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To my Mum






Notice how each particle moves.

Notice how everyone has just arrived here from a journey.
Notice how each wants a different food.

Notice how the stars vanish as the sun comes up,

and how all streams stream toward the ocean.

Look at the chefs preparing special plates
for everyone, according to what they need.
Look at this cup that can hold the ocean.
Look at those who see the face.

Look through Shams'eyes

into the Water that is

entirely jewels.

—Rumi-
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Abstract

This thesis presents the self-propulsion of Janus particles near the substrates
functionalized with polymer brushes. The self-propulsion is based on
self-thermophoresis which is a common mechanism to drive the autonomous
motion of particles. Despite recent efforts to understand the mechanism
governing the self-propulsion of thermophoretic particles, the interaction of
particles with the substrate underneath the particle has remained unclear.
However, the interfacial properties of the substrate/fluid interface might
influence the interaction between the substrate and the particle, hence altering
the particle velocity, orientation, etc. Therefore, it is crucial to achieve in-depth
knowledge about the characteristics of the entire system to optimize the active
motion of the particle.

In the first part of this thesis the impact of substrates with various wettabilities
on the active motion of Au-PS Janus particles is analyzed: bare glass, POEGMA
brush substrate, and hydrophobic glass. The results reveal that the slip length
of the substrate has no significant impact on the particle velocity. In fact, the
particle reaches its maximum velocity near the POEGMA brush substrate, which
emphasizes the impact of the thermo-osmotic flow at the substrate and how it
hinders the particle motion.

The second part of this thesis presents the impact of PNIPAM brush substrate
on the active motion of the Janus particles and compares the results with the
motion near a bare glass. Ellipsometry measurements display the thermo-
responsiveness of the PNIPAM brush substrate, whereas combining atomic
force microscopy and contact angle measurements allows to characterize the
morphology, roughness, and wettability of the substrates. The results suggest
an enhanced particle velocity near the PNIPAM-functionalized substrate which
is governed by the no thermo-osmotic flow at the brush/water interface. This
observation encouraged the synthesis of the PNIPAM brush with two different
thicknesses. The higher velocity of the particle near the thin brush reveals an
unprecedented impact of the brush thickness on the particle motion, where
roughness and friction of the brush outermost layer come into play.

The third part is devoted to the self-propulsion of the Janus particle near
POEGMA and PHEMA brush substrates with various thicknesses. Extensive
characterization of the substrates enables a deeper understanding of the
interfacial as well as mechanical properties of the substrates. The thermophoretic
velocities exhibit a surprising behavior: particle velocity increases upon
increasing the thickness of the brush until it reaches a maximum. However,
further increasing the brush thickness leads to a decrease in particle velocity.
This trend has been observed for both brush systems, which demonstrates an
intrinsic dependence of the particle velocity on the flow boundary conditions
and the thermo-osmotic slip at the brush/water interface.
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Zusammenfassung

In dieser Arbeit wird die Fortbewegung von Janus-Partikeln in der Ndhe von
mit Polymerbiirsten funktionalisierten Substraten vorgestellt. Der Selbstantrieb
basiert auf der Selbst-Thermophorese, die ein hdufig beobachteter Mechanismus
ist, der die Fortbewegung der Partikel beschreibt. Trotz jiingster Bemiithungen,
den Mechanismus zu verstehen, der die Fortbewegung von thermophoretischen
Partikeln steuert, bleibt die Wechselwirkung der Partikel mit dem Substrat unter
dem Partikel ungekldrt. Die Grenzflacheneigenschaften der Substrat/Fluid-
Grenzfldche kénnten jedoch die Wechselwirkung zwischen dem Substrat und
dem Partikel beeinflussen und somit unter anderem die Partikelgeschwindigkeit
verdndern. Daher ist es von entscheidender Bedeutung, ein tiefgehendes Wissen
iber die Eigenschaften des gesamten Systems zu erlangen, um die aktive
Bewegung des Partikels zu optimieren.

Der erste Abschnitt dieser Arbeit beschiftigt sich mit Substraten mit
verschiedenen Benetzbarkeiten und wie sie die aktive Bewegung von Au-PS
Partikel beeinflussen: blankes Glas, POEGMA-Biirsten und hydrophobes Glas.
Die Ergebnisse zeigen, dass die Slip-Lange des Substrats keinen signifikanten
Einfluss auf die Partikelgeschwindigkeit hat. Tatsdchlich erreichen Partikel
ihre maximale Geschwindigkeit in der Ndhe der POEGMA-Biirsten, was den
Einfluss des thermo-osmotischen Flusses am Substrat und dessen Behinderung
der Partikelbewegung betont.

Der zweite Abschnitt dieser Arbeit beschreibt den Einfluss der PNIPAM-Biirsten
auf die aktive Bewegung von Janus-Partikel und vergleicht die Ergebnisse

mit der Bewegung in der Nihe eines blanken Glases. Ellipsometrische
Messungen zeigen die Thermoreaktivitit der PNIPAM-Biirsten, wiahrend die
Kombination von Rasterkraftmikroskopie und Kontaktwinkelmessungen eine
Charakterisierung der Morphologie, Rauheit und Benetzbarkeit der Substrate
ermdglicht. Die Ergebnisse deuten auf eine erh6hte Partikelgeschwindigkeit in
der Ndhe des PNIPAM-funktionalisierten Substrats hin, die durch den fehlenden
thermo-osmotischen Fluss an der Biirsten/Wasser-Grenzfliche bedingt ist.
Diese Beobachtung motivierte die Synthese der PNIPAM-Biirste mit zwei
verschiedenen Dicken. Die hohere Geschwindigkeit der Partikel in der Nahe der
diinnen Biirste zeigt einen bisher unbekannten Einfluss der Biirstendicke auf die
Partikelbewegung, die durch Rauheit und Reibung der dufsersten Biirstenschicht
bestimmt wird.

