization. The pair auto-correlation function
g(7) gives the probability of finding a particle at a distance r from a given particle
and is calculated using the expression,

_ R (FFT(DP)
=N

(3.1)

here FFT™! is the inverse Fast Fourier Transform, I is a matrix representing the
pixel intensity on the post processed binary confocal tile scan image, p the average
particle density and N (7) is a normalization factor accounting for the finite size of
the image, given as the autocorrelation of a window function W that has a value

of 1 inside the measured area [7§]
N(7) =FFT ' (|JFFT(W)]?) (3.2)

The normalization factor N(7) takes into account the fact that there are fewer
possible pairs separated by large distances for a finite image size. Both I and W are
padded by equal numbers of zeros in both directions to a distance larger than the
image size, to avoid artifacts coming from the periodic nature of the FF'T function.
For a random distribution, the pair correlation function is equal to 1. In a random
distribution of small colloidal clusters, g(7) > 1 at length-scales below the average
cluster radius and tends towards 1 at longer length-scales [79,[80]. In our system,
this measure can be used to characterize two different features of the aggregates.
First, the hollow colloids that make up the entire structure have a discrete size
and pack closely with their neighbors. Secondly, the colloids are organized on a
larger scale into more tenuous or gel-like structures. The pair correlation function

can be used to quantify both of these structural features and in the case of fractal
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aggregation, is expected to follow the power law, g(7) o< P74 where Dy is the

fractal dimension of a fractal aggregate and d is the spatial dimension [81].

3.3.2 Velocity autocorrelation function

To investigate how the velocity of colloids at different spatial locations are
related during aggregate formation and ageing, we calculated the spatial auto-
correlation function of the velocity field. To obtain the velocities we used Particle
Image Velocimetry (PIVLab) software [82]. This software calculates the positional
cross-correlation between consecutive movie frames separated by a small-time in-
terval, dt. Prior to analysis the time stacks of images were converted to 8-bit
images, then noise reduction using background subtraction and the median filter
in ImageJ was performed. Time stacks were then imported to PIVIlab and the
image sequencing style set to time resolved A-B, B-C, C-D. . . mode, where A
represents the image taken at first instance, B the second instance, etc. Images
were grouped into frames, where each frame is a pair of images taken dt (in our
case 1s or 10s) apart. Using the ‘FFT window deformation’ correlation algorithm
in PIVlab, the displacement in each frame was calculated. We obtained data for
u and v, the position-dependent velocities in the horizontal and vertical directions
respectively and calculated the spatial velocity autocorrelation function for each
movie frame.

The spatial velocity autocorrelation function (VACF) gives insights into the
dynamics of colloidal motion during aggregate formation and ageing, and is com-
plementary to the mass correlation function g(7) in Figure 3.8 [83]. When expressed

as a function of distance it is written as,

norm >

— —

where v(R) and v(R — ) are the velocities of particles at two different locations.
(...) represents the average over all B. v(R) has components u(R), v(R), the
horizontal and vertical components respectively, which we obtain from PIVlab for

each movie frame.
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This calculation yields a value of ¢ (r) = 1 for perfectly correlated velocities,
¥(r) = 0 for no correlation and —1 for anticorrelation, i.e. the two points have
velocities in opposing directions. We used movies with frames separated by a time
interval dt = 10 s and averaged the spatial VACF over the number of frames used
in the selected time intervals. As the colloidal capsules move at a faster rate at
early times, VACF analysis for the inset was performed on frames separated by
a time interval dt = 1s and averaged over 21 frames. Figure 3.9 shows the time

dependence of VACF over the initial and longer time intervals.

3.4 Results

3.4.1 The process of aggregate formation

Under fluorescence microscopy, the liquid crystal remains invisible while the
quantum dots which make up the hollow colloid fluoresce. We performed several
aggregation experiments at different quench depths, recording movies of the ag-
gregation process using fluorescence microscopy. Figure 3.2 (a—f) shows a typical
image time sequence for an aggregate formed after a (AT = 20°C) quench. Figure
3.2a (t = 0 s) represents the start of the experiment immediately after the quench.
The generally bright, uniform fluorescent background in Figure 3.2a is indicative
of uniformly distributed, individual quantum dots that have not yet formed into
colloids. With a diameter of approximately 10nm, we do not expect to optically
image the nanoparticles. Some subtle inhomogeneity is observable in the image,
indicating that the colloids have begun to form slightly out of the focal plane,
close to the lower glass surface. At t = 10 s (Figure 3.2b) the colloids are fully
formed (the formation process takes approximately 1s) and suspended in the ne-
matic phase with a random distribution. The following images (Figure 3.2 (c-f))
illustrate the different stages of a typical aggregation sequence.

Once formed the dispersed colloids move towards each other through the ne-
matic liquid as if mutually attracted. On close approach they stick together to form
an aggregate. The final aggregates typically consist of connected linear chains of

colloids, that tend to form a web-like arrangement over short length-scales. On
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Figure 3.2: Fluorescence microscope images of colloids during aggregation and
aging process. Fluorescence microscopy images of aggregate formation captured
over 33min (a—f) using a quench depth AT = 20°C with 0.30 wt% of ligand
modified quantum dots (QDs) in the nematic phase of 5CB (scale bar = 100um).

length-scales > 200um they appear isotropic and include voids of various sizes with
a fractal-like appearance. To complement the standard fluorescence microscopy,
we performed more detailed imaging using a tile-scanning confocal fluorescence mi-
croscope (Figure 3.3 (a~c)). These images highlighted the remarkable hierarchical
nature of the aggregates, from individual colloids to large length scales. Starting
with 6nm quantum dots that self-assembled into hollow colloids around 5um in
diameter, to these colloids further grouping together into aggregate morphologies
spanning several millimeters. The one-pot method enabled us to achieve significant
jumps in length-scales.

The nature of attractive inter-colloid potential in this system is fundamentally
different to that between colloids dispersed in an ordinary solvent such as water,
where van der Waals forces and electrostatics typically dominate. In an anisotropic

fluid, such as the nematic phase, short-range interactions between colloids derive
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Figure 3.3: (a-c) Fluorescence confocal tile scan images of an aggregate formed
with a quench depth AT = 30°C, and concentration of 0.15wt% of ligand modified
QDs highlighting the hierarchical nature of the aggregate. Scale bar = a-20um,
b-100pm and ¢-500pm

primarily from local deformations of the liquid crystal host phase. This process
has been previously explored for pairs and small numbers of colloids by several
groups [5,/6,84] revealing the role of Frank elasticity and topological defects around
neighboring colloids in attracting and binding them together. Structures can be
predicted and manipulated externally for small systems (e.g., tens of colloids). In
large systems, however (i.e., hundreds to thousands of colloids) aggregation have
not been broadly investigated and the resulting structures have not been reported.
The mechanisms underlying aggregation and ageing in anisotropic fluids are not
well understood. Careful microscopic observation of the aggregation process de-
picted in Figure 3.2 (a—f) revealed several interesting phenomena that provided
insights into the physical mechanisms driving larger-scale colloidal aggregation in

liquid crystal (discussed in the up-coming next sections).

