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Introduction

Abstract In this introductory chapter, colloidal suspen-
sions are described not only in terms of their importance as
model systems in revealing the principles of equilibrium many-
body transitions but also as building blocks in the engineer-
ing of complex materials and material science. Colloidal sus-
pensions consist of mesoscopic particles called colloids with
typical sizes ranging from 1 nm to 10 um embedded in a lig-
uid. Colloids play a crucial role in unraveling the underlying
physics at molecular level as model atoms not only for systems
that are in equilibrium and in static non-equilibrium but also
systems brought out of equilibrium with external control. In
this chapter, an outline of experimental work on confinement
effects and flow fields on colloidal suspensions is presented
while placing it in broader context and making connections
to the engineering of complex materials. A more specific back-
ground and introduction is given in each separate chapter.



1 Introduction

1.1 General Background

It is hard to ignore colloids as we are surrounded by them in our daily
routines, starting from the very essence of life. Our blood, the pool
of all physiological activities is a colloidal suspension made of various
cells dispersed in water rich in salt, proteins and globular constructs.
The paint that protects our house, the milk we drink, the toothpaste
we the pour on our toothbrush, the butter and mayonnaise we spread
on our bread are made of nothing but colloids.

Apparently colloids surround us in daily life and beyond. Colloidal
systems appear in various sizes and constitutions obviously but what
properties exactly defines a colloid? When is a system colloidal?
Beyond doubt the first common feature that comes to mind is the
existence of a small constituent of one substance dispersed in an-
other. The dispersed substance is called the dispersed phase and
surrounding medium is called the continuous phase. Both continu-
ous phase and dispersed phase can be gas-,liquid- or solid like. There
is a vast spectrum of colloidal systems that include aerosols (liquid
droplets or solid particles in gas), emulsions (liquid droplets in liquid)
, foams (gas bubbles in a liquid) and suspensions (solid particle in a
liquid). Throughout this thesis only suspensions with solid particles
suspended in liquid are considered.

As described above, a colloid can be almost in any shape and phase
imaginable yet there are limitations on the size of colloidal particles
forming the system. Colloidal systems should exhibit Brownian mo-
tion in other words the energy of a colloidal particle has to be bigger
than the gravitational energy. This criterion dictates the size of sys-
tems which we call colloidal. Practically particles in the size range
10 nm to 10 micrometer are called colloidal.

The word colloid was introduced by Thomas Graham (1805-1869).
In his experiments he observed particles that can be distinguished
from molecules by their slow diffusion and inability to penetrate
through membranes with pore sizes smaller then 10 nm [1]. Nowa-
days; colloids are classified under the Soft Condensed Matter or Com-
plex Fluids along with foams, gels, liquid crystals and polymers. Soft
Condensed Matter defines a broad class of materials including but
not limited to colloidal suspensions, liquid crystals, polymers that are
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Figure 1.1: Panel (a) provides an image of the Clarkia Pulchella flower
used in early experiments of R.Brown. Panel (b) shows the original record-
ings of Brownian motion used in Perrin’s studies. Panel (c¢) shows the
simulated Brownian motion of of one um particle in water over 10s

characterized by weak interactions between polyatomic constituents,
by important thermal fluctuations effects, by mechanical softness and
rich phase behavior. The nomenclature acquired its popularity when
Pierre-Gilles de Gennes chose it as the title of his 1991 Nobel lecture.

Brownian motion is perhaps the most important property of col-
loidal suspensions as it maintains the particles in dispersed state,
fighting against gravity that pulls particles towards earth and attrac-
tive interactions that tend to bring particles together. Furthermore,
it modifies the macroscopic flow properties of colloidal systems, the
materials response to stress and its ability of the system to probe the
different configurations hence self assemble to minimum free energy
configurations. The response of suspensions to applied stress are dra-
matically altered by Brownian motion. A dilute suspension behaves
like a viscous liquid and flows upon application of shear. The energy
injected to the suspension can be easily dissipated if the system can
exhibit Brownian motion. If the particles are arrested i.e.Brownian
motion is hindered such as in gels or glassy systems only a fraction
of the energy can be dissipated immediately leading to viscoelastic
behavior.
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1.2 Brownian Motion

Our understanding of colloidal suspensions and soft matter originates
from the discovery of Brownian motion. The Brownian motion (i.e.
thermal fluctuations) are most observable at the scale of colloidal
suspensions is the reason why colloids provided the original key to
the establishment of statistical thermodynamics. Furthermore it is
the underlying reason Soft Matter studies today are so important
in modern mesotechnologies, such as engineering/material science of
complex materials including high-precision filters, controlled-porosity
substrates, and photonic devices and more common materials such
as foods, cosmetics, detergents, even extending into biomaterials in
biophysics. In this section, we briefly discuss how the discovery of
Brownian motion lead to our current understanding of Soft Matter
under four chronological periods: discovery of Brownian motion, the-
oretical indications, quantitative confirmation of Brownian motion
and eventually to our current understanding of Soft Matter.

1.2.1 Discovery and Confirmation of Brownian
Motion

Brownian motion is a defining property of colloids and soft matter. It
was first discovered in 1827 by Scottish botanist Robert Brown (1773-
1858). During his studies of plant life and their reproduction [2],
Brown first observed the phenomenon while working with plant seed
of micron size. He tracked the path of cytoplasmic pollen particles on
their way to the reproduction organ of the Clarkia Pulchella, a species
native to Pacific Northern Western America (Fig. 1.1). He used these
pollen granules because they contain oblong particles, which he ob-
served were 6 to 8 pum in length. He was intrigued by the motion of
pollen particles as he mentions in his article in the following direct
quote 7 These motions were such as to satisfy me, after frequently
repeated observations,that they arose neither from currents in fluid,
nor from its gradual evaporation, but belonged to the particle itself
7. This observation was the milestone for the systematic investiga-
tion of the thermal noise phenomena or in more common terms the
Brownian motion.
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In reality Brown was not the first to observe the random motion
of colloidal particles. Many other naturalists such as W.F.Gleichen,
J.T.Needham, G-L.Leclerc, A-T.Brogniart, and L.Spallanzani had
observed Brownian motion but their ability for correct interpretation
of the observations were clouded by the ongoing debate on vitalism
and spontaneous generation [3]. R.Brown is credited with the first ob-
servation of the phenomena as his findings were the first systematic
experimental analysis convincingly demonstrating that the motion
was not due to thermal flows, bubbles, release of material or interac-
tion between particles. It is important to note that J.Ingen-Housz in
1784 and J.Bywater in 1819 independently concluded that the motion
exists for inorganic particles prior to Brown’s observations. Brown’s
first conclusion was also inspired by spontaneous generation but he
patiently repeated the experiments first with other plants, and later
with small particles prepared by grinding various plant parts such as
root, ovula and leaves. An astonishing development occurred when
Brown repeated the experiments with particles made of dead plants
and fossilized wood acquired from a museum. Later, Brown extended
his experiments systematically with all kinds of organic and inorganic
material extracted from animals and plants furthermore he pulverized
various minerals and rocks that he could find. Relying on his exper-
iments he concluded that when the particles are sufficiently small
(2 1 wm) they will spontaneously move in fluid. It is noteworthy
to mention that Brown supported his initial findings with a follow
up paper where he designed experiments to silence the critics of the
initial experiments [4].

After years of discussion where several critics attributed the Brow-
nian motion to air currents, magnetism, mechanical vibrations , tem-
perature differences and particle interactions. In late 1880s Leon
Gouy designed a set of experiments to establish a solid basis of
Brown’s observations, from which scientists could begin to consider
the fundamental implications of Brownian motion. In a series of
comprehensive experiments [5, 6, 7], Gouy demonstrated convinc-
ingly that the irregular motion of suspended particles was not a re-
sult of aforementioned effects in other words that Brownian motion
is indeed a fundamental physical property of fluid matter. Further-
more, he verified qualitative trends, such as the decreasing amplitude
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of the observed motion with increasing particle size and increasing
solvent viscosity. Gouy interpreted these results in the context of ki-
netic theory of gases introduced by James Clerk Maxwell and Ludwig
Boltzmann to explain the properties of gas as the macroscopic im-
plications of thermal motion of gas molecules. According to kinetic
theory, temperature is a measure of mean kinetic energy of molecules
in other words the heat we sense in summer months is nothing but
the increased mean velocity of surrounding molecules.

Perhaps most importantly, Gouy also pointed out [6] the signif-
icance of Brownian motion in thermodynamics. Gouy proposed a
thought experiment in which a ’paddle’ attached to a tiny thread
would be driven back and forth continually due to the impacts of
suspended Brownian particles. When the Brownian particles impact
the paddle the thread will move which in return can be used to drive
a wheel. The perpetual motion would contradict the second law of
thermodynamics. Actually what Gouy pointed out was nothing but
the thermodynamic limit as pointed out by Clausius, Boltzmann and
Maxwell in kinetic theory. In other words, Gouy was proposing that
the second law could not be considered absolute at microscopic scales
and thermodynamics required a statistical interpretation in which its
absolute character only became visible in what we would now call the
‘thermodynamic limit’ of large numbers.

With experimental observations of Brown, Gouy and many others
the following main points emerged certain [8, 9].

1. The motion of colloidal particle is composed of translations and
rotations with a very irregular nature.

2. The motion of two particles are independent provided that the
distance between two particles is greater than a diameter.

3. The motion of particles is more violent for smaller particles.

4. The material the particle is made of, composition and density
of the particles have no effect.

5. The motion is more violent with less viscous fluids.

6. The motion gets more violent with increasing fluid temperature.
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7. The motion never ceases.

The Brownian motion of microscopic particles could be explained
by the bombardment of the molecules of the fluid in the context of
kinetic theory. Yet, the kinetic theory was still not confirmed with
experiments. The application of kinetic theory to Brownian motion
provided a simple test: the law of equipartition of energy in statistical
mechanics implied that the kinetic energy of translation of a colloidal
particle and of a molecule should be equal. In other words, the key to
proving kinetic theory hence the existence of atoms could be reached
by measuring the mass and the mean velocity of colloidal particles(<
V' >) to prove the equality 3/2kT = 1/2m < V2 > where k is the
Boltzmann constant, T is the temperature ,m is the mass of colloidal
particle. The Boltzmann constant (k = Ni;v) hence the Avogadro
number (N,,) can be calculated by experimentally measuring the
<V >. As easy as it sounds, Measuring < V' > has been proven
rather difficult experimentally. At this time, experimentalists started
looking for easily measurable quantities supported by solid theoretical
understanding.

In the period following the discovery and confirmation of Brown-
ian motion, the scientist and the philosophers were divided into two
groups: supporters of the continuous description and discontinuous
description. Supporters of discontinuous description believed that
Brownian motion was essential in proving the discontinuous nature
of the matter but at early stages the lack of theoretical description
rendered the identification of critical measurable parameters of the
experiment difficult.

Einstein was interested in proving the existence of atoms since
his early days in science. He formulated a theory describing the
Brownian motion on theoretical grounds unaware of the existence of
the phenomenon [8]. Einstein’s argument was two fold. First part
of argument is as follows, Let p = p(x,t) be the probability density
that a Brownian particle is at x at time t. Then, making certain
probabilistic assumptions Einstein derived the diffusion equation.

o _

iy DAp (1.1)
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where D is a positive constant, called the coeffcient of diffusion. If
the particle is at position 0 at time 0 so that p(z,0) = §(x) then

pla,1) = ——e i (1.2)

where |z| is the Euclidean distance of x from the origin.

In the second part of the argument Einstein connected the D to
other physical measurable quantities [10, 11]. Einstein considered
a colloidal particle in dynamic equilibrium where on the one hand
the colloidal osmotic pressure balances the applied force (K) on the
particle (Eq. 1.3). In Eq. 1.3, the number of particles per volume is
given by v. Assuming K as the graviational force on the particle and
integrating Eq. 1.3 Einstein obtained the sedimentation equilibrium
connecting the number of particles at a given height.

K = k72Y (1.3)

v

On the other hand, a flux balance is required to explain the phe-
nomena. The Stokesian particle flux produced by the gravitational
force is canceled by a diffusive flux of particles. Considering that the
Brownian particles moving in the fluid experience a resistance due
to friction, the force (K) imparts to each particle a velocity of the
form mﬁﬁ where [ is a constant with the dimension of frequency (in-
verse time) and m is the mass of the particle. Therefore, the particles
pass a unit area per unit of time due to the action of the force K is

given by % This Stokian flux is balanced flux induced by random

fluctuations i.e. % = DAw.

