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DYNAMICS AND SURFACE FORCES EXPERIENCED BY AN ANISOTROPIC

COLLOIDAL PARTICLE NEAR A BOUNDARY

AIDIN RASHIDI

ABSTRACT

Colloidal interactions play an important role in determining the macroscopic
properties of different materials. Recent work in this area has focused on the role
anisotropic particles play in these materials. This thesis summarizes work conducted on
the dynamics and interactions of an anisotropic colloid particle near a solid wall.
Specifically, the methodology for conducting Total Internal Reflection Microscopy
(TIRM) on anisotropic colloidal systems near a boundary was developed. This new
method is called “Scattering Morphology Resolved — TIRM” (SMR-TIRM).

Simulations of the Brownian motion of a sphere comprising hemispheres of
different composition (i.e. a Janus particle) very near a wall were conducted.
Trajectories obtained from these simulations were used to construct 3D potential energy
landscapes. Results showed that the potential energy landscape of a Janus sphere has a
transition region at the location of the boundary between the two Janus halves, which
depended on the relative zeta potential magnitude. In this thesis, an experimental
technique for the direct and local measure of cap thickness of a coated Janus particle
was summarized. It is found that the cap varied in thickness continuously along the
perimeter of the particle. To better understand the impact of the coating on the dynamics
of Janus particle, Brownian dynamics simulations to predict the translational and
rotational fluctuations of a Janus sphere with a cap of non-matching density near a
boundary was utilized. The simulation results show that the presence of the cap
significantly impacts the rotational dynamics of the particle as a consequence of
gravitational torque.

Vi



In the last part of this thesis, the SMR-TIRM was used to map scattering from
ellipsoid particles. The hypothesis driving this work was that evanescent wave
scattering from an ellipsoidal particle depended on both the aspect ratio and orientation.
Analysis of the light scattered from the particle showed that both ellipticity and
directionality correlated with particle orientation and aspect ratio. In principle, these
relationships will allow tracking of the particle’s position and orientation via the

scattered light morphology.
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CHAPTERI1

INTRODUCTION

Micrometer scale colloidal particles that are regularly found in nature and
technologically relevant applications have a significant impact on various aspects of
our life. These types of systems consist of suspended macromolecules or particles in
another continuous phase. These suspended particles are often in the range of a
nanometer to a micrometer. These particles are in a size range larger than molecules
but still sufficiently small that are under the influence of thermal agitation. One suitable

technical definition of a colloid can be found in a text by Dennis Prieve as the following:

“A state of mixtures of two immiscible components in which one component is

finely divided as bubbles, drops or particles in a second (usually continuous) phase.

Michael Faraday, in 1857, was the first to synthesize colloidal particles, which
was a finely divided gold dispersion. He investigated the optical properties of these
materials, and since then, significant effort has been invested in research, development,
and application of colloidal particles. Note, however, that Faraday did not use the term
colloid in his lecture and publication. Thomas Graham later coined the term colloid in

18612,



Colloidal particles interact with each other via physiochemical or hydrodynamic
mediated interactions in a range of applications such as coatings, filtration, food,
cosmetics, home care, personal care, and printing; or engineering applications such as
drug delivery, optical display’, self-assembly*, microsensors’, and microfluidic
devices® and designing foams and emulsions (and their effect on their stabilization),
biological adhesion and biofouling’. Based on the chemical and physical features of the
colloidal particles, they are classified as isotropic or anisotropic particles. The term
‘anisotropic’ typically refers to a particle having a property that is non-uniform along
its surface, while ‘isotropic’ refers to a particle having no such non-uniform property.
In other words, an isotropic particle can be mechanically, geometrically, electrically, or
chemically uniform. Isotropic particles served as excellent models systems for
researchers over the last few decades. For example, researchers have used an AC or DC
electric field to control spherical particles at infinite dilution and also make colloidal
crystals on top of an electrode at more concentrated conditions® 1. During assembly
and control, the mechanisms for motion isotropic particles was primarily a consequence
of electroosmotic, electrophoresis, and dielectrophoretic flow. Moreover, significant

111

studies on the behavior of spherical particles such as rotational’’ and translational

t12 13

displacement' <, their interaction with other particles or the neighborhood environmen
were done. These studies were about a single or concentrated spherical particles
dispersed in the bulk!* near a wall'® and at the interface'®.

Anisotropic colloid particles have recently gained interest among scientists for
both fundamental and industrially relevant applications. An anisotropic particle has a
chemical, mechanical, electrical, or geometrical property variation across the surface

of the particle. Many micrometer-scale anisotropic colloidal assemblies can be actuated

to control their optical, transport, and mechanical properties. Janus particles are one



example of an anisotropic particle. Janus particles, which have halves with dissimilar
properties, have been studied in many interfacial interactions. In one study scientists
synthesized colloidal muscle-like fibers of Janus ellipsoids by self-assembly!”. These
structures were then actuated to stretch, but then returned to the original structure
because of a shape memory feature. Also, Tanaka et al. used mushroom-like Janus
polymeric  particles  (poly(methyl methacrylate) (PMMA)/poly(styrene-2-(2-
bromoisobutyryloxy)ethyl methacrylate)-graft-poly(2-(dimethylamino)ethyl
methacrylate) (PDM)) as a particle surfactant to stabilize 1-octanol-in-water emulsion
droplets'®. This work complements other studies that showed how bimetallic Janus
particles were able to decrease interfacial tension at the oil-water interface more than
uniform surfactants'®. Further, Janus particles were used as stabilizers in the fabrication
of polystyrene (PS) beads by emulsion polymerization of styrene and butyl acrylate.
The Janus particle in this process had polybutadiene as a core that was covered with
PMAA (poly(methacrylic acid)) and PS. The high adsorption energy of this Janus
particle as compared to standard polymeric surfactants make them less probable to be
aggregated”’. In another study, Yang et al*! synthesized a silica-based Janus particle.
This Janus particle was made hydrophilic via modification with an amino-containing
silane agent and hydrophobic via modification with a silane coupling agent with
different carbon chain lengths. They used this Janus particle as an amphiphile to
strongly stabilized foam for drilling a high temperature and high calcium geothermal
well. Non-spherical, geometrically anisotropy particles are another type of anisotropic
particles. In a research??, scientists were able to synthesize geometrically anisotropic
polymer particles. In this study, they synthesized various porous polymers via radical
polymerization of methylmethacrylate and styrene. These types of non-spherical

polymers can be used for sensor and optoelectronic applications in the future. As






stability, shelf life, and rheology. Thus, measuring and prediction of colloidal
interactions is critical to engineering these products. For example, the transport,
interaction, and deposition of anisotropic particles in confined geometries such as
porous media is an important challenge found in biology and drug delivery within
tissues, biofilm formation, the production of safe drinking water, membrane
filtering, and deposition of particles on substrates of particle-based surface coatings’*"~
39 As noted earlier, a crucial feature of colloidal particles that dictate behavior are the
surface forces experienced by that particle in its local environment. Surface forces are
important for two reasons in typical applications. First, colloidal systems have a large
surface area to volume ratio. Second, surface forces are crucial because colloids often
interact with boundaries, for instance, in filtration, porous media, or coating
applications. Surface forces are typically split into two general categories depending on
whether the forces are path independent or dependent. Conservative forces are path
independent, while non-conservative or dissipative forces are path-dependent.
Commonly encountered conservative forces are electrostatic double-layer repulsion,
van der Waals dispersion interactions, solvation or hydration force, hydrophobic force,
depletion interaction, steric force, and gravity. Conservative forces most often arise
from physiochemical effects. Fluid friction or hydrodynamic forces are non-
conservative forces experienced by particles, most relevant when the particle is nearby
a substrate or another particle.

Quantitative descriptions of these various forces and associated measurement
tools help to engineer and develop new and better-performing materials by tuning these
colloidal interactions. Multiple experimental techniques, including atomic force
microscopy (AFM), the surface force apparatus (SFA), confocal microscopy,

holographic microscopy, and Total Internal Reflection Microscopy (TIRM), have been



developed over the past few decades to probe these interactions. AFM and SFA,
modified with a colloidal probe, are robust techniques that have been widely adopted
to measure surface forces between the probe and a substrate®!. Similarly, TIRM has
been developed to measure the surface force experienced by a single colloidal particle
immersed in a liquid nearby, but not adhered to, a substrate’?. TIRM tends to be more
sensitive than AFM and SFA because TIRM uses a ‘thermal’ energy scale (i.e., ~kT, k
is Boltzmann’s constant),

In contrast, AFM and SFA operate on a mechanical energy scale (i.e., ~ ksX*/2,
kg is the cantilever spring constant)*'. Confocal microscopy is another technique that
has been used to track colloidal particles and measure their interactions®*®, but high
time and spatial resolution typically cannot be achieved simultaneously. This problem
limits the technique to relatively slow dynamics or highly viscous solvents.
Holographic microscopy captures a 2D hologram from a particle. The hologram
encodes the 3D positional information of that particle. Appropriate analysis of the
hologram allows the experimenter to recover this position information®’. Recent work
used this technique for the dynamic tracking of colloidal particles, but in general, the
image analysis is complicated and limits the robustness of the technique. Recently, the
interactions and dynamics of nano- to micrometer scale “complex or anisotropic”
colloidal particles have become of interest. Unfortunately, the developed measurement
techniques for surface forces such as AFM, confocal microscopy, and conventional
TIRM are typically only suitable for isotropic particles.

Note how the interaction of anisotropic particles is more complicated as compared
to isotropic particles. As the physical and chemical properties of these particles are
asymmetric, interactions will depend not only on separation distance, but also

orientation. Given the complexity of these interactions, even for the simplest



anisotropic particles, the dependence of interaction energies on different anisotropic
features, such as non-uniform surface chemistry or geometry, are not readily available
for most systems. Thus, developing a technique to measure the interaction of
anisotropic particles is crucial.

One fundamental goal of my research group’s efforts is to develop an
experimental methodology and design for conducting TIRM on anisotropic particles.
My role, as detailed in this thesis, was to develop the methodology for applying TIRM
to two model anisotropic colloid particles, namely spherical Janus particles and
ellipsoids. This effort consisted of both simulation and experimental work to understand
either the dynamic behavior of Janus particles near a boundary or how ellipsoidal
particles scatter light from an evanescent wave.