3.4.2 Colloidal chains and defect lines

The ligands on our colloids impart tangential anchoring conditions [29] that pro-
duce local topological defects around each spherical particle in the nematic phase.
For small numbers this induces their organization into kinked chains. Although

like previous observations of chaining for colloidal aggregation in an isotropic sol-
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Figure 3.4: a) Fluorescence confocal tile scan images of an aggregate formed at
quench depth ¢) AT = 30°C (scale bar 20um) at 0.30 wt% concentration of ligand
modified QDs in 5CB liquid crystal, with enlarged high lightened insets showing
colloid chaining feature. b) Overlaid fluorescence microscopy image (red) of an
aggregate (quench depth AT = 35°C, 0.45 wt% QDs in 5CB liquid crystal), with
the corresponding birefringence image using crossed polarizers to highlight defect
lines in the nematic phase (scale bar 100um).

vent, we expect the mechanism of attraction to be different in liquid crystal
where colloids are subject to a quadrupolar attractive potential ,. The chain-
ing motifs we observed on short length-scales compare well with previous observa-
tions by Musevi¢ [6]. The chains prominent in Figure 3.4a are most likely due to
interacting topological defects around the colloids [3}/87] but similar configurations
can also occur when colloids decorate existing line defects in nematic liquid crystal.
Unfortunately, we were unable to distinguish between these mechanisms for many
specific chains because the crowded three-dimensional nature of the aggregates
made imaging of individual defects close to the colloids difficult, especially in cases
where the colloids were about 1-2um in diameter.

A close examination of the system after aggregation revealed that there are

many liquid crystal line defects throughout the nematic phase which remain after
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the initial defect annihilation stage of nematic phase formation. These defect lines
wrap around and stretch between colloids in the aggregate (Figure 3.4). These

residual nematic line defects seem to play a role in overall aggregate stabilization.

3.4.3 Aging of aggregate

AT = 40°C 't 10s AT =40°C t=1hr

Figure 3.5: Fluorescence microscopy images taken lhr apart at different ATs for
QD concentration of 0.15wt% for all three aggregates. Scale bar = 100um.

In addition to the colloidal motion driven by individual mutual attractions, we
observed occasional larger-scale aging events which have a significant impact on
the final aggregate structure. We observed many instances of local rearrangement
of colloids, shrinkage, breaking of colloidal strands and opening of large voids in the
aggregate structure. Once open, these new voids increase in size. A typical event
occurs when two large clusters are attached by a bridging nematic line defect, or
chain of colloids. The chain is under tension and appears to break, opening a void
in the aggregate as the large clusters continue to shrink and move apart. Clear
evidence of this phenomena is shown in Figure 3.5, where fluorescence microscope
images of four different aggregates are pictured after 10s and 1h, demonstrating
the appearance of voids. At t = 10s, the aggregates appear fairly homogenous on

length scales > 100um. After 1h, the structures have changed significantly, with a
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decrease in volume and voids of various sizes present. Void formation events can
be identified using the spatial velocity autocorrelation function (Figure 3.9) where
anticorrelations (negative values for 1(r)) at larger r can be interpreted as the

result of clusters separating after connecting chain breakage.

3.4.4 Aggregate morphology as a function of quench depth

and concentration of quantum dots in liquid crystal
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Figure 3.6: Fluorescence microscopy images of different aggregate morphologies
(a-f), formed at different ATs and QD concentrations.

Figure 3.6 highlights a range of aggregate structures that form depending on
initial quantum dot concentration and temperature quench depth. These two
parameters have been shown to control colloid size and number density [22]. At
lower colloid number densities (Figure 3.6a) the system does not aggregate into a
single object, instead form local clusters. If we increase colloid density in different

samples, the aggregates change from tenuous fractals with a web-like appearance,
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to percolating networks and then fill into a more gel-like dense structure at high

density.

3.4.5 Quantification of aggregate structure and aging using

pair auto-correlation function

To quantify the structure of the aggregates we calculated the pair auto-correlation
function, g(r) in quasi-equilibrium, 24hrs after formation (Figure 3.7a), and at dif-
ferent times in the aggregation process to quantify structural changes (Figure 3.8).
Figure 3.7a shows a log-log plot of the pair auto-correlation function g(r) for three
representative aggregates formed at different quench depths. The results were close
to linear, as expected for a fractal aggregate. The slope of each curve in the linear
region was found to be 1.49, 1.41 and 1.43 for AT = 20°C, AT = 25°C and AT
= 30°C respectively. The peak at short length-scale (indicated using arrows), in
each curve is characteristic of the average colloid—colloid separation. Using this
peak, we estimated average colloid size for the three quenches to be d =12.59um
+ 0.62, d = 5.01lpm + 0.56 and d = 1.58um + 0.52 for AT = 20°C, AT = 25°C
and AT = 30°C respectively. We compared these results to manual measurements
of the average colloid size using the ImageJ measurement tool and found excel-
lent consistency (Figure 3.7b). The data in Figure 3.7b was fitted to a power law
¢ ~ AT? where d was estimated to be 4.5 + 0.1. While this result was quali-
tatively consistent with previous findings of ref [22], however the strength of the
fitting function was quite surprising. Thus, indicating the relationship between
colloid size and quench depth needs further elucidation and cannot be described
by a simple power law. Other features in the g(r) curve at longer length-scales can
be attributed to a characteristic cluster/void size in the aggregates.

We calculated g(r) curves as a function of time in one typical aggregate (AT
= 20°C) to quantify colloid distribution over time (Figure 3.8). At t = 0s we first
see a curve consistent with a random distribution of particles [32-34], confirming
the initial state of the system immediately after the colloids are formed. After
the quench, the colloids form under 1s. From 20-80s we can see the colloids have

started to move towards each other and the lowest point of g(r) increases, until
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Figure 3.7: a) Log plot of pair auto-correlation function for aggregates formed at
different Ts for a concentration of 0.15wt%. b) Colloidal size as a function of AT.

120s when a shoulder appears on the curve. This small peak is characteristic of
a well-defined nearest-neighbor separation in the system, and thus we can assume
chains have begun to form. At later times the peak washes out and g(r) tends
towards the linear slope, more characteristic of an aggregate. The cartoons next
to Figure 3.8 illustrate the short-range change in g(r) with time. At early times
colloids have no nearest neighbors, and we see a deep dip in g(r). Later, after chain
formation, on the shortest length-scales, there is a significant chance of nearest
neighbor separations over a well-defined distance defined by the chain packing.
At later times the aggregate has compacted further, and the chain motif is less
dominant producing a wider range of nearest neighbor separations. At later times
(15-33 min) aging events such as breakage of colloidal strands, void formation, and
continued compaction also occur, impacting the overall structure and ¢(r) leading

to the quasi-equilibrium structure described earlier in this section.
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Figure 3.8: Time evolution of log of g(r) during 33mins of aggregation for AT =
20°C and nanoparticle concentration of 0.15wt% with an accompanying cartoon
to demonstrate the increase in nearest neighbors with time.