Der dritte Abschnitt widmet sich der Fortbewegung der Janus-Partikel in
der Ndhe von POEGMA- und PHEMA-Biirsten mit unterschiedlichen Dicken.
Eine umfangreiche Charakterisierung der Substrate ermoglicht ein tieferes
Verstandnis ihrer Grenzflichen- und der mechanischen Eigenschaften. Die
thermophoretischen Geschwindigkeiten zeigen ein unerwartetes Verhalten:
Die Partikelgeschwindigkeit nimmt mit zunehmender Biirstendicke zu bis

sie ein Maximum erreicht. Eine weitere Zunahme der Biurstendicke fiihrt
jedoch zu einer Abnahme der Partikelgeschwindigkeit. Dieser Trend wurde

tiir beide Biirstensysteme beobachtet, was eine intrinsische Abhédngigkeit der
Partikelgeschwindigkeit von den Stromungsrandbedingungen und dem thermo-
osmotischen Schlupf an der Biirsten/Wasser-Grenzflache demonstriert.

iii
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Chapter 1

Introduction

Movement on micro and nanoscale has been an intriguing yet mysterious topic
for a very long time. Enzyme-based nanomotors undergo conformational
changes to perform biological tasks."” They consist of a catalytic active region that
sequentially opens up to bind to specific moieties, closes itself to let the reaction
occur, and opens up itself again to release the product. Protein complexes

as molecular motors??

use chemical or potential energy and transduce it
into physical, chemical, or mechanical forces to perform various tasks such
as reproduction and cell differentiation. Microswimmers propel themselves
autonomously at low Reynolds number regime, where viscosity dominates over

inertia.

Nature hosts various types of biological microswimmers whose locomotion
on a microscale has allowed them to search for food, fertilize and survive
over the course of evolution. Flagellated bacteria,**® sperm cells,”* eukaryotic

I'as well as amoebae'® and protozoa are some

organisms, ™ certain algae,’
examples of biological microswimmers. Unicellular microorganisms such as
sperm and Escherichia coli owe their propulsion to the synchronized motion of
their single polar flagellum or several rotary flagella, respectively. The flagellum
is attached to the rear end of the cell body and it generates a propulsive force

and a torque that makes the bacterial cell body move and eventually rotate.”’?

Multicellular microorganisms such as Paramecium contain hair-like structures,
the so-called cilia, all over their body, Figure 1.1. Cilia beat in two distinct
fashion, power stroke and recovery stroke. The former is when the cilium is
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Figure 1.1: left) E.coli bacteria (adapted from www.cdc.gov), right) Paramecium
(courtesy of Science Photo Library)

stretched out straight and it moves in one direction, whereas in the latter case

cilium bends itself while it slowly retracts.’#1*

Inspired by biological microswimmers, scientists started to build analogous
artificial microswimmers at the beginning of the 21st century.’ Ever since,
this field has attracted significant attention in the last decade and extensive

18520

theoretical 117 simulation, and experimental“’* studies have been

devoted to this ever-expanding field. These involve manufacturing active

particles, >

novel methods to induce the self-propulsion, and unraveling
the mechanism behind the self-propulsion. This field holds promises for
various applications such as cargo transport, ! healthcare,*"** motion-based

contaminant sensing,** and environmental remediation.*

A variety of active particles has been developed over the past decade based
on different propulsion mechanisms such as self-diffusiophoresis,***® light-

24139 44145

driven diffusio-osmosis,*** self-thermophoresis,*"* bubble propulsion,

biohybrid, #4462 and self-acoustophoresis.*®

Owing to their simplicity in design and preparation, Janus particles with at
least one metal cap (platinum or gold) have been the most studied case in
this field.*! Janus particles are particles with two various hemispheres and
they are named by Casagrande and de Gennes after the roman mythology
god. Anisotropy of Janus particles has enabled them to generate an out-of-
equilibrium condition around the particle under the right environment, which

is a prerequisite requirement to induce self-propulsion.

Active colloidal particles are often tracked near a substrate and under partial
confinement. This avoids the loss of particle observation into the 3rd dimension,

hence particle tracking is achievable. However, the presence of a substrate is



likely to alter the dynamics of active particles®*>*. The choice of the substrate
as well as its cleaning procedure prior to the measurement could be the reason
for the large discrepancies reported in the self-propulsion speeds of certain
Janus particles.**>>>7 Therefore, the aim of this thesis is to shed light on the
active motion of self-thermophoretic particles in the close vicinity of a substrate
functionalized with polymer brushes. This investigation could also provide
a route to control the speed of microswimmers via the underlying substrate,
which could be applied in the future e.g. to design complex motility landscapes

by patterning substrates with polymer brushes.

This thesis is divided into three main parts. After giving a scientific background
(Chapter 2) and introducing the experimental methods (Chapter 3), Chapter 4
focuses on the impact of surface wettability of the substrate on the velocity
of Au-PS Janus particles with a diameter of 2.4 um. It has been reported
that increasing the slip length of the substrate would potentially increase the
velocity of the particle. In that regard, three substrates with various hydrophilic
properties were prepared, where the wetting of the substrates was evaluated
using static contact angle measurements. This study highlights the role of the
nanobubbles at the surface of the hydrophobic substrate and explains how it

influences the particle velocity.

