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Abstract

A novel colloidal model system is developed for the purpose of achieving simultaneous three-dimensional
(3D) confocal imaging and optical tweezing of impurity probe particles embedded in a dense material of
colloidal host particles. First, the colloidal host particles are developed from 3-trimethoxysilyl-propyl-
methacrylate (TPM), and the solvent mixture is tuned to match the refractive index and the density of
the particles. A sedimentation-diffusion equilibrium profile of the TPM particles was imaged in 3D
to establish suitability of the system for 3D confocal laser scanning microscopy, and to study its phase
behaviour and particle dynamics. Then, core-shell particles, which consist of a high refractive index
core and a TPM shell, are synthesised to be used as the impurities. The versatility of the two-step
coating procedure with TPM has been demonstrated on several core materials, and the optical properties
of the core-shell particle are established using digital holographic microscopy and their optical trapping
strengths. Together with the TPM host particles, the core-shell particles are shown to be suitable
impurity probes in dense colloidal materials, as they can be manipulated using optical tweezers in
all three-dimensions, whilst the structure and dynamics of the surrounding host particles can be imaged
simultaneously using fast confocal laser scanning microscopy. Subsequently, to demonstrate the capability
of the TPM-based colloidal model system, the depletion potential of a pair of core-shell probe particles
embedded in a sea of TPM host particles has been measured using optical tweezing. This is derived from
comparing the direct pair potential between the core-shell particles in a TPM refractive index matching
solvent, and the potential of mean force for the core-shell particles embedded in a dense fluid region of the
TPM host particles. Direct visualisation of the liquid structures of the TPM host particles in the binary
system around the probe particles has been linked to the form of the depletion potential, and its oscillatory
nature as a function of the particle separation. Lastly, the formation of colloidal dumbbell particles is
discussed. The dumbbell formation has been rationalised in terms of the total surface energy of droplet
formation on spherical surfaces and the calculations are compared with experimental results from coating
various seed particles with TPM. Using optically anisotropic dumbbell particles and tuning the refractive
index of the dispersion medium, a preliminary two-trap experiment has been conducted which shows

unusual trapping behaviour when a time-delayed feedback trapping trajectory has been applied.
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Chapter 1

Introduction

Pure materials are rarely found in nature. Almost all materials contain some level of impurities, which
either occur naturally or have been introduced to modify the properties of the product or process [1-3].
A large amount of effort has been put into the study of many of these altered processes, as they are
crucial to many topics such as polymer processing [4], mineralogy [5], pharmaceutical industry [6],
semiconductor [7], and protein crystallisation [8]. The presence of impurities strongly affects the
macroscopic properties of a material. For instance in crystallisation [9-13], impurities directly determine
the crystal grain size, which is related to the strength the material [14—18]. With the increasing addition of
impurities in a relatively large crystal, the crystallites decrease in size and the material strengthens (Hall-
Petch effect) [14, 15]. Yet if the grains continue to decrease in size, the material will eventually decrease
in strength (reverse Hall-Petch effect) [16-18]. As such, the size of grains is crucial for explaining
phenomena such as superplasticity and embrittlement [1,3,19].

In order to exploit the effect of impurities on the properties of materials, and for the designing
of new materials, we need to understand the fundamental reasons behind the structural and dynamic
processes in materials containing impurities. These include systems containing dopants [19], precipitates
[20]) or solute atoms [1]. Although impurities are widely found in nature, long standing problems in
condensed matter such as crystallisation and glass formation have typically been studied in ‘pure’ or
single-component systems [1,21,22]. The presence of impurities can promote, frustrate or suppress
crystallization completely (glass formation) [9—-12]. This means that the properties of materials can be
tuned, by the addition of impurities, from large crystal grains to polycrystalline systems (powders) with
smaller grains and finally to glasses whose grain size is on the order of the particle size. Therefore by
controlling the impurity quantity, a new perspective can be gained on the interplay between crystallisation,
polycrystallinity and glass formation.

However, because the impurities in crystals, powders and glassy systems are always embedded in
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dense bulk phases, it is cumbersome to study them experimentally. This has been done in atomic and
molecular crystals and glasses using techniques such as high resolution transmission electron microscopy
[23] and scattering experiments [24—26]. However due to the short length and time scales in atomic and

molecular systems, direct real-time imaging of the structure and the dynamics is very difficult.

1.1 Colloidal model systems

Colloidal dispersions, in which particles of the size range between ~ 10nm and several microns are
dispersed in a continuous solvent phase, provide a unique model system for studying impurities in
crystals and liquids. Colloids are widely found in nature, e.g. in opals, crystals and bacterial suspensions,
but also in many industrial processes such as paint, toothpaste and India ink. Other examples include
emulsions, gels and aerosols. The term ‘colloid’ was first coined by Thomas Graham in 1861 [27], and
is derived from the Greek word for glue (‘kodAa@’). Graham deduced the approximate upper and lower
size bounds of the microparticles in his ‘pseudosolutions’ from their slow diffusion rates and their lack
of sedimentation. These are now used as the defining length scales for the colloidal domain, and is not
specific to any material.

Conveniently, colloids can be used as a model system for atomic and molecular matter. Despite
their larger size, they are still small enough to undergo Brownian motion. This was first discovered by the
botanist Robert Brown in 1827 [28], who described the random motion of the colloidal particles induced
by collisions with the thermally agitated solvent molecules [29]. As such, Brownian motion enables the
colloidal particles to explore all available phase space, as is the case in atomic and molecular systems, and
so they exhibit similar phase behaviours as their atomic counterparts [30,31]. Furthermore, the shapes
and materials of colloids can be adjusted during their synthesis, giving a wide variety of shapes including
rods [32,33], cubes [34], peanuts [35], and dumbbells [36,37]. Likewise the particle interaction can be
altered, via the addition of salt or depletant [29], or by external magnetic or electric fields [38—41], or by
designing patchy particles with specific directional interactions [42]. Together, colloids offer a wide range
of choice for the study of fundamental issues such as self-assembly [37,43], melting transitions [38,44],
liquid crystalline phases [13], and glasses [45].

Aside from using colloids as model systems, they also have a wide range of applications in food
processing [46,47], optical materials [48], drug delivery [49], and physiology [50]. In particular, colloidal
systems are very promising for the development of photonic materials [51,52]. It is also highly relevant
for the production of ceramic films with well-defined properties [53]. The structure of the colloidal
crystal is fundamental to both of the above examples, and therefore precise control of the self-assembly of

the colloids is crucial. As self-assembly in colloidal systems occur via nucleation, recrystallisation and
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crystal growth, it is important for us to understand the role that the impurities play so that new photonic

and ceramic materials can be successfully designed and manufactured in the future.

1.2 Optical tweezing of colloidal systems

Another key advantage of studying colloidal materials, e.g. colloidal solids, is that they are considered
as “soft” materials [29] and can be easily manipulated using a range of external fields including optical
tweezers [54]. The ‘softness’ of colloidal materials can be rationalised by examining the Young’s modulus
for an atomic crystal and for a colloidal crystal. Since the Young’s modulus scales as an energy per unit
volume, if we consider both the energy and the length scale of the two systems, we can see that for an
atomic system, the typical energy is ~ 1eV with a length scale in Angstroms, whereas for a colloidal
system, the typical energy of the order kg7 with a length scale in microns. By comparison, the Young’s
modulus for a colloidal material is smaller by approximately a factor of 10'2, therefore it is much easier
to shear and distort colloidal systems than their atomic counterparts. Hence we can for example use a
highly focused laser beam (an optical tweezer) to trap and manipulate particles inside dense colloidal
materials. Indeed, optical tweezing has been used extensively in soft matter to study a wide range of
problems, including optical sorting [54] and microrheology [55,56]. This is particularly exciting for the
study of the effect of impurities in bulk, as the impurity particles can be trapped and manipulated using
optical tweezers to exert small external forces on their colloidal host material. The effects of this on the
surrounding colloidal material provide insight into the role of impurities in crystal growth and impurity

drag [13,57], and glass formation [22, 58—60].

1.3 Three-dimensional imaging and optical tweezing in colloidal systems

Given their relatively large length scale, colloidal systems can be readily imaged using optical microscopy
[61]. Whilst this is straightforward in 2D, even in the presence of impurities [62, 63], it is much more
challenging in 3D. This is particularly problematic for densely packed colloidal systems, partly due
to the relatively poorer resolution in z (along the optical axis), and partly due to the interference of
the out of focus light with the signals in the imaging plane [61]. However this is vastly improved by
matching the particle’s refractive index to the solvent mixture, and combined with powerful 3D imaging
techniques such as confocal microscopy, we are able to study directly the complex structural and dynamic
properties inside a 3D colloidal material. This single-particle resolution in real time and space allows
unprecedented access to a range of condensed matter phenomena such as crystallisation, glass jamming,

and gels [9,11,12,22].
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While both 3D confocal imaging and 3D optical tweezing have been achieved individually in
colloidal systems [54, 61, 64], combining these techniques to achieve simultaneous yet independent
imaging and optical manipulation in impurity doped colloidal systems is very challenging. One method
of establishing this is by positioning two objectives nose-to-nose on opposite sides of the sample,
where one provides the optical trapping and the other the imaging [65]. This mechanically decouples
the trapping plane and the imaging plane, thereby allowing independent imaging of optically trapped
colloidal particles in 3D. However this setup has limited access to the sample and requires a thin sample
volume. Other approaches include the use of wavefront engineering and computer feedback [66—68], and
digital refocusing [69, 70], although their application to simultaneous 3D imaging and optical tweezing
is also limited. Recently this problem has been elegantly resolved by refocusing of the imaging plane
remotely and thus separating it from the trapping plane [71]. This enabled decoupled and simultaneous
three-dimensional imaging and optical manipulation when imaging through a single objective.

In addition, however, simultaneously and independently performing 3D confocal imaging and
tweezing also puts extremely high demands on the colloidal system. The problem arises from the
fundamental conflicting requirements for 3D confocal imaging and optical tweezing [65,71-74]. While
3D visualisation requires optical transparency of the colloidal sample, optical tweezing and manipulation
requires a refractive index mismatch between the probe particles and solvent. Furthermore, it is desirable
for the particle interactions between the probe particles and its surrounding host particles to be identical.
A possible solution would be a core-shell probe particle that has a shell material chemically identical
to that of the host colloidal particles. Ideally we require the core’s size and refractive index to be tuned
sufficiently for reliable optical trapping, yet interferes minimally with the visualisation of the surrounding
host sample, whilst the shell remain optically transparent. If this could be be achieved then it provides a
very rewarding approach and opens up a huge range of possibilities for investigating the relation between
the presence of impurities and the (micro)mechanical properties of glasses, polycrystals, and many other

impurity doped colloidal systems.

1.4 Scope of the thesis

The central aim of this thesis is to develop a colloidal model system that enables simultaneous 3D
confocal imaging and optical tweezing of impurity probe particles embedded in dense colloidal materials.
Subsequently the application of this colloidal model system is explored, along with the development and
optical tweezing properties of optically anisotropic dumbbell particles.

We begin in Chapter 3 by introducing the key concepts and experimental techniques that underly

the experiments presented in this thesis. Particular focus has been given to confocal microscopy and
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optical tweezing, and the relevant colloidal physics, including colloidal synthesis, particle interactions
and dynamics. The experimental techniques used for the characterisation of the colloidal particle have
also been introduced, along with image processing and particle tracking.

Chapter 3 describes the development of the colloidal host system for the purpose of 3D confocal
imaging, using particles made from 3-trimethoxysilylpropylmethacrylate (TPM). Factors influencing the
synthesis of the TPM particles are investigated, and the particles are characterised using a combination of
optical microscopy, static light scattering (SLS), and scanning electron microscopy (SEM). The process
required for creating a refractive index and density matching TPM colloidal system is detailed, and its
imaging capability is demonstrated by the observation of the sedimentation-diffusion equilibrium profile
in 3D.

Next, the development of core-shell particles with TPM shells and tuneable core material and shell
thickness is reported in chapter 4. The core-shell probe particles are synthesised in a two-step coating
of the core particles using TPM via an intermediate raspberry particle stage [37], and we demonstrate
the independent control of the core size and the shell thickness. In addition, the adjustable optical
properties of the core particle is shown using different core materials and they are characterised using
digital holographic microscopy (DHM) and optical tweezing. The suitability of the core-shell particles
as probe particles when embedded in a refractive index matching dispersion of TPM host spheres is
demonstrated by dragging a single core-shell particle in several trajectories through a dense crystalline
sample, whilst the surrounding 3D system is imaged by confocal microscopy.

Chapter 5 make use of the TPM-based binary colloidal system that has been developed in chapters 3
and 4 to measure the total interaction potential (of mean force) between a pair of large core-shell particles
embedded in a dense fluid phase of small TPM spheres. This is contrasted with the direct pair potential
measured for a pair of core-shell particles immersed in a TPM refractive index matching medium. Both
potentials were obtained by measuring the displacement of the core-shell particles from the expected trap
separation distance and the trapping strengths. The form of the depletion potential between the particle
pair is also obtained using the direct pair potential and the potential of mean force. Lastly, the independent
yet simultaneous trapping and imaging of the binary system in 3D allows for direct visualisation of the
host particle structure around the core-shell particles. These are used to explain and interpret the form of
the depletion potential of probe particles embedded in a dense fluid phase of host particles.

Lastly, in Chapter 6, the formation of multi-lobed raspberry particles and single-lobed dumbbell
particles are examined. By considering the total surface energies of these systems, we compare the
numerical calculations with experimental outcomes, and attempt to rationalise the formation of these

particle morphologies. Based on these results, optically anisotropic dumbbell particle were developed.
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These are then dispersed in a solvent with intermediate refractive index to the two sides of the dumbbell
particle and are subjected to optical tweezing experiments. As well as displaying unusual trapping
behaviour of the dumbbell particle, preliminary results from a time-delay feedback experiment using
two optical traps show unusual rotational particle dynamics, which may provide insight on the mutual

information between the particle trajectory and the trap’s position.



Chapter 2

Background and experimental methods

ABSTRACT

This chapter introduces some of the key concepts underlying colloid science and the experiments presented
in this thesis. In particular, colloidal synthesis, particle interactions and dynamics are discussed. The
principles of experimental techniques such as confocal microscopy and optical tweezing are also described
here, along with the other techniques used for the characterisation of colloidal particles, including static
light scattering, digital holographic microscopy and scanning electron microscopy. Finally, image analysis

such as particle detection and tracking are also introduced.
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2.1 Colloids

Colloids, or colloidal dispersions, is a biphasic system which consists of a finely dispersed phase, the
colloidal particles, in a continuous dispersion medium, the solvent. Colloidal particles have a typical size
range between ~ 10nm and several microns. Colloidal systems are widely found in nature, such as in
opals, clays and fog, as well as in many industrial products, e.g. paint, toothpaste and ice-cream. In this

thesis, we focus on the solid-like colloidal particle that are dispersed in a continuous liquid medium.

2.2 Synthesis of colloidal particles

Fundamentally, particles in the colloidal domain can be prepared using two approaches: dispersion and
condensation [29,75]. Dispersion is a top-down method, where macroscopic materials are broken down
into smaller components, e.g. by comminution, emulsification or suspension-polymerisation [76]. In
contrast, condensation is a bottom-up method, where molecular species nucleate and form a new phase
by exceeding the solubility limit. Two of the most commonly used strategies of synthesising colloidal

particles via condensation are: emulsion polymerisation and dispersion polymerisation.

Both emulsion and dispersion polymerisation grow polymers from monomers that are weakly
soluble in a continuous medium, which contains the dissolved initiator [76]. As the polymer grows,
its solubility decreases, until a critical molecular mass is reached, triggering spontaneous nucleation
(precipitation). The nuclei grow by accumulating polymers from the continuous phase, or by reacting
directly with the remaining monomers using the free radicals on their surface. Emulsion polymerisation
is typically carried out in aqueous mediums and the particles formed are usually stabilised by electrostatic
interactions (See Section 2.3.1). In contrast, dispersion polymerisation is typically conducted in non-

aqueous mediums, and steric stabilisers are usually required to prevent particle coagulation.

The size-distribution of a batch of particles depends on the length of time that nucleation occurs in a
given reaction. This time-window is controlled by the duration that the concentration of the precipitating
species stays above the critical supersaturation limit [77]. At the start of a reaction, the insoluble polymer
species rapidly increases in concentration until the critical saturation level is reached (Fig. 2.1). At this
point, nucleation occurs spontaneously whilst the polymer concentration continues to increase, which
in turn rapidly increases the rate of nucleation. This continues until both rates are balanced, near the

maximum limit of supersaturation. After this, the polymer concentration starts to fall, eventually taking
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it below the critical supersaturation level as shown in Fig. 2.1. This causes the nucleation to cease. The
concentration of the polymer continues to fall in order to feed the growth of the nuclei formed. This
continues until the concentration of the polymer approaches its solubility point in the medium, as indicated
by the saturation line in Fig. 2.1, where further particle growth ceases. The nuclei formed can be grown
in size indefinitely, providing that the subsequent addition of reactants maintains the concentration of the
polymer below the nucleation threshold and above the critical solubility point. As such, the number of
particles synthesised in a reaction is determined by the initial nucleation stage, and the final size of the
particles is determined by the availability of the polymer above the saturation concentration. Therefore
the smaller the time-window for the nucleation event, the more uniform the particles will be in size
(Fig. 2.1). Typically monodisperse colloids are classified as having a polydispersity (standard deviation

divided by mean size) of between 2% and 6% [78].

Nucleation period

supersaturation

/ Slower growth

___________________ saturation

concentration

time

Figure 2.1: LaMer diagram for two different courses of nucleation and growth [79]. Shorter nucleation periods
lead to more monodisperse particles.

2.3 Properties of colloidal particles

2.3.1 Particle interactions

Colloidal particles interact in different ways, depending on the exact system. Solvation and steric forces
may also contribute towards the interaction between colloids. The most common description of colloidal

interactions is the Derjaguin-Laudau-Verwey-Overbeek (DLVO) theory, which describes the pair potential
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of two interacting particles Wpry o as a function their separation distance r:

Wprvo(r) = Woaw (r) + Wei(r). (2.1

The interplay between the van der Waals attraction, W, 4w, and the electrostatic repulsion, W,;, determines

the total interaction of particles in a colloidal dispersion.

Van der Waals potential

The van der Waals interaction originates from the non-permanent, fluctuating and instantaneously induced
dipoles between two neighbouring atoms or molecules. It has the form of w(r) o« —1/r® and is short
ranged. To estimate the van der Waals interaction between two large particles, Hamaker (1937) assumed
pairwise additivity of all the dispersion forces between the molecules in the particles, and neglected
retardation [80]. For two identical spheres of radius R separated by a surface to surface distance r, where

r << R, the van der Waals potential is:

AR

Wyaw (r) = _E’

(2.2)

where A is the Hamaker constant [81]. Note that the summation of molecular pair potentials resulted in
a dependence on the particle size, and caused the interaction to decay more slowly as a function of the
separation distance (c.f. 1 /r%). Also, for two identical bodies dispersed in a medium, the van der Waals

force is always attractive due to a positive Hamaker constant A.

To account for the non-validity of the additivity assumption in condensed media, Liftshitz (1956)
used quantum field theory to treat the large bodies as continuous media [81]. The van der Waals
expressions that were derived previously remain valid, however the Hamaker constant is now calculated
in terms of the bulk properties of the materials (i.e. dielectric constants and refractive indices). For

instance, for two identical phases 1 interacting across a medium 2, the Hamaker constant [81] is:

2 252
3 (6] — € )2 4 3hv, ("1 - n2) (2.3)

A=—-kgT .
4B €1 + € 16V2 (n%+n%)3/2

In non-polar systems, the role of the dielectric term is only of the order of 1% [82], reducing Eq. 2.3 to:

_ 3hve (n% - ”3)2
~ 2 2 :
162 (2 + n2)3/2

2.4)
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This means that if index-matching is achieved across phase 1 and medium 2, then the van der Waals

interaction between two bodies of phase 1 can be minimised.

Eletrostatic potential

The surfaces of particles are often charged, especially in high dielectric mediums, by rapid dissociation of
surface groups or adsorption of ions. The electrostatic repulsion acts against the van der Waals attraction
and can prevent particles from aggregating. For two point charges (gq; and ¢,) separated by a distance
r in a medium of dielectric constant €,, the Coulomb potential is w(r) = (q1¢2)/(4meger). From this
we would expect a long range interaction decaying as a function of 1/r. However the electrostatic forces
between particles are screened by counter-ions present in the medium. Some are bound closely to the
particle surface in a Stern layer, whilst others are bound loosely in the diffuse electric double layer. The
typical length scale for the decay of the surface charge is characterised by the Debye length, «~! [29, 81].

For two spherical particles of size o, separated by a distance r, the screened electrostatic potential is [83]:

+00, forr < o.
We(r) = exp(ko)  exp(—kr) 2.5)

Z%kgT A
BECB (1 + ko /2)? r

, otherwise.

Here, Z is the number of charges at the particle surface, and Ap is the Bjerrum length, which is the
distance when electrostatic interactions between two charges is of the order kg7T. Note that Eqn. 2.5 has
the form of a Yukawa potential, with W oc e™™" /r for separation larger than the particle diameter, and

infinite repulsion at contact, reflecting the hard-sphere nature at contact.

As the ionic strength of the solution increases, the electrostatic interaction is better screened and the
Debye length falls. Without the presence of the electric double-layer, the repulsive interaction between
two charged particles act over much larger distances, as is sometimes seen in low dielectric mediums [84].
However in a high dielectric and highly ionic media, the diffuse double layer screens the particle surface
effectively, making the particles appear ‘neutral’ over long distances. Yet as soon as the particles are

brought close enough for their charged double-layers to interact, repulsive forces will be experienced.
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2.3.2 Brownian motion

Brownian motion of colloidal particles was first observed in 1827 by the Scottish botanist Robert Brown
whilst studying plant pollens [28]. It provided early evidence for the molecular kinetic theory, which
predicted that the random movements of particles were caused by the collisions of molecules in the
surrounding medium, due to thermal agitation. The theory of Brownian motion was formalised by

Einstein in 1905 [85], and was subsequently confirmed by the experimental works of Perrin in 1908 [86].