3.4.6 Velocity autocorrelation function (VACF) analysis of

colloidal aggregation and aging in liquid crystal

We calculated the spatial velocity autocorrelation function (VACF) to gain
insights into the dynamics of colloidal motion during aggregation and ageing. It is
complementary to the mass correlation function g(r) (Figure 3.8) described in the
above section. Initially following a temperature quench, colloids move individually
and then in small groups as clusters begin to form. This early-stage behavior
can be seen in the time window 0-119s. Velocity correlations drop rapidly over 0-
100pum. Particles within the same cluster will have highly correlated velocities and
the growth of the clusters is reflected in the increase in the VACF curves to higher
r with time. At later times in the analysis, we also observe that v (r) becomes
negative, indicating some tendency for the largest clusters to move in opposite
directions. This anti-correlation can be explained by considering the breakage

events that happen during aging. When large shrinking clusters connected by a
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Figure 3.9: VACF calculated for different time windows for AT=20°C and 0.30wt%
nanoparticle concentration in 5CB.

few colloids separate and move apart, they open up a void in the gel.

3.5 Conclusion

In summary, we developed a novel method to achieve large-scale aggregation
of micron-sized colloidal particles in the liquid crystal nematic phase. For this, we
took advantage of a recently developed one-pot synthesis method designed to form
well-dispersed luminescent colloids n situ in the nematic phase. This method is
unique in producing a random initial colloidal distribution in the liquid crystal
without the need for additional particle dispersion steps such as external mixing
or sonication that could influence the final aggregate structure. Colloid sizes are

controlled by temperature quench depth through the isotropic to nematic transi-
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tion, at which point the colloids self-assemble. We used fluorescence microscopy
to characterize aggregate structures with varying colloid size and density. The
observed structures range from dense gels to more tenuous fractal aggregates and
isolated clusters. Using optical observations and spatial correlation functions we
found that aggregation proceeds first via mutual colloidal interactions driven by
Frank elasticity, then there are important contributions from defect annealing and
compaction which produce dramatic ageing effects after initial aggregate forma-
tion, in particular the appearance of large internal voids.

Spherical colloids when placed into a liquid crystal phase increase the free
energy of the system by distorting the director field. When colloidal capsules used
in this work are formed after a temperature quench, each colloid is accompanied by
a pair of topological defects known as boojums and it is energetically cost-effective
to share defects, hence colloids group together and organize into chains [85] and
decorate line defects formed at the phase transition. As time progresses some
defects annihilate, while others are wrapped around and stretched between clusters,
holding the aggregate structure together. In Wood et al. [88] molecular dynamics
simulations showed that Saturn-ring defects on neighboring particles can merge
to form entangled point defects, giving rise to clusters of a few particles, some of
which can be linear or planar. These clusters interact and hold each other in place
through long-range elastic distortions in the LC. Our results are very consistent
with these findings and provide additional evidence that large scale gels can be
stabilized by entangled topological defects.

In general, the aggregate compacts to reduce the overall free energy via lo-
cal colloidal rearrangements and defect annealing events. The signatures of these
events are evident both from microscopic observations and our quantification of
structure dynamics. We can conclude that initial aggregation proceeds via a clus-
ter—cluster aggregation process to form a loose network of colloid chains. Then,
local compaction and annealing events lead to the emergence of voids in the ag-
gregate.

Unlike in isotropic solvents, for which there are several widely known growth

models including diffusion limited cluster aggregation (DLCA) [89], predicting the
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detailed structure and dynamics of large-scale aggregation and gelation of colloids
in liquid crystal is a much more complex problem. In particular, as the clusters
grow the three-dimensional nematic director field around the growing colloid clus-
ters changes continually. Plus, the presence of colloid-trapping line defects and
loops makes this a particularly intractable theoretical problem. For anisotropic
solvents such as a nematic liquid crystal, no similar comprehensive growth models
exist and our research suggests that there is a need for a new Elasticity Limited
Cluster Aggregation (ELCA) model, applicable to anisotropic fluids, in which con-
cepts important in liquid crystal physics such as Frank elasticity and topological

defects determine the final colloidal gel structure.



Chapter 4

Behavior of chemically powered
Janus colloids in lyotropic

chromonic liquid crystal

In this chapter, I discuss the development of a non-biological active nematic
by combining the passive nematic liquid crystal with artificial micro-swimmers.
For this we chose an aqueous based lyotropic chromonic liquid crystal, disodium
cromoglycate (DSCG), with nematic phase at room temperature. This host phase
was doped with Janus colloids fabricated with platinum (Pt) - capped polystyrene
(PS) spheres, that exhibit self-propelled motion in hydrogen peroxide (H2O3) so-
lutions via its catalytic decomposition into water and oxygen. Through meticu-
lous control of experimental parameters, we achieved directed motion of Pt-coated
Janus particles in DSCG. This is the first observation of chemically powered ac-
tive Janus particles moving in a liquid crystal environment. Our examination of
individual Janus colloids moving in a uniformly aligned nematic phase of DSCG,
using fluorescence and polarized microscopy video imaging, revealed some surpris-
ing behaviors. The particle motion is governed by liquid crystal anisotropy, but
also strongly influenced by asymmetries in the individual particles. The Janus col-
loids move approximately parallel to the direction of nematic orientation defined
by the director. Motion analysis over a range of timescales indicate a cross-over

from ballistic to super-diffusive behavior on timescales below the relaxation time
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for liquid crystal elastic distortions. In addition, non-uniformities in metallic cap
coatings and fuel distribution around the colloid have non-trivial effects on particle

propulsion direction and anomalous rolling behaviors.

4.1 Introduction

Active fluids are out-of-equilibrium systems composed of active elements (par-
ticles, rods etc.) suspended in a fluid medium. These active elements transduce en-
ergy from their environment into autonomous motion, causing the fluid to exhibit
rich dynamic behavior. Such behavior can include collective motion [28,90,91],
motility-induced phase separation [92,93], flow instabilities, and pattern forma-
tion [94H96]. Several recent studies have focused on the behavior of active particles
dispersed in isotropic fluids, including self-assembly and their collective dynam-
ics [29H31]. A relatively unexplored direction in this field, concerns the replacement
of the suspending fluid by a non-Newtonian anisotropic fluid, a nematic liquid crys-
tal. Liquid crystals (LCs) are elastic fluids with some degree of anisotropy. They
have long-range molecular orientational order, described by the director, n. When
a spherical colloid is immersed in a uniformly aligned nematic LC, it will locally
perturb the nematic director field as determined by the particle surface anchor-
ing [7,[51,86]. The anisotropic viscosity and Frank elasticity [4,[35,86] make LCs
an interesting environment to study the motion of active colloids.