Chapter 5 explores the impact of poly(N-isopropylacrylamide) (PNIPAM)-
functionalized substrate with various chain lengths on the active motion
of Au-PS Janus particles with a diameter of 1 um. Ellipsometry and X-ray
reflectometry (XRR) were employed to determine the thickness of the brushes
in air and water. The knowledge of the thermo-osmotic flow at the glass/water

interface is the key to understand the velocity profile of the particle.

Chapter 6 presents the self-propulsion of the Au-PS Janus particles with a
diameter of 2.4 um near POEGMA and PHEMA brush substrates with various
thicknesses. The physicochemical properties of the brush substrates are
thoroughly investigated by using numerous methods. The effect of brush
thickness, grafting density, as well as chemical structure on the self-propulsion
of the particle are discussed. Furthermore, it is shown that small variations in
the physicochemical properties of the brush substrate could alter the particle

velocity accordingly.






Chapter 2

Scientific Background

2.1 State of the Art

2.1.1 Active particles

Active colloidal particles move autonomously by converting the energy of
their environment into directed motion under out-of-equilibrium conditions.”®
Self-propulsion occurs in the low Reynolds number regime and it requires
some sort of asymmetry in the particle's structure, surface functionalization,
environment, etc. The energy can be injected into the system either by external
fields, e.g. magnetic or electric fields or internally, e.g. by light, chemical
reactions, etc. In the former situation, the external field exerts forces on the
colloidal particle, whereas in the latter situation the generation of local force
dipoles governs the self-propulsion. Phoretic transport mechanisms such as
self-diffusiophoresis and self-thermophoresis belong to the internally driven

active particles.

The first experimental realization of active microswimmers in bulk was
conducted by Paxton et al. in 2004.°” The Rod-shaped particles of platinum-gold
(Pt-Au) move autonomously in aqueous hydrogen peroxide solutions by
catalyzing the oxygen at the Pt end. The phoretic mechanism is based on
self-electrophoresis which involves coupled reduction and oxidation of H,O- at
the surface of the swimmer. This causes an electric current through the swimmer
which subsequently leads to the generation of a flux of protons around the
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H202 2H* + 2e + H20
- [Pt ed— Au 1<
H—
2H* + 2e" + Oz 2H.0

Figure 2.1: Schematic of the self-electrophoresis at bimetallic microswimmers

60,61

swimmer. As a result, the swimmer moves with its oxidizing head forward,

Figure 2.1.

Later in 2007, dielectric colloidal particles half-coated with Pt were introduced
by Howse et al.>> The self-propulsion of these particles is goverend by the
self-diffusiophoresis. This relies on the decomposition of hydrogen peroxide at
one side of the particle (often Platinum) which leads to the generation of oxygen
bubbles at that side. As a result, a concentration gradient along the surface of
the particle is generated which makes the particle self-propel.®** Downsizing
the particle to micrometer range has led to the disappearance of oxygen bubbles,
despite the self-propulsion. Therefore, the origin of self-diffusiophoresis is still

a controversial topic.

The focus of this thesis is on self-thermophoretic microswimmers. Janus
particles of polystyrene particles half-coated with gold (Au-PS) could be
potentially exploited to generate self-thermophoretic propulsion.*¥> When
a Au-PS particle gets illuminated with laser light (A=532 nm), heat will be
generated only at the gold side of the particle due to the surface plasmon
excitation of the gold cap. As a result, a local temperature gradient is generated
along the surface of the particle which perturbs the equilibrium conditions in
the surrounding medium and finally leads to particle self-propulsion, Figure
2210

Although self-diffusiophoretic mechanism is the most studied case in the field
of synthetic microswimmers, it has a few disadvantages. It mostly relies on
the catalytic decomposition of invasive hydrogen peroxide, which limits their
application in biological fields. Self-propulsion stops as well when the fuel is
consumed. However, in the case of self-thermophoresis, the particle is propelled
via conversion of light into heat and the active motion can be switched on and
off on demand.
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Figure 2.2: Temperature gradient along the surface of the particle generated
due to the Plasmon resonance excitation of the gold cap

A novel method is introduced by Qian et al. to steer individual thermophoretic
Janus particles .’ The “photon nudging” method utilizes rotational random
walks to reorient the Janus particle and the self-propulsion is turned on only
when the swimmer has the correct orientation towards its target. This method
enhances the directed motion of self-propelled particles in the lab frame
and it can be achieved by the optically switchable photophoretic propulsion
mechanism in combination with a feedback control system. Photon nudging
is further employed by Bregulla et al. to navigate Au-PS particles of different

sizes.?%

Self-thermophoresis is not restricted only to Janus particles. Landin et al.
proposes a mechanism in which gold nanoparticle coated melamine resin
particles self-propel upon laser illumination.** However, the whole particle
is not illuminated with light, but rather only a small part of the particle interacts
with it. Therefore, an asymmetric temperature gradient is generated at the
surface of the particle which leads to its self-propulsion.

Self-thermophoresis requires sufficiently strong laser intensity. Gomez-Solano
et al. unveiled a novel method to induce self-propulsion using low laser
intensities.?®® They experimentally investigated the dynamics of silica particles
half coated with carbon in a viscoelastic fluid. The particles are suspended in
a binary mixture of water and propylene glycol propyl ether (PnP), with the
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lower critical point of 31.9°C. 0.05% poly-acrylamide (PAAm) is added to the
mixture to make it viscoelastic. The suspension is illuminated with light which
leads to demixing of the fluid at the particle surface. Thus, the self-propulsion is
governed by the local concentration gradient which causes a self-diffusiophoretic
motion.