Chapter II presents results from Brownian dynamics simulations of a Janus
sphere very near a boundary at conditions similar to those of a TIRM experiment’®.
chose to initially work with Janus spheres because they are the closest departure from
an isotropic sphere. In this part, simulations of the trajectory of a Janus sphere with cap
density matching that of the base particle very near a boundary were used to construct
3D potential energy landscapes that were subsequently used to infer particle and
solution properties, as would be done in a TIRM measurement. The main intellectual
contribution from this effort was to demonstrate how to assemble a potential energy
profile from multivariable trajectory data.

Chapter III details an experimental technique that utilizes focused ion beam
slicing, image analysis, and results for the direct and local measure of cap thickness for
Janus spheres with a gold cap®. This technique demonstrates a feasible route for direct

measurement of Janus particle cap thickness. The main intellectual contribution from



this effort was to show, for the first time, how the thickness of a cap on a Janus
particle will vary along its contour.

Chapter IV details more work with a Brownian dynamics simulation tool to
predict the translational and rotational fluctuations of a Janus sphere with a cap of non-
matching density near a boundary*’. The presence of the cap significantly impacted the
rotational dynamics of the particle as a consequence of gravitational torque at
experimentally relevant conditions. In this study, the histogram landscape of translation
and rotation of the particle were inverted to obtain the potential energy landscapes,
providing a roadmap for TIRM experimental data to be interpreted. The main
intellectual contribution from this effort was to demonstrate first how significant of
an impact the (non-density matched) cap has on Janus particle dynamics and second
how to assemble a potential energy profile from multivariable trajectory data in
which there was a torque that depended on orientation.

Chapter V describes in detail how an ellipsoidal particle will scatter light from
an evanescent wave at fixed height and orientation. This information is necessary to
evaluate the essential features of scattering during TIRM and to generate an
experimental approach to probe the orientation and separation distance of the particle.
In this part of the thesis I explained a working hypothesis I used to develop the new
TIRM technique which is called "Scattering Morphology Resolved — TIRM" (SMR —
TIRM) as well as a methodology to create this technique. The main intellectual
contribution from this effort was to first define the morphology features needed to
evaluate scattering from an anisotropic particle and second to show how those
features depend on particle aspect ratio, size, and orientation.

Chapter VI states conclusions and the main paths suitable for future work.

Briefly the conclusion regarding investigation of dynamics of matching and non-



matching density of coated the Janus particles near a boundary is presented. Also, result
of 3D potential energy profile of Janus particles near a boundary is presented.
Furthermore, an algorithm to calculate potential energy landscape for an ellipsoidal
particle is proposed. I recommended some ideas including improving experimental
mapping process, increasing the data range for the mapping process, and evaluating

dynamics of a coated active particle near a wall at different operational conditions.



Reprinted from "Rashidi, A.; Wirth, C. L. Motion of a Janus Particle Very near a Wall.
J. Chem. Phys. 2017, 147 (22), 224906. ", with the permission of AIP Publishing.

CHAPTER 11

MOTION OF A JANUS PARTICLE VERY NEAR A WALL

2.1 Introduction

Nanometer to micrometer scale colloidal particles are ubiquitous to consumer
products, coatings, cosmetics, large and small-scale industrial processes. Colloidal
particles dispersed in a liquid interact via surface forces to form microstructure that will
have a profound impact on the mechanics and rheology of that liquid. Surface forces
arise from physiochemical properties of the particle and liquid medium, such as surface
charge, solution pH and salinity, and the presence of other entities, such as surfactant
or polymer dispersed in the liquid.*! Multiple experimental techniques, including
Atomic Force Microscopy (AFM), the Surface Force Apparatus (SFA), and Total
Internal Reflection Microscopy (TIRM), have been developed over the past few
decades to probe these interactions, which could be as weak as a few ~kT. SFA and
AFM, modified with a colloidal probe, are robust techniques that have been widely
adopted to measure surface forces between the probe and a substrate.*>* Similarly,
TIRM has been developed to measure the surface force experienced by a single
colloidal particle immersed in a liquid nearby, but not adhered to, a substrate. The
essence of TIRM is the measurement of stochastic “Brownian” fluctuations of the
colloidal particle normal to the nearby substrate.*>*** TIRM tends to be more sensitive

than AFM and SFA because TIRM uses a ‘thermal’ energy scale (i.e. ~ kT), whereas

10



AFM and SFA operate on a mechanical energy scale (i.e. ~ kgX?/2, kg is the cantilever
spring constant).

TIRM, employing spherical particles with uniform surface chemistry and
composition, has been used to accurately measure both equilibrium and non-
equilibrium ~kT scale colloidal interactions, including electrostatic double layer
repulsion,*® van der Waals attraction,*” steric interactions,*® depletion interactions,*

0

electrophoretic forces,”® hydrodynamic interactions,'”> and even the Casimir

I Recently, the TIRM technique has even been developed to measure

interaction.’
interactions of colloidal particles and oil droplets near a water-oil interface, thereby
extending the technique to liquid-liquid interfaces from conventional liquid-solid
interfaces.’? These studies illustrate the utility of TIRM as a tool, which complements
SFA and AFM, for surface force measurement. One current limitation of the TIRM
technique is that only optically isotropic particles (i.e. sphere of uniform composition)
have been used for measurements, with the exception of one example where the particle
was small enough to assume that anisotropy did not impact scattering.>® There has been
no published experimental technology or methodology development that would allow
for the application of TIRM to geometrically or chemically anisotropic colloidal
particles.

Surface forces experienced by anisotropic particles are relevant to many natural
and synthetic systems, for instance carbon nanotubes, graphene sheets, red blood cells,
and clay particles, which are all anisotropic. Anisotropic particles can be locally hard
or soft, may have complicated shapes, or have a non-uniform surface charge
distribution.>* Many groups are now able to synthesize model anisotropic particles, such

as spherical and ellipsoidal “Janus” particles.>>>” A significant amount of work has

focused on the directed self-assembly of Janus spheres or ellipsoids with different

11



shapes and dissimilar properties.!”*® % Surface forces, and associated particle
dynamics, are of central importance to the directed self-assembly and ultimate utility
of these materials. Non-uniform or non-symmetric physical and chemical properties
typically induce spatially and orientationally dependent colloidal interactions, thereby
complicating the measurement, prediction, and control of such interactions among
anisotropic particles. Researchers have proposed techniques for tracking the rotational
motion of a cluster of colloidal particles®!, copper oxide nanorods®? and micrometric
wires by using holographic video microscopy and 2D video microscopy. Recent work
has even demonstrated how to account for particle curvature when calculating surface
forces for a non-spherical particle.®> However, there is currently no experimental
technique or methodology for sensitively measuring the surface forces between
anisotropic particles and a nearby substrate.

We are working to fill this need by developing the experimental technology,
methodology, and design for conducting TIRM on anisotropic particles, including
spheroids of arbitrary shape and spheres of non-uniform surface chemistry. In this
article, I present results from Brownian dynamics simulations of a Janus sphere very
near a boundary at conditions similar to those of a TIRM experiment. An in-house made
MATLAB code was developed for this purpose (APPENDIX 2.1). I chose to initially
work with Janus spheres because they are the closest departure from an isotropic sphere.
As was done previously for isotropic particles,®* the goal of these simulations was to
generate in silico data similar to that obtained during a TIRM experiment, allowing us
to probe and optimize TIRM parameters that would be implemented for a Janus particle
with hemispheres of unequal zeta potential, develop a methodology for calculating
potential energy landscapes from multivariable trajectory data, and determine how the

interpretation of conservative forces may be impacted by non-equilibrium dynamics. 1
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combined a well-established Brownian Dynamics stepping algorithm for uncoupled
rotational-translational Langevin equation with a meshing technique for application to
a Janus sphere. I then applied this meshing technique to simulate the position and
rotational trajectories of a spherical Janus particle with unequal zeta potential on each
hemisphere. Iutilized the simulated position and orientation observations to assemble
a 3D potential energy landscape from these multivariable data, a process required for a
TIRM experiment. Finally, I used these energy landscapes to calculate system
properties, including hemisphere zeta potential, particle size, and the solution’s Debye
length. The described simulation tool, associated results, and data analysis is the first

step in methodology development for applying TIRM to an anisotropic particle.

2.2 Theory
2.2.1 Conservative colloidal interactions

Consider the particle of radius a and separation distance # shown in Figure 2.1A
The particle is nearby, but not adhered to, the substrate and will remain mobile at
conditions where there is a strong electrostatic repulsion between it and the neighboring
substrate. The electrostatic repulsive force depends on the solution’s Debye length, the
size of the particle, and the particle’s and substrate’s Stern potential, which is typically
equated with the zeta potential of each surface. In addition to electrostatic repulsion, I
also consider the weight of the particle because experiments typically are conducted on
polystyrene or silica particles that have a density not matched water. The colloidal
interaction force F,, which is equal to the negative gradient of the interaction energy,

between a spherical particle and a flat plate is given by:
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doe(h 4
F. = —q;—h() = kBexp(—xh) —gﬂa3(pp - Pf)g @1

Electrostatic

Gravitational

B = 64mepera (%T)Z tanh (ZISST) tanh (%) (2.2)

2e2Cq
K= ’—eogfkT (2.3)

where « is the solution’s Debye length, B is the electrostatic charge parameter, p, and

prare density of the particle and substrate respectively, g is gravitational acceleration,
&o 1s the electric permittivity of vacuum, &ris the relative permittivity of water, e is the
charge on an electron, s and (; are the zeta potentials of the surface and particle
respectively, and C,, is electrolyte concentration in the bulk. Note that the expressions
above can be directly applied to a sphere of uniform zeta potential, but not for the Janus
sphere shown in Figure 2.1A because of the additional dependence of Fc on 8'. We
later describe a meshing technique to account for such a dependence.
2.2.2 Hydrodynamic drag on a particle near a boundary

A TIRM experiment tracks the stochastic fluctuations of a particle in the direction
normal to the nearby substrate (z-axis in Figure 2.1A). The translational and rotaional
diffusion coefficients, D, and D.g respectively, of a particle decrease when it
approaches a boundary due to an increase in the hydrodynamic drag force. The increase
in translational hydrodynamic drag for the slow motion of a sphere approaching a wall
is well-known and has been confirmed experimentally.®>®7 Note that both normal and
rotational mobility will decrease due to the wall. The translational diffusion coefficient

for a spherical particle in the direction normal to the boundary is:

kT KT
D, =—a(h) = o——a(h) (2.4)
6h?+2ha
ah) = S oharza (2.5)