For this work, we chose chemically powered synthetic active Janus colloids
driven by a surface chemical reaction. Common propulsion mechanisms of these
colloids include self-diffusiophoresis or self-electrophoresis [33,/65,66]. We used
Janus colloids fabricated with platinum (Pt) - capped polystyrene (PS) spheres,
that exhibit self-propelled motion in aqueous hydrogen peroxide (HyO,) solu-
tion via catalytic decomposition of HyOs into water and oxygen. The liquid
crystal host in our experiments, was carefully selected as disodium cromoglycate
(DSCG), a chromonic lyotropic liquid crystal with a nematic phase at room tem-
perature [57,(97]. This material provides an aqueous environment compatible with

the hydrogen peroxide powered Janus particles. DSCG was recently used to in-
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vestigate the motion of bacteria in liquid crystal, where experiments showed the
preferred direction of propulsion was parallel to the director [32]. Remarkably, at
very low bacterial concentrations, Zhou et al. [32] introduced a novel class of ac-
tive matter — the living liquid crystal — induced by the activity of bacteria moving
in passive liquid crystal. These living liquid crystals, exhibit chaotic dynamics
and motile topological defects, which are strikingly similar to the dynamic char-
acteristics of microtubule-based active nematics [98]. Inspired by these results, we
focused on studying the behavior of individual active Janus particles in a nematic
liquid crystal, as a synthetic analog to the bacterial system [32]. Elucidating the
fundamentals of Janus particle motion in a liquid crystal environment represents
the first step towards studying their collective motion.

In our experiments, DSCG was aligned by treating the bounding glass sub-
strates with polyimide SE-7511, to give a planar director orientation [99]. This
configuration allowed easy observation of particle position and orientation using
fluorescence and polarized optical microscopy. Visualization using crossed polar-
izers and full wave retardation plate, revealed the liquid crystal distortion profiles
around the particles. Tracking the motion of active Janus colloids showed that lig-
uid crystal anisotropy significantly influenced their trajectories. Particles tended
to move close to the direction of average molecular ordering defined by the direc-
tor. Our analyses reveal that motion profiles are characterized by a combination
of anomalous diffusion and ballistic behavior. We also observed the Janus colloids
rolling while moving in DSCG, despite no significant change in their direction of

motion.

4.2 Experimental methods

4.2.1 Janus colloid preparation

Janus colloids were prepared by coating polystyrene microspheres with metallic
platinum (Pt) using electron beam (e-beam) deposition. Polystyrene fluorescent
microspheres (FPM-4056-2 (4um spheres, Nile red) and FCM-10052-2 (11.8um

spheres, Yellow), Spherotech, Inc.) were selected as the base particles. Before
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Figure 4.1: SEM image, captured with backscattered electron detection mode,
of 4pum sized fluorescent microspheres (excitation 510nm, emission 550nm) half
coated with Pt. Scale bar = 2um.

coating the colloids with a metal layer, they were first diluted in ethanol and then
spread evenly on a glass slide. Once dried, the colloids were coated by e-beam
deposition with 3nm of Nickel (Ni) followed by 30 nm of Pt. The Ni layer was
added to make the colloids magnetic to potentially explore how magnetic torques
would affect the colloids’ behavior, although such experiments were not part of the
current study. After coating, the non-metallic hemisphere of the particle remained
fluorescent. The colloids were then removed from the slide using a small piece of
wet lens tissue gently dragged over the slide to pick up the colloids. The tissue was
then placed in a plastic 1.5mL tube containing approximately 0.5mL of de-ionized
water and the tube was shaken and vortexed before removing the tissue. The
finished particles were characterized using scanning electron microscopy (SEM)
with a ZEISS Gemini SEM 500 instrument. Figure 4.1 shows an SEM image of
two particles, the conductive hemisphere (lighter) is clearly visible for each (scale

bar = 2um).
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4.2.2 Liquid crystal cell preparation

H,0, + DSCG ‘ ot

Figure 4.2: a) Assembled cell of thickness 15um. b) Polarized microscopy image
of uniformly aligned DSCG inside an assembled cell. Imaged using a full wave ()
retardation plate, as indicated by the green line. Polarizer (P) and Analyzer (A)
directions are also indicated. Scale bar = 2um. c¢) Cross-sectional schematic of the
experimental cell containing DSCG, HyO4 and a Janus particle.

We worked with two different Janus colloid diameters, 4.0um and 11.8um. From
a stock solution containing colloids of each respective size, 5ul. was pipetted and re-
suspended in 30% H,0O, aqueous solution. After this dilution the new solution now
has a HyO, concentration of 20%. This solution was then sonicated before mixing
with liquid crystal. The Pt coating on the particle is quite reactive, generating
significant O2 bubbles. This is a problem especially for the larger particles. The
bubbles make colloid visualization difficult and form many air-liquid interfaces that
influence particle trajectories. Therefore, we aimed to minimize their production.
To do so for each particle size, we optimized the wait time after the initial addition
of HyO4 solution to the particle suspension - 1hr for the 4.0um Janus colloids and
3hrs for the 11.8um Janus colloids. After these respective wait times, 1uli of a

control particle solution (polystyrene divinylbenzene, DVB spheres 6um diameter,
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0.5 mg/mL) was also added to the Janus/ HyO4 solutions.

A dispersion of 25wt% DSCG (Sigma Aldrich) in de-ionized water was prepared,
then subsequently diluted to 15.38wt% (to be in the nematic phase) by adding
5uls of the prepared Janus/ HyO, solution. This method produced a final 7.21%
concentration of HyO,, enough for activity, while minimizing oxygen bubbles. To
further minimize the effect of bubbles causing advective flows, the Janus + DSCG
+ fuel solution was loaded into the pre-assembled cell after an additional waiting
time. One hour for the 4pum Janus colloids and 6hrs for the 11.8um colloids.
The cell was constructed from two parallel glass plates (20mm x 10mm) separated
by 15um spacers. The interior surfaces of the glass plates were pre-treated with
polyimide SE-7511 [99] and rubbed with a velvet cloth to produce unidirectional
planar anchoring. The cells were assembled by putting together pairs of substrates
with rubbing directions being antiparallel to each other (Figure 4.2a). Figure
4.2b shows an optical microscope image of a uniformly aligned cell filled with
DSCG. After loading, the cell was sealed with epoxy glue and placed flat on the
microscope stage to minimize gravitational effects due to tilt. Proper cell sealing
and placement on the stage are important to minimize drift during imaging. The
absence of drift was verified using DVB control spheres. The loaded cells were
imaged with polarized optical microscopy (POM) using a Leica DM2500P upright
microscope with a HI PLAN 40x/0.65 objective lens. Videos were recorded at 1
frame per second over a period of 8min using a color camera [Basler Ace 2.3MP].

Figure 4.2¢ shows a diagram of the experimental cell.