The generated flow field around a self-thermophoretic active particle has been
the subject of numerous theoretical studies. Bickel et al. studied the flow pattern
in the vicinity of a heated metal-capped Janus particle.®” They discovered that
if the thickness of the cap exceeds 10 nm, the cap forms an isotherm and the
flow pattern comprises a quadrupolar term which decays with the square of

the inverse distance ~r~2.

2.1.2 Self-propulsion near walls

In most of the above-mentioned examples, the motion of active colloids has been
studied under partial confinement near a glass substrate in 2 dimensions.*” The
theoretical literature of self-propelling particles near walls is rather rich and
mainly based on catalytically active particles near charged substrates. Whereas,
only a few experimental studies have taken the influence of the substrate into
account. The following sections review the recent theoretical and experimental

studies in that regard.
Theoretical studies

The dynamics of a self-propelled Janus particle near a wall is studied

by Ibrahim and Liverpool.>?

They introduce a mechanism called
“wall-induced-diffusiophoresis” which is the result of wall impermeability
to the solute molecules. This mechanism governs the migration of particles
either towards or away from the nearby planar wall depending on whether
the swimmer is a global source or sink. They categorize swimmers in two
classes: inert-face-forward and active-face-forward. In the former case, the
swimmers achieve an enhanced parallel propulsion along the wall before
they are scattered away due to a combination of hydrodynamic repulsion and
wall-induced-diffusiophoresis. The latter deals with swimmers which are

strongly attracted to the wall.
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In a study by Uspal et al. self-propulsion of a catalitically active particle near
a planar wall is further refined.®® They demonstrate that the dynamics of an
active particle can be altered by varying certain particle design parameters such
as the proportion of catalyst coverage, and the attractive or repulsive character
of the solute-particle interactions. In particular, the particle slides along the
wall at a fixed height and orientation, when the particle exhibit high catalyst
coverage and identical repulsive interactions. However, at very high catalyst
coverage and repulsive interactions, the particle reaches a stable hovering state
in which it acts as a stationary micropump. Their developed quantitative model
elucidates the physical mechanisms governing these steady states.

Chiang et al. showed that the interactions between a bimetallic colloidal motor
and a nearby wall generate a localized electroosmotic (LEO) flow underneath
the particle, i.e. along the substrate, which could significantly alter the speed
of the particle.*” According to their developed model, particle velocity slows
down once it moves near a wall that has a zeta potential with the same sign as

the particle.
Experimental studies

Ketzetzi et al. recently reported that the diffusiophoretic velocity of a catalytic
colloidal swimmer is influenced by the hydrodynamic slip at the wall.”!
Their findings indicate that the propulsion speed of the particle increases
with increasing the slip length and hydrophobicity of the substrate. These
experimental findings prove that the impact of the substrate is non-negligible.

The motion of patchy active particles near a wall was studied by Jalilvand et al.”!

They demonstrated that the self-propelled activity of the particles can be tailored
by varying the size of the active area. Moreover, it was shown that the vicinity of
a solid boundary leads to preferential rotational motion of the particles around
their swimming axis. This is explained by the distortion of the solute gradient
near the wall that alters the hydrodynamic interactions between the particle

and the wall. Hence, particle reorientation occurs.

The important impact of the substrate on the velocity of bimetallic catalytic
motors has been further demonstrated by Wei et al., where the role of surface
charges, released ions, and morphology was examined extensively.”? The
glass substrates were functionalized with negatively and positively charged
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polyelectrolyte multilayers (PEMs) and the dynamics of the bimetallic microrods
near the modified substrates were studied. It turned out that upon increasing
the number of bilayers, particle velocity decreases substantially. Such a decrease
in velocity is assumed to originate from the ions which diffuse out of the PEMs
into the solution and contribute to the electroosmotic flow at the substrate, which

in turn reduces the particle velocity.

A study by Wang et al. revealed that the efficiency of bimetallic catalytic
nanorod motors increases by 60% upon coating the glass substrate with
polyethyleneglycol (PEG).®" This finding was attributed to the reduced charge
density of the wall upon modification.

Despite the numerous theoretical and experimental studies focusing on
the influence of walls and confinements on the active motion of catalytic

63170173/74

particles, only little is known about the interactions between

thermophoretic particles and nearby walls.

In an experimental study combined with analytical theory and numerical
calculations, Bregulla et al. investigated the velocity field caused by
thermo-osmotic flow due to a heated gold nanoparticle fixed at the surface
of a glass/pluronic-coated glass.”” They discovered that the slip velocities tend
to be much stronger at interfaces covered with nonionic block copolymers
compared to charged glass. Therefore, the particle velocity is enhanced near the
pluronic-coated substrate.

In the present thesis the substrates are functionalized with polymer brushes.
Polymer brushes are promising candidates to tailor the physicochemical

properties of the substrates”®%

such as surface free energy, surface charges,
wettability, stiffness, topography, responsiveness to external stimuli, etc. Thanks
to their exquisite anti-biofouling and lubrication properties,”*” they serve as a
useful strategy for self-propel measurements as they reduce the interfacial
drag.®"! Such properties underlie the numerous application of polymer
brushes over the past few decades, especially in the fabrication of microfluidic

devices.5263
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2.2 Theoretical Background