Einstein thus obtained an expression for the ’diffusion coefficient’
assuming a Stokesian form [11] for the particle velocities imposed by
the gravitational force(Eq. 1.4) containing Avogadro’s number (N, ),
molar gas constant (R), the absolute temperature (T), the particle
radius(a), and the solvent viscosity (7).

RT

D=——
6 Ny, man

(1.4)

To predict the time dependence of Brownian motion, Einstein
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turned to a probabilistic consideration of the diffusive motion, in par-
ticular to obtain the mean squared displacement of a particle(Eq. 1.5).

<r?>=6Dt (1.5)

Furthermore, assuming a gravitational force i.e.(K = mg) and in-
tegrating Eq. 1.3, Einstein obtained the sedimentation equilibrium
relation (Eq. 1.6) connecting the number of particles at a given height
(N) to thermal energy (kT). In Eq. 1.6, the number of particles (N)
at height h above a reference height hg is given by Eq. 1.6 where N
is the number of particles at height hy and m is the mass of the fluid
displaced by a particle of mass m.

N = Npe =2 (1.6)

The theoretical derivation of mean square displacement and sed-
imentation equilibrium was a key step to prove the discontinuous
nature of matter. As mentioned before, attempts to measure veloci-
ties of Brownian particles in experiments had failed due to the non-
linearity of displacement with time. Einstein’s now-familiar expres-
sions provided measurable quantities that can be directly compared
to theory.

Due the popularity of Einstein’s other contributions William Suther-
land’s independent derivation of the same quantities has been over-
looked [12, 13, 14]. Sutherland had not only derived the same equa-
tion independently but also supported his work with experimentation
on human albumin. He published his results in a 1904 paper, one year
earlier than Einstein, which he presented at an Australian and New
Zealand Association for the Advancement of Science (ANZAAS) con-
ference. Hence the diffusion equation given in Eq 1.4 should rightfully
referred as Stokes-Einstein-Sutherland relation [15, 14, 13].

Marian Smoluchowski obtained an expression that directly pre-
dicted an exponential 'sedimentation equilibrium’ equivalent to the
aerostatic law describing the variation of atmospheric pressure with
height: the same sedimentation equilibrium measured later in the
first experiments of Jean Perrin [16]. Two years after Smoluchowski’s
first publication, Paul Langevin demonstrated another derivation [17].
Langevin’s derivation, however, was spectacularly simple and direct
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compared to the others. Langevin simply equated forces on the col-
loidal particle, directly introducing a fluctuating random force to rep-
resent the impulses of colliding molecules, and using, as Einstein and
Smoluchowski had done, a Stokesian description of the ’opposing’
frictional force due to the motion of the particle through the liquid.
Langevin concluded his paper with a remark that emphasizes the
importance of more accurate measurements, pointing out the impor-
tance of determining the exact size of colloids used in experiments. In
other words, monodisperse well characterized colloids were required
for the exact derivation of the Avogadro number.

1.2.2 Quantitative confirmation

The theoretical description clarified which parameters had to be mea-
sured to prove the discontinuous nature of matter by experimental
studies of Brownian motion. Theodor Svenberg published the “first
results” in 1906 claiming thar his experimental observations were in
agreement with Einstein’s results [18]. Yet the experiments by Vic-
tor Henri 1908 dented the Einsteins work [19]. Henri utilized the
pioneering idea of combining microscopy and film camera. Henri’s
results were in partial agreement with Einsteins work . His work
confirmed to a reasonable degree Einstein’s prediction of the scal-
ing of the mean square displacement with time, however he found
no quantitative agreement with Einstein’s formula for the diffusion
coefficient. The reason for this inconsistency had been attributed to
experimental problems such as intense lighting. Perrin recognized
the need for quantitative confirmation. In a set of papers, Perrin and
his students in Sorbonne Paris provided precise and patient measure-
ment which finally confirmed the theorists’ predictions and settled the
molecular kinetic theory on a firm observational basis [20]. To avoid
the problems associated with accuracy of particle sizes and velocity
measurements that Svenberg faced before, Perrin developed and doc-
umented very precise measurement techniques that require optimum
patience. In his measurements, Perrin centrifuged gamboge particles,
a resin derived from the sap of the tree Garcinia xanthochymus to
reach monodisperse micron size particles [21]. What makes Perrin’s
experiments so valuable that he received the Nobel Prize for his work

10



1.2 Brownian Motion

in 1921 was the great precision in measurements of particle size, the
monodispersity of the colloids he utilized and the high level of statis-
tical accuracy. By designing and executing unprecedented accuracy
measurements of Brownian particles, he provided quantitative confir-
mation of Einstein-Smoluchowski-Langevin’s theoretical prediction.

Perrin recognized the experimental difficulties associated with pre-
cise measurements of velocity via displacement versus time . Instead
he turned to measurements of the sedimentation equilibrium in a col-
loidal suspension. Sedimentation equilibrium does not directly con-
firm the diffusion relation, such a measurement could give an estimate
of the mean energy of a colloidal particle. Furthermore, measurement
of sedimentation equilibrium could also provide an estimate of Avo-
gadro’s number,which, when compared with estimates from studies
of gases, would further indicate whether Brownian motion might in-
deed be explained by molecular motion consistent with kinetic theory.
Perrin’s first experimental paper in 1908 provides a clear description
of his first sedimentation experiments, and their analysis which ex-
plained the observed exponential distribution of particle concentra-
tion with height in the suspension.

Perrin and his students also perfected direct measurements of dis-
placements to confirm Einstein’s diffusion theory. Experiments with
various of solvent viscosities, with a range of different colloidal ma-
terials, and under various external conditions were performed. All
the results agreed and hence converted the molecular kinetic the-
ory from a hypothesis to a description of matter. Through Perrin’s
and his students’ efforts, the colloidal suspension had demonstrated
the molecular nature of reality and opened up a new field where the
various aspects of physical phenomena could be tested using colloids.

1.2.3 From Brownian Motion to our current
understanding of Soft Matter

In recent years, predominantly in the last three decades, colloids have
been exploited to understand the principles of equilibrium many-body
transitions such as fluid-fluid phase separation and hard sphere freez-
ing. The reason behind the popular use of colloidal suspensions for

11
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studying physical phenomena lies in the fact that they can be stud-
ied in real-space, that their interactions can be tuned, and that they
can be brought into equilibrium with the surrounding molecular sol-
vent. Due to the separation of length scales and times associated with
size difference of the colloidal suspensions constituents (i.e. on one
hand the colloidal particles on the other hand the solvent molecules
), fluctuations of the solvent molecules can be averaged, resulting in
a simplification of the system with less degrees of freedom. Further-
more, the interactions between colloidal particles can be tuned to
realize a variety of physical systems [22].

As mentioned earlier, colloids can be classified in a large family
of materials characterized by so called Soft Matter. The materials
classified as Soft Matter are classified by the consequences of 'thermal
forces’ (i.e. Brownian motion) on macroscopic properties of matter
such as response to external stress and external fields.

The equilibrium states of colloidal suspensions were the first to
be addressed both with simulations and experiments [23, 24, 25].
Development of the optical methods such as Light Scattering [26, 27,
28, 28, 29, 24] and Confocal microscopy [30, 31, 32, 33, 34] combined
with novel colloidal systems to study phase behavior, first the simple
case of Hard sphere like interactions between colloids [35, 24| and
later attractive systems have been addressed [36, 37, 38].

Hard sphere systems are the conceptually the simplest many body
system. Their phase behavior can be fully described by a single pa-
rameter: the density or volume fraction (¢). At low volume fractions
the equilibrium phase is the fluid phase whereas at high volume frac-
tions the equilibrium phase is the face-centered cubic crystal. The
stable fluid and solid phases are separated by a two-phase region
with the volume fractions between ¢ = 0.494 and ¢ = 0.545 where
two phase coexist provided that the polydispersity is less then 5%.
The equilibrium behavior of this hard-sphere system is well under-
stood and reproduced by both simulation and experiment, however,
the non-equilibrium behavior is far from settled. It is well estab-
lished that there exists a glassy regime if the system is densified
quickly (no time left to crystallize) above 0.58 volume fraction up to
random close packing ¢ =0.64 [39, 40]. There is also experimental
evidence that there exists an onset of a glass transition in the su-

12



1.3 Colloidal suspensions under external control

percooled regime (0.494 < ¢ < 0.58) where dynamic heterogeneities
are observed [41, 42, 43]. This scenario is both experimentally and
theoretically verified [44, 45, 46].

An external field or a carefully chosen boundary condition provides
a natural way to control colloidal suspensions [47, 48, 49]. Both the
dynamics and structure of colloidal suspensions can be controlled
by external fields such as light and shear fields or manipulating the
boundary conditions as in confinement and directed colloidal epi-
taxy. An external field or a boundary condition can be imposed on a
colloidal suspension and the response of the suspension can be stud-
ied. This idea is rather useful when studying the colloidal suspension
out of equilibrium. The non-equilibrium states of colloidal suspen-
sions can be classified in two fractions: static non-equilibrium such
as a hard sphere suspension in the glassy state and dynamic non-
equilibrium such as sheared hard sphere suspensions. To create a
system in dynamic non-equilibrium, the system is constantly brought
out of equilibrium in a controlled manner with an external field or
dynamically altered boundary condition and upon the dismissal of
the external field the system goes back to equilibrium [47, 48].

1.3 Colloidal suspensions under external
control

Non equilibrium phases of matter such as glass and gel have been
studied using colloidal suspensions as model for a long time [38].
These studies played a crucial role in unraveling the physics behind
non-equilibrium phenomena not only for systems that are in static
non-equilibrium but also systems brought out of equilibrium with
controlled external fields or boundary conditions such as light, shear
and confinement [38, 48]. In this thesis, we focus on confinement
and hydrodynamic shear, observe how the dynamics and structure is
influenced by effects.

13
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1.3.1 Confinement

Confinement is in simplest terms limiting the phase space that col-
loidal particles can explore. Both the dynamics and structure of
colloidal suspensions are altered upon confinement. Furthermore, all
kinds of phenomena such as layering, wetting, pre-freezing, capillary
condensation are introduced with confining a bulk suspension. One
may consider confinement as an external field as confinement modi-
fies the thermodynamic behavior just like other external fields yet in
this thesis we consider confinement as a boundary condition. Con-
finement can be achieved by geometric confinement, light or magnetic
fields. In this thesis, only geometric confinement is considered where
the colloidal suspensions are placed in tight spaces evoking simple
solid geometries. Geometric confinement can be thought of as con-
trolling the boundary conditions or manipulating the dimensions of
colloidal suspensions.

Colloidal systems under confinement have been studied early on in
the context of manipulating the crystalline order. Pieranski looked
at colloidal crystals confined in wedge geometry. Varying the confine-
ment gap with respect to position in the wedge, he observed change
in ordering of colloidal crystals [50, 51]. The wedge geometry was
later evoked for charged colloids. The crystallization behavior and
dynamics of charged colloidal particles in a charged wedge of very low
opening angles was examined by experiments [51, 52, 53, 54], theory
and simulations [55, 56, 57, 58]. These studies with charged colloidal
particles led to the observation of exotic crystalline structures.

Wedge geometry and other parallel confinement schemes were uti-
lized to study dynamics and structure of bidisperse and polydisperse
colloidal suspensions [59, 60, 61, 62, 63]. In these measurements, the
characteristic confinement length is gradually decreased, upon which
the dynamics of the suspension is found to slow down with no ma-
jor change in structure. Recently, studies suggest that the slowing
down of dynamics is connected to glass transition and dynamic het-
eregeneities [46, 64, 59, 43, 65, 66]. These studies also point out the
similarities between the molecular glass transition [67, 68, 69, 70, 71]
and the colloidal glass transition [72, 38, 45]. This suggests that
intuitions obtained from colloidal suspensions can be transfered to
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1.3 Colloidal suspensions under external control

glass transition at molecular level. Recently, mode coupling theory
is also adapted for confined systems and confirm the trends observed
in experiments. Yet the dynamics and the morphology of dynamic
heterogeneities as a function of the characteristic confinement length
are still not well understood.