4.2.3 Particle tracking and Image analysis

Janus colloids were tracked spatially from fluorescence microscopy images using
Trackpy — a python package which locates Gaussian blob-like features in video
images, follows them through time and records their trajectories [100]. Tracking
yields x, y coordinates for each colloid as a function of 4, the frame number. The
liquid crystal was imaged between crossed polarizers with a full wave retardation
plate. Figure 4.2b, shows an example image of an aligned DSCG nematic phase

with the director, polarizer and retardation plate directions indicated.
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4.3 Analysis techniques

4.3.1 Length of distortions (“twisted tails”)

Colloidal particles suspended in DSCG are 'dressed’ by chiral distortions called
twisted tails by the surrounding nematic director. We used crossed-polarized mi-
croscopy images to calculate the twisted tail lengths associated with 4um 11.8um
Janus colloids (Figure 4.3). Prior to calculation, the images were converted into
8-bit. As demonstrated in the supplemental material of |[101] intensity profile was
plotted for a line along the equatorial plane of the Janus colloid. The resulting

decaying intensity tails were fitted with the Gaussian peak equation,

1:10+§\/§exp (—2 (“; ;x)2> (4.1)

and the length was estimated using the Full Width at Half Maximum (FWHM)

concept. In the above equation, the width parameter w is related to the standard
deviation o, by 0 = 5. This gives a FWHM = v/2In 2w representing the length of
intensity spread around the colloid. We take the average of the decaying intensity

tails on the two sides to find the tail length.

4.3.2 Mean squared displacement (MSD) analysis

MSD curves for each individual particle track, defined by {x(i), y(i)} were
calculated using the method described in reference [102]. The MSD, for a given
time lag t, is defined as the average over all pairs of points separated by that time

lag using,

(v = Thalele ) = (00 + 00+ = ()]

In this definition, ¢; is the time for the i image in the track and N; represents the

(4.2)

number of images over which the average is calculated.

4.3.3 Intensity analysis

The fluorescence microscopy videos show a bright feature (the fluorescent side

of the Janus colloid) moving in time against a black background. To characterize
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the orientation of the colloid we took advantage of the fact that only one hemi-
sphere (the non-metallic side) is fluorescent. By observing a single particle, the
total integrated intensity in every video frame was obtained using Trackpy [100].
Maximum intensity in this case corresponds to a full moon configuration — when
the metallic cap is facing down, and the fluorescently labelled polystyrene half is
facing up. A minimum intensity corresponds to a new moon configuration — when
the metallic cap is facing up and the fluorescently labelled polystyrene half is fac-
ing down. To normalize these integrated intensities, the intensity of each frame in

a video was divided by (I;n4:), the maximum observed integrated intensity.

4.3.4 Af analysis

To measure how much the direction of motion of active colloid deviates from

the nematic director orientation, we calculated A0 = Afrc — tan‘l(%) where
Afrc is the nematic director orientation (in our experiments it is 45°) and dz, dy
are the displacements of active Janus moving in liquid crystal along z, y directions

respectively.

4.4 Results

4.4.1 Director distortions around Janus colloids

When a colloidal particle with well-defined surface anchoring is introduced in a
uniform director field, the interplay of elastic and surface anchoring forces defines
the director configuration surrounding the colloid [3]. The inherent asymmetry
and distinct surface properties of Janus colloids result in unique interactions with
surrounding nematic, leading to novel and varied distortions in the director field.
We used POM imaging to investigate the nature and scale of nematic distortions
around the colloid. The different Janus configurations discussed here are i) full-
moon — where the Pt metallic cap on one side is facing down, maximum brightness;
ii) half-moon — where both sides of the Janus are showing, half bright, and iii) new-

moon — where the metallic cap is facing up, minimum brightness. Figure 4.3 (a-c)
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Figure 4.3: Microscope images of 4um Janus particle inside 18um thick cell in full
moon (a,b,c,) and half-moon (d,e,f) configurations under different imaging modes.
a,d) Fluorescence microscopy images. b,e) crossed-polarized microscopy images.
c,f) crossed polarized microscopy images with an inserted full wave retardation
plate (green arrow shows the slow axis). Scale bar = 5um. Microscopy images
of 11.8um Janus particle inside 30um thick cell in full moon (g,h,i), half-moon
(j,k,1) and new moon (m,n,o0) configurations under different imaging modes. g,j,m)
Fluorescence microscopy images. h,k,n) crossed-polarized microscopy images. i,1,0)
crossed-polarized microscopy images with an inserted full wave retardation plate
(green arrow). Scale bar =10pum. Magnification 63x water immersion, NA = 0.9

shows a 4um diameter Janus colloid in the full moon configuration imaged under
three different modes. The POM image (Figure 4.3b) shows a weakly distorted
nematic around the colloid. But close observation by inserting a full-wave retarda-
tion plate between the crossed polarizers (Figure 4.3c) reveal slight yellow tinges
around the particle, signaling that the nematic distortions on each side of the col-
loid are locally chiral. This chiral nature becomes a little more obvious in the
half-moon configuration (Figure 4.3(d-f)). As large colloids with similar anchoring

cause longer-range distortions in the nematic director, making optical observations
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easier, we see the same local chirality with 11.8um diameter Janus colloid (Figure
4.3(g-0)). Similar chiral distortions were observed by A. T. Martinez et al [101]
with passive DVB spheres having tangential surface anchoring in the same liquid
crystal. These distortions are characterized by ”twisted tails” that extend away
from the particle parallel to the far-field nematic director. This behavior can be un-
derstood because DSCG has an unusually small twist elastic modulus making twist
distortions energetically cheap [57]. Unlike in conventional LCs, where spherical
particles with tangential anchoring give quadrupolar distortions with large splay
and bend distortions in the surrounding nematic. In DSCG the director twists,
reducing the energies of splay and bend. This twist has handedness rendering
chirality to the distortion. The type of twisted tail director configuration we see
around the colloid (Figure 4.3) is called class-1. In a class-1 configuration symme-
try, the director spirals around the central axis in the same sense on opposite sides
of the colloid. The director configuration resembles a chiral dipole, characterized
as an elastic multipole with both quadrupolar and chiral dipolar terms. These
results suggest that, despite the Janus particle’s inherently different hemispheri-
cal sides, anchoring around the colloid is overall tangential, albeit with different
anchoring strengths between hemispheres as indicated by unequal tail lengths on
both hemispheres.

We quantified the twisted tail lengths for the particles in Figure 4.3 using the
Full Width at Half Maximum (FWHM) concept described in [101]. For the 4pm
Janus particle in full-moon, the distortions were too weak to identify the intensity
spread along the equatorial plane. Comparatively, for the half-moon, the tail
lengths were ~ 5.65um and unequal, with the Pt side being longer. Similarly,
for the 11.8um Janus particle, the tail lengths were ~ 30.00um, 43.51um and
41.84pum for the full-moon, half-moon and new-moon configurations respectively,
with the Pt side consistently longer. The tail length can increase with particle size
(consistent with the results of [101]) and vary with the orientation of the Janus

particle.
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Figure 4.4: a) Trajectory of an inactive Janus colloid in water recorded for 5mins
at 50fps. Scale bar = 5um b) Trajectory of an active Janus colloid in 7.21% H202
solution captured for a duration of 10min at 0.2fps. Scale bar = 5um. ¢) Trajectory
of an active Janus colloid in DSCG inside an aligned pre-assembled cell recorded
for 8min at 1fps. Scale bar = 10um.