2.2.1 Passive Brownian motion

Diffusion, known as the transport phenomenon, is a physical phenomenon
that describes the tendency of two or more substances to reach an equilibrium.
Diffusion occurs in all states of matter and it plays a significant role in chemical,
physical, and biochemical processes. Fick's law provides a macroscopic
description of diffusion.® It relates the macroscopic diffusion flux J to the

local concentration gradient Ve(x, t):
J = —DV¢(x, ) (2.1)

where D is the diffusion coefficient of the solute. The solute molecules migrate
from regions of higher concentration to regions of lower concentration. In 1827
the British botanist Robert Brown discovered the erratic motion by observing a
random motion of small pollen grains of the Clarkia Pulchella plant suspended
in water under a microscope. In 1905 Albert Einstein® considered the particle
movement observed by Brown® and he showed that it can be described by
a diffusion coefficient of a Brownian particle, assuming the movement is

temporally and spatially homogeneous:®

_ kT
f

where kg is the Boltzmann constant, T is the ambient temperature, and f is

D (2.2)

the friction coefficient. The friction coefficient describes the linear response u
to an applied external force f, u = f/f. The friction coefficient is generated
by the random collision of particles with solvent molecules which leads to
thermal fluctuations. The friction coefficient of a random particle with radius
R, suspended in an incompressible fluid can be obtained by considering the
Navier-Stokes-equation®

p (% + (V.V)v) = -Vp+nViv+f (2.3)
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where p is the fluid density, v the position- and time-dependent fluid velocity, p
the hydrostatic pressure, ) the dynamic viscosity of the fluid, and f the external
body force. The first term on the left-hand side is the driving pressure gradient,
and nV?v is the viscous dissipation. The first term on the right-hand side
corresponds to the time-dependent inertial component, whereas the second

term is the non-linear inertial term.

Scaling the various terms in the equation using characteristic length L and
characteristic velocity v and considering the stationary case where no volume
forces act on the liquid,

® VXU

o Vx1/L

o txL/u
Implies the following to the Navier-Stokes equation:

e The viscous term is proportional to nv/L?

e Non-linear inertia and unsteady inertia is of the order of v*/L
Therefore, the ratio of inertial terms to viscous terms is

_ pul
Ui

Re (2.4)
where Re is the Reynolds number. The Stokes equation can be obtained by
further simplifying the Navier-Stokes equation by omitting the inertial term
p(v.Vv) = 0. It describes the situation where inertia no longer plays a role and
viscous forces dominate.

Vp —nV?v = f. (2.5)

The Stokes equation and low Reynolds number regime have exquisite properties
which will be discussed in section 2.2.2.

The friction coefficient for the translational displacement of a sphere with radius

R in the low Re number regime is called the Stokes coefficient and is

fStokes = 67T7]R (26>



2.2. Theoretical Background 13

As a result, the translational diffusion coefficient of a particle undergoing a
Brownian motion is the so-called Stokes-Einstein relation:

kgT
D= : 2.7
6™ R (2.7)

The rotational diffusion coefficient Dy can be obtained through the
Debye-Stokes-Einstein equation, where Dy, is related to the rotational friction
coefficient fr. For a spherical particle under the no-slip boundary condition

fr = 8mnR3. Therefore,
kgT

a 8tnR3’

The rotational timescale 7 is the inverse of the rotational diffusion coefficient and

R (2.8)

that is the time a spherical particle needs to rotate and change its orientation.

STnR3
TR = .
B kT

(2.9)

Translational and rotational diffusions are the results of the collision of the
suspended particle with the fluid molecules, which exerts a torque on the
particle and disturbs its motion. Overdamped Langevin equation describes
the translational dynamics of a particle suspended in a fluid, where inertia is
negligible:*

Fu = — fiv. (2.10)

Fy, is the stochastic thermal force and — f;v is the viscous friction force. Langevin

equation can be rewritten as
dr = V2DdW (2.11)

where dW is the derivative of a Wiener process, with zero average and variance
1. Equation (2.11) in 2D can be written as:

Axr = V2DAtW,

(2.12)
Ay = V2DAtW.

Mean square displacement MSD, an important parameter for characterizing the
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motion of particles in 2D can be calculated as follows:

MSD = Az® + Ay* = 4DAt. (2.13)

2.2.2 Low Reynolds number

Microorganisms and bacteria live in a fluid environment where the viscous
forces that they experience are many orders of magnitude stronger than the
inertial forces. Their motility is due to the low Reynolds number regime, where
the flow of the fluid is always laminar. A bacterium swimming at 0.0lmms™!
has the Reynolds number of 107 (Re < 1), whereas a whale swimming at
10 ms™! has the Re = 3 x 10%. The low Re number regime enables the bacteria
to stop instantaneously. Whereas the whale would “coast” for a while after it

decides to stop swimming since the inertial effect dominate.

The Stokes equation describes the low Reynolds number regime, however, it
has some consequences which were stated by Edward M. Purcell in 1976 in a
paper called “Life at low Reynolds number”.*? Stokes equation has the following

properties:
e Linear: Stokes flow is proportional to the applied force.

e Instantaneous: The fluid has no memory of the boundary condition in the
past and the current flow is dominated by the present boundary conditions.

e Time-reversible: Under time-varying boundary conditions, the flow will

get back to its original condition, if the opposite boundary conditions
apply.

Time-reversibility is the major drawback of the Stokes equation. If a
microorganism displays a reciprocal motion, where its forward stroke is identical
to its backward stroke, it will end up again at the starting point, the so-called
“Scallop theorem” stated by Purcell. A scallop cannot propel itself forward by
only opening and closing its two shells.