14






solution by Maude® for this analytical problem close to the boundary. Goldman®7!

plotted graphically three different approximations and an exact (corrected Dean and
O’Neill) result of the Dean and O’Neill solution. As in our system the dimensionless
gap range is between 0.015 and 0.15, the Maude approximation solution is not
applicable. To use exact numerical solution (corrected Dean and O’Neill) in our range,

I fitted these data in the appropriate range. The fitted expressions are:

kT
8mnas

Dro = /a°(h) = 4 /q°(h) 2.6)

q®(h) = 0.9641 (%)_0'1815 2.7)

2.2.3 Implementing Brownian dynamic simulations

The motion of a Brownian particle very near a boundary is described by a force
balance on the particle with the inclusion of a stochastically fluctuating force. At small
Reynolds number, the inertial term in the force balance is zero and there is a well-
known numerical solution of the Langevin equation by Ermak and McCammon.” The

trajectory of a single particle was predicted via:

h(t + At) = h(t) +

dD, Dy
2 At + £ FAL + H(At) (2.8)

In this algorithm, /4 is calculated in each forward time step and H(At) is a
Gaussian random height displacement variable satisfying (H) = 0. The variance of this
noise is (H2) = 2D,At. These expressions satisfy the dissipation theorem that defines
particle-fluid viscous dissipation as the origin of particle fluctuations in the suspending
fluid.” Note that Equation 2.8 allows for the friction coefficient to depend on height.
Previous work has shown that if height dependency of the friction coefficient is
assumed to be independent of the separation height there will be a systematic error
between the real and simulated potential energy profiles.®* Two conditions must be

satisfied to use the stepping algorithm. One is that the time step is sufficiently short
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plan on exploring the influence of cap weight on rotational dynamics of a Janus particle
in a future contribution. All simulations presented in this article were for a polystyrene
particle with a cap of matching density.

Note from Figure 2.1A that the force felt by the Janus particle will be
axisymmetric about ¢, the axis perpendicular to the substrate. I utilized this symmetry
to make the simulation more efficient by only stepping orientation fluctuations in 6'
and ignoring rotation of the particle in the ¢ direction. Equations 2.8 & 2.9 were
executed for either 2.4 x 10% or 4.8 x 10°-time steps for a single simulation, with each
time step At = 5 ms, unless otherwise noted. A single simulation provides trajectories
in both h and &', which were then used to prepare histograms as described later in this
article. Subsequently, potential energy profiles were calculated from these histograms.
The potential energy profiles and landscapes presented later in this article were obtained
from averaging ten simulations. At each bin height, the mean and standard deviation of
potential energy was calculated and compared with the analytical potential energy
profile. The convergence criteria for each height is satisfied if the standard deviation
and difference between the meshing method simulation (mean point of 10 sets of
simulations) and true potential energy profile are less than 0.3kT. Note that this
convergence criteria is similar to that recommended by Sholl et. al.®
2.2.4 Accounting for non-uniform surface charge with meshing method

The stepping algorithms described above were implemented for a spherical Janus
particle of different zeta potentials on each hemisphere. The sphere was meshed into
small parts in both the polar angle &' and azimuthal angle ¢ (Figure 2.1C) to account
for the change in zeta potential upon Janus particle rotation in the ' direction. After
projecting the small curved surfaces parallel to the substrate, the electrostatic double-

layer force between each projected flat surface and the substrate were calculated. In the
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case of monovalent salt, the electrostatic double layer repulsion pressure of two flat

parallel surfaces is:

Pa(i) = 64C.,kTtanh (£2) tanh (Z222) exp (- xhg, (i) (2.10)

where s and (y,, are the zeta potential of the substrate and flat projected surface of the
mesh point i. The electric double layer repulsion force between each mesh point and
the substrate is proportional to the product of the pressure and the projected surface area
for each mesh point:

Fa (1) = Pqr (1) A(D) (2.11)
The effective height (hy;) in the pressure equation was equal to the mid-point of the
mesh surface height:

hg;, =hp +L/2 (2.12)
Finally, the total electrostatic double layer repulsion force between the particle and the
substrate was calculated by summing the forces at each mesh point:

Fartotal = X Far(D) (2.13)
Once implemented, the meshing method together with the Brownian Dynamics
simulation allows for a direct prediction of particle height and orientation evolving in
time very near a boundary for a Janus particle of unequal zeta potential.

The optimum mesh size was determined by comparing the electrostatic portion of
the potential energy profile as calculated from Equation 2.1 (i.e. non-meshed particle)
to that calculated from Equation 2.13 (i.e. meshed particle) for different mesh sizes,
but with uniform zeta potential. The gravitational portion of the force calculation was
unnecessary for this comparison because the gravitational force depends on neither the
zeta potential of the particle nor the height of the mesh point. I found that increasing
the number of mesh points decreased the error in the comparison between a non-meshed
and meshed particle. A particle with 30 x 30 meshing (900 total points with 30 points
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in @' and 30 points in ¢) had nearly a 22% error when compared with a non-meshed
particle with the same properties. A particle with 100 x 100 meshing had less than 1%
error when compared with a non-meshed particle with the same properties. Table 2.1
summarizes these results. I chose a particle with 100 x 100 meshing to have acceptable
numerical error for our purposes as using more mesh points severely decreased

computational speed, yet did not appreciably increase accuracy.

Table 2.1: Error associated with varying discretization in meshing.
Comparing of double-layer repulsion force for optimum mesh size

calculations.
Mesh Non-meshed Particle Meshed Particle Error %
Size Electrostatic Force (N) | Electrostatic Force (N)
20x20 9.68¢-16 1.41e-15 46.114
30%30 9.68¢-16 9.68¢-16 22.013
60x60 9.68¢-16 1.00e-15 3.504
80x80 9.68¢-16 9.85¢-16 1.751
100100 9.68¢-16 9.78¢-16 0.983
120120 9.68¢-16 9.74¢-16 0.577
140x140 9.68¢-16 9.72¢-16 0.335

Finally, the orientation and height trajectories of the particle were used to
calculate the potential energy landscape. The probability of finding a particle at each
height depends on the potential energy at that location. Boltzmann’s equation is given
by:

p(h) = Aexp(— L2 (2.14)
where p(h)dh is the probability of finding the particle between h and h + dh, ¢(h) is
potential energy at that height. The shape of the histogram of particle observations n(h)
is same as the shape of the probability density function p(h)*** . In other words, n(h)
is directly proportional to p(h) and the potential energy profile can be deduced by

inverting Equation 2.14 to give Equation 2.15.

bch)=dethy) _ n(hy)
T =In _n(h) (2.15)
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Where ¢.(hy,) is the potential energy of the particle in the most probable height, n(h,,)
is the number of particle observation at the most probable height and n(h) is the number
of particle observation at that height. Comprehensive details of analyzing data
associated with TIRM can be found elsewhere**. I included the effect of orientation in
assembling the potential energy landscape by calculating a potential energy profile
based on height observations (Equation 2.15) at each theta interval. In other words, the
potential energy profile at each 6 was computed assuming a Boltzmann distribution of
height at each of those theta. The potential energy profiles at each theta were then
assembled to obtain the potential energy landscape for a Janus particle.

In the simulation process, I developed an in-house made MATLAB code
(APPENDIX 2.1). In the first part of the code, the particle is meshed into the small
pieces. The selected mesh size, as it is explained previously, was 100 by 100 in polar
and azimuthal angles. At each time step after the projection of the small curve surfaces,
the code calls different functions to calculate double-layer electrostatic force (Eq. 2.11)
based on the zeta potential of the specific meshed area. A critical feature of the code is
that during rotation of the particle in theta (polar angle) direction, I assumed that the
coordinate system is dynamic, and it rotates by rotation of the particle in the polar angle.
The reason to apply this feature is that it helps to control the surface area value of each
meshed area as the particle rotates. Also, given the axisymmetric nature of the problem,
phi does not play a role in these simulations. The relevant forces are gravity, which is
fixed, and the electrostatic force, which depends on the height and polar angle of
orientation. In the code, after calculating the effective forces at each time step between
the particle and the substrate, the new rotational position of each mesh is defined based
on the polar orientation of the particle at that specific step to be applied in the next step.

At the end of the particle height and rotation calculation, the code converts all theta
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when the particle rotates towards the lower zeta surface and samples lower heights. We
tested this hypothesis by tabulating the orientation preferences for varying zeta
conditions. Over a set of ten simulations, there was no clear preference between the
hemispheres with a smaller zeta potential, as compared to the hemisphere with larger
zeta potential. However, after averaging those ten simulations, there was a very small
preference for the hemisphere with the smaller zeta potential to be orientated towards
the substrate. Table 2.2 summarizes the preference in zeta potential values. Given that
there is no direct dependence of orientation fluctuations on the potential energy (via Eq.
2.9), one would not expect there to be a most probable orientation. However, the very
weak dependence of rotational diffusion on height could be the origin of the minor
preference shown in our results summarized in Table 2.2. Note that I expect the
presence of a cap with a density not matching that of the base particle to profoundly
impact these rotational sampling results.

Table 2.2: Number of particle observation in various positions.

Ca | Cn No. of Obs. No. of Obs.
[mV] | [mV] A Down B Down
2 20 2,444,485 2,355,515
5 50 2,424,742 2,375,258
10 | 60 2,524,228 2,275,772
5 100 2,480,467 2,319,533

2.3.2.2 Calculating and interpreting the potential energy landscape

Simulated observations of height were used to compute the potential energy
profile of the particle at each individual orientation Equation 2.15. At each orientation,
the maximum number of observations occurs in the most probable height, which
appears as n(hy, ) in Equation 2.14. The bin size of the height was set Ah = 1 nm and
the bin size in orientation was equal to either A = 1° or 2°. Figures 2.5A & 2.5B show

the potential energy landscape calculated from simulated data. Note that these reported
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particles with a uniform zeta potential of either — 50 mV (for 0°) or -5 mV (for 180°).
The transition region between 80° and 100° is identifiable by the boundary found at the
smallest heights, which is where the potential energy is equal to 3kT. The boundary at
3KT transitions from approximtlty 95 nm to 80 nm, while the most probable height
transitions from approximtly 110 nm to 90 nm (summarized in Table 2.3). This
signiture results from the change in magnitude of the surface zeta potential as a
consquenque of rotation, as illustrated in the bottom panel of Figure 2.7. A change in
zeta potential magnitude will induce a change in the magnitude of the electric double
layer force. The resolution of the transition will be an important asepct of data analysis
for TIRM experiments. These simulations show that even for a perfectly discrete
boundary, there is a diffuse transition between hemisphere A and hemisphere B.
Further, simulations with 3 um polystyrene particle (results not shown) demontrated
that the shape of the transition was not a strong function of particle size. The potential
energy landscape was also used to determine the appropriate time step for such a
simulation. The time step was systemically changed for a Janus particle with -5 mV and
-50 mV zeta potentials (rows 5 - 10 in Table 2.3). Our results showed that landscapes
obtained from simulations with time steps of 5 ms, 6 ms, 7 ms and 8 ms have good

agreement with analytical, while step times <5 ms and >9 ms are inaccurate.