Brownian motion is a stochastic process, therefore the mean of the total displacement is always equal
to zero. However the mean of the square of the displacement depends on the number of steps taken by the
particle, and is therefore proportional to time, ¢. For a very dilute suspension of colloids, the Brownian

motion of a single particle in n dimensions can be characterised by its mean-squared-displacement (MSD):

(r*(t)) = 2nDyt, (2.6)

where Dy is the translational diffusion coefficient at infinite dilution, and # is the dimensionality. Einstein

has shown that the diffusion coefficient is given by the ratio of thermal energy and the friction coefficient

¢ [85]:

kpT
Dy = % 2.7)

For a spherical particle, & = 67 R, with n being the viscosity of the dispersion medium. Combining this
with Eqn. 2.7, we get an expression for the diffusion coefficient, which is inversely proportional to the

size of the particle and the viscosity of the solvent. This is known as the Stokes-Einstein equation [85]:

kg
"~ 6mR’

0 (2.8)

A useful way of quantifying the extent of Brownian motion by a particle is by defining the characteristic
time scales. For translational diffusion in 3D, the Brownian time, 75, represents the typical time needed
for a particle to explore across its own diameter, o,

0_2 n R3

- . 2.
B 6Dy kT (2.9)

As well as translational diffusion, particles also undergo rotational diffusion. Analogous to trans-
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lational diffusion (Eqn. 2.6), the rotational diffusion is characterised by the angular MSD:
(6°(1)) = 2nDo,t, (2.10)

with Dy, the rotational diffusion coefficient, and n the number of axes involved for the rotation. Eqn.
2.7 can also be applied to find the rotational diffusion coefficient, however, the rotational Stokes friction

factor has to be used instead. For a sphere, &, = 87177R3, and so the rotational diffusion coefficient is:

kpT

= —. 2.11
8nR3 @10

0,r

Similarly for the rotational diffusion, the rotational relaxation time 7g refers to the typical time required
for a particle to significantly change from its initial orientation. It has the same particle radius dependence
as its translational counterpart shown in Eqn. 2.9. For rotations in 3D, the rotational relaxation time of a

freely diffusing particle is [87]:

1 nR3
(x —

= . 2.12
2D, kgT 2.12)

TR

Thus for a freely diffusing particle in water at room temperature with a radius R = 1um, 7 would be

~ 0.8s, and Tz would be ~ 3s.

The thermal energy of a particle also competes with its gravitational energy so that a sedimentation
diffusion equilibrium will form. The decay of the resulting particle density profile is characterised by the

gravitational height, zo, as:

kT
Apvpg’

20 (2.13)

where Ap is the density difference between the particle and the solvent, v, is the volume of the particle,
and g is the acceleration due to gravity. If zq is large, then the thermal energy of the colloidal particles
keeps them in suspension. Otherwise, if zg is small, the particles would sediment towards the bottom of

the sample chamber and its diffusion against gravity is limited.

Phase behaviour

Analogous to atomic and molecular systems, colloids also exhibit phase behaviour. As they undergo

Brownian motion, they scan the phase space in a similar way to atoms and molecules, thus rendering
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them thermodynamically equivalent to atoms and molecules. The interactions are typically given by a

Yukawa potential, as seen in Eqn. 2.5.

In the case where the Debye length «~! is much smaller than the particle diameter o, the potential can
be approximated by that of a hard-sphere system: the particles have zero interactions everywhere unless at
the point of contact, where the potential becomes infinitely repulsive. This makes the hard-sphere phase
transition athermal and entropy driven, and the sole control parameter is the number density n. Typically
in colloidal systems, the particle number density is represented using the volume fraction ¢, which is
related to the number density by ¢ = nv,, with v, being the volume of a particle. In terms of phase
behaviour, the volume fraction can be considered as the inverse of temperature. Past simulations [88]
have shown that the freezing and melting transitions of 3D hard sphere system occur at ¢ = 0.494 and
0.545, respectively (Fig.2.2). Between 0.494 < ¢ < 0.545, both fluid and crystalline phases coexist, and
providing that the system is at equilibrium, the crystal phase will persist from ¢ = 0.545 until the maximal
close packing of spheres at ¢ = 0.740. In 1986, Pusey and van Megen successfully demonstrated the
¢-dependent phase behaviour in polymethylmethacrylate (PMMA) colloids [30], though a scaling factor

was required to map the observed phase-transition points to those of an effective hard-sphere system.

In reality, however, all colloidal systems have varying degrees of softness depending on the particular
form of the inter-particle potential [89]. A soft interaction increases the effective diameter of the
particles and hence lowers the ¢ at which the freezing transition actually occur. Depending on the extent
of the charge repulsion, the fluid phase may crystallise into body-centred-cubic crystals at large k!
instead of the usual faced-centred-cubic crystals for small «=! [90]. Finally, as well as the contribution

from the soft interactions, particle polydispersity and non-sphericity can also alters the phase diagrams

significantly [91,92].

Fluid F+C Crystal

v
A
v
A
v

0.49 0.54 0.74

Figure 2.2: Phase diagram for a 3D hard-sphere system.
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2.4 Experimental methods

In this thesis, we develop colloidal model systems for the use in microscopy (CLSM and brightfield) and
optical tweezing experiments. We will first introduce the techniques used to characterise the colloidal
particles (static light scattering, scanning electron microscopy, digital holographic microscopy), and then
the main experimental techniques of confocal laser scanning microscopy and optical tweezing. Lastly,

the method for image analysis and particle tracking are demonstrated.

2.4.1 Particle characterisation

Light scattering

Laser light scattering is one of the most widely used methods of collecting structural and dynamic data
from colloidal suspensions [61,93-95]. It collects ensemble data and gives average information regarding
the sample. There are two main types of light scattering experiments: static light scattering (SLS) and
dynamic light scattering (DLS). SLS measures the intensity of the scattered light as a function of the

scattering vector
k =4nn/Asin(6/2), (2.14)

where 6 is the scattering angle, A the wavelength of the incident light, and » the positive integer spacings.
SLS is particularly useful for elucidating the overall size and polydispersity of single particles. In
comparison, DLS measures the fluctuation in the scattered light that is caused by Brownian motion of
the particles, and provide information about the typical diffusion time as well as the average particle size.
However it is worth noting that for larger and heavier particles with sedimentation rates similar or greater
than their average Brownian time, the results from DLS becomes less reliable. Instead, information
regarding their size and polydispersity can be deduced using SLS. A dilute sample is required so that the

minima in the scattering pattern (Fig. 2.3) is not obscured by multiple scattering in the sample.

For a typical SLS experiment, a sample is dispersed in deionised water and diluted until minimal
scattering is visible to the eye. ~2ml of this is added to a clean borosilicate glass tube (Fisherbrand
10x75mm), which is capped and inserted into the sample holder of the ALV/CGS-3 Compact Goniometer
System. A SLS experiment is usually conducted for angles between 20 — 120° at 1° or 2° intervals using

a 632.8nm laser light source. Given that the particles in this thesis are mostly in the Mie scattering
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Figure 2.3: A calculated example of the scattering pattern observed for a dilute sample of monodisperse spheres,
showing the decay of the form factor P(K) as a function of the scattering vector K, which depends on the angle of
observation [93].

regime (r ~ Asrs), results from Mie-theory calculations are used to fit the experimental data by eye to
find the average particle radius and polydispersity. The data from Mie calculations are provided using the
Miescatd.exe software by Dr. A. Imhof (Utrecht University), which also gives results for the core-shell

particle scattering.

Scanning electron microscopy

Scanning electron microscopy (SEM) is typically used to observe objects in the colloidal size range. It
uses a focused beam of high energy electrons to detect the surface topography of a sample. The beam is
directed using magnetic lenses and the surface of the specimen is scanned systematically to generate a
final image on the computer. The strength of the signal detected at each point reflects any topological or
compositional differences that may exist in the sample. The use of the electron beam requires the SEM to
operate under vacuum, therefore samples have to be thoroughly dried before imaging. Also, depending
on the size of the particles and the surface conductivity, sputter-coating may be required to avoid over-
charging of the surfaces and improve resolution. Two of the most common types of signal detection in
SEM are: Backscattered electron (BSE) and Secondary electron (SE). BSE are the deflected primary
electrons by the sample and are very high in energy, ideal for differentiating material compositions. SE
is more suitable for studying the topography and surface of the samples, as they are formed by inelastic

scattering and are much lower in energy.

All of the SEM images in this thesis are taken using a JSM-6010LV scanning electron microscope

under high vacuum. The samples are prepared by placing a dilute droplet (~ 50u/) onto a silicon chip of
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5x5mm and is left to dry thoroughly before mounted on the sample holder. All images are taken using the
InTouchScope software in SE imaging mode. When required, Quorum SC7620 Sputter Coater was used

to deposite a thin layer of palladium coating of a few nanometers thick onto the sample prior to imaging.

Digital Holographic Microscopy

Digital holographic microscopy (DHM) was first used by Lee et al. [96] to track and characterise individual
colloidal particles in 3D. This technique was further advanced by Fung et al. to elucidate information for
more complex particle geometries [97]. Fundamentally, in-line holographic microscopy requires shining
a collimated beam of laser light onto the point-like particle, so that the scattered light from the particle
can interfere with the unscattered laser beam to give an interference pattern. This is then magnified by
the microscope objective and is recorded by the camera as a digital hologram (Fig. 2.4). The hololgrams
are fitted computationally using the full Lorenz-Mie theory (HoloPy [97], and the radius, refractive index

and the 3D position of the particle can be obtained [96].

l,

Figure 2.4: Schematic diagram showing the principles of digital holographic microscopy. Iy refers to the incident
light, which is collimated and is represented here as propagating planes.

The optics setup used here for DHM is a modified version of the setup shown in Fig. 2.8, where the
confocal scanhead was replaced with the CMOS camera, and the Kohler illumination was swapped for a
coherent laser beam (1 =405nm). Typically a very dilute suspension of the colloids is prepared inside a

borosilicate capillary tube and sealed with UV glue at both ends onto a glass slide. A single particle is
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then trapped in a strong optical tweezing potential to minimise its Brownian displacement from the trap
center. In order to reduce the background noise in the final hologram, a video of the hologram is taken
(250fps) of a particle dragged along the x-direction at 1 um/s, which is then normalised by the median of
all the frames. Next, the mean of all frames, with each frame centred on the center of the particle, is used

for subsequent analysis using HoloPy software [97].

2.4.2 Optical microscopy

Optical microscopy provides real-time and real-space imaging of systems in the colloidal size-range,
although the spatial resolution is limited by the Abbe diffraction limit. The minimal distance d between

two resolvable objects is given by:

A A

d = = ,
2NA  2nysin(0)

(2.15)

where A is the wavelength of light, NA the numerical aperture of the objective, ns the refractive index
of the medium between the object and the lens, and 6 is the half angle of the cone of light entering the

objective. Typically d is on the order of ~ 250nm for a conventional brightfield microscope.

The basic setup of a microscope has changed little since its earliest creation in the 1600s [98]. The
modern brightfield microscope normally consists of a light source, condenser lens, sample, objective,
and observation. Modern brightfield setups make use of Kohler illumination so that the image of the light
source is defocused in the sample plane and its conjugate plane, and that the sample is evenly illuminated
and would give a high image contrast. One disadvantage of brightfield microscopy is that it is limited
to thin or dilute samples only (e.g. in 2D), as light scattered from out of focus objects interferes with
the scattered light from the objects in the imaging plane, hence decreasing the image quality. However
brightfield remains an extremely useful tool for real-time observation of colloids, particular when used in
combination with digital holographic microscopy (DHM) and optical tweezing (see Sections 2.4.1, 2.4.3,
and 4.2.4).

In this thesis, all of the brightfield images were taken using a Olympus 1X73 inverted microscope
with Olympus 60x oil-immersion objective (NA = 1.42). Typically an aqueous sample slide is prepared
by sandwiching a 100ul drop between two glass cover slips, and the image is recorded using Ximea

Viewer V3.17.16 software.
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Confocal microscopy

Confocal Laser Scanning Microscopy (CLSM) is another type of optical microscopy, as it typically uses
laser light sources with wavelengths in the visible light region. It combines the technique of confocal
microscopy and point-by-point fluoresce illumination of the sample. Confocal microscopy uses two
pinholes, one at the light source and one at the receiving source, to suppress the out-of-focus light in
dense samples and thus improving the signal-to-noise ratio of the images. The out-of-focus light can
also be greatly suppressed by refractive index matching of the particles with the solvent, thereby allowing
3D imaging. However in order to resolve the particles, fluorescent labelling of the sample is necessary.
The scattered light from out of focus planes is further suppressed by illuminating the sample sequentially
(point-by-point) with the excitation wavelength, so that only the florescent signals from the illuminated

point is collected.
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Figure 2.5: Schematic of a typical laser scanning confocal microscope.

A schematic diagram of a typical confocal laser scanning microscope is shown in Fig. 2.5. The
first pinhole is placed immediately after the excitation laser source, and the other is placed before the
Photo-Multiplier Tube (PMT) detector. The excitation light travels in from the laser source, an is narrowed
by the first pinhole before passing through the dichroic mirror. The collimated light is then directed onto
the specified part of the sample by the coupled effects of the scanning mirrors. The excited fluorophores
in that sample region emits light which is picked up and descanned by the same mirrors until it reaches
the dichroic mirror. Providing that the A¢pission has little overlap with the Aexcirarion, the emitted light is
reflected by the dichroic mirror. Finally it reaches the Photo-Multiplier-Tube (PMT) after passing through

the second pinhole. Here the photon counts will be processed for that particular sample space, which will
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Figure 2.6: Schematic of the glass sample cell designed for confocal microscopy and optical tweezing. All glass
components are sealed by Norland 68 UV adhesive, as indicated by the grey shading. Colloidal samples are
added/removed via the screw-cap on the half-bottle.

be used for computer reconstruction of the entire image. If required, multiple PMT can also be attached

to the setup for multi-channel detection.

Typically the resolution for a confocal microscopy is ~ 200nm in (x, y), and ~ 500nm in z due to
the point spread function [61]. The speed of obtaining a 3D z-stack depends on the exact setup of the
microscope. In this thesis most of the confocal images were taken using a custom Thorlabs confocal setup
using a multi-channel fibre coupled laser source that offers excitation wavelengths at 488nm and 561nm.
The confocal scans in the x-direction is controlled by a resonance mirror, operating at around 8kHz.
The scan in the y-direction is controlled by a galvanometer mirror, which operates at a lower frequency.
By using the 2-way scanning mode in x, the time required for a square 2D image can be halved. In
order to obtain a 3D confocal image, the 60x oil imaging objective is mounted onto a piezo-stage, which
allows for rapidly scanning through z at specified intervals. Typically it takes 3s to image a z-stack of
20 x 20 x 20um>. This provides a set of 2D confocal images which can then be reconstructed for a full

3D volume image of the sample.

Multiple light scattering from the fluorescent samples can be greatly suppressed by refractive index
matching the colloids with the dispersion medium. This will be discussed in detail in Chapter 3. Typically
the refractive index matching samples contain non-polar and volatile solvents, therefore special sample
cells (Fig. 2.6) were made to counter-act the corrosive effects of the solvents on the glue, as well as
minimising any drift of the colloids during image acquisition. All glass parts of the cell have been sealed
using Norland 68 UV adhesive and cured for 1 hour under UV light. They are then heated to 60°C

overnight and left to cool before any sample solution is added.
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2.4.3 Optical Tweezing

In 1970, Ashkin first demonstrated the manipulation of a micron-sized dielectric particle using a focused
laser beam [99]. A year later, he and Dziedzic showed how the particle can be levitated by balancing the
radiation pressure from the laser and gravitational forces of the colloid [100]. The development of the
single-beam gradient optical trap has significantly improved trapping stability in 3D [101], and has since

become the established method for optical tweezing in a number of different fields [54].

The single-beam gradient optical trap consists of a single strongly focused beam of laser light that
provides large axial stability. The physics behind how a trapped particle interacts with the tweezing beam
can be classified into three regimes, depending on the size ratio of the particle compared to the the laser
wavelength: Rayleigh (for o << 1), Mie (for o = A), and ray-optics (for o >> A). While the Mie
explanation is more applicable in this thesis, as 07/ 1 ~ 3, we illustrate the principles of optical tweezing
in terms of ray-optics, as the physics behind Mie theory is rather complex [102]. For both ray-optics
regimes, the principle of optical tweezing can be explained insightfully in terms of gradient and scattering

forces [101,103]. A summary of this is given below.

When light travels from a low index material to a high index material, its speed is slowed down
at the interfacial boundary and its path deviates towards the normal (Fig. 2.7). This refraction of light
is also accompanied by a transfer of momentum to the high index material, which then experiences a
restoring force. In the case of a colloidal particle, its stability inside an optical tweezer is balanced by
all the forces acting on it, which includes the scattering force, the gradient force, and sometimes the
gravitational force, which is negligible here. The scattering force comes from the radiation pressure of
the incident laser, which acts along the axis of beam propagation and is proportional to the beam intensity.
The gradient force arises from the refractions of light at the edges of the particle (Fig. 2.7), which transfer
momentum to the particle. This acts to restore the particle towards the highest intensity gradient, i.e.
the focal point, and is proportional to the gradient of beam intensity. Providing that the gradient forces
are greater than the scattering force, the particle can be successfully trapped in 3D. The strength of the
trap can be considered as a potential of the gradient force. Particles with a high effective index (i.e.
np/ngsery > 1) are attracted to the center of the beam as described above. They act as a weakly positive
lens, and the resultant gradient forces form a potential well. However for particles with a low effective
index (i.e. np,/nso1, < 1), the gradient potential reverses sign and repels the particle away from the centre
of the trap (Chapter 6). For particles with a matching refractive index (i.e. n,/nso1, = 1), both scattering

and gradient forces equal to zero, as there is no refraction of light at the particle-solvent interface, and so
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Figure 2.7: Schematic diagrams illustrating: the refraction of light when travelling from a low refractive index
material to a high refractive index material, and the gradient forces involved when trapping a particle with a higher
ny than that of the solvent medium.

the presence of the laser has no effect on the particle (Chapter 3).

A schematic of the special optical tweezing setup used in this thesis is shown in Fig. 2.8, and the
details are provided by Curran et al. [71]. Itis a decoupled confocal and optical tweezing setup that allows
simultaneous 3D particle manipulation and imaging. The tweezing component uses a holographic optical
trap, which allows complex trapping patterns to be created using a spatial-light-modulator (SLM) [54].
For instance, to create multiple traps inside the sample, the laser beam is first reflected off the computer-
generated hologram displayed on the SLM, to create multiple diffracted beams. These are then carried
forward and are Fourier-transformed by the sample objective into separate individual traps inside the
sample. The 3D positions of the traps are fine tuned by adjusting the phase map displayed on the SLM.
Note that SLM is superior for optical tweezing experiments in 3D to other beam-steering techniques such
as the acousto-optic deflectors (AODs), as SLM allows control in the (x,y,z) positions of each individual

trap. In comparison, AODs permits fast steering of multiple traps, but its control is limited to (X,y).
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Figure 2.8: Schematic of the decoupled and simultaneous 3D imaging and optical trapping setup as detailed
in [71]. The flip mirror in front of the confocal scan head and the CMOS camera is used to switch between the
confocal mode and brightfield mode, which is used in Digital Holographic Microscopy.

2.4.4 Particle detection and Image analysis
Particle tracking in 3D

All of the particle positions and subsequent tracking for the 3D confocal data is done using the algorithms
developed by Crocker and Grier [104], with the IDL routines written by Crocker and Weeks. Prior to the
particle detection, a confocal time series is corrected for its intensity decay over time using the Histogram
Matching method using ImagelJ, where the histograms of all subsequent frames are matched to that of the
initial frame. Within the particle tracking, first the imperfections and noise in the image are eliminated
using a bandpass filter that smooths the image and subtracts the background (Fig. 2.9). Next, a Gaussian
fit is run on the z-stacks to find the 3D coordinates of each bright spot, as well as their brightness and
radius of gyration. The circular features are detected within a specified range in X, y, z, (Fig. 2.9) and
uses the center-of-mass (COM) method to determine the particle center to sub-pixel accuracy [104]. The

brightness and size of each found feature from the detection can be used eliminate false detections. Finally,
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Figure 2.9: Typical example of particle tracking of fluorescent TPM particles in 3D. The original images in (x,y)
and (x,z) are shown on the left. The output of the bandpass filter is shown in the middle. Lastly, the output of 3D
particle feature-finder is shown on the right, where white circles are plotted over the detected particle centres. Note
the size of the circles plotted corresponds to the perpendicular distance of the particle centre away from the image
plane (smaller circle = far away particle).

the particle coordinates and stack IDs are passed along to the tracking algorithm, where the trajectories
of individual particles are linked together and assigned an ID. The tracking trajectories are determined by
considering the neighbouring positions in consecutive frames that are within the maximum pre-assigned
distance. Providing that the pre-assigned distance is much smaller than the minimum inter-particle

separation of o, the tracking can be relied upon.
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Chapter 3

Colloidal TPM particles for

three-dimensional confocal microscopy

ABSTRACT

In this chapter, we describe the synthesis and characterisation of 3-(trimethoxysilyl)propyl methacrylate
(TPM) particles as a colloidal model system for 3D confocal scanning laser microscopy. The effect of the
initial TPM concentration and pH of the reaction mixture on the growth and polydispersity of the particles
are discussed, along with the method we used to achieve refractive index and density matching of the
TPM particles. Finally a 3D confocal microscopy study is performed to characterise the sedimentation-
diffusion equilibrium of the refractive index and density matched TPM sample, and the structure and the

dynamics of the particles are examined.

25
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3.1 Introduction

Colloidal particle suspensions have been used as accurate physical models to study complex phase be-
haviour since Jean Perrin’s experiment in the early 1900s [105]. Given their easily accesssible lengthscale
and timescale, they have provided fundamental insight into a wide of phase transitions [30, 106, 107].
With the development of powerful 3D imaging techniques, such as confocal microscopy [61], we have
unprecedented access to the local processes involved in condensed matter phenomena such as crys-
tallization, glass formation, and gels [108—110]. By matching the colloidal particle’s refractive index
and density using solvent mixtures, real-space and time-resolved studies of the complex structural and

dynamic properties of the colloidal model material can be performed, at the single particle level [111].