4.4.2 Motion of active Janus in DSCG

To understand the role of liquid crystal in dictating the motion of active Janus
particles we performed a series of experiments. First, we studied their behavior in
water under two different scenarios, 1) without any fuel, 2) with fuel (7.21% per-
oxide solution). With no fuel, the Janus colloids exhibit characteristic Brownian
motion (Figure 4.4a). In the presence of fuel, the Janus colloids become active and
exhibit enhanced Brownian motion with a directional component to their motion,
(Figure 4.4b). The results of these control experiments were compared with motion
in the nematic phase of DSCG in the presence of fuel (7.21% peroxide concentra-
tion), (Figure 4.4c). When introduced in an uniaxially aligned liquid crystal, in the
presence of fuel, the Janus colloids show ballistic behavior. Figure 4.4c, show an
active Janus colloid self-propel in a direction slightly close to that of the nematic
director. The overall motion of active Janus particle in DSCG can be explained by
considering the interplay between the particle’s intrinsic propulsion mechanisms,
anisotropic viscous interactions with the director field and hydrodynamic effects.
To understand this, let’s consider an axis J which is the polar axis of the Janus
particle and an axis N which is the axis of the director field around the colloid (a
line connecting the "tails”). Propulsion along the overall director is expected be-
cause of the viscous anisotropy of DSCG. As follows from the measurements of the

diffusion constants for Brownian motion of colloidal spheres [103], the ratio oy /o



54

= == particlel
= = = particle}
= = = particle3
= = = particled
particles
= = = particlet
= = = particleT
= = = particled
= = = particled
= = = particlel(
—j|vorage

[ . B O T | J L . | T S
10° 10! 10°

lag time(s)

Figure 4.5: Mean squared displacement (MSD) plots on a logarithmic scale, of
individual active Janus colloids moving in uniformly aligned DSCG inside a cell of
thickness 15um and captured at 1fps for 8min

of the effective viscosity o) for displacements along the director to the viscosity
o, for perpendicular displacements is significantly smaller than 1, o /o, = 0.66.
But when the J axis rotates away from the N axis because of the propulsion forces
generated by the particle and the hydrodynamic flows around the particle, lateral
displacements from the director occur. The restoring elastic force arising from the
distorted director field tend to align the particle’s motion with the director. The
nature of active Janus particle trajectory is discussed in detail in section 4.4.5.
This is the first report of chemically powered synthetic Janus particles moving in
a liquid crystal environment. Motion profiles of the Janus particles were analyzed
by plotting the mean square displacement (MSD) of the particles as a function
of time. Figure 4.5 shows MSD plots for 10 different 4pm-diameter active Janus
particles (represented by dotted lines) moving in DSCG. The particles were each

tracked for 8min at 1 frame per second (fps) and their motion plotted on a log-
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log scale. The solid magenta line represents the average of all 10 trajectories. A
linear fit to this average produces a slope of 1.98 £ 0.01 indicating that motion is
predominantly ballistic throughout the time of observation. Within a lag time of
480s (period of observation), 4um diameter Janus particles were observed to travel
distances ranging from 24pum — 90um. These differences are likely due to variation
in the amount of fuel around different particles. Once the Pt + H5O4 reaction fuel

fully depletes, the Janus particles behave like passive colloids.

4.4.3 Anisotropic and anomalous motion of active Janus

colloids

To investigate the directional preference of a single active Janus colloid, we
calculated MSDs parallel and perpendicular to the director. MSDs, averaged over
10 active Janus colloids, clearly show that motion parallel to the far-field director
is substantially longer than motion perpendicular to the director (Figure 4.6a).
We can understand this behavior by considering the anchoring around the colloids
which causes asymmetric director field distortions (Figure 4.3) and an effective
anisotropic viscosity. When ’dressed’ by the surrounding director field, the Janus
particle suspended in DSCG effectively becomes an anisotropic twisted composite
object, with different effective viscosities for motion parallel and perpendicular to
the director. Such viscoelastic effects have been shown to favor particle displace-
ment along the director |[103]. In our case, due to misalignment of the J and N
axes, we did observe some translation perpendicular to the director. But MSDy is
significantly larger than MSD, .

In addition to their anisotropic motion over long timescales, we also observed
that the colloids exhibit anomalous diffusion when the time step between the mea-
surement of particle position was 0.05s. In this experiment, five different active
Janus colloids (4pum in diameter) moving in DSCG inside a cell of thickness 15um
were recorded for Hmins at time steps of 0.05s. Trajectories for analysis were
obtained by splitting the 5min long video into tracks of duration 1min. A time
averaged MSD calculation was performed on each 1min track. Then an ensemble

average was taken by averaging over these 1min trajectories. As Janus particles
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Figure 4.6: MSD plots calculated parallel and perpendicular to the director, av-
eraged over 10 different active Janus colloids moving in DSCG inside an aligned
cell of thickness 15um, captured for 8min at 1fps. b) MSD plots of active Janus
colloids in the presence and absence of DSCG recorded for 1min at 20fps.

are moving in an anisotropic environment, motion parallel and perpendicular to
the director were calculated separately (Figure 4.6b). The MSD curves reveal two
regimes of motion — a regime with a smaller slope at short lag times that slowly
transitions into a steeper slope at longer lag times. The crossover time for MSD
corresponds to t = 0.79s with a slope of 1.14 4= 0.02 at t < t; and 1.95 4= 0.01 at
t > tj. The crossover time for MSD is at t; = 1.39s with a slope of 1.09 £ 0.01
at t < t; and 1.85 &£ 0.01 at t > t,. However, the same MSD curve calculated
in water (with HoOs but no liquid crystal), showed no crossover between slopes
(Figure 4.6b black crosses). When a particle moves in a nematic liquid crystal, it
distorts the director field and the associated velocity field. The coupling between
the particle’s motion and the fields, combined with the inherent fluctuations in
the director field, introduces an intrinsic memory effect, where past disturbances
influence the particle’s subsequent behavior. As the particle moves, it creates per-
turbations in the director which relax over a characteristic time 7 ~ %, where [
is the characteristic length of the director distortion relaxing back to equilibrium,
71 is the rotational viscosity, which we estimated to be ~ 0.2Pa.s and K is

the Frank elastic constant. These dynamic interactions and the continuous influ-

ence of the memory effect result in anomalous diffusion. Assuming [ = 1pm for
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the class 1, active Pt- coated Janus sphere with a configuration specific distortion
profile and twist elastic constant of DSCG at 23°C [57], 7 was found to be ~ 0.29s.
This 7 value is slightly less than the crossover time, below which anomalous dif-
fusive behavior was observed. Turiv et al [103] reported sub-diffusive behavior for
tangentially anchored inactive silica spheres in DSCG with crossover times 0.37s
and 0.46s for motion parallel and perpendicular to the director, respectively. In
our case, we observe a slight super-diffusive behavior. This is because of activity
affecting particle dynamics at short time scale.