28









hemispheres to the electrostatic repulsion. Consequently, the electrostatic part of the
interaction is known to be difficult to determine, even for isotropic particles.** Thus,
once the transition region was identified, I fit the potential energy profile only at the
limiting conditions as 6 — 0° or 6 — 180°. For example, among 90 orientation
conditions (with AB = 2°) the average of first 40 orientations was used to calculate
minimum height and zeta potential of the B hemisphere and average of last 40
orientations was used to calculate hemisphere A parameters.

Based on our results summarized in Table 2.3, I determined that it would be
possible to measure properties of the Janus particle as shown by the good agreement
between fitting parameters and real system parameter values (Rows 1-3 & 5 in Table
2.3). Figure 2.6 shows a sample of fitting results for all three orientations. Figure 2.6A
shows the orientation 0° < 8 < 2° corresponding to hemisphere B ({p=-50 mV) of the
Janus particle on the bottom side and Figure 2.6C shows orientation 178° < 6 < 180°
corresponding to hemisphere A (Ca= -5 mV) of the Janus particle is on the bottom side.

The accuracy of the parameter fits was impacted by the choice of bin size in
orientation. Rows 4 and 5 of Table 5 show that the zeta potential fits are more accurate
when choosing AG = 2° as compared to A = 1°. The origin of this difference is in the
number of observations in each bin that is necessary for an accurate fit. Reducing the
orientation bin size from AO = 2° to AB = 1° reduces the number of observation binned
into each orientation. The reduction in observations at each orientation reduces the
accuracy of the potential energy profile calculated for that orientation. Although
operating with larger orientation bin sizes will assist in determining parameters, larger
orientation bins reduces the resolution of the transition region, which may be necessary
for determining the patterning on the surface and will become especially important for

particles with more elaborate patterning or diffuse boundaries. Ultimately, these results
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illustrate that there is a balance between fit parameters and potential energy landscape
resolution when attempting to resolve non-uniformities along the particle surface,
which is one significant difference between a TIRM experiment with an isotropic
particle versus one with an anisotropic particle. Further, far more observations will be
required given the need to resolve potential energy in both h and 6 for an anisotropic
particle, as compared with just h for an isotropic particle. A typical TIRM experiment
on an isotropic particle requires ~10° observations, but our simulation results suggest
that ~10° - 107 observations will be required to calculate a potential energy profile

comprising data of similar accuracy.

2.4 Conclusions

This article describes the method and results from a Brownian Dynamics
simulation suitable for a Janus sphere of unequal zeta potential. Our effort was
motivated by the need for guidance and methodology for analyzing data from a TIRM
experiment. For this purpose, I have developed a method for meshing a sphere of
arbitrarily patterned zeta potential that integrates with a Brownian dynamics simulation
tool. Following validation of the meshing method, I simulated the position and
rotational trajectories of the particle near a boundary and subsequently calculated
potential energy landscapes for the Janus particles. I derived for the first time a 3D
potential energy profile landscape for a Janus particle as would be obtained in a TIRM
system. This simulation and landscape can predict the behavior of the Janus particle
and help us in the optimization of experimental parameters in an experimental TIRM
system for a Janus particle. Results show that the potential energy landscape of Janus
sphere has a transition region at the location of the boundary between the two Janus

halves, which depends on the relative zeta potential magnitude. The potential energy
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was accurately fit to obtain parameters including zeta potential magnitude in each
hemisphere, particle size, minimum potential energy position and electrolyte
concentration or Debye length. Time step and orientation bin size are important
parameters in the simulation and data analysis process. Additionally, simulations show
that an experiment may require more than 10° observations to obtain a suitable potential
energy landscape. These results demonstrated the utility of Brownian dynamics

simulations as a tool to probe TIRM for anisotropic particles.
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chemical modification was initially used to fabricate Janus particles, with
approximately 50% area coverage, but was developed further into a robust technique
called Glancing Angle Deposition (GLAD) capable of fabricating particles with patches
of various areas and geometry”*®>. GLAD is now regularly used to produce patchy
colloids of varying native particle and patch composition, surface area, and geometry”®.
The nominal patch thickness is typically controlled by the instrument used for the
deposition process, while the patch size and shape are controlled by adjusting the
substrate inclination angle and the angle with respect to the crystallinity axis. Scanning
electron microscopy is effective for measuring the patch surface area and geometry, but
there is currently no practical method for measuring patch thickness. The patch
thickness is typically assumed to be equal to the nominal thickness along the entire
patch contour. Yet, the real patch thickness, as well as the variation of the thickness
along the contour of the cap is important for predicting and interpreting the dynamics
of patchy colloids at equilibrium, in response to external fields, or swimming in

response to local physiochemical gradients.

3.2 Experiment and Methodology

Herein we report the first local measure of patch thickness for Janus particles
comprising native polystyrene spheres with a gold patch of approximately 50% area
coverage (i.e. a Janus cap). In summary, Janus particles were fabricated by deposition
of a thin layer of gold in a physical vapor deposition system via thermal evaporation
technique on one hemisphere of native polystyrene beads (Figures 3.1A — 3.1B).
Following the gold coating process, a particle of interest was locally coated with carbon
(Figure 3.1C). Local measurement was achieved by cutting away a portion of the Janus

particle with a focused ion beam (FIB) to reveal the Janus particle cross-section (Figure
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Following addition of the gold layer, the samples were transferred to a FEI Helios
650 Field Emission Scanning Electron Microscope with Focused Ion Beam. Carbon
was locally deposited with the electron beam using an in-sifu gas injecting system (GIS)
to protect the surface before ion beam cutting. Carbon was used rather than the default
Pt to enhance the contrast of the gold in the image, as seen by the thin rectangular layer
surrounding the particle (Figure 3.1F). The additional carbon layer also helped to
protect the thin gold layer from delamination during the subsequent FIB cut. A 16 kV
0.43 nA4 ion-beam current was used with the FIB to mill away layers to reveal the cross-
section of the particle (Figures 3.1G & 3.1H). Finally, the particle was imaged at an
angle of 6 = 52° (angle in which the particles are normal to the ion beam) to visualize
the gold layer thickness. The tilt angle of the sample impacted the interpretation of the
imaged thickness. The extent of impact depended on the angular ¢ position of the
measurement because only distances in the y-axis required correction (Figures 3.2 &
3.3). SEM images revealed the gold coating as a thin line of bright pixels on the top
perimeter of the particle. Images were processed to determine the local thickness of the
bright line. An in-house made code was developed to analyze of the images and
calculate thickness of the coating (APPENDIX 3.1). In the image processing for the
image, the mean intensity of 1842 pixels at three locations (¢ = 135°, 90°, 35°) around
contour of gold was equal to Im = 162.29 and standard deviation equal to s = 12.09. The
threshold used to make the image binary was Im — s = 150. The threshold was rounded
to obtain an integer. In Figure 3.4, the thick white line is the gold cap, while the diffuse
pixels above are stray pixels. As it can be seen in Figure 3.4 image processing was
conducted to exclude the stray pixels by both avoiding the area of the image in which
they appear and also only counting a pixel when it has two bright neighbors. Later, each

image was processed with 1000 intensity profiles between (¢ = 180° - 0°) (Figure 3.5).
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cap was measured with a custom macro written for Fiji (https:/fiji.sc/). An ellipse was
fit to the curve representing the cap because the spherical particle appeared as an ellipse
as the sample was imaged at an angle (Figure 3.3). The pixel depth was then measured
along a line from the center of the ellipse to a point closely (40 — 50 pixels from center
of contour) outside that of the cap. Intensity profile curves were then analyzed to
pinpoint the location of the boundary between the core polystyrene particle and the gold
metal cap by identifying the portion of the curve that possess a pixel depth of zero for
each particular angle ¢ and repeating the measurement along 1000 profiles from ¢ = 0°
to ¢ = 180°. Included in this measurement was a requirement that a pixel was counted
as gold if and only if three pixels in a row had a depth greater than or equal to 2 x 255
=510. Thus, single dark pixels with two bright neighbors count, while a dark pixel with
one bright neighbor and one dark neighbor would not count as gold. This requirement
included dropped pixels in the cap interior, but excluded stray pixels outside the cap.
Finally, the actual length was determined by converting the pixel number counted as
gold (integer number of pixels) to real thickness (nm), while accounting for the image
tilt. The pixel resolution varied slightly depending on the imaging conditions, from 1.04
nm/pixel to 1.67 nm/pixel. The specific processing procedure used herein identified the
cap to the level of a pixel, meaning the limiting resolution of our result is approximately
~ 1 nm. Note that increased resolution of this technique may be achievable by utilizing
additional image processing steps that are often used in particle tracking to achieve sub-

pixel accuracy®’.
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summarized in Figure 3.3, Figure 3.4 shows strong variation in cap thickness along
the contour of the particle. However, there were no perceptible differences between
caps deposited at the rates chosen, either in the coarse variation of cap thickness or in
the local roughness. The histograms show very similar distributions, with mean
thicknesses and standard deviations of 14.02 nm = 6.01 nm, 11.84 nm £ 5.77 nm, 14.66

nm + 6.66 nm for 0.5 A/s, 1 A /s, and 2 A /s, respectively.

