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Chapter 1

General Introduction

ABSTRACT:

Colloidal particles have captured the attention of researchers since their initial discovery in the
early 1800s, owing to their distinct and often material-dependent properties. They find exten-
sive applications across diverse fields such as biomedicine and microelectronics. This thesis
aims to address the existing constraints faced by anisotropic and magnetic colloidal particles in
the design of self-assembled materials and as photocatalytically active particles, seeking to en-
hance their performance. Furthermore, novel preparation methods for anisotropic composite
magnetic microparticles are pursued. The introductory chapter begins with a concise overview
of significant colloidal properties. It proceeds with a brief summary of the behavior of magnetic
materials and the phenomenon of colloidal assembly, which constitute the central focus of this
thesis. Finally, the outline of the subsequent chapters is presented and discussed.




2 1. General Introduction

1.1. Colloids

Colloidal particles are microscopic particles with a size range of a few nanometers to
several micrometers that are dispersed in a liquid, solid, or gas medium. They can be
composed of various materials, such as polymers or metals, and exhibit diverse shapes,
including ellipsoids [1] and fractal snowflakes [2]. Examples of colloids found both inside
and outside the laboratory are depicted in Figure 1.1. Due to their small size and large
surface area, colloidal particles possess unique properties.

One crucial characteristic of colloidal particles is their tendency to undergo Brown-
ian motion, which refers to the random movement of a particle due to collisions with
surrounding molecules. The diffusion of a hard-sphere particle resulting from Brownian
motion is governed by the Stokes-Einstein equation:

kT
Do = XB

= . 1.1
o o (1.1

Here, kp denotes the Boltzmann constant, n represents the viscosity of the continuous
phase, T is the temperature, and r is the radius of the spherical particle [3]. Brownian
particles typically range in size from a few nanometers to several microns, depending
on the temperature and solvent viscosity. The diffusion coefficient, Dy, is related to the
mean-squared distance that a particle travels after time ¢ according to the Sutherland-
Einstein-Smoluchowski equation [3]:

(AF%(1)y = 2dDyt. (1.2)

In this equation, (Ar?(#)) represents the mean-squared displacement, and d is the num-
ber of accessible dimensions. For the scope of this thesis, d = 2 for particles confined to
a 2D plane of a capillary, or d = 3 for particles allowed omnidirectional movement, as
demonstrated in Part I.

1.1.1. Particle Interactions

As colloidal particles approach each other, their stability in a dispersion depends on
whether they repel or attract each other. Colloidal dispersions are inherently unstable
due to the large surface area of the particles, which leads to aggregation followed by
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Figure 1.1: Colloidal examples from everyday life outside (and inside) the laboratory. (A) Decorative foams on
top of lattes from a local café, where gas microbubbles act as a colloidal suspension inside a liquid. (B) Colloidal
gold nanoparticles dispersed in water, generating different colored suspensions depending on the nanoparticle
sizes. (C) Colloidal hematite particles assemble into opal-like structures with iridescent coloring under distinct
conditions.
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Figure 1.2: Summary of important colloidal interactions: (A) Electrostatic repulsion, (B) steric (polymer) repul-
sion, and (C) depletion attraction.

sedimentation or creaming [3]. To maintain a stable colloidal system, it is essential for
the colloidal particles to remain suspended in the solvent.

The primary force that colloidal particles need to overcome is the attractive van der
Waals (vdW) force. Short-range vdW interactions arise from the additive interactions
between atoms of two colloidal particles in close contact [4]. Electrostatic repulsion be-
tween colloidal particles often balances this attractive force. Electrostatic repulsion oc-
curs when the surface of a colloidal particle carries a charge. The surface charge attracts
ions with an opposite charge in the solvent and repels ions with similar charges. This
creates an electrical double layer around the colloidal particle, which can be controlled
by the concentration of ions in the solvent, such as by adjusting the electrolyte concen-
tration in the system. When the electrical double layers of two colloidal particles overlap,
they repel each other (Figure 1.2). The interaction energy between two colloidal particles
based solely on these forces is described by the DLVO theory, named after Derjaguin and
Landau [5] and Verwey and Overbeek [6]. This theory has been successful in explaining
colloidal phenomena, although it does not encompass all forces that can be important
for colloidal system stability.

One common approach to control colloidal stability is through the addition of poly-
mers. Polymers can interact with colloidal dispersions by either being anchored on or
free near the particle’s surface [7]. When polymers are anchored on the surface of a par-
ticle, the colloidal interaction depends on several factors: (i) the type of polymer, (ii) the
type of solvent, and (iii) how the polymer is anchored. Different types of polymers can
be adsorbed on the particle’s surface through dipole interactions, Coulombic (charge-
charge) interactions, vdW forces, or hydrogen bonding [4]. When two polymer-coated
particles approach each other in a good solvent, the polymer chains overlap and com-
press. This results in a repulsive osmotic force between the particles, preventing their
surfaces from getting too close to each other. This mechanism is known as steric stabi-
lization (Figure 1.2B). However, in a non-ideal solvent for the polymer, the polymer chains
collapse and lose their steric stabilization, leading to a net attractive force between the
two coated colloidal particles due to vdW forces [7]. On the other hand, free polymers can
cause depletion interactions between particles [8]. When two colloidal particles come
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Figure 1.3: Schematics of the spin orientation for ferro, ferri-, antiferro-, and canted antiferro-magnets.

close enough together, their excluded volumes overlap, and free polymers are expelled
from the space between them (Figure 1.2C). This generates depleted polymer zone which
results in a net attractive force between particles [9]. For a more in-depth understanding
of colloidal particle interactions, comprehensive books and reviews have been published
[4,7,8,10-13].

1.1.2. Magnetic Particles

In addition to the aforementioned forces, magnetic particles introduce an entirely new
dimension of interactions that significantly impact colloidal systems. Magnetic colloids
have a wide range of functions due to their ability to interact with each other and with
magnetic fields, making them of interest in various fields such as microelectronics and
biomedical diagnostics [14-18]. The origin of magnetic fields in materials can be at-
tributed to the movement of electrical charges.

At the elementary scale, electrons themselves posses a permanent magnetic dipole
moment, due to their intrinsic electric charge and motion known as spin. Therefore, the
arrangement of electrons inside an atom determines the atomic magnetic moment. The
arrangement of electrons within an atom determines its atomic magnetic moment. The
Pauli exclusion principle dictates that electrons cannot occupy the same state, resulting
in opposite spins if they are in the same orbital [19]. Unpaired electrons lead to a net mag-
netic moment for an atom. Based on the ordering and net magnetism of atomic magnetic
dipoles in the presence and absence of a magnetic field, materials can be classified as dia-
magnetic, paramagnetic, ferromagnetic, antiferromagnetic, or ferrimagnetic (Figure 1.3)
[14].

In diamagnetism, which applies to all materials, the motion of electrons changes
under an applied magnetic field, resulting in a weak magnetization that opposes the field.
Pure diamagnetic materials do not have a net magnetic moment in the absence of a field.
Materials that are not purely diamagnetic fall into the following categories.

In paramagnetism, the atomic magnetic dipoles are uncorrelated with each other
due to either their low concentrations, which prevent their spins from interacting, or
weak interactions between them that maintain a net magnetization of zero. As a result,
the atomic dipoles undergo orientational fluctuations due to thermal motion. When a
magnetic field is applied, the dipoles align along the field direction but randomly re-
orient after the field is removed. For ferromagnetism, the atomic moments are parallel
with each other; thus, the material possesses a macroscopic magnetization. Antiferro-
magnetism results from atomic moments coupled antiparallel with each other. Here,
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Figure 1.4: Schematics of the transition from super-paramagnetic to single domain to multi-domain with the
size transitions of cobalt ferrite [22], magnetite [23], and hematite [20] as examples.

the atomic moments have the same magnitude which leads to no net magnetization.
When atomic moments that are antiparallel do not have the same magnitude, as is the
case for ferrimagnetism, the material possesses net magnetization. We note that some
antiferromagnetic materials can still posses net magnetization via spin canting. A well
known example of this is hematite which has canted antiferromagnetism due to the spin-
orbital coupling allowed by its crystal structure [20]. We take advantage of hematite’s net
magnetization in chapter 3.

Magnetic materials possess several key properties related to their magnetization be-
havior. For example, the maximum magnetization of a material occurs when all atomic
moments are aligned in the same direction, often achieved under an applied field, and is
known as the saturation magnetization, M. After the magnetic field is removed, the ma-
terial may retain a remnant magnetization, representing the magnetization parallel to the
field that persists for a certain duration depending on its (magneto)crystalline anisotropy
[14]. For instance, cobalt ferrite has a similar saturation magnetization to magnetite but a
larger crystalline anisotropy, causing the magnetic moment of cobalt ferrite to relax more
slowly after magnetization [21]. This property has significant implications in colloidal
design, as demonstrated in chapter 6.

Effect of particle size in magnetic materials
In colloidal magnetic particles, the properties at the nano- and micro-scale can differ
significantly from those in the bulk phase [14]. Figure 1.4 illustrates the arrangement of
atomic moments in differently sized particles. When the particle size exceeds a critical
diameter, dy, which is material-dependent, magnetic domains form within the particle
to minimize the total magnetostatic energy. A magnetic domain refers to a region in the
material with uniform magnetization. To reduce the total magnetostatic energy, magnetic
domains form with non-parallel magnetization orientations. Consequently, particles with
multiple magnetic domains exhibit an approximate net magnetization of zero.

For particles below d, the formation of domain walls is no longer energetically fa-
vorable, resulting in particles with a permanent dipole moment. Single-domain particles
have their magnetic moment aligned along a specific direction, known as the easy-axis,
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which is influenced by the material and particle shape [24]. Further reduction in parti-
cle size can lead to superparamagnetic particles, where the magnetic dipole moment
can be easily fluctuated by thermal motion. The critical sizes at which these transitions
occur vary depending on the material’s intrinsic properties. For instance, the single-to-
multidomain transition can occur at the nanoscale, such as cobalt ferrite at approximately
40 nm [22] and magnetite at 128 nm [23], or at the microscale, as observed in hematite at
around 15 pm [20]. Figure 1.3 provides a scheme of the concepts discussed in this section.

1.2. Colloidal Assembly

Colloidal particles may be thought of as building blocks for well-ordered structures, with
the potential to produce functional materials with desirable qualities [25, 26]. In this re-
spect, colloidal crystals act as both a significant model system for studying the atomic
world [27] and a distinctive method for creating new functional materials on the macroscale
[28]. In general, the macroscopic structure that the particles assemble into is depen-
dent on (i) the constituent particles’ shape, (ii) inter-particle interactions, and (iii) the
assembly method. The simplest particle shape, a sphere, often forms face-centered cubic
(fcc), hexagonally close-packed (hcp), or randomly hexagonally close-packed (rhcp) as-
semblies [27, 29]. Additionally, anisotropic colloids can form colloidal crystals with rich
structural diversity or desirable optical or mechanical properties. For example, simula-
tions of faceted polyhedra, which carefully control the design of the polyhedra shape,
produce a variety of phases from liquid and plastic crystals to solid crystals with specific
lattices beneficial for the hierarchical design of functional materials [30, 31]. Experimen-
tally, anisotropic particles, such as polyhedra, rods, or branch-like particles, have been
assembled into close-packed 2D arrays and 3D superstructures by a variety of assembly
techniques such as solvent evaporation, sedimentation, or via external forces [26]. One
assembly method, utilized throughout Part I of this thesis, relies on evaporation of solvent
from a spherical droplet. Initially, the colloidal particles are randomly distributed through-
out the bulk of these droplets. As the droplets dry, the particle concentration increases
and inter-particle forces (e.g., van der Waals or magnetic dipole-dipole interactions) force
the particles to assemble which results in macro-scale, free-standing supraparticles (Fig-
ure 1.1 C) [26, 32-34].

Active Colloidal Particles

Another intriguing out-of-equilibrium colloidal system is active particles, which are ca-
pable of autonomous motion. These self-propelled particles offer exciting opportunities
for various applications, including targeted drug delivery [35], environmental remedia-
tion[36-38], and microscale robotics [39]. By harnessing the catalytic properties of certain
materials, such as platinum or hematite[40, 41], active colloidal particles can convert the
chemical energy of H,O, into mechanical motion, enabling them to move in a directed
and controlled manner. This propulsion mechanism relies on the generation of concen-
tration gradients and the ensuing fluid flow around the particles [39]. We utilize this
property of hematite microswimmers in Part II. The active motion of these colloidal sys-
tems not only exhibits fascinating dynamic behavior but also opens up possibilities for
manipulating and directing the motion of individual particles and their assemblies [42].
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1.3. Thesis Outline

In this thesis, we explore how to overcome some of the constraints current anisotropic
and magnetic particles face in the design of self-assembled materials and as active parti-
cles, and we seek to develop new preparation methods for composite magnetic micropar-
ticles. Following the theoretical background, the content of the thesis has been divided
into three parts: droplet-based assembly, active motion, and preparation of anisotropic
and magnetic microparticles.

In Part I, we focus on the assembly of magnetic colloids with particles prepared from
well-known synthesis methods. Specifically, it explores the self-assembly of functional
materials and how particle anisotropy affects the resultant structures. We first investigate
the effect of shape anisotropy (chapter 2) followed by the addition of magnetic anisotropy
(chapter 3) throughout various particle assemblies. In Part II, we utilize the photocatalytic
proprieties of hematite to autonomously propel microparticles. This active motion is nec-
essary for the preparation of micro- and nano-scale robots. We also demonstrate a simple
method to increase the active motion of magnetic hematite particles under ultraviolet
irradiation (chapter 4). Part III deals with the preparation and characterization of tai-
lored (composite) magnetic microparticles. A simple emulsion-based synthesis method
is discussed (chapter 5) which is used as a basis for creating shape anisotropic particles
(chapter 6). Finally, we conclude the thesis and provide an outlook on the future direc-
tions and applications of the particle systems explored (chapter 7).
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Chapter 2

Self-assembly of Colloidal Superballs
Under Spherical Confinement of a
Drying Droplet

ABSTRACT:

Understanding the relationship between colloidal building block shape and the assembled
material structure is important for the development of novel materials by self-assembly. In
this regard, colloidal superballs are unique building blocks because their shape can smoothly
transition between spherical and cubic. Assembly of colloidal superballs under spherical con-
finement results in macroscopic clusters with ordered internal structure. By utilizing Small
Angle X-Ray Scattering (SAXS), we probe the internal structure of colloidal superball dispersion
droplets during confinement. We observe and identify four distinct drying regimes that arise
during compression via evaporating droplets, and we track the development of the assembled
macrostructure. As the superballs assemble, we found that they arrange into the predicted
paracrystalline, rhombohedral Cj -lattice that varies by the constituent superballs’ shape. This
provides insights in the behavior between confinement and particle shape that can be applied
in the development of new functional materials.

Parts of this chapter have been published in JCIS Open 5, 100037 (2022) [43].
The data that support the findings of this chapter are openly available in 4TU.ResearchData at
https://doi.org/10.4121/19122308.v1 reference number [44].

11
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2.1. Introduction

The self-assembly of colloidal particles is an ideal mechanism for structuring matter at
the nano- and microscale, and can produce materials of interest for different applications,
such as photonics, opto-electronics, catalysis or energy storage [45, 46]. To direct the self-
assembly process towards the desired structures, different methods have been developed
and explored [47]. One unique way to tune the spontaneously formed structures is to
assemble the colloidal particles under spherical confinement induced by evaporating
micro-emulsion droplets or larger dispersion droplets [48-51]. Colloidal spheres typically
crystallize into face centered cubic (FCC) crystal phases. When this type of crystallization
occurs under spherical confinement, unique optical properties can arise in the final clus-
ters, i.e., structural colors [50, 52, 53]. Furthermore, control over the number of particles
inside a dispersion droplet has been shown to produce novel structures, such as icosa-
hedral clusters and magic number clusters [54-56]. Depending on the initial colloidal
volume percent and the drying substrate properties, dispersion droplets drying on super-
hydrophobic surfaces can form various cluster shapes, e.g., doughnuts or flattened discs
and spheres [48, 52, 53, 57].

Besides finely tuning the assembly process, improvements in the synthesis of an-
isotropic colloidal particles have opened the path for more structurally varied assemblies
[58]. Consequently, there is a great diversity within the colloidal assemblies of differ-
ent anisotropic and polyhedral shapes [31, 59, 60]. Combining spherical confinement
with anisotropic shapes can lead to even more complex micro structures. For instance,
simulations of different polyhedral shapes showed that spherical confinement leads to
unique clusters distinctly different from the packings of spheres [30]. For rod-like col-
loids, it was found that confinement led to disordered supraparticles possessing unique
scattering enhancing properties in contrast to their spherical counterparts [61]. Among
available anisotropic particles, the superball shape, which encompasses the transition
from a sphere to a cube via a rounded cube, has become of interest due to its unique
shape-dependent phase behaviour and experimental availability [62—67]. For hard super-
balls, the densest packing is a rhombohedral-like crystal structure that, with increasing
asphericity of the superballs, continuously evolves from an FCC lattice (spheres) to a
simple cubic (SC) lattice (perfect cubes) [62, 63, 65, 66, 68]. Before assembling into their
densest packings from a liquid phase, superballs can form a plastic crystal (or rotator)
phase which has translational order and rotational mobility [64, 68]. Experimentally, the
phase diagram of micron-sized superballs has been studied via crystallization under
gravitational settling in a capillary and depletion-assisted assembly [67-69]. For nano-
sized superballs, the dense packings have also been investigated [65, 66]. These studies
also confirmed the formation of dense rhombohedral-like structures of which the exact
packing is dependent on the asphericity of the superball shape.

In addition, the self-assembly of micron-sized superballs into monolayers driven by
solvent evaporation processed on flat substrates was investigated [70, 71]. These stud-
ies showed that solvent flow and immersion capillary forces, which can reach 108 kT for
micron-sized colloids, will lead to the formation of similar dense rhombohedral-like crys-
tal structures but also revealed that the out-of-equilibrium process induces the formation
of lower density crystal lattices with hexagonal-like structures as well as disordered pack-
ings. So far, only a few studies have investigated the effect of spherical confinement on
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the assembly of superball (cubic-like) particles and the relationship between particle as-
phericity and the resulting densely packed structure symmetries. For superball nanoparti-
cles with increasing asphericity, the confined structure changes from icosahedral clusters
with strong local orientation to simple-cubic structures [56]. Cubic nanoparticles, with
very sharp edges, assemble at the surface and in bulk of the droplet and form densely
packed clusters with random orientations throughout the confined structure [33]. More-
over, it has been shown that when nanocubes form dense supraparticles, the finite corner
roundness and the surface tension of the confining droplet determine the superstruc-
ture morphology [34]. To understand the final self-assembled supraparticles’ structure
formed by superballs, it is crucial to understand the dynamics of the particles during
droplet evaporation. For this, small angle x-ray scattering (SAXS) is a very powerful tool
that allows visualization of the assembly process of different nanoparticles during spher-
ical confinement in detail and has been used to resolve micron-sized superball particle
assembly [33, 68, 72-74].

In this chapter, we use in-situ synchrotron small angle X-ray scattering with micro-
radian resolution (urad-SAXS) to reveal the crystallization process of micron-sized silica
superball shells under spherical confinement through droplet drying and elucidate the
structural transitions during assembly. We are able to follow the droplet evaporation
process in detail and identify different stages during the process. As the solvent evap-
orates, the particle concentration increases. After this stage, dewetting of the superball
shells occurs before full solvent evaporation. We find that crystalline structures start to
form as particle concentration increases, and that the structures remain throughout the
later stages. In addition, we find that as we increase the asphericity of the superballs,
the assembled supraparticles’ structures are polycrystalline assemblies of their predicted
rhombohedral-like lattices.

2.2. Experimental Methods

The experimental methods detailed below include the particle preparation for the super-
ball particles and the assembly process for the generation of superball assemblies. This
includes the variety of characterization methods in determination of particle morphology
and assembled structures.

2.2.1. Particle Preparation

Hematite cube template particles were prepared following a sol-gel procedure [75]. Silica
shells were grown following Ref. [76]. The hematite templates were dissolved through the
addition of hydrochloric acid to produce hollow shells. The complete particle synthesis
procedure to obtain different m values can be found in Ref. [69]. Silica spheres were pre-
pared using a variation on the Stéber method [77] from Ref. [78] to create spheres with
diameter of D = 500 nm. The obtained particles were characterized by transmission elec-
tron microscopy (TEM - Philips TECNAI12/20). Details on the properties of all prepared
particles are presented in Table 2.1.
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Table 2.1: A table of all samples and their parameters used in this work. Solid silica spheres are denoted by the
prefix S while hollow silica superballs are denoted by the HSB prefix in the sample name. The outer m value
denotes the shell shape while the inner m denotes the core shape. The thickness, £, is in nm along with half the
distance between two flat faces, g, or the radius in the case of spherical particles.

Name Outerm Innerm t(nm) a(nm)

S1 2 - - 233
S2 2 - - 206
HSB1 2.6 3.65 220 512
HSB2 2.8 3.65 187 446
HSB3 3.1 3.65 56 315
HSB4 3.3 3.9 111 413

2.2.2. Assembly Process

Superball particles are assembled in an aqueous droplet deposited on a superhydropho-
bic surface. Preparation methods for the superhydrophobic surface and assembled col-
loids are highlighed in this section.

Superhydrophobic Substrate

Superhydrophobic substrates with contact angles above 160° were prepared following a
modified procedure from Deng et al. [79]. Briefly, a thin layer of soot from the flame of a
paraffin candle is deposited on a cleaned glass substrate. Then, the substrate is coated
with a thin silica layer by enclosing it in a desiccator with two open containers of 2mL
tetraethyl orthosilicate and 2mL NH3 (29 wt%) for 24 hr. The substrate is then calcinated
in an Evenheat Rampmaster RM2 furnace by heating at 600°C for 2 hr. After, 350 uL of
1% trichlorododeylsilane in chloroform is dropcasted on the substrate and allowed to
evaporate. Droplet pinning positions are created on the substrate via notches on the
surface.

Spherical Confinement of Colloids

Self assembled macrostructures of colloidal spheres and superballs were formed by de-
positing and drying 2-5 uL droplets of colloidal dispersions from 5 to 30 vol% on a su-
perhydrophobic substrate at the pinning positions. These are necessary to prevent the
droplets from moving and escaping the superhydrophobic surface. Evaporation rates
were be controlled via drying inside a humidity chamber.