To overcome the problem imposed by time-reversibility, the motion has
to be non-reciprocal. Microorganisms break the time-reversed symmetry

by asymmetrical flagellar motion, rotating helices, cilia's oar-like beats, etc.
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Inspired by nature, various strategies have been applied to generate synthetic
microswimmers. To break the reciprocity, the microswimmer displays either an
asymmetry in its structure or the asymmetry is imposed by the fluid surrounding
it, which drives the microswimmer to an out-of-equilibrium condition. Three
linked spheres”! and phoretic Janus particles®” are a few examples of synthetic

microswimmers.

2.2.3 Active Brownian motion

In contrast to passive Brownian motion, active Brownian motion enables the
synthetic microswimmers to undergo a directed motion. An active particle takes
the energy of its environmental conditions and converts it into directed motion
under non-equilibrium conditions. Considering the particle at position x,y, and

orientation 6, dynamics of an active colloid can be obtained as follows,****

T =vcos bt + /2D7¢
y = vsint + /2Drg, (2.14)
9 = /2Dr¢e

where ¢,,¢, and ¢ are white Gaussian noise with zero mean and correlation 5(¢).
To gain more insights about the dynamics of an active particle in 2D, MSD can
be calculated:™®

av? [ 2t 2t

— + exp(—%) -1 (2.15)

MSD = Ar? = ((r, — r9)?) = 4Dt +
2 R

which implies:
MSD = 4Dt + t*v? 1< TR

(2.16)
MSD:t(4D+UQTR) t>>7'R.

It indicates that for time scale well below the rotational diffusion time, the
particle expresses a ballistic motion, whereas, at ¢ > 7, the motion of particle
displays an enhanced diffusive behavior as the translational diffusion time
randomizes the direction of the particle over long times. Therefore, the effective
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translational diffusion coefficient can be defined as:

UQTR

Degp =D+~ (2.17)

2.2.4 Phoretic motion

Several methods have been applied to generate an active Brownian motion.
Mechanical deformation of the particle's body has been the most conventional
case. Phoretic transport is a new generation of microswimmers which is the
movement of colloidal particles by a field that interacts with the surface of
the particle. This method deploys the surface flow generated by a gradient of
temperature, concentration, or electrical potential.*> The surface flow or the slip
velocity across the interface is generated within the interfacial layer between
the surface of the particle and the fluid. The interplay among surface chemistry,
charge, fluid dynamics, and thermal energy influences the phoretic transport of
the microswimmers.

When a particle moves due to a temperature gradient, this mechanism is called
thermophoresis. The drift velocity is proportional to the applied temperature
gradient:*

u=—DVT (2.18)

where Dy is the thermodiffusion coefficient and V7' is the temperature gradient.
Dt depends on the temperature and the electrolyte composition, where the
thermoelectric field of the electrolyte solution often determines its sign and
magnitude. Mass flux which is the result of such motion can be calculated as
follows:**

J=—-DVc—cDypVT (2.19)

where Vc is the concentration gradient resulted by the mass flux. For a closed

system at stationary state J = 0, a uniform thermal gradient along z is formed:

de B dT

> ldz

(2.20)

where St = £= is the so-called Soret coefficient. The particle moves to the cold
when St > 0 and moves to the hot when St < 0. The gradient could also
be generated by the particle itself rather than being imposed by an external
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force, this phenomenon is called self-phoresis. Self-phoresis often involves Janus
particles, particles with two different hemispheres with various properties, along
the surface of which the gradient is formed.

To understand the propulsion of thermophoretic particles systematically, it
is important to gain a deeper insight into the interfacial interactions between
the particle and the fluid. The boundary layer is defined as the layer at the
particle/fluid interface within which the interfacial excess enthalpy decays to
zero. Parameters such as surface chemistry and fluid type could influence
the interfacial excess enthalpy. The temperature gradient across the particle
surface could modify the interfacial layer and induces a surface slip velocity, v,
which saturates at the interaction length B, Figure 2.3. The following section is
devoted to the hydrodynamics within the boundary layer.

Boundary layer hydrodynamics

The boundary conditions are not negligible when a solid-fluid interface exists.
At a microscopic scale, the slip is defined as the weak adherence of the solvent
to the solid surface. As explained earlier, such a slip enhances the externally
driven transport, therefore investigating the slip at the solid surface is of great
importance. Naviers boundary condition relates the shear stress >, and the
resulting slip velocity vo:**

nuy = b¥y (2.21)

where 7 is the fluid viscosity and b is the material-specific constant or the
so-called slip length. Figure 2.3 illustrates the fluid velocity field in the boundary
layer with thickness B close to a particle with radius a. Such particle exerts
an effective force density f. on the surrounding fluid including the excess
hydrostatic pressure. This pressure is finite close to the particle surface and
vanishes at B. The boundary velocity vg is the sum of the intrinsic slip velocity
vp and the velocity change within the boundary layer Av. The intrinsic velocity
emerges when the fluid molecules do not fully adhere to the particle. Apparent

slip or Av arises by the surface forces on the fluid in the boundary layer.**
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Figure 2.3: Schematic view of the fluid velocity field in the boundary layer close
to a particle

1 [B
v = Vg + —/ zfxdz = vg + Av (2.22)
nJo

Beyond the boundary layer, the normal and tangential components of the fluid

flow vary as v, o [1 — ((“££))%] and

v = vp (; + (a;—rf)s> . (2.23)

As the normal velocity vanishes at r = a + B, the stress at the outer side of the

boundary layer is

= 218 (2.24)

a

Considering equations (2.24) and (2.25), the boundary velocity can be rewritten

as:
_ Av+bAS/y

BT T %b/a

Upon transferring to the laboratory frame where the particle is mobile, the

(2.25)

velocity of the particle is:*®

u= —évB. (2.26)
Thus, the speed of the fluid at the interface which moves in the opposite direction
is 05. When the slip velocity v, is generated by the temperature gradient, this

could be also called thermo-osmotic velocity and it can be calculated by:**

1 VT

vs(r) = —5/0 zh(z)sz = u(r)VT (2.27)
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where 1(r) is defined as the mobility parameter.