Moreover, our report of crossover time for motion perpendicular to the director
is different from A. T. Martinez et al [101]. In ref [101], the examined particles
are away in the bulk, in our case they are close to the substrate. When particles
are close to the substrate the memory span of fluctuating deformations in the
surrounding nematic is strongly affected by the cell thickness. The lifespan of
fluctuations is written as 7, ~ f’[%h; where h is the thickness of the cell [103]. For
our cell of thickness 15um 7, ~ 3s, which is slightly above the time we observe

anomalous behavior for motion parallel and perpendicular to the director.

4.4.4 Small-sized active Janus particle rolls showing ”moon

phases”

The 4um Janus particle undergoes rolling, exhibiting different moon phases
(Figure 4.7), with the intensity graph showing peaks and valleys. A peak corre-
sponds to a full moon configuration and a valley indicate a new moon configuration.
Before discussing these results, it is important to consider possible mechanisms for
particle rolling.

Active particles move via self-generated phoretic mechanisms in the presence of
fuel and the motion occurs in general, due to the interaction of self-generated fields
with the interfacial boundary region of the particle. The particle/liquid crystal
interfacial boundary layer is a very thin region of the surrounding fluid much less
than the size of the particle. The self-generated field around the particle can consist
of a solute concentration gradient, set up by the catalytic chemical reaction on the

Pt side, or an electric field generated by proton currents at the Pt end that emanate
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Figure 4.7: Fluorescence microscopy images capturing the moon phases of a 4um
active Janus particle inside a 18um cell for a duration of 5min and corresponding
intensity plots of the of the same Janus particle demonstrating rolling. Scale bar
= Hpum.

from the vicinity of the equator and end near the pole . These fields create a
local pressure imbalance leading to an effective slip velocity along the interfacial
boundary layer, driving fluid flows ,. The self-phoretic effective slip
velocity, v, induced by the solute concentration field, C', along the interface can be
written as v, = uV) C . Here, 1 is the characteristic diffusiophoretic mobility
and V| C; is the tangential gradient of C' at the outer limit of the boundary layer.
While considering self-propulsion through electrokinetic effects, p is replaced with
the zeta potential, ¢ and C' with a self-generated electric field, ¢ [107]. Any spatial
non-uniformity in the mobility constant caused by fabrication defects, can lead

to a rotational component of the effective slip velocity. The particle velocity will
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be proportional to the sum of the mobilities, and angular velocity is proportional
to the difference between the mobilities on the two sides [108]. We expect the
particle to turn and align its axis of symmetry along the field gradient. This would
mean that after adopting this configuration (for example PS side first), rolling
should cease. In our case we observe something different. The particles continue
to rotate throughout their tracked trajectories, and do not reach an orientational
equilibrium (Figure 4.8a). To try to explain this phenomenon, we can consider the
effects of a spatially varying fuel concentration field. Such a variation would add
polar and azimuthal components to the local slip velocities at the particle surface,

greatly complicating determination of the particle mobility [107,/108§].

4.4.5 Curvature in trajectory, not a perfect straight line

In water (Figure 4.4b), Janus particles can exhibit spiral trajectories, due to
their non-uniform surface properties. The non-uniformity in surface coating cre-
ates an off-center propulsive force, which produces a torque that leads to spiraling
behavior [64,(109]. When active Janus particles are placed in an aligned liquid
crystal their hydrodynamic interactions with the nematic are likely to be of the
pusher type, which forces fluid outward along their swimming direction and draw
fluid into the sides of their bodies. This behavior, as described in the theoretical
model by Lintuvouri et al [110] leads to particles swimming parallel to the ne-
matic director due to the hydrodynamic coupling between their flow field and the
anisotropic viscosities of the liquid crystal. In this context, the off-center propul-
sive force generated by the non-uniform surface coating causes the particles to
deviate from a straight path. Meanwhile, the elastic restoring force from the liquid
crystal environment counteracts this deviation, guiding the particles back towards
a linear propulsion direction aligned with the nematic director. The net effect
leads to a slightly curved trajectory, or linear propulsion in a direction slightly dif-
ferent to the nematic director. In Figure 4.8a, we can see a Janus particle moving
in aligned DSCG, with the nematic director indicated by a double headed arrow.
The particle begins its path in the half-moon configuration, then rolls to adopt

a full moon configuration and continues forward. The corresponding deviation in
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Figure 4.8: a) Composite image showing the curved trajectory of a rolling 4um
Janus particle inside a 15um DSCG cell, captured every 10s for 220s with the J
vector indicated as a red arrow, Scale bar =10um. b) Graph of Af, the deviation
in direction of motion with respect to the nematic director orientation, c¢) speed,
with time for the particle depicted in (a). d) Histogram of Af values that active
4pm Janus particles take while moving in DSCG observed for a duration of 220s
at every 10s interval, calculated for seven different particles.

particle trajectory with respect to the nematic director (A#) is plotted in Figure
4.8b. While in the half-moon configuration, A# is high, then the particle rolls,
and A drops to ~ 10°. We observe a rise in velocity (Figure 4.8¢c) as the Janus
particle trajectory comes more in alignment with the nematic director. Figure 4.8d
shows a histogram of Afs calculated for 7 different active Janus particle trajecto-
ries. The most common trajectory direction, Af was in the range 4.4°- 8.8°. As
particles move in DSCG, we typically observe some curvature in their trajectories
— they don’t always move in a straight line while propelling close to the director
orientation. This behavior is very non-intuitive, based on the simplified picture
of Janus particle propulsion. It should be noted that the behavior of each Janus

particle moving in DSCG is, to some extent, unique. Although general behaviors
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can be obtained, the surface chemical properties of each particle can vary from
spot to spot. Adding to this, possible spatial non-uniformity of the fuel environ-
ment around the colloid, makes each Janus particle different. In addition to these
local effects, global inhomogeneities in the fuel concentration field further com-
plicate the behavior. Under these conditions, rolling behavior can be considered

stochastic over long timescales.