Small Angle X-ray Scattering (SAXS) Measurements

prad-SAXS measurements were conducted at the beamline BM26B DUBBLE [80] at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France using a microradian
setup [81] employing compound refractive lensens [82]. The incident X-ray beam with a
photon energy of 13 keV (1 = 1.0332 A) was focused on a Photonic Science CCD detec-
tor with 4,008 x 2,671 pixels and a pixel size of 22 x 22 um at a distance of 7.11 m. The
detector was protected from the direct beam by a wedge-shaped beam-stop. Substrates
with the drying droplets were placed horizontally in the X-ray beam. Measurements were
performed during the full evaporation process at the position of the initial center of the
drying droplet.
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Figure 2.1: (A) Transmission electron microscopy images of a solid silica sphere and hollow silica superballs
with different shape parameters, m, shell thicknesses, ¢, and radii, a. Scale bars are 200 nm. (B) Schematic
representation of the in-situ SAXS setup. A dispersion droplet on a superhydrophobic surface is placed inside
a humidity chamber. Scattered x-rays are collected on a 2D detector with a wedge-shaped beam-stop. (C) A
photograph of the custom humidity chamber with hydrophobic plate aligned with the X-ray path for SAXS
measurements. (D) Average droplet size over time for six droplets drying inside the humidity chamber under
a microscope camera (purple line) with the standard deviation as the error overlayed with the individual time
points of the varying droplets. (F) The the expected volume fraction of superball particles when starting from a
15 vol% droplet calculated from the droplet diameter.
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2.3. Results

To study the self-assembly process of superball particles, we synthesized four samples of
hollow silica superballs. We note that superballs are a family of shapes defined by

HIR
a a a

where a is % the distance between two opposite faces, and m is the shape parameter
defining the roundness of the particles where m = 2 is a sphere which becomes more
cubic as m — oo [62, 83]. To create superballs with a range of m values, we coat hematite
superball seeds in silica where increasing the silica shell thickness, ¢, decreases the re-
sulting m values making the particles more spherical [69]. The hematite seeds are etched
away through the porous silica superball shell (Figure 2.1 A). For example, m = 2.6 parti-
cles have shells of = 120 nm and particle sizes of 2 - a = 1240 nm with a size dispersity of
4%. A table of all sample parameters is provided in section 2.2. For particles with m =2
(spheres), we grew two sets of silica particles without a template which resulted in solid
silica spheres with radii of r = 206 nm and r = 233 nm [78]. We fabricate assemblies of
colloidal superballs by drying 1.5 pL dispersion droplets of 15 vol% superballs in MiliQ
water on the surface of a superhydrophobic substrate. We add small pinning positions
to the surface of the substrate with a needle tip to prevent droplet rolling. These types of
dispersion droplets dry via diffusion of the water vapor into the air [57].

To investigate how the structure assembles under spherical confinement, we per-
formed in-situ SAXS measurements on a series of drying dispersion droplets where each
contained different m valued superballs, as schematically shown in Figure 2.1 B. To con-
trol the evaporation rate throughout experiments, droplets were dried at ~64% relative
humidity in a custom-made chamber (Figure 2.1 C). As water evaporates, the droplet con-
tracts from the initial diameter of 1.5 -2 mm to ~ 1 mm (Figure 2.1 D-E) and eventually
yields a closed-packed assembly which is apparent from the rise in iridescent colors re-
sulting from the Bragg scattering of light as seen in Figure 2.2 A[50, 52]. The synchrotron
X-ray beam, of width 500 um, passed through approximately the center of each droplet,
and 2D images were recorded every ~ 4 seconds by the high-resolution 2D X-ray detector
for 30-35 minutes as the droplet dried. From the 2D images, the 1D radially averaged
scattering profiles were extracted. A typical set of scattering profiles collected in time
during the droplet drying process for superballs, with m = 2.6, is displayed in Figure 2.2 B.
Time resolved scattering profiles for all investigated droplets are displayed in Figure 2.3
A-F.

Generally, the scattering intensity, I(q), from a collection of discrete particles is depen-
dent on the form factor, P(g), and the structure factor, S(gq). P(q) arises from the particles’
shape and size, while S(g) arises from the particles’ organization. The total scattering in-
tensity, I(qg), for superball particles can be approximated by the 1(g) for mono-disperse
spherical particles [68, 84]. In this approximation:

I(g) o< dpart - P(q)-S(q) (2.2)

where ¢pqr; is the particle volume fraction [33]. In addition, the overall droplet drying
process can be monitored via the normalized scattering power, Q*, which is defined by:

Q" =Q/Qmaxx Ap-Ppsp(1—Psp) 2.3)
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Figure 2.2: (A) A time sequence of an evaporating droplet of 3 uL containing superballs with m = 3.1 collected
with a digital camera. The droplets have a radius of approximately 1-2 mm. (B) Time-resolved radially-averaged
SAXS profiles of the drying process of a droplet containing superballs with m = 2.6 at 15 vol%. The inset shows
the normalized scattering power Q* during the drying process. (C) A schematic representation of the different
observed stages of drying: Dilute (non-interacting), structure formation, dewetting, and the final dried assembly.
(D) The calculated Percus-Yevick structure factor at a particle volume fraction of ¢ = 15% (purple line) and at
¢ =50% (orange line). (E) The calculated Percus-Yevick structure factor at a particle volume fraction of ¢ = 15%
and at ¢ = 50% coupled with a model spherical core-shell P(q) (blue line).

where -
Q=f0 q*-I(q)dq 2.4)

is the Porod invariant, Q,,y is the maximum Q value, ¢sp is the volume fraction of su-
perballs, and Ap is the scattering length density (SLD) which arises from the difference
in electron density between the particle and surrounding medium [72].

Throughout the droplet drying process, we observe four distinct regimes in the inten-
sity, I(q), patterns as shown schematically in Figure 2.2 C. Initially, the superball parti-
cles in the droplet are in a dilute, non-interacting, fluid state where we can assume that
S(g) = 1 and that P(gq) dominates the scattering profile. We note that we assume S(g) = 1
in the observed experimental g region due to the lack of additional long range effects
from the superballs because we consider the superballs to be hard particles [65]. We
check this assumption via the Percus-Yevick S(g) for our initial particle volume fraction,
¢sp = 15vol%, compared to a much higher volume fraction, ¢sg = 50 vol%, as shown in
Figure 2.2 D. When the Percus-Yevick S(q) is coupled with a model P(q), we can observe
the expected influence on the I(q). In this regard, we use the P(q) for a core-shell sphere
with a diameter of 1 um defined by:

singr.—qrccosqre singrs—qrscosqrg
+ Vs(ps — )
(qrc)3 s\0s— Psolv (qrs)3

3
P(q) =[—Ve(pc—ps) )] (2.5)
Vs

where V; is the volume of the shell and core, V, is the volume of the core, r; is the radius
of the particle, r. is the radius of the core, p; is the scattering length density (SLD) of the
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Figure 2.3: Time resolved scattering profiles of all experiments. Solid silica sphere samples (A) S1 and (B) S2
where m = 2. Hollow silica superball samples (C) HSB1 where m = 2.6, (D) HSB2 where m = 2.8, (E) HSB3 where
m = 3.1, and (F) HSB4 where m = 3.3 for the whole-time range. The insets depict the normalized scattering
power, Q*, that corresponds with the experimental scattering profiles. (G-H) Extracted form factor for hollow
silica superball, where m = 3.3, 3.1, 2.8, and 2.6, and solid silica sphere, where m = 2 and d = 0.46 and 0.41 /.un_1
experiments.
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core, ps is the SLD of the shell, and p,;, is the SLD of the solvent. From the curves shown
in Figure 2.2 E, we can conclude, that even though two small S(q) peaks appear around
g =3.5and 6 um™!, the influence on the overall I(q) is negligible for the experimentally
accessible q-region of g =7 —40 um™!.

During the first drying period, the evaporation and confinement do not influence the
system, which is evident from the limited changes in the patterns and the little variation
in Q*. As water evaporates from the droplet, the confining volume decreases, and the
concentration of particles increases. As a result, inter-particle interactions arise, leading
to S(gq) # 1, and S(q) peaks start to appear in the I(g) profiles indicating structure forma-
tion. Near the final stage of drying, dewetting occurs where the remaining water inside
and outside the particles evaporates, and the surrounding medium of the particles be-
comes air. This change of medium from water to air dramatically increases the difference
between SLDs of the colloids and the surrounding medium, Ap. This step in the drying
process leads to a change in the overall intensity of the 1D profiles and appears as a rapid
increase in Q*. Therefore, we utilize the inflection point of Q* to determine the beginning
of dewetting (see inset in Figure 2.2 B). For all investigated superballs and their droplets,
dewetting began at similar times (at 24.1 minutes for m = 2.6, at 21.7 minutes for m = 2.8,
3.1, and 3.3, and at 22.9 minutes for both m = 2 containing samples). Discrepancies be-
tween dewetting times are likely due to the 2 — 5 minute time variation in placing the
droplet and beginning the SAXS measurements. Eventually, all of the remaining water in
the system evaporates and only the dried assembly of particles remains. When the dried
assembly is formed, the 1D profiles and Q* plateau. During the SAXS measurements, not
all investigated droplets formed a dried assembly as seen from the insets of Figure 2.3.

Before characterizing the full drying process, we first characterize the particles in the
initial, dilute state where P(g) dominates the scattering profile. P(g) was determined to
be the initial free particle scattering profiles when ¢ = 0, I;-o(g) and is shown for all in-
vestigated particle shapes with 2 < m < 3.3 in Figure 2.3 G-H. As is well known for hollow
spherical shells, the P(q) of a hollow object will be dependent on the details of the shell
thickness and the contrast between the solvent, shell, and core [85]. In the case of hol-
low superballs, the P(q) is determined by the superball shell thicknesses (¢), inner shape
(Minner), and outer shape (mgy;er) parameters [68]. The slight variations visible between
the P(q) of the different hollow superballs seen in Figure 2.3 G-H can be attributed due
to these differing parameters. In addition, it is clear that the P(g) minima are not very
distinct, which we attributed to a small size dispersity (3 —5%) of the particles [86]. It is
important to note, for drying hollow superballs, using I;-¢(g) as P(q) is only valid when
all the particles’ cores match the surrounding medium’s electron density. When dewet-
ting occurs, particle cores do not empty at the same time and P(q) # I;=o(g) as shown
schematically in Figure 2.2 C.

Additionally, we observe S(q) changes as neighboring particles no longer posses the
same SLD. Figure 2.4 depicts the drying process in a 2D system made of a superball mono-
layer. As the system dries, we can clearly identify the distinct phases we have seen in the
SAXS patterns. Initially, in Figure 2.4 A, the monolayer is fully wetted where the particle
cores and surrounding medium are water. This creates a defined contrast between the
particles’ shell and makes them easily visible. As the water in the surrounding medium
evaporates, the particles’ core remains filled. In Figure 2.4 B, we can no longer visibly see
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Figure 2.4: Overview of the drying process directly visualized by optical microscopy. For each stage, a schematic,
optical microscopy image, and corresponding fast Fourier transform (FFT) image is provided for the (A) fully
wetted monolayer, (B) onset of dewetting, (C) superball dewetting, and (D) fully dry monolayer. Scale bars
correspond to 10 ym.

the shell, but rather the entire particle. When the water empties out (Figure 2.4 C), we see
how each individual particle changes rather than all at once. Eventually, all of the water
empties from the superball cores and we have a better contrast in the images due to the
complete change in medium (Figure 2.4 D). We collected Fourier transforms (FFT) of
the monolayers for each phase of dewetting. By directly observing and radially averaging
them, we can see how each phase changes. For the fully wet and fully dry monolayer,
Figure 2.4 A and D respectively, the patterns are remarkable similar to each other and are
mostly dominated by the P(q) peaks. As the cubes dewet, Figure 2.4 B and C, we see the
patterns change where P(q) completely disappears as the particles empty, and there is
only a small contribution from the S(g) peaks. By visualizing a simpler system, we bet-
ter identify how the changing contrast and environment relates to changes in the SAXS
patterns even though the physical structure does not change further.

We can visualize the drying process by examining the 2D scattering images as done in
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Figure 2.5: Structural evolution for a drying droplet containing superballs with m = 2.6. (A) Selected 2D SAXS
patterns showing the rise of Bragg peaks during drying. (B) Selected S(q) curves extracted until the dewetting
phase. (C) The ratio of peak positions to the first peak location (g/qo) at selected times. (D) The average crystal-
lite size normalized to the particle size (2- a) over droplet drying.

Figure 2.5 A for a drying droplet with m = 2.6 superballs. Here, we observe isotropic scat-
tering profiles from the fluid until Bragg peaks appear in the first ring after 10 minutes,
indicating the formation of crystalline structures. These S(gq) peaks are present through
the dewetting point (¢ = 24.1 minutes). Compared to distinct single crystalline 2D SAXS
patterns observed for 3D superball sediments [68, 87], the radial width of these peaks is
larger and the fact that higher order peaks are absent indicate that the resultant struc-
ture is poly-crystalline where the domains have only weak orientational correlations with
each other. For all investigated superball dispersion droplets, we find similar scattering
patterns. Although as m increases, the peaks broaden, and for m = 3.3 only isotropic
rings can be seen. To further understand the structure formation, we examine the 1D
S(g) curves. We can extract S(g) by dividing I(g) with the P(q) = I;=¢(q) [65] up to the
dewetting phase where the patterns start to change dramatically (as discussed above).
Figure 2.5 B shows selected S(gq) curves for superballs with m = 2.6 up to ¢t = 24.1 min. It
can be seen that three consistent, albeit broad, peaks develop in the curves around ¢ =10
min indicating that structure formation has begun. During drying, all peak positions con-
tinuously shift towards higher g values demonstrating decreasing inter-particle distances
between the superball particles. After ¢ = 20 min, a shoulder emerges from the gy peak.
To reveal how the structure evolves, we follow the ratio between the peak positions and
the first peak, g/ qop [65, 68]. Peak positions and widths were determined by fitting the
peaks with a Voigt function [88]. Figure 2.5 C shows the peak position ratios over time for
the m = 2.6 superball droplet. The ratio remains relatively constant throughout droplet
drying and suggests that no significant phase transitions occur. From the gy peak width,
the average crystallite size can be calculated using the Scherrer equation [89]. To easily
compare the results between different cubes, the average crystallite size, D, is normalized
by dividing the superball side length, (2 a), to find D* = %. Figure 2.5 D shows that D*
begins to increase rapidly after 16 minutes as the droplet dries. This indicates that the
average crystalline domain grows.
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Figure 2.6: Structural evolution of superball dispersion droplets during drying. Selected S(gq) curves extracted
until the dewetting phase for (A) m = 2.8, (B) m = 3.1, and (C) m = 3.3 with a time-step of 1.2 min between
curves starting from ¢ = 2.6 minutes. (D) Comparison of S(q) curves from before dewetting (blue, dashed) to
the final dried assembly (blue, solid) for m = 3.3. (E) The normalized average crystallite size for all superball
systems at 10 minutes (purple bars) and 22 minutes (orange bars).

To understand the influence of particle shape during assembly, we explore how S(q)
evolves for all dispersion droplets of superballs with 2.6 < m < 3.3. Figure 2.6 A-C show
the temporal S(q) curves for m = 2.8, m = 3.1, and m = 3.3. In all droplets, we observe a
trend similar to m = 2.6 where S(gq) > 1 at ¢ = 7 minutes. The peak positions shift to higher
g values, and a shoulder emerges from the g peak. To confirm that the structure remains
after dewetting occurs, we can extract S(gq) of a dried assembly and compare to the struc-
ture before dewetting by rescaling P(q) [85]. The solid black curve in Figure 2.6 D depicts
the structure of the dried assembly and is compared to S(g) before dewetting (dashed
black curve). The increase in intensity is due to the change in surrounding medium [85].
Otherwise, there are no significant changes to S(g) after dewetting. Furthermore, we com-
pare the average crystallite size, D*, over time for all investigated droplets in Figure 2.6
E. As the droplets dry, we observe that the average crystallite size increases for all inves-
tigated droplets. Indeed, the average crystallite size at the onset of structure formation
(= 10 minutes) spans approximately 5 particle diameters for all droplets. At 22 minutes
before dewetting occurs, D* = 5 particles per crystallite for m = 2.6 and m = 2.8. Then,
D™ increases with the m value where the most cubic-like particle assembly (7 = 3.3) has
D* = 9.8 particles per crystallite.

To determine the crystal structures that have formed in the droplets, we first extract
S(q) for the spherical particle dispersion droplets just before dewetting (Figure 2.7 A). To
compare different dispersions, we re-scaled g of all the S(g) curves by the corresponding
qo position of the first S(g) peak. In general, spherical colloids do not assemble into pure
FCC lattices, but they form a random hexagonal close packed (RCHP) structure that is a
mixture of both the FCC and hexagonal close packed (HCP) lattices [90]. Therefore, we
compare the S(q) curves from two separate droplets with different solid silica sphere
particle radii (R = 206,233 nm) to the expected S(q) peaks for FCC (black model lines)
and HCP (green lines) in Figure 2.7 A. We find that the spherical assemblies produced
similar broad peaks near expected FCC peak positions for the hkl planes 111, 311, 331,
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and 440.

In order to confirm that the broad peaks we observe in the S(q) from the spherical
particles truly form an FCC lattice. We utilize a model of a para-crystalline FCC lattice,
we modify the description from Férster et al. for a similar type of structure [91]. In this
case, we describe I(g) as follows

I(@)x P(q)- 11+ (Z(q)-1)-G(q)] (2.6)

where

2 2
q-{u ) @.7)

3

is the usual Debye-Waller factor with the mean square displacement of the lattice points,
(wy?, and

G(q) =exp ( -
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Here, g, is the reciprocal lattice vector for the hkl reflection, o is the distortion fac-
tor, and M is the multiplicity. For simplicity, we assume there is no Debye-Waller factor,
i.e., G(g) = 1. In this version, we also assume that the peak width increases for higher
gnx1 values. For FCC, the reciprocal lattice vector is defined as gpy; = 27” Vh2+ k2 +12.
Figure 2.7 B shows this model for one experiment involving spheres (S1 where r = 0.41
pm). Since the distortion factor is kept constant (o = 0.11), the model differences arises
from particle size dispersity.

On the other hand, as the m value increases, we expect that perfect cubic particles
packinto simple cubic (SC) lattices [33]. Therefore, in Figure 2.7 C, we compare the curves
to the expected S(gq) peaks for FCC (black model lines) and SC lattices (gray model lines).
For all m, it is clear that the peaks do not perfectly match either the FCC peaks or the SC
peaks. Instead as we increase m, we observe a slight shift of peak positions away from ¢p.
Indeed, simulations and experiments have shown that the equilibrium structure formed
by superballs, with m = 2.30, is a densely packed rhombic crystal lattice, described by
the C; -lattice [62—64, 68].The C;-lattice is dependent on the superball m parameter and
describes a continuous transition from an FCC structure for m = 2 to an SC structure for
m — oo as shown in Figure 2.7 D.

To compare our assembled structures to the C;-lattice, we calculate how the S(q)
peaks evolve as the m values increases. The lattice vectors for the C; -lattice are defined
by Jiao et al. [62] as

e1 = —-2(s+27™)i+2sj+ 25k
ex = —2si+2sj+2(s+27 Mk (2.9)
e3=-2si+2(s+ 2_”'")]' + 25k
where s is the smallest positive root of the equation (s + 2~ limym 4 oem _ 1 -0, The struc-
ture varies as m increases by changing the angle, @, between lattice vectors:

ei~e,-

Qa = arccos (2.10)

lejlle;l
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Figure 2.7: Evolution of the structure over m. (A) Stacked plot of extracted structure factors before dewetting
for all sphere experiments with model hexagonal closed packed (HCP) and face-centered cubic (FCC) lines.
(B) The structure factor for solid silica spheres, S1, before dewettin at 22.8 minutes with the proposed para-
crystalline model (solid line) with a distortion factor, o = 0.11. (C) Stacked plot of extracted structure factors
before dewetting for all superball experiments with model simple-cubic (SC) and face-centered cubic (FCC)
lines. (D) Schematic of the angle dependent rhombic structure as the m value transitions from 2 = m = co. (E)
Model lines are plotted of the allowed ratio of the (hk!) diffraction peak position over the angle, @. Experimental
values (m=2, 2.6, 2.8, 3.1, and 3.3) of the peak position ratios are overlaid on top (markers).

where i,j = 1,2,3(i # j). It has been shown that when superballs assemble into their
densest packing, we can directly map their expected angle, «, from the experimental m
value [68]. We note that as m increases from 2 to 3.3, the angle, a, increases from 60°
to 69°. Achieving higher angles (a > 80°) requires particles with high m values (m > 10).
Then, we can follow the transition between FCC and SC lattices of the C; lattice via the
ratio of the diffraction peak position for 60° < @ < 90°. This ratio is defined as

nkt _ (h? + k% + >)sina? . 2(hk+kl + lh)(cosa® —cosa)

1
2 2.11
q100 sina? sina? ] (2.11)
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where g are the peak positions of allowed (hkl) reflections. Figure 2.7 E shows how
the ratios of several hkl peak positions are expected evolve according to eq.(1) for angles
from 60 < a <90 (lines). The respective FCC and SC hk! values related to the calculated
rhombohedral planes are included. Additionally, we overlay the experimental data points
(symbols) on top of the lines for comparison. As « increases, the diffraction ratio gen-
erally grows for most hkl planes. Higher g value peaks tend to increase more rapidly
compared to lower g value peaks. However, that is not the case for all k! planes such
as the horizontal lines associated to the transitions into the SC h00 planes. While the
experimental values are only available up to m = 3.3, corresponding to a = 70, the peak
ratio appears to generally follow the predicted trends. We observe that the emerging peak
off of gy closely follows the FCC 200 — 110 SC plane transition. Similarly, the higher-order
peaks also increase with increasing m.

2.4. Discussion

Our prad-SAXS results show that the spherical confinement, due to drying dispersion
droplets of different superball colloids, leads to the formation of polycrystalline assem-
blies with their expected rhombohedral C; -lattice packing [62]. We further find that the
average crystalline domain increases with the particles’ m value that is particles with a
more cubic shape. Our findings are in part in agreement with the results of Wang et al.
who showed that for small droplets, with 2000 cubic nanoparticles, there are short range
correlations between the particle positions of dried superball assemblies with low m val-
ues, and long-range correlation increases with increasing m [32]. However, in contrast to
their study, we do not find the formation of icosahedral clusters for low m as the droplets
investigated here are much larger and contain ~ 2 x 10° superball particles. In this re-
spect, our results are more in line with studies focusing on droplets with a larger number
of particles. For nanocubes with m > 5, Agthe et al. showed that spherical confinement
in a levitating drop leads to polycrystalline domains where domains at the surface were
aligned to the droplet interface [33]. For micron-sized spheres, Marin et al. showed that
droplets on superhydropic surfaces, at high enough particle concentration, will form
densely packed structures with many different crystalline domains also aligned to the
droplet surface [48]. The reason for this polycrystalline structure is that densification of
a droplet leads to multiple nucleation sites when the droplet contains a large number of
particles. Interestingly, we did observe the appearance of distinct six-fold Bragg peaks on
top of the S(q) ring in the 2D prad-SAXS patterns of dispersion droplets with m < 3.3. This
could indicate that while a large part of the surface crystallites are randomly oriented,
the center part of the droplet may contain a structure with long-range order, but more
investigations are needed to confirm this.