The generated slip flow at the particle surface leads to a thermophoretic drift
velocity in the opposite direction. The thermophoretic velocity is related to the
slip velocity and can be obtained by

1 1
Vth =~ g /vst =3 /,u(r)VTdS (2.28)

where § is the particle surface.

Double layer forces of charged colloids

When a charged surface comes into contact with an electrolyte solution, it gives
rise to attraction, repulsion, and subsequent accumulation of ions at the interface.
This consists of two distinct regions."™ First, the Stern layer is where the counter
ions are attracted to the interface and form a compact and immobilized layer

10U The random thermal motion of the

with a thickness of less than a nanometer.
ions together with the electrostatic interactions between counter ions attracted
towards the substrate and co ions repelled from it leads to the formation of the
second layer, the so-called electrical double layer (EDL). Zeta potential is the
potential at the shear plane, where the shear plane is assumed to be between

Stern layer and Debye length, Figure 2.4.

Shear plane

Potential
I O A H R A |

}\D Distance

Stern layer Diffusive layer

Figure 2.4: Electrostatic potential near a negatively charged surface
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Thermophoresis measurements of colloidal particles are often carried out in
aqueous solutions. These particles carry the charge density of ec, which gives
rise to the accumulation of mobile counterions available in the solution at the
particle/water interface.”® The Poisson-Boltzmann mean-field approximation
describes the excess amount of monovalent ions within the electric double layer
at the interface:

nie = ng (ejF’;%iT - 1) (2.29)

where n is the bulk salinity and 1 is the electrostatic potential.

The charge density and the excess density of mobile ions n within the electric
double layer are as follows:

p=eny—mn_),n=ny+n_. (2.30)

These quantities decay exponentially at larger distances, on a scale given by the
Debye length
A = (8mnglg)*? (2.31)

where [p is the Bjerrum length, Iz = ¢?/4wekpgT and ¢ is the solvent

permittivity.

In thermophoresis, the temperature gradient breaks the spherical symmetry,
exerts lateral forces on the ions within the electric double layer, creates an out-
of-equilibrium condition parallel to the surface, thereby moves the fluid with

respect to the particle surface.

2.2.5 Interaction of light with the metal cap of Janus particles

Metallic nanoparticles (NPs) exhibit great potential in optical heating

102 103102 and cancer

applications such as targeted therapy,™~ nanomedicine,
diagnosis.""™ These particles express unique photophysical properties, such that
when they are exposed to light, the oscillating electromagnetic field of the light
induces a coherent collective oscillation of the conduction band electrons at their
interface creating an electric dipole. This dipole creates an electric field inside
the NP which is opposite to the electric field of the light. The oscillating nature

of the light creates a collective coherent oscillation of these electrons. Surface
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plasmon resonance (SPR) is the maximum amplitude of the oscillation at a
specific frequency.% The SPR can be measured with a UV-vis spectroscopy as it
induces a strong absorption of light. Mie theory describes the impact of particle
size, structure, shape, metal type, and dielectric constant of the surrounding

medium on the electron charge density.

For particles below 50 nm in diameter, the electric field inside the NP can be

considered as uniform, thereby the absorption cross-section is given as:'%

242 R3el5¢e,
Oext =
CT Ner + 26 )2 + €2

(2.32)

where 0.y is the extinction cross-section, A is the wavelength of the light, ;
and ¢, are the real and imaginary part of the complex dielectric constant of the
metal given by ¢ = €, + iy and ¢, is the dielectric constant of the surrounding

medium.

For larger particles, only a portion of the incident beam is absorbed by the
particle (o o< R?) as the electromagnetic wave is not able to penetrate the whole
particle.

In the case of the Janus particles used in this thesis, the absorption cross-section
of the gold cap is 0aps = Pabsline, Where I is the incident intensity of the beam
and P,y is the absorbed power. The absorbed power is dependent on the volume
which the beam can penetrate. By considering a constant thickness of the gold

cap (Ar) over the particle, the total volume of the cap can be written as:*

2
‘/;:ap — §7T(3ATR§P + 3AT2RJP + ATS). (233)

The absorbing volume can be approximated by replacing Ar with skin-depth,
which is a thickness up to which electromagnetic waves could penetrate.
Therefore, the absorbing volume scales with R3,. Upon interacting of the light
with the gold cap of the particle, the electrons in the conduction band get
excited and they transfer their excitation energy to phonons. The generated heat
is released into the surrounding environment. The resulting thermophoretic
velocity is proportional to the temperature gradient across the particle VT and
the thermal mobility coefficient. The temperature gradient is proportional to

the temperature increase of the gold cap AT divided by the particle radius,
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V| T o< AT/R;p. The temperature increase of the gold cap is proportional to
the absorbed power by the gold cap, P,bs. Therefore, the temperature increase

across the particle can be calculated as follows:1®

Oabs [abs
4Tkt R?P

A”T X AT/RJP = (234)
where k7 is the effective heat conductivity. Hence, this can be concluded that
the propulsion velocity is proportional to the incident laser intensity, s, if the
absorption cross-section of the p square of the particle radius, o,ps o R%p.