The geometry of confinement is also an important parameter that
is recently exploited for realizing exotic crystal structures in infinitely
long cylinders in theoretical studies [73, 74, 75]. Tuning the interac-
tions and the confining geometry leads to new crystalline superstruc-
tures which can be exploited as nano-sieves and filtering devices [76].
Experimental systems to realize such systems have not been real-
ized due to difficulty in manufacturing well defined three dimensional
confinement geometries. Influence of roughness on dynamics of con-
centrated colloidal suspensions under confinement is rather under
explored field on study, there have been very few simulation stud-
ies [77, 58, 78] for molecular systems. Only recently, experimental
studies describing roughness as a parameter influencing the dynam-
ics in the vicinity of the surface emerged [61].

1.3.2 Shear fields

A shear stress fields are often used to probe the response of materials
in rheology yet they can as well be utilized to bring colloidal sus-
pensions out of equilibrium. Crystals and out of equilibrium phases
such as glasses or gels studied under shear produced qualitatively
different results from the bulk fluids [79, 80]. Oscillatory shear is
found to induce crystallization for monodisperse hard sphere sus-
pensions [81, 82| whereas for polydisperse suspensions irreversible
particle rearrangements are encountered [83]. When shear fields are
combined with geometric confinement the shear-induced configura-
tions of dense monodisperse colloidal suspensions are altered and a
new structure emerges, where layers of particles buckle to stack in a
more efficient packing [84].For out of equilibrium phases such as hard
spheres in glassy state, the arrangements of colloids under shear oc-
curred in localized irreversible shear transformation zones [85]. Fur-
thermore, a recent study focused on nucleation and growth of charged
suspensions, showed that the crystal growth rate and the induction
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time for crystallization at a fixed concentration exhibits a maximum
as a function of the shear rate [86].

1.4 QOutline of the thesis

This thesis is presented in seven chapters. In Chapter 1 and Chap-
ter 2, the underlying physical principles are reiterated, placed into
context and the experimental methods utilized are introduced. In
Chapters 3 to 5, the structure and the dynamics of colloidal sus-
pensions under confinement is studied. In Chapter 6, we discuss a
novel methodology to inhibit Coffee Stain phenomena. This phenom-
ena’ in which an evaporating droplet of a suspension on a substrate
leaves behind a ring shaped deposit, occurs due to two underlying
effects”: contact line pinning and jamming of colloidal particles at
triple contact line. An external shear field namely flow fields induced
by contact angle manipulation inhibits both underlying effects. In
the last two chapters, that is Chapter 7 & 8, we study the equilib-
rium morphologies of liquid droplets on fibers and spheres which are
defined by wetting parameters.

Chapter 1 presents a brief introduction to colloidal suspension
in broader terms soft matter or complex fluids. We go all the back
to initial experiments and scientific discussions that lead to our cur-
rent understanding of physics of colloidal suspensions. We explain
how the ideas conducted in this thesis emerged from the very basic
concepts of soft condensed matter physics. Chapter 2 describes the
experimental methods that we utilized and developed to study dy-
namics and structure of colloidal suspensions in external flow fields
such as confinement and hydrodynamic flow fields. Two and three
dimensional particle localization and tracking method, development
of confinement apparatus and the development of a microfluidic chip
for confinement are presented in this chapter.

Chapter 3 presents how the dynamics and structures of colloidal
suspensions are influenced by the interplay between confinement,
gravity and boundary roughness. This chapter focuses on hard sphere
like concentrated suspensions with volume fractions ranging between
¢ =0.30 and 0.45. The implications of these effects are discussed as
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the suspension is confined between a smooth and a rough wall in a
quasi-parallel geometry. In this study, we concluded that confinement
is indeed slowing down the dynamics of concentrated suspension yet
the effects of gravity and roughness also play a role. Chapter 4
focuses on dilute suspensions in well defined cylindrical three dimen-
sional cavities where the colloidal suspension can be accessed through
microfluidic channels. The influence of the geometry on the spatial
dependence of diffusion for dilute colloidal suspensions is studied and
a novel experimental method to study diffusion in under arbitrary and
well defined confinement geometries is presented. As a continuation
of work presented in Chapter 3, the effect of a rough substrate on
the dynamics and structure of a colloidal suspension is investigated
as a function of the volume fraction in Chapter 5. In this study, a
index matched but not density matched colloidal suspension is slowly
sedimented on a well defined rough and a smooth wall as both the
dynamics and structure is monitored. Roughness is imposed by sin-
tering colloidal particles to a flat wall.

Typically when a drop of a suspension evaporates on a solid sur-
face, a residue so called “coffee stain” characterized by high density
of particles in the circumference relative to center emerges. Due to
capillary flow induced by diverging evaporation rates at the contact
line, colloidal particles are carried towards the contact line. The par-
ticles are jammed [87] and confined due to the intrinsic geometry of
the drop on the surface. In Chapter 6, by manipulating the contact
angle via Electrowetting hence mobilizing the contact line, we intro-
duced shearing flow fields that counteract the aforementioned cap-
illary flow and unjam the particles that are jammed in the vicinity
contact line. Here, the morphology and the strength of the hydrody-
namic flow fields can be controlled. Ideas presented in this chapter
promise immense impact on various relevant analytical and indus-
trial applications such as manufacturing of pArrays, inkjet printing
of polymer displays.

In a crude definition, wettability is a measure of how much one
phase likes the other. Recently, wettability is utilized to explore
new synthesis methods to create novel colloidal systems mimicking
non-symmetric molecular systems [88]. The idea is so far applied to
collection of two and more spheres. In Chapter 7 & 8, we investi-
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gated first the classic wetting problem of a drop on a fiber and later
wetting of a drop on sphere geometry. For the fiber geometry, our
investigation revealed a previously unexplored metastability regime
and revealed the complete nature of transition between two possible
morphologies namely barrel and clam-shell for a drop on a fiber. For
the sphere on a drop geometry, we confirmed the predictions from
free energy calculations with experimental results and determined
under which conditions the drop will wet the sphere. We believe that
our results may open up possibilities to further extend the notion of
utilizing wettability to synthesize complex colloidal systems.
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Instrumental Methods

Abstract In the introductory chapter, we reiterated the
idea that external fields and boundary conditions can be evoked
to manipulate dynamics of colloidal suspension. In this chap-
ter, the instruments and the experimental methods utilized
to manipulate the boundary conditions, create external fields
and probe dynamics and structure are described. The meth-
ods to manipulate the boundary conditions and external fields
utilized throughout the thesis are confinement, roughness,
gravity, and hydrodynamic flow fields induced by Electrowet-
ting. The instruments discussed are Confocal Microscope,
confinement apparatus, the microfluidic confinement chip and
the electrowetting setup to create shear flow fields. Further-
more, the methodology to probe structure and dynamics of
colloidal suspensions are discussed.
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2 Instrumental Methods

2.1 Introduction

The experimental methods evoked in the course of the thesis are
described in this chapter. Starting from the instrumentation, the ex-
perimental techniques probing the dynamics and the structure of col-
loidal suspensions under control of carefully manipulated boundary
conditions and external fields such as confinement, roughness, grav-
ity and hydrodynamic flows are iterated. Confocal microscopy and
particle tracking techniques utilized to probe the dynamic and struc-
ture, confinement apparatus utilized to confine colloidal suspensions
in a quasi-parallel geometry, Force measurements with strain gauges
integrated to confinement apparatus, microfluidic confinement chip
developed to confine colloidal suspensions in well defined confining
geometries and electrowetting setup evoke to beat coffee stain effect
i.e. jamming of colloidal particle at the contact line in an evaporating
droplet are discussed respectively.

2.2 Confocal Microscopy

Confocal scanning laser microscopy (CSLM) is an optical imaging
technique that increases the resolution and the contrast by elimi-
nating out of focus light. The principle of CSLM was patented by
Marvin Minsky [1] to overcome the limitations of traditional fluores-
cence microscopy. In traditional fluorescence microscopy, each vol-
ume element of the sample is illuminated simultaneously and the
resulting fluorescence light both in and out of focus from the whole
volume is detected. This method brings our considerable background
noise. Whereas CSLM uses certain optical methods to eliminate out-
of-focus light (Fig. 2.1a). These optical methods can be either point
by point illumination or a series of rotating disks and a pinhole in an
optically conjugate focal plane in front of the detector. As only light
produced by volume elements close to the focal plane can be detected,
the optical resolution, particularly in the sample depth direction, is
much better than that of wide-field microscopes. The superior optical
resolution comes at a cost, as the image is built point by point only
a small fraction of the fluorescent light is used so higher exposure
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Figure 2.1: Panel (a) is the illustration of the Confocal Scanning Laser
Microscope and Panel (b) illustrates the Nipkow disk. Images are adapted
from manufacturers webpage http://www.olympusfluoview.com/theory/

times are required. The achievable width of the focal plane is defined
mostly by the wavelength of the used light divided by the numerical
aperture of the objective lens, but also by the optical properties of
the specimen. The thin optical sectioning possible make these types
of microscopes particularly suitable for at 3D imaging and surface
profiling of samples.

There are several types of CSLMs depending on the details of the
optical system used. Three most commonly used types are point or
line scanning, spinning-(Nipkow) disk (Fig. 2.1b) and programmable
array microscopes. FEach of these classes of confocal microscope have
particular advantages and disadvantages; most systems are either op-
timized for resolution or high recording speed (i.e. video capture).
CSLM image the sample point by point or line by line. Imaging
frame rates are typically very slow for laser scanning systems (e.g.
less than 3 frames/second). Commercial spinning-disk Nipkow con-
focal microscopes achieve frame rates of over 50 per second - a desir-
able feature for dynamic observations such as colloidal suspensions
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and live cell imaging. Cutting edge development in CSLM now al-
lows better than video rate (up to 200 frames/second) imaging by
using multiple microelectromechanical systems based scanning mir-
rors. Due to its high resolution and versatility, confocal has been
used in soft matter physics to study particle dynamics in colloidal
glasses [2, 3], living cells [4] and actin networks [5].

2.2.1 Particle tracking

Methods to track particles have evolved since the early measurements
of Perrin where he used pencil and graph paper. Currently dynam-
ics of up to several thousands colloidal particles can be studied by
tracking the position of the particles over time with open source algo-
rithms. A fluorescent particle imaged by CSLM with 100X objective
appear like a airy disks as seen in Figure 2.2 extending over typi-
cally 5 to 7 pixels for a particle of one micron diameter. By fitting
the intensity profile with a 2D Gaussian profile, the center position
of the particle can be determined with subpixel accuracy up to 0.05
pixel accuracy: for a micron size particle, the center of mass can
be determined up to 6 nm accuracy. The trajectory tracer particles
is determined by connecting the center of mass position in consecu-
tive frames. From the ensemble averaging of trajectories statistical
indicators such as the mean square displacement (MSD) or the prob-
ability distribution function are calculated from spatial and temporal
averaging over trajectories of contributing particles with Eq. 2.1.

(2*(1) =[xt +7) —2(1)]) (2.1)

where x(t) are the X-position of a particle at real time t, 7 is the
lag time, the () brackets indicate an averaging over all times t and
all particles.

The MSD measured using Eq. 2.1 is in the case of an Newtonian
fluid related to the diffusion cefficent (D) by the Stokes-Einstein-
Sutherland relation (r2(7)) = 2dD7 and D = % where Boltzmann
constant (k), molar gas constant (R), the absolute temperature (T),
the dimension (d) i.e. d=1 for 1D, the particle radius (a), and the
solvent viscosity (7).
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2.2 Confocal Microscopy

Figure 2.2: Illustration of particle detection and tracking. Panel (a) pro-
vides a characteristic image from CSLM where the 1.1 pum particles in
water-DMSO exhibit Brownian motion. Panel (b) is a close up on one
individual particle and panel (c) demonstrates the intensity profile of the
the particle in panel (b)

Provided that the particles are moving slow enough, as in glassy
samples, they can be localized and tracked in three dimensions (Fig. 2.3).
This is achieved by moving the confocal plane along the sample which
results in a stack of 2D images. Later this stack of 2D images are sub-
jected to a 3D reconstruction operation. This 3D imaging capability
combined with the pinhole that filters out background fluorescence
and careful index matching makes CSLM an important tool to study
concentrated suspensions and in broader terms soft matter.