By following the full drying process, we showed that the system densifies and the
crystalline structure starts to form as the droplet evaporates. Interestingly, the forming
crystal structures did not undergo any phase transitions, which might be expected based
on a previous study by Meijer et al. who showed that superball colloids, upon slow sed-
imentation, will first form a rotator FCC crystal before transforming into their densest
rhombic packing [68]. Clearly, the current assembly process during spherical confine-
ment occurs via different pathways. We further revealed that a dewetting stage occurs,
during which the water evaporates from between and inside the hollow colloids, leading
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to the dramatic change in the particle P(q). Since the water does not evaporate from all
of the porous hollow colloids at one instant, we do not observe such a significant change
for the solid spheres, and this has not been observed for other droplet drying studies
of solid particles as well. Thus these hollow particles allowed us to obtain more insight
into the local evaporation process as we tracked the changing intensity in P(g) and the
corresponding I(qg). In addition, strong capillary forces acting on the colloidal particles
during dewetting of the droplet, which can reach 106 kT, do not lead to rearrangement of
the crystalline structures that have formed, as the S(q) before and after dewetting are the
same [92].

2.5. Conclusions

In conclusion, we investigated the structural evolution of colloidal superball assemblies
during spherical confinement induced by a drying dispersion droplet. The presented
results show that the structure of the assembled superballs nucleate into the predicted
C;-lattice. As the droplet evaporates, we found that the structure does not undergo any
additional phase transitions throughout drying. The resulting assembly contains several
small crystallites that increase in size as the superballs become more cubic-like indicating
a polycrystalline structure, and the assembly exhibits optical reflections on its surface.
As our understanding of superball assemblies continues to advance, we anticipate that
insights into the relationships between the constituent anisotropic particles and resulting
assembly’s structural color and mechanical properties will arise. It has been shown that
by switching from spherical to rod-like particles, dramatic changes in the assembly’s
structural color can be obtained after spherical confinement [61]. Similarly, particle size
and interparticle bonds influence the mechanical properties of the assembly [93]. In
chapter 3, we explore how additional magnetic dipole interactions caused by retaining
the hematite seed particle influence the assembly under spherical confinement.
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Chapter 3

Self-assembly of Magnetic Superballs
Confined to an Evaporating Droplet

ABSTRACT:

The self-assembly of materials driven by the inherent directionality of the constituent particles
is of both practical and fundamental interest. By employing evaporation assisted self-assembly,
we form opal-like structures with micro-sized magnetic superball particles. We study the struc-
ture formation during evaporation of a dispersion droplet with in-situ small angle x-ray scat-
tering (SAXS) in the presence and absence of an external magnetic field. In the absence of
a magnetic field, strong shape-dependent structures form as the water evaporates from the
system. Applying a magnetic field to the droplet has a unique effect on the system; strong
magnetic fields inhibit the growth of well-ordered assemblies due to the formation of out-of-
equilibrium dipolar structures while lower magnetic fields allow particles to rearrange and
orient without inhibition. In this chapter, we show how the superball assembly inside a droplet
can be controlled by the magnetic field strength and the superball shape. Tuning these interac-
tions provides insights for the controllable formation of macroscopic colloidal assemblies as
functional materials.

The data that support the findings of this chapter are openly available in 4TU.ResearchData at
10.4121/4b4b1f8a-b32e-4d6f-974f-991c289925b6, reference number [94].
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3.1. Introduction

Designing the structure of colloidal assemblies is a crucial step towards controlled de-
velopment of novel micro-structured materials and devices. In general, spherical par-
ticles assemble into a compact structure through either a face-centered cubic (fcc) or
hexagonal close-packed (hcp) arrangement, providing a way to engineer photonic crys-
tals capable of specific functions [95, 96]. As a result, 3D assemblies of isotropic, spherical
particles have demonstrated fascinating optical properties, acting as optical waveguides
[29] and functioning as long-pass optical filters [50]. We can further explore a rich world
of structural diversity by adding anisotropy to the constituent particles, such as a non-
spherical shape or an intrinsic directionality via an internal magnetic moment [96-98].
One such anisotropic shape experimentally accessible on the colloidal scale is the super-
ball which is a family of shapes that encompasses the transition from a sphere to a cube
via a rounded cube [62]. Superballs have been shown to form a plastic crystal (or rotator)
phase prior to their densest packing [68], which is a rhombohedral-like packing that pro-
gresses continuously from an fcc lattice (as spheres) to a simple cubic lattice (as perfect
cubes) [62-66]. Superballs possessing additional directional anisotropy, such as an inter-
nal magnetic moment, can lead to different dense packing. For micron-sized magnetic
superballs, Meijer et al. [87] showed the presence of hexagonally stacked layers that trans-
form into long-range ordered body-centered monoclinic lattices in the presence of an
applied magnetic field for 3D assemblies induced by sedimentation in capillaries. In ad-
dition, for paramagnetic nanocubes, Ahniyaz et al. [99] showed that an applied magnetic
field induced the formation of highly ordered simple-cubic superlattices when assembled
by a controlled solvent evaporation method.

The resultant macro- and micro-structure can be further influenced by the employed
assembly technique [28]. Specifically, particle confinement within an evaporating droplet
is one promising method for creating free-standing colloidal assemblies which can find
applications as photonic devices, drug delivery, and magneto-optical materials [100-102].
These droplet-based assemblies are created using either substrate-free processes, such
as ultrasonic levitation and emulsification [33, 54, 103], or substrate-based methods like
deposition on a superhydrophobic surface [52, 104]. For the latter, the final shape of the
assemblies can be varied by modifying the size of the droplet pinning site or the initial
particle concentration, resulting in spheres, donuts, and mushrooms [95, 105, 106]. The
internal structure of assemblies inside evaporating droplets is dependent on the droplet
size and the dispersed particles’ properties. For example, spherical particles have been
shown to organize into their typical bulk dense packing or form novel icosahedral clusters
depending on particle concentration [54-56]. For anisotropic truncated nanocubes, both
bulk evaporation and droplet confinement assembly techniques lead to well-ordered fcc
lattices [107].

We predict that the combination of anisotropic colloids and confinement induces
the formation of more complex self-assembled structures. In the previous chapter, we
showed that micron-sized silica superballs assembling inside droplets form expected
close-packed structures, albeit poly-crystalline [43]. In this chapter, we increase the com-
plexity of the system by assembling micron-sized superball particles with a magnetic
dipole moment in spherical confinement. We utilized in-sifu synchrotron small-angle x-
ray scattering with micro-radian resolution (urad-SAXS) to investigate the crystallization



3.2. Methods 29

process. For dispersions of varying superball shapes, we collected scattering profiles over
the droplet height as it evaporates in the absence and presence of an applied magnetic
field. Our results show that the combination of confinement and magnetic interactions
provides unique control over the final superstructures which is of interest for the fabrica-
tion of designer materials as well as photonic structures.

3.2. Methods

Table 3.1: Properties for all particles used within this work. Here, m is the shape parameter, 2a is the edge-edge
distance of the superball, ¢ is the silica-shell thickness, and ¢/ a is the ratio of shell to particle size.

Name m 2a(nm) t(nm) t/a

Fa3-3 2.8 892 374 0.41
Faz-2 29 799 281 0.35
Fal-1 3.2 684 166 0.24
Fd4-1 35 720 115 0.15
Fel-1 3.7 895 97 0.11

3.2.1. Particle Synthesis
Hematite cube particles were prepared following the sol-gel procedure [24, 75, 108]. Silica
shells were grown on hematite cubes to obtain m-values between 2.8 and 3.7 [67, 76]. The
complete particle synthesis procedure to obtain different m values can be found in Ref.
[69]. The obtained particles were characterized by transmission electron microscopy
(TEM - Philips TECNAI12/20).

3.2.2. Sample Preparation

As-prepared hematite particles were dispersed in Milli-Q water at 0.05 vol%, 15 vol%, and
30 vol%.

Capillary Sample Preparation

Capillary samples for form factor measurements were prepared by dispersing a 0.05 vol%
particle dispersion inside a flame-sealed glass capillary. Capillary sediments were pre-
pared by dispersing a 30 vol% particle dispersion inside a glass capillary, flame-sealed,
and allowed to sediment for at least 2 days.

Droplet Sample Preparation

Superhydrophobic substrates with contact angles above 160° were prepared as described
in chapter 2. Aqueous droplets of 1.5 uL with 15 vol% concentration of superball particles
were deposited on superhydrophobic surfaces for drying. A custom-made set-up [87]
consisting of permanent magnets was used to apply a magnetic field between 14 —35 mT
during the drying process. The droplets were placed in the center of the set-up where the
field is uniform.
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Figure 3.1: Integrated SAXS form factors, P(q), for superball particles with different m-values. Insets for each
curve are representative TEM images of superball particles. Scale bar is 200 nm and representative for all insets.

3.2.3. Small Angle X-ray Scattering (SAXS) Measurements

SAXS measurements were conducted at the beamline BM-26B DUBBLE at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France, as described in chapter 2.
During these experiments, the incident X-ray beam with a photon energy of 13.96 keV
(A =0.886 A) was focused on a Photonic Science CCD detector with 4,008 x 2,671 pixels
and a pixel size of 9x9 pm at a distance of 7.87 m. Substrates with the drying droplets were
placed horizontally in the X-ray beam. Measurements were performed in the droplets dur-
ing the full evaporation process at varying heights (z-positions) of 0.1 mm. Background
measurements for droplet assemblies were taken with plain water droplets at various
heights and for capillary experiments with plain water-filled capillaries. Form factors for
superballs were collected from dilute particle dispersions (0.05 vol%) in glass capillaries
immediately after preparation.

3.3. Results and Discussion
3.3.1. Superball Properties

In order to prevent superball aggregation due to strong magnetic dipole-dipole attrac-
tions and generate a range of m-values, we coat magnetic hematite superball seeds in
silica. As we increase the silica shell thickness, #, we decrease the m-value of the superball
particles, as seen in the electron microscopy insets in Figure 3.1. For example, superball
particles with m = 2.8 have silica shells of ¢ = 374 nm and edge lengths of 2a = 892 nm,
and particles with m = 3.7 have shells of £ = 97 nm and edge lengths of 2a = 895 nm
(Table 3.1).

To characterize the superball particles’ assembly, we use small-angle x-ray scattering
(SAXS) with microradian resolution. In general for SAXS measurements, the scattering
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intensity, I(g), obtained from a collection of discrete particles is dependent on the form
factor, P(q), and the structure factor, S(gq). P(q) is determined by the particles’ shape
and size, and S(q) is determined by the structure that the particles form. Here, we ap-
proximate 1(q) o< Pparticle * P(q) - S(q) where ¢pariicie is the particle volume fraction [33].
To determine the structure of assembled superballs, we decouple S(g) from I(g) by ob-
taining P(q) curves from dilute suspensions (<0.01 wt%) of particles where S(g) = 1.
Figure 3.1 displays the collected P(q) curves for all investigated particles. For core-shell
particles, P(q) depends on the silica shell thickness (), inner shape (minner), and outer
shape (mguter) [68, 85]. The hematite cores in particles with m = 2.8, 2.9, and 3.2 are iden-
tical, and the final particle size and shape are mainly determined by the thickness of the
silica shell layer. Here, we observed that the size and shape of the hematite core particle
strongly affect the overall shape of the P(q), and the silica shell introduces additional
oscillations in the P(gq) depending on t. When the thickest shell layer is used (m = 2.8
and t = 187 nm, dark blue curve), we observe several oscillations after the initial valley,
which is due to a stronger contribution of the silica shell to the form factor. On the other
hand, for the same hematite core particle with a thinner shell (m = 3.2), we observe more
uniform P(q) peaks initially due to a larger contribution from the hematite core particle.
These small differences between particles results in large variations of the P(g) and high-
light the importance of collecting sample specific form factors for complex anisotropic
systems.

3.3.2. Effect of Droplet Confinement

To investigate the structure formation and drying process of assembling superballs in
dispersion droplets, we conducted in-situ SAXS measurements, tracking the scattering
patterns at different heights within the droplet. As water evaporates from the droplet,
iridescent colors arise on the surface of the assembly due to the Bragg scattering of light
indicating the formation of close-packed structures [50, 52] as shown in Figure 3.2 and
Figure 3.3 A. We note that assemblies formed by this technique may result in a variety of
shapes, e.g., spheres, donuts, and mushrooms, based on the contact pinning size and the
colloidal dispersion concentration [52, 104]. Throughout this work, we aimed to maintain
a nearly-spherical shape during drying, but found that some assemblies experienced a
slight cavitation as shown in Figure 3.2. Cavitation of evaporating dispersion droplets
is attributed to a higher portion of particles assembling close to the droplet interface
rather than in the droplet bulk which creates a core-shell-like macroscopic structure. If
the assembled shell cannot withstand the critical pressure for cavitation, the assembly
will partially collapse forming indented spheres or toroidal shapes [95, 105, 106]. Here,
the formation of the shell is attributed to the size of the pinning position on the superhy-
drophobic surface and the particle concentration where volume concentrations < 15%
will form collapsed structures [53].

In order to follow the internal structure formation of the spherical particle assemblies
during drying, we investigate the evaporation of dispersion droplets via in-situ SAXS mea-
surements (Figure 3.3 B-C). With a 500 ym beam size, we collect measurements over the
height of the droplet with a 100 um step size as shown in Figure 3.3 C. During these ex-
periments, we observed three main height regions where there was (i) scattering from
the air, zaj, (ii) scattering from the dispersion droplet, zgropler, and (iii) scattering due
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Figure 3.2: Optical microscopy images of recovered assemblies showing possible cavitation. In general, cavita-
tion occurred as an indent on the surface, with two extreme cases shown in the bottom panels, where cavitation
formed a deeper hole/donut.

to the superhydrophobic substrate, zgypstrate- T0 analyze the overall drying process, we
track the change in droplet height as it evaporates by following the position of z,;;. Scat-
tering from the substrate appears around 4 steps above the substrate due to the beam
size being larger than the step size, as demonstrated by significant vertical flares and low
intensity values in the 2D SAXS pattern. For simplicity, we have denoted z = 0 to corre-
spond to the height immediately above the substrate (zgypstrate)- The typical evolution of
the 2D SAXS patterns as a function of z-height and time for a drying dispersion droplet
containing magnetic superball particles with m = 2.8 is shown in Figure 3.3 D for a dis-
persion droplet containing magnetic superball particles where m = 2.8. At z = 0.5 mm,
scattering is no longer observed after 15 min as the droplet has shrunk by 0.4 mm, which
agrees well with optical microscopy observations (Figure 3.3 A). At z= 0.3 mm in the 2D
pattern, only P(q) features in the form of distinct rings are present at short times (< 20
min), indicating that the dispersion is still quite dilute. After 20min, these 2D patterns
undergo a transformation, and a distinct inner ring with several peaks appears. This ring
and peaks represent S(q) features, indicating the formation of denser particle structures
in the droplet. At z = 0.1 mm, P(q) and S(q) features are already present after 15 min.
Additionally, the average I(g) intensity at z = 0.1 mm is higher because the beam com-
pletely hits the droplet, leading to a larger probed particle concentration [72], compared
to near the top of the droplet where it interacts with both the droplet and the air above,
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Figure 3.3: (A) Optical microscopy images of an evaporating dispersion droplet with m = 2.8 hematite superball
particles on a superhydrophobic surface. Scale bars are 500 um. (B) General schematic of the experimental SAXS
configuration. (C) Sample-view schematic of the x-ray beam path over the droplet height. Insets are example
2D SAXS patterns at varying heights: zajr, Zgroplet> and Zsubstrate- (D) Selected 2D SAXS patterns over the droplet
height, z-position, and drying time for a dispersion droplet of m = 2.8 superball particles. (E) Extracted S(q)
curves over drying time at a droplet height of 0.1 mm for the same particles. Line colors are matched to their
respective 2D SAXS curves in (D).

potentially causing flares due to scattering at the droplet edge.

To further analyze the S(gq) peaks, we extracted the 1D S(g) curves by taking the radial
average of the 2D images, I(q), and dividing by P(q). Figure 3.3 E displays selected S(q)
curves over time for z = 0.3 mm, where the evolution into several well-defined peaks,
indicated by the vertical orange lines above the x-axis, is clearly visible. We fit the peak
positions and widths with a pseudo-Voigt function [88] and obtained peak positions for
the first four main peaks. After a drying time of 25 minutes, the peak positions were
located at 7.87, 9.08, 12.73, and 15.14 um™!. These final positions are the same at the
lower part of the droplet, specifically at z = 0.1 mm, as shown in Figure 3.3 F. These
positions are similar (within +0.01) to those expected for an fcc-like lattice, where the
ratios of the first four peak positions to the first peak are 1, 1.15, 1.63, and 1.91. From
our analysis we conclude that the superballs assemble into different fcc grains that are
randomly oriented throughout the bulk of the droplet as well as on the surface. This result
is consistent with the findings of Agthe et al. [33], who demonstrated that the assembly of
magnetic nano-cubes in a droplet resulted in a polycrystalline structure, with alignment
near the droplet surface and randomly oriented clusters throughout the bulk. Our in-
situ SAXS investigations of the drying droplets of superballs shows that we can obtain a
detailed understanding of the evolution of droplet size and the formation of the superball
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Figure 3.4: Study of 3D capillary sediments of m = 2.8 magnetic superball particles. (A) Series of representative
2D SAXS images taken throughout the height of the capillary sediment. (B) Extracted 1D curves of the radially
average structure factor, S(q), at selected sediment heights.

structures.

3.3.3. Effect of Superball Shape in Capillary Sediments

In order to detect the influence of confinement on the resultant structure, we sediment
samples of particles where m = 2.8, 3.2, and 3.7. Previously, we found that the assembly
of non-magnetic superballs in evaporating droplets form their predicted close-packed,
albeit paracrystalline, rhombohedral lattices [43]. This result matched closely to a study
by Meijer et al. [68] where 3D capillary sediments of non-magnetic superballs would
also nucleate into their predicted close-packed rhombohedral crystals. In this regard, we
expect similarities in the close-packed structures that arise between these two types of as-
sembly methods for the magnetic superballs. Meijer et al. [87] have shown that magnetic
superballs form a brick-wall-like stacking of the rhombohedral structure dependent on
the particle shape and height of the sediment.

We show the obtained structure in the droplets to 3D capillary sediments for su-
perballs of m = 2.8, 3.2, and 3.7 in Figure 3.4, 3.5, and 3.6. While the 2D SAXS patterns
throughout the capillary sediments are more structurally robust, the extracted 1D S(q)
curves for m = 2.8 near the top and bottom of the capillary sediments correspond well
to the S(q) curves obtained from droplet-based assemblies, albeit with a shift to slightly
lower peak positions. For example, the first peak position of the droplet-based assem-
bly is g1,droplet = 7.87 um where in the capillary sediment it is g1 capitlary = 7.367 this
observed shift correlates to smaller inter-particle spacing between particles inside the
droplet where dgroplet = 0.79 pm and dcapiiary = 0.85 pm for assemblies in droplets and
capillaries, respectively. One explanation for the decreasing inter-particle spacing inside
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Figure 3.5: Study of 3D capillary sediments of m = 3.2 magnetic superball particles. (A) Series of representative
2D SAXS images taken throughout the height of the capillary sediment. (B) Extracted 1D curves of the radially
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Figure 3.6: Study of 3D capillary sediments of m = 3.7 magnetic superball particles. (A) Series of representative
2D SAXS images taken throughout the height of the capillary sediment. (B) Extracted 1D curves of the radially
average structure factor, S(q), at selected sediment heights.
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Figure 3.7: (A) Model lines are plotted of the allowed ratio of the (hkl) diffraction peak position over the angle,
a, for the predicted Cj lattice. Experimental values (m = 2.8, 3.2, and 3.7) of the peak position ratios extracted
from capillary sediments are overlaid on top (markers). (B) Peak position ratios through the capillary sediment
of m = 3.7 (markers) with the predicted C; lattice ratios for that m-value.

the droplet assemblies relates to the strong capillary forces that occur during particle
assembly in an evaporating droplet that are not present during assembly via gravitational
settling. From the 2D patterns, we observe a hexagonal symmetry indicative of the layered
rhombohedral structure [87]. For capillary sediments of m = 2.8 and m = 3.7, we observe
several high order Bragg peaks that cannot be seen in the m = 3.2 capillary sediment.
This indicates the the particle morphology, such as the m-value and silica shell thickness,
affects the order of the structure. One possible explanation related to the m-value is that
at lower m the roundness of the superballs allows for more rotational freedom which
in turn becomes restricted at higher m until faces of the superballs become flat enough
to induce a preferential orientation between themselves and the flat capillary walls. In
order to understand the formed structure, we compare the peak positions near the top of
the sediment (0 mm) to the predicted close packed rhombohedral superball structures
observed in chapter 2, the C; -lattice. This lattice describes a continuous transition from
an fcc structure for m = 2 to a simple cubic (SC) structure as m — oco. The structure can
be characterized by the angle @, which transforms from 60 to 90 degrees for fcc and SC,
respectively (see Refs. [43, 62, 68] and chapter 2). It has been shown that when superballs
assemble into their densest packing, we can directly predict their expected angle, a, from
the experimental m value [43, 68]. We note that as m increases from 2.8 to 3.7, we expect
the angle, «, to increase from 66° to 71°.

We then plot the ratio of the peak positions to the first peak, gy, with respect to «,
from our capillary sediments to the expected kkl planes. Figure 3.7 A shows the expected
gnki/ qo ratios calculated from Equation 2.11 overlaid with the measured qji;/qo from
the capillary sediments. We observe that the top of the capillary sediment the assem-
blies correspond well to the predicted C; lattice for their corresponding a. However, as
we probe lower in the sediment we observe a shift in the ratio of peak positions to the
qo peak away from the Cj lattice corresponding to their shape as shown in Figure 3.7 B
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Figure 3.8: Selected 2D SAXS patterns of dried droplet assemblies without an external magnetic field for (A)
m =2.9, (B) m=3.2, (C) m=3.5, (D) m =3.7. (E) Model lines are plotted of the allowed ratio of the (hkl)
diffraction peak position over the angle, a, for the predicted Cj lattice. Experimental values (m= 2.8, 2.9, 3.2 3.5,
and 3.7) of the peak position ratios are overlaid on top (markers).

for the m = 3.7 capillary sediment. This paired with the strong presence of long range
Bragg peaks with hexagonal ordering in the 2D plots suggest there a "brick-wall" stacking.
Mejier et al. [87] have observed similar behavior of superballs in capillary sediments and
show that this ordering to due partly to the preferential orientation with the cube face to
the flat capillary walls under the higher hydrostatic pressure further into the sediment.
Therefore, the top of the capillary sediments better reflect the structures that present
inside of evaporating droplets because they are not as driven by this preferential orien-
tation. In this regard, the structures we expect to see for magnetic superballs are closely
related to the particle shape.