4.4.6 Active Janus particle rolls and yet undergo no change

in direction of motion

In Figure 4.8a, we see a fascinating result - the particle rolls with no change
in its direction of motion. Considering that particle propulsion occurs in general
due to catalytic breakdown of HyO5 on the particle’s Pt side [33]/66-68|, there are
two important things to note. First, surface chemical activity — how quickly a
concentration gradient can be set-up by the chemical reaction and second, the sur-
face phoretic mobility — how effectively the surface interacts with this gradient to
generate fluid flows [64]. S. Ebbens et al. [67] reported particle motion as a combi-
nation of neutral and ionic diffusiophoresis as well as electrophoretic effects whose
interplay can be varied through ionic effects such as pH and salt concentration.
DSCG is a disodium salt and high salt concentrations are known to reduce the
turnover rate of HyOy [67]. The characteristic diffusion time of reaction products

R? kpT

(02, H30™) around the Janus colloid (4um) is gives as 74 = %, where D = ot

which depends on the rotational viscosity of DSCG and the radius of the product
particle, a [111]. For Oy and H30" 74 ~ 0.55s and 0.37s respectively. These calcu-
lated values for 74, and our observation timescale for the colloid to change direction
suggest that while the rotational configuration of the Janus takes time to react to
the fuel and set-up a gradient, the existing gradient may give enough thrust to

push the particle forward.
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4.4.7 Large Janus colloids don’t roll

Finally, we observed the large colloids (11.8um in diameter) don’t roll while
moving in DSCG, (Figure 4b) and tend to move in a direction closer to the director.
This can be understood as they create a larger elastic distortion in the surrounding
director field (Figure 4.3), and in general move much more slowly. In addition,
because their distortion profiles are sensitive to particle orientation, rolling for
larger particles becomes increasingly energetically expensive.

This behavior might also be related to elastic levitation as described by O.
P. Pishnyak et al [36] where elastic repulsion from the bounding substrates keeps
the colloid in the nematic bulk, mediated by director distortions. A large colloid
is repelled more strongly from the substrates than a small colloid, thus a larger
colloid is often levitating near the mid-plane of the cell. This positioning reduces
the shear stress differences above and below the colloid and therefore suppresses
rolling.

Colloidal particles in liquid crystal cells are known to interact elastically with
the bounding plates [36,/112]. The gap between the spherical surface of a Janus
sphere and the flat plates above and below it forms a double-wedge geometry,
which induces director gradients. With tangential anchoring at the colloid and
planar anchoring at the plate, the only region where the director is not distorted
is along the line that connects the bottom and the top of the Janus sphere to the
neighboring plate; other regions elastically adjust to the tilt of the colloidal surface
with respect to the plates. The director gradients become stronger as the particle
approaches a flat plate, which means that the sphere is elastically repelled from
the plate |36} 112]. The repulsion is stronger for larger particles [112]. Experiments
with two homeotropically anchored spheres, one large and one small, demonstrate
that the larger particle ”levitates” closer to the mid-plane of the cell as compared
to a smaller particle, which finds itself closer to the bounding plate [56]. The
reason is that the elastic repulsion force grows as r* with the radius r of the
colloid [36),[112], which is faster than the gravity force proportional to r3. We
expect a similar effect for the tangentially anchored colloids, since the repulsive

force between two quadrupolar colloids scales as r% [113-115] and the sphere-plate
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Figure 4.9: Fluorescence microscopy images of 11.8um active Janus particle inside
a 30um cell recorded over a duration of 20min and corresponding intensity plot
demonstrating the absence of rolling over the period of observation. Scale bar =
10pm.

repulsion can be modeled as an interaction of a colloid with its mirror image [18].
Since the smaller colloid is likely to be displaced from the midplane of the cell by
gravity, one expects an inverse of the Quincke effect observed for colloids moving
in a liquid crystal [39,40]. Namely, in the Quincke effect, an electrically driven
rotation of a sphere results in its translation when it is not strictly in the midplane
of the cell because of the hydrodynamic interactions with the boundaries [39}40].
In our case, the self-propelled translating colloid is expected to rotate because
of the difference between the hydrodynamic interaction with the top and bottom

plates; thus, the inverse Quincke effect.

4.5 Conclusion

In summary, we developed a method to achieve directed movement of synthetic,
chemically powered active Janus particles in a liquid crystal nematic phase. On ob-

serving individual particle trajectories, we found that particle motion is governed
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by the liquid crystal anisotropy but is also strongly influenced by asymmetries in
the individual particles. Motion is ballistic over longer timescales and is influenced
by orientation-dependent director distortions around the particle. In addition,
non-uniformities in metallic cap coatings and fuel concentration lead to non-trivial
effects on particle propulsion direction and anomalous rolling behaviors. By study-
ing the basic behaviors of anisotropic fluid on single Janus colloids my work helps
to lay the foundation for developing novel active matter systems based on synthetic

subunits.



Chapter 5
Future directions

In this thesis, we described the underlying mechanisms behind large-scale col-
loidal aggregation and the subsequent structure development in liquid crystal
solvents, highlighting the importance of understanding the complex interactions
driven by Frank elasticity relaxation and the role of topological defects. We
also investigated the directed movement of synthetic, chemically powered active
Janus particles in a nematic liquid crystal phase emphasizing how liquid crystal
anisotropy and particle asymmetry govern their motion. This work lays the foun-
dation for developing novel active matter systems based on synthetic subunits.

I would like to conduct additional experiments to test our conjectures regard-
ing the anomalous rolling behaviors of the Janus particles. I plan to use optical
microscopy to study the influence of unequal shear stresses on the top and bottom
sides of the Janus particles by finding their positions inside the liquid crystal cell,
relative to the top and bottom bounding plates. I would also like to perform fur-
ther experiments on the motion of active Janus particles in water to examine how
the addition of salts affects their direction of motion. This will help interpret why
active Janus particles roll without changing their direction of motion in DSCG.

Zhou et al. [32] reported the onset of collective behavior at a remarkably low
volume fraction, close to 0.2%, of active bacteria moving in DSCG. I'm interested
in finding the critical concentration of Pt-coated Janus particles and HyO5 required
to achieve “the living liquid crystal state”, exhibiting dynamic effects similar to

that of active microtubule bundles [98]. Use polarized optical microscopy to track

65
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the transition from individual states to complex patterns, analyze defects, and
calculate velocity vector field and velocity auto-correlation function using particle

image velocimetry analysis to find the active length scale [116].

Figure 5.1: a) Fluorescence microscopy image of foam morphology formed by re-
cooling an aggregate structure made with a QD concentration of 0.30wt% and
quench depth AT = 30°C through the same quench depth. Scale bar = 50um. b)
Zooming in one of the foam blobs show a dense packing of polygonal cells. Scale
bar = 10pm.

In addition to the aggregation project, I'm also interested in understanding
shapeshifting morphologies in liquid crystal. By subjecting the quasi-equilibrium
aggregate structure to a cycle of heating and cooling, we can induce its irreversible
transformation into a foam-like morphology. My focus is on studying this phe-
nomenon through the lens of liquid-liquid phase separation. I aim to explain the
reorganization process and the final stability of the structure based on entropy,
interaction energy, and interfacial surface tension. I have completed the experi-
mental procedures and confocal imaging for this project. Now, in collaboration
with Dr Timothy Atherton at Tufts University, we are working on simulations

utilizing Morpho software [117] to elucidate structural details of this elastic foam.
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