Displacement resolution

In confined colloidal systems, the particle displacements can be sur-
prisingly small hence one should know exactly the resolution of CSLM
to quantify reliability of measuring such motion.

This quantity is determined by tracking particles glued to the sur-
face. The glued particles are prepared by evaporating a drop of dilute
suspension of 1.1um carboxylated polystyrene particles on a glass
slide and subsequently sintering the particles at 50°C'. The center
of mass positions of the particles are recorded over 2400 s with one
frame per second frame rate using CSLM at 100x magnification. The
recorded images are processed by openware particle tracking codes
written in IDL and MSD is calculated both by spatial and temporal
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Figure 2.3: 3D localization of a dense suspension of colloidal parti-
cles.Panel (a) provides images of 3D localized colloidal particles with dif-
ferent perspectives. The images are reconstructed from z scanning through
a dense suspension of 1.1 um core shell silica particles dispersed in a reflec-
tive index matching Water-DMSO mixture. Panel (b) provides the MSD
of sintered particles.

averaging [6].

The Figure 2.3b shows the MSD of the sintered particles where
at short times MSD flattens out at ~ 1.1 » 10~*um?. In displace-
ment terms this is equal to 10 nms. At long times the apparent
MSD increases which is an indication of mechanical drift. From this
measurement, we conclude that the displacement resolution at short
times has is approximately 10 nms.

2.2.2 Confinement apparatus

In concentrated suspensions several length scales are important de-
pending on the particle size, volume fraction and interaction poten-
tial. Probing the effect of confinement on dynamics and structure
with requires development of specific instrument capable of accessing
the relevant dimensions. This instrument should not only provide ac-
cess to relevant length scales but also provide low drift and stability.

In this part of the thesis, we describe an apparatus capable of con-
fining concentrated suspensions to dimensions ranging all the way
down to single particle diameter. The apparatus which we call con-
finement apparatus utilizes a quasiparallel geometry to confine col-
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Figure 2.4: Panel (A) provides the 3D detailed illustration confinement
apparatus and Panel (B) is a photograph of the confinement apparatus
resting on a piezo stage. Panel (C) provides a close up photograph of the
strain gauges glued onto cantilevers.

loidal suspensions between two boundary walls separated at a well
defined, adjustable distance. The quasiparallel geometry is realized
by holding a sphere with double cantilevers at a given distance from
a flat surface. Adding strain gauges to cantilevers also allow for
force measurements. Provided the spheres size much bigger then
the size of colloidal particles the quasiparallel approximation holds.
The confinement apparatus is integrated with a Nipkow disk confocal
laser microscopy (CSLM) for simultaneous detection of dynamics and
structure of colloidal suspensions under confinement.

Our home-made confinement apparatus (CA) is sketched in Fig-
ure 2.4, consists of a glass sphere which can be positioned a well
difined distance above a flat glass substrate. The sphere (Dsphere =
2 mm, Duke Scientific) is glued onto a holder, which is connected to
the CA tripod via stiff double cantilevers. The tripod rests on a piezo
stage via 3 micro screws. Coarse control over the gap height (H) is
achieved via the screws, and guided by a visualization using fluores-
cent liquid. Fine control is achieved using a computer driven piezo
stage (Physik Instrumente) with a vertical range of 20 pm, and an
accuracy of 0.01 pm. In typical measurements, Dgypere >> H, which
means that an effective plane-plane geometry is obtained, indepen-
dent of the precise alignment.
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2.2.3 Force measurements with confinement
apparatus

In this section, we discuss the design and modeling of the strain gauge
based Force sensor integrated into the confinement apparatus and
CSLM. This additional feature combines the visualization capabili-
ties of CSLM with complementary force measurements. Although the
force measurement feature is not used in studies reported in Chap-
ter 3 as the resulting forces during confinement turned out to be
much smaller then the detection limit, we still present the complete
design including the force sensor. The setup consists of three units
namely: (a) approach/retraction system, (b) deflection detection, (c)
data collection and experimental control unit (See Fig. 2.5).

The approach /retraction unit is responsible for adjusting the con-
finement gap. It consists of a piezo stage and micro-screws to move
the cantilevers. The coarse approach is done by micro-screws and
fine approach by piezo stage. This part of the system is the most
vulnerable to drift. Special care has to be taken to minimize drift
such as utilizing microscrews with ball bearings sitting on slits and
heavy metal tripod.

The force required to confine colloidal suspension is measured with
the deflection detection system consisting of a Wheatstone bridge of
four strain gauges (Fig. 2.4c) glued on cantilevers , a Lock in amplifier
to supply the bridge with a well defined amplitude and frequency and
to eliminate noise in the detected signal. Change in resistance due
to bending is registered as change in voltage (Vjrigge). In order to
increase sensitivity extra resistors are added to compensate for the
offset of the bridge. The details of optimal bridge design is discussed
in Sec. 2.2.4.

The “data collection and control unit” consists of a data acquisi-
tion card (DAQ card) to simultaneously control the piezo stage and
record output voltage from the bridge (Viyigge). This unit can be
used both as a proximity sensor and a force sensor depending on how
the Virigge signal is processed. Since the Viridge is proportional to
the relative position of the sphere with respect to the flat plate, it
can be used to either monitor the position of the sphere of the force.
Viridge be used to calculate the force with a calibration curve. Such a
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Figure 2.5: The detailed illustration of force sensor integrated into the
confinement apparatus

calibration curve can be prepared by adding micro weights on the can-
tilevers and measuring the resulting Vj,iqge signal. The corresponding
displacement vs. Vjyigge relation can be determined by simply cali-
brating the system in contact with a solid surface. Comparing the
slope of both curves yields a value for the stiffness of the spring con-
stant of the double cantilever arrangement. The spring constant can
be also be estimated from the from the dimensions of the cantilevers
(b:width, h:thickness, L:length) and the elasticity of the material (E)
with the formula k = Qi%hg is found to be 74.074 N/m. The same
quantity calculated from the Force vs. piezo displacement is 73.25
N/m. These values show good agreement confirming the consistency
of our approach.

To estimate the sensitivity of the bridge, we consider an ideal
Wheatstone bridge in Figure 2.6a and derive the equations to connect
Force applied to measured bending signal Vi,i4qe. A more detailed
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Figure 2.6: Panel (A) illustrates the classic Wheatstone Bridge and Panel
(B) illustrates the Modified Wheatstone Bridge.

derivation is given in Appendix. For optimal sensitivity, the gauges
are mounted such that when the cantilevers are bended; the resis-
tances R1 and R3 will increase, R2 and R4 will decrease (Fig. 2.6).
For a strain gauge, the variation in R with the bending will be given
by

2Ebh3
Fot =2F = ~——u (2.2)
) h
ER = QEg = C’% (2.3)

where C is a constant dependent of system parameters. Hence we
obtain
R huy,  Ch

ik kel

RO T 24
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For an ideal bridge, the bridge voltage Vi,iqqe Will be given by

%ridge _ 5_R _ ChuL

Vv R IL* (2:5)
In terms of force, V”TT:’] can be written as
Vri e hu
bng =C L2L Foo (2.6)

With Eq. 2.5 and Eq. 2.6, the bridge voltage is connected to the
displacement or force.

2.2.4 Optimal Wheatstone Bridge

To obtain the optimal sensitivity from the Wheatstone bridge, bridge
has to be in perfect balance in unloaded situation i.e. all the resis-
tances prior to bending has to be same. Yet due to their intrinsic
properties of strain gauges, it is not possible to get identical strain
gauges. This limits the sensitivity of Wheatstone bridge, to mea-
sure smaller displacements bridge has be be compensated. The stan-
dard Wheatstone bridge given in Figure 2.6b is modified Wheatstone
bridge composed of four strain gauges and two potentiometers. With
the coarse and the fine adjustments the bridge can be compensated
to minimum compensation error of 0.1 uV dramatically better then
the value for a standard Wheatstone bridge 2 mVs.

2.2.5 Microfluidic chip for confinement

Confinement as the word implies is placing a suspension in a tight
place and limiting the phase space of particles by altering the bound-
ary conditions. It is rather effortless operation in simulation studies
yet confining micron scale particles in micron scale well defined ob-
jects might be an experimentalists’ nightmare. In simple terms there
are three requirements for an optimal confinement setup: the confine-
ment cell has to be well defined, particles have to be placed/removed
with ease and the setup microscopy. Microfluidics provides a solution
where all the requirements are fulfilled. We developed an multilayer
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Figure 2.7: Illustration of the iSEM. Panel (a) demostrates the working
principles of iSEM Panel (b) and (c) are confocal images of the iSEM
where the pressure is off and on respectively.

microfluidic chip where the colloidal particles are confined in well de-
fined three dimensional cavities so called iSEMs integrated structural
membranes. The idea relies on the multilayer, elastic chips made of
PDMS utilizing a cross channel geometry where the previously de-
veloped as microfluidic valves [7, 8]. The membrane separating the
crossed channels is flexible. The membrane bends and blocks the
bottom channel upon application of pressure to the top channel. We
further developed the idea by adding three dimensional (3D) open
cavities integrated to the membrane separating two crossed chan-
nels. Upon application of the open 3D cavities are pushed towards
the bottom wall and 3D closed confining cells are formed. These
confining cells can be designed of any shape within the limitations
of soft lithography providing flexibility in design and easy access to
confining geometry. They can be used to study confinement effects
in various materials beyond colloidal suspensions.

In a nutshell, two separate molds are prepared one for the control
channels and one for the membrane and the fluid channels. First,
the fully cured/crosslinked control channels pealed from the mold
are placed in a crossed geometry on the top of the partially cured
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2.2 Confocal Microscopy

membrane and fluid channels. This assembled structure is fully cured
overnight and later placed on the top of a glass slide spin coated
with PDMS. The details of the manufacturing process can be found
literature [9, 7, 8].

2.2.6 Hydrodynamic flow fields induced by
Electrowetting

The basis of electrowetting (EW) was described in detail first by
Gabriel Lippmann in 1875 [10]. Lippmann described the capillary
depression of mercury in contact with electrolyte solutions could be
varied by applying a voltage between the mercury and electrolyte.
Electrowetting essentially alters the balance established by surface
tension of three phases (ygy: solid-vapor, yg:solid-liquid,ypy :liquid-
vapor) by introducing a electric force.

cosbly = w, (2.7)
n%

In EW, the contact angle follows the Young-Lippman equation
(Eq. 2.8) which is obtained by the force balance at three phase con-
tact line (TCL) between the surface tension of three phases and the
electric force. In Equation. 8.1), fy is Young’s angle and the elec-
trowetting number 7 is defined by the vacuum permeability ¢y, the
dielectric constant ., the dielectric layer thickness d, and the surface
tension o.

goe,U?
200 '

The classic EW setup (Fig. 2.8a) consists of a sessile drop placed
on the top of a dielectric layer coated on a conducting electrode. In
this thesis, Indium Tin Oxide (ITO) layer deposited on the glass sub-
strate is used as it provides the conducting electrode for EW along
with transparency required for observing the sessile drop from the
bottom. A potential difference (U) is applied between the droplet and
the ITO layer by inserting an inert platinum wire in the droplet. Al-
ternatively interdigitated electrodes can be used to archive the same

cosf =cosby +n, n= (2.8)
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Figure 2.8: Illustration of EW setup and the hydrodynamic flow fields
induced by EW. Panel (a) is the classic EW substrate. Panel (b) and (c)
are the side and top view of interdigitated EW setup. Panel (d) and (e)
are confocal images flows created by 1kHz 200V applied voltage to 0.5 pul
drops. The drop consist of 5 pum diameter fluorescent particles dissolved
in 0.01 M LiCl in water.

effect (Fig. 2.8b).In this wire-free setup, the ITO layer is lithograph-
ically patterned to form interdigitated electrodes and electric field
is created between two adjacent electrodes. The dielectric materi-
als commonly utilized in this thesis are Teflon AF, SU-8 and various
polymeric thin films such as high density polyethlene, High density
polystrene.