3.3.4. Effect of Superball Shape

To examine how the shape of superball particles influences the structure formation, we
analyzed dispersions consisting of superball particles with varying shapes, specifically
with m values of 2.8, 2.9, 3.2, 3.5, and 3.7. Figure 3.8 A-D depict the obtained 2D SAXS
patterns from dried dispersion droplets (= 25 min) with four of these superballs. Here, we
still observed scattering from the different assemblies at 0.5 mm, compared to our m = 2.8
assembly, even though the initial vol% is the same. This observation can be attributed to
slight differences in the pinning position or the substrate position in the x-ray beam. For
m = 2.9, the 2D patterns show broad S(q) rings throughout the droplet, except near the
top where two nearly vertical peaks are present at g = 8.82 um~'. However, these peaks
are partially obscured due to the presence of strong flares related to the scattering from
the edges of the droplet. For m = 3.2, we observe similar S(g) rings and a difference in
the 2D SAXS patterns near the top of the assembly (0.5 mm), where hexagonal symmetry
in the S(q) peaks is observed. Further increase in the shape parameter to m = 3.5 only
reveals strong isotropic S(q) rings throughout the height of the droplet. For our most
cubic particles (m = 3.7), we observed a slight difference in the S(gq) pattern, where it
is no longer isotropic but exhibits a slight vertical elongation (Figure 3.8 D). This type
of symmetry has also been observed in superball assemblies with higher cubicity (m >
3.5) when they form a brick-wall-like stacking in capillaries [87], suggesting that our
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particles are likely adopting a similar structure. Previously, we found that the assembly
of non-magnetic superballs in evaporating droplets form their predicted close-packed,
albeit paracrystalline, rhombohedral lattices in chapter 2. This result matched closely to
a study by Meijer et al. [68] where 3D capillary sediments of non-magnetic superballs
would also nucleate into their predicted close-packed rhombohedral crystals. In this
regard, we expect similarities in the close-packed structures that arise between these
two types of assembly methods for the magnetic superballs. For capillary sediments of
magnetic superballs, Meijer et al. [87] demonstrated the formation of hexagonally stacked
layers of superballs, with the specific stacking pattern depending on the shape of the
superballs. Within these layers, it was hypothesized that the superballs adopted their
predicted densest rhombohedral structures. Since the dried droplet assemblies of the
magnetic superballs are polycrystalline, we compare the peak positions near the bottom
of the droplet (0.1 mm) to the predicted close-packed rhombohedral superball structures,
the C; -lattice.

By utilizing the ratio of the diffraction peak position, we compared the experimen-
tally measured ratio to the calculated ratio for C;. Figure 3.8 E provides a comprehensive
analysis of the relationship between the observed experimental S(g) peaks (markers) and
the predicted C; lattice (lines) by examining the % ratio. The second and, if present,
third observed peaks in all samples exhibit a close alignment with the predicted lattice,
indicating a strong correlation between particle shape and the formation of a rhombohe-
dral lattice. This alignment suggests that the shape of the particles plays a significant role
in determining the structure within the assemblies for droplet-based assemblies, rather
than relying on magnetic dipole-dipole interactions. A similar behavior was observed for
superball clusters (4-9 particles) formed in evaporating emulsion droplets, where both
magnetic and nonmagnetic superball clusters with the same geometries exhibited com-
parable patterns [109, 110]. This observation demonstrates that the assembled structure
resulting from spherical confinement over multiple length scales is primarily influenced
by particle shape rather than interparticle interactions for this magnetic field strength.
Additionally, this highlights the strong relationship between the m-value of the sample
and the structures formed by magnetic superballs in evaporating droplets, further em-
phasizing the importance of particle shape in controlling the droplet-based self-assembly
process.

3.3.5. Effect of Magnetic Field on Evaporating Droplets

Due to the presence of a magnetic moment inside the hematite core, we can control the
orientation of the superballs and induce the formation of dipolar structures inside the
droplets by applying a magnetic field [24]. To investigate the effect of a magnetic field on
our assemblies, we applied a uniform field of 35, 26 or 14 mT to drying dispersion droplets
of m = 2.8 superballs. We observed distinctly different 2D SAXS patterns for the three
droplets drying under varying magnetic field strengths. The most notable observation is
the appearance of S(g) peaks at the beginning of droplet evaporation. These S(q) peaks
exhibit different symmetries corresponding to the different field strengths, ranging from
square for B = 14 mT, to isotropic for B = 26 mT, and finally to hexagonal for B = 35 mT
(see Figure 3.9 A-C). The presence of diverse peak symmetries at an early stage suggests
the formation of different ordered structures.
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Figure 3.9: Selected 2D SAXS patterns from 10 to 25 minutes of dispersion droplets with m = 2.8 superballs
under an applied magnetic field of (A) 35 mT, (B) 26 mT, and (C) 14 mT. (D) Azimuthal intensity taken at gq for
assemblies in varying magnetic fields near the top of the droplet, either 0.3 or 0.5 mm heights. Insets are of 2D
SAXS images with a cropped g range to show the g peaks. The extracted plots and insets can be matched to
their corresponding 2D SAXS image via the symbol (+) in A, B, and D.

To compare the assembled structures at an early stage (at 10 minutes) under differ-
ent magnetic fields, we examined the anisotropy within the inner-most S(g) ring at ¢q
by analyzing the azimuthal intensity for the corresponding go-value. Figure Figure 3.9
D presents a comparison of the azimuthal intensity for the different assemblies’ gy, lo-
cated at g = 7.90, 7.85, and 7.69 um™" for the B = 14, 26, and 35 mT assembly, respectively.
Interestingly, the gy peaks shifts to higher g-values with decreasing field strength, corre-
sponding to a real-space shift from dss ;= 0.83 to di4 mt = 0.79 pm. This greater inter-
particle distance at higher magnetic fields might be related to the formation of superball
chains that quickly sediment and jam during assembly, hindering the close-packing of
the structure [24, 87]. Notably, we observed consistent 4-fold anisotropy at gqg across all
assemblies, indicating similar local arrangements at the onset of structure formation.

To understand the structure through the height of the droplet dried at 14 mT, we
investigate the structure factor at 15 minutes at droplet heights of 0.5 mm and at 0.1 mm.
However, due to the presence of anisotropy in the S(q) rings from some of the assemblies,
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Figure 3.10: Example plots for peak analysis from extracted angular wedges. (A) Displays a 2D SAXS image
example that requires the use of angular wedges to collect all peak positions. Three example wedges are dis-
played via the drawn triangles. (B) The first angular wedge (blue) with peak positions fitted at: g = 8.0, 12.52,
15.33,22.72 /,trn’l. (C) The second angular wedge (purple) with peak positions found at: g = 8.16, 15.32, 19.62,
26.5 um~1L. (D) The third angular wedge (orange) with peak positions found at: g = 7.99, 15.36, 22.70 um ™.

more care needs to be taken to properly find information on the peaks. Therefore, we
collect radial averages along different angular wedges where the various peaks lie from
which we can extract the actual peak information. Figure 3.10 shows an example where
three angular wedges are collected (dark blue, purple, and orange) and the specific peak
positions are fitted. Here, we observe different peaks based on the angular wedge we
collect indicating strong texture in our samples. In order to properly collect all Bragg
reflections, we carefully chose the angular wedges such that all reflections are accounted
for.

In Figure 3.11 A, we show the structure factor with the extracted peak positions (as
done via various angular wedges). Near the top of the droplet, we identify that the first
four most intense peaks correspond well to the structure factor from the assembly at
0.1 mm. Therefore, the overall structure inside the droplet is consistent. Interestingly,
the apparent structure observed at 0.1 mm is similar to the base-centered monoclinic
(BCM) lattice observed by Meijer et al. [87] for 3D capillary sediments of superballs inside
amagnetic field. The presence of high-ordered Bragg peaks in the assembly formed un-
der a 14 mT field, allows us to further investigate the resultant structure by rotating the
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Figure 3.11: (A) Extracted S(q) curves at 15 minutes for the assembly form under a 14 mT magnetic field. The
blue curve is taken from the top of the droplet at 0.5 mm (pink +) and the pink curve is from the assembly at
0.1 mm (pink x) in Figure 3.9 D. Dashed lines correspond to the peak positions collected from various angular
wedges. (B) Selected rotational scans of the assembly dried under a 14 mT field at -40°, 0, and 45°. (C) Extracted
S(q) curves at a droplet height of 0.1 mm and 25 minutes for the three assemblies of m = 2.8 superballs dried
under varying magnetic fields with their corresponding 2D SAXS image as an insert.

sample from —60° to +60°. Figure 3.11 B shows selected 2D SAXS patterns of —60°, —40 °,
0°, +45°and +60°. Here, Bragg spots exhibiting square symmetry are visible, suggesting
the presence of a crystal lattice with cubic characteristics. Previously, for 3D capillary
sediments, magnetic superballs under a magnetic field assembled into a body-centered
monoclinic (BCM) lattice [24, 87]. We observe clearly the [100] projections of the BCM
lattice at w = +45° and —40° dictating a rotation of 85°. We determine the additional
lattice parameters for the BCM lattice by tracking the position of the horizontal and ver-
tical peak positions. The horizontal peaks in the [100] projections at w = +40° and —40°
are ¢ = 12.79 pum~' and g = 12.63 um™' , respectively. The vertical peaks present in all
rotations is located at ¢ = 7.89 um™". Then, the resulting lattice parameters for the BCM
lattice are a = 0.99 um, b = 0.98 um, and ¢ = 1.52 um where a = § =90° and y = 80°. In
the presence of very low magnetic fields the assembly of particles into a body-centered
monoclinic (BCM) lattice occurs while higher field strengths hinder its development. It
is clear that there is a delicate balance between the strength of the magnetic attraction
and the rate of aggregation. If the attraction is too strong, particles agglomerate quickly
without re-orientation, resulting in dense deposits. Surprisingly, the confinement of the
droplet has no effect on the creation of the BCM lattice, further emphasizing the com-
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plex interplay between magnetic field strength and particle interactions throughout the
self-assembly process.

Figure 3.11 C displays the radial averages (solid lines) with the extracted peaks (dashed
lines) for all assemblies at 25 minutes and 0.1 mm droplet height. Here, the number of
identified peaks varies between different assemblies, from 6 peaks at 14 mT to 4 peaks
at 35 mT and 26 mT. Although the structure factor at 26 mT is limited due to the broad
peak sizes, we can compare nearly 1:1 the peak positions collected at 35 mT to 14 mT
(see Table 3.2), which indicates that the overall structure of the two assemblies inside the
high and low magnetic field remains relatively consistent. Additionally, we observe an
increase in crystallinity, as evidenced by the presence of higher-order Bragg peaks at lower
magnetic fields. This suggests that more particle reorganizations can occur. Similarly,
for superparamagnetic truncated nanocubes assembled via solvent evaporation, weak
magnetic fields induce the formation of well-ordered 3D mesocrystals [111, 112]. This
finding suggests that the applied magnetic field strength can be tuned to control and
manipulate the degree of ordering in our assemblies.

Table 3.2: Table of peak positions (q5) and peak ratios (g5 /qo) for m = 2.8 assemblies under various applied
magnetic field after dewetting occurs.

Field g ¢ 92 s ailqo  q2/190 g3/ qo
14mT | 785 8.86 123 15.05 | 1.14 1.57 1.92
26 mT | 7.9 14.7 21.8 - 1.86 2.76 -
35mT | 761 8.65 1198 14.49 | 1.14 1.57 1.90

3.3.6. Effect of Superball Shape and an Applied Field

To investigate the relationship between particle shape and structure formation under
an applied magnetic field, we evaporated dispersion droplets of varying m-valued super-
ball samples under a magnetic field. For these samples, we utilized either a 26 or 14 mT
magnetic field to prevent possible jamming effects observed at higher magnetic fields (as
shown earlier in Figure 3.9). Figure 3.12 A-B show the 2D SAXS data at the onset of struc-
ture formation (10 minutes) for m = 2.9 and m = 3.2 superballs throughout the height of
the droplet under a 14 mT field. In both cases, we observed similar structural behavior
to the m = 2.8 superball assembly where the inner S(q) ring contains a 4-fold anisotropy
which is located at gy = 8.39 um ™! and at go = 9.71 um™! for assemblies of m = 2.9 and
m = 3.2, respectively. These positions correspond to d = 0.75 um and d = 0.65 pm which
are similar to the characteristic length of the superballs, 2a = 0.79 ym and 0.68 ym for
m = 2.9 and 3.2, respectively. Therefore, the difference between these peak positions is
attributed to the different sizes of the superball samples at different m-values. At 0 mm,
for the m = 2.9 assembly, Bragg peaks are faintly visible above the background intensity
and located at ¢;_3 = 9.87, 13.60, and 17 um™!. In Table 3.3, we observe a similar symme-
try of the apparent Bragg peaks in the m = 3.2 assembly at 0 mm. We again compare the
structure between the different assemblies by calculating the ratio of the peak positions,
gn, and the first peak position, gg. For m = 2.8, 2.9, and 3.2, the ratios correspond well
to each other (within +0.02) with values of g,/qo = 1.15, 1.6, and 2 indicating that they
all form into similar BCM structures highlighted earlier for m = 2.8. As we increase the
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Figure 3.12: Selected 2D SAXS patterns for dispersion droplets of superballs with m-values of 2.9 to 3.7. (A) 2D
SAXS patterns at 10 minutes for m = 2.9 superballs with an applied field of B = 14 mT and (B) fora m = 3.2
dispersion droplet with an applied field of B = 26 mT. (C) Patterns over time for m = 3.5 at droplet heights of
0.1, 0.3, and 0.5 mm with an applied field of B = 14 mT. (D) Full width half maximum (FWHM) of the first S(q)
peak, qp, at 0.1 mm droplet heights for assemblies of m = 2.9 (blue markers), 3.2 (purple markers), and 3.5 (pink
markers). Arrows in each subplot indicate the onset of structure formation (dashed arrow) and the dewetting
point (solid arrow). (E) Selected 2D SAXS patterns over the droplet height and time for a dispersion droplet with
m = 3.7 superballs in an applied magnetic field of 26 mT. (F) Selected azimuthal curves for m = 3.7 superballs
at heights of 0.1 and 0.5 mm for 15 and 20 minutes. (G) Selected structure factor curves for m = 3.7 superballs
(solid lines) taken at a droplet height of 0.1 mm before dewetting at 15 minutes and after at 25 minutes with
their corresponding fitted peaks found via angular analysis (dashed lines).
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Table 3.3: Table of peak positions (q;) and peak ratios (¢ /qo) for assemblies under an applied magnetic field
before dewetting occurs.

m Field Time q / / /
(mT) (min) 0 0N qz qs3 q1'qo0 4q2/qo q3/qo
28 14 27.8 7.85 8.96 12.3 15.55 | 1.14 1.57 1.98
29 14 20.5 8.39 9.73 13.42 16.78 | 1.16 1.6 2
3.2 26 21.8 9.71 11.17 1578 19.66 | 1.15 1.62 2.02
35 14 10.8 9.39 10.76 15.79 17.81 | 1.15 1.68 1.91

3.7 26 22.5 7.93 8.98 14.65 15.38 | 1.13 1.84 1.93

cubicity of the particles to m = 3.5, we observe a different structural behavior as shown in
Figure 3.12 C. At the onset of structure formation (between 10 and 15 minutes), radially
and azimuthally broad Bragg peaks appear throughout the height of the droplet. This az-
imuthal spread of the reflections implies there is a slight orientational mismatch between
superball particles. After 20 minutes, a transition to rectangular symmetry can be seen
throughout the height of the droplet. When dewetting occurs at 25 minutes, broad rings
encompass the Bragg peaks indicating that the structure inside partially collapses into a
polycrystalline state. Additionally, we tracked the formation of the assembled structure
by following the changes in the gy peak width. Figure 3.12 D depicts the full width half
maximum (FWHM) of the g, peak at 0.2 mm for the assemblies in Figure 3.12 A-C. We
observed the onset of structure formation (dashed arrows) by a rapid decrease in the
FWHM towards a plateau which decreases to 1.5+0.1,2.3+0.1, and 1.8 +0.1 um~" for
assemblies of m = 2.9, 3.2, and 3.5, respectively. Inmediately afterwards, a sharp, upward
spike appears in the plots followed by a smooth secondary plateau. This can be attributed
to the dewetting of the assembly which does not undergo anymore structural changes
after total evaporation of the water droplet. The observed FWHM can be correlated to
the average inverse length of well-ordered particles [89]. Therefore, the increase of the
FWHM after dewetting suggests that the dewetting process is slightly disruptive to the
structure which is seen for assemblies of superballs where 2.9 < m < 3.5 in Figure 3.12 D.

As we move to the most cubic superball, m = 3.7, clear Bragg peaks with hexagonal
symmetry are seen throughout the droplet at the onset of structure formation, denoted as
10 minutes in Figure 3.12 E. This strong hexagonal symmetry results from the brick-wall-
like stacking of the superballs. At 15 minutes, we observe a peak broadening in the az-
imuthal direction and a decrease in overall intensity throughout the height of the droplet
as shown as pink curves in Figure 3.12 F. This indicates that the particles near the top of
the droplet are well aligned with each other, but the orientation becomes slightly offset
further into the bulk of the droplet [66, 113]. After 20 minutes, the symmetry of the Bragg
peaks switches from hexagonal to rectangular throughout the height of the droplet. To
further investigate the structure of the m = 3.7 superball assembly, we display the struc-
ture factor generated from the radial average at z = 0.1 mm (solid lines in Figure 3.12
G) before and after dewetting occurs at 15 and 25 minutes, respectively. Dashed lines
are collected from fitting peaks taken from the intensity along varying angular wedges.
At 15 minutes (blue curves), we obtain several peak positions due to the presence of
well-defined Bragg peaks in the 2D pattern. At 25 minutes (purple curves), peak posi-
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tions are harder to elucidate directly from the radial average due to the increased peak
width radially and azimuthally of the Bragg peaks. However, we find that the peak posi-
tions correspond well to the peaks present at 15 minutes with the exception of the peak
corresponding to g = 8.66 um™! at 15 minutes which is not observable at 25 minutes.
The overall peak positions after drying paired with the significant difference in the peak
ratios for m = 3.7 to all other samples(Table 3.3) indicates the presence of a different
well-ordered structure. One possible reason for this drastic difference could be due to
the decreasing silica shell used to coat the hematite superballs for higher m-values. As
the shell decreases, the particles will feel stronger magnetic forces when they come close
together as thicker silica shells prevent close contact between the magnetic cores [24, 87].
Therefore, the interplay between the silica shell thickness, particle shape, and magnetic
field strength are important considerations when determining the resultant superball
assembly structure.

3.4. Conclusions

The self-assembly of magnetic superball particles confined in an evaporating droplet was
investigated for a variety of changing parameters including the superball shape, m, and
the external magnetic field strength. For micron-sized, silica-coated hematite superballs,
we obtain free-standing macrostructures as we tune these two factors. Without an ap-
plied magnetic field, we observed the formation of polycrystalline structures with their
expected densest rhombohedral symmetry for all m-values. While applying a high mag-
netic field hindered the assembly of magnetic superballs, at a lower magnetic field of 14
or 26 mT, well-defined symmetries arose at the onset of structure formation. However,
well-ordered structures only remained after dewetting for superballs of m =2.8 and 3.7,
our roundest and most cubic samples. Our study shows that the shape of colloid parti-
cles, the presence of magnetic interactions, and the assembly in a confining droplet are
allimportant parameters that determine the formation of well-ordered structures. Finally,
the tunability of these parameters allows for the precise formation of macroscopic col-
loidal assemblies and holds promising potential for the creation of functional materials
with customized properties on a macro-scale, paving the way for future advancements
in material design and applications.
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Chapter 4

Enhancing the Active Motion of Hematite
Microswimmers by Calcination

ABSTRACT:

The development of autonomous, self-propelled active particles has garnered significant in-
terest due to their potential applications in cargo delivery and environmental remediation, as
well as their utility as models for understanding biological systems. However, designing highly
active and cost effective microparticles is challenging. On one hand, highly effective swimmers
can be produced in small amounts using 2D techniques. On the other hand, large amounts of
hematite microparticles can be readily synthesized in a variety of shapes and exhibit photocat-
alytic behavior necessary for light-driven active motion, but their applications are still limited
due to their low efficiency. In this chapter, we investigate how to improve the photocatalytic
properties of hematite microparticles by using a general approach that can be applied to a
variety of experimental systems. For this approach, we calcine hematite microparticles and
measure their activity by tracking the particle motion with optical microscopy. We calculated
the mean-squared displacement (MSD) under different conditions and found that increasing
the calcination time results in a higher ensemble MSD for the hematite micro-particles. Cal-
cined particles have a maximum 87-fold rise in MSD at 1-minute lag times. This simple, scal-
able approach makes hematite more accessible to key areas of soft matter and photocatalysis
research.

The data that support the findings of this chapter are openly available at reference numbers [114, 115].
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4.1. Introduction

Active microswimmers are capable of navigating through complex, three-dimensional en-
vironments and have potential implications in drug delivery [35], environmental remedia-
tion [36-38], biomedical diagnostics [39], as well as models for collective phenomena [42].
In one category of active microswimmers, they propel themselves due to the phoretic mo-
tion derived from the photocataltyic decomposition of a fuel to produce self-generated
chemical gradients. One fuel often used is hydrogen peroxide, H»O,, whose decomposi-
tion into O, and H»O is catalyzed in the presence of illuminated semiconductors [40, 41].
In order for the particle to propel, the self-generated gradients or the particles themselves
must be asymmetric [35]. Therefore, numerous methods have been developed to produce
active microswimmers with inherent asymmetry. For example, these methods include
the preparation of Janus particles [116], which possess photocatalytic properties on one
half of the particle, bimetallic rods [117], and porous microparticles [118], all of which
are tailored to achieve this desired characteristic. However, the complex synthetic strate-
gies required to prepare these microparticles inhibit both applications and up-scaling.
Hematite, as an active swimmer, mitigates this due to its scalability and spontaneous
symmetry breaking required for active motion [119, 120]. Hematite active swimmers also
play an essential role in dynamic assembly and cargo transport [37, 119, 121, 122] owing
to their ability to transition between active and passive behavior when exposed to short
(< 500 nm) wavelengths and they posses a permanent magnetic moment [108].