Currently, the most widely used colloids model systems include silica spheres [111], polymethyl-
methacrylate (PMMA) spheres [30, 108], and poly(N-isopropyl acrylamide)(PNIPAM) spheres [89]. For
studying the phase behaviour of near hard-spheres, PNIPAM is unsuitable due to its inherent ‘softness’ in
6—solvents. As such, the most commonly used hard-spheres systems for confocal studies are fluorescent
PMMA particles [61] and silica particles [111]. PMMA is a good model system, however it can be
difficult to make because of the complicated synthesis of the PHSA stabiliser required [89, 112]. As for
silica in 3D, density matching can be difficult to achieve due to its high mass density (see Table 3.1),
so the effect of gravity is significant. Preliminary results have shown that microparticles made from
3-(trimethoxysilyl)propyl methacrylate (TPM) [113, 114] have similar mid-range refractive index and

density to that of PMMA, unlike other conventional colloidal materials (Table 3.2).

Table 3.1: Physical properties of common colloidal particles.

Particle type  p/gem™ ng Solvent stability
Silica ? 1.85 1.42 all
PMMA 2 1.19 1.48 H,0O, DMSO, aliphatic hydrocarbons
PS? 1.05 1.59 H»O0, low alcohols
MF 2 1.51 1.68 all
TPM ° 1.30 1.517 all

4Data taken from MicroParticles GmbH website. http://microparticles.de/en/
eigenschaften
b Determined experimentally in the lab. See section 3.4 for details.

Structurally, TPM consists of an inorganic alkoxysilyl head group and a long organic methacrylate
tail (Figure 3.1). This allows it to bond covalently to both inorganic and organic materials, making it a
very effective ‘bridging’ material, and is therefore widely used as a coating reagent in polymer and surface

chemistry [115-118]. As a fully cross-linked colloidal particle, TPM has a high structural stability in both
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polar and non-polar solvents due to its combined silicon chemistry and carbon chemistry (see Section
3.2.1). Therefore it is a suitable alternative to PMMA for creating a refractive index and density matched

colloidal system, that can be used for 3D confocal microscopy studies.

Figure 3.1: 3-(trimethoxysilyl)propyl methacrylate (TPM).

This chapter details the synthesis of TPM spherical particles for the purpose of creating a colloidal
model system for 3D confocal microscopy. Factors, such as the TPM reagent concentration and reaction
pH, that affect the growth and final outcome of the particles are investigated, and TPM particles are
characterised using confocal microscopy, static light scattering (SLS) and scanning electron microscopy
(SEM). Next we describe the procedure for finding the refractive index of the TPM particles and the
solvent transfer process required to introduce these particles into low dielectric solvent media. Lastly, we
observe the 3D sedimentation equilibrium profile of the TPM particles in the refractive index matching

medium using confocal microscopy, and the structure and dynamics of the particles are examined.

3.2 Background

3.2.1 TPM Synthesis pathway

The method for TPM particle synthesis (Figure 3.2) is adapted and modified from the polymerisation
techniques described by Obey et al. [119] and Sacanna et al. [120]. Although it is possible to hydrolyse
TPM in deionised water to hydrolysed TPM monomers (hTPM) as shown on the LHS of Fig. 3.2, this is
however a very slow process. Therefore NH3 is used to catalyse this reaction, which rapidly condenses,
via the same organosilanol monomers stage, into large branched oligomers (RHS of Fig. 3.2). These
oligomers then precipitate out of the aqueous dispersion medium and nucleate into monodisperse oil
droplets, which are stabilised against coalescence due to their negative surface charge. These droplets
can be grown larger by further addition of the hTPM monomers (LHS of Fig. 3.2), and hence a precise
control over the size of the final particle is possible. Once the desired size of oil droplet has been reached,

a-azo-iso-butyronitrile (AIBN) is added to start the thermally induced radical polymerisation of the
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alkene groups in the R-branch of the TPM molecules (shown in the box of Fig. 3.2). Furthermore, the
particles can be fluorescently labelled using rhodamine B isothiocyanate-3 aminopropyl trimethoxysilane
(RITC-APS) dye [121] at the droplet stage, with the APS component covalently coupling to both the
TPM and the RITC dye. Pluronic® F108 surfactant is also added to prevent polydispersity from arising

during the dyeing and the radical polymerisation steps [122].
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Figure 3.2: Schematic reaction pathway for TPM particle synthesis.

3.2.2 Three-dimensional confocal scanning microscopy

In order to obtain a dense 3D colloidal system where each particle can be clearly resolved using confocal
microscopy regardless of imaging depth, it is essential to minimise multiple light scattering within the
sample. This can be achieved by matching the refractive index of the dispersion medium to that of the
TPM particles, as this will eliminate refraction of light at the particle-solvent interfaces. Note that the
van der Waals forces between particles will also minimised by refractive index matching in non-polar

solvents (Chapter 2).

The control of particle density matching with the solvent is also very important for the preparation
of 3D colloidal systems. Since colloidal particles exhibit phase behaviours as a function of the particle
number density (analogous to the effect of temperature in atomic and molecular systems), controlling the
degree of density mismatch allows control of the height of the full sedimentation-diffusion equilibrium
profile. As such, the volume fraction ¢ in the system is simply a function of the height, z, and the full

phase behaviour of the system can be observed within the same sample. Analogous to the barometric
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distribution in the Earth’s atmosphere, the particle distribution in a non-interacting colloidal suspension,
or an interacting system with ¢ — 0, can be described using the Boltzmann distribution as a function of

height:

b4
6(2) = g0 exp (- = ). (3.1)
<0
Here ¢y is the initial packing fraction at 4 = 0, and z is the gravitational length. Physically, zo follows

from a balance of the thermal energy, 1kgT, and its gravitational potential energy:

kpT kT
0= "=
m'g  Apvpg

3.2)

Here T is temperature, m* the particle’s buoyant mass, Ap the density difference between the particle
and medium, v, the particle volume, and g the acceleration due to gravity. As ZZ—O — 0, ¢ > ¢o and the
volume fraction would decay very slowly over a very long range in height. One way of achieving this is by
density matching the particles to the solvent medium, thereby setting Ap close to zero, and significantly

increases the gravitational height.

3.2.3 Particle stabilisation in non-polar solvents

Electrostatic interactions between colloidal particles are usually determined by particle surface charge
(17) as well as the Debye length of the solvent (x~!). The extent of the charge screening is dependent on
the concentration of the charge species present as well as their valence (Chapter 2). When dispersed in
deionised water, fully cross-linked TPM particles have a fairly large anionic surface potential that aid their
stability against flocculation and aggregation. However when they are dispersed in non-polar solvents
with a low relative permittivity (¢ ~ 3) to achieve refractive index matching, the screening length is much
larger. According to DLVO theory (Chapter 2), if the van der Waals attraction is sufficiently large, it
may overcome the double layer repulsion and lead to colloidal instability. Although the van der Waals
force is minimised in a completely refractive index matched colloidal dispersion, irreversible particle
aggregation may still occur during the solvent exchange. In order to prevent this, a commercial dispersant
OLOA-1200 is added to the non-polar solvents before particles are dispersed in them. Detailed reports
on the role of OLOA-1200 have been published by Dufresne et al. [84, 123], where it has been suggested
that the active polyisobutylene-succinimide component in OLOA-1200 acts as a steric stabiliser as well

as a charge control agent.



30 Colloidal TPM particles for three-dimensional confocal microscopy

3.3 Experimental methods

3.3.1 Materials

3-(Trimethoxysilyl)propyl methacrylate (TPM, Polysciences Inc.), ammonium hydroxide solution (28%
vol. NH3 in H,O, Sigma-Aldrich, > 99.99%), a-azo-iso-butyronitrile (AIBN, BDH, UK) were used as
supplied. The fluorescent monomer RITC-APS (rhodamine B isothiocyanate aminopropyl trimethoxysi-
lane) was synthesized according to the procedure described by Ivell et al. [121] in dimethyl sulfoxide
(DMSO, Sigma-Aldrich, > 99.5%), using rhodamine B isothiocyanate (Aldrich) and 3-aminopropyl
trimethoxysilane (APS, Aldrich, 97%). PEG-PPG-PEG Pluoronic® F108 (Aldrich) was converted to a
5% w/w aqueous mixture before being used in the experiments. The following solvents were supplied
by Sigma-Aldrich and were filtered by Millipore Hydrophobic PTFE 0.45um before usage : ethanol
(= 99.8%), toluene (anhydrous, 99.9%), 1,2,3,4-tetrahydronaphthalene or tetralin (99%), trichloroethy-
lene (TCE, > 99.5%), tetrachloroethylene (PERC, > 99%). OLOA-1200 was produced by Chevron
Chemical Co. and was supplied to us by Eric Dufresne. Ultrapure water (Type 1) was used in the

syntheses, and was obtained directly from Millipore Direct-Q® 3 purification system.

3.3.2 Particle Synthesis

Typically, a batch of monodisperse TPM particles is prepared in a round bottom flask. First, deionised
water is mixed thoroughly with 0.1% v/v NH4OH(aq) using a magnetic stirrer to get a homogeneous
solution of ~pH10. Next, TPM oil is injected rapidly below the solution surface and is allowed to react
for 45mins at 500rpm. Nucleation of the droplets can be seen around 5 minutes after the start of the
reaction, as the mixture becomes increasingly turbid. The course of the reaction is followed by taking
20ul samples from the reaction mixture and checked using brightfield microscopy. If particles > 2um
are required, it is possible to tune the size by dropwise addition of hydrolysed TPM monomers (hTPM)
at a rate of ~ 10 x 100ul drops per minute. The hTPM monomer solution is prepared by stirring a 1:10
volume ratio mixture of TPM and ultrapure water overnight at 300rpm. The progress of this seeded

growth is checked periodically by bightfield microscopy until the desired size is reached.

To prevent droplet coalescence in the subsequent fluorescence labelling step, Pluronic® F108
surfactant can be added to stabilise the droplet surface. A quantity of 25ul of F108 solution (5%

w/w) is introduced per 1ml of the reaction mixture, equivalent to 0.125% w/w F108 overall. Next the
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TPM droplets are labelled with the RITC-APS fluorescence monomers dissolved in DMSO. The dye is
introduced in 100ul increments at 5 minute intervals until the colour of the mixture is fully saturated.
Finally the droplets are polymerised into fully cross-linked particles by free radical polymerisation using
AIBN. This is added in excess (> 3mMol) and is stirred for 10 minutes before the reaction mixture is

heated to 80°C for 5+ hours in the oven.

The particles are cleaned in ultrapure water by repeated centrifugation, decanting and redispersion
by gentle sonication and stirring. Any residue or secondary TPM nucleations are removed by decanting
the supernatant at least three times. The size and polydispersity of the particles are determined using a
combination of light scattering techniques and scanning electron microscopy (SEM). Details of sample

preparation are given in Chapter 2, Section 2.4.1.

3.3.3 TPM characterisation using SLS

The radius and the polydispersity of a given batch of TPM particles is found using static light scattering
(SLS). The raw SLS data is analysed as follows: the logarithm of the intensity is first plotted against
the square of the scattering vector k2, which is related to the angle of detection (8) by k = 4xsin(6)/A.
The scattering decay curves are then compared with calculated values from Mie theory as explained in

Chapter 2 section 2.4.1, until a visually optimum match has been found.

3.3.4 Refractive index determination

The refractive index of fully cross-linked TPM particles may vary considerably depending on the exact
nature of their synthesis [124]. In order to establish the approximate refractive index of our TPM particles,
we disperse a representative sample (batch yl/-01-09, Table 3.2) in binary mixtures of different refractive
indices and examine at the transmittance (or absorbance) of light through it [125]. The point of maximum
transmission of the incident light (or minimum absorption) is expected to occur at the point of optimum
refractive index matching of the TPM particles and the solvent medium. Since absorbance is dependent
on the concentration of the particles present in the solution, care is taken to ensure that the volume fraction

is identical for all test mixtures at ¢ = 0.08.

Four different types of solvents are used for the refractive index matching procedure: toluene (ny
=149, p = 0.867gcm‘3), tetralin (ny = 1.541, p = O.97Ogcm‘3), trichloroethylene (TCE, ny = 1.478,
p = 1.464gcm™3) and tetrachloroethylene (PERC, ng =1.506, p = 1.620gcm™3). The refractive indices
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of the different ratios of solvent mixtures are determined by Anton-Paar Abbemat 200 refractometer prior
to the experiment, and their densities are determined using Anton-Paar DMA 4500M Density Meter.
These four solvents were chosen because their dielectric constants are all ~ 3, and they have very different
refractive indices and densities at room temperature. The absorption spectra of the various colloidal
suspensions are measured using a UV-1800 Shimadzu UV spectrophotometer at room temperature for
800 nm < A < 1000 nm, where the absorbance showed little dependence on A. This range of wavelength
is also appropriately close to wavelength of the laser light used for optical trapping (1,,; = 1064 nm),

whose application will be discussed in Chapter 4.

3.3.5 Solvent transfer

The particles are transferred from the aqueous medium to the low dielectric non-aqueous medium by
step-wise solvent transfer, with an intermediary ethanol (EtOH) stage. Direct transfer from water to
organic medium would result in irreversible particle aggregation. Therefore the particles are transferred
from pure H,O to 50 : 50 (v/v) H,O : EtOH, then to pure EtOH, then 50 : 50 (v/v) EtOH : apolar, and
finally into the 100% apolar medium. Ethanol has been chosen as the intermediary solvent because it
is miscible with both water and low dielectric solvents. The transfer procedure involves sedimentation
of the particles by high speed centrifugation and removing the solvent, before adding in the new solvent
mixture and redispersion by sonication and stirring. Care is taken to remove all traces of water from
the particles, otherwise aggregation may occur. To facilitate this, the solvent transfer to pure ethanol is
repeated 3 times, and particles are left in ethanol for at least 24 hours before progressing onto the next
solvent transfer stage. Gentle heating the sample to 40 —50°C will help with the solvation process, though

excessive heating is avoided as this will damage fluorophores.

For the 3D experiments detailed in this thesis, all particles were eventually transferred to a tetralin
: TCE binary mixture (45:55 (v/v)) containing 1 wt % of OLOA 1200, which is used to control the
screening length (see Section 3.2.3). Preliminary results have shown that TPM particles exhibit a
significant electrostatic repulsion in low dielectic mediums (e, ~ 3) without OLOA 1200, but instead
flocculates if OLOA 1200 concentrations exceeds 1.5 wt %. Therefore in the final colloidal dispersion,
1 wt % of OLOA 1200 surfactant is used for the 3D host system, where the particles are stable and are
sufficiently screened. The final solvent mixture consisting of 45:55 tetralin and TCE (v/v) with 1 wt %
OLOA 1200 has n = 1.506 and p = 1.20gem™ !, which enables close density matching as well as near

refractive index matching to the TPM colloids.

Density was determined experimentally by measuring the mass for a given volume of solvent mixture.



Table 3.2: List of TPM particle preparations and outcomes.

Batch H,O(ml) NHz(ul) TPM(ml) hTPM(ml) FI108(ml) RITC-APS(ul) | rsrs(m)  osrs(%)  rspam(m)  osgar(%)
y1-00-01 50 50 0.20 - 0.022 - - - - -
y1-01-09 30 30 0.50 10 0.02 200 1220 4.0 1278 3.5
yl-01-12A | 30 30 0.50 10 0.02 - - - 1147 2.2
yl-01-12B 30 30 0.50 10 - 200 - - 1044 2.9
yl-01-18A | 180 180 4.00 - 4.50 (300) ® 1300 (1320)  2.5(3.0) 1253 (1260) 1.1 (3.4)
yl-01-18B | 180 180 1.00 - 4.50 (300) ® 645 (650)  4.0(5.0)  623(623)  2.2(3.2)
yl-01-18C | 180 180 2.00 - 4.50 (300) ® 840 (850)  3.0(4.0)  827(828)  2.0(2.7)
yl-01-18D | 180 180 0.50 - 4.50 (200) ® 340 (320)  9.0(8.0)  302(305)  2.7(5.6)
yl-01-18E | 180 180 0.25 - 4.50 (100) ® 215(220) 10.0(11.0) 202 (208) 5.2 (8.4)
yl-01-18F | 180 180 0.75 - 4.50 (300) ® 545(540) 4565  513(510) 2.6 (5.4)
yl-01-18G | 180 180 1.50 - 4.50 (400) ® 720 (720)  35(45)  671(664)  3.7(6.2)
yl-01-25A | 40 40 0.20 3 2.15 250 820 42 803 2.5

4 TPM droplet growth experiment. F108 is used to quench the droplet growth for 1ml samples taken out at regular time intervals.

b Reaction was split into two equal parts prior to RITC-APS addition, only one part is labelled with the fluorescence dye (results given in parentheses).
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3.3.6 Confocal microscopy and image analysis

The confocal microscopy experiments are carried out using the confocal laser scanning microscope setup
described in Chapter 2, Section 2.4.3. TPM particles (batch yl-0/-09, see Table 3.2) are cleaned and
transferred to a 45 : 55 tetralin : TCE mixture that contains 1 wt % of OLOA 1200. Typically ~ 100ul
is injected into a glass sample chamber described in Chapter 2 Section 2.4.2 and left to sediment for 2-3

days.

To observe the sedimentation equilibrium of TPM particles, confocal z-stacks of 32 x 28 x 100 um>
are taken with z-resolution of 200nm using bi-directional scanning. For the particle dynamics experiment,
3D time-series of 32 x 28 x 20um> blocks were scanned for 400 frames, for a total of 27 mins each on
average. The z-spacing was increased to 250nm so as to reduce the time taken to image each z-stack in
the time series. Lastly the 3D particle coordinates are extracted and tracked from the 3D confocal data

using the particle tracking method described in Chapter 2.

3.4 Results and discussion

3.4.1 TPM Synthesis and characterisation

First, we monitor the growth profile of the TPM particles. As shown in Fig. 3.2, the first part of
the synthesis relies on the base-catalysed hydrolysis and condensation of TPM monomers. Once the
saturation point of the TPM oligomers has been reached, they rapidly phase-separate and nucleate into
multiple droplets. Visually this is observed by the change of the reaction mixture from being clear and
colourless to being cloudy and turbid, as droplets of ~ 400nm in diameter begin to scatter visible light.
As the number and the size of the TPM droplets increase, the opacity of the reaction mixture increases
as well (see Fig. 3.3), as greater extent of light scattering occurs. We can also observe the progress of
the synthesis using brightfield microscopy. A comparison of the size of droplets and the turbidity of the

reaction solution is also shown in Fig. 3.3.

From the reaction mechanism (Fig. 3.2), the rate of TPM hydrolysis and nucleation is expected to
depend on the pH of the starting mixture. Therefore we compared the growth profiles of TPM droplets
at four different values of starting pH. In a starting mixture of 50ml H,O and 0.3ml TPM reagent, 20,
130, 450, 1770 ul of NH4OH (28%) have been added to give starting pH of 9.46, 10.00, 10.41 and

10.90 respectively, measured using a digital pH meter. The reactions were left to run as usual, and 0.5ml
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Figure 3.3: Brightfield and macroscopic images of TPM droplets of two different sizes (final particle data given in
Table 3.2). Scale bar = 5um.

samples were extracted at specified time intervals and quenched using an excess quantity of F108 (5% wt)
solution. The sizes of the droplets are determined using DLS at a fixed detection angle and are plotted in
Fig. 3.4A. Between pH 9.46 and 10.41, increasing the pH of the reaction mixture dramatically increases
the rate of droplet growth at the start, and decreases the time required for reaching the final size. This can
be attributed to the increasing concentration of OH™ species at higher pH, which catalyses the hydrolysis
of TPM monomers and rapidly increases the oligomer concentration in solution at the start. In relation
to the colloid growth profile explained in Chapter 2, this results in a sharper peak in the LaMer diagram
and a narrower window for nucleation events. As such, subsequent hydrolysis of TPM monomers only
serves to grow the existing nucleated droplets. This pattern is also reflected in the final droplet sizes
for pH 9.46 - 10.41, where the size increased with pH, signifying fewer droplets formed in the reactions
as pH increased. On the other hand, the growth profile for pH 10.90 seems to have reversed this trend.
Although the time taken for both pH 10.90 and pH 10.41 to reach the final size are nearly identical,
nevertheless the final droplet size is much smaller at pH 10.90 than the one at pH 10.41. One possible
explanation for this is that the rate of TPM hydrolysis at pH 10.90 is even higher than before, and the
bulk quantity of monomers is depleted at the start to form a greater number of nuclei. With insufficient
TPM remaining in solution, the final droplet size is therefore restricted. However this hypothesis requires

further investigation.

For the rest of this thesis, the pH for TPM synthesis is fixed at pH 9.90. A growth profile of
TPM droplet at this pH is recorded in Fig. 3.4B for batch yl-00-01, with the error bars corresponding
to the standard deviation in particle radii from the DLS measurements. The logistic growth curve fitting
shown in Fig. 3.4B was used as a visual guide to the growth profile, and it approximated the final
TPM droplet radius to be 373nm. Comparing this with the average radius of the fully cross-linked
particles (r = 346.7nm, o = 6.6%), we can find an approximate mass density of the polymerised TPM

colloids. Since the TPM droplets are stabilised by a high anionic surface charge at pH > 9 and the F108
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Figure 3.4: (A) Growth profiles of unpolymerised TPM droplets at four different starting pH (B) Growth profile of
yl-00-01 at initial pH = 9.90, where the droplet size stabilises after 60min to a final radius of 373nm. Note that the
lines shown in both plots are for visual guidance of the droplet growth.

surfactant [114], we can assume that the mass of an individual TPM droplet remain unchanged during
the polymerisation process. Knowing the density of uncross-linked TPM monomers (py = 1.045gcm™3,
we can use the ratio of the final cross-linked particle volume Vg and the final pre-polymerised droplet

volume Vg to estimate a density of the TPM particles. Since V o r3:

ps VL _ (2)3. (3.3)

PL - Vs - I's
From this, we estimate the density of final cross-linked TPM particles to be 1.30gcm ™.

In a given reaction, the final size of the TPM droplets (particles) also depends on the availability
of TPM monomers in solution. This can be adjusted either at the start of the synthesis by tuning the
concentration of the TPM reagent, or by the slow addition of hydrolysed TPM solution post nucleation.
The effect that the initial TPM concentration has on the radii of the final cross-linked particles is shown
in Fig. 3.5, where the error bars correspond to the standard deviation in particle size detected by SLS and
Mie fitting. It is clear that the radius of the TPM particles can be tuned from ~ 200nm to over 1um by

varying the initial concentration of TPM.