It is well established that hydrodynamic flows can alter the dynam-
ics of soft matter systems as described in the introduction chapter.
Electrowetting (EW) provides a mean to dynamically manipulate the
contact angle [11] hence interface morphology for a body of fluid such
as a drop. The changes in the shape of the fluid in return creates hy-
drodynamic flows that alter the dynamics of soft systems. EW exerts
a dielectric force on the TCL while the contact angle is manipulated
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2.2 Confocal Microscopy

the shape of the drop is altered. This shape altering transition gives
birth to aforementioned hydrodynamic flows (Fig. 2.8d-e¢). Motion
of TCL can be dynamically controlled by controlling the amplitude
and the frequency of the applied potential difference hence internal
flow patterns can be manipulated [12, 13, 14, 15]. The details and
the governing mechanism of the hydrodynamic flow field induced by
EW depends on various parameters such as the conductivity, surface
tension of the drop and the surrounding fluid, frequency of applied
potential difference, contact angle hysteresis and number of pinning
sites.
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2.3 Appendix

2.3.1 Simple considerations for Wheatstone Bridge

The relation between change in resistance (dR) and bridge voltage
(Viridge) can be deducted from a simple voltage balance given in
Eq. 2.9.

R1:R+5R

Ry=R-0R

R3=R+(SR

Ri=R-0R
R2

V=W he (29)
R1

Vz'VORum

R2 R1
‘/bm'dge:‘/l_vé:( ) 0

R3+R2 RI1+ R4 W

R+5R_R—5R) OR

oR ok )T R"

%Tidge = ( R

2.3.2 Simple considerations for an optimal
Wheatstone Bridge

To compensate for zero offset, two adjustable resistance seen in Fig-
ure 2.6 are placed in the circuit. Bridge compensator fine (BCF)
which compensates for smaller offsets has the internal resistance Ry.
Bridge compensator coarse (BCC) compensates for larger offsets has
the internal resistance R.. These two compensators are used in con-
nection, first BCC is used to zero the measured voltage then BCF is
utilized to further compensate for smaller offsets till microVolt accu-
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racy. Depending on the position of the resistance knob both R. and
Ry distribute the the total resistance between two arms denoted as
Ry=c*RcRy=(1-c)*R.and Rpy = f* Rf,Rpo= (1-f) * Ry
respectively (Fig. 2.6)

cR2(R1+ (1-¢)R.)
(1 -c)RI(R2+cR.)+cR2(R1+(1-¢)R,)

Vi=

FRAR3 + (1- f)Ry) (2.10)

Vo= Yo T N RS fRy) + FRA(RS + (L= )R}

‘/bridge = ‘/1 - ‘/2

The change in resistance is connected to the change in voltage with
Eq. 2.10 which is different then Eq. 2.9 as expected. To estimate the
accuracy of the bridge, the sensitivity of fine and coarse compansators
Woridge o1y NVoridse aro calculated. For R, = 30k and Ry =1MS the

dc af
bridge can be set to zero within 100 nV. 8%”‘1“’6 =2.9-1072V and
Phdoe =8.6-107°V

2.3.3 Modeling of cantilever bending

The bending of the cantilevers is modeled to connect the deflection
to force measured and the piezo displacement to actual displacement
of the sphere. Omne important thing to figure out is the what we
measure is deflection of cantilevers which is proportional to vertical
displacement of sphere but not equal. To calculate the displacement
of the sphere, we can convert deflection to displacement if we know
the relation exactly.

The static deflection of a cantilever with length L, width b and
height h, is described by the linear fourth order homogeneous differ-
ential equation.

Mu

dat

where u(x) describes the bended shape of the cantilever. For our
CFA setup the boundary conditions are given by:

-0 (2.11)
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w(0) = 0,u(L) = ur, (%)FO _0, (%)FL _0 (2.12)

Integrating the eq. 2.11 provides the deflection as a function of
position on the cantilever.

T \\2 L3
= -2 2.1
The local strain inside the cantilever is given by:

J%u
e(z,9) =Yz (2.14)

Hence the stain at the surface of the cantilever, y=h/2, is given by

3hu
€)= =5

The stress inside the cantilever can be related to the external force
acting at the end of cantilever, via torque balance

(1 —2%) (2.15)

oM 0 h/2
F :——Z——/ bo 2.16
0 0%u h/2
F=--LEp(<Y f 2 2.1
T o (83:2) —h/2y % (2.17)
Ebh3
F=—5u (2.18)
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Influence of confinement by

smooth and rough walls in
dense hard-sphere
suspensions

Abstract We used video microscopy and particle tracking
to study the dynamics of confined hard sphere suspensions.
Suspensions were confined in a quasi-parallel geometry be-
tween two glass surfaces: a millimeter-sized rough sphere and
a smooth flat wall. First, as the separation distance (H) is
decreased from 18 to 1 particle diameters; a transition takes
place from a sub-diffusive behavior (as in bulk) at large H,
to completely caged particle dynamics at small H. These
changes are accompanied by a strong decrease in the ampli-
tude of the Mean Squared Displacement (MSD) in the hor-
izontal plane parallel to the confining surfaces. In contrast,
the global volume fraction essentially remains constant when
H is decreased. Second, measuring the MSD as a function
of distance from the confining walls, we found that the MSD
is not spatially uniform but smaller close to the walls. This
effect is the strongest near the smooth wall where layering
takes place. Although confinement also induces local varia-
tions in volume fraction, the spatial variations in MSD can be
attributed only partially to this effect. The changes in MSD
are predominantly a direct effect of the confining surfaces.
Hence both wall roughness and the separation distance (H)
influence the dynamics in confined geometries.
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3 Influence of confinement by smooth and rough walls in dense
hard-sphere suspensions

3.1 Introduction

The dynamics of particles in confined colloidal suspensions is an in-
triguing topic that has raised a lot of attention recently. On one hand;
it has been argued that experiments on spatially confined systems can
reveal the dynamic length scales that occur in bulk suspensions [1, 2]
or molecular systems [3]. On the other hand, the influence of confin-
ing walls on the mechanisms and timescales of structural rearrange-
ments is also a topic in its own right [4]. Most fluids that have been
studied are (near) Hard Sphere (HS) suspensions, motivated by their
conceptual simplicity at the level of the particle pair interactions.
Even for this system, the collective dynamic behavior can already
be rather complex. Bulk HS dynamics has been studied extensively,
both at the macroscopic level of the colloidal glass transition[5, 6]
and at the microscopic level of particle motions [7, 8] . On increas-
ing the HS volume fraction, a consistent slow down of the dynamics
was found, which has manifested itself as an increase in correlation
time [9] and a decrease of the diffusion coefficient [10, 11, 12] or mean
squared displacement (MSD) [7, 8, 13]. However, understanding the
mechanisms underlying this slower dynamics beyond qualitative no-
tions can be difficult. From an intuitive point of view, it is clear that
the local free volume should play an important role. If this volume is
decreased then the motion of individual particles will become more
restricted by the (transient) cages formed by the surrounding parti-
cles, and consequently the system will slow down. A description of
this cage dynamics in terms of length- and time-scales was given by
Weeks and Weitz [14]. However on approaching the colloidal glass
transition, also more collective rearrange-ments have been reported,
that cannot be covered by a simple cage concept [3, 13]. This illus-
trates that our understanding of collective dynamics is still incom-
plete, even for colloidal hard sphere fluids. Spatial confinement of a
HS suspension will certainly interfere with the mechanisms for struc-
tural reorganizations. If dimensions of the fluid container are reduced
to the length scales involved in the structural rearrangements as oc-
cur in bulk, then at least certain modes of large-scale reorganization
will be disabled. For example, while small scale processes like the
caging of individual particles may be sustained until the confinement
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3.1 Introduction

distance becomes only a few particle diameters, collective motions of
e.g. hydrodynamic clusters will become impossible already at larger
confinement distances. Generally the disabling of dynamic modes is
expected to result in a slower dynamics, manifested for example as
a decrease in MSD. Indeed, this trend has also been found in several
experimental [1, 2] and simulation [15, 16, 17] studies. However a
deeper insight into how the observed reduction in MSD comes about
is still lacking. Several shortcomings can be pointed out:

1. The effects of the particle-wall interaction are still incompletely
understood. The simplest case is that of hard spheres confined by
hard walls: here only the roughness of the wall has to be considered.
In several computer simulation studies, wall roughness has been found
to strongly affect the local particle dynamics [4, 15, 16]. However in
experiments [1] the permanent adhesion of a fraction of the particles
to a smooth wall did not have a noticeable effect. In another experi-
mental study [2], a layer of particles was deposited and subsequently
sintered in order to roughen the wall. As far as we know, no other
experimental studies exist that specifically address the effect of wall
roughness on particle dynamics in confined fluids.

2. How the effects of the confining walls on the particle dynamics
are transmitted from the walls into the suspension is also an unset-
tled issue. Depending on the restructuring mechanism, the particle
dynamics could be collective or alternatively very local and depen-
dent on the separations from the walls. From the literature it is not
clear which cases to expect. In computer simulations on Lennard-
Jones fluids, a confinement-induced glass transition was reported as
a collective effect of all layers [3]. Another simulation study [16] re-
ported ’a lack of evidence that the particle layer closest to the wall
was decoupling dynamically from the rest’. However in simulations
on HS confined by spherical cavities with smooth and rough walls,
Nemeth and Lowen [18] found MSDs that depend strongly on the
distance from the wall. For the smooth walls, the tangential MSDs
were larger at the wall as compared to the interior, whereas for rough
walls a different spatial dependence was found. Experiments on HS
suspensions confined between two flat plates, performed by Nugent
et al [1] showed yet again different trends: MSDs in planes parallel
to the wall did not depend on the distance from the wall. If and how
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hard-sphere suspensions

these different findings could be reconciled is not clear at present,
and hence a further study is warranted. 3. To what extent local
variations in the MSD of confined fluids could be attributed to lo-
cal differences in volume fraction is also unknown at present. The
issue has been raised, but only addressed in a few studies. Mittal et
al [19] studied this issue via computer simulations, and found that
higher local densities in a confined HS fluid correlated with a faster
local diffusion. This counterintuitive result was explained via the in-
creased Widom insertion probability. Also experimental data that
allow correlating between local MSD and local volume fraction are
scarce. Dullens et al [20] studied HS suspensions at a single wall
and found up to a volume fraction ¢ = 0.54, a continuous decrease
in MSD. Sarangapani and Zhu [2] measured local volume fractions
in two confined samples but did not aim for correlation with local
MSDs. Nugent et al [1] measured MSDs and local densities, and
found that one of the two particle species of their bidisperse system
showed a concentration peak at the wall, but no change in the MSD
parallel to the wall.

In this chapter, we shed light on the three mentioned issues via
an experimental study on confined hard sphere suspensions, focusing
our analysis on the MSDs measured with video particle tracking. A
systematic study was performed into the effect of confining a colloidal
fluid by two different walls (smooth and rough), on local particle dy-
namics. We found that progressive confinement caused a dramatic
decrease of the MSD, without significant changes in the overall con-
centration. Local concentration variations within the confinement
gap did occur however, and showed significant asymmetry when com-
paring the different walls. Also the MSDs were significantly different
at the smooth and rough walls. These trends will be analyzed, from
which it will be concluded that the roughness of the wall and the
distances from the rough and smooth walls have a much stronger
influence on MSD than the variations in local volume fraction.
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Figure 3.1: Panel (a) Schematic illustration of our confinement appara-
tus (CA). Colloidal fluid is confined between a glass plate and a sphere in
a quasi-parallel geometry. The position of the sphere can be accurately
controlled via the piezo stage on which the CA tripod is resting. Obser-
vations of the particles are made from below using a Confocal Scanning
Laser Microscope (CSLM). Panel (b) Close up of the sphere-plane geome-
try with confinement gap (H) and height of the focal plane (Zpp). Also a
typical CSLM image of a confined fluid is shown (scale: 87 um x 66 um)

3.2 Experimental methods

3.2.1 Confinement apparatus

Our home-made Confinement Apparatus (CA) is sketched in Fig-
ure 3.1. Colloidal suspensions are confined between two glass sur-
faces (a sphere and cover slide). The sphere (Dgppere = 2 mm, Duke
Scientific) is glued onto a holder, which is connected to the CA tri-
pod via stiff double cantilevers. The tripod rests on a piezo stage via
3 micro screws. Coarse control over the gap height (H) is achieved
via the screws, and guided by a visualization using fluorescent liquid.
Fine control is achieved using a computer driven piezo stage (Physik
Instrumente) with a vertical range of 20 pm, and an accuracy of
0.01 pm. In typical measurements, Dgppere << H, which means that
an effective plane-plane geometry is obtained, independent of the
precise alignment. Both confining surfaces were analyzed for topog-
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Figure 3.2: Representative cross sections of AFM topography analysis
of the two confining surfaces. Axis ranges are scaled to the diameter of
the colloidal particles (d). Inset (a) shows topography image of the rough
glass sphere while inset (b) shows the smooth confining wall i.e. cover slip.
The color bar of both insets shows the height, also scaled to d. The cross
sections that were used to plot main graph are shown via dotted lines.

raphy with Atomic Force Microscopy (AFM). The results are shown
in Fig. 3.2. The root mean square (rms) value of the height varia-
tions reveals that while the bottom surface is smooth (rms=10 nm),
the surface of the glass sphere shows significant roughness (rms=0.13

pm).