For photocatalytic activity in general, the semiconductor absorbs photons greater
or equal to its band gap, and electrons from the valence band move to the conduction
band. This creates a electron-hole (e-h) pair which can either i) recombine or ii) diffuse to
the surface and participate in redox reactions with the fuel [123]. Properties of hematite,
such as the light penetration depth and e-h recombination time, limit its catalytic activ-
ity compared to other active particles, such as TiO, or Pt based microswimmers [124].
For example, the light penetration depth of hematite at A = 550 nm is 118 nm and ~
20 nm at A = 395 nm [125]. Whereas, the diffusion length of an e-h pair is only 2-4 nm,
and the e-h recombination time is around 2 ps [123]. One possible strategy to mitigate
some of hematite’s limitations is by particle calcination which is a process where par-
ticles are heated to high temperatures, causing them to lose some of their defects and
surface impurities to become more homogeneous. For example, calcination is used for
TiO, active particles to refine the internal crystal phase and increase the internal crys-
tallite size as well as alter the particle size which leads to an enhancement of the parti-
cles’ photocatalytic properties [126, 127]. For hematite nanorods and nanoparticles in
general, this technique has improved hematites’ photocatalytic properties in regards to
chemical degradation for environmental remediation [128-131]. Additionally, calcined
hematite nanoparticles have shown enhanced electrocatalysis when acting as an anode
material for lithium-ion batteries [132]. Thus, calcination, a simple step after the syn-
thesis of hematite microparticles, fully enhances hematites’ photocatalytic properties
without other more intensive solutions, e.g., doping. In this work, we explore the active
motion of photocatalytic hematite particles using hydrogen peroxide as a fuel. We present
as-prepared hematite microswimmers alongside calcined microswimmers which can be
activated by exposure to UV wavelengths. Non-calcined microswimmers preform notice-
ably worse than all calcined microswimmers with the best preforming microswimmers
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reaching an average 87-fold increase in their mean-squared displacements.

4.2. Experimental Methods
4.2.1. Colloid Synthesis

Hematite superballs were prepared from a gel-sol synthesis based on a procedure in Ref.
[75]. The specific superball shape is described in Chapter 2. Details on the preparation
procedure of hematite colloids can be found in a previous work [67]. Briefly, a 6 M NaOH
solution is slowly added to a 2 M aqueous iron chloride solution to form a gel-sol that is
aged at 100°C for 8 days.

4.2.2. Particle Calcination

Hematite samples were calcined in a Nabertherm L5/S27 furnace in air at 600°C for 2,
3,4, 6, and 10 hours. An initial ramp-up over 1.5 hours of 6.5 degrees per minute was
used for all samples. After calcination, the furnace automatically stopped heating and
slowly cooled to room temperature. Powdered calcined samples were redispersed into
water with a small amount of Tetramethylammonium Hydroxide (TMAH, 0.002%) added
to stabilize the particles.

4.2.3. Particle Characterization

Scanning Electron Microscopy
Visualization of hematite particles was done with a scanning electron microscope (JEOL-
6010).

Diffuse Reflectance Measurements and Band Gap

Light absorption properities of samples were investigated using a UV-Vis spectrometer
(Perkin Elmer UV/VIS/NIR Lambda 1050) equipped with a mini-integrating sphere (150
mm InGaAs) for diffuse reflectance measurements. Band gap energies were calculated
via the Kubelka-Munk method:

(f(Rhv)’ = A(hv - Eg) 4.1

where f(R) = %, R is the measured reflectance, hv is the photon energy, Eg is the
band gap, A is a proportionality constant, and vy is 2 for the direct allowed transition
type of hematite corresponding to the hybridization between O 2p and Fe 3d states [133,
134]. The linear region of the Tauc plots, (f(R)hv)Y plotted against hv, are fit and Eg is

extracted from the x-intercept of the linear fits [135].

Atomic Force Microscopy

Atomic Force Microscopy (AFM) measurements were conducted on a Bruker Dimension
Icon. Surface Roughness, R,;, was calculated from AFM measurements by the volume
of deviation from the average plane divided by the scanned area (500 x 500 nm?). AFM
image analysis was completed with open source python packages, specifically SPIEpy
and pySPM [136, 137].
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Single Particle X-ray Diffraction

Single particle x-ray diffraction (XRD) was preformed at the ID13 beamline of the Eu-
ropean Synchrotron Radiation Facility (ESRF) in Grenoble, France. Samples of calcined
hematite were prepared on silicon nitride windows via a droplet deposition. The incident
x-ray beam with a photon energy of 13 keV (0.954 A) and size of 250 nm was focused on a
Dectris Eiger X 4M detector. The detector has 2048 x 2048 pixels with pixel size of 75 ym
and was positioned 76 mm from the sample. 2D scattering patterns were collected with
resolution up to 20 = 55, i.e., d = 1.0 A for several particles to account for various orienta-
tions of the particles on the substrate. Sample rotation was preformed from +45° to —45°.
Data analysis and 2D integration of diffraction data was done in python with the PyFai
package [138, 139]. We probe how the crystallite size changes for the various planes via
the Scherrer’s equation: Dy;; = KA/Bcos8 [89]. The measured crystallite size is limited
to the resolution of the experimental set-up which was determined via calibration with
Al,03 to be 200 nm. Therefore, crystallite sizes > 200 nm are reported to be = 200 nm.

4.2.4. Active Motion Imaging

Aqueous swimming solutions contained 0.00075 wt% hematite particles and 5% H,0O>
and were adjusted to pH 9 by drop-wise addition of TMAH. Samples were collected inside
flat rectangular capillaries (Vitrocom 0.05 x 1.00 mm) and sealed with wax on a micro-
scope slide. We followed the particle dynamics via an inverted microscope (Zeiss Axio
Observer) equipped with a 20x objective (N-Achroplan 20x/0.45 M27), a CCD camera
(Axiocam 705 color), and a mercury lamp (HXP 120 V). The intensity of the light source
was controlled via a manual knob, and a longpass filter (AT450/50x) was used to restrict
light emission to 425-475 nm. We acquired time lapses with frame rates between 2 and 55
fps for up to 2 minutes. The particles’ positions were followed over time and their mean-
squared displacements (MSD) were calculated in Python with the TrackPy package [140].

4.3. Results and discussion
4.3.1. Active Motion of Hematite

In order to investigate the swimming behavior of hematite microswimmers, we prepare
a dispersion of hematite superballs in an aqueous solution of H,O». Figure 4.1 A shows
trajectories of the microswimmers from a common origin in the absence (pink lines)
and presence (blue lines) of UV light. When the light is off, we observe that the micro-
swimmers are restricted to a small region over the investigated time frame due to their
Brownian motion. When the UV light is switched on, the micro-swimmers propel in ran-
dom directions with relatively long, linear trajectories. Since the particles leave the origin
in all directions, this lack of a preferred directionality in the trajectories indicates that
the swimming motion is due to the activity of hematite rather than interactions with an
external magnetic field or fluid flows. The observed swimming behavior of hematite is
caused by a chemical gradient generated around the microparticle by the decomposition
of H,O, which allows self-phoretic propulsion to occur, as shown in the schematic of
Figure 4.1 B [40]. While the entire surface of hematite can participate in these reactions,
hematite microswimmers propel along substrates due to either symmetry breaking from
surface imperfections or spontaneous instabilities that creates a difference in the chem-
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Figure 4.1: (A) All tracked particle paths are displayed from a common origin for as-prepared hematite micropar-
ticles in the absence and presence of UV light shown as pink and blue lines, respectively, over 30 seconds. (B)
A schematic of the decomposition of fuel on the surface of hematite microparticles under 450 nm light which
results in propulsion along the surface of the glass capillary. Mean-squared displacement (MSD) curves for
particle trajectories (blue lines) in the absence (C) and presence (D) of UV light and the ensemble MSD curve
(pink line). The ensemble MSD and appropriate fits for hematite micron-sized superballs: without calcination
and without UV illumination in (E) log-log scaling fit to Equation 4.8 and (F) linear scaling fit to Equation 4.3.
As well as, (G) without calcination and with UV illumination in log-log scaling fit piece-wise to Equation 4.8 and
in (H) linear scaling fit to Equation 4.6.

ical gradient around the particle [119, 141]. The dynamics of our hematite superballs is
further investigated by calculating the mean-squared displacement (MSD) curves of the
particles. The MSD is obtained as:

(AT%y = ((F(t+ AD - F(1))?) 4.2)

where 7(f) is the position of the particle at time ¢. Ensemble MSD’s are calculated by
averaging over several hundred particles. As shown in Figure 4.1 C, the hematite particles
display typical diffusive, linear MSD behavior which can be described by:

(AT?) = 4DoAt (4.3)

where Dy is the diffusion coefficent of the particle. We fit the linear ensemble MSD in
Figure 4.1 F and found the diffusion coefficient to be Dy = 0.121 um?/s with an R? = 0.998.
We compare this value to the calculated value for a similarly size spherical particle from
the Stokes-Einstein equation defined by [3]:

kT

= 4.4
0 6711y (4.4)

where kp is the Boltzmann constant, 7 is the viscosity of the continuous medium, T is
the temperature, and r,, is the radius of the spherical particle. For the case of a spherical
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particle with a radius on the length scale of our particles, r, = 0.75 um, and in the same
conditions, the diffusion coefficient is calculated to be 0.293 um?/s. Indeed, simulations
and experiments on the Brownian hydrodynamics of superball particles have shown that
the diffusion coefficient is only minimally affected by the particle shape [142, 143]. When
the UV light is turned on, the particles exhibit characteristic active motion from their
MSD profiles as shown in Figure 4.1 D. The MSD for this type of motion in 2D at any time
is described by the Ornstein-Uhlenbeck equation [144]:

2.2
(AF?y = 4DgAt + 21T (& +e 2T _ 1) 4.5)
3 T,
where v is the propulsion velocity and 7, is the rotational diffusion time. Equation 4.5 is
often reduced into three regimes depending on whether At < 7., At =7,,0or At>1,.In
the first regime, at short time scales (At < 7,), the equation is reduced to Equation 4.3
where the motion is diffusive. In the second regime, when A¢ = 7, self-propulsion has a
larger effect and Equation 4.5 is reduced to:

(AT?) = 4DoAt + 2V AL, (4.6)

In the final regime, where At > 1., the rotational diffusion randomizes the direction of
propulsion leading to [145]:

(AF?) = ADyAt + 20%T At 4.7

Therefore, we can determine the regimes we have access to by fitting the MSD curves to
a generalized equation of:
(Ar?)y = AAL" (4.8)

where A is a constant and n dictates the power where n = 1 is indicative of the two diffu-
sive regions and n = 2 the self-propulsion region. Interestingly in Figure 4.1 G, we only
observe the first diffusive region and the propulsion region where n = 2 indicating that
Atgxp = 7. Fora spherical particle, the rotational time from the Stokes relationship, where
T, = 87:17R3/ kpT, can be calculated as Tysphere = 6 S. In these experiments, we measure
time lags of up to Af =30 s. This indicates that 7, = 30 s for the hematite superballs. The
large 7, paired with the observed linear trajectories during active motion indicates that
our particles’ shape plays an important role during self-propulsion. This active-based be-
havior is supported by recent simulations of cubic micro-swimmers in micro-channels
that show active cubes have linear trajectories inside micro-channels rather than the
typical oscillatory behavior seen in spheres in ellipsoids [146].

4.3.2. Active Motion of Calcined Hematite

In order to improve the active motion of hematite micro-particles, we calcine hematite
superball particles at 600°C for varying times from 2 to 10 hours as described in section 4.2.
Figure 4.2 A shows the particle trajectories over the different calcination times as well
as non-calcined particles indicated as 0 hours. Hematite calcined for 2 hours at 600°C
already changes the average trajectory length to 151 ym from the 45 ym for non-calcined
hematite. After 3 to 10 hours of calcination, the average length of the particles’ trajectories
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Figure 4.2: Active motion behavior of hematite microparticles in the presence of Hp O fuel and UV irradiation.
(A) All tracked particle paths from a common origin for samples of Non-calcined particles (0 hours) and particles
calcined at 600°C for 2 hours, 3 hours, and 10 hours over 1 minute. (B) Still frames from a movie of 3 hr calcined
particles showing magnetic (B) attraction and (C) repulsion of a lone particle (pink trajectory) and particle
cluster (blue trajectory). (D) All tracked particles mean-squared displacement (MSD) curves (blue lines) and
the ensemble MSD curve (dashed line) for samples of Non-calcined particles (0 hours) and particles calcined
for 2 hours, 3 hours, and 10 hours. Inset displayed for non-calcined particles shows the MSD curves at a more
suitable scaling.

increases again to 260 ym apparent from the long trajectories extending farther than
particles calcined for 2 hours in Figure 4.2 A. While most of the particle trajectories follow
a relatively straight path, some trajectories appear to suddenly turn and change direction.
Further investigation of the optical microscopy movies, we observe two hematite particles
approaching each other and deflecting in Figure 4.2 B, as well as two hematite particles
approaching each other and attracting forming a cluster in Figure 4.2 C. The origin of
these interactions is due to the particle’s inherent magnetic moment and subsequent
dipole-dipole interactions where in one case they are repulsive and in the other attractive
[24]. Therefore, when two particles approach each other, they will experience attraction
or repulsion based on their (dipole) orientation to each other which results in particle
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Figure 4.3: Comparison of sample calcination times corresponding to MSD curves displayed in Figure 4.2. (A)
MSD, (Ar?), at At = 60 s displayed on a logarithmic y-scale. Larger lack dots correspond to the mean of the data
set. (B) Extracted velocity in yum/s from MSD fitting to (Ar) = 4DgAt + 2v2At2. Larger black dots correspond to
the mean of the data set. SEM images of (C) non-calcined and (D) calcined for 6 hours hematite microparticles
with a superball shape. Scale bars correspond to 5 pm.

tracks with sharp deflections. Figure 4.2 D shows the MSD curves as a function of the time
lag for the samples with different calcination times for all individual particles observed
(blue lines) and the ensemble MSD (pink lines). For all plots, the y-axis is scaled to 150000
,umz. For the MSD curves of non-calcined particles, denoted as 0 hours, the inset shows
the particles still have characteristic active Brownian curves which can reach up to 1400
um? at At = 60 s. After two hours of calcination at 600°C, the MSD increases slightly while
after 3 and 10 hours of calcination the MSD of several particles increases greatly within
the observed At. In order to better compare samples with various calcination times, we
extracted the MSD value at At = 60 s in Figure 4.3 A. Due to the presence of high and
low tails in the distribution, we plot the data points for all values on a logarithmic scale
which depicts the log-normal distribution of the MSD for all active hematite samples.
It is clear that calcination improves the average for samples by at least 20-fold as seen
for 2 hours of calcination at At = 60 s. At 3 hours of calcination time, we observe the
highest obtained average mean squared-displacement of 11,344 ym? or an average 87-
fold increase at At = 60 s. Finally, we can extract the velocity from the MSD curves of
all particles by fitting the curves to Equation 4.6 with a fixed Dy found for the Brownian
motion in the absence of UV light (Dy = 0.121 um?/s). The fitted velocity is shown in
Figure 4.3 B. The average velocity fit for non-calcined hematite particles is 0.17 + 0.06
pm/s which is on average increased by 5-, 10-, and 7-fold (0.8+0.4,1.6+0.9, and 1.16+0.9
pm/s) for particles calcined for 2, 3 and 10 hours, respectively.



4.3. Results and discussion 57

A 40 4 — Calcined (10hr) B —— Calcined (10hr)

@ —— Non-calcined 30 1 — Non-calcined

o o~

[ —

© >

E ;i 20 A

T <

< vy

® ~ 10 A

T T T 0= —L—k T T T
400 600 800 1.50 1.75 2.00 2.25 2.50 2.75

Energy [eV]

Wavelength [nm]

|

E F
500
60
400 & _ -
E =
E 300 40 = 40 =
= e <
> 200 o %
20 2 20z
100
0 0 0
0 200 400
x [nm] X [nm]
G 3 hrs H 10 hrs
500 500
400 o _ 400 80 _
€ €
T 300 40 S T 300 40 S
= b= - b=
> 200 2 > 200 2
20 £ 20 £
100 100
0 0 0 0
0 200 400
X [nm] X [nm]

Figure 4.4: (A) Diffuse reflective spectroscopy (DRS) measurements for non-calcined superballs (blue line)
and calcined for 10 hours (pink line). (B) Kubelka-Munk (K-M) plots for band gap calculations from the DRS
measurements. Dashed lines represent the fit to the linear region of the K-M plots with intersections at 1.85
and 2.05 eV, for calcined and non-calcined superballs respectively. SEM images of (C) before calcination and
(D) after 10 hours of calcination. AFM images of the surface of hematite superballs (E) before calcination and
calcined for (F) 2 hours, (G) 3 hours, (H) 10 hours at 600°C.
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4.3.3. Optical and Surface Properties

To quantitatively explain the improvement of photocatalytic activity, we measured the
UV-Vis diffuse reflectance spectroscopy (DRS) of calcined and non-calcined hematite
superballs (Figure 4.4 A). The non-calcined superballs show a strong absorption edge
around 570 nm displaying their visible light absorption ability which persists when the
superballs are calcined for 10 hours at 600°C. We estimate the band gap of the two samples
based on the Kubelka-Munk formula as shown in Figure 4.4 B. According to the linear
regions of the two samples, the band gap energy, Eg, of the non-calcined and 10 hour
calcined superballs was calculated to be 2.05 and 1.85 eV, respectively. Other experiments
have shown a similar trend of decreasing band gap for increasing calcination temperature
[131, 147, 148]. Since we illuminate the hematite microparticles with 450 nm light, it is
possible that reducing that bandgap to 1.85 eV allows hematite to more effectively utilize
the illuminated light in our experiments.

In order to investigate the superball morphology during different calcination steps, we
takes scanning electron microscopy (SEM) images and atomic force measurements (AFM)
on the surface of the hematite particles. Ulfa er al. [149] show that calcination transforms
hexagonal hematite platelets into cubic-like particles. This transformation also led to an
overall reduction in the photocatalytic proprieties of their hematite particles. In our case,
we don’t observe any changes in the particle size and shape after calcination as shown
in the SEM images of Figure 4.4 C and D for before and after calcination, respectively.
We probe the faces of single particles directly with AFM in 500 x 500 nm areas to further
explore the surface morphology as shown in Figure 4.4 E-H. Figure 4.4 E shows the surface
of a non-calcined particle. We observe the presence of small ( 15+ 3 nm) nodules that
protrude on average 21+4 nm high. After calcination for 2 hours, we observe similar
nodules throughout the particle faces as seen in Figure 4.4 F. After 3 hours of calcination
in Figure 4.4 G, there is a dramatic change on the surface of the particle where nodules
are no longer present and instead broad regions span across the surface. A similar pattern
is also seen on particles calcined for 10 hours (Figure 4.4 H) where the height difference
from the lower valleys to the surface peaks doubles, from 32 nm to 68 nm.

The crystallinity of prepared hematite samples was quantified via single particle x-ray
diffraction (XRD) measurements, as explained in section 4.2. Single particle XRD patterns
for different calcined hematite samples are shown in Figure 4.5 A. The resolved diffraction
peaks match the typical a-Fe;O3 R3/c lattice (vertical lines) where a = b = 5.035 A and
¢ = 13.74 A. For hematite superballs, the {012} plane family is expected to encapsulate the
superball faces [151]. Therefore, we can probe the crystallite size of the (012) reflections
at increasing calcination times as described in section 4.2. For non-calcined superballs
(0 hours), we observe an average crystallite size of 25 + 1 nm which is in good agreement
with the previously reported crystallite size of the (012) plane of hematite superballs at
25.5 nm [151]. For all calcined samples, we observe a drastic increase of crystallite size
for all measured particles to = 200 nm as summarized in Figure 4.5 C. Though, we note
that it is difficult to verify if the {012} family has the dominant influence on the photo-
catalytic proprieties of hematite superballs. Interestingly, experiments on the photocat-
alytic degradation of organic molecules with hematite nanoparticles have suggested that
smaller crystallite and particle sizes are desired for enhanced photocataltyic activity [131,
152, 153]. However, all of these experiments already utilized a calcination step during
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Figure 4.5: (A) 1D XRD patterns for a single superball particle at different calcination times: 0 hours, 2 hours, 3
hours, 10 hours. Straight vertical lines above each x-axis represent peak positions for bulk hematite. (B) Model
of hematite’s crystal structure with the (012) plane highlighted and orientated with the b* plane perpendicular.
This model was generated with VESTA [150]. (C) Plot of calculated Scherrer’s crystallite size from the full width
at the half maximum (fwhm) of the (012) peak of superball particles at different calcination times. Multiple
particles were analyzed to confirm crystallite sizes.

particle synthesis of at least 150°C and vary both the nanoparticle size and crystallite size
from 8-100 nm. For WO3 microparticles, Nandiyanto et al. [154] show that increasing
the crystallite size from 19-42 nm while maintaining the same particle size drastically
increases the photocataltyic performance of tungsten oxide microparticles in a photo-
degradation test of curcumin which may reflect a more accurate depiction of our (micro-)
hematite superball system.