SEM images of highly monodisperse TPM particles are shown in Fig. 3.6(i-iii) for three different
particle sizes. The corresponding SLS data is also shown in Fig. 3.6(iv), together with the Mie-fits.
Particle data from the synthesis is summarised in Table 3.2. Note that the differences in the SLS and SEM

measurements are attributed to the drying process and the high vacuum condition required for SEM.

Finally, it appears that the addition of the RITC-APS dye to the reaction can cause a slight increase
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Figure 3.5: Final size of fully cross-linked fluorescent particles as a function of the initial TPM concentration
(yI-01-18 series) determined using SLS. The particle sizes and polydispersities are given in Table 3.2. SEM and
SLS data of these particles are provided in Fig. 3.6.

to the droplet polydispersity, as seen in the data for the undyed and dyed particles in the yl-01-18 series
(Table 3.2). However, fluorescence labelling is essential for confocal imaging in 3D. Fortunately, the
florescent batches with particle radius larger than 1.4um have polydispersities o below 5%, so they are

sufficiently monodisperse for exhibiting crystallisation at high volume fractions.

3.4.2 Refractive index of TPM particles

As discussed in Chapter 2, refractive index matching of the particles with the surrounding medium
is necessary for 3D confocal imaging of a dense colloidal system. TPM particles (batch yl-01-09) is
dispersed in solvent mixtures with different refractive indices (examples are shown in 3.7. The solvent
ratios are given in Table 3.3, along with the measured refractive indices of the solvent mixture without
particles, as well as the absorbance level of each sample at 4 = 900 nm. As the refractive index of the
dispersion medium approaches the refractive index of the particles, the turbidity of the solution reduces
significantly because of reduced light scattering. Near the point of optimum refractive index matching,
the colloidal suspension becomes completely transparent. Examples are shown in Fig. 3.7 where TPM

particles are dispersed in solvents of different n; at the same particle concentration.
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Figure 3.6: SEM images of cross-linked TPM particles as indicated in Fig. 3.5, corresponding to batches: (i)
yl-01-18A, (ii) yI-01-18B, and (iii) yl-01-18D, with different starting TPM concentrations. Their corresponding
SLS patterns are shown in(iv), which determined the SLS radii and polydispersities in Table 3.2.

The plot of the absorption level at 4 = 900nm as a function of the refractive index of the solvent
is given in Fig. 3.8. These points are fitted to a parabolic function to find the minimum absorption, or

optimum index matching, for TPM to be at n = 1.517 + 0.01.

3.4.3 Confocal microscopy study of sedimentation equilibrium of TPM

As a result of the good refractive index matching of the solvent medium with the TPM particles, we are
able to fully image a TPM system in a sedimentation-diffusion equilibrium at the single-particle level. An
example of the 3D colloidal system is shown in Fig. 3.9A, which is reconstructed in 3D using real confocal
x/y image slices. As such, we are able to view the sample block from any perspective in x, y and z. The
view shown in Fig. 3.9A displays the x/z side-on view of the z-stack, showing the full phase behaviour of
the system over 100um in the z-direction. Particle coordinates extracted from Fig. 3.9A can also be used

to create a 3D digital rendering of the system, as shown in Fig. 3.9B. The corresponding phase behaviour
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Table 3.3: Solvent mixtures of varying refractive index and density that are used for deducing the refractive index of
TPM particles, along with the measured absorbance of the colloidal samples containing TPM particles at ¢ = 8%).

solvent ng p(gem™)  Absorbance
tetralin 1.541 0.970 0.390
tetralin : toluene (80:20) 1.532 0.950 0.160
tetralin : toluene (60:40) 1.523 0.929 0.035
tetralin : toluene (50:50) 1.519 0.919 0.004
tetralin : toluene (40:60) 1.514 0.908 0.013
TCE : tetralin (40:60) 1.516 1.167 0.007
TCE : tetralin (50:50) 1.509 1.217 0.036
TCE : toluene (50:50) 1.487 1.217 0.658
TCE : PERC (50:50) 1.491 1.542 0.432
toluene : PERC (50:50) 1.501 1.295 0.167

H,0 EtOH TCE  Toluene Tetralin  oqrane . suene

1

k

n=1.333 n =1.361 n=1.477 n = 1.496 n =1.541

Figure 3.7: Examples of dispersions of fluorescent TPM particles (¢ ~ 8%) in solvent medium with different
refractive indices, displaying a varying extent of turbidity. Transparency is demonstrated at ny = 1.519 in the last
image.
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Figure 3.8: Plot of the level of absorption of incident laser light (1 = 900nm) by the samples in Table 3.3, along
with a parabolic fit with the minimum at ny = 1.517 £ 0.01.
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Figure 3.9: (A) x/z plane of a 3D confocal image reconstruction of a TPM z-stack. (B) MatLab rendered z-stack using particle coordinates detected from (A) using the
Crocker and Weeks algorithm [104] (Chapter 2). (C) x/y confocal slice images at specified z-height in the stack shown in (A). (D) Radial distribution functions g(r) for
the sub-stack between specified heights in z.
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and packing arrangement match perfectly in both diagrams, thus confirming the suitability of our colloidal

TPM particles in the refractive index matching solvent for quantitative 3D confocal imaging.

To further demonstrate the change in the particle packing and the phase behaviour as a function of
height, we have also shown confocal snapshots of the x/y plane at four different heights in this z-stack
(see Fig. 3.9C). This is accompanied by their respective radial distribution functions g(r) in Fig. 3.9D.
It is clear from both the confocal slices and the g(r) that the sample between 0 < z < 60um is closely
packed and crystalline. This is reflected in the sharp second and third peaks in the g(r), indicating a high
degree of packing order. However for z > 60um, there is a clear decrease in the particle packing and
the form of the g(r) is more liquid-like, with much less pronounced higher-order peaks compared to the

previous plots.

As discussed in section 3.2.2, the change in the particle number density along z is reflected in the
phase behaviour at different heights in the sample. With the decrease in the number density n(z) as z
goes up, the state of the system changes gradually from a dense crystalline phase to a fluid phase, and
finally to a gaseous phase, which we saw in Fig. 3.9A and B. For clarity, we have plotted the number
density as a function of the height in Fig. 3.10A. For z < 10um, a lot of fluctuations is seen in the number
density which is due to the layering of the particles parallel to the bottom of the sample chamber. Then,
between 10 < z < 50um, the number density remains roughly constant, corresponding to the crystalline
phase observed in Fig. 3.9. Between approximately 50 < z < 85um there is a slow decay in p(z) as we
enter the dense fluid region of the stack. Above z = 85um, we see a short exponential decay, reflecting

Eqn. 3.1, before the number density falls to zero.
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Figure 3.10: (A) Number density of the z-stack as a function of z-height. (B) Averaged local bond order parameter
for particles in each bin in z, plotted as a function of height (e) and fitted with a tangent hyperbolic function (—)
in red.
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The transition from the crystal phase to the liquid phase can also be quantified by calculating the
local bond (Steinhardt) order parameter, gs, as a function of z [126]. This is independent of the reference
frame and is based on spherical harmonics, and gives a good indication of the extent of hexagonal packing

in the sample. For a single particle i, the local bond order parameter is defined as:

Ar &
g6 (i) = J% > 1gem DI, (3.4)
m=-6
where:
. 1 Ny, (i)
aom(i) = - ,Z::‘ Yom(xi)). 3.5)

Here, Ny, (i) is the number of nearest neighbours for particle 7, and (r;;) is the vector between particles
and j. ¥s,,,(r;;) are the spherical harmonics with integer values of —6 < m < 6. By summing over all the
ge values for all the particles in a given bin in z and taking the average, (i.e. % Zf.\i | 96), We obtain a profile
of (ge), as a function of height. This is plotted in Fig. 3.10B for our z-stack and is fitted with a tangent
hyperbolic function, which highlights the transition between the crystalline and fluid regions. In Fig.
3.10B, the profile of < g¢ >, appear mostly flat between 10 < z < 50um and is fairly high in magnitude,
indicating a high level of hexagonal packing in this sample region. Between 50 < z < 70um there is a
large drop in < g¢ >, value, which indicates decreasing hexagonal packing, i.e. decreasing crystallinity
of the TPM spheres. For z < 70um, there is a short persistence of {gg), around 0.35, before poor statistics
of the dilute gaseous phase comes in around z = 80um. Analytically, the midpoint of the sudden drop
in (ge); can be seen as the crystal-fluid interface of the sample, or the freezing transition point. For
the sample in Fig. 3.10B, this occurs at 59um, which corresponds to a number density n ~ 0.21 in the
stack (see Fig. 3.10A), which means the volume fraction of the freezing transition occurs at ¢ ~ 0.42
(Fig. 3.11 inset). This deviates from the predicted hard-sphere freezing transition at ¢gs = 0.49, and
can be attributed to the soft charged particle interactions in our system. It is worth noting here that the
calculation of the volume fraction ¢ is extremely sensitive to the exact particle diameter (we used Rsrs

here) and the total sample volume [127].

For ¢(z) in the limit of ¢ — 0, we use Eqn. 3.1 to calculate the gravitational length zg, since the
particle packing density can be modelled by the barometric height distribution, Eqn. 3.1. Once zp is

known, we can use the following expression for the gravitational length for a spherical particle to work
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Figure 3.11: (A) Enlarged area of the inset showing exponential decay of the packing fraction at dilute regions (e).
Inset: full sedimentation profile of the z-stack shown in Fig. 3.9A. (B) The same sedimentation profile is plotted in
full (8) on a natural log scale. Both plots are fitted individually to Eqn. 3.1 for the low ¢ region.

out the mass density of the TPM particles:

kpT

S A (3.6)
(Ap)(37rd)g

<0

Due to the near density matching of the particles in our 3D system, the decay in the packing density as a
function of height is relatively slow in the fluid region, as is shown in Fig. 3.10A. By fitting an exponential
function of the form of Eqn. 3.1 to this part of the sedimentation profile, we can obtain a value for zo.
This is done on the tail region of the sedimentation-diffusion equilibrium profile shown in Fig. 3.10A,
which is plotted in Fig. 3.11A. From this we obtain a value of zp = 1.98um for the TPM sample. To
check for consistency, we also replotted Fig. 3.10A on a logarithmic scale (Fig. 3.11B) and performed a
linear fit on the same z region as Fig. 3.11A. This also gave a value of zg = 1.95um. Therefore using
Eqn. 3.6, the mass density of the TPM particles is 1.30gem™>. This confirms our estimation of the TPM

density earlier in Section 3.4.1 using the TPM growth profile.

The equation of state at a given height in the system is related to the integral of the weight being
supported there [128]. At a given height in a sample, the associated osmotic pressure II1(z) varies in
height as dIl/dz = —pg. Given that the mass density p is related to the number density (thereby the

volume fraction), p = m*n(z) becomes p = m*¢(z)/v,. Therefore the equation of state becomes:

(z) = Apgf ¢(z)dz. (3.7

Using the expression we have for the gravitational-length (Eqn. 3.2) in a colloidal system, the equation
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Figure 3.12: Equation of state multiplied by the particle volume for: (A) the entire stack. (B) the highlighted area
of (A), which corresponds to the fluid region as determined by {qe);.

of state can be written as:

My, 1 0
T - Z—sz #(z)dz 3-8

Using the data we have obtained from the z-stack, the full equation of state has been plotted in
Fig. 3.12A. As expected from the {ge), analysis, the solid-fluid transition in the z-stack occurs at around
¢ = 0.42. The region in Fig. 3.12A corresponding to the fluid and the freezing transition is shown in Fig.
3.12B. We attribute the difference in the freezing transition of the TPM system with that of a hard-sphere
system to the charged interaction between the TPM particles (in the refractive index matching solvent),

which is consistent with simulations of Yukawa systems [90].

3.4.4 Dynamics of TPM particles as a function of height

As well as the changes in the phase behaviour, the change in the volume fraction of the TPM particles as a
function of height also greatly influences the dynamics of the particles. We can see this by examining the
mean squared displacement (MSD) of particles at different heights in the sample. This was done for the
same data that was shown in Fig. 3.9A at four different heights: (a) 10 < z < 30um, (b) 30 < z < 50um,
(c) 50 < z < 70um, and (d) 70 < z < 90um. This spans all the phases in the system, which allows for
clear comparison of the dynamics and the structure. The MSDs were calculated directly from the particle

trajectories using

N

) = 5 > Ik -1 OF), (3.9)

i=1
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with N the number of particles, and r; the position of the particle i. The MSDs are shown in Fig. 3.13 for

the four different heights in the z-stack. The average packing fraction ¢ for each of the curves are given

in the plot legend.
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Figure 3.13: Mean squared displacement of TPM particles corrected by particle size, corresponding to four
different heights in z from the sedimentation-diffusion equilibrium profile shown in Fig. 3.9D. The average packing
fractions ¢(z) over the course of the experiment for each of the 3D substacks are given in the plot legend.

Due to limited imaging speed, we were unable to probe the MSD below time lags of ~ 3 seconds.
Therefore only the MSDs for the intermediate time range are examined, although we would have expected
to see diffusive behaviour at very short time scales. From Fig. 3.13 we see that with decreasing volume
fraction, the particles become increasingly diffusive. For 10 < z < 30um (¢ = 0.53),and 30 < z < 50um
(¢ = 0.50), the mean squared displacement profiles are flat and relatively independent of the time lag ¢.
As we know from Fig. 3.9C and D and the analysis of the bond-order parameters, the sample is crystalline
in the region between 10 < z < 50um., which is consistent with the plateau in the MSD of the particles.
However for 50 < z < 70um (¢ = 0.41), whose packing fraction is near that of the freezing transition
point, the MSD is now sub-diffusive. This indicates that the motion of the particles are less restricted
here than in the crystalline region in the intermediate time regime, though there is still a good degree of
structure in the local packing which restricts the motion of a typical particle. We also observe a slight
upward trend near the end of the MSD for this packing fraction, which suggests that the dynamics may
become diffusive again at larger time scales. Lastly, for particles in the more dilute fluid region between

70 < z < 90um (¢ = 0.27), the MSD is fully diffusive as expected.
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3.5 Conclusions

In summary, we have developed and characterised a refractive-index and density matched 3D colloidal
model system that is suitable for quantitative 3D confocal laser scanning microscopy. The TPM col-
loidal particles have been characterised using brightfield, static light scattering and scanning electron
microscopy. We have investigated the effect of the reaction pH and the starting TPM concentration on
the the size and polydispersity of the particles. The procedure for finding the refractive index of the
TPM particles has been described, along with the solvent transfer process used to move particles into
low dielectric mediums. Finally we have examined the sedimentation-diffusion equilibrium of the TPM
model system and discussed the structural arrangement and the dynamics of the colloids as a function of

the sample height and packing fraction.
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Chapter 4

Core-shell particles for simultaneous
three-dimensional imaging and optical

tweezing

ABSTRACT

This chapter details the development of core-shell particles for optical trapping in an refractive index
matched dense colloidal system of 3-trimethoxysilyl propyl methacrylate (TPM) particles. The two-step
coating procedure for the synthesis of the core-shell particles is discussed, and the versatility of the
method is demonstrated by coating seed particles of polystyrene (PS), melamine formaldehyde (MF)
and TPM. The effects of reagent quantity and the starting core size on the core-shell morphology
(size and shell thickness) are investigated, and the particles are characterised using digital holographic
microscopy (DHM) and optical tweezing. Finally, the capability and suitability of our core-shell particle
for simultaneous optical trapping and confocal imaging in 3D is demonstrated by dragging a polystyrene-

TPM core-shell probe particle through a dense crystal of TPM colloids.

47
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4.1 Introduction

Colloidal suspensions of microspheres have been used as idealized yet accurate physical models of com-
plex phase behaviours for over a century [30, 105, 107, 129]. The earliest and perhaps most significant
example of colloids as atomic models is Jean Perrin’s experiments from the early 1900s, where his quan-
titative measurements of Brownian diffusion confirmed Einstein’s theory of diffusion, thereby solidifying
Boltzmann’s statistical mechanics [105]. Since then, model colloidal suspensions have provided funda-
mental insights into a wide range of phase transitions [30, 107]. Early investigations of dense colloidal
phases used light-scattering techniques to probe deep within the sample, providing a wealth of information
about the material’s internal structure and dynamics, but as an ensemble average [106, 108]. More re-
cently, by using solvent mixtures that match the particles’ refractive index and mass density, powerful 3D
imaging techniques, such as confocal microscopy, enabled the direct real-space and time-resolved study of
the colloidal material’s complex structural and dynamical properties at the single particle level [61,111].
This allowed unprecedented access to the local processes involved in condensed matter phenomena such

as crystallization, glass formation, and gels [108-110].

Moving beyond simple observations, researchers have begun to probe colloidal materials directly
by manipulating individual particles using optical tweezers [54,101]. However, simultaneous optical
manipulation and 3D visualization of dense colloidal samples poses significant technical challenges due
to their conflicting requirements [65,71-74]: while 3D visualization requires optical transparency, optical
tweezing and manipulation requires a refractive index contrast between the probe particles and solvent.
A desirable solution would be a core-shell ‘probe’ particle where the core diameter, shell thickness,
and their respective refractive indices could be controlled independently. As such, the core size and
refractive index could be tuned sufficiently for reliable optical trapping, yet interfering minimally with
the visualization of the surrounding sample, whilst the shell’s thickness could be adjusted as required
yet remaining optically transparent. Although there have been numerous reports on the synthesis of
core-shell particles [130-137], none describes how to fabricate micron-sized particles with a thick shell,

appropriate for both confocal imaging and optical trapping in dense materials.

A commonly encountered challenge in seeded emulsion polymerization is that core particles may
get kinetically trapped at the oil-water interface due to the large pinning forces involved [138, 139].
However, a recent study of seeded emulsion polymerization using 3-trimethoxysilyl propyl methacrylate
(TPM) [37] shows that at relatively low concentrations, hydrolysed TPM (hTPM) can form evenly sized

‘lobes’ on the surfaces of the core particles under basic conditions. These lobes can be polymerized
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into TPM, resulting in raspberry-shaped particles. Based on this, we introduce a simple, yet robust and
general approach involving a two-step heterogeneous nucleation procedure to encapsulate a variety of

different core particles within a thick uniform shell.

In this chapter, we repeat the seeded emulsion polymerization with TPM using the raspberry
particles as ‘seeds’, where the nucleated TPM droplets fill the lobe interstices that, when polymerized,
yield a smooth uniform TPM shell. The core size and TPM shell’s thickness can be independently
tuned. Most importantly, the optical contrast of the core-shell particle can be controlled by using cores
of different materials, such as melamine-formaldehyde (MF), polystyrene (PS), and TPM. As such, the
size and refractive index of the core can, independent to the shell thickness, be optimized for optical
tweezing [140]. By dispersing our optical core-shell particles in a host system of fluorescently labelled
TPM particles (Chapter 3), hence ensuring identical interactions between all particles, and subsequently
refractive index matching the TPM with an appropriate solvent mixture, we achieve a new colloidal
system that enables simultaneous 3D confocal microscopy and optical manipulation. We demonstrate
this capability by dragging a core-shell ‘probe’ particle through a dense colloidal crystal of TPM ‘host’
spheres using holographic optical trapping, whilst the surrounding 3D crystal is imaged at high speed by

confocal microscopy.

4.2 Experimental methods

4.2.1 Materials

3-(Trimethoxysilyl)propyl methacrylate (TPM, Polysciences Inc.), styrene (Sigma-Aldrich, > 99%), 3-
aminopropyl trimethoxysilane (APS, Aldrich, 97%), a-azo-iso-butyronitrile (AIBN, BDH, UK), ethanol
(Sigma-Aldrich, > 99.8%), polyvinylpyrrolidone (PVP K15, MW 10,000, Sigma-Aldrich), ammonium
hydroxide solution (28% NH3 in H,O, Sigma-Aldrich, > 99.99%), and Fluorescein 5-isothiocyanate
(FITC, Sigma, > 90%) were used as supplied. The fluorescent monomer RITC-APS (rhodamine B
isothiocyanate aminopropyl trimethoxysilane) was synthesized according to the procedure described by
Ivell et al. [121] in dimethyl sulfoxide (DMSO, Sigma-Aldrich, > 99.5%). NBD-MAEM (4-methylamino
ethylmethacrylate-7-nitrobenzo-2-oxa-1,3-diazol) was prepared as described by Bosma et al. [112]. Ul-

trapure water (Type I) was used for all experiments, and was obtained directly from Milipore Direct-Q®3

purification system.
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4.2.2 Preparation of seed particles

Polystyrene (PS), RITC labelled TPM and Melamine Formaldehyde (MF) core particles are prepared
prior to the core-shell particle synthesis. Polystyrene (PS) seeds are made by combining two separate
mixtures of PVP K-15 (6.25% w/w) in ethanol, and AIBN (0.08% w/w) in styrene (15.6% w/w) under
nitrogen atmosphere, then allowed to react for 24 hours at 70°C [42]. Melamine formaldehyde (MF) seeds
are prepared according to the procedure described by Wu et al. [141], and can be made fluorescent by the
addition of minute quantities(~2mg) of RITC or FITC powder to the prepolymer solution. Fluorescent
TPM cores are prepared in the same manner as the TPM host particles described in Chapter 3. Each
batch of seed particles were cleaned by repeated sedimentation and redispersion in deionised water for at

least three times before storage in deionised water.

4.2.3 Core-shell particle synthesis

The core-shell particles are fabricated by nucleating and polymerising TPM oil on the surface of the seed
particles. In a 30 mL glass vial, a solution of hydrolysed TPM oil (hTPM) is prepared by stirring TPM
oil in water at a 1:30 (v/v) ratio with a magnetic stir-bar overnight. In a typical 30 mL reaction (~pH10),
core particles (overall concentration of ~ 108 particles/mL), 30 uL NH3 and 2 mL hTPM solution are
well-mixed with water by vigorous shaking. The reaction mixture is then covered and left undisturbed
for 30 minutes before 50 mg AIBN is added, then transferred to a sealed 30 mL glass bottle and placed
in a pre-heated 75°C oven for 5 hours to be polymerised. The product particles are cleaned in deionised
water for at least three times by repeated centrifugation at 800rpm, decanting and re-dispersion, via gentle
sonication and stirring. Secondary TPM nuclei are also removed during this process. The size of the

raspberry lobes can be tuned by adjusting the concentration of hTPM solution added initially.