3.2.2 Colloidal Fluid

Core-shell silica particles with outer diameter d=1.1 um were syn-
thesized following the method described in [21], which entails the
deposition of non-fluorescent silica onto a fluorescent core. In our
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case, the core contains rhodamine isothiocyanate (RITC) and had a
diameter of ~» 500 nm. Such core-shell particles allow for an accurate
localization of particle centers from video microscopy images, even
at high volume fractions. The polydispersity was assessed to be 8%
from Scanning Electron Microscopy images (see Supplementary Infor-
mation). To obtain (near) hard sphere suspensions, the solvent was
changed to a refractive index matching mixture of H20/DMSO [22]
to minimize the Van der Waals attractions (and to optimize visual-
ization, see Sec. 3.2.3), while LiCl was added to a final concentration
of 0.01 M, to reduce the electrical double layer thickness to ~ 7 nm.

Soft centrifugation (1000 g for 1 hr) was used to concentrate the
fluid. This was done directly in the sample holder, which was made
of an open cylindrical tube (diameter: 20 mm) glued onto a round
glass cover slip. Sediments were prepared at volumes ranging in be-
tween 0.25-1.5 ml, at an initial volume fraction ¢ ~ 0.66, in line with
expectations for random close packing of a system with 8% polydis-
persity [23]. After removal of the supernatant the tube was weighed,
and the amount of solvent needed to achieve the target ¢ was added.
Then the sediment was resuspended using a whirl mixer. Samples
were prepared at ¢-values ranging from 0.15 to 0.57.

The precise volume fractions were ascertained a posteriori from
the CSLM observations. Localizing all particles (see section 3.2.3)
allowed to obtain ¢ values as follows: (X,Y,Z) control volumes (V)
were defined as (65 um x 65 pm x AZ) with either AZ =H (for the
global volume fraction) or AZ << H (for local ¢ values). Then it
was calculated for each particle (i), which fraction (f;) of its volume
fell within the control volume V, by using the relative location of
the particle to the boundaries of V, and assuming d=1.12 ym. For
V << wd3/6 this mostly corresponded to f; = 1, but for small AZ
mostly 0 < f; <1. Then taking N.ss = 3. NV, f; as the effective number
of particles, allowed to calculate ¢ as N.sr << 7d®/6V. In this way
it was ensured that ¢ always represents a physical volume fraction,
even for AZ <« d. Typical values were N.pp <1000 (global ¢) and
Nepr ~ 1000 (local ¢). In the case of local volume fractions it must
be underlined that this is a strictly geometrical definition; hence it
will be designated as ¢, from now on.

An accurate and consistent way to measure d, was to analyze a
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CSLM image of a very dense layer on a cover slip with many par-
ticles touching each other. The average distance between touching
particles was found to be 1.12 + 0.03 pm, giving an estimated rela-
tive inaccuracy in the volume fraction of 8%. Also the magnitude of
H was measured more accurately, making use of the CSLM record-
ings. The location of the bottom surface was defined as 0.5*d below
the measured average Z position of all particle centers in the lowest
layer. The top surface was localized by extrapolating the steep flank
of the concentration profile to zero (see Fig. 3.6) and adding 0.5*d.
Considering the particle polydispersity and the rms roughness of the
top surface, we estimate the inaccuracy of H to be 0.2-0.3 um.

In the presence of confining surfaces, concentrated suspensions
may change their structure and dynamics. However the time that
is needed for such changes is not known a priori, and may depend
on the volume fraction. For this reason, we studied confined systems
at ¢ =0.33-0.42 , i.e. well below the glass transition point for hard
spheres at ¢ = 0.58 [5]. Moreover we also examined the influence
of the waiting time after the fluid had been confined to a new gap
height. Here it turned out that waiting 4 hours instead of the (stan-
dard) 1 hour, gave similar results. Furthermore, we checked whether
the colloidal fluid crystallized at time scales comparable to the dura-
tion of our experiment. No evidence of crystallization was found, in
accordance with the 8% polydispersity and a previous study [24].

3.2.3 Confocal microscopy and Particle tracking

The Confocal Scanning Laser Microscope (CSLM) was an UltraView
LCI10 system, Perkin-Elmer) containing a Nikon Eclipse inverted mi-
croscope equipped with a Nipkow disk (Yokogawa module) and 100X
NA 1.3/0il objective. When tracking particle dynamics, we imaged
horizontal (X,Y) focal planes for 240 s at a rate of 10 frames/s. For
measuring particle locations in three dimensions (3D) we measured
series of images along the Z-direction (up to 30 pm from the bottom,
taking ~ 60 s) at 0.1 um/step. The images were processed via the
available particle tracking codes in 2D and 3D [25]. The accuracy
of locating the centroid of particles in 3D was 0.02 x m in X-Y and
0.05 pm in Z direction. The Z-resolution of our 2D particle tracking
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was measured to be ~ 0.8 pm (full width half maximum), by local-
izing (almost stationary) particles in a 3D volume and subsequently
analyzing per focal plane, up to which distance from the focal plane
particles were still accepted by the 2D particle tracking code (using
typical selection criteria for brightness, object size etc.).

Image-time series aimed at studying particle dynamics typically
consisted of 2500 time steps. After localizing all particles in each
frame and building trajectories, mean squared displacements (MSDs)
in the horizontal plane were calculated, using:

(r*(r)) = ([2(t+ 1) — ()] + [y(t +7) —y(O]’) (3.1)

where x(t) is the X-position of a particle at real time t, 7 is the lag
time, the {} brackets indicate an averaging over all times t and the
() brackets indicate an averaging over all particles. In the calculation
of x(t) and y(t) a correction for mechanical drift was applied by
subtracting the measured average displacement of the ensemble of
particles. The typical accuracy in the MSD was 1.0 * 107* pym?2. In
the following, MSDs will be fitted as

() =4(2) (32)
70
with A as the amplitude, 7y as the shortest exposure time and «
as the exponent indicating the behavior of Brownian motion (a=1
diffusive, o < 1 subdiffusive).The fitting range for @ was taken from
0.1 to 10 s.

3.3 Results

3.3.1 Particle dynamics in bulk fluids

As areference, we present in Fig. 3.3 a series of MSD curves measured
for the bulk suspensions at different volume fractions ¢= 0.16-0.57.
To ensure that the measurements pertained to the dynamic behavior
in bulk, observations were done at Zrp = 30 um, which will be shown
to be sufficiently far away from the wall. As ¢ is increased both
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Figure 3.3: MSD vs. time lag for bulk samples at different volume frac-
tions. Lower abscissa and left ordinate: lag time (s) and mean squared
displacement (;#m?). Upper abscissa and right ordinate: normalized data,
where (A 1"2(7')) was divided by d* = 1.32 ym? and 7 by the Brownian
time (7,.) where 7, = d>/4Dg equals 3.54 s. The symbols indicate volume
fractions (¢) of 0.16 (m), 0.26 (), 0.37(4A), 0.42(w), 0.52(¢), 0.54(«) and
0.57(»). The square symbols (O) indicate the noise floor.

the amplitude A and the exponent o of (Ar2(7)) (see Eq.3.2) be-
come smaller. The exponent («) is observed to change from almost
1.0 (as for a viscous liquid) to approximately 0.0 (as for a solid).
The occurrence of a plateau for ¢ >0.52 suggests a solid-like micro-
scopic dynamics already starting at this volume fraction, whereas the
macroscopic glass transition for colloidal HS is supposed to occur at
»=0.58 [5]. These results are qualitatively in agreement with other
studies, and will be further analyzed in Sec. 3.4.1.
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3.3.2 Particle dynamics in confined fluids

The effect of confinement on the MSD was examined for bulk vol-
ume fractions of 0.33, 0.38 and 0.42, in the range where the bulk
fluid still showed liquid-like behavior. For all three volume fractions
the trends were similar; results will be presented for the system at
¢=0.33, unless mentioned otherwise. Fig. 3.4a shows the MSDs taken
in the mid-plane of the gap (Zpp =H /2) between plate and sphere.
On decreasing H from 20 um to 1 particle diameter, strong changes
in the MSD curve are observed: a reduction in amplitude as well as
a decrease in the exponent, eventually reaching 0. These changes are
qualitatively similar to the effects of increasing the volume fraction
in bulk systems, and that eventually led the system into the glass
state (Fig. 3). Same trend is observed for Fig. 4b where the MSDs
at a fixed distance (2 um) away from the rough and smooth walls are
monitored.

A systematic study was performed, covering MSDs as a function
of distance from walls. It then turned out that the MSDs of our
confined fluids are not constant over the gap. This is demonstrated
by the comparison of Fig. 3.4a, which shows the MSDs measured
at the mid-plane, with Fig. 3.4b in which the MSDs measured at
Zrpp =2 pm and Zpp = H—-2 pum are plotted. Clearly, near the
surfaces the MSDs are different than at the mid-plane. It is also
evident from Fig. 3.4b that near the smooth bottom plate, the MSDs
are consistently lower than at the rough surface of the top sphere.
This difference will be further discussed in Sec. 3.4.2.

We examine the MSD(H,Zpp,7) function in more detail by plotting
the magnitude of (A 72(7)) evaluated at a lag time 7=10 s, for many
(H, Zpp) combinations. At this lag time, the differences between the
MSDs are more pronounced than at shorter times, while the typical
errors found at long times (due to poor statistics and gradients in
drift [26]) are still small.

The solid symbols in Fig. 3.5 show the spatially resolved MSDs
for the same gap heights as in Fig. 3.4a (including an additional ex-
periment for which H - o0). It is observed that the MSDs show a
maximum in between the two confining surfaces. This maximum is
not in the middle of the gap but closer to the surface of the top sphere.
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Figure 3.4: Mean square displacement (MSD) vs. time lag plot for de-
creasing confinement gap (H). In panel a, each curve indicates the MSD
at the midplane Zpp = H/2 (see Fig. 1). Correspondence between H (um)
and symbols: 20 pm(m), 16 pm(e), 12 pm(A), 8 um(w), 4 pm(e) and
~1.3 um («). Panel b: MSD vs. time lag for different gap heights H, now
for planes 2 pum away from the confining walls. Open and closed symbols
correspond to rough (top) and smooth (bottom) walls, respectively. Vol-
ume fraction (¢) of the sample is 0.33. Qualitatively similar behavior was
observed for samples at ¢p=0.38, 0.42.

It is also noted that the Zgpp-dependence of the MSD is gradual. Al-
though the MSDs become rather small due to the confinement, they
all remain well above the noise-floor, indicating that the particles are
still rearranging themselves. This finding is corroborated by our tra-
jectory analysis (not shown), in which all particles still show motion.
Hence we found no evidence that particles had permanently stuck to
any surface.

Considering the possibility of layer formation at walls, and the clear
dependence of the MSD on the concentration in bulk HS systems
(Fig. 3.3 and 3.7), the question arises to what extent the variations
in MSD could be attributed to local volume fraction effects.

The main graph of Fig. 3.6 shows the geometrical local volume
fraction profile ¢4(7), calculated as explained in Sec. 3.2.2. Clearly,
the profiles are strongly peaked near the bottom wall. The peaks
are approximately equally spaced (distance A Z,, » 1.14 pm) and
their amplitude becomes progressively smaller as the distance from
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Z,, (pm)

Figure 3.5: Spatially resolved behavior of MSD.-19s for the fluid at
¢=0.33, confined at different gap heights H. Correspondence between H
(wm) and symbols: 20 (m), 16(e), 12(A), 8(w) and 4(¢). The pentagram
symbol belongs to the experiment where the second confining surface is
far away (H — oo ). Corresponding open symbols indicate "bulk” MSD
values calculated from the local volume fraction showing what M.SD._19s
would be if the system was bulk and dynamics were solely governed by
volume fraction. The open symbols have been calculated from the linear
fit to a characteristic curve in the inset of Figure 3.6. The error bars has
been calculated from different fits to inset of Figure 3.6. The dotted part
of open symbols indicates extrapolation. See text for further details)
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the wall is increased. This is similar to the behavior that was found
in previous studies on layering of HS suspensions [27, 28]. In our case
the depth of the first minimum is remarkably low, corresponding to
a very low occurrence of sphere centers (as was checked from the 3D
localization data). Furthermore, the first peak to peak distance is
slightly larger; we offer no tentative explanation for this.