4.4. Conclusions

In this chapter, we investigated the influence of calcination time at 600°C on the pho-
tocatalytically driven active motion of micron-sized hematite superballs. We show that
calcination of at least 2 hours already improves the active motion observed by a 20-fold
increase in the average MSD from non-calcined superballs. This can further improve to
an 87-fold increase with 3 hours of calcination at 600°C. This large increase is obtained
along with changes to the optical band gap as well as the crystallinity of the hematite par-
ticles, but only minimal changes occur to the overall particle morphology. Therefore, we
provide a simple, scalable, and cost effective method to enhance the photocataltyic per-
formance of hematite microparticles as an active swimmer which may easily be exploited
by other key areas of photocatalysis research.
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Chapter 5

Preparation of Magnetic Polystyrene
Microparticles via Emulsion Droplet
Evaporation

ABSTRACT:

While polymeric particles are widely used in various applications and have established syn-
thetic processes, incorporating other components into the polymeric matrix can endow desir-
able features. However, the limitations of traditional polymerization methods have become
apparent in their inability to produce uniform composite particles, often resulting in issues
such as phase separation within the particles. Therefore, alternative methods that can over-
come these limitations and produce more uniform composite particles are needed to meet the
demands of modern applications. This chapter investigates a straightforward yet adaptable
synthetic technique for producing micron-sized polystyrene particles loaded with magnetic
cobalt ferrite nanoparticles. A solvent-in-water emulsion is formed by emulsifying dissolved
polystyrene plus lipophilic cobalt ferrite dispersed in a suitable solvent phase. When the solvent
from the emulsion droplets evaporates, composite polystyrene and cobalt ferrite microparti-
cles are formed. Further adjusting the polystyrene, cobalt ferrite, and stabilizing surfactant
concentrations in the system results in spherical particles with internal or surface pores. The
generated particles can be subsequently plasticized reducing the overall particle size by remov-
ing porosity. Overall, this approach produces tunable particles with easily adjustable magnetic
concentration and particle size.
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5.1. Introduction

Magnetic polymeric particles have been employed widely in a variety of fields. Magnetic
polystyrene, for example, is used in cell separation and particle-based enzyme immunoas-
says [155-157]. Magnetic polystyrene has also been used in environmental remediation
for oil and water separation and heavy metal and dye removal [158-160]. Several methods
have been developed for the preparation of magnetic polymer particles. One common
method is polymerization of a monomer in the presence of magnetic nanoparticles [157];
for example, via dispersion or (mini-)emulsion-based polymerization. These types of
polymerization results in a two phase system with the polystyrene and the magnetic
nanoparticles as the separate phases. The resulting composite particles internal struc-
ture depends on the polymerization technique where Janus-like and core-shell structures
form for dispersion and mini-emulsion polymerization, respectively [158, 161-165]. How-
ever, limited loads and nanoparticle aggregation appear to be significant barriers during
polymerization due to the difficulty controlling the nanoparticle dispersion stability in
the monomer phase.

Viable alternatives to polymerization techniques are physical-based methods. Ugel-
stad et al. [166, 167] developed a swelling technique in which polymeric microparticles
are swollen by an organic solvent to allow nucleation of inorganic nanoparticles uni-
formly throughout the polymeric matrix. However, the nucleation of inorganic nanopar-
ticles inside a swollen polymeric matrix is restricted to nucleation mechanisms that pre-
serve the polymeric matrix while producing nanoparticles smaller than the pore size of
the swollen polymer, which is in general on the order of 10 nm [167]. Another swelling
technique has also been used to encapsulate magnetic micron-size hematite via melting
of polymeric beads to form a core-shell particle when the surfaces of two constituent par-
ticles posses opposite surface charges [58]. In a similar manner, magnetic nanoparticles
attracted to an oppositely charged surface of a polymer are embedded into the surface by
adding a plasticizer to the solution, physically trapping the nanoparticles under the poly-
meric surface [168, 169]. One promising new technique to prepare polymeric micropar-
ticles is through emulsion droplet evaporation. This method, which evaporates solvent
from emulsion droplets containing dissolved polymers, has been used to form a variety
of polymeric microparticles [170]. When coupled with block co-polymers, anisotropic
microparticles can be formed when the evaporation conditions and surfactant selection
is tuned [171] which is of interest for the design of self-assembled materials. Control
over the emulsification method and evaporation time of the droplets resulted in dimpled
and crumpled microparticle morphologies which provide higher surface areas than their
spherical counterpart [172]. This is interesting for specific applications such as drug and
cargo delivery. Specific drugs, can be loaded into the solvent phase of the emulsion, yield-
ing polymeric microparticles with high drug loads [173]. When nanoparticles are used to
stabilize the emulsion droplets, the nanoparticles are only present at the surface of the
final polymeric microparticle [174-176]. To obtain nanomaterials internally, they or their
precursors are bound to the (block co-)polymer before emulsification which provides the
particles with specific internal locations and, in the case of a precursor, to be grown [177-
179]. These methods for incorporating nanomaterials into polymeric microparticles are
complex and usually require specific nanomaterial functionalization.

In this chapter, we present an emulsion droplet evaporation technique for prepa-
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ration of polystyrene microparticles loaded with magnetic, cobalt ferrite nanoparticles.
This technique allows control over various parameters such as the concentration of sta-
bilizing surfactant in the aqueous phase, polystyrene and cobalt ferrite concentration in
the solvent phase, and the solvent-to-water ratio. We investigate the effects these param-
eters have on the morphology of the resultant particles. We further explore the resulting
particle sizes and morphologies using electron microscopy characterization techniques.
The facile inclusion of magnetic nanoparticles within polymeric microparticles that we
propose, may provide a simple and scalable alternative for products available commer-
cially.

5.2. Materials and Experimental Methods

5.2.1. Materials

Styrene (with 4-tert-butylcatechol as stabilizer, 299%) was obtained from Sigma Aldrich
and passed through basic alumina prior to use to remove inhibitor. Dibenzoyl peroxide
(BPO, >75%), cobalt (II) chloride hexahydrate (CoCl, x 6H»0, = 95%), iron (III) chloride
hexahydrate (FeCls x 6H20, = 98%), iron (III) nitrate nonahydrate (Fe(NO3)3 x 9H,0, =
98%), sodium hydroxide (NaOH, = 98%), hydrochloric acid (HCI, 37%), nitric acid (HNO3,
60%), oleic acid (90%), sodium lauryl sulfate solution (SDS, 10%), and tetrahydrofuran
(THE 99.5%) were all used as received and purchased from Sigma Aldrich or TCI Europe.

5.2.2. Methods

Polymerization of Styrene

Polystyrene was synthesized by free radical polymerization of styrene monomer as fol-
lows. Styrene (27 g), Toluene (45 mL), and BPO (0.28 g) were combined in a 100 mL round
bottom flask and connected to a condenser. The reaction mixture was deoxygenated by
bubbling with argon for 30 minutes and the temperature was increased to 80°C for 37
hours to obtain polystyrene at an 84% conversion determined by "H NMR on an Agilent
400-MR DD2 spectrometer. The formed polystyrene was then diluted with 30 mL chloro-
form and precipitated dropwise into a stirring 500 mL solution of ice-cold methanol. The
precipitate was then dried under vacuum to obtain a 99% pure polystyrene with trace
styrene monomer and toluene (Figure 5.1 A).

Magnetic Nanoparticle Synthesis

Magnetic cobalt ferrite nanoparticles were prepared via a co-precipitation method [180,
181]. CoCly x 6H»0 (2.40 g) was dissolved into a 5 mL aqueous solution of 7.5% HCI, and
5.50 g of FeCl3 x 6H,0 was dissolved in 40 mL of water. The two solutions were briefly
stirred together and then rapidly added to 200 mL of boiling NaOH (1M) solution where a
black precipitate was quickly formed. The mixture was vigorously stirred with a magnetic
stirrer at 100°C for 1 hour under reflux. The dispersion was cooled to room tempera-
ture and washed via magnetic sedimentation once. The particles were redispersed in
50 mL of water, and 30 mL of 2M HNO3; was added. Under stirring, 30 mL of a 0.35 M
Fe(NOj3)3 x 9H, 0 solution was added to the particle suspension and heated at 100°C for 1
hour. The dispersion was cooled again to room temperature, washed thrice via magnetic
separation, and redispersed into 50 mL of water. The surface of the prepared cobalt ferrite
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Figure 5.1: (A) 'H NMR (CDClI3) of polystyrene demonstrating successful purification (> 99%) of polystyrene.
Starred peaks (*) indicate water and toluene impurities. (B) TEM image of as-prepared cobalt ferrite nanoparti-
cles.

nanoparticles was modified with oleic acid: oleic acid (15 mL) was added dropwise to
the prepared aqueous dispersion of cobalt ferrite and stirred for 18 hours. The resulting
modified particles were separated from the remaining aqueous phase and washed several
times with ethanol via magnetic separation.

Formation of Porous Polystyrene Magnetic Microparticles

Loaded magnetic polystyrene microparticles were prepared by an emulsification tech-
nique. We added 1 mL of a 0.1% SDS to a 2 mL Eppendorf tube. We added a 50 uL. DCM
solution containing (1.5 — 10 wt%) dissolved polystyrene and cobalt ferrite (0.03 — 1 wt%)
dispersed cobalt ferrite. The dispersion was shaken by vortex for 20 s and placed in an
ultrasonic bath for 1 minute. When the dispersion turned milky white, we diluted it with
3 mL of either pure water or 0.1% SDS in water. We then placed it under vacuum on a ro-
tary evaporator at 40° C heating for 25 minutes to remove remaining DCM. The particles
were washed via gravitational sedimentation thrice and redispersed into water.

Plasticization of Magnetic Polystyrene Particles

To remove hollow and porous polystyrene particles, the particles were plasticized as fol-
lows. A 3 mL aqueous solution of 40% THF was added to 1 mL of a particle dispersion and
gently agitated by hand for 20 seconds. Immediately after, the solution was diluted with
20 mL of water and the particles were sedimented under gravity and washed with water.

Material Characterization
Transmission electron microscopy (TEM) measurements were preformed on a JEOL JEM-
1400 plus TEM operated at 120 kV. Samples were prepared by placing 5 uL of a diluted
particle dispersion onto carbon coated copper grids and allowed to dry.

Scanning electron microscopy (SEM) measurements were preformed on a JEOL JSM-
6010LA with secondary electron and back-scattered electron detectors as well as energy
dispersive x-ray spectroscopy (EDX) capabilities. Samples were prepared by placing 5 uL
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Figure 5.2: Optical microscopy images of DCM emulsion droplets containing 5 wt% polystyrene before evapora-
tion with (A) 0.01 wt% SDS, (B) 0.1 wt% SDS, and (C) 1 wt% SDS in the aqueous phase. (D) Measured emulsion
droplet diameters.

of a diluted particle dispersion onto a cut silica wafer and allowed to dry. Electron images
and elemental distribution maps were collected of various samples.

Particle (and droplet) sizes and distributions were analyzed via the Image] software
[182] from the microscopy images. Dispersity, D, of particle diameters was calculated as:

p=2x100 (5.1)
-2 .

where o is the standard deviation and d is the particle diameter.

5.3. Results and Discussion

5.3.1. Effect of Surfactant Concentration

To prepare stable emulsions that produce uniform particles, we first varied the surfactant
concentration in the aqueous phase between 0.01 — 1 wt%. As described in section 5.2,
we use sodium dodecyl sulfate (SDS) to stabilize the formed emulsion droplets, which
contain 5 wt% polystyrene, as well as the resultant composite particles. Figure 5.2 A-C
displays optical microscopy images of emulsion droplets before solvent evaporation. In
Figure 5.2 A, there is 0.01 wt% SDS in the aqueous phase which is much lower than the
critical micelle concentration (CMCsps = 0.22 wt%), and we observe the presence of large
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Figure 5.3: Optical microscopy images of resultant particles formed from DCM droplets with (A) 0.01 wt% SDS,
(B) 0.1 wt% SDS, and (C) 1 wt% SDS in the aqueous phase and (D) resultant particle diameters.

and small droplets. Increasing the SDS concentration to 0.1 wt%, we see a larger concen-
tration of droplets with diameters around 20 — 40 ym as shown in Figure 5.2 B. Above
the CMCgps at 1 wt%, Figure 5.2 C contains several emulsion droplets with diameters
2 —10 um with some larger (> 40 um) droplets still present. We summarize the distribu-
tions of droplet diameters in Figure 5.2 D. At 0.01 wt%, the distribution of droplet sizes is
skewed towards lower diameters while still forming droplets above 50 pum. For 0.1 wt%,
the droplet diameter is well distributed around the mean droplet size, (dp 1%) = 32 pm.
We investigate the effect of SDS concentration on the resultant particle after solvent
evaporation in Figure 5.3. Characteristic optical microscope images of particles after
DCM removal are shown in Figure 5.3 A-C. For particles prepared in 0.01 wt% SDS, we ob-
serve relatively small particles (< 5 um) that form aggregates of a couple particles as seen
in Figure 5.3 A. However, not pictured are areas of higher particle concentration in which
the sample is highly aggregated (Appendix A). At 0.1 wt% SDS concentration, the aggrega-
tion is no longer apparent and larger particles with large dimples or hollow cores are seen
in Figure 5.3 B. Above the CMC, at 1 wt% (Figure 5.3 C), large particles above > 20 ym can
be prepared. However, we observe that the internal structure is not completely polymeric
with the possible presence of bubbles or voids for the larger particles. We compare the
particle sizes for the different surfactant concentrations in Figure 5.3 D. Below the CMC,
at 0.01 wt%, there is a relatively narrow size range, 0.2 — 8.5 um, for particle sizes where on
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average the diameter is 4.3 ym. This is similar for 0.1 wt% SDS concentration where the
average diameter is decreased to 3.1 um. Above the CMC, the average resultant particle
diameter increases to 9.5 um for 1 wt%. We note the lack of small (< 0.5 pm) particles
is due to the particle washing method which utilizes gravitational settling. Therefore,
for further experiments, we select the SDS concentration which provides a narrow size
distribution for the resultant particles without aggregation which is 0.1 wt%. Wang et al.
[183] found that altering the type of surfactant used and its concentration could create
unique final particle shapes for poly(methylmethacrylate) (PMMA), such as acorns and
ellipsoids, but SDS generally produced particles with spherical/dimpled shapes. Indeed,
here we consistently obtained spherical particles at different surfactant concentration.

5.3.2. Effect of Solvent-to-Water Ratio and Polymer Concentration

To investigate the effect of the solvent-to-water ratio on the morphology of the micropar-
ticles, the volume of the added solvent (DCM) phase was varied from 1.25 — 20.0 vol
%. We also varied the concentration of polystyrene in DCM from 1 — 10 wt%. SEM im-
ages of the prepared samples are shown in Figure 5.4. For the lowest amount of sol-
vent added (1.25 vol%), a particle dispersion did not form for any polystyrene concen-
tration. Instead, a thin film of polymer would normally form (pictured in Appendix A)
which is likely caused by evaporation of the majority of solvent before a proper emulsion
is formed. On the other side, we could not obtain microparticles with highest solvent
amount (20.0 vol%) either. For all polymer concentrations, large films and aggregates
would form during emulsification or not all of the solvent phase would form an emul-
sion (pictured in Appendix A). In Figure 5.4, we see the presence particles with diameters
between 0.3 — 15 um throughout the various samples. Bucket-like and dimpled particles
were observed in a majority of samples, and particles with diameters larger than 5 ym
often showed dimpled surfaces. There are two proposed methods for the formation of the
microparticles via solvent evaporation from a droplet. In both methods, high concentra-
tions of polymer act as a shell near the droplet interface. As the droplet evaporates, either
the shell (i) recedes with the evaporating solvent and solidifies or (ii) remains at the initial
droplet interface with solvent evaporating through the formed shell [184, 185]. In two-
polymer systems with polystyrene and PMMA, denting or dimpling of the micro-particles
occurred as the separated polystyrene phase began contracting inside the solvent droplet
[186, 187]. Therefore, the presence of dimpled and bucket-like particles indicates that our
system likely contains hollow or porous particles.

Examining the particles to a greater extent reveals that low solvent concentrations, at
2.5 vol%, promotes the formation of particles with high size dispersities where D> 150%
for all polystyrene concentrations. Additionally, at 1 wt% polystyrene, we observe broken
particle pieces throughout the samples which suggests the formation of thin polystyrene
shells that cannot withstand solvent evaporation. For 5.0 vol% solvent concentration
and polystyrene concentrations above 1 wt%, 90% of the formed particles are spherical,
and 20 —40% of the particle diameters are between 1 -5 pm. For = 10 vol% of solvent,
polystyrene films and aggregated clumps are more likely to form during the emulsion
droplet evaporation process (not pictured). Therefore, we use a solvent concentration
of 5 vol% with polystyrene concentrations higher than 1 wt% for the remainder of this
chapter.
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Figure 5.4: Representative SEM images of samples for 2.5, 5.0, and 10 vol% solvent in water concentrations
with polystyrene concentrations of 10, 5, 2.5, and 1 wt% in the solvent phase. All scale bars correspond to 5 um.
Along the top of the SEM images distribution curves of particle diameters appear for varying polystyrene weight
percents.

5.3.3. Effect of Polystyrene to Cobalt Ferrite Ratio

For particles loaded with cobalt ferrite, we noticed a change in particle morphology when
the SDS concentration was kept at 0.1 wt% during evaporation under vacuum as shown
in Figure 5.5. This behavior was not noticeable at polymer-to-nanoparticle ratios less
than 25: 1 or with only polystyrene present, as discussed in subsection 5.3.1. For polymer-
to-nanoparticle ratios at and lower than 10: 1, we see crumpled or highly porous parti-
cles throughout the sample. Witschi et al. [188] show that increased drug loading inside
polymeric particles produced via a similar solvent evaporation method results in highly
porous or dimpled particles. This effect was beneficial for drug delivery systems due to
increased surface area from the pores. Therefore, it is worth noting the method explored
throughout this chapter can be adapted to form a variety of particles with unique mor-
phologies.

Rather than maintaining the concentration of SDS at 0.1 wt% before solvent evapora-
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Figure 5.5: SEM images of loaded polystyrene particles evaporated in the presence of 0.1 wt% SDS with
polystyrene to cobalt ferrite ratios of (A) 25:1, (B) 10: 1, and (C) 5: 1. All scale bars correspond to 10 um.

tion as described in section 5.2, diluting the sample with pure water resulted in particles
without this type of porous or crumpled surface. Figure 5.6 displays representative SEM
images of particles prepared with varying polystyrene and cobalt ferrite ratios. In gen-
eral, we observe a large distribution of particle sizes. Samples prepared with 1.5 wt%
polystyrene resulted in particles with d > 10 um which were all (partially) collapsed. At
higher polystyrene concentrations, these large, collapsed particles only made up 4% of
the samples until 7.5 wt% polystyrene in which there were only 5-10 particles visible per
sample. As we decrease the polymer-to-nanoparticle ratio to 10: 1, we do not observe sig-
nificant differences in the resultant particle shape for polystyrene concentrations above
1.5 wt% where the majority of particles are spherical. At 1.5 wt%, we see that decreasing
the polymer-to-nanoparticle ratio results in a decrease of large, collapsed particles from
> 90% with no loading to < 50% for the 10 : 1 ratio. Figure 5.7 shows the correlations
between our varied parameters and the resulting mean particle diameter and sample
dispersity. We can see a slight trend of larger particle diameters for lower polymer-to-
nanoparticle ratios especially for 2.5 wt% of polystyrene.

So far, we have extensively produced particles with polymer-to-nanoparticle ratios
of 10 : 1. We can also prepare particles with lower polymer-to-nanoparticle ratios. Fig-
ure 5.8 shows SEM images of particles with ratios of 9: 1 and 2.3 : 1. We see that the
particles with a polymer-to-nanoparticle ratio of 9 : 1 (Figure 5.8 A) have small cobalt
ferrite nanoparticle aggregates around the particle surface that appears like webbing. At
a polymer-to-nanoparticle ratio of 2.3 : 1, Figure 5.8 B, cobalt ferrite aggregates are clearly
seen along the particles surface forming large clusters or even strands spanning from
the top to the bottom of the particle. This visible change in particle morphology is also
paired with an increase in average particle size from 1.9 ym to 4.8 ym for polymer-to-
nanoparticle ratios of 9: 1 and 2.3 : 1, respectively. We note that the dispersity still remains
similar at 32% and 35% in both cases. Witschi et al. [188] saw an increased particle size
with increasing amount of loaded drug, but they correlated it to a change in preparation
method needed for drug incorporation. Here, the preparation for all samples is consistent,
and the resulting particle dispersity ranges between 26 — 54%.

To confirm that the loaded nanoparticles are well-dispersed throughout the poly-
meric particle, we utilize a SEM that detects backscattered electrons (BSE) and is equipped
with energy-dispersive X-ray spectroscopy (EDX). In back-scattered electron composi-
tion (BEC) SEM images, changes in the apparent intensity represent changes in the ma-
terial density, i.e., darker regions are less dense than brighter regions. This coupled with
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Figure 5.6: Representive SEM images for samples formed at varying the polystyrene weight percent to 7.5, 5, 2.5,
and 1.5 wt% and the polystyrene to cobalt ferrite ratio from no polystyrene, 50: 1, 25: 1, and 10: 1. All scale bars
correspond to 10 um.
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Figure 5.7: Matrix plots of the (A) particle diameter mean and (B) particle diameter dispersity, D, collected
from corresponding SEM images in Figure 5.6. The column denoted 'PS Only’ refers to non-loaded polystyrene
particles.
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Figure 5.8: Representative SEM images of particles prepared with 2.5 wt% polystyrene and (A) 9:1and (B) 2.3: 1
polystyrene to cobalt ferrite. Inset in (A) is a BEC SEM image with a scale bar of 1 um.
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Figure 5.9: Energy-dispersive X-ray spectroscopy (EDX) of particles prepared with 5 wt% polystyrene in the
solvent phase and a polymer-to-nanoparticle ratio of 9: 1. The representative image of the sample, top left, is
followed by the elemental maps related to the elements from the polymer, carbon, and nanoparticles, iron and
cobalt.

EDX can determine elemental compositions of materials as shown in Figure 5.9. Based
on the composition of polystyrene, CgHg, and cobalt ferrite, CoFe, 04, we observe the
polystyrene matrix in the elemental carbon map and the nanoparticles in the elemen-
tal iron and cobalt maps. Since our sample substrate is a silica wafer, we can clearly
distinguish the edges of the particles in all maps. It is apparent that our cobalt ferrite
nanoparticles are evenly distributed throughout the polystyrene. Even so, we observe
drastic density differences in the BEC SEM image not seen in the elemental maps. This
indicates that the observed density difference is due to porosity present inside the com-
posite particles.

5.3.4. Effect of Plasticization

In order to tune the internal structure from porous to solid, we add a plasticizer (tetrahy-
drofuran, THF) to the dispersion as described in section 5.2. When THF is added to a
dispersion of composite particles, the particles become swollen allowing the polymer
strands to minimize the interfacial energy between them and the surrounding medium
[189] forming uniform spherical particles. After diluting the system and removing the
THE the particles re-solidify with a uniform, spherical shape. We explore the internal
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Figure 5.10: SEM images of back-scattered electrons (BEC) for 10:1 magnetic polystyrene particles (A) before
and (B) after plasticization with THE Insets in the bottom left of the images display BEC SEM images at higher
magnifications to see individual particle details. (C) Violin plots of the particle diameter for samples at 2.5 wt%
for various cobalt ferrite, CoFe, and polystyrene, PS, ratios before and after plasticization with THE (D-E) Matrix
plots over the PS concentration and component ratios (D) of the mean particle diameter and (E) the particle
dispersity of each sample.

morphology using non-destructive BEC SEM. Figure 5.10 A is a BEC SEM image of loaded
polystyrene particles before plasticization where you can see a disperse area of parti-
cles. Very bright objects are likely aggregates of the cobalt ferrite nanoparticles as iron
and cobalt are much heavier than the polymeric components, carbon and oxygen, and
appear brighter. Here, 94% of particles with diameters > 3 ym appear to have a hollow
core where the middle of the particle is darker than the edges. The inset for Figure 5.10 A
shows particles with a clear ring from the thicker shell wall. Figure 5.10 B shows particles
after plasticization. Aside from the overall smaller particle size, darker patches are more
often voids between particles that formed during SEM sample preparation which can be
seen in the inset. In this case, the observed amount of particles with hollow cores has
significantly decreased (< 5%).