Similarly, in the second TPM coating stage, raspberry particles (~ 103 particles/mL) are mixed in a
30 mL aqueous reaction mixture containing 30 L. NH3 and 5 mL hTPM solution. The final TPM shell is
polymerised as before: the reaction mixture is covered, left undisturbed for 30 minutes, 50 mg AIBN is
added, and the solution is then transferred to a sealed 30 mL glass bottle and placed in a pre-heated 75°C
oven for 5 hours. The resulting core-shell particles are again cleaned in water by repeated centrifugation,
decanting, and re-dispersion, as described above. Any secondary TPM particles are, as before, removed

by repeated decanting.
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4.2.4 Digital holographic microscopy

In-line digital holographic microscopy is used with 405 nm laser trans-illumination [96]. A very dilute
suspension of the particles in water is prepared, then a single particle is trapped in a strong optical trap
such that its displacement from the trap centre is minimised. Whilst dragging the particle along the
x-direction at 1um/s, we record a video at 250 fps. The video is then normalised by the median of all
frames. The mean of all frames, with each frame centred on the particle, gives the images presented
in Fig. 4.9. The DHM images are analysed using HoloPy software [97]. First, the X, y, z positions
of the particle are found in a fit using arbitrary values for the refractive index n and radius r, which
have a negligible effect on the resulting coordinates. Next, with the x- and y-coordinates fixed and z
given a small exploratory range, the DHM images for the core particles are fitted to find the refractive
index (n¢ore) and the radius of the core (r.or.). Finally, by then fixing n.,. fixed and allowing a small
exploratory range for 7., to account for the slight polydispersity in the core particles - the DHM images
for the core-shell particles are fitted to find the refractive index of the TPM shell (n;p¢1;) and the overall

radius of the particle (rparricie)-

4.2.5 Confocal microscopy and optical tweezing

We use the confocal microscopy and optical tweezing setup is detailed in Chapter 2 section 2.4.3. To
prepare the core-shell particles for confocal imaging, they are thoroughly cleaned and are transferred into
the TPM refractive index matching mixture consisting of 45 : 55 tetralin : TCE mixture that contains
1 wt % of OLOA 1200, using the procedure introduced in Chapter 3 section 3.3.5. This is mixed with
the refractive index matching TPM sample prepared in Chapter 3 to make the binary colloidal mixture,

which is then injected into the special glass sample chamber (Section 2.4.2).

For the tweezing of PS-TPM core-shell particles embedded in a sea of TPM host particles, a single
core-shell particle is trapped at 4A intensity and moved to a position ~ 20um above the bottom cover
glass, where the TPM host particles are densely packed. Three different tweezing trajectories of the
core-shell particles were performed: line, circle, and circular sinosoidal (3D). The confocal images were

recorded at 20 frames per second for the time-series.
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4.3 Results and discussion

4.3.1 Particle characterisation

All of the core-shell particles presented in this thesis are synthesised as schematically shown in Fig. 4.1.
In the first stage, the core particles are coated in a relatively low concentration hTPM mixture under basic
condition to form evenly sized lobes on their surfaces [37]. Polymerisation of the TPM lobes results in
raspberry shaped particles (Fig. 4.1), which are then used for the second stage coating. During the second
stage, fresh hTPM nucleates on the surface of the raspberry particle and the interstitial spaces between the
lobes are filled. Provided that a sufficient quantity of hTPM is used, a thick and homogenous TPM shell
will form after radical polymerisation is completed (Fig. 4.1). The different stages of the synthesis can
be directly observed using brightfield microscopy, and an example from a PS-TPM core-shell synthesis
is given in Fig. 4.2A and B. The large shell thickness and the refractive index difference between the
core and the TPM shell ensures that the core-shell structures are easily seen. The TPM shell also appears
homogeneous, despite the two-stage coating procedure. It is apparent from these images that there is
significant increase in the size of the particles after each stage, and this is further corroborated by the
scanning electron microscopy images presented in Fig. 4.2B. It is worth noting that the success rate of
the conversion from seed particles to core-shell is very high. Virtually all of the cores are converted into
raspberry particles in the first step (Fig. 4.3A), and virtually all the raspberry particles are converted into
core-shell particles in the second step (Fig. 4.3B). The exception come in the form of joint coating, where
a two raspberry cluster is accidentally incorporated into one large ellipsoidal particle (Fig. 4.3B). Note
that small secondary TPM particles also form during the coating procedures due to excess hTPM in the

reaction, however they can be easily separated from the raspberry or CS particles by centrifugation.

From SLS measurements on the core particles and the final core-shell particles (Fig. 4.2C), we

obtain the ensemble average values for the particle radii and polydispersities. Fitting the SLS data (see

TPM |
—_
\S

<[

Core ‘Raspberry’ Core-shell
particle particle particle

Figure 4.1: Schematic diagram of the two-step coating procedure of converting a core particle into a core-shell
particle with a thick and homogeneous TPM shell.
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Figure 4.2: The two stages of the core-shell synthesis as observed under brightfield microscopy (A), and SEM (B)
for a PS seed particle. Scale bars = Sum. (C) Measured SLS data (O) and calculated Mie fittings () for the PS
seeds and the resulting core-shell (CS) particles: rps = 910nm (4%), rps—rpm = 910nm + 410nm (6%).

Chapter 2, Section 2.4.1), we obtain for this batch of PS and PS-TPM core-shell the following: rps =
910nm (4%), rps—rpap = 910nm + 410nm (6%). These values are slightly larger than their corresponding
values obtained from SEM (rps = 2.60um), and can be accounted for mostly by the shrinkage of the
particles due to drying and vacuum required for SEM. We also test the core-shell morphology indirectly by
comparing its SLS data with the Mie predictions for a homogeneous particles of the same size. However
we find that the Mie prediction for a core-shell particle matches the core-shell SLS data more closely, as

is shown in Fig. 4.2C.

The two-step mechanism and core-shell morphology is furthermore demonstrated using selective
fluorescent labelling of the particle at the various stages of the synthesis. A batch of PS-TPM core-

shell particles was synthesised where the core has been labelled with NBD-NAEM fluorophore (d.x =

Figure 4.3: Larger field of view SEM images of Fig. 4.2B, showing: (A) cleaned PS-TPM raspberry particles, and
(B) core-shell particles prior to removing the secondary TPM particles. Scale bars = 10 um.
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C

Figure 4.4: (A) Composite confocal microscopy image showing PS-TPM core-shell particles, where the cores have
been labelled with NBD-NAEM and the only the second TPM coating with RITC-APS. The separate detection
channels are shown in (B) and (C). Note that the smaller particles seen in (A) and (C) are secondarily nucleated
TPM particles. Scale bar = 3 um.

488 nm) [112], and the second TPM layer is labelled with RITC-APS (1., = 561 nm) [112,121]. No
fluorophore was used during the raspberry formation stage. Fig. 4.4A shows a confocal micrograph
where this batch of PS-TPM core is simultaneously excited with 488 nm and 561 nm laser light, and Fig.
4.4B and C show the separate detection channels for the two different fluorescence dyes. The different
stages are clearly distinguishable: the fluorescent PS cores, and the fluorescent outer TPM layer, which
is smooth on the outside but structured on the inside due to the presence of the unlabelled lobes. Note
that the red central spots in Fig. 4.4C are caused by the strong back scattering of the high refractive index

cores.

Conveniently, due to the nature of the two-stage synthesis, the optical contrast between the core and
shell can also be adjusted by changing the core material, thus underlining the generality and flexibility
of our approach. Aside from the already mentioned PS cores (n = 1.59), we have also successfully
incorporated MF (n = 1.68) and TPM (n = 1.52) cores. This implies that we can tune the refractive index
contrast (6n) between the core and the TPM shell from approximately 0.18 (MF) to O (TPM). Examples
of MF and TPM core conversions are shown in Fig. 4.5. The optical properties of each particle and their

utility for optical tweezing will be discussed in Section 4.2.4.

Similarly, a batch of TPM-TPM core-shell particle is synthesised where only the TPM core is la-
belled with RITC-APS. As a TPM-TPM core-shell particle is compositionally identical to a homogeneous
TPM particle, its core-shell nature is not observable using brightfield microscopy (Fig. 4.6A). However,
by fluorescently labelling only the TPM cores, the core-shell structure is easily inferred from the corre-
sponding brightfield and confocal images, as presented in Figs. 4.6B, respectively. The hexagonal close

packed nature of the sample means that the separation between the fluorescent cores arises solely from
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Figure 4.5: SEM images showing the conversion of: (A) MF seed particles into MF-TPM core-shell particles via
the raspberry stage, and (B) the conversion of TPM-TPM raspberry particles into TPM-TPM core-shell particles.
Scale bars = 3 um. (C) and (D) show the large field of view images of the cleaned raspberry particles from (A)
and (B) respectively. Scale bars =5 pm.

the presence of the non-fluorescent shell. While TPM-TPM core-shell particles are unsuitable for optical
trapping when dispersed in TPM refractive index matching solvents, they do present a better alternative

to conventional particles for confocal imaging and tracking in dense suspensions.

To further confirm the concentric nature of the core-shell particles and the homogeneity of the
shell, PS-TPM and MF-TPM core-shell particles have been calcinated at temperatures above 300°C and
500°C respectively. The high temperature treatment causes the organic components of the core material
to disintegrate, whilst the TPM shell decomposes into a silica rich material. Applying mechanical stress
to these calcinated particles resulted in some broken, but clearly concentric and homogeneous shells.
Examples are shown in Fig. 4.7 for PS-TPM and MF-TPM core-shell particles post calcination and
crushing. Significant size reduction is also observed in the shell of the calcinated particles, and could be

contributed to the decomposition of the organic material inside.

4.3.2 Controlling core size and shell thickness

The size of the core and the thickness of the shell can also be independently controlled in a two-step

coating process. This flexibility allows the optimisation of the core particle size for optical tweezing,
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Figure4.6: (A) Brightfield and (B) confocal images of closely packed TPM-TPM core-shell particles with RITC-APS
labelled cores. Scale bars = 3 um.

irrespective of the total size of the core-shell particle. In particular, we find that the final thickness of
the shell is essentially controlled by the size of the raspberry lobes. Increasing the h"TPM concentration
used in the first coating stage leads to a clear increase of the lobe-size of the resulting raspberry particles
(Fig. 4.8A), though the number of lobes decreased. However, the lobe-size does not significantly depend
on the core-size for a given concentration of hTPM, within the range of core particle concentrations we
typically use (10® - 100 particles/mL). This is illustrated in Fig. 4.8B, where raspberry particles with

different core sizes were derived from TPM coating a single batch of polydisperse PS cores.

Figure 4.8C shows the effect of varying the hTPM concentration in the second coating stage on the
morphology of the final core-shell particle for raspberry particles with two different lobe-sizes. In contrast
to the first coating stage, increasing the hTPM concentration in the second coating stage appears to have
a limited effect on the overall size increase of the raspberry particles. However it does determine the
surface roughness of the final core-shell particles. This is shown in Fig. 4.8C, where raspberry particles
with two different lobe-sizes have been coated with various hTPM concentrations and then polymerised.
For the raspberry particle with the smaller lobes (left column), a smooth core-shell particle with a shell

thickness of ~600 nm is obtained at a hTPM concentration of 1.4 mM. In comparison, for the raspberry

Figure 4.7: Broken (A)PS-TPM and (B) MF-TPM core-shell particles after calcination. Scale bars =2 um.
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Figure 4.8: (A) Effects of the hTPM concentration in the first coating stage, as observed by brightfield microscopy
(top row) and SEM (bottom row). (B) SEM images of various sized raspberry particles made by coating a batch of
polydisperse PS cores at a hTPM concentration of 0.42 mM. (C) Effects of the hTPM concentration on the core-shell
particle morphology in the second coating stage. Results are shown for smaller lobed raspberry particles (left
column) and larger raspberry particles (right column). Scale bars = 3 um.

particle with the larger lobes (right column), a hTPM concentration of 2.1 mM is required to obtain a
smooth core-shell particle with a shell thickness of ~800 nm. At insufficient h\TPM concentrations, the

lobes protrude out of the second TPM layer, resulting in a rough surface in the final particle.
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Overall, we find that the final thickness of the shell is mostly dictated by the size of the raspberry
lobes, and that the hTPM concentration used in the second coating stage determines the final roughness
of the particle surface. Therefore in order to make make smooth core-shell spheres, the concentration of
hTPM needs to be sufficiently high in the second coating, so that all the interstitial space between the
lobes are filled.

4.3.3 Digital holographic microscopy and optical trapping

To characterise the optical properties of the core-shell particles, we have applied the in-line digital
holographic microscopy (DHM) on a TPM sphere, a PS-TPM core-shell particle, and a MF-TPM core-
shell particle. The DHM images are shown in Fig. 4.9A-C respectively. We fitted the holograms using
HoloPy [97] to find radius of the core, thickness of the shell, and the refractive indices of the particles
(Section 4.2.4). The results from the fittings are given in Table 4.1. Using these outputs, we generated
simulated holograms with HoloPy, and these are shown as the insets in Figs. 4.9A-C. Visually these

match the experimental holograms well.

Table 4.1: DHM fitting parameters for the holograms shown in Fig. 4.9: refractive indices of the core (ncore) and
shell (ngper) are shown, as are the radii of the core (rcore) and the final particle (rparticie)-

Particle type Neore  Nshell Veorel MM Teore/ MM Tspeir/ um a
PS particle 1.620 - 0.915 - -
PS-TPM core-shell 1.620 1.457 0.954 1.626 0.672
MF particle 1.679 - 0.891 - -
ME-TPM core-shell 1.679 1.489 0.885 1.705 0.820
TPM-TPM core-shell ®| 1.481 - - 1.101 -

& The shell thickness is defined as rgpenr = 'paricle = Feore-
b There is only one refractive index for the compositionally homogeneous TPM-TPM core-

shell particle.

We also compare each HoloPy fit with the experimental data by calculating the azimuthal averages
(plots are given below each hologram in Fig. 4.9A-C). Overall, the positions and the amplitudes of the
peaks from each fitting matches closely with the experimental data. The deviation seen in the the peaks
near the centre of the particle could be attributed to the effect of the illumination in the optics system. As
DHM is highly sensitive to any anisotropy in the particle, a slight eccentricity in the core-shell structure
may also contribute to the deviation in the HoloPy fittings. However, as we are able to fit our experimental
data well, this method of particle characterisation therefore further attest to the concentric nature of the

core-shell particles, as well as the homogeneity in the thickness of the TPM shells.

Next, we characterise the optical tweezing properties of the core-shell particles by trapping MF-

TPM and PS-TPM core-shell particles of comparable sizes, which are dispersed in a solvent medium
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Figure 4.9: Experimental DHM images of (A) a TPM particle; (B) a PS-TPM core-shell particle; and (C) a
MF-TPM core-shell particle in water. Insets (upper right quadrants) shows fitted holograms using HoloPy [97].
The corresponding azimuthal average plots are shown below each hologram for the real data (-) and the fitted data

(=).

with a refractive index that matches with TPM (see Chapter 3). The corresponding trapping potentials
are shown in Fig. 4.10. For comparison, the trapping potential for a MF core particle is also included.
The solids lines are fits according to a parabolic potential kx?, and the trapping stiffnesses are: kp;p =
9.6uN/m,kyp-rppm = 9.7uN/m and kps_tpy = 5.9uN/m. The higher trap stiffness values for MF
and MF-TPM particles are due to the higher refractive index of the MF core compared to the PS core.
More importantly, the trapping potentials for MF and MF-TPM particles are nearly identical. Therefore
this quantitatively confirms the near perfect refractive index matching of the TPM shell by our binary

solvent mixture, and corroborates with our findings in Chapter 3.

4.3.4 Simultaneous three-dimensional confocal microscopy and optical tweezing

Finally, to demonstrate the simultaneous 3D imaging and optical trapping capability of our new colloidal
system, we drag a single core-shell probe particle through a dense crystalline region of fluorescent TPM
host particles. The solvent mixture’s ratio is adjusted to allow for a slight density mismatch in order

to sediment the particles and permit the formation of a large crystalline domain, yet still maintain good
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Figure 4.10: Optical trapping potentials for a MF particle (¢), a MF-TPM core-shell particle (0), and a PS-TPM
core-shell particle (O) in a R.I. matching binary solvent mixture. The solid lines are fits according to a parabolic
potential of kx.

optical clarity for quantitative 3D confocal imaging deep within the sample. Using the hybrid optical
trapping - confocal microscopy set-up [71] detailed in Chapter 2, a single PS-TPM core-shell particles is
trapped and dragged through a colloidal crystal in the following geometries: (i) a straight line in the x/y
plane, (ii) a circular orbit in the x/y plane, (iii) a sinusoidal trajectory in z along a circular orbit in x/y,
whilst being imaged simultaneously using high-speed confocal microscopy. Videos of these trajectories

are provided in the Appendix using the original confocal data, and are played back at real-time.

1s

4s

7s

9s

Figure 4.11: Snapshots from the 2D time-series of a PS-TPM core-shell particle being dragged in a line, through
a dense crystalline region of TPM host particles by optical tweezing (See Appendix for the full video). The labels
on the left are timestamps of the snapshots from the full video. Scale bar =5 um.
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Figure 4.12: Snapshots from the 2D time-series of a PS-TPM probe particle being dragged in a circular orbit in a
crystalline region of TPM particles. Dashed lines (— — —) indicate the clockwise motion of the core-shell particle.
Scale bar = 5 um.

For the line trajectory (i), a 2D time series was taken where the PS-TPM core-shell probe particle
was dragged through a crystalline region of the TPM host particles at a constant speed of ~ 6um/s.
Snapshots from the time series is shown in Fig. 4.11 where the particle has been dragged from its
starting position at ¢ = 1s to the final position at ¢t = 9s. We see that the optical tweezer only ‘picks up’
the core-shell particle in this binary colloidal mixture, and has no effect on the surrounding TPM host
particles. As the particle is dragged through the TPM crystal, the regular hexagonal packing of the host
particle around it is disrupted (Fig. 4.11), but it is recovered once the core-shell particle has been moved
further away. Note that during the time-series, the TPM sample has moved slightly out of the focus of the
imaging plane, therefore the host particles appear less well defined towards the end of the experiment.
Similarly the effect of host particle rearrangement around the core-shell probe particle is also seen in (ii),
the PS-TPM core-shell particle is moved in a circular clockwise orbit (Fig. 4.12). A full revolution of the

particle takes ~ 3.6s, which can be seen in the full video included in the Appendix.

Particle data from trajectory (iii) is represented in Fig. 4.13, which demonstrates the independent
optical tweezing control and the high-speed confocal imaging in all three dimensions. A 3D reconstruction
of the confocal data from the region of interest is shown in Fig. 4.13A, where the core-shell particle’s
trajectory is centered inside a 15 x 15 x 10um> block of TPM colloidal crystal. The coordinates of
the TPM particles are detected and tracked using the method detailed in Chapter 2 section 2.4.4, and a
computer generated rendering is shown in (B) using the particle coordinates at t = 0. The schematic of the
trajectory of the core-shell particle is also drawn in (B) for clarity, where the positions of the core-shell
particle at the top (blue), middle (red) and bottom (green) of the trajectory are represented with spheres.
The time projections of the different cross-sections in z can also be compiled using the minimum pixel
values within each frame, giving rise to the images shown in Fig. 4.13C-E. The dark circles indicate
the positions of the core-shell probe particle at different times in its 3D trajectory. A full video of the

dragging of the core-shell particle through the 3D colloidal crystal is provided in the Appendix. These
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Figure 4.13: Simultaneous 3D imaging and optical tweezing of a core-shell particle in a colloidal crystal. (A) 3D
reconstruction of confocal data from sample’s region of interest. (B) Computer-generated image using detected
particle coordinates: gray spheres represent TPM host particle positions at the initial time, and core-shell probe
particle is drawn at its maximum and minimum z-positions along its circular sinusoidal trajectory, which is depicted
by the orange line. (C)-(E) Time projections of minimum pixel values for three cross-sections within the region of
interest, showing the core-shell particle locations at the (C) top, (D) middle, and (E) bottom of its trajectory. Full
video is provided in the Appendix.

experiments demonstrate the capability of our colloidal system for simultaneous optical trapping and 3D

confocal microscopy in dense colloidal materials.

4.4 Conclusions

In summary, we have described the development of novel micro-sized core-shell particles that enable
simultaneous 3D confocal imaging and optical tweezing by embedding them as ‘probe’ particles in a
dense and optically matched host suspension of fluorescently labelled particles. While the probe’s core is
made of a high refractive index material, the probe’s shell and surrounding host particles are both made of
TPM, which can be refractive index and density matched by a mixture of organic solvents, rendering them

invisible to the optical tweezer. The core-size and shell-thickness can be independently tuned and we have
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further shown the generality and flexibility of our approach by incorporating cores made of melamine
formaldehyde, polystyrene and TPM. By dragging a core-shell particle through a dense colloidal crystal,
we have demonstrated the unique capability of our new colloidal system for performing quantitative 3D
confocal imaging while simultaneously optically trapping, a capacity which we believe will open up a

broad range of opportunities to address many outstanding problems in condensed matter science.
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Chapter 5

Direct measurement of the depletion

potential in a binary mixture

ABSTRACT

In this chapter, we measure the depletion potential between two large PS-TPM core-shell particles
embedded in a sea of small TPM host particles using optical tweezing, whilst simultaneously measuring
the 3D structure of the host particles using confocal microscopy. First we measure the direct interaction
potential between two isolated core-shell particles. Next a sea of refractive index matched TPM host
particles is introduced to the system, and we trap the large core-shell particles at a series of distances
to directly obtain the potential of mean force. Lastly the form of the depletion potential, obtained by
subtracting the direct pair potential from the total potential, will be discussed in light of the structural
arrangement of the host TPM particles surrounding the trapped core-shell particles at various distances

of separation.

65
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5.1 Introduction

Since Perrin and Einstein [85, 86], Onsager and others [142] have further validated the analogy between
colloids and atomic systems [143]. By integrating out the degrees of freedom of the solvent molecules,
the interaction between two colloidal particles can be seen as acting through an effective potential.
Specifically, integrating out the positions and momenta of the solvent molecules means that the interaction
potential of a pair of colloidal particles should be considered as a potential of mean force, and that the
presence of the solvent can be treated as a background. It has been shown that the phase diagram of a
spherical colloid system sensitively depend on the potential of mean force [144]. As such, it is important

for us to understand the underlying reasons and factors which influence this potential.