3.4 Conclusion

In summary, I presented an experimental and image processing procedure to
measure the local cap thickness of Janus particles consisting of a 5 um native
polystyrene particle with a gold cap. Our data shows cap thickness strongly varies over
the contour of the cap and that deposition speeds between 0.5 A/s to 2 A/s do not
significantly alter this thickness variation or roughness of deposited material. These
data can be used to accurately model the thickness of the cap for experiments or
simulations that are concerned with the dynamics of a Janus particle at equilibrium or
in response to external fields. Most work concerned with Janus particles has assumed a
uniform coating thickness. However, non-uniform coverage (as detailed herein) will
certainly impact the rotational and translational dynamics of a Janus particle in different
environments. Note that this work was done only on one slice to demonstrate a proof
of concept for imaging the Janus layer. It would be possible to image and assemble of
a full 3D model of the cap by using the “slice and view” method ** ! Slice and view
is an automated protocol for conducting serial sectioning of the sample, where each

feature of interest is traced to create a 3D model of the cap.
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equilibrium 1811,

Various parameters influence the dynamics of anisotropic
colloids!?* 12 Particle confinement will impact the hydrodynamic interactions between
the colloid and boundary, thereby influencing particle mobility. Brownian motion and
conservative (i.e. path independent) forces, such as electrostatic double layer repulsion
and gravity, will also impact the dynamics of a confined spherical Janus particle.
Although not dependent on orientation for an isotropic particle, each of these
phenomena will likely depend on the orientation of an anisotropic particle. For
example, a Janus particle with anisotropy in zeta potential will experience an
electrostatic interaction that depends upon orientation with respect to the boundary®®.
Rotation of the Janus particle at a constant separation distance from a boundary induces
an effective change in an interaction, which then alters the probability density at that
particle’s position.

Janus particles are fabricated by coating one hemisphere of a spherical colloidal
particle with another material, usually a metal such as gold®*!?*. The cap typically has
some nominal thickness from a few to tens of nanometers, but direct measurement of
the coating thickness has shown the cap to be non-uniform across the contour of the
particle®. Tracking translational and rotational displacement of Janus particles at
various boundary, physiochemical, and rheological conditions will assist in
understanding the dynamics of these particles®"'>>"1%7_ Various studies have focused on

11,12

the rotation of isotropic!"*1? and anisotropic colloids!®*1?°. There has been some work

98,130
2

on the translational and rotational dynamics of Janus particles near a boundary on

the effect of mass-anisotropic coating on the dynamics of active particles away from a

131-133

2

boundary and on the dynamics of Janus microswimmers which have bottom

heaviness nearby surfaces!**. Experimental techniques such as confocal

36,135

microscopy>®!¥, evanescent wave scattering!*®, video-microscopy!'®’, and holographic
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may also play a role at sufficiently small separation distances (h < 100 nm), but is

neglected herein**1%2,
A charged spherical colloidal particle with radius a and separation distance 4 (see
Figure 4.1a) will experience an electrostatic force that depends upon the size of the
1

particle, the solution Debye length x/, and Stern potential of the particle and the

substrate. The conservative force F; is calculated by:

doe(h) 4
F.= —dc—h = kBexp(—«xh) — gna3(pp — pf)g 4.1
Electrostatic Gravitational
2
B = 64mepera (%T) tanh (ZISST) tanh (%) (4.2)

K= /;f% (4.3)
where B is the electrostatic charge parameter, p, and prare density of the particle and
fluid respectively, g is gravitational acceleration, & is the electric permittivity of
vacuum, & is the relative permittivity of water, e is the charge of an electron, (s and C,
are the zeta potentials of the surface (boundary) and particle respectively (equated with
the Stern potential), £ is the Boltzmann’s constant, 7" is temperature, and C, is
electrolyte concentration in the bulk. This expression is applicable to an isotropic
particle with uniform surface chemistry. A meshing method was previously developed
to account for these forces on a chemically anisotropic particle with a non-uniform zeta

potential®®.
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surface of a mesh point, hyy, is equal to substrate distance from the mid-point of the

curved meshed surface (hg;, = hp + L/2). The total torque was calculated by summing

contributions from each projected flat surface area. The sum of clockwise and counter-
clockwise torques at each time step provided the electrostatic torque on the Janus
particle:

TaL—total = X Tar() (4.6)
where Tq;_iotal 18 electrostatic torque between the Janus particle and the substrate.

The gravitational torque on a Janus particle originates from the density
distribution mismatch between the cap and native particle. Although gravitational
deterministic torque affects the rotation of the particle about an axis parallel to the
substrate, there is no impact on the rotation of the particle about the z-axis (see Figure
4.1) because of the particle’s axisymmetric geometry. Note that for the work
summarized herein, we assumed the coating thickness distribution to be uniform over
the contour of the particle. The weight of right and left hemispheres of the Janus particle
was calculated at each time step with respect to a dynamic spherical coordinate system

and a vertical plate that passes through the particle center. The gravitational torque was

calculated:

Te_total = (Weight_capright — weight_Capjesr) X Weom 4.7

weight_Capyign, = Total cap weight X ZS:T (4.8)

weight_Capiee = Total cap weight — weight_Capyign: (4.9)
_ 2a a sin(2a)

Weom = nxsin(a) X (2 + 4 ) (4'10)

where w¢,y 1s the center of mass (Figure 4.1b) and « is half of the angle swept out by
the non-canceled portion of the cap (Figures 4.1b, 4.1¢, & 4.8). Note from Figure 4.1

and equations 4.7) — 4.10 that particle symmetry was utilized to calculate torque. The
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portion of the non-cancelled cap, swept out by the angle 2, was the body contributing
to gravitational torque, while the remaining cap and hemispheres of the native particle
cancelled. To calculate center of mass of the cap we used a geometrical method. The
geometry required for the center of mass in the torque calculation was that of a semi-
hollow hemisphere (Figure 4.2). The axisymmetric nature of the relevant geometry
allowed for the center of mass to be obtained at some position along the x-axis. A cut
of the cap was required to account for the non-canceled torque of the Janus particle
when rotated away from 6 = 0° or 6 = 180°. Finally, the cap thickness was small enough
as compared to the particle radius that it was neglected in center of mass calculations.

The center of mass was calculated by:

[xd [xda
Weom =4 =T oz 4.11)

Where dm is a differential mass element, M is total mass, dA is a differential surface
area element, and A is the total surface area. By replacing x and dA values with the

expressions found in Figure 4.2, w,, was calculated:

@ . .
acosysinpadyacosyde
o v0

4.12
f:f:adzpacoswmp ( )
The result following integration is the center of mass:
_ 2a a sin(2a)
Weom = mxsin(a) X (2 + 4 ) (4.13)
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Dean and O’Neill®® considered the polar rotation of a bounded sphere about an
axis parallel to the planar surface. Goldman’’%!>3 ypdated the Dean and O’Neill
solution and numerically computed the solution in form of dimensionless force and
torque on a rotating sphere. We previously fit several gap ranges to implement the
corrected Dean and O’Neill expression based on the numerical fit from Goldman.*® The

comprehensive polar rotational diffusion coefficients are as follows:

kT
8mnas

Dro = /a°(h) = 4 /q°(h) (4.16)

—-0.1815
q?(h)::a9641(§) 2 <06 4.17)
h —0.07286 h
q®(h) = 1.056 (;) 0.6< =<2 (4.18)
q®(h) =1 2>2 (4.19)

4.2.3 Brownian dynamic simulation (BDS).

We carried out Brownian dynamics simulations to track rotational and z-axis
translational motion of a Janus particle. The Langevin equation with a thermal
fluctuating force, conservative forces, hydrodynamic forces, as well as torques, was
used to formulate a stepping algorithm for the Janus particle. A well-known inertia-less
numerical solution was obtained by Ermak and McCammon’? to solve the Langevin
equation at small Reynolds numbers. This numerical solution was used to predict the
dynamic behavior of a single particle and consequently track the position of the particle
at consecutive time steps. The z-axis translational and polar rotational trajectories of a

single particle were predicted via Ermak and MaCammon stepping algorithm:

d

h(t + 4¢) = h(0) + d’?fAt + %FAt + H(4D) (4.20)

Dr,e TgetAt

O(t +4t) = 6(t) + L2

+ G(4¢) (4.21)
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These stepping algorithms are valid when the time step (4¢) is longer than the
momentum relaxation time of the particle and is short enough such that the system
properties are constant. The momentum relaxation times for the colloidal particles in
the range of particles we use in our simulation are in the order of 107%s>* In the z-axis
translational algorithm, F represents conservative forces on the particle and H, which
has (H?) = 2D,At variance, is the Gaussian random fluctuation due to Brownian
motion. The total force F was the sum of the double layer repulsion and gravity. In the
polar rotational algorithm, T4, is the deterministic torque, which may include
contributions from a mismatch in electrostatic forces near the Janus boundary and
gravitational force due to a mismatch in the density of the cap and particle. G(4t),
which has (G?) = 2D, gAt variance, is Gaussian random rotation due to the stochastic
torque. Electrostatic torque results from the asymmetry in electrostatic force arising
when the Janus boundary separating the two hemispheres of different properties rotates
towards the wall (6 = 90°). The gravitational torque depends on the polar orientation of
the particle and the weight of the cap, which in turn depends on the thickness, total size,
and cap material. Note that although the stepping algorithms are uncoupled, height (Eq.
4.20) and rotation (Eq. 4.21) may have synergistic effects. The height of the particle
will impact rotation by effecting the rotational diffusion coefficient, electrostatic and
rotational stochastic torques. Also, the orientational position of the particle will impact
z-axis translational by affecting the electrostatic force between the particle and the
substrate.

A MATLAB code was developed to implement the Brownian dynamics
simulation for our system (APPENDIX 4.1). Zeta potential is a key factor in calculating

electrostatic double layer repulsion force between colloidal particles and surrounding

media. We addressed the challenge of accounting for variations in zeta potential with
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an existing meshing method?® in which the sphere was divided into small parts in both
the azimuth (¢) and polar (@ ') angles. Each small meshed region has its own value of
zeta potential; the small curved area was projected parallel to the boundary. The
electrostatic force was calculated between each small projected flat surface and the
substrate. The sum of the electrostatic interactions between the small projected area and
the substrate is the double layer electrostatic force between the particle and the
substrate. At each time step, this force was calculated as one of the conservative forces
(F) in Equation 4.20. Finally, the time step for each simulation was set as At =5 ms.
For all the system conditions studied here, the stepping algorithms were run 10 times
each for 4.8 x 10° time steps. The number of observations at each separation height or
orientation is the average of 10 sets of simulations. In all simulations the Janus particle
cap includes a 2.5 nm titanium as a sublayer in addition to the reported gold layer
thickness. Experiments regularly include a thin layer of titanium to increase adhesion
of a gold coating on a polystyrene particle. A summary of simulation conditions and

particle properties is provided in Table 4.1.
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TABLE 4.1. Simulation conditions and particle properties used in the study.