Confinement by the second surface causes only little changes in the
¢(Z) profile near the bottom surface; the strongly peaked structure
remains and also the ¢ values super-impose fairly well. The overall
volume fraction shows a small decrease upon confining the fluid from
H — co. to H= 20 um, but upon progressive confinement it shows
less than 5% relative variation. Also the concentration profile under
the top sphere can now be studied. Although some layering occurs,
the peaks are by far less pronounced than at the bottom surface.
Again this points at an important difference between the top and
bottom surfaces, which will be discussed in Sec. 3.4.2.

We return to the question whether the variations in MSD could
be due to the variations in local volume fraction only. We exam-
ine this by measuring the relation between the local ¢ and the local
MSD, and subsequently comparing each local MSD magnitude with
the value that it would have in a bulk system at the local ¢. A
question that then arises is down to which length scale a calculated
local ¢ would still be meaningful. Since the MSD of a particle should
at least depend on the cage defined by its direct neighbors, the use
of ¢-values calculated at smaller length scales than this cage length
would not make sense (the precise length scale at which local ¢ does
matter still has to be assessed for confined systems). To take this
aspect into account and sample the ¢(Z) profile at a more appro-
priate length scale, we convoluted the Z-histogram of particle center
locations with a block profile of width AZ,, ~ d. Subsequently we
applied an additional convolution with a Gaussian kernel with 0.8
pwm FWHM, to account for the optical Z-resolution of the MSD mea-
surement (see Sec. 3.2.3). These operations produce the ¢(Z) profiles
shown in the inset of Fig. 3.6. Looking up the ¢ values from this pro-
file and interpolating against the MSD(¢) relation for bulk samples
then produces the densely dotted MSD(Z) data shown in Fig. 3.6.
Since slightly different convolutions and interpolations would have
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Figure 3.6: Geometric volume fraction (¢) vs Z for different confinement
gaps: Correspondence between H (um) and symbols: 20 (m), 16(e), 12(A),
8(w) and 4(¢). The pentagram symbol belongs to the experiment where
the second confining surface is far away (H - o0). ¢ indicates local vol-
ume fraction calculated in a bin. Inset: Convoluted volume fraction (¢)
vs. Z-histogram, as needed for generating reference M SD,_10s data at
in Fig. 3.5. Solid line is linear interpolation to convoluted volume profile

used to calculate expected MSD values in Figure 3.5. See text for further
details.)

been possible, we represent the effect thereof on the MSD values
by error bars. Now comparing the interpolated MSD curves to the
measured data, it becomes clear that the data interpolated from the
MSD(¢) relation strongly over-estimate the MSDs of the confined
systems, and the more so as H gets smaller. This demonstrates that
the dramatic decrease in MSD near the surface(s) can only for a very
small part be attributed to variations in local volume fraction.

Confinement experiments were done at several volume fractions
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(¢ = 0.33,0.38,0.42), but so far only the results at ¢ = 0.33 were
shown. Importantly, for all three samples a similar behavior was
found when the gap height was reduced from (effectively) infinite to
just a few particle diameters. To illustrate this, we plotted MSD data
at 7 = 10s, for both bulk and confined fluids in Fig. 3.7. For all three
confined fluids, the local volume fraction changes only little with
confinement, and dramatic reductions in MSD compared to the bulk
are found. At the smallest gaps, it seems that the volume fraction
differences even do not matter anymore. This strong dependence of
the MSD on H as compared to the dependence on ¢, is also illustrated
in the inset of Fig. 3.7. This underlines once more that the reductions
in MSD are largely due to confinement, rather than due to the local
volume fraction.

3.4 Discussion

3.4.1 Comparison with Hard Sphere systems

Besides using the MSDs in Fig. 3.3 for comparison between bulk
and confined fluids, it is also interesting to examine if they show the
behavior as expected for Hard Spheres. From the curve at ¢=0.16
an apparent viscosity of 6.0 mPa.s was extracted using the Stokes-
Einstein equation; this gives a relative viscosity of 1.47 which is fairly
close to » 1.6 as expected for HS [28, 27]. However the calculation
of a viscosity from MSD data using the Generalized Stokes Einstein
Relation [29, 30] is not trivial for non-dilute HS suspensions. Alter-
natively also the normalized diffusion coefficient D/Dg, with Dq the
diffusion coefficient for ¢ - 0, can be compared to literature. For
¢ ~ 0.16, Ottewill and Williams [31] found a normalized self diffu-
sion coefficient of ~ 0.72 at short times and ~ 0.44 at long times.
This suggests that our data at ¢=0.16 (where D/Dy = 0.68) show
the short-time self diffusion. The sub-diffusive behaviors (0< a <1)
at higher volume fractions then show intermediate regimes between
short- and long-time self-diffusion.

Also direct comparisons with MSDs of other HS systems are pos-
sible. Kasper et al[24]studied cross-linked poly-t-butylacrylate parti-

64



3.4 Discussion

! ! ! T T
1t 3
NA
£
=
(]
e 01 4
T ]
A
N
1
<
\"
0.01 ¢ 4

0.2 0.3 0.4 0.5 0.6
Local volume fraction (¢ )

Figure 3.7: MSD7=10 s vs. local volume fraction. Half full squares in-
dicate bulk measurements; all other symbols refer to confinement. Open
red: Zpp = H/2, solid black: Zpp =2 um, crossed blue: Zpp = H-2 um.
Symbol shapes indicate the initial volume fraction: ¢$=0.33 (e), 0.38(m),
0.42(w). H varies between 20 and 4 pm for this graph. Inset: same MSD
data at Zpp = H/2 plotted vs. %I

cles (d=910 nm) in 4-fluorotoluene at Zgp ~ 10 um (or 11 particle
diameters) for ¢= 0.32-0.60. They also observe a transition from an
almost diffusive behavior (at ¢= 0.32) to a plateau (at ¢= 0.60),
with sub diffusive behaviors (0< o < 1) in between. After normaliz-
ing MSDs as (Ar)/d? and 74D, /d2, which should result in a master
curve for hard spheres, their data can be compared to ours. It then
turns out that while the pattern of MSD curves matches well between
the two systems, the volume fractions of the superimposing curves
do not correspond well (see supplementary information).

Reference data are also available for systems of poly(hydroxystearic
acid) (PHS) coated spheres suspended in tetralin/decalin/carbon tetra-
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chloride [8], cycloheptylbromide /decalin [7] and cyclohexylbromide/decalin
[1, 2]. However these studies address normalized times that are much
longer, and in a range that gives only a small overlap with our data

(see supplementary information). Also at these longer timescales,

the normalized MSD curves of the various systems do not show the
overlap expected for ideal hard spheres.

Comparison with literature for (near) HS systems thus leads to
two conclusions: 1) the dynamics of our bulk silica suspensions qual-
itatively resembles that of other (near) Hard Sphere fluids, and 2)
the MSDs of several (near) HS systems do not all collapse onto the
expected master curve. This suggests that the particle dynamics in
near-HS fluids is rather sensitive to small deviations from ideal HS
behavior, and underlines the value of MSD measurements in bulk, as
a reference for analyzing the dynamics under confinement.

3.4.2 Asymmetry between the two confining
surfaces

From the AFM topography images (Fig. 3.2) it was clear that whereas
the coverslip was very smooth, the surface roughness of the glass
sphere was certainly not negligible when compared to the size of the
silica particles. The layering that we found at the smooth wall and
the almost complete absence thereof at the rough wall (Fig. 3.6) are
also in good agreement with expectations for ordering phenomena at
smooth and rough walls: in several previous studies (e.g. [16, 17])
such behavior has been found. Taking these observations together
with the strong effects of wall roughness on local particle dynamics
as found in computer simulations [4, 16, 17], it seems rather likely
that the different MSDs found at the two glass surfaces are to be
attributed to the differences in wall roughness.

However since the mass density of our particles exceeds that of the
solvent by ~ 800 kg/m3, it cannot be excluded a priori that also grav-
ity could affect the particle dynamics (and hence contribute to the
asymmetry between top and bottom surfaces). An estimation of the
importance of gravity can be made by comparing the buoyancy force
on a single particle to the thermal force kT /a (with a the particle
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radius). Expressed as a Peclet number Pe = Apga*/kT [32, 33] we
obtain Pe=0.2. This suggests that the thermal forces are stronger,
but also indicates that the effect of gravity should not be completely
ignored. Another way of assessing the importance of gravity is to
look at the ¢(Z) profiles for Z>10 pm. While the data in Fig. 3.6
indeed show a decreasing trend, taking this effect of gravity on ¢ into
account as in Fig. 3.6 (open symbols), it came out that a substan-
tial part of the reduction in MSD at the bottom wall (compared to
the bulk) cannot be attributed to the volume fraction change. This
corroborates once more that the surface effects dominate.

The availability of different wall surfaces (in contact with the same
fluid) together with the ability to control H, make it interesting to
compare the effects of the single walls and the confinement distance
on the MSD. This is illustrated in Fig. 3.8, which presents the same
data as in Fig. 3.5, but now as a function of the normalized distance
from both walls. Also the magnitude of the bulk MSD at ¢=0.33
(obtained by interpolation) is included. The data at H = 20 um
show a large MSD plateau with a magnitude close to that of the
bulk system. This means that the effects of the separate walls (i.e.
without the influence of a second surface) can be estimated from
the difference between the solid and dashed black lines. Clearly, for
the smooth wall the reduction in MSD is appreciable and extends
over long distance, whereas for the rough wall the effect is small and
short- ranged. Fig. 3.8 also makes clear that both a smooth wall
and confinement can cause a major reduction in MSD, and moreover
that layering and confinement can also work together: even very close
to the smooth surface, where the MSD was already reduced by two
orders of magnitude due to the layering, the confinement is able to
further reduce the MSD by more than an order of magnitude. For
the rough wall, it is illustrated that the wall effects become negligible
compared to the confinement effects, already at relatively large H.
This corroborates the approach taken in reference [1] where the wall
was roughened in order to mitigate layering effects. The implication
of these findings for practical cases (such as channels in a microfluidic
chip, or pore channels) is that the overall dynamics in the cavity could
be controlled by engineering the roughness of the walls.
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3 Influence of confinement by smooth and rough walls in dense
hard-sphere suspensions

Normalized Distance from rough wall (H-Z_.)/H
1.0 0.5 0.0

10 : : : :
0.5 1.0

Normalized distance from smooth wall (Z_/H )

Figure 3.8: Alternative representation of the data in Fig. 3.5, to reveal
the contributions of layering and confinement on the MSD at 7=10 s.
The dashed line indicates the MSD of the bulk fluid (at $=0.33) whereas
the solid black line belongs to the layered system (i.e. in absence of the
top surface).Correspondence between H (um) and symbols: 20 (m), 16(e),
12(A), 8(w) and 4(o)

3.5 Conclusions

We investigated the dynamics of dense hard sphere suspensions under
confinement between a smooth and a rough surface. Upon decreas-
ing the gap height H, the overall particle dynamics was found to slow
down dramatically, in accordance with previous studies. Systematic
experiments allowed us to conclude that this slow down is predom-
inantly a direct effect of confinement, and the confinement-induced
variations in particle density play s role in the dynamics within the
gap. Within the gap, local differences in the dynamics were found.
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3.6 Acknowledgments

Local MSD minima occurring at the walls indicated that besides the
confinement effect also wall effects can contribute to the dynamics.
In the case of a smooth wall, interplay between the effects of layering
and confinement occurs.