In 1958, Asakura and Oosawa [145, 146] first reported a theoretical model describing an attractive
force between two hard spheres suspended in a solution consisting of dilute macromolecules. This was
later confirmed by Vincent et al. [147] and Vrij [148] for colloid-polymer mixtures. The attractive
depletion interaction was attributed to the overlap of the depletion zones of the hard spheres, which
excludes the presence of small depletants in between them. This results in a net imbalance in the osmotic
pressure, which pushes the particles closer together. Importantly, the overlap of the depletion zones
results in a net increase in the entropy of the macromolecules, thus lowering the free energy of the system
as a whole. Hence depletion interaction is entropic in origin. However, more recent studies [149, 150]
have shown that at higher concentrations of the macromolecules in the system, the depletion potential is
no longer simply attractive at short inter-particle spacings. Instead, oscillations in the depletion potential
have been observed at larger inter-particle spacings, and the magnitude of the oscillation appear to
correlate with the packing density of the depletants [149]. This has been attributed to the increase in
the ordering of the liquid structure of the small macromolecules as its packing density increases, though

direct evidence of their spatial configuration has not yet been acquired.

Experimentally, the inter-particle potential between two individual colloidal particles can be de-
termined using a variety of techniques, including surface force apparatus [151], total internal reflection
microscopy (TIRM) [152], colloid probe atomic force microscopy [153] and optical tweezing [154]. In
all of these cases except for optical tweezing, the measurement of the pair-potential is limited to isolated
particles. Yet, while optical tweezing allows the pair potential to be measured in dense suspensions, the
structural arrangement of the bulk colloidal suspension can not yet be easily observed. This is because
optical tweezing requires a refractive index mismatch between particles and the solvent, and this conflicts

with the optical transparency that is required for 3D confocal imaging.
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In this chapter, we use the TPM colloidal model system that was described in Chapter 3 and the
core-shell particles from Chapter 4 to overcome the problem of simultaneous confocal imaging and
optical tweezing in a dense colloidal dispersion, so that the potential between a pair of core-shell particles
embedded in a sea of small TPM particles can be measured. First we determine the direct pair potential
between a pair of PS-TPM core-shell particles in a TPM refractive index matching medium by measuring
the displacement of the particles from the trap centres and the strength of the optical traps. Next the
same procedure is repeated for the trapping of core-shell particles embedded in a sea of small TPM host
particles to obtain the potential of mean force. Using both the direct pair potential information and the
potential of mean force measurement, the depletion potential is derived. Finally the form of the depletion
potential is interpreted and compared with the direct visualisation of the host particle structuring around

the core-shell particles.

5.2 Background

5.2.1 Pair potential

We have seen in the previous chapters that TPM particles experience a soft inter-particle interaction when
immersed in the refractive index and density matching solvent mixture, due to screened electrostatic
interactions. The typical decay length of the charge screening in a system is given by the Debye length,
«~!. In the hard-sphere Yukawa (screened Coulomb) model, the interaction potential between particles

of diameter o is given by:

eexp(—ko(r/o—1))

U ————, forr>o
. (’T) = e 5.1)
B 00, forr < o.
The parameter € is the contact value of the pair potential, which is given by:
ApZ?
e=— B2 5.2)

o(l + ko /2)?

Here Z is the effective charge of the particles, and 1p = e?/(e,kgT) is the Bjerrum length, which
represents the separation of the unit charges at kgT. The pair potential can be seen as the reversible work
required to bring two particles together at a separation distance of . Simulation studies done by Hynninen

et al. have shown that changes in contact value € and the Debye length «~! greatly influence the phase
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diagram of a hard-core Yukawa system [90]. For highly charged colloids with large contact values of e,
the crystal-fluid transition occurs at significantly lower hard-core packing fractions than weakly charged
colloids. For example, in a point Yukawa particle system with a contact value of € = 20kgT, if the
Debye length is small at 1/(ko) = 0.05, the crystal-fluid freezing transition would be expected to occur at
¢ = 0.3. However if the particles are very charged and the Debye length is larger at 1/(ko") = 0.15, then
the freezing transition would be expected to occur at a far lower packing fraction of ¢ = 0.2. Therefore

it is of central interest to directly measure the interaction potentials between two colloidal particles.

5.2.2 Depletion interaction

In 1958 Asakura and Oosawa first reported the phenomenon of an attractive force between two hard-
spheres when suspended in a dilute solution of macromolecules [145, 146], which was also observed by
Vincent et al. [147] and Vrij [148] using colloid-polymer mixtures. This phenomenon is known as the
depletion interaction. The macromolecules, which include non-adsorbing polymers and small colloids,
are considered as inter-penetrable hard-spheres when interacting with each other and as hard-spheres
when interacting with the large colloidal particles [143]. For two colloidal particles of size oy immersed
in a sea of macromolecules of size o, as shown in Fig.5.1A, there is an associated depletion layer
of thickness og/2 around each colloidal particle. Even though the direct colloid-colloid and colloid-
macromolecule interactions are repulsive, the overlap of the depletion layers of the two colloids brings
about an effective attractive force, due to the increase in the volume available for the macromolecules
and the lowering of the overall free energy. As such, the attractive depletion potential between the two
large particles at low depletant concentrations can be accounted for by the product of the overlap volume
Vo and the osmotic pressure I1 = npkpT, where ny, is the bulk number density of the depletant. This is

summarised in the Asakura-Oosawa-Vrij (AOV) depletion potential as:

[e%) h < 0,
Viep(W ==V, (k) 0<h<os, (5.3)
0 h > gs,

and is plotted in Fig. 5.1B as a function of colloid surface-to-surface separation, 4. Given that the overlap
volume V,,,, depends on the thickness of the depletion zone o /2, we can see from Eqn. 5.3 and Fig. 5.1B
that the range of the AOV depletion interaction is determined by the size of the depletant. Similarly,

the strength of the interaction is set by the osmotic pressure of the bulk, which depends on the bulk
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Figure 5.1: (A) Schematic diagram of two hard-spheres in a sea of small penetrable hard-spheres. The depletion
zones are drawn in dashed lines (——), and the overlap volume is indicated by the shaded region, where the osmotic
pressure is lower than that of the bulk, resulting in an attractive depletion potential. (B) AOV depletion potential
plotted as a function of the surface-surface separation of the pair of large colloids, h, at low ¢g.

concentration of the depletant [142, 143].

In the case of a more concentrated solution of macromolecules, AOV theory breaks down, and
studies have shown that the depletion interaction (Vy.,) between two colloidal particles in a sea of
macromolecules is no longer simply attractive [149, 150, 155]. The oscillatory nature of the potential is
now attributed to the structuring of the small macromolecules, though direct visualisation of this has not

yet been observed.

5.2.3 Potential of mean force

From statistical mechanics, we know that the potential of mean force between two colloidal particles
in a mono-disperse colloidal suspension can be determined from the structural information of the host

particles:

Wior (1)
— =-1 . 54
ks n(g(r)) (5.4)
Here, the radial distribution function g(r) conveys the structural information of the small particles, and
the potential of mean force W;,; (r) is the reversible work required to bring the particle pair together to a

separation of r from infinite separation. The potential of mean force, i.e the total effective potential, can
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be expressed as the sum of the direct pair potential U (r) and the depletion potential Ve, (r):
Wiot(r) = U(r) + Vaep(r). (5.5

In the dilute limit where the packing fraction of the neighbouring particles ¢ — 0, the contribution from
Vaep becomes negligible and Eqn. 5.5 simplifies to the direct pair potential U(r). It is interesting to
note at this point that for a pair of colloids in a solvent, the solvent molecules would also be expected
to contribute to the potential of mean force. However as the size of the colloidal particles are several
orders of magnitude larger than the molecules, the structuring of the solvent molecules is not felt by the
colloids. Therefore the solvent is treated as a continuous medium and contributes a negligible amount
to the overall total effective potential. Hence the measurement of the potential of mean force for a pair
of colloids in a solvent medium with no other particles around can be seen as their direct inter-particle

potential.

However, for a system with high packing fractions of colloids, past experimental and simulation
studies have shown that the potential of mean force W;,; no longer decreases monotonically as a function
of distance of separation r [149, 150, 154]. Therefore the entropic contribution due to the structuring
of the neighbouring particles through the increased ¢ has a significant effect on the depletion potential
Viep, and hence W;,,,. By measuring the potential of mean force and knowing the direct pair potential of
a particular pair of particles, we can quantify exactly the extent of the contribution from the surrounding

particles.

In the case of a binary system, consisting of large particles with size o, embedded in a sea of small
particles of size os, and with ¢;, << ¢g (as illustrated in Fig. 5.1), the total interaction potential between

a pair of the large particles is given by:
Wrp(r) =ULp(r) + Vaep(r). (5.6)

Therefore the structural information of the system can be derived using:

w
,f;;”) = “In(gro (). (5.7)

However, in the limit ¢;, << ¢g, Vyep (r) depends predominantly on the structuring of the small particles,

and hence the structure of the gy 1, is expected to have the same oscillation wavelength as that of gss (7).
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5.3 Experimental methods

5.3.1 Sample preparation

Refractive index and density matching of both TPM particles and core-shell particles are required for
simultaneous optical tweezing and confocal imaging to take place. RITC-labelled TPM particles from
the batch y/-01-25A (Chapter 3, Table 3.2) have been selected as the host particles, with o5 = 1.64um
and a polydispersity of 4%. The particles were thoroughly cleaned and underwent solvent transfer into
a final solution that consist of 45 : 55% vol tetralin : TCE and 1% OLOA-1200 surfactant. The details
of the solvent transfer procedure are described in Chapter 3. Similarly, a bath of PS-TPM core-shell
particles (osr.s = 3.1um with a polydispersity of 8%), outer layer labelled with RITC-APS) was chosen

as the probe particles, and underwent the same solvent transfer procedure in a separate process.

For the direct pair-potential measurements, a dilute dispersion (¢cs < 0.01) of refractive index and
density matched core-shell particles was used. For the measurement of the potential of mean force, both
the core-shell and the TPM components are mixed together, and the proportion of the core-shell probe
particles is adjusted so that its number density is less than a thousandth of that of the TPM host particles.
Finally the sample is inserted into the special glass sample chamber (shown in Chapter 2 section 2.4.2)

and left to equilibrate over the course of 48hrs.

5.3.2 Optical tweezing and confocal microscopy

The decoupled confocal and optical tweezing setup described in Chapter 2 is used to optically trap the
core-shell particles, whilst 3D confocal time-series data is acquired simultaneously. Via the spatial light
modulator (SLM), two first-order traps are used to control the positions of the core-shell particles. Once a
pair of core-shell particles has been selected, they are moved to a region of the sample chamber away from
walls and other core-shell particles. The laser intensity is adjusted so that the pair of core-shell particles is
weakly trapped. Subsequently, the distance of separation between the optical traps is systematically varied
by the SLM. The trapping stiffness of the optical traps was determined by measuring the displacements
of a single trapped core-shell particle from the centre of the trap over the course of 10 minutes. The
normalised probability distribution of the particle positions (summed in the y—direction) is related to the
potential of the optical trap , Uy,qp, via P(x) ~ exp[~U;rqp(x)]/kpT. By plotting In[P(x)] against the

particle displacement x, and fitting a quadratic equation of the form kx?/2 to the data, we obtain a value
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for the trapping stiffness k.

For the measurement of the direct pair potential, the core-shell particles are moved to a position
roughly 30um above the bottom cover glass to prevent wall effects. The separation between the two
optical traps was set at regular intervals between 3.2 — 4.4um. Confocal 2D cross-sections through the
centres of the core-shell particles are recorded at a frame rate of 120 fps using bi-directional scanning

over the course of 10 minutes for each trap separation.

Similarly, for the measurement of the potential of mean force between core-shell particles embedded
in a sea of TPM particles, the core-shell particles are moved to a region where ¢ ~ 0.20. The sample is
left to equilibrate for a further 5 minutes before data is taken. Due to the presence of TPM host particles,
the separation between the two optical traps were set between 3.2 — 7.0um so that any long ranged
interactions between the core-shell particles can be recorded. Confocal 3D time-series of the sample
are recorded using uni-directional scanning at 60 fps. The stacks have dimensions 50 x 17 x 20um?,
with resolutions of 0.195um /pixel in x-y and 0.25um /pixel in z. Typically 1000 stacks are recorded for
each time-series, taking on average a total acquisition time of 22 minutes each. The raw timestamps and
z-height of each confocal slice are also recorded for every run so that the time-resolution can be validated

in the post-processing.

5.3.3 Image processing

The positions and trajectories of the small TPM host particles can be detected and tracked in 3D using
the Crocker and Grier method (see Chapter 2 section 2.4.4). However the detection of the positions of the
larger core-shell particles requires a different approach, because they are weakly fluorescent and appear
much darker in the confocal images. Therefore the conventional particle detection method can lead to a
large degree of inaccuracy in the particle position, and hence in the measured potential. To determine the
equilibrium separation distance in the plane bisecting the centres of the pair of core-shell particles (and
1 to z), we take a sum of the x, y projections along z over the region of the core-shell particle, and over
the total time of the experiment (see Fig. 5.2A). From these projections, we can accurately determine
the equilibrium positions of the trapped particles in (x, y), by looking at the pixel intensities along x and
perpendicular (y) to the axis of the trap separation in the summed image. The location of the core-shell
particle corresponds to the low intensity regions of the plot profile (Fig. 5.2B), and a Gaussian curve is
fitted to the bottom of each curve, yielding the (x, y) coordinates of each particle. From these we obtain

the average core-shell centre-to-centre separation distance for each optical trap separation.
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Figure 5.2: (A) The relevant x|y slices of each timestack is summed together to give a composite image containing
information on the core-shell particle pair for that particular ‘time frame’, then all the composite images are
summed together for the entire time series for a particular trap-separation, yielding the final image shown in the
last panel. (B) Cross-section profiles of the normalised pixel intensity along the dotted lines on the composite image
in x and y. Gaussian functions were fitted to the low-pixel intensity regions to determine the particle coordinates.

5.4 Results and discussion

5.4.1 Direct pair potential measurement

In Chapter 3 we have seen that the fluid-crystal phase transition for a system of refractive index matched
TPM system occurs at ¢ = 0.42, which is lower than what is expected for a hard-sphere system. This
suggests a soft repulsive interaction between the TPM particles in the refractive index matching solvent.
Here, we directly measure this interaction by tweezing two PS-TPM core-shell particles and bringing
them to a close proximity. Due to the repulsive interaction, the pair of core-shell particles is expected be
found (on average) further apart than the separation distance between the centres of the pair of optical
traps. However because the range of this repulsive interaction is relatively short-ranged and decays as
~ exp(r)/r, we do not expect to see significant deviation in the particle-particle separation rr ; unless the
trap-trap separation r;,, is sufficiently small. As such, at large r7 ;. the repulsive direct pair potential is
very weak compared to the trapping potential and the core-shell particles diffuse around their respective
trapping centres. However, as r;,4, decreases, the particles are brought increasingly close to one another
and the repulsive force between them increases significantly, resulting in a measurable difference of

Ar = rpp — rirap. Note that here, we assume that the potential of the PS-TPM core-shell particles are
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Figure 5.3: (A) Detected core-shell particle centre-to-centre separation rp compared with the estimated SLM
trap-separation distance rsypy in a dilute core-shell particle dispersion. A linear correction has been added to
account for the resolution of the SLM. (B) Typical optical trapping potential for a single PS-TPM core-shell particle
in a TPM refractive index matching solvent, fitted with a parabolic curve of the form %kxz. Data is taken from the
pair potential measurement experiment for rspp = 4.4um.

identical to that of the TPM particles as their surfaces are identical.

Fig. 5.3A displays the outcome of trapping a pair of PS-TPM core-shell particles in a refractive
index matching solvent and compares the SLM controlled trap centre-to-centre distance rsy s with the
detected core-shell particle pair centre-to-centre separation rr . We see that for rsyas > 3.8um there is
good agreement between the particle separation and the trap separation, however at smaller 75y 57 there is
a significance deviation in r; ; from the linear trend. Before recording the difference Ar, we first account
for the systematic error in the trap position calibration and the resolution of the SLM: using the large
rsr.a data points for reference, a line has been fitted and the y-intercept is restricted to < 40nm to account
for the resolution of the SLM (r,qp = 0.96874rsp 0 — 3.7 X 107%). This line has also been plotted in

Fig. 5.3A, and we can use the adjusted values of r;,,, to accurately determine Ar.

Next, to convert Ar(rz ) into Fr ., weuse F,,; = —k-Ar = —Fp1.(r). To find the trapping stiffness
k, we use the method described in Section 5.3. The natural logarithm of the probability distribution of
core-shell’s position in an optical trap is plotted against its displacement from the trap centre, as shown in
Fig. 5.3B. To find &, the trapping potential close to the trap centre can modelled as a Hookian spring, and
fitting with a function of the form y = %kx2 yields a value for the trapping stiffness. The k values for all
trapping distances were found to be similar in magnitude, and an average value of k = 7.42 x 107’ Nm™!

is taken for the subsequent calculations.

Having obtained both the Ar and k, we can now determine the magnitude of the force due to the

inter-particle interaction between the pair of core-shell particles using Fy; = —F,,; = +k - Ar. This has
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Figure 5.4: (A) Force experienced by the pair of core-shell particles due to the presence of the optical tweezers,
plotted as a function of their centre-to-centre separation distance. The force profile is fitted with the derivative
of the Yukawa function. (B) Direct pair potential of the core-shell particle, fitted with the hard-sphere Yukawa
function (Egn. 5.1).

been plotted in Fig. 5.4A as a function of the inter-particle centre-to-centre distance. As expected, the
repulsive forces between the core-shell particles decreases rapidly to zero once ry ;. is sufficiently large.
We have also fitted this plot with the derivative expression for the hard-sphere Yukawa model introduced
in Eqn. 5.1, which has the form: dU/dr = —ABexp(—Br)/r + Aexp(—Br)/rz, where A and B are

constants.

Finally, the direct pair potential between the two PS-TPM core-shell particles is obtained from
Frp(r) = =dUpp(rpp)/drrr, i.e. by the integration of the inter-particle force data with respect to the
inter-particle separation distance ry ;. This is shown in Fig. 5.4B along with a hard-sphere Yukawa fit,
whose expression is given in Eqn. 5.1. By extrapolating the fit to rp; = o, where o = 3.1um,
we obtain a contact value of € = 27.4kpT, as well as a value for the Debye length in the refractive
index matching solvent of k~! = 115am. For comparison, the x~! value obtained from the exponential
decay of the force curve in Fig. 5.4A yielded 140nm. Both would suggest a very low concentration of
~ 2 x 1077M for a monovalent salt in solution. Applying « and e to the simulated phase diagrams of
hard-sphere Yukawa systems as reported by Hynninen et al. [90], it predicts that the freezing transition of
TPM particles in the refractive index matching solvent would occur at ¢ ~ 0.35. This is somewhat below
the freezing transition of ¢ = 0.42 that we have determined previously in Chapter 3, but still confirms
the soft nature of the particle interactions. In fact, the agreement is reasonably good as the exact values
for k~! and € from the Yukawa fit are particularly sensitive to the particle diameter. For our calculations,
we have used the SLS measurement of the core-shell particle that was measured in water. In addition, it

also suggests that the TPM and the PS-TPM core-shell particles interact very similarly.
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Figure 5.5: (A) Detected core-shell particle centre-to-centre separation rpy compared with the estimated SLM
trap-separation distance rspp in a binary core-shell and TPM colloid mixture. (B) Typical optical trapping
potential for a single PS-TPM core-shell particle in a TPM refractive index matching solvent with smaller TPM
host particles around, fitted with a parabolic curve of the form %kxz. Data is taken from the potential of mean
force experiment for rsppr = 7.0um.

5.4.2 Potential of mean force measurement

Analogous to the determination of the direct pair potential for a pair of isolated core-shell particles in
the TPM refractive index matching solvent, the total effective potential between two core-shell particles

embedded in a dense liquid of small TPM particles can be determined using the same methodology.

For the trapping of a pair of core-shell particles in a sea of small TPM spheres, whose average
volume fraction is ¢ = 0.165, the core-shell particle separation has been plotted against the SLM trapping
distance in Fig. 5.5A. The packing fraction of the small TPM spheres varies up to 2% between each
measurement, however it has been kept within a fluid region and below the freezing transition that was
detected in Chapter 3. Comparing this with the equivalent plot for the direct pair potential (Fig. 5.3A),
it appears that the deviation from the expected distance persist for a longer range of separation distances.
Again the same linear correction used for Fig. 5.3A has also been applied to Fig. 5.5A, and from this
we can work out the true trap-to-trap separation r;-,p, and hence obtain Ar. Note that Ar is now much
smaller than those for the direct potential measurements. This indicates that the potential of mean force

is much weaker.

The trapping stiffness for the potential of mean force experiment is obtained using the same method
as the one for the direct pair potential experiment. Fig. 5.5B shows a typical example of the trapping
potential and the parabolic fit. On average the trapping stiffness was found to be k = 3.60 x 107’ Nm™!

for trapping a core-shell particle in the binary colloid mixture.
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Figure 5.6: (A) Force experienced by the pair of core-shell particles embedded in a sea of small TPM host particles,
plotted as a function of the core-shell centre-to-centre separation distance. (B) Effective total pair potential or
PMF of the core-shell particle in the binary mixture, plotted against the core-shell surface-to-surface distance

normalised by the diameter of the small spheres. The extrapolated direct pair potential fit from Fig. 5.4B is also
plotted (——) for comparison.

Using Fr; = —F,p: = +k - Ar, the inter-particle force between the trapped core-shell particles is
calculated and has been plotted as a function of the inter-particle separation in Fig. 5.6A. Unlike the force
plot in Fig. 5.4A, we can see a highly oscillatory pattern in the force profile for the core-shell particle
pair in the binary mixture, which persists for the entire range of separation distances that were measured.
This contrasts with the faster decay in the force profile for the core-shell only system (Fig. 5.4). Also

note that Fy; here is about an order of manitude smaller than the equivalent core-shell only system.

Integrating the force profile, we get the potential of mean force for the trapping of the core-shell
particles in the presence of small TPM host particles. From the plot of the potential of mean force in Fig.
5.6B, we also see the fluctuation in the potential around zero at various inter-particle separations. By
plotting the potential against the surface-to-surface particle separation, normalised by the diameter of the
small particles, it is interesting to observe that the potential appear most attractive at #/os = 0.25 and
1.25, most repulsive at h/os = 0.75 and 1.75, and zero at half or integer g spacings. Whereas for the
direct potential measurement, also plotted in Fig. 5.6B, we can see that it decays rapidly to zero within
a half of the small particle spacing. Therefore, in relation to the works by Crocker et al. [149, 150], and
comparing with the Asakura-Oosawa prediction, the oscillation in the potential of mean force is attributed

to the structure of the surrounding host particles.
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Figure 5.7: Depletion potential of a pair of core-shell particles embedded in a sea of host particles with ¢ = 0.165,
plotted against the particle surface-to-surface distance h, normalised by the size of the small host spheres 0.