Property Name Value
Particle diameter 1 pm—6 pm
Particle material Polystyrene
Polystyrene Density 1.055 grlcm™
Gold coating thickness 2 nm - 20 nm
Gold density 19.32 gr'cm’®
Titanium Density 4.5 gr'em®
Temperature 298.15K
Electrolyte concentration 1 mM
Debye length 9.6 nm
Time step 5 ms
Initial orientation position /2
Number of time steps 4.8x10°
Surface zeta value -50 mV
Particle coated side zeta value S mV
Particle un-coated side zeta value -50 mV

Number of iterations for each simulated condition 10

4.3 RESULTS & DISCUSSION
4.3.1 Influence of deterministic torque on particle rotation dynamics.
We defined a dimensionless rotation number (DRN - @) that balances the

deterministic and stochastic torques:

n Agdet
6= (4.22)

where 460, and A6, are the rotational displacements of the Janus particle in the polar
direction due to deterministic and stochastic torques, respectively. This dimensionless
number furnished a direct quantitative measure of the relative influence of deterministic
torque as compared to stochastic torque on the particle. Note also that the DRN is a
dynamic quantity, in that it will depend upon the time step. Thus, the proceeding
comparison is applicable to the time step conditions we tested herein.

Stochastic rotational fluctuations dominate at small values of DRN, while
deterministic fluctuations become more relevant at large values of DRN. We calculated

the DRN to compare fluctuations from gravitational and stochastic torque absent of
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hydrodynamic hindrance as a function of particle size. The expression for calculating

the deterministic rotational displacement is:

Dy o Buik<Tdet>A4t
kT

A0, (A1) = (4.23)

where < Ty, > is the average deterministic torque over 180 orientations and D.. g gk
is rotational diffusion coefticient in the bulk, ensuring that this DRN will be height
independent. Torque, < T4, > was obtained by uniform averaging over 180-degree in
the (clockwise) orientation according to Equation 4.10. We used the standard deviation
V{(G?) = /2D, ¢At for calculating the random torque on the rotation of the Janus particle
(Eq. 21) as the stochastic contribution. Further, DRN was developed to approximate the
impact of gravitational force, thereby neglecting electrostatic torque. However, the later
effect was included in all subsequent calculations found in this paper, although previous
work has shown electrostatic torque to be small®®.

Figure 4.3a shows the impact of stochastic torque embodied in the rotational
displacement experienced by a Janus particle as a function of diameter and with a gold
cap thickness of 20 nm. Increasing the diameter of the particle induced a decrease in
the fluctuations arising from stochastic torque because of the correlation between the
diameter of the Janus particle and rotational diffusion coefficient (see G(4t) term of
Eq. (4.21)). The characteristic fluctuations arising from deterministic torque were
calculated for the same conditions. Deterministic torque had a qualitatively similar
impact on rotation as stochastic torque (see Figure 4.3b); the magnitude of rotation
decreased with increasing particle diameter at fixed cap thickness. However,
deterministic torque decreased more slowly with increasing diameter as compared with
stochastic torque. The origin of this trend for deterministic torque is in the competing
effects of diameter on rotational displacements. The rotational diffusion coefficient (see

Eq. 4.23) decreased with increasing diameter, but the magnitude of deterministic torque
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um diameter particle, which experienced random rotation such that orientational states
are distributed across all available 6.

As was done previously for separation distance observations of isotropic
spheres®, observations of position and orientation were used to calculate the potential
energy landscape for a Janus particle. Histogram landscapes shown in the previous
section were interpreted to obtain the potential energy of interaction for a Janus particle
with a cap of non-matching density. In the BDS, we used a non-coupled translational-
rotational Langevin equation to solve BDS. The single spherical particle of our model
system allows us to neglect translational and rotational coupling motion. As the
translational and rotational are not coupled so the probability of finding a Janus particle
at a particular separation distance and orientation can be independent.

We assumed the probability of finding a Janus particle at a particular separation
distance and orientation was independent and equal to the product of those individual
probabilities:

p(h,0) = Ape /KT fye=Po/KT = pe=Fc/KT (4.24)
Ph (4}

where ¢, is the potential energy associated with changes in separation distance, ¢y is
the potential energy associated with changes in orientation, ¢, is the total colloidal
potential energy (¢, = ¢ + ¢g), and A is a normalization constant chosen such that
the cumulative probability summed over all states equals 1. Equation 4.24 can be
rearranged and the normalization constant eliminated by subtracting the potential
energy of the most probable state ¢.(h,y,, 0,,), where hy, and O, are the most probable
separation distance and orientation corresponding to a maximum in the probability

density landscape. Thus, the potential energy landscape was calculated by:

dc(h,0)-dc(hy ,Om) _ n(hm,0m)
KT =In n(h.0) (4.25)
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materials and developing new applications that rely on particle dynamics or transport.
Further, Janus particles have also been suggested as probes of local rheology and
mechanics of material. The phenomena described herein should be taken into account

when utilizing Janus particles in this manner.
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CHAPTER V
INTERPERETING THE MORPHOLOGY OF EVANESCENT WAVE

SCATTERING FROM AN ELLIPSOID

5.1 Introduction

Anisotropic colloid particles have garnered the attention of scientists and
engineers in recent years'3:1°7-16 Colloidal particles with non-uniform features, from
surface chemistry to non-spherical shape, are considered anisotropic. The potential
application of these particles in advanced materials has ignited interest among
researches in academic institutions and industry!**14167 Many research groups are
now able to synthesize various types of anisotropic particles for different purposes. For
example, in some studies, scientists can synthesize colloidal muscle-like fibers of Janus
ellipsoids by self-assembly!”. Janus particles with dissimilar hemispheres have been
used to stabilize interfaces. In one study, mushroom-like Janus polymeric particles as a
surfactant were used to stabilize 1-octanol-in-water emulsion droplets'®. In another
study, a silica-based Janus particle*! with hydrophilic and hydrophobic domains was
used to strongly stabilize a foam.

Colloidal interaction forces play an important role in determining the properties
of a variety of macroscopic material properties such as performance, stability, storage

life, and rheology of suspensions. Forces relevant to colloidal suspensions are either
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conservative or non-conservative. Conservative forces are path independent, while non-
conservative or dissipative forces are path-dependent. Typically encountered
conservative colloidal interaction forces are electrostatic double-layer repulsion, van
der Waals dispersion interactions, solvation or hydration force, hydrophobic force,
depletion interaction, steric force, and gravity**-16%16%,

Techniques for measuring colloidal scale surface forces are necessary to engineer
and develop new and better-performing materials. Multiple experimental techniques,
including atomic force microscopy (AFM)*, the surface force apparatus (SFA)*,

6 holographic microscopy®’, and Total Internal Reflection

confocal microscopy?
Microscopy (TIRM), have been developed over the past few decades to probe these
interactions. AFM and SFA, modified with a colloidal probe, are robust techniques that
have been widely adopted to measure surface forces between the probe and a
substrate®!. Similarly, TIRM has been developed to measure the surface force
experienced by a single colloidal particle immersed in a liquid nearby, but not adhered
to, a substrate®®. TIRM tends to be more sensitive than AFM and SFA because TIRM
uses a ‘thermal’ energy scale (i.e., ~ kT, k is Boltzmann’s constant). In contrast, AFM
and SFA operate on a mechanical energy level (i.e., ~ ksX%2, ks is the cantilever spring
constant)’!. Unfortunately, none of these techniques are easily adapted for measuring
surface forces for anisotropic particles; AFM, confocal microscopy, and conventional
TIRM are designed for measuring dynamics and forces for spherical isotropic particles.

Physical and chemical asymmetric properties of anisotropic particles induce
forces associated with them (ex. electrostatics) to become orientation dependent. The
central goal of my Ph.D. research was to develop an experimental methodology and

design for conducting TIRM on anisotropic particles. For this purpose, I chose an

ellipsoidal as a model particle to develop a TIRM system suitable for anisotropic
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particles. In the first part of this chapter, I describe a conventional TIRM system and
initial benchmarking experiments conducted in our lab. In the next section, I describe a
working hypothesis that drove the development process for a new TIRM technique
called "Scattering Morphology Resolved — TIRM" (SMR — TIRM) as well as a
methodology to create this technique. Finally, I described the experimental efforts,

results, and conclusions.

5.2 Conventional Total Internal Reflection Microscopy

Total Internal Reflection Microscopy (TIRM) is an optical technique that has been
developed over the past few decades to directly and sensitively probe colloidal surface
force interactions between a single mobile colloidal particle immersed in a liquid and a
flat substrate. The surface forces could be as weak as a few ~kT. The essence of TIRM
is in measuring fluctuations of a single colloidal particle under the influence of
stochastic or Brownian motion normal to the nearby substrate®!-324

Conventional TIRM is conducted on a chemically isotropic sphere to measure a
variety of ~kT scale interactions. For instance, over the last few decades, scientists have
successfully measured depletion interactions®, electrostatic double-layer repulsion?,

170

van der Waals attraction,!”" steric interactions*®. Recently, the application of TIRM has

been expanded to measure colloidal interactions at liquid-liquid interfaces and

biological systems. Helden et al >

applied TIRM to evaluate the dynamic behavior of
solid colloid particles and oil droplets in the oil-water interface. Scientists have even
used evanescent waves to observe the detachment and separation distance of bacterial

cells from a substrate!”'. Swavola et al. mimicked bovine serum albumin and a mucus

system in the format of a coated particle and a substrate and applied TIRM to measure
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medium, and a refracted wave arises in the second medium. When the incident angle is
bigger than the critical angle (Fig. 5.1D), the refracted wave disappears, the incident
totally reflected in the first medium, and an evanescent wave parallel to the interface is

created in the second medium. The critical angle can be defined as:

Oc = sin~1=2 (5.1)

nq
Where 6. is the critical angle, n, and n, are the refractive indices of the first and the
second mediums, respectively. One significant difference between an evanescent wave
and a propagating wave is that an evanescent wave decays exponentially, which limits

its travel in different mediums. An evanescent wave has a broad range of applications.