To further compare samples before and after plasticization, we prepare several sam-
ples and collect SEM images before and after THF treatment. Representative sample
images are found in Appendix A. We plot distributions of samples taken at 2.5 wt%
polystyrene with different nanoparticle to polystyrene ratios in Figure 5.10 C. We see
a dramatic shrinking of the distribution as well as the absence of diameters > 2.4 um
after plasticization. In fact, for a low polymer-to-nanoparticle ratio of 5:1, we find a very
narrow particle distribution is present. In general, the mean particle diameter for all plas-
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Figure 5.11: Internal structure of composite polystyrene particles. (A) Cross-section of a particle with a polymer-
to-nanoparticle ratio of 5 : 1 without THF treatment. (B) Pore diameter analysis for the particle without THF
treatment. (C) Cross-section of a particle with a polymer-to-nanoparticle ratio of 5: 1 post THF treatment.

ticized samples is between 0.56 — 0.99 um which is on average a decrease in diameter by
half when compared to samples before plasticization. Similarly, the particle size disper-
sity decreases around 11% on average. This overall size decrease proves that the particles
are not completely solid and that the voids are removed during plasticization.

We confirm the presence of pores inside the composite particles by imaging and
slicing select particles with a focused ion beam (FIB) equipped SEM. Figure 5.11 A shows
a SEM image of a polystyrene particle selectively sliced before THF treatment with a
polymer-to-nanoparticle ratio of 5 : 1. We see the clear presence of pores throughout
the particle cross-section. The internal pore diameter for this cross-section is on average
0.51 um as described in Figure 5.11 B. After THF treatment, we observe an absence of
pores throughout a particle cross-section as shown in Figure 5.11 C. This implies that
the observed decrease in particle diameter corresponds to the removal of internal pores
through the composite particles.

5.4. Conclusions

In this chapter, we present a facile method to produce composite polystyrene magnetic
microparticles via an emulsion droplet evaporation technique. This technique creates
solvent-in-water emulsion where the solvent phase is a relatively volatile solvent, DCM,
containing various concentrations of polystyrene and cobalt ferrite nanoparticles and
the continuous phase is an aqueous solution of SDS. We show this method results in
spherical, hollow microparticles which can contain final concentrations of 30 wt% cobalt
ferrite. Changing the SDS concentration during droplet evaporation can tune the particle
morphology from spherical to crumpled and porous at high polystyrene to cobalt fer-
rite ratios. Uniform, spherical loaded microparticles are formed by adding a plasticizing
agent, THE to the sample in water which also reduces the overall particle dispersity. This
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technique is a robust way to form loaded polymeric microparticles while also allowing
control over the particle morphology. This is necessary for the preparation of magnetic
polystyrene for further processing such as thermal stretching explored in chapter 6.
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Chapter 6

Anistropic Magnetic Polystyrene
Particles Prepared via a Thermal
Stretching Method

Anisotropic magnetic particles are attracting great attention due to their unique properties
and potential applications in microelectronics, cargo delivery, and medical imaging. However,
the fabrication and control of anisotropic particles remain a challenging task. In this chapter,
we use a thermal stretching method to produce magnetic anisotropic polystyrene particles.
Magnetic polystyrene microspheres are embedded in a polymeric film that is subsequently
stretched under heating. The recovered microparticles have elongated features in the stretch-
ing direction. During the stretching process, we apply a magnetic field to align the embedded
magnetic nanoparticles while the polymer is pliable. We explore how the application of a mag-
netic field alters the behavior of the stretched microparticles via optical microscopy. Overall,

this approach allows us to investigate the design of anisotropic particles with well-defined
magnetic properties.

79



80 6.

6.1.

Functional microparticles with embedded inorganic material are used in a wide range of
applications from cosmetics [190], optics [191], and biotechnology [155, 156]. Micropar-
ticles containing magnetic components, in particular, are of interest due to their ability
to be controlled remotely by magnetic fields [157-160]. The overall magnetic properties
of these composite particles result from the type of embedded nanoparticle and their
magnetic properties. Nanoparticles with a permanent magnetic moment, e.g., a single
domain ferro- or ferri-magnetic particle, have properties that depend on the magne-
tocrystalline anisotropy ( ) which determines the magnetic moments’ reorien-
tation rate. When nanoparticles are embedded inside a polymeric matrix, they are often
oriented randomly ( ) resulting in a ~ 0 net magnetization of the composite
matrix [192]. When the magnetic nanoparticles have their magnetic moments similarly
oriented inside the matrix, the composite material possesses a net magnetization de-
pendent on the concentration of nanoparticles and orientation direction ( ).
Orientation of magnetic particles is possible under a magnetic field via two mechanisms.
When the particle can move freely in its environment, the whole particle rotates such
that the magnetic moment of the particle is parallel to the magnetic field direction as

shown schematically in . If a particle cannot rotate freely, i.e., it is bound
in a solid matrix, the magnetic moment rotates internally with respect to the particles’
crystallographic axis to be parallel to an applied field ( ) [14, 21]. Depending

on the situation, a particle can experience both types of realignment simultaneously, e.g.,
in a very viscous medium. Upon removal of the magnetic field, the particles relax back
into their original state with relaxation times dependent on the particles’ physical and
material properties. Unbound particles generally experience Brownian relaxation where
their thermal motion randomizes their orientation. On the other hand, Néel relaxation
governs the internal realignment of the magnetic moment and is strongly dependent on
the properties of the magnetic material[14]. For example, cobalt ferrite, a ferrimagnetic
nanoparticle with a permanent magnetic moment, has a Néel relaxation time on the or-
der of several years due to its large crystalline anisotropy [21] which makes it an ideal
candidate for magnetization of composite materials.

These magnetic properties can be exploited to produce materials that posses a net
magnetization. For example, recent advances in 3-D printing processes resulted in the
production of composite materials with specific magnetization due to the application
of a magnetic field at the extruder nozzle aligning the internal magnetic components

before material solidification [193-195]. This 3D printing process can produce milimeter-
sized robots capable of locomotion due to controlled deformation of the material under
applied magnetic fields [196-198]. However, this method is not sustainable to go below

the millimeter-scale. As a result, lithographic techniques are being investigated to form
composite materials possessing a net magnetization on the micrometer-scale. Kim et al.
[199] cross-link a magnetic composite photopolymer via a microscope set-up to form
magnetic actuators on the scale of a few hundred microns. Recently, Zhang et al. [200]
developed a method to form complex 3D magnetic actuators via cross-linking a compos-
ite photopolymer confined to a mold under a magnetic field. In general for these cases,
the polymeric matrix is stationary contrary to typically colloidal systems which are of-
ten formed dispersed in an liquid medium under vigorous agitation, e.g., via emulsion
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Figure 6.1: Diagram of a composite microparticle with embedded magnetic nanoparticles in a (A) non-
magnetized and (B) magnetized state. Diagrams of different alignment mechanisms for particles in (C) a liquid
medium and (D) a fixed matrix. SEM images of various particle shapes achievable via thermal stretching meth-
ods: (E) rods, (F) elliptical disks, (G) UFOs, and (H) circular disks. All the scale bars are 2 um. Adapted from [201].
© Copyright 2007 National Academy of Sciences.

polymerization [157, 158, 163] or emulsion droplet evaporation techniques (chapter 5).
For colloidal systems, magnetization of the microparticles during synthesis in a liquid
medium is not yet possible.

One possible strategy to magnetize a colloidal system is to physically trap or embed
the composite microparticles in a solid matrix. van Berkyum and Erné [192] trapped com-
posite silica and cobalt ferrite microparticles by freezing the surrounding liquid medium
in order to completely demagnetize the microparticles rather than magnetize them. An-
other interesting immobilization technique available not only restricts particle move-
ment for (de)magnetization but also reforms the particles into anisotropic shapes. This
technique is based on a thermal stretching method developed by Ho et al. [1, 202] who
originally used pure polystyrene microspheres. In this method, polymeric films with em-
bedded spherical polystyrene particles were stretched using biaxial forces and heated
above the particle’s glass transition temperature which forms ellipsoidal microparticles
of specific axial ratios determined by the stretched films’ draw ratio. The stretching of the
particle is in part due to the fact that the polymer is un-crosslinked allowing for easier
deformation. Champion et al. [201] refined this approach by varying the heating and
stretching phases to obtain a wide range of shapes with some examples as rods, disks,
and even UFOs (Figure 6.1 C-F). Recently, Lo et al. [189, 203] simplified the approach
even further to generate ellipsoids with sharp or blunt ends by simply stretching the par-
ticle embedded films simply with a weight linked to a binder clip. When this approach
is applied to composite microparticles, Giiell et al. [204] fabricated Janus-like ellipsoids
by applying a non-uniform magnetic field along the stretching direction. However, they
only form the Janus-like particles in a small section of the stretching film limiting their
particle production, and they utilize a solvent bath rather than heat to plasticize and
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stretch the particles. This is due to the commercial based magnetic polystyrene spheres
they use which are formed from a polystyrene core coated with magnetic nanoparticles
finally coated by another polymeric material where the additional polymers on the sur-
face limits the effectiveness of the thermal stretching method due to adhesion between
the film and the added polymer coating [205, 206]. Recently, we developed a particle
preparation method ( ) to form composite magnetic un-crosslinked polystyrene
microparticles with magnetic loading up to 30 wt%.
In this chapter, we embed the magnetic polystyrene microspheres designed in

in poly (vinyl-alcohol) (PVA) films to form ellipsoidal particles through thermal
stretching. The addition of a magnetic field during this process allows us to align the mag-
netic moments of the individual magnetic nanoparticles loaded inside the polystyrene
matrix. When all of the nanoparticles are aligned, we potentially produce a polystyrene-
based ellipsoidal microparticle with an overall magnetic moment. Removing the PVA film
frees the particles for further use as a colloidal dispersion. Here, we explore the effects
of the PVA film’s draw ratio and application of a magnetic field during stretching on the
resultant anisotropic microparticles. This procedure can be adopted to produce a variety
of shapes achievable with any thermal stretching method and generate large quantities
of magnetic anisotropic microparticles for a variety of soft matter applications.

6.2.
6.2.1.

Magnetic polystyrene particles were synthesized following the procedure outlined in
. Briefly, 7.5 wt% polystyrene in dichloromethane (DCM) ata10:1and 50: 1
polystyrene to cobalt ferrite ratio was sonicated to form an oil-in-water emulsion. DCM
was evaporated from the formed emulsion droplets under low pressure. Tetrahydrofuran
(THF) was added to the formed particle suspension for 20 s followed immediately by a 4-
fold dillution to solidify the formed porous particles. The resulting particles were washed
three times in water via centrifugation. For samples without cobalt ferrite, we followed
the same procedure omitting the nanoparticles and using 7.5 wt% polystyrene in DCM.

6.2.2.

Films with embedded polymeric particles were prepared following a method modified
from Ref. [189]. A 20 mL aqueous dispersion containing 0.01 wt% (loaded) polystyrene
particles was heated to 80°C. At temperature, 1 g of poly(vinyl alcohol) (PVA, 145,000 mW)
was added and magnetically stirred until the PVA dissolved completely, typically 1 hour.
The solution sat without stirring for at least 3 hours to remove bubbles. Inside a round
8.5 cm plastic petri dish, 10 mL of the solution was poured and placed on a level surface
overnight for the water to evaporate. The films prepared as described resulted in films
with thicknesses around 50 pm devoid of bubbles and lumps.

6.2.3.

Dry PVA films were cut into (3.5 x 1) cm? strips which provides a stretching area of (2 x
1) cm?. Custom made clamps were attached to the ends of the film with a small piece
of sandpaper and tightened. Films were placed in an oven at 140°C with a 380 g weight



6.3. 83

Table 6.1: Particle morphology results for stretched magnetic microparticles. Here, "NP conc." denotes the
concentration of cobalt ferrite nanoparticles within the particles.

NP conc Applied Draw Major axis o Minor axis . Axial Axial

© field ratio  (um) mayor (ym) MHOT ratiogy,  ratiogare
No NP No 2.3 4.5 2.2 1.3 0.7 3.8(34%) 3.5
2 wt% No 1.9 3.6 1.6 1.1 0.4 3.1(26%) 2.6
2wt% Yes 1.8 35 1.4 0.9 0.6 39(41%) 24
10 wt% No 3.2 33 1.8 1.6 0.6 2.5(48%) 5.7
10 wt% Yes 2.5 2.5 1.4 1.5 0.6 1.7(18%) 3.9

attached to the bottom and allowed to stretch for 25 minutes. In order to collect uniform
stretching areas, the films were marked with lines every 0.25 cm before stretching.

6.2.4.

Stretched films were trimmed to only their stretched regions and rinsed with isopropanol
(IPA) to remove the marker from the surface. The strips were submerged in a 20 v/v%
IPA and water mixture at 60°C to dissolve the PVA film. The dispersion of particles was
washed via centrifugation at high speeds (13,000 rpm for 1 hour), and redispersed in
the IPA-water mixture twice. A final wash cycle was done to redisperse the particles in
distilled water.

6.2.5.

Scanning electron microscopy (SEM) measurements were preformed on a JEOL JSM-
6010LA. SEM samples were prepared by placing 2.5 uL of a diluted particle dispersion
onto a cut silica wafer, allowed to dry, and sputter coated with a = 5 nm gold layer. Parti-
cle dynamics were followed via an optical microscope (Nikon Eclipse E600pol) equipped
with a 50x objective and a CCD camera. Optical microscopy samples were prepared inside
flat rectangular capillaries (Vitrocom 0.05 x 1.00 mm) and sealed with wax on a micro-
scope slide. A uniform magnetic field was applied to the sample with a custom magnetic
set-up. Image analysis was preformed with Image] Fiji [182]. We fitimages of the stretched
particles to an ellipse with a major axis, a, and minor axis, b, and determine the axial ratio
by . The reported angle is defined as the angle between the major axis and a line parallel
to the x-axis of the image. A table of various sample parameters is provided in

6.3.
To prepare anisotropic polystyrene particles, we use a thermal stretching method out-
lined in . In this method, we first prepare PVA films loaded with polystyrene

spheres by drying a PVA solution mixed with polystyrene microspheres with average di-
ameter of 1.6 um. We then fix the film with two clamps, load it with 380 g of weight, and
allow it to stretch in an oven at 140°C for 25 minutes. As a result, the PVA film is elongated
along the direction of stretching. Since the glass transition temperature of polystyrene
is approximately 100°C, the polystyrene particles deform with the film. For polystyrene
particles loaded with magnetic nanoparticles, such as 30 nm cobalt ferrite, application
of a strong magnetic field during their confinement in the PVA film while stretching may
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Figure 6.2: Schematic illustration (not to scale) of the applied thermal stretching method to generate anisotropic
(loaded) polystyrene particles with two pathways: with and without an applied magnetic field. Particle recovery
is seen from the SEM images of two samples prepared following the schematic.

allow for an overall magnetization of the particles [192]. After the stretching process, the
particles are recovered by selectively removing the PVA film in an IPA/water solution.

To investigate the shape of the particles obtained by the thermal stretching process,
we first investigate how pure polystyrene microparticles behave. shows an
SEM image of initial, un-stretched polystyrene particles prepared as described in

. This method produces a spread of particle diameters with an average of 1.6 ym and

a dispersity of D= 31% ( ). We stretch a film containing the particles for 25
minutes which results in a draw ratio of 2.3. Where the draw ratio is defined as:
nal film length
draw ratio = final i g (6.1)

initial film length’

shows the resultant particles from the stretching process. We clearly observe
the presence of ellipsoidal particles with sharp tips throughout the sample. In contrast, Lo
et al. [189] observed the formation of sharp-tipped ellipsoids only when a pre-annealing
step was implemented before stretching. Without the pre-annealing step, only blunt-
tipped particles formed. Since the driving effect of the thermal stretching process stems
from the differences in glass transition temperature of polystyrene and PVA [189, 202], we
speculate that the molecular weight of our polystyrene (40,000) and PVA (145,000) poly-
mers is the main cause of the formation of sharp-tipped particles without an annealing
step due to the slower deformation of the PVA film under stretching. Additionally, there
is a large spread of particle sizes which we further characterize by by fitting the particles
to 2D ellipses with a major and minor axis length defined by:

—+5=1 (6.2)
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Figure 6.3: (A) SEM image of non-magnetic polystyrene particles prepared via the emulsion droplet evaporation
method. (B) SEM image of stretched non-magnetic particles with inset of higher magnification. (C) Distribution
of the a and b axial lengths for stretched particles.

where 2a and 2b is the length of the major and minor axis, respectively. We measure
the axial lengths of 150 particles and plot the histogram in Figure 6.3 C. We observe a
large distribution (D= 48%) of the major axial length for the particles with an average of
4.5 pm and a minor axial length of 1.3 um. This observed increase in P after stretching
is attributed to the non-uniform stretching of the PVA film. In general, the center of
the film stretches more than near the clamps which in turn creates a gradient in the
particle stretching [202]. Additionally, we can further observe the non-uniform stretching
of the particles by comparing the draw ratio of the film to the axial ratio. For polystyrene
particles, Lo et al. [189, 203] show that the draw ratio, n can be closely correlated to the
resultant axial ratio by:

— =nvn. (6.3)

For our non-magnetic polystyrene, we find an average experimental axial ratio of 3.8 (D=
38%) compared to the calculated ratio of 3.5. While our experimental range encompasses
the calculated axial ratio, we observe a large dispersity within the experiment which is
likely due to the non-uniform stretching throughout the film.

To investigate the stretching process for magnetic composite particles, we prepare
two types of particles with low and high magnetic contents of 2 wt% and 10 wt% cobalt
ferrite inside the polystyrene. Figure 6.4 A-B shows stretched particles containing 2 wt%
and 10 wt% cobalt ferrite. Similar to the non-magnetic particles, we achieve a higher
dispersity in the major axial length after stretching occurs where D= 44% and 54% for
particles with 2 wt% and 10 wt% cobalt ferrite, respectively. Due to slight differences
in the film thicknesses, the draw ratios were difficult to standardize during the thermal
stretching process where n = 1.9 and 3.2 for particles with 2 wt% and 10 wt% cobalt
ferrite (Table 6.1). In contrast to their non-magnetic counterparts, the stretched magnetic
particles no longer fell within the predicted axial ratio range, with low concentrations of
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Figure 6.4: Representative SEM images for the four different stretched magnetic polystyrene samples with
magnetic contents of (A) 2 wt% and (B) 10 wt% in the absence of an external field, and (C) 2 wt% and (D) 10
wt% in the presence of an external field. Inset image at a different scaling to highlight anomalies in the samples
with higher magnetic content.

cobalt ferrite in the particles resulting in axial ratios greater than the predicted value, and
high concentrations of cobalt ferrite in the particles resulting in axial ratios lower than
the predicted value. It is possible that this results from the presence of the cobalt ferrite
filler in the polystyrene matrix. At a 10 wt% concentration of cobalt ferrite, the added
composite can raise the overall glass transition temperature of the microparticle [207].
Additionally, if nanoparticles are present on the microparticle surface, this can increase
the thermal stability of the PVA matrix directly surrounding the microparticle [208], which
reduces the overall effectiveness of the thermal stretch.

To produce composite microparticles with a permanent magnetic moment, we ap-
ply a strong magnetic field by sandwiching the film between two permanent magnets.
In general, magnetic nanoparticles rotate their magnetic moments via either Brownian,
Néel, or a combination of the two processes. In zero-field environments, the time scales
for Brownian relaxation of the magnetic moment, 7, is defined by :

_ 31V

= 4
TB T (6.4)

where 7 is the surrounding viscosity, Vp is the hydrodynamic volume, k is the Boltzmann
constant, and T is temperature. In this case, the relaxation time is then restricted in
highly viscous systems. For example, polystyrene melts have a viscosity on the order of
n = 1.3 x 10° Pas [209] where the 73 is then on the order of several years. Additionally,
Trisnanto et al. [210] show that nanoclusters in viscous glycerol solutions align first with
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Figure 6.5: Optical microscopy stills from a movie of ellipsoids stretched in the presence of an applied field. (A)
Particles in the absence of an external applied field and (B) with an applied magnetic field of 3.5 mT along the
y-axis. Arrows are drawn along the minor axis of the ellipses to guide the eye. The angle, 6, is determined from
the angle of the minor axis to a line parallel to the x-axis as shown schematically on top of the images. (C) The
measured angle, 6, for at least 6 particles over time where a 4 mT magnetic field is applied at 7 s for the particles
in the move stills.

the magnetic field via Néel processes followed by the slower Brownian process. Therefore,
we note that for the microparticles to obtain a net magnetization, we rely on the rota-
tion of cobalt ferrite nanoparticles magnetic moments as we apply a magnetic field. Fur-
thermore, the selection of cobalt ferrite nanoparticles, rather than alternative magnetic
materials, is due to its large crystalline anisotropy [21] which allows for a significantly
large Néel relaxation time, 7, on the scale of several years in zero field environments.
Figure 6.4 C-D displays SEM images of the resultant ellipsoidal particles obtained after
thermal stretching under an applied magnetic field perpendicular to the stretching di-
rection. We find that the films stretch less when between the magnets under the same
stretching conditions. We note that for film strips cut from the same dried PVA film the
thickness varied minimally, between 2-4 um. Therefore, the decrease in the ratio is likely
due to the restriction of stretching when sandwiched between the two magnets. We also
observe that for microparticles with a higher magnetic content, the draw ratio is larger,
but the resultant axial ratio decreases. In Figure 6.4 D, we find the presence of fractured
and broken ellipsoidal particles which is highlighted in the inset. Therefore, it is possible
that particles with high axial ratios fractured during particle recovery due to the high
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Figure 6.6: The measured angle for particles, stretched in the absence of an applied field, over time where a 3.5
mT magnetic field is applied at 7 s.

centrifugal speeds or breakage during the PVA film dissolution. This would contribute to
a lower measured axial ratio for those samples.