5.4.3 Depletion potential

The direct pair potential and the full potential of mean force data, the depletion potential can be determined
using Vgep = Wi — Up and this is shown in Fig. 5.7. The form of our depletion potential is consistent

with the density-functional-theory simulation results reported by Roth et al. [150].

For h/os < 0.5 the potential appears attractive. This has been predicted in the work of Asakura-
Oosawa and can be explained by considering the large overlap of the zones around the trapped core-shell
particles known as the excluded volume. This is a region where the smaller particles cannot penetrate.
Effectively the overlap volume creates an osmotic pressure imbalance, where the pressure in the bulk
greatly exceeds that in the excluded region. Consequently the two trapped particles experience an
attractive potential. This attractive depletion potential is entropic in original. A greater overlap of the
excluded volumes of the large particles results in an overall increase in space for the small particles. This

leads to an overall increase in the entropy of the system, an therefore a lower free energy.

The attractive region at 1/o s = 1.25 means that a small particle can now fit between the core-shell
particle space. However as the spacing is greater than the integer value spacing of the small particle
diameter, the time-averaged concentration of the small depletants is lower in the inter-particle region than
in the bulk. Again this leads to an osmotic pressure imbalance, where the pressure in the bulk exceeds

that of the inter-particle region. Therefore we see an attractive potential in Fig. 5.7.
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Conversely, at i/os = 0.75 and 1.75 where the particle separation is just below the integer spacings
of the small host particles, the potential is repulsive. This suggests that the core-shell particles have a
larger average separation distance than expected. As h/os is close to an integer values of the small
particle spacing, there is a greater chance for the small particles to diffuse into this region, as driven by
the pressure in the bulk. Therefore this leads to an increase in the average concentration of the small
depletants in the inter-particle region, and the average osmotic pressure here is larger than the pressure in
the bulk, hence ‘wedging’ the large particles apart. This repulsive potential persists until 4 equals integer
spacings of the small particle diameter, so that there is no net osmotic pressure imbalance in the system

and the potential is zero.

5.4.4 Structure of the host particles

To illustrate the structural influence of the TPM host particles on the depletion potential, confocal data for
the highlighted points in Fig. 5.7 are presented in Fig. 5.8. Here we can directly visualise the previously
hypothesised ‘liquid’ structure layering of the small TPM host spheres around the pair of large core-shell

particles at various trapping separations.

In the first column of Fig. 5.8, raw (x, y) confocal slices for the four different core-shell separations
are shown. These were taken from the middle of the z-stacks where the plane bisects the centres of both
core-shell particles that were being held in the optical tweezers. Due to photobleaching, the core-shell
particles appear dark in these images, whereas the RITC-labelled TPM host particles appear as the
bright features. It is clear from Fig. 5.8(i) that there are no host particles in the inter-particle space at
h/os = 0.24, where the depletion potential is highly attractive. In (ii), h/os = 0.64, small particles
are seen to ‘wedge’ the large particles apart, resulting in a repulsive potential. In (iii), 2/os = 0.64, a
single small particle can fit comfortably into the inter-particle region on average, but with a small excess

volume. Lastly in (iv), #/os = 1.94 so two small particles can reside in the inter-particle spacing.

To make it easier to see the overall averaged liquid structure of the small TPM particles, the confocal
images were summed over the core-shell region of each stack and then for all frames in the 3D confocal
time-series. These are displayed in the middle column of Fig. 5.8. Due to Brownian diffusion of the host
particles, these now appear blurred in the images, but bright rings can be easily distinguished around the
dark core-shell particles. Lastly, the normalised intensity profiles of the x-cross-section of the composite
image are shown in the last column. This provides an indication of the probability of finding a host

particle particle at specific points along the middle of the summed image.
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Figure 5.8: Table of data for selected hy as indicated in Fig. 5.7. For each distance of core-shell particle separation, a (x,y) confocal slice bisecting the core-shell
particle centre is shown, along with the composite confocal image and the pixel profile along x as detailed in Section 5.3.3.
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For Fig. 5.8(i) with & = 0.240g, the particles are experiencing a large attractive potential as seen
in Fig. 5.7. The core-shell particles are very close to each other, and there are no small particles in
the excluded region between them. In this liquid bath of TPM particles, the large particles have distinct
layered structures of the small particles surrounding them [150]. They are pushed closer together to
maximise the overlap of their depletion zones, so that more volume is available for the surrounding host
particles. We also observe the extent of the overlap indirectly in the plot intensity cross-section, where
the peak in between the core-shell particle pair is extremely low, signifying the low probability of finding

any host particles in between them.

In (ii), the particles are slightly further apart, with 4 = 0.640g, but the depletion potential here is
near zero. Like in (i) the layering around the outside of the particles are observed. However there is also
a higher probability of finding small particles immediately above and below the excluded zone. These
small particles lead to a reduction in the overlap of the excluded volume of the large particle pair. As
such there is a balance of the forces from these small particles in the y direction, as well as that from that
of the bulk in the x-direction. Consistently we see a reduction in the attractive strength of the potential at
this particular separation distance. This is further confirmed by the increase in the pixel intensity of the

middle peak in the plot profile.

As the particle separation / increases further, more and more small particles can fit in the spacing
between the pair of large particles. In Fig. 5.8(iii), h/os = 1.24, the spacing is larger than the small TPM
particle diameter and is sufficiently large for one small particle to fit on average. This is reflected in the
middle peak of the normalised intensity profile. We also see the complete ‘ring’ of small host particles
around the two core-shell particles in the summed confocal images. For Fig. 5.8(iv), h/os = 1.94, the
spacing is almost large enough for two TPM host particles to fit in line between the core-shell probes, and
two separate ‘rings’ can be seen around the large particles. As 4 is now near an integer value of small
particle spacing, there is very little osmotic pressure imbalance, and the depletion potential is nearly zero

(see Fig. 5.7).

Next, we quantify the structure of the small particles by calculating the radial distribution function
of the small host particles, gss (7). The packing fraction of the core-shell particles is so low in the system
that their contribution to gss(r) is negligible. The measured gss(r) is plotted in Fig. 5.9A, and the peaks
occur near integer values of os. To find a comparable radial distribution function for the large core-shell

particles, gz 1 (r), we can use the potential of mean force Wy according to:

Wir(r) ) (5.8)

grL(r) =exp ( - ksT
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Figure 5.9: Radial distribution functions from the binary system for (A) the small TPM host particles (prpp =
0.165), and (B) the large core-shell probe particles (¢cs = 0.0018), as derived from the potential of mean force
data (Eqn. 5.7). A linear extrapolation of gr1.(r) is also included here for illustrative purposes (-). os and o,
denotes the TPM and core-shell particle diameters respectively.

The resulting gy 1 (r) is plotted in Fig. 5.9B against a radial distance normalised by the size of the large
particle diameter o . Interestingly, the peak separation does not correspond to integer values of o, but
rather corresponds to integer values of os. Therefore this indicates that the g7 ; () in our binary mixture

is completely dominated by the structure of the small particles.

This can be further quantified by plotting the natural logarithm of the total correlation function
h(r) = g(r)—1, as afunction of distance normalised by the small spheres, which highlights the oscillation
wavelength in the decay of the structural peaks of g(r) [156]. In Fig. 5.10A, this is done for gss(r) and
it is clear that the peaks have integer value spacing of the small particle diameter. Similarly for gz . (r)
via Eqn. 5.7 (see Flg. 5.9B), we see that the peaks also oscillate at integer values of os. This confirms
that in the limit of ¢ — 0, the depletion interaction between the two large particles is dominated by the

structuring of the small particles.

5.5 Conclusions and outlook

In summary, we measured the depletion potential of two large PS-TPM core-shell particles embedded in
a sea of small TPM particles using optical tweezing, and recorded the 3D structuring of the host particles
using confocal microscopy. The direct pair potential of a pair of isolated core-shell particles was detected
first, before a sea small TPM particles was introduced so that the potential of mean force between two large

particles can be measured. The depletion potential is then obtained by subtracting the direct interaction



5.5 Conclusions and outlook 83

A B

—p
—ng

o

In [gss(r) -1 ]
In [gLL(r) -1 ]

T
1.0 1.5 20 25 3.0 35 4.0 4.5 2.0 25 3.0 3.5 4.0

r/ o r/ o

Figure 5.10: The natural logarithm of the total correlation function for the small TPM particles (A) and the large
core-shell particles (B), plotted as a function of distance away from the particle centre r and normalised by the size
of the small particle diameter og.

potential from the total interaction potential. Finally we discussed the form of the depletion potential in

terms of the structuring of the small host particles around the large core-shell particles.

With this experiment, we have also demonstrated the suitability of our colloidal system for combined
3D confocal microscopy and optical tweezing studies, which may help to better address some of the
fundamental questions in statistic mechanics. In future work, we will extend the depletion potential
measurements to other volume fractions of the small host particles so as to obtain a more complete
picture of the depletion potential. Likewise it may also be interesting to explore the effect of size ratio of

the binary colloid mixture on the depletion interaction.
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Chapter 6

Development of optically anisotropic

dumbbells

ABSTRACT

In this chapter, we synthesise and characterise optically anisotropic dumbbell particles by coating a high
refractive index seed particle with a single TPM lobe. We rationalise the formation of the dumbbell
particles by considering the total surface energy for single and multi-lobed particles. In particular, we
investigate the effects of the hTPM volume, the seed particle size, and the lobe’s contact angle on the
total surface energy. We discuss the synthesis outcomes from Chapter 4 in light of these calculations, as
well as the results of coating titania-PS and TPM seed particles with TPM. Finally we demonstrate the
use of MF-TPM dumbbells immersed in a solvent with a refractive index in between that of the dumbbell
lobes in a preliminary optical tweezing experiment, where we drive the TPM lobe with a time-delayed

feedback trapping setup.
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6.1 Introduction

In recent years, optical tweezing and manipulation of colloidal particles have become a widely used tool
to study a wide range of topics in soft matter [54], ranging from hydrodynamic coupling [157] to directed
self-assembly [158]. With the increasing complexity in the design and development of trapping methods
and technology, particularly the use of spatial-light-modulators (SLM) [54], we are able to access a
large variety of optical landscapes, including the simple Gaussian beam [101, 159], Laguerre-Gaussian
beams [160, 161], and interference patterns [162]. This opens up a wide range of topics that can be

addressed using trapped and driven spherical colloids in various optical potentials [160].

The complexity of optical tweezing experiments can also be increased by trapping colloidal particles
with complex geometries and anisotropic properties [37]. The simplest anisotropic geometry for a non-
spherical particle would be the prolate or the oblate, i.e. a rod-like particle or a disk-like particle. Indeed,
the optical manipulation of homogeneous rods has also been reported [160]. Nevertheless, the behaviour
of optically anisotropic colloidal particles in optical traps is much less explored. If we have two spheres
made from different materials conjoined in the form of a dumbbell particle, it would be possible to induce

both geometric and optical anisotropy.

We have seen in Chapter 3 that TPM droplets can often attach to the surface of a spherical
seed particle during nucleation, and that the volume of the TPM used can greatly influence the final
geometry of the colloidal particle. This varies from the multi-lobed raspberry particles to single-lobed
particles [37, 163]. By the nature of the coating, different materials for the seed can be used, resulting in
two sides of the dumbbell particle having different refractive indices. If the size of the TPM lobe of the
dumbbell particle can be controlled so that the size ratio between the two lobes is approximately 1:1, then
we effectively have a prolate particle with optical anisotropy. To better control the morphology of the
dumbbell particle during synthesis, the total surface energy involved needs to be considered to see which
geometries (multi-lobed or single-lobed) are more favourable under different conditions. In particular,
one has to consider the amount of TPM used, the size of the initial seed particle, and the change in the

contact angle through the introduction of surfactants.

In this chapter, we will first explore the underlying reasons for the formation of multi-lobed or
single-lobed particles by considering the surface energies in these systems. We will compare these
numerical calculations to our experimental observations, involving the coating of different seed particles

with TPM under different reaction conditions, and also discuss the limitations of the surface energy
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calculations. Lastly, we immerse the optically anisotropic MF-TPM dumbbell particle in a solvent
medium with intermediate refractive index to the two sides of the dumbbell, and manipulate it using
optical tweezers. In this preliminary tweezing experiment, we trap one side of the dumbbell and drive

the other side using a second trap, following a time-delayed feedback control.

6.2 Background

6.2.1 Surface energy of a droplet

For a droplet of any material to exist in a dispersion medium of a different material, there is a surface tension
v associated with the interface. This surface energy originates from the net loss of bulk intermolecular
forces at the interface, and can be considered as the work required to create the interface when bringing
the two materials into contact [80, 81]. The surface tension between materials 1 and 2, y1,, is expressed
by the Dupré equation [81] as:

1 1
Yi2 = EW“ + §W22 -Wi =y +y2— Wi, (6.1)

where Wy, is the contact energy between materials 1 and 2. As such, this implies that the nucleation and
the formation of droplets of liquid 1 in liquid 2 would only occur if there is a sufficiently large surface

tension between the two fluids.

For a single lobe of material 2 on a flat surface of material 1 in a medium 3 (Fig. 6.1A), its shape
depends on the surface energies. At equilibrium, there is a contact angle 6 that is defined by the balance

of the interfacial tensions at the triple contact point. This leads to the Young’s equation [81]:

Y12 + 23 cos(8) = yi3. (6.2)

Figure 6.1: Schematic diagrams of: (a) A droplet on a flat surface, and (b) A droplet on a spherical surface.
Numbers 1, 2, 3 denote the solid phase, the TPM droplet phase, and the aqueous phase respectively. 6 is the contact
angle between the droplet and the solid surface.
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Physically, the contact angle 8 has to lie between 0° and 180°, which corresponds to complete wetting

and complete de-wetting respectively.

Surface tension has the unit of energy per area. Therefore, to work out the total interfacial energy,
we also need to consider the relevant surface areas of contact between the three phases. For the system

depicted in Fig. 6.1A, the total surface energy can be described as:

U = vy13A13 + 12412 + ¥23A23. (6.3)

Since the contact angle is independent of the geometry of the surface, the above equation can be adapted
to the case where the substrate surface is highly curved, e.g. the case shown in Fig. 6.4A. As such, the
surface energies of the single-lobed and multi-lobed particle formation can be calculated and compared,
which will be discussed in Section 6.4.1.
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Figure 6.2: Schematic diagrams illustrating: the refraction of light when travelling from a high refractive index
material to a low refractive index material, and the gradient forces involved when trapping a particle with a lower
ny than that of the solvent medium. (c.f. Fig. 2.7 for trapping a particle with Any > 0.)
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6.2.2 Optical trapping of optically Janus dumbbells

In the previous chapters, the optical tweezing experiments made use of the positive refractive index mis-
match (An > 0) between the colloidal particle and the surrounding medium. The underlying mechanism
was detailed in Chapter 2, Section 2.4.3, which involves the balancing of the scattering forces and the
restoring gradient forces on the particle. However, if light is travelling from a high refractive index
material to a low refractive index material, as shown in Fig. 6.2, it would speed up at the interface and its
path would deviate away from the normal. Therefore if a colloidal particle has a lower refractive index
than its surrounding medium, when placed close to an optical tweezer, the laser beam that travels through
the solvent-particle interface would refract away from the normal of the incident light. Thus the resultant
gradient force points away from the focal point of the trap, and helps to destabilise the particle in the trap
centre. As such, the particle would experience a potential ‘hill’ at the center of the optical trap, and any
fluctuations away from the exact trap centre would lead to a repulsive force that pushes the particle down

the trapping potential.

6.3 Experimental methods

Three main types of seed particles have been used for the investigation of TPM droplet formation on the
curved surfaces: melamine formaldehyde (MF) particles, titania coated polystyrene particles, and fully

cross-linked TPM particles.

6.3.1 MF-TPM dumbbell synthesis

Melamine formaldehyde particles were synthesized as described in Chapter 4 [141]. In a typical reaction,
the MF seeds were converted into MF-TPM dumbbell particles by the following method. In a 30 ml
bottle, 20ul of NH4OH (28% NH3 in water) is added to a 20 ml aqueous solution that contains ~ 106/ml
seed particles. 5 ml of hydrolysed TPM solution (1:10 v/v TPM to water) is injected into the reaction
whilst stirring at 500rpm using a magnetic plate. The reaction is left to run for 40 mins, then 200 ul of
F108 is added and allowed to react for a further 5 mins. A fluorescent dye may be added at this point
for labelling the TPM parts of the particle. Finally, 50 mg of AIBN is added, and the reaction mixture
is heated in the oven at 80°C for 5 hours. The particles are left to cool overnight and are cleaned using

repeated sedimentation and decanting using deionised water.
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6.3.2 Titania-TPM dumbell synthesis

The titania seed particles were made using the methods reported by Imhof [164]. Titania-TPM particles
were synthesised using a similar method to Section 6.3.1, but with the quantities adjusted to account for
the small seed size. To convert the titania particles into dumbbells, 2 ml of h"TPM (1:30 v/vol TPM to
water) is added to a 28 ml alkaline solution (~ pH10 containing ~ 108particles/ml of the seed particles
and 30ul of NH3. The reaction is stirred at moderate speed using magnetic stirring plate and is left to
react for 40 mins. Finally AIBN is added and the reaction mixture is heated to 80°C for the cross-linking

of TPM polymers.

6.3.3 TPM-TPM particle synthesis with PVP

The TPM seed particles were prepared using the methods described in Chapter 3. Batch yl-01-12B (see
Table 3.2) was chosen for the contact angle experiment, as the particles do not have any surfactant on the
surface. To test the effect of surfactants on the formation of TPM lobes on seed particles, three different
polyvinylpyrollidone (PVP) sizes with average molecular weights of 10k, 40k, and 360k g/mol were
used. To coat the seed particle surface with PVP, an excess amount of PVP was first dissolved in S5ml of
H,O before adding Sml of seed particles. The mixture is left to mix thoroughly for 2 days. Next, the seed
particles are extracted by centrifugation, and excess PVP is washed off with deionised water. The seeds
are then coated with TPM using the same method as that for the titania-TPM synthesis described in the

previous paragraph. A control experiment was also carried out using the untreated TPM seed particles.

6.3.4 Optical tweezing of MF-TPM dumbbell particles

The two parts of a MF-TPM dumbbell particle have a refractive index of 1.68 and 1.52 respectively.
Tetralin has a refractive index of 1.54, in between that of MF and TPM, and is therefore a suitable solvent
for exploring the unusual trapping behaviour of the optically anisotropic dumbbell particle. The MF-
TPM dumbbell particles are transferred to a pure tetralin solution containing 1% wt OLOA 1200 via the
step-wise solvent transfer process described in Chapter 3. For the tweezing experiments, the dispersion
was highly diluted so as to prevent multiple particles from jumping into the trapping beam during the

experiment.

As seen from the schematic diagrams in Fig. 6.3, two individual first-order traps, generated using

SLM, are used for the optical tweezing experiment. The first one is used to trap the MF part (An > 0)
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Figure 6.3: Schematic diagram of a driven dumbbell experiment using two optical tweezers. One trap is used to
center the MF part of the dumbbell, which has a +ve An to the surrounding, the other trap is used to ‘drive’ the
TPM lobe, which has a -ve An to the surrounding. The position of the first trap is fixed, whereas the second trap is
moved to the coordinates of the TPM lobe at T seconds ago.

of the dumbbell particle, and the second trap is placed ~ Sum away from the first trap, and is used as
the ‘driving’ trap for the TPM lobe (An < 0). Both traps are set at the same trapping power. During the
experiment, the location of the first trap is fixed, and the 2D position of the TPM lobe that points away
from the first trap is located and recorded with center-of-mass tracking in real-time . The second trap is
used to retrace the trajectory of the TPM lobe with a fixed time-delay 7 (See Top-view of Fig. 6.3). The
experiments are recorded as 2D brightfield videos from the topview, with the MF part of the dumbbell
out of focus and the TPM lobe in focus. Care was taken to ensure that at the start of each experiment, the
second trap is placed > 10um from the first trap so as to avoid influencing the initial movements of the

TPM lobe.

6.4 Results and discussion

In this section, first the analysis of the total surface energy of a single-lobed and a multi-lobed particles
will be discussed. These will be compared to the surface energies of isolated TPM droplets formed in
solution, i.e. not on the surface of the seed particles. Next, we discuss the observed particle geometries
in light of these calculations, particularly the effects of changing the volume of TPM and the contact
angle (via surfactants). Finally, the dynamics of a trapped MF-TPM dumbbell particles in an preliminary

optical tweezing experiment will be shown and discussed.
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A B

Figure 6.4: (a) The contact angle 0 for a lobe on a curved surface (b) Triangular relationship between 0 and the
radius of phase 1, R, radius of phase 2, r, and the centre-to-centre distance of separation, d. The letters a and
denotes the angles between the centre-to-centre line to the centre-to-intersection point from phase 1 and phase 2
respectively.

6.4.1 Surface energy

To investigate the preferential formation of multi or single lobes on a seed particle during the coating with
TPM, we need to consider the total surface energy. For a given total volume of TPM, V,,;4, the volume

of each lobe (or droplet) V,; formed on the seed particle is given by

v,
Va= =55, (6.4)

where N is the number of droplets formed. In the case of a lobe on a flat surface as shown in Fig. 6.1, the
total surface energy is given by Eqn. 6.3. This equation can be adapted to the spherical surface shown in

Fig. 6.4A, and because Aj3 + Ajp = 47 R?, the total surface energy can be rewritten as:

Ua = y13(4nR* = Ap) + Y2 A1z + y23A03. (6.5)
Using Young’s relation (Eqn. 6.2) for 3, this becomes:

Ua = 71341R? + y23(A23 — Ajz c0s 6). (6.6)

The first part of this expression is the surface energy from the seed sphere, and the second part comes
from the contribution of the attached TPM lobe. Therefore, in the case of N droplets attached to the seed

sphere’s surface, the contribution of the second part of Eqn. 6.6 would be N times greater, giving a total
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surface energy of:
Ud(N) = )/1347TR2 + N 723(1423 — Az cos 9). (6.7)

As a reference, the total surface energy of N free liquid TPM droplets and the free seed particles in the

dispersed medium is simply
Up(N) = yi347R* + N y23A03 = Y1347 R’ + N ynsénrs. (6.8)

Here ry is the radius of the free TPM droplet in solution. Comparing Eqn. 6.7 and 6.8 for the attached
lobes and free droplets scenario, we can see the two differ by (Ny2A 2 cos #). Consistently, in the case

of complete dewetting with 8 = 180°, Eqn. 6.7 is reduced to Eqn. 6.8.