4

2

It is used in dynamic light scattering!”®, infrared spectroscopy!’, fiber- optic
biosensors!’*, and many others. TIRM works by utilizing the evanescent wave or total
internal reflection phenomena concept (see Fig. 5.1).

The intensity of light scattered by a particle very near that interface depends

sensitively on the separation distance:
[=Ipe Ph (5.2)

where Io is the intensity of light scattered from a particle at h = 0 (i.e., stuck to the
surface) and f3 is the inverse decay length, which is a function of the incident angle of

the laser beam and material of the substrate. The inverse decay length is defined as:

B =2 (nysin6)? — 13 (5.3)
where A is the incident laser wavelength. The decay length (1) or penetration depth
represents the depth that the evanescent wave can diffuse in the second medium. As the
exponential equation is sensitive to the height, extremely minimal changes in height

results in a measurable change in the intensity. Light scattered from the particle is
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typically collected by either a photomultiplier tube (PMT) or a charge-coupled device
(CCD) camera.
The potential energy of the particle at each height is calculated by assuming the

particle samples a Boltzmann distribution of heights. Boltzmann’s equation is given by:

p(h) = A exp(— 52 (5.4)

where p(h) is the probability density function at heights in the range of h and h + dh,
@(h) is the potential energy profile at that range, and k7 is the thermal energy. The
shape of the histogram of the probability density function is similar to the shape of the
histogram of intensity N(I). The probability of finding a particle at a specific height
(p(h) dh) is similar to (but not exactly the same as) the intensity probability (p(I) dI)
at the particular range of the intensity. According to the mentioned relationship between

the probabilities, we can write:

p() _ PUM) I(h)
p(hy) P(I(hz)) 1(hy)

(5.5)

P(I(h))

In this equation, the ratio of P(I(h,))

is equivalent to the ratio of the number of intensity

N(I(D)
N(1(hy))

observation at the specific range of the height ( ). By using Boltzmann’s

equation (Eq. 5.3), equation 5.5 and replacing of the probability of the intensity ration

with intensity ratio observation, the potential energy profile (Eq. 5.6) is deduced from

a TIRM experiment by:
(D(h)— Q(hm) _ N(Im)lm
KT =Ln N(D I (5.6)
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5.4.1 TIRM Setup

The TIRM hardware setup (Fig. 5.1) includes three main parts. The first part is
the mount (Fig. 5.4), which 1s a combination of equipment to create an evanescent wave
and places to put the dispersion on it. The second part is an optical microscope to collect
scattered light. The last part of the system is a software to convert the collected scattered
lights by an optical microscope to images and videos. The mount includes a laser beam,
a single-mode fiber optic, a collimator, a polarizer, prism, and base to put together the
different parts of the system. The polarizing filter is used to let only light of specific
polarizing transmits through it, and block the other polarizing. The optical microscope
includes a stage, an objective, and a charged-coupled device (CCD) camera. Also, we
use Cellsens software to convert the data from the optical microscope to the images and
videos. The detailed technical features of the mentioned parts are explained in Table
5.1.

Table 5.1. The TIRM hardware part specification details.

Name of the Part | Description Manufacturer
Mount
Laser PLM-633.0-PMF model — 633 nm laser | NECSEL Co.
Power output > 40mW
Fiber Optic Im long fiber optic with FC/PC NECSEL Co.
Collimator CFC-8X-A - f=7.5 mm, ARC: 350-700 | THORLABS Co.
Polarizing filter Rotating Linear Polarizer Module, 500 - | THORLABS Co.

Prism 25mm(W) x 5S0mm(L) Facilitated by 75°
& 68 ° edges
Base Made of Aluminum In-house made

Optical Microscope

Optical Microscope

Olympus BX51WI microscope

Olympus Co.

Optical Objective

LUCPLFLN40X Objective, NA =0.6

Olympus Co.

CCD Camera

Max 115.1 frames/Sec with binning

Hamamatsu Inc.

Software

Cellsens Software

Olympus Co.
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(HPLC grade, AlfaAecer Co.) several times until any oil has been removed from the
surface. 1 repeated the same process with ethanol (200 Proof anhydrous, Decon
Laboratories Co.). Finally, I rinsed them with water and then dried the prism quickly
with the aero duster (MS-222N, Miller Stephenson Co.) to remove fibers that may exist
on the surface. The optical faces of the prism should look pristine. After cleaning, I put
the prism into the chamber of the plasma cleaner and cleaned it for 2 minutes. After
placing the prism in the mount, the dispersion was injected into the TIRM cell, which
includes a microscope slide, surrounding gasket, and a microscope cover glass (Fisher
Scientific - 24x50-2 mm) on top of the prism (Fig. 5.4). Microscope immersion oil
(Thermo Scientific Resolved) was used to optically couple the prism and the
microscope slide. Grease (Dow Corning vacuum grease) was used between the gasket
and the microscope slide and the cover slide to prevent leakage. The particles were
monitored using an Olympus BXS51WI upright optical microscope and Olympus
LUCPLFLN40X objective. A laser beam (A= 638 nm) at 68° or 75° angle of incidence
was used to create an evanescent wave. The critical angle for the glass prism and water
is 57.4°. After putting the mount on the microscope stage and injecting the dispersion,
at least thirty minutes is necessary for the particles to settle. Raman Box Control Panel
software was used to adjust laser power as well as turn on the laser. The scattered light
from the particles was captured at 24-frame per second rate for 25 minutes. This process
generated 36000 frames, which were collected by a charged coupled device (CCD)
camera (Hamamatsu Inc.). The images were transferred into CellSens software
(Olympus Co.) and saved in a big tiff (btiff) format. The scattered light intensity value
at each frame was measured by an in-house made MATLAB code (APPENDIX 5.1).
In this code, after loading the video in btiff format, the pick point of the scattered light

intensity value was found as a reference to track the particle. The next step in the code
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is calculating the background of the frame. For this purpose, the average of the twenty
pixels at four directions from the pick pints was calculated as the background of each
individual frame. The intensity value at each frame was calculated by the integration of
the pixel values at each frame minus background intensity of the same frame. The raw
captured scattered light intensity from each experiment was initially converted to an
observation histogram and then to a particle height distribution (Figs. 5.2A & B).
Equation 5.6 was used to convert the number of observation histogram data to potential

energy profile (Fig. 5.2C).
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5.4.3 Preparing of polystyrene ellipsoids

I chose ellipsoid polystyrene particles as a model system for this study. In the
SMR — TIRM experiments, the various aspect ratio of ellipsoid particles was used.
Ellipsoids were synthesized with the monoaxial stretching technique. In this technique,
spherical polystyrene particles are dispersed in a low concentration polyvinyl alcohol
(PVA) solution. I added 13.358 g PVA in 534 .38 g of pure water and began mixing at
400 rpm on the magnetic stirrer. To prevent the PVA from clumping, I added it slowly.
I left the solution to mix for 24 hours; 12 hours at room temperature and 12 hours at
50° C. After filtering the PV A/water solution, I added approximately 1 gram of 5 pm
polystyrene suspension to the glass bottle and shook it gently to mix and avoid bubbles.
The solution was casted to create a PVA/polystyrene film. Then I waited for the water
to evaporate. It caused only PVA and the polystyrene embedded in the film to be left.
After peeling the film from the surface, the dried film was cut into 7x7 cm squares of
PVA films. Next, the small film pieces were tightly sandwiched between two metal
holders in a mono-axial starching apparatus and heated to 145° C. During the stretching
process, the film is stretched in a single direction to reach the desired aspect ratio. The
stretched length depends on the thickness of the film, temperature, and heating time.
Next, the stretched film was dissolved in IPA/water stirring solution. The ratio of IPA
to water 1s 3 to 7, and the stirring speed is 400 rpm. I repeated the similar washing
process with IPA/water three times and with pure water six more times. After the
washing process, the ellipsoids were ready to be used.

Ellipsoids prepared in this way typically maintain a strong bound surface charge.
For example, a sulfate polystyrene particle will still have sulfate groups exposed after
stretching. This surface charge is vital because a strong repulsion force from the surface

is necessary to maintain the particles being stable during the experiments. Figure 5.6
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5.4.4 Map the evanescent wave scattering from spheroids at known height and
orientation.

I performed SMR — TIRM measurements on a group of horizontally stuck (h =
Onm) ellipsoid particles at different ¢ orientations to prepare pixel value maps of those
particles (Fig. 5.8). A comprehensive map of scattering morphology from particles of
known aspect ratio and orientation of particles will be measured. The scattering
morphology map will be used as a guide to validate the position and orientation of a
particle at each time-step in an SMR — TIRM experiment. Figure 5.8 shows the
profound difference in scattered light morphology between a sphere and ellipsoidal
particle. Before starting the mapping experiment, I have to make sure that the ellipsoid
dispersion concentration is adequate to prevent interference of the scattered light from
the neighboring particles. Nominally 5 um sulfate latex polystyrene beads were used.
These particles were negatively charged, thereby being repelled at most conditions from
the negatively charged substrate. Deposition was encouraged by increasing the
electrolyte concentration to screen the electric double-layer repulsion force. During
sample preparation, after washing the stretched ellipsoid particles, I dispersed them in
a 10 mM NaCl solution. I sonicated the dispersion for thirty minutes. It helps to separate
potential agglomerated samples before injecting the sample in the cleaned TIRM cell.
Following injection, particles require approximately 30 minutes to settle to the bottom
boundary.

CellSens software was used to collect images and metadata, including the type of
the image, acquisition time, etc. The acquisition time for images was 10 ms. Before
taking images, care was taken to minimize and eliminate interference from scattered
light arising from neighboring particles. Images were collected with backlight, to

characterize the known particle specification, such as aspect ratio, major length, and
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force (left side of the minimum position), as shown in the potential energy profile.
Figure 5.10 show the potential energy profile for each of the two particles. Electrostatic
double layer repulsion is the primary contributor to the left side of the curve. Given that
each particle was suspended in 1 mM NaCl, these curves are similar for each
measurement. However, the slope of the right side of the curve is primiarly dictated by
the weight of each particle. Given that a 3 um of silica particle is heavier than a 6 um
polystyrene particle, the slope of the PE profile on that portion of the surve is larger
than the slope for the PE profile of the polystyrene particle.