In order to investigate the internal alignment of the magnetic content of the micropar-
ticles, we apply a low uniform magnetic field to particle dispersions and track their ro-
tational behavior. Specifically, we prepared an aqueous dispersion of particles with 10
wt% magnetic content and applied a low magnetic field (3.5 mT) along the positive y-
direction. We followed the particle dynamics via a particle tracking algorithm paired with
the Image] Fiji software [182] as described in the methods. shows a still frame
from a movie of magnetic ellipsoids in the absence of an applied magnetic field. In gen-
eral, the particles are all randomly oriented in the frame. When a magnetic field of 3.5
mT is applied, all of the particles orient parallel to each other as shown in
We can track the effect of the magnetic field by measuring the angle, 8, of the partlcles
minor axis with respect to a line parallel to the x-axis indicated by the white arrows in the
images. In , we can see the various angles of the five particles and how they
all orient. When the magnetic field is applied at 7 seconds, all particles rotate such that
their minor axis is approximately at a 90° angle with the x-axis. This suggests that there is
a preferential orientation of magnetic moments parallel to the minor axis of the particle
which corresponds well to our field orientation applied perpendicular to the stretching
direction. To confirm that this occurs only for particles stretched under an applied field,
we track the behavior of ellipsoids with 10 wt% magnetic content stretched in the ab-
sence of a magnetic field. shows the angular alignments of a set of particles
from optical microscopy with a 3.5 mT magnetic field applied after 7 s. Here, we did not
observe any alignment behavior and the particles instead remained relatively with the
same orientation.

6.4.

In this chapter, we successfully fabricate anisotropic magnetic polystyrene particles via
a thermal stretching method. PVA films embedded with polystyrene microspheres are
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thermally stretched resulting in embedded ellipsoidal magnetic polystyrene particles.
Anisotropic particles with and without internal magnetic alignment can be prepared
depending on whether the embedded PVA film is exposed to a magnetic field during
the thermal stretching process. Afterwards, the anisotropic magnetic polystyrene can be
released from the PVA films for further use. In the future, the ability to scale up this pro-
cess and apply magnetic fields along different orientations during stretching could result
in a facile way to create micron-sized particles imbued with a controllable permanent
magnetic moment which would extend the potential applications of these particles. We
explore further the outlook for these types of magnetic microparticles in

We thank Nitin Rajendra Madam for providing assistance with the preparation and char-
acterization of loaded polystyrene samples throughout his MSc thesis. We also thank
Giovanna Bruscia for preliminary investigation into polystyrene stretching mechanisms.






Chapter 7

General Conclusions and Outlook

In this chapter, we summarize the major topics and findings of this thesis. We also explore some
additional topics, limitations, and outlooks that did not get a place in the previous chapters.
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7.1.

This thesis delves into the optimization and utilization of magnetic microparticles as
functional materials, demonstrating how our current repertoire can be amplified for en-
hanced performance. In one case, we examine spherical assemblies of microparticles via
the evaporation of a dispersion droplet. Spherical assemblies are well-studied for non-
magnetic, isotropic microparticles and find applications in opto-electronics and pho-
tonics [66], but anisotropic microparticles assemble into diverse structures dependent
on their shape [30]. Within this thesis, we utilize a prominent anisotropic particle shape,
called the superball, which can be formed during the synthesis of hematite microparticles
[24, 67, ]. Since hematite microparticles have a permanent magnetic dipole moment,
additional inter-particle interactions occur during their assembly. Therefore, in order to
decouple the effect of particle shape from dipole-dipole interactions, we synthesized a
non-magnetic superball by coating the magnetic hematite with silica and etching away
the hematite core particle. In , we assembled hollow superball shells with differ-
ent shape parameters inside an evaporating droplet. We found that the hollow superballs
assembled into spherical macrostructures with a paracrystalline internal structure re-
flecting their expected rhombohedral C; bulk packing. Retaining the hematite core of the
superball particle allows us to further direct particle assembly via application of a mag-
netic field. In , we assemble magnetic superballs in the presence and absence of
an external magnetic field. Interestingly, the additional inter-particle interactions due to
the magnetic core do not hinder the formation of the rhombohedral structure. However,
application of a magnetic field forces the formed structure into a base-centered mon-
oclinic (BCM) lattice whose crystallinity can be tuned with the magnetic field strength.
Additionally, hematite is a photocatalyst; a bulk propriety that can be exploited for a
variety of applications from water splitting [1 23] to pollutant degradation [36]. Further-
more, colloidal-scale photocatalysts propelled through a fuel containing solution and
may serve as controllable micro-robots [39]. In , we enhance the active motion
of hematite superballs via particle calcination. After one minute of photo-catalysis in-
duced propulsion, we found calcination increases the mean-squared displacement up to
87-fold.

In general, composite magnetic microparticles have a wide range of applications such
as in environmental remediation [158—160] or in bio-medicine [155-157]. In this regard,
there is a large desire for complete control over the particle design especially in regards
to particle shape and the addition of a net magnetization. In the last part of this thesis,
we focus on the preparation of magnetic microparticles in an attempt to provide this
desirable tunability. In , we fabricate composite polymeric micro-spheres that
contain magnetic nanoparticles distributed throughout the polymeric matrix. The com-
bination of polymer and nanoparticles allows the formation of large (> 5 pm) magnetic
particles. While this method imbued tunability to the particle size, porosity, and magnetic
content, we still lack control over shape anisotropy and net magnetization of the parti-
cle.In , we introduce a thermal stretching technique to elongate the magnetic
micro-spheres into ellipsoidal shapes. We speculate that the addition of a magnetic field
during particle stretching allows the magnetic nanoparticles to align parallel to the field
lines while the polymer is in a malleable state. We have shown the ability to form particles
with easy control over various proprieties of the microparticle, i.e., shape, porosity, and
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Figure 7.1: Publications regarding "Magnetic Microparticles" collected from Clarivate Web of Science publica-
tion database. (A) Publications organized by tagged topic in percent out of total publications. (B) Percentage
of publications over the last 50 years cross-referenced and normalized to the number of published papers in
the "Chemistry" topic. Certain data included herein are derived from Clarivate Web of Science. ©Copyright
Clarivate 2023. All rights reserved.

magnetic content.

7.2.
7.2.1.

Droplet-based superball particle assemblies show great promise in the design of func-
tional materials, as their shape parameter greatly controls their resultant assembled struc-
ture ( ). Opal-like materials formed from assembled spheres have already
found applications in photonics and micro-electronics due to the uniform arrangement
of monodisperse spheres [29, 95, 102]. In a similar vein, assembled hollow superballs
could act as alternative structured wave-guides or photonic crystals with a much larger
structural diversity than what can currently be achieved by isotropic spheres. This could
have unique implications in areas of research such as counterfeit detection which com-
monly applies photonic "holograms" on banknotes used around the world today [211,

]. However, the method we employed to produce freestanding hollow superball as-
sembles still results in polycrystalline structures which may hinder potential applications
in precision-based photonics. One possible solution to counteract the polycrystallinity
is to tune the inter-particle interactions during assembly inside the droplet by reducing
the Debye screening length at the particle surface through salt addition. Though, this
may have undesired consequences, such as salt crystals throughout the assembly, due to
the increasing salt concentration during droplet evaporation [213]. On the other hand,
we show that retaining a permanent magnetic moment inside the superball core results
in droplet-based assemblies with tunable structures related to the particle shape and
the application of a magnetic field. While this still forms photonic crystal-like structures,
the potential magnetic applications may prove more fruitful. If the overall assembled
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structure is imbued with a net magnetic moment, these freestanding assemblies could
have potential to serve as miniature magnetic stirring bars in restricted systems, such as
microfluidic channels or wells.

7.2.2.

Hematite microparticles are of interest due to their ability to propel themselves when
activated by a light source in a fuel solution. Peanuts [1 20], superballs [1 19, ], and el-
lipsoids [2 4] have all been show to have the ability to perform complex tasks with a focus
on cargo delivery with steering done by an external magnetic field. While we developed
a method to increase their propulsion power significantly, their current functionality is
mainly restricted to simple cargo transport. However, decorating the surface of hematite
with gold nanoparticles could provide a pathway for more complex tasks due to gold’s
ability to easily functionalize with nucleic acids. Then, active hematite could find strong
roles in the biomedical field as, for example, DNA- or RNA-based vaccine carriers which
has recently become a very popular topic [215-218]. To achieve this, further exploration
of the attachment and stability of gold nanoparticles on calcined hematite is required as
well as the active performance of these particles in biological conditions.

7.2.3.

So far, the applications and preparation methods explored in the previous chapters rep-
resent only a small window into the world of anisotropic and magnetic colloidal particles.
In order to explore the topic further, we carried out a search for publications related to
magnetic microparticles through the Clarivate Web of Science publication database.
provides a summary of publications relating to these topics over the last 50
years contained in this database. Here, we observe the variety of different topics and
fields tagged in at least 7% of publications. This already highlights the broad range of
applications available for magnetic microparticles even when ignoring more niche re-
search areas. Additionally, we observe an increase in the number of publications since
the early 2000s in . However, the literature reviewed for this thesis revealed
one common theme regarding magnetic microparticles: there is no standard synthetic
method to produce particles with tunable shape and magnetization. Even though we
have shown potential strategies to provide this desired control during particle prepara-
tion, we are still hindered by the scalability and control over the magnetization. As dis-
cussed in , we rely on a thermal stretching method to deform spherical magnetic
polystyrene particles embedded in a film under high (140°C) temperatures which limits
the amount of stretching we can achieve before the film itself becomes deformed. One
alternative possibility could be to use an alternating magnetic field to generate localized
heating of the magnetic nanomaterials, as the nanomaterials experience friction due to
the re-alignment of their internal spins[219, 220]. This would fully utilize the composite
microparticles as the polymer becomes malleable around the nanomaterials and can
then deform with the stretched film. Additionally, localized heating inside the micropar-
ticles would allow for the preparation of much thicker or layered films to increase the
overall yield of anisotropic microparticles.
Another limitation our current approach has is the specific shapes achievable via
stretching mechanisms, e.g., ellipsoids, discs, and spheres. Therefore, the ability to design
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Figure 7.2: Colloidal particles generated via lithographic techniques. (A) Unicorn shaped particles as prepared
on a substrate where the inset shows a particle free in an aqueous solution. (B) Inclusion of high concentrations
of magnetic nanoparticles inside the photopolymer film of < 100 um which provide enough magnetic strength
to hold the weight of the glass substrate to the magnetic.

functional, anisotropic, and magnetic colloidal particles that can complete complex tasks
in various environments required for different research areas has not yet been achieved.
One possible route to provide ample control over the prepared particle is via lithographic
techniques. In this process, a thin layer (< 10 um) of a photoresist on a removable sub-
strate is exposed to patterned light to systematically cross-link the photoresist. The now
cross-linked particles can be freed from the substrate for use as a colloid. Indeed, the re-
cent appearance of so-called "lithoparticles" demonstrates the broad range of achievable
shapes via this technique [221-223]. We have also previously explored this technique
as shown in . Here, we present unicorn-shaped particles generated using
this lithographic approach, with the maximum size dimension being roughly 30 ym. It
is clear that we already have great control over a particle’s 2D structure, although there
is not yet a magnetic contribution. As a result, the capacity to embed homogeneous
dispersions of magnetic nanomaterials in photopolymers would make a significant con-
tribution to achieving full control over particle features. Recently, various tests have been
carried out to create homogeneous films of composite photoresists in our lab (

) along with others [16, —226]. Even so, these films still contain nanomaterial ag-
gregates (daggregate = 100 nm) close to the scale of a microparticle which hinders the
cross-linking process. Therefore, well-defined micron-sized, composite particles are not
yet achievable with the current techniques. One of the largest limitations of this method
is the aggregation of the incorporated material before cross-linking can be preformed. A
possible strategy to mitigate this aggregation would be to bind the incorporated material
directly to the backbone of the photopolymer, but this may prove synthetically inten-
sive. An alternative could be to dissolve the photopolymer and incorporated material in a
suitable solvent where controlled evaporation of the solvent does not induce significant
aggregation of the incorporated materials. Overall, we can easily produce magnetic and
anisotropic colloidal particles with specific functionalities in mind, and we may soon be
able to develop a comprehensive library of particles with any shape and property we can
imagine.
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Appendix A

Additional Sample Images

A.l.
Table A.1: Brief description of the SEM samples from Chapter 5 shown in this appendix.
. wt% Polystyrene Polymer-to-
Figure Name in DCM ystyr na::;)ar ticle Ratio THF Treatment

1.5 - False
2.5 - False
5.0 - False
7.5 - False
7.5 50:1 False
7.5 10:1 False
7.5 50:1 True
7.5 10:1 True
1.5 50:1 False
1.5 10:1 False
1.5 50:1 True
1.5 10:1 True
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Figure A.1: SEM images of polystyrene microparticles prepared from 1.5 wt% polystyrene in DCM.
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Figure A.2: SEM images of polystyrene microparticles prepared from 2.5 wt% polystyrene in DCM.
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Figure A.3: SEM images of polystyrene microparticles prepared from 5 wt% polystyrene in DCM.



Figure A.4: SEM images of polystyrene microparticles prepared from 7.5 wt% polystyrene in DCM.
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Figure A.6: SEM images of polystyrene microparticles prepared from a DCM solution containing 10:1 polymer-
to-nanoparticle ratio with 7.5 wt% polystyrene in DCM.




Figure A.7: SEM images of polystyrene microparticles after THF treatment prepared from a DCM solutio:
containing 50:1 polymer-to-nanoparticle ratio with 7.5 wt% polystyrene in DCM.




Figure A.8: SEM images of polystyrene microparticles after THF treatment prepared from a DCM solution
containing 10:1 polymer-to-nanoparticle ratio with 7.5 wt% polystyrene in DCM.
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Figure A.9: SEM images of polystyrene microparticles prepared from a DCM solution containing 50:1 polymer-
to-nanoparticle ratio with 1.5 wt% polystyrene in DCM.



Figure A.10: SEM images of polystyrene microparticles prepared fr
to-nanoparticle ratio with 1.5 wt% polystyrene in DCM.




Figure A.11: SEM images of polystyrene microparticles after THF treatment prepared from a DCM solution
containing 50:1 polymer-to-nanoparticle ratio with 1.5 wt% polystyrene in DCM.
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Figure A.12: SEM images of polystyrene microparticles after THF treatment prepared from a DCM solution
containing 10:1 polymer-to-nanoparticle ratio with 1.5 wt% polystyrene in DCM.
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Figure A.13: Optical microscopy image of resultant particles formed from DCM droplets with 0.01 wt% SDS.
This corresponds another area in the same capillary shown in

water

solvent

Figure A.14: Optical microscopy images of polymeric aggregates/films formed at (A) 20 vol% and (B) 1.25 vol%
solvent phase. (C) Images and schematics of prepared samples at (C) 1.25 vol% and (D) 20 vol% solvent phase.



Summary

Since their initial discovery in the early 1800s, colloidal particles, with their diverse range
of distinctive and frequently material-dependent properties, have attracted the curiosity
of researchers from a wide range of fields. In this thesis, we explore the design of self-
assembled materials formed from anisotropic particles based on their shape as well as
their interactions. We also investigate ways to alleviate some of the limitations that cur-
rent anisotropic and magnetic colloidal particles encounter as photocatalytically active
particles. Additionally, we aim to develop novel techniques for anisotropic composite
magnetic microparticle preparation.

The first part of the this thesis deals with the self assembly of colloidal superballs, a
unique cube-like shape family that smoothly interpolates between a sphere and a cube.
We assemble colloidal superballs inside evaporating droplets and probe the assembly
process via small-angle x-ray scattering (SAXS). explores the effect of superball
shape on the resultant assembled structure. We observe and characterize four distinct
drying regimes that emerge as our hollow silica superballs assemble inside the shrink-
ing droplet. We discovered that they arrange into the predicted paracrystalline, rhombo-
hedral C; -lattice, which varies depending on the shape of the individual superballs. In

, we assemble colloidal superballs possessing permanent magnetic moments
to investigate the assembly process with additional dipole-dipole interactions as well as
anisotropic shapes. As the particles assemble inside an evaporating droplet, we observe
the formation of particle shape-dependent structures similar to their non-magnetic coun-
terparts. When we apply a magnetic field during the drying process, we discover that large
magnetic fields impede the formation of well-ordered assemblies due to the formation of
out-of-equilibrium dipolar structures, but lower magnetic fields allow particles to reorga-
nize and orient without inhibition. The ability to tune these interactions based on shape
and magnetism of the assemblies constituent particles will allow for the controllable
formation of macroscopic colloidal assemblies as functional materials.

The second part of this thesis explores how we can improve current photocatalytically
active hematite microparticles for use as self-propelled swimmers since these systems
are of interest in applications such as cargo delivery, environmental remediation, and
modeling biological systems. presents a general approach to improve the ac-
tivity of hematite microswimmers. We calcine hematite microparticles and observe their
swimming behavior using optical microscopy and particle tracking in this approach. We
investigate the mean-squared displacement (MSD) of the particles, and we discover that
calcination leads in a maximum 87-fold increase in MSD at 1-minute lag times, depend-
ing on the calcination time. This increased activity makes hematite more accessible to
key areas of soft matter and photocatalysis research.

The final part of this thesis examines different techniques for the preparation of
anisotropic composite magnetic microparticles. Polymeric particles are already used
in a range of applications and have well-established synthetic techniques. When other
components are incorporated into the polymeric matrix, the particles gain additional,

129



130

desirable properties. In , we look into a simple yet flexible synthetic method for
making micron-sized polystyrene particles loaded with magnetic cobalt ferrite nanopar-
ticles. This method utilizes the evaporation of an emulsion droplet containing polymer
and magnetic nanoparticles to form composite polymeric microparticles with tunable
sizes and magnetic content. Due to the evaporation process, large (>5 pm) particles con-
tain porous or hollow internal structures which we solidify via addition of a small amount
of the polymers’ plasticizer. The particles produced from this method are all spherical in
nature. In , we apply a thermal stretching method to our composite polymeric
particles to form anisotropic, ellipsoidal, microparticles. In the final chapter, ,
we discuss the current state and limitations that we faced throughout this work while
looking forward into the research we expect to see within this field.



Samenvatting

Sinds hun eerste ontdekking in het begin van de 19e eeuw hebben colloidale deeltjes,
met hun diverse onderscheidende en vaak materiaalathankelijke eigenschappen, onder-
zoekers uit een breed scala van vakgebieden geinteresseerd. In dit proefschrift hebben
we het ontwerp van zelf-geassembleerde materialen, gevormd uit anisotrope deeltjes,
onderzocht op basis van hun vorm en hun interacties. We hebben methoden onderzocht
om enkele van de beperkingen te overwinnen waarmee anisotrope en magnetische col-
loidale deeltjes als fotokatalytisch actieve deeltjes worden geconfronteerd. Daarnaast
wilden we nieuwe technieken ontwikkelen voor de bereiding van anisotrope composiet
magnetische microdeeltjes.

Het eerste deel van dit proefschrift gaat over de zelfassemblage van colloidale super-
ballen, een unieke familie van kubusachtige vormen die soepel interpoleert tussen een
bol en een kubus. We hebben colloidale superballen geassembleerd in verdampende
druppels en het assemblageproces onderzocht via small-angle x-ray scattering (SAXS)
( ). We onderzochten het effect van de vorm van een superbal op de resulte-
rende geassembleerde structuur. We observeerden en karakteriseerden vier verschillende
droogregimes die ontstaan wanneer onze holle silica-superballen zichzelf assembleren
in de krimpende druppel. We ontdekten dat ze gerangschikt zijn in het voorspelde pa-
rakristallijne, rhombohedrale C;-rooster, dat varieert afhankelijk van de vorm van de
individuele superballen.

In hebben we colloidale superballen met permanente magnetische mo-
menten in elkaar gezet om het assemblageproces te onderzoeken waarbij extra dipool-
dipoolinteracties en anisotrope vormen aanwezig waren. Terwijl de deeltjes zichzelf as-
sembleren in een verdampende druppel, zagen we de vorming van deeltjesvormafhanke-
lijke structuren vergelijkbaar met hun niet-magnetische tegenhangers. Toen we tijdens
het droogproces een magnetisch veld aanbrachten, ontdekten we dat grote magnetische
velden de vorming van goed geordende assemblages belemmeren vanwege de vorming
van geassembleerde dipolaire structuren, maar lagere magnetische velden zorgen ervoor
dat deeltjes zich ongehinderd kunnen reorganiseren en oriénteren. Het vermogen om
deze interacties af te stemmen op basis van vorm en magnetisme van de samenstellende
deeltjes zal de controleerbare vorming van macroscopische colloidale assemblages als
functionele materialen mogelijk maken.

Het tweede deel van dit proefschrift onderzoekt hoe we de huidige fotokatalytisch
actieve hematiet-microdeeltjes kunnen verbeteren voor gebruik als zelfrijdende zwem-
mers, aangezien deze systemen interessant zijn voor toepassingen zoals het afleveren
van vracht, milieusanering en het modelleren van biologische systemen ( ).
We presenteren een algemene aanpak om de activiteit van hematiet microzwemmers te
verbeteren. We calcineerden hematiet-microdeeltjes en observeerden hun zwemgedrag
met behulp van optische microscopie en het volgen van deeltjes in deze benadering. We
onderzoeken de gemiddelde vierkante verplaatsing (MSD) van de deeltjes en vinden dat
calcinering leidt tot een maximale 87-voudige toename van MSD bij vertragingstijden
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van 1 minuut, afhankelijk van de calcineertijd. Deze verhoogde activiteit maakt hematiet
toegankelijker voor belangrijke gebieden van onderzoek naar zachte materie en fotoka-
talyse.

Het laatste deel van dit proefschrift onderzocht verschillende technieken voor de be-
reiding van anisotrope composiet magnetische microdeeltjes. Polymere deeltjes worden
al in een reeks toepassingen gebruikt en hebben gevestigde synthetische technieken.
Wanneer andere componenten in de polymere matrix worden opgenomen, krijgen de
deeltjes extra gewenste eigenschappen. In onderzochten we een eenvou-
dige maar flexibele synthetische methode voor het maken van polystyreendeeltjes van
micronformaat geladen met magnetische nanodeeltjes van kobaltferriet. Deze methode
maakt gebruik van de verdamping van een emulsiedruppel die polymeer en magneti-
sche nanodeeltjes bevat om samengestelde polymere microdeeltjes te vormen met in-
stelbare afmetingen en magnetische inhoud. Vanwege het verdampingsproces bevatten
grote (>5 um) deeltjes poreuze of holle interne structuren die we stollen door toevoeging
van een kleine hoeveelheid van de weekmaker van de polymeren. De deeltjes die door
deze methode worden geproduceerd, zijn allemaal bolvormig. In hebben
we een thermische rekmethode toegepast op onze samengestelde polymeerdeeltjes om
anisotrope, ellipsvormige microdeeltjes te vormen. In het laatste hoofdstuk, )
bespraken we de huidige staat en beperkingen waarmee we te maken kregen tijdens dit
werk, terwijl we vooruitkijken naar het onderzoek dat we op dit gebied verwachten.
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