2.2.6 Polymer brushes

Polymer brushes are polymer chains that are tethered with one chain end to a
substrate through covalent bonding."" Such covalent bonds enable the brushes
to exhibit a more stable polymer coating in comparison with methods relying
on the physical adsorption of a polymer layer to a substrate. Therefore, polymer
brushes are great candidates for surface functionalization where mechanical
stability is of great importance. Polymer brushes' responsiveness to external
stimuli such as pH, temperature, humidity, salt, etc. has also made them attract

huge research interest.

A crucial parameter, apart from the environment, which determines the structure
of a polymer brush is called grafting density and is the number of polymer chains
per unit area of the grafted interface. The distance between two anchoring
chains at the interface, d, determines the grafting density. Depending on d and
R, the radius of gyration of the polymer chain, various conformation of polymer
brushes can be achieved, Figure 2.5.

S <

Pancake Mushroom Brush

Figure 2.5: Schematic representation of brush with various grafting densities
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Pancake regime is where d > 2R, and the attraction between the polymer chain
and the substrate is high, or when the solvent quality is poor.

Mushroom regime is also where d > 2R,, however here the attraction between
the polymer chain and the substrate is weak, therefore polymer chains tend
to form a coil, away from the substrate. This regime is often described for
-solvents.

Brush regime is where d < 2R, and the polymer chain density is so high that
they tend to overlap, however steric repulsion between the neighboring chains
forces the chains to stretch away from the interface resulting in an extended
conformation.

A parameter that describes the brush regime is the reduced tethered density, ¥,
and is defined as™”

Y= 0’7TR§ (2.35)
where o is the grafting density,
de A
= 2.36
o= (236)

with d the brush thickness, p the bulk mass density of the brush, N, the

Avogadro's number and M, the number-average molecular weight of the
brush.

¥ could be interpreted as the number of chains that occupy an area that a free
non-overlapping polymer chain would occupy under the same experimental
conditions. Therefore, ¥ < 1 is the “mushroom” regime, where the interaction
between polymer chains are weak, > ~ 1 is the transition from the “mushroom”
to the brush regime, and ¥ > 1 is the brush regime where the polymer chains are
highly stretched. However, the fluctuations of the grafting density could cause
an inhomogeneous distribution of the ¥ across the grafted surface. Therefore, a

true brush regime may occur where X > 5 or even in some cases ¥ > 12.110
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Preparation of polymer brushes

Depending on the desired application, polymer brushes can be synthesized via
two approaches, the “grafting to” or the “grafting from” technique.”" Each

method has its unique characteristics.

Grafting to approach involves the attachment of a prefabricated polymer
carrying a reactive end-group to a surface via covalent bond formation. Despite
the fact that this method enables a precise characterization of the polymer prior
to the surface attachment, it has many restrictions that limit its application.
Achieving a high grafting density as well as a high thickness is limited due to
the steric hindrance of the coiled polymer chains as the polymer chains need to
diffuse through already attached chains to react with the substrate. Therefore,
brushes synthesized by the grafting to approach are mostly in the pancake or
mushroom regime.

Grafting from approach is a surface-initiated technique that starts from direct
polymerization of the brush from the initiated surface. This method overcomes
the low grafting density of the brush as the steric repulsion between the chains
forces the chain to stretch out from the substrate to avoid the overlapping of
chains and form a densely packed layer. This method allows an accurate control
over brush thickness and architecture. In order to determine the brush molecular
weight and hence its grafting density precisely, the polymer brush chains must
be degrafted from the substrate. This procedure is done with the help of a
cleavage agent, which hydrolyses the Si-O-Si bond which connects the polymer
chain to the substrate. However, the side effect of this procedure is the hydrolysis
of ester or amide bond, which might be presented in the polymer brush structure.
Despite the fact that ester or amide bond hydrolysis is not expected to occur at
neutral pH values, the mechanical stress which acts on these bonds imposed
by the highly stretched polymer chains may lower the energy barrier for these

reactions and lead to hydrolytic cleavage at neutral pH values.*

Surface initiated polymerization can be done via many polymerization
techniques. However, living radical polymerization method is particularly
attractive for the synthesis of polymer brushes due to its easy and accurate
control over the thickness and grafting density of the polymer brush.
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R-X+ Cu(l)/L ~——=— X-Cu(ll)/L +R

Kdeact Yf @
k

R-R P

Figure 2.6: Reaction scheme of ATRP technique

Atom transfer radical polymerization (ATRP), introduced by Matyjaszewski
and coworker in 1995, has been the most widely used technique for the synthesis
of polymer brushes.'®™ The mechanism of ATRP is displayed in Figure 2.6. The
polymerization technique relies on the reversible redox activation of a dormant
alkyl halide-terminated polymer chain end (R-X) by a halogen transfer (X) to a
transition metal complex.™*# The homolytic cleavage of the carbon-halogen bond
leads to the generation of a free and active carbon-centered radical species at the
polymer chain end. This activation is achieved through a single electron transfer
from the metal complex to the halogen atom, which subsequently leads to the
oxidation of the transition metal complex. At the same time, the oxidized catalyst
reconverts the propagating radical chain end to the halogen-capped dormant
species (deactivation). ATRP is controlled by an equilibrium between active
propagating radicals and dormant species, highly towards the dormant species,
which leads to the generation of low propagating radicals and an increase over
the control of polymerization.

Surface-initiated ATRP is a versatile method for functionalization of various
substrates such as silicon, gold, metal, etc. with polymer brushes. It consists of
a two-step process in which first the initiator gets immobilized on the substrate,
next the chain growth from the initiator kicks off the polymerization. Due to the
living character of this technique, ultrathin polymer films with low dispersities
can be synthesized.™
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Experimental Section

3.1 Particle Tracking

3.1.1 Microscopy setup
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