One outcome of a TIRM experiment is the determination of particle and solution
properties from the potential energy profile. I fit the potential energy profile with a
nonlinear least square method to determine particle and solution properties. The
calculated particle size and electrolyte solution based on the potential energy profile of
the TIRM experiment (Figs. 5.9.B D) are summarized in Table 1. These results are in

strong agreement with the expected values.
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product’s certification specification shows the mean as equal to 4.9 um, its standard
deviation 0.29 um, and the polydispersity of the product in the range of 5.0 + 0.5 um. I
used the stretched particles in two aspect ratio (AR) groups. Low aspect ratio particles
(LAR), which their AR was in the range of 1.35-1.85 pum, their average was 1.6 um,
and their standard deviation was 0.1008 um. High aspect ratio particles (HAR), which
their AR was in the range of 2.6-3.2 um, their average was 2.8 um, and their standard
deviation was 0.1424 um. In the simulation, the AR that I chose was similar to the
average size of AR of LAR and HAR.

In applying the ellipticity-direction method on the experimental data, the
specification of the scattered light (scattered light direction or AR) vs. different particle
features (particle orientation and AR) was plotted. Figure 5.15 shows the effect of the
ellipsoid particle orientation on scattered light direction. The results predict that
increasing azimuthal angle of the particle (clockwise — check figure 5.14 for particle
orientation definition) leads to increasing scattered light direction approximately linear.
The simulation results for the particles at the same AR range almost validate the
experimental results for both LAR and HAR. Dr. Sergio Dominguez Medina prepared
these simulated images with the T-matrix method in collaboration by Dr. Wriedt. The
changing directionality of the scattered light by changing the orientation of the particle
clearly depicts how the shape of the particle can impact the scatted light. As the shape
and curvature of the particle are not uniform as a sphere, any changes at the incident
angle of the evanescent can create different internal reflection pattern inside the particle.
As a consequence of this phenomenon, we can see the directionality change in this
system. It can be seen in the graphs that at each particle orientation, the directionality
of the scattered light is not exactly unique, and they are not precisely matched with the

simulated results. Many potential parameters may affect this deviation in the
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deviates the particle from ellipse shape. The latter problem can cause an error in
calculating particle AR as well as error in the scattered light morphology. Another
reason for the unmatched polydispersity is the deviation of the ellipsoid particle from
the parallel sticking to the substrate or theta deviation.

To evaluate the effect of theta deviation, I used the simulated images created by
Dr. Sergio Dominguez Medina. Figure 5.20 shows the impact of the theta deviation on
the correlation between particle features and the scattered light properties. At 10-degree
polar angle deviates, the scattered light directionality of simulated images can have up
to 2% deviation in the range of the scattered light directionality distribution. Also, in
the same situation, the scattered light AR can have up to 20% deviation in the range of
scattered light AR distribution. Thus, the polar angle deviation or any error from
appropriate sticking of the particle to the substrate had a significant effect on the
morphology aspect ratio results (and a relatively small impact on the directionality
results). According to the last analysis, the theta deviation may have a significant
contribution to the deviation of the experimental results from simulation results in
figure 5.20A.

Another potential error is Gaussian fitting. In the Gaussian fitting, we expect to
calculate AR of the scattered light. But in some of the images, the scattered light
deviates from ellipses shape, and a tail appears. This tail may impact the accuracy of
ellipticity calculations. In the simulation data, there isn’t such a tail. It seems this type
of tail in some of the experimental data is the consequence of the collecting light by the
microscope system. To understand whether this tail impacts the results, we conducted
a Gaussian fitting error calculation. In this analysis, several error factors were

calculated in the modified 2D-Gaussian code. We figured out that after fitting, the data
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Each of the analyzing techniques has its own advantageous and disadvantageous.
In the ellipticity-direction method, which uses Gaussian fitting to evaluate the data, both
the direction and shape of the scattered light were assessed. This condition can give us
more morphology information as compared to the quadrant method, which only
evaluates the directionality of the scattered light. On the other hand, if the particle
fluctuates in a weak evanescent field for any reason, tracking the scattered light in the
no-binning condition is difficult or impossible. However, at the same evanescent field,
it is possible to track the same particle in a 4-binning condition. It means that in such
situations applying an ellipticity-direction method, which is applicable to images at no-

binning condition, is not possible, but we can conduct a quadrant method.

5.6 Conclusion

In this chapter, I applied the SMR-TIRM device to ellipsoidal particles. The
hypothesis for this work was that both the integrated intensity and morphology of
evanescent light scattered depends on shape and orientation. The hypothesis was tested
by mapping scattered light morphology for ellipsoids of different shape and orientation.
Experimental mapping data was compared with simulated data. 1 designed and
manufactured a TIRM system to help us conduct these experiments. After collecting
data, two methods called ellipticity-direction and quadrant methods were used to
analyze the morphology of the scattered light data from ellipsoid particles. The results
show that particle orientation and aspect ratio correlate the scattered light AR and
scattered light directionality. This information can help us to use these correlations as
a map to unveil the scattered light morphology meaning at the different conditions to

understand the features and positions of the particle an SMR-TIRM system.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

In this thesis, the dynamics of anisotropic particles near a wall, and the possibility
of applying TIRM to anisotropic particles were investigated. I used Brownian dynamics
simulations to predict the dynamic behavior of a Janus particle with a matched density
and mismatched density cap near a wall. T helped to develop a fabrication and
characterization technique for metal-coated Janus particles. I developed a hypothesis
regarding the response of an ellipsoid particle to an evanescent wave and a methodology
to interpret the scattered light morphology. This hypothesis was used to conduct
evanescent wave mapping on ellipsoid particles. Comprehensive knowledge of
interpreting scattered light morphology is essential to use it in TIRM process and

tracking particle position as well as calculating potential energy profile.

To determine the impact of the matching density cap in the dynamics of a Janus
particle, I applied Brownian dynamics simulation on a Janus particle in the range of 1
um to 6 um. The particle had hemispheres with a difference in zeta potential. Particle
rotation was influenced by electrostatic double-layer repulsion force between the
particle and the substrate. Tracking the fluctuation of the particle showed that the

hemisphere with larger zeta potential can get closer to the substrate. I calculated the 3D
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potential energy landscape of the particle following simulation of the position and
rotation of the particle for the first time. This part of the thesis provided evidence that
Brownian dynamics simulation can be used as a tool to probe TIRM for anisotropic

particles.

To identify the effect of the cap weight on the dynamics of the Janus particles
near a wall, I expanded the Brownian dynamics simulation to particles with caps of
density not matching that of the native particle. The output of the simulation showed
that the degree of gravitational torque effect on the rotation of the Janus particle
depended on the size of the particle and coating thickness. At small coating thicknesses
(> 5 nm) and small particle diameters (> 1 um), the gravitational torque was negligible.
Increasing particle size and coating thickness caused quenching of the rotation of the
particle. The potential energy landscape, which was calculated according to the particle
observation histogram, showed that Janus particles of typical size and coating thickness

would sample only a limited number of orientation states.

I used physical vapor deposition to synthesize Janus particle with a cap of
platinum and gold. The technique I used to fabricate was glancing angle deposition. I
presented an experimental and image processing procedure to measure the local cap
thickness of Janus particles in the micrometer scale. The results showed that cap
thickness strongly varies over the cap, which is information necessary for

understanding the dynamics of these types of Janus particles.

Finally, I used the an ellipsoid as a model particle for benchmarking SMR-
TIRM. In summary, the integrated scattered light intensity of an ellipsoidal particle
depended on the height, azimuthal angle, and polar angle, yet the morphology depended

on the azimuthal and polar angles. A potential energy landscape of an ellipsoidal
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It is necessary to add data at polar angles beyond 90° to create a comprehensive
morphology map. To accomplish this, designing new sets of experiments is essential.
Applying an external AC electric field can cause standing the ellipsoid particle. Later,
using an external DC electric field can cause sticking the particle to the substrate. In
this condition, the ellipsoid particle stick to the substrate at a polar angle different than
90°. This polar angle is possible to be measured by the projection of the ellipsoid
particle parallel to the substrate. Applying geometrical methods helps to calculate the
polar angle of particle.

Adding coating on the particle can quench the rotation of the particle. On the other
hand, it is possible to convert the system to an active system by applying an appropriate
cap such as platinum as a catalyst inside a proper solution. It would be an exciting
project to evaluate the effect of the different parameters such as coating thickness and

particle size on the fluctuation and propulsion of this active particle near a wall.
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APPENDIX 3.1
Image analysis code.
xC=getNumber("Enter x coordinate at center of ellipse [pixel]",1595);
yC=getNumber("Enter y coordinate at center of ellipse [pixel]",1264);
B=getNumber("Enter height of ellipse [pixel]",2073);
A=getNumber("Enter width of ellipse [pixel]",2670);
L=getNumber("Enter profile length [pixel]",85);
b=B/2;
a=A/2;
P=getNumber("Enter points along perimeter",1000);
xPIB=newArray(P),
yPIB=newArray(P),
xPOB=newArray(P);
yPOB=newArray(P);
xPIT=newArray(P);
yPIT=newArray(P);
xPOT=newArray(P);
yPOT=newArray(P);
tyT=newArray(1800);,
pfyT=newArray(1800);
k=newArray(L);
for (1=1;1<P;i++){
xPOTJi] = xC;
yPOTI[i] = yC;
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XPIT[i] = (xC-(a+L/2))+2*a+L)*((i-1)/(P-2));

yPIT][1] = -(pow((1-pow(((xPIT[1]-
xC)/(a+L/2)),2))*pow((b+L/2),2),1/2))+yC;

makeLine(xPOT][1], yPOT[1], xPIT[i], yPIT[1]);
run("Plot Profile"),
Plot.getValues(xT, yT);
1=0;
for (k=0; k<(yT.length-2);k++){
tyT[k] = yT[k]+yT[k+1]+yT[k+2];
if (fyT[k]>=510){
pfyT[j] = fyT[k];
setResult(""+i+""j, ptyT[j]);
it
close();

}

saveAs("Results","C:\\Users\\6000459\\Desktop\\Research\\Students\\Lewis\\Cap
thickness ms\\Raw and Processed Imaging Data\\Rashidi Algo\\Plot Values S7 2.0A-
sec_10nm_001 xIs");
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