For a given V;,sq; of TPM, it is straighforward to calculate Uy for all N, as ry o le/ 3, However,
this is not the case for Uy. In order to find Uy using Eqn. 6.7, we must first determine A, and A3 for a
given V;. From the diagram in Fig. 6.4, we can see that the edges of the overlap region of phase 1 and
2 consist of the spherical caps of spheres 1 and 2 respectively. Using standard trigonometric relations
applied to Fig. 6.4B and the equation for the surface area of a spherical cap S = 27Rh where £ is the

height of the cap, we obtain an expression for Ay»:

App = 27R*(1 = cos(@)). (6.9)
Similarly, the expression for A3 is

Axz = 4nr? = 2mr (1 — cos(B)). (6.10)
We can rewrite this in terms of R, @ and 6 using the sine rule, knowing that & + 8 + 6 = 180°:

(6.11)

Ayy = 27R? sin?(a) (M).

sin?(a + 6)

Substituting both Eqn. 6.9 and 6.11 back into the equation for the total surface energy (Eqn. 6.7), we
now have U, expressed as a function of a, § and R.

sin(a)

Uy = Uy(N, R, @,0) = y1347R> + N 237rR2(—
4 4 cosz(gJ'T“)

-2 cos(@)(l - cos(a))). 6.12)

This means that for a given seed particle size of R, and a fixed contact angle 0, the total surface energy
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Figure 6.5: An example of V4 as a function of a, where 8 = %, plotted for the physically valid range of a
(0 < alpha < 6). Note that Vg shown here had been normalised by the volume of the seed particle and is a
dimensionless quantity.

is a function of N and a. Note that the sum of all A, has to be smaller than the total surface area of the

seed particle. i.e.

N
Z Ap = NAp < 4nR2, (6.13)

i=1

which assumes that the maximum close packing of the droplets on the seed particle surface is unity,

compared with the value of 0.91 for close packing in 2D.

The parameter « is a measure for the volume of the droplet Vy, as there is a one-to-one relationship
between V; and a (see Appendix for a full derivation of V,;). Mathematically, V; is cyclic and periodically
reaches asymptotic points at @ = (7 — 6) + 2nz. An example of V is plotted in Fig. 6.5 for an arbitrary
contact angle @ = n/3 for its physically validregion, 0 < @ < (7—#6). Thisis because for (1—0) < @ < 2n
the volume V; is negative and non-physical, thus this is consistent with the boundary condition stated
earlier regarding the contact angle, 0 < 8 < m. This one-to-one relation between V,; and « for a given 6
establishes the link between V; and A1, and Az (Eqns. 6.9 and 6.11), which are also parametrised by a.
Hence for a given V;,,4; and N, we find @, which can then be used in Eqn. 6.12 to find the total surface

energy.

Because V; depends on N and the total volume of TPM in the system (Eqn. 6.4), and is parametrized
by a, the total surface energy can be considered as Uy = Uy (Viorai, N, R, 8). In the following section, we
will investigate the effect of changing the total TPM volume, the seed particle size, and the contact angle
on the overall surface energy of the system as a function of N. In the subsequent calculations, 13, which
corresponds to yps,H,0, has been set to 34 mN/m as per [165]. The value for y,3, which corresponds

to the interfacial tension between partially cross-linked TPM and water is not reported. Therefore the
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Figure 6.6: (A) Total surface energy of attached droplets against number of droplets for different total TPM volumes
of Vi, given in the legend as a ratio w.r.t. the seed particle volume, Vs. (B) The calculated U, values for the attached
droplet state shown in (A) but is now normalised with the corresponding free droplet state, Uy.

value for propyltrimethoxysilane and water (ypras/m,0 = 28.5 mN/m) is used instead as an estimation,

as PTMS has a similar chemical structure to TPM.

6.4.2 Effect of total TPM volume on surface energy

As Ug = Ug(Vioral, N, R, 8), the values for R and 6 have been fixed to 1um and % respectively. The
total surface energy as a function of the number of droplets on the seed surface is given in Fig. 6.6A for
five different total volumes of TPM. This highlights the relative changes in the total surface energy as
N increases for different volumes of TPM. As the total TPM volume increases, the total surface energy
becomes larger for all N, and the number of N that is physically possible has decreased significantly
(due to the surface area constraint, Eqn. 6.3). For all total TPM volumes, the lowest surface energy state
always lies at N = 1. This indicates that the most stable state is the single-lobed dumbbell system. The
formation of the multi-lobed raspberry particles (N > 1, Chapter 4) can thus be attributed to kinetics.
In other words, the coalescence of the lobes on the seed’s surface is kinetically very slow, possibly due
to their charged nature in water. Furthermore, from Fig. 6.6A, it is clear that as V;,;4; gets larger, it is
energetically more costly to create multiple lobes on the seed particle surface. Thus, we are more likely
to observe raspberry particles at low TPM volumes and less likely to do so at large V41, consistent with

our observations in Chapter 4 (See Fig. 4.8).

Comparing the attached droplet system to the free droplet reference state (Eqn. 6.8) in Fig. 6.6B,
the ratio of U;/Uy provides a reference to the extent of stablisation that can be gained by attaching

droplets to the seed particles. As Vo4 increases, Uy /Uy is raised for all N. For the curves that satisfy
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Figure 6.7: (A) Total surface energy of attached droplets against number of droplets for different contact angles 9,
given in the legend. (B) The same Uy values for the attached droplet state shown in (A) but is now normalised with
the corresponding free droplet state, Uy, plotted for the same 6 values.

Uqs/Ur < 1, the surface energy of the attached lobes is lower than the free droplets state, so either
dumbbells or raspberry particles can form. As N increases, there is an increasing difference between
Uy and Uy, indicating that the attached lobe state is more stabilising than the free droplets state when N
is large compared to when N is small. However it is worth noting that N = 1 is still remains the most

energetically stable configuration.

6.4.3 Effect of seed particle size on surface energy

Next, we address the effects of the radius of the seed particle, R, on the total surface energy. By
inspecting Eqn. 6.12, we can see that R> can be factorised out of the expression, which means that U,
is directly proportional to R?. In other words, the size of the seed particles influences the magnitude of
the total surface energy, but does not affect the dependence of U; on N. However due to the surface area
constraint of Eqn. 6.13, as the radius of the seed particle R increases, a larger range of N is allowed. This
is consistent with what has been observed experimentally in Chapter 4, where the change in the size of

the PS seed resulted in the same type of raspberry particle under idential reaction conditions.

6.4.4 Effect of contact angle on surface energy

Lastly, the effect of the contact angle 8 has a complex connection with U, as seen from Eqn. 6.12,
and it directly influences the two competing surface area contributions (A1, and Aj3) to the total surface

energy. Fig. 6.7A shows that despite the changes in contact angle, the single lobe state is still the
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most energetically favourable. However at lower contact angles, the cost of having more lobes is less
than that at higher contact angles, signifying a greater probability of finding multi-lobed particles. Yet,
the number of attached droplets is also much more limited for lower 8, because each droplet covers a
larger area of the seed particle surface. This is also seen in Fig. 6.7B, where the relative stabilities of
the attached and unattached droplets are compared. Although at low contact angles, the attached state
becomes more stabilising as N increases, but the maximum number of droplets that can fit onto the seed
particle surface is limited. However for the higher contact angles, though the extent of stabilisation is
smaller with increasing N, it is possible for more droplets to exist on the surface. As such, a multi-lobed
state is relatively more stable w.r.t. the free droplets state in a low contact angle system, and is more likely

to be observed.

TPM seed particles no surfactant

PVP (MW = 10k) PVP (MW = 40k) PVP (MW = 360k)

Figure 6.8: SEM images of TPM seed particles coated with 2ml hTPM in a pH10 solution. The outcome of coating
surfactant-free seeds is compared with those of seeds treated with PVP, where different morphologies have formed
from the TPM coating. Scale bar = Sum.

Experimentally, we have tested the effect of changing 6 using PVP on surfactant-free TPM seed
particles and titania-coated PS seed particles. This is shown in Fig. 6.8 and Fig. 6.9 respectively. The
TPM seed particles used here differ from the usual batches used for confocal microscopy in Chapter 3,

because they were made without using F108 surfactant to stabilise the surface. Therefore when they are
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Titania-PS seed particles +2ml hTPM

PVP (40k) + 2ml hTPM PVP (40k) + 12ml hTPM

Figure 6.9: SEM images showing Titania-PS seed particles before and after coating with hTPM. The effects of
adding surfactant on the surface is shown, as well as the effects of increase in hTPM volume along with PVP. Scale
bar = 2um. The small particles seen in the background arise from secondary TPM nucleations.

coated directly with h"TPM solution as shown in Fig. 6.8B, the new TPM layer wets the surface of the seed
completely, resulting in spherical particles, where the seed is positioned off-centre and near the surface
of the resulting particle. The coating can be observed indirectly through the increase in the particle
size, and through the occasional presence of olive-shaped particles (also seen in Fig. 6.8B), which were
formed due to the joint coating of two seed particles. In contrast, when PVP surfactant is added during
the coating of the seed particles, we observe clear lobes on the seed particle, with a wetting angle 8 > 0°
(Fig. 6.8C-E). This is expected as the surfactant decreases the surface tension between the seed and the
solution, so the wetting between the seed and the TPM droplet is poorer. We have also noticed a change
in the coating of the droplet as the molecular weight of the PVP changed. With increasing molecular
weight of the PVP, better defined lobes are formed due to the increase in the contact angle 6, and also
more TPM droplets are able to fit onto the surface. This is consistent with the predictions obtained from
the calculations in Fig. 6.7, and also explains the formation of TPM-TPM raspberry particles in Chapter
4, as those TPM seeds have F108 on the surface.
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Figure 6.10: Total surface energy plotted as a function of N'/ for the data in Fig. 6.6A and Fig. 6.7A respectively.

Similarly, for the titania-PS seed particles, a direct coating with hTPM resulted in a very low contact
angle between the TPM phase and the titania surface (Fig. 6.9). Again, the treatment with PVP has made
a drastic change in the wetting behaviour of the TPM, resulting in dumbbell particles. By increasing the
TPM quantity in the reaction, the lobes on the seed particles are grown to a greater size compared to
before and is larger than the titania seeds, but the contact angle has remained the same. This can be seen

in the last panel of Fig. 6.9.

6.4.5 Total surface energy as a function of droplet number

It is worth noting at this point that the second part of Eqn. 6.12, which represents the contribution to
the total surface energy due to the presence of N attached droplets, can be seen as Nvy,3 multiplied by
a surface area term A*. As such, this surface area term A* must depend on the radius r2 of each of the
attached droplets. We know that r o« V dl/ 3, and that V; o« N™!, this implies that A* must be proportional
to N~2/3. Together with Ny»3, this part of the equation indicates that U, has a N'/3 dependence. To test
this, Fig. 6.6A and Fig. 6.7A have been replotted in Fig. 6.10. Indeed the linearity of these plots confirm
Uy o< N'/3. However we can also see that the degree of the dependence relies on the total volume of
TPM V,, as well as the contact angle 6 in the system. At larger volumes and higher contact angles, the

total surface energy increases much more rapidly as N goes up.

6.4.6 Optical tweezing of dumbbell particles

Finally, we discuss the use of an optically anisotropic dumbbell in an optical tweezing experiment. By

controlling the quantity of TPM and adding PVP, we obtained optically anisotropic MF-TPM dumbbell
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Figure 6.11: SEM images of a batch of MF-TPM particles made using F108 surfactant addition. An enlarged image
is shown on the right (Scale bar = 1 um). These particles are used for the subsequent optical trapping experiments.

particles with a large contact angle (8 ~ 120°) and near 1:1 ratio between the two lobes (see Fig. 6.11).
Given the refractive index contrast between the seed and the lobe in a MF-TPM dumbbell particle, by
immersing these in a medium with nypy < ny < nyr, they become optically anisotropic. As shown
in Fig. 6.3, the MF part has a positive index mismatch with the solvent, whereas the TPM part has a
negative index mismatch with the solvent medium. Therefore the MF part of the dumbbell is naturally
drawn towards the center of the optical trap. However the TPM lobe, which is repelled away from the
focal point of the laser trap, does not reside in the same plane perpendicular to the trapping direction as
the MF. Instead it is found at approximately 45° angle away from the incoming direction of the trap (See
Fig. 6.3A). This is due to the combination of gravity and scattering forces experienced from incident
laser beam. Nevertheless, despite this tilted orientation, we have observed that the TPM lobe undergoes
rotational diffusion around the central MF seed that is held by the first optical trap. Due to the fixation of

the MF part of the dumbbell, the movement of the TPM lobe is restricted to a ring.

Next, we performed live tracking of the position of the TPM lobe and retraced its trajectory with
a second optical trap at a time-delays 7 (FIg. 6.3B). The rate at which the TPM lobe moves away from
the center of the second trap depends on its instantaneous distance away from the trap center, as well as
the strength of the trap (i.e. the steepness of the repulsive potential). As such, by varying the delay time
7, we can investigate different parts of the repulsive potential that the TPM lobe experiences on average.
At short time-delays, we observe that the movement of the TPM lobe is highly oscillatory, as seen in the
top row of Fig. 6.12. It is likely that when the chasing trap has been placed onto the (# — 7) position of
the TPM lobe, it has not had sufficient time to diffuse away. As such, the TPM lobe would be near the
top of the repulsive potential and may fall on either side of the potential hill, providing that the barrier
is < kgT. In contrast, at longer time delays (see bottom row of Fig. 6.12), the dynamics of the lobe

becomes driven. This can be rationalised by considering that the average distance between the lobe and
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the trap centre of the chasing trap is larger, as a larger T means that the lobe is more likely to be found in
a region of the trapping potential with the highest gradient. This provides a much greater repulsive force
on the lobe, and as the potential barrier is now > kpT, the particle is less likely to change direction. This

leads towards a unidirectional driven rotation at large 7, as seen in Flg. 6.12 for 7 = 200ms.

12s 16s 20s

Os 4s 8s

Figure 6.12: Brightfield snapshots from the time-series of the preliminary two-trap tweezing experiment on a
MEF-TPM dumbbell particle, imaged in the focal plane the TPM lobe. Two different time-delays T are shown here,
which had the same trapping intensity of 4A. Oscillatory behaviour is seen for small T, but driven behaviour is seen
for larger T where the TPM lobe moves clockwise around the ring.

The transition between oscillatory behaviour of the TPM lobe at short time-delays and the driven
behaviour at larger time-delays is also confirmed by the particle trajectory over the entire time-series,
shown in Fig. 6.3. We also observe that for different laser powers, the transition from the oscillatory
behaviour to the driven behaviour occur at different 7. With the increase in laser power and trap strength,
the steepness of the potential is also increased, and the transition point occurs at shorter time-delays.
Therefore we see in Fig. 6.3 that the lobe exhibit an oscillatory trajectory at the low laser power (2A) for

7 = 100ms, but instead appears driven at the higher laser power (4A) for the same time-delay.

From these preliminary experiments, it is clear that complex particles with new optical properties
can lead to exciting optical trappng experiments. Future investigation could focus on exploring the
correlation between the position of the TPM lobe and the position of the repulsive trap as a function of
the feedback time-delay. This may lead us to a better understanding of the mutual information between
the TPM lobe and the repulsive trap, as provided by the feedback of the lobe’s trajectory on the trap’s

location.
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Figure 6.13: Plots of all the detected MF positions (red) and TPM lobe positions (blue) in the trapping experiment
of MF-TPM dumbbell particles using two optical tweezers. The axes are expressed in terms of the pixel values of
the raw images. Top row: trap intensity = 2A. Bottom row: trap intensity = 4A. Each plot contains 1.2mil data
points from the time series taken over the course of 20mins.

6.5 Conclusion and outlook

In summary, we have investigated the influence of geometry on the total surface energy of a single-droplet
and multi-droplet particles, examining in particular the effect of the volume of hTPM, the seed particle
size, and the droplet contact angle may have on the total energy. From these numerical models we
predicted the preferred particle geometry during a TPM-coating synthesis, and compared the predictions
with experimental outcomes tested on titania-PS and TPM-PVP seed particles. Finally using the MF-TPM
dumbbell particles that were derived from the surfactant tests, we developed a colloidal system that takes
advantage of the optical anisotropy of the particles, and demonstrate their non-equilibrium dynamics
when placed in a dual optical tweezing environment. The usual asymmetries observed here underlines

the promise of optical tweezing experiments on optically anisotropic dumbbells.
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Appendix

A List of abbreviations

% viv percentage by volume
%o wiw percentage by weight

absorption coeflicient

A wavelength of electromagnetic radiation
um micron(s)

) density

1) volume fraction

AIBN a-azo-iso-butyronitrile

APS 3 aminopropyl trimethoxysilane
°C degree(s) Celsius

CSLM confocal scanning laser microscopy
DHM digital holographic microscopy
DLS dynamic light scattering
DMSO dimethyl sulfoxide

e Euler’s number, ¢ = 2.71828...
hTPM hydrolysed TPM

m metre(s)

Me methyl

MF melamine formaldehyde

mins minutes

ml millilitre(s)

mol mole(s)

Mol molarity, mol /dm?

MW molecular weight

n refractive index

NBD-MAEM  4-methylamino ethylmethacrylate-7-nitrobenzo-2-oxa-1,3-diazol
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nm nanometer(s)

PEG poly(ethlene glychol)

PERC tetrachloroethylene

PPG poly(propylene glycol)

PS polystyrene

PVP polyvinylpyrrolidone

RITC rhodamine B isothiocyanate
RT room temperature

S second(s)

SEM scanning electron microscopy
SLS static light scattering

TCE trichloroethylene

TPM 3-(trimethoxysilyl) propyl methacrylate, 3-(methacryloyloxy)propyl trimethoxysilane
uv ultraviolet
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B Surface energy calculation derivations

The contact angle of a lobe on a spherical surface is defined as the angle nearest to the liquid lobe, and
is marked out by the two tangents at the intersection of the contact point (as shown in Figure B.1A). This

angle is geometrically identical to the angle 8 shown in Figure 6.4B.

A B

%

Figure B.1: (A) The contact angle 6 for a droplet on a curved surface (B) Triangular relationship between 6 and
the radius of phase 1, R, radius of phase 2, r, and the centre-to-centre distance of separation, d. The letters a and
B denotes the angles between the centre-to-centre line to the centre-to-intersection point from phase 1 and phase 2
respectively.

For two intersecting sphere, the volume of their overlap is:

7(R+r—d)*(d*+2dr — 3r* + 2dR + 6rR — 3R?)
Vov = 12d , (Bl)

where R and r are the radius of sphere 1 and sphere 2 respectively, as shown in Fig. B.1, and d is the

centre-to-centre distance between the two spheres.
Thus the volume of phase 2 is the difference between sphere 2 and the overlapped volume, V,,:

v, = %lm3 _a(R+r=d)*(d*+ 2dr1—2;r2 +2dR + 6rR — 3R2)‘ (B2)

To express Vy in terms of R, 8 and «, first » and d need to be rewritten using the Sine rule:

_ sin(@)R
= —sin(ﬁ) , and (B.3)
_ sin(0)R

d= Sn(B) (B.4)

Here, f = m — 0 — « as per the geometric condition for a valid triangle. Substituting Eqns.B.3 and B.4
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into Eqn.B.2, we obtain the full expression of the volume of phase 2 as:

4 AR} (1 + A—T)*(T? + 2AT — 3A> + 2T + 6A - 3)
Vdroplet = §7TR3A3 - 2T .

(B.5)

For clarity, A and T are used in Eqn. B.5 to denote:

sin(a)

= m, and (B6)

sin(6)

= G ra (B.7)

This expression for V; is used for the analysis of the one-to-one relationship with the angle « in Fig. B.1B.
Due to the cyclic nature of the function, V; always equal zero at 2n where n € N, and is asymptotic at

a=0+2nnm.
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C Description of videos

Dragging core-shell particles though a dense suspension of TPM particles

Confocal time series video of 3 um diameter PS-TPM core-shell particles embedded in a dense crystalline
region of fluorescently labelled TPM host particles, with only a sinlge core-shell particle shown in the
field-of-view. The core and the lobes of the core-shell particle are not labelled, while the outer TPM shell
is labelled with the same dye as the surrounding TPM host particles. The following three trajectories
of the core-shell particle manipulation using an optical tweezer are provided. The data has not been

modified from its original form.

Description for ‘timeseries-line-xy.avi’ - A cross-section in the x-y frame from a time series of
confocal data in 2D. The core-shell particle is dragged along a straight line in the x-y plane over the

duration of the data set.

Description for ‘timeseries-orbit-xy.avi’ - A cross-section in the x-y frame from a time series of
z-stacks of confocal data. The core-shell particle is dragged along a circular orbit in the x-y plane over

the duration of the data set.

Description for ‘timeseries-xyt-xzt.avi’- A video of confocal data from a time-series of z-stacks
in 3D. The core-shell particle is dragged along a circular orbit in the x-y plane while its z-coordinate is
defined by a sine wave as a function of time. The video’s two frames contain time-series from cross-
sections in the x-y (top) and x-z (bottom) planes, providing tangential perspective from within the same
z-stack for each frame. The red line in the top frame indicates the position of the x-z cross-section. The
number in the upper left corner indicate the number of the frame, ranging from O - 131. This has been

trimmed so that a full 360° rotation is shown in the video.

Time-delay feedback trapping of MF-TPM dumbbell

2D time-series of brightfield images from a preliminary time-delay feedback trapping experiment of a MF-
TPM dumbbell particle for three different time-delays, where the oscillation-driven transition delay-time

T, is approximately 70ms.
Description for ‘Chase 30ms.avi’- 7 < 7, oscillatory behaviour of lobe is seen.
Description for ‘Chase 70ms.avi’- 7 ~ 7., lobe switches between oscillatory and driven.

Description for ‘Chase 100ms.avi’- 7 > 7., driven behaviour can be seen for lobe.
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