Our finding that volume fraction alone cannot explain the varia-
tions in MSD for layered or confined systems, confirms that studies
of mechanistic details will be needed to achieve a deeper understand-
ing. Finally we also remark that the dynamics of confined (near)
HS suspensions appears to be sensitive to details of the interparticle
and the particle-wall interactions. Choosing very similar materials
for the particles and walls could help to better define the systems.
Also more systematic experiments regarding wall roughness should
be performed.
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Anisotropic and hindered
diffusion of colloids in a
cylinder

Abstract Video microscopy and particle tracking were used
to measure the spatial dependence of the diffusion coefficient
(D) of colloidal particles in a closed cylindrical cavity. Both
height and radius of the cylinder were equal to 9.0 particle
diameters. The number of trapped particles was varied be-
tween 1 and 16, which produced similar results. In the center
of the cavity, D, turned out to be 0.75 times Dy measured
in bulk liquid. On approaching the cylindrical wall, a transi-
tion region of about 3 particle diameters wide was found, in
which the radial and azimuthal components of D, decrease
to respective values of 0.1 and 0.4 times Dy, indicating asym-
metric diffusion. Hydrodynamic simulations of local drag co-
efficients for hard spheres produced very good agreement with
experimental results. These findings indicate that the hydro-
dynamic particle-wall interactions are dominant, and that the
complete 3D geometry of the confinement needs to be taken
into account to accurately predict the spatial dependence of
diffusion.
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4 Anisotropic and hindered diffusion of colloids in a cylinder

4.1 Introduction

Understanding how confinement affects the diffusive behavior of col-
loidal particles is crucial for understanding various dynamic processes
in biological and microfluidic systems [1, 2, 3]. A first class of exam-
ples is given by particles that have to diffuse towards a flat wall before
they become immobilized as needed e.g. for coating applications or
for biomedical diagnostics in microfluidic chips [4, 5]. Here diffu-
sive processes under confinement have been found to have a direct
influence on measurable quantities such as reaction rates and retar-
dation times [6, 7] . Also confinement of particles in more than one
dimension and/or involving wall curvature occurs; examples are the
synthesis of colloids inside droplets [7], trapping of particles inside
pores [8, 9] and the diffusion or directed transport of biomolecules
or particles inside biological cells (or model systems for these gold-
ing [10, 11]). For each of these cases, understanding the time depen-
dent particle dynamics is tightly connected to the question how the
confinement influences the diffusion [12]. Surprisingly, the majority
of fundamental studies referring to this problem have been limited to
simple geometries such as a particle approaching a flat wall, or quasi
two-dimensional systems [13, 14, 15, 16]. Theoretically, the classical
problem of a particle translating in the vicinity of a rigid flat wall
was first treated in 1907 by Lorentz [17], then Faxen [18, 19] later
improved by Brenner [20] in 1961 and extended to the double wall
case by Goldman [21]. drag force along the axis of cylinders was stud-
ied theoretically by Sano [22]. For some geometries, the quantitative
correspondence between differently obtained analytical expressions is
still an issue, as evidenced by recent papers on methods to improve
the analytical solution [22, 23, 24] . Experimentally, single wall and
double wall cases have been studied with optical tweezers [25, 26],
microscopy [14], total internal reflection velocimetry [27] and light
scattering [27, 28]. Although each of these techniques has their own
challenges, the results of these studies coincided reasonably well with
each other and with the theoretical expressions. Cylindrical geome-
tries were also studied in a few (quasi-one-dimensional) cases: macro-
scopic measurements of the drag coefficient for a mm-sized sphere
settling along the axis of a closed 3D cylinder [29, 30] and micro-
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4.1 Introduction

scopic measurements of diffusion along of the axis of long cylindrical
microchannels (31, 32].

From this short overview, it is clear that both theoretical and ex-
perimental studies which extend beyond simple confining geometries
are scarce. From the experimental side this could perhaps be ex-
plained by the challenges in measuring local diffusion coefficients (or
alternatively drag forces) in 3D confinements and in manufacturing
suitable confining structures. However, recent developments in soft
lithography [33, 34] have provided new opportunities for the latter.
Three dimensional (3D) micron scale confining geometries can now be
manufactured in a variety of materials [35]. Moreover, these geome-
tries can be also integrated into microfluidic systems in which liquid
flow is controlled via pumps and valves [35]. These new capabilities
offer unique opportunities for studying diffusion in 3D confinement
because of the flexibility in the design of the confining geometry, the
active control over liquid flow and the good optical access to the
confined volume.

In this chapter, we study the spatial dependence of the diffusion co-
efficient in 3D closed cylinder geometry experimentally and compare
our results with numerical simulations. Combination of soft lithog-
raphy and real-time Confocal Scanning Laser Microscopy (CSLM)
allowed us to observe the diffusion of micron sized colloidal spheres
in cylindrical cavities, in which both height and radius are 9 particle
diameters. Microfluidic chips containing pressure-controlled struc-
tured membranes [36] were used to define the liquid environment
and trap the particles. Diffusion coefficients were measured via par-
ticle tracking in two horizontal planes; one crossing the cavity center
and one near the bottom. Good optical contrast and a large number
of observations allowed us to resolve the radial (D,) and azimuthal
(Dg) diffusion coefficients as a function of distance from the wall,
with high resolution.

This chapter is further organized as follows: in Sec.4.2 we will
explain how drag forces are calculated from the 3D Stokes equation
and translated into diffusion coefficients. In Sec.4.3 we describe the
colloidal fluid, the design and operation of the cylindrical cavities, the
video particle tracking experiments and the data analysis. In Sec.4.4
we show how spatially dependent diffusion coefficients are obtained
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4 Anisotropic and hindered diffusion of colloids in a cylinder

from image analysis, and compare the diffusive behaviors for 1 and
16 enclosed particles to each other and to numerical calculations.
Conclusions will be drawn in Sec.4.5.

4.2 Numerical calculations

In the low Reynolds number regime, we have a fundamental linear
relation between hydrodynamic force (Fy) and the velocity of particle
(vq), via the diffusion tensor (D).

v=-BDFy (4.1)

Here 5 =1/kpT while D is a diagonal tensor with components D,
,Dy and D, corresponding to the principal directions in cylindrical
coordinates. The diffusion coefficient D, in each direction can be
expressed in terms of resistance and thermal energy.

Do=220 (4.2)

where kg and T are the Boltzmann constant and the absolute
temperature, respectively. For a spherical particle in infinite medium,
Eq. 4.2 becomes the well-known Stokes-Einstein equation:

kT
- 3 pd,

: (4.3)
where p and d,, are the viscosity of medium and the diameter of
particle, respectively. From Eq. 4.2 and Eq. 4.3, it can be shown that
the normalized diffusion coefficient (D, /D) is the inverse of the drag
coefficient (cq = %)
D, 3mdyv, Fy
DO - Fa - Fa
In our numerical simulations, the local diffusion coefficient is ob-
tained by solving the Stokes equation to calculate the drag force F
for given v. This can be done for a particle at any chosen posi-
tion inside the cylinder. Imposing no-slip boundary condition on the
container wall and giving the particle a velocity v,, the drag forces

(4.4)
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and diffusion coefficients in the r— and - directions are obtained
separately by applying the velocity in these separate directions. All
simulations were implemented using the commercial COMSOL Mul-
tiphysics package [37]. In these simulations, only the single particle
case is considered. Hydrodynamic interactions between multiple par-
ticles are not taken into account. The numerical calculations were
validated by comparing the calculated drag coefficients with analyt-
ical solutions for well-known geometries: a spherical particle near
single wall and in between two walls.

4.3 Experimental Methods

4.3.1 Colloidal Fluid

Poly(styrene) latex particles with a diameter (d,) of 1.13 + 0.05 pm,
containing a red-fluorescent dye and carboxylate surface groups were
obtained as an aqueous suspension from Polysciences. This suspen-
sion was sonicated and subsequently diluted with a 100 pM NaCl
solution to a particle volume fraction of approximately 0.5%. The
final salt concentration corresponds to a calculated electric double
layer thickness of 30 nm, which is small compared to the particle size
but large enough to maintain colloidal stability. Given the size and
mass density (p = 1.05g/ml) of the particles, the sedimentation length
I = kT [6mgd} ~ 30 pm, which is large enough to prevent significant
particle settling. The refractive index of the PS-latex particles is 1.6
whereas that of the aqueous solvent is 1.33. All diluted suspensions
were studied at 22 + 2 0C

4.3.2 Microfluidic Cylindrical Cavities

Capture of particles into 3D confinements was achieved by filling a
microfluidic channel with suspension and subsequently pressing down
a membrane with embedded cylinder- shaped cavities to trap fluid
underneath (see Fig. 4.1). The number of particles that could be
trapped varied between 1 and 16. The device used for this is a
poly(dimethylsiloxane) (PDMS) based multilayer microfluidic chip
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4 Anisotropic and hindered diffusion of colloids in a cylinder

as described in ref. [41]. Briefly, the chip consists of two layers of
channels running in perpendicular directions: one for containing the
fluid of interest and the other for control. The ceiling of the flu-
idic channel is an elastomeric membrane, in which the cavities are
embedded. On pressurization of the control channel, the membrane
deflects and touches the floor; releasing the pressure restores the orig-
inal state. Cylinders are visualized through a 170 um thick glass slide
covered by a PDMS layer of 50 um. This application using so-called
integrated Structured Elastomeric Membranes (iISEMs) allows trap-
ping aqueous liquids in cavities of arbitrary shape, and dimensions
in the micron range. Also simultaneous study of multiple cavities is
possible. Our microfluidic channel had a height and width of 16 and
200 pm respectively. The cavities had a height A and diameter 2.,
of 10 and 20 pm respectively.

4.3.3 Confocal microscopy and Particle tracking

The Confocal Scanning Laser Microscope (CSLM) was an UltraView
LCI10 system, Perkin-Elmer) containing a Nikon Eclipse inverted mi-
croscope equipped with a Nipkow disk (Yokogawa module) and 100X
NA 1.3/0il objective. When tracking particle dynamics, we imaged
horizontal (X,Y) focal planes for 240 s at a rate of 10 frames/s. For
measuring particle locations in three dimensions (3D) we measured
series of images along the Z-direction (up to 30 pum from the bottom,
taking ~ 60 s) at 0.1 um/step. The images were processed via the
available particle tracking codes in 2D and 3D [28]. The accuracy
of locating the centroid of particles in 3D was 0.02 x m in X-Y and
0.05 pm in Z direction. The Z-resolution of our 2D particle tracking
was measured to be ~ 0.8 pm (full width half maximum), by local-
izing (almost stationary) particles in a 3D volume and subsequently
analyzing per focal plane, up to which distance from the focal plane
particles were still accepted by the 2D particle tracking code (using
typical selection criteria for brightness, object size etc.).

Image-time series aimed at studying particle dynamics typically
consisted of 2500 time steps. After localizing all particles in each
frame and building trajectories, mean squared displacements (MSDs)
in the horizontal plane were calculated, using:

30



4.3 Experimental Methods

(b) #T |

¢ Pressurize the control channel (al)

to deform iSEM and trap colloids

(a3) Fluid channel

Figure 4.1: Panel a) 3D representation of our device with integrated
Structured Elastomeric Membranes (iSEMs). The device consists of 3
major structures: a control channel (al) that can be pressurized, a mem-
brane (a2) in which cylinder structures are defined, and a fluidic channel
(a3) via which particles and solvent are delivered. The control and fluidic
channels intersect each other perpendicularly. Panel b) Applying pressure
to the control channel leads to deflection of the membrane and trapping of
the particle suspension. Panel ¢) Schematic illustration of the experiment
in which the particles are imaged in a chosen focal plane of a confocal
microscope
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4.3.4 Confocal Scanning Laser Microscope

Images were recorded with an UltraView LCI 10 CSLM system (Perkin
Elmer), consisting of a Nikon Eclipse inverted microscope, a Yoko-
gawa (Nipkow disk) confocal unit and a Hamamatsu 12-bit CCD
camera. All recordings were done in fluorescence mode using a 25
mW laser with a = 641 nm and a 100X/oil objective with NA=1.3.
The pixel size corresponding to the images was 0.135 pum and the
frame rate was 10 per second. Different focal planes and different
numbers of particles per cavity were studied; for each condition 6
subsequent movies of # 8000 frames each were recorded.

4.3.5 Particle Tracking

The majority of our image analysis (section 3.5) is based on the accu-
rate localization and tracking of particles; this was done using the IDL
implementation of the algorithm from Crocker and Grier [38]. Ad-
ditional procedures that are commonly used for data inspection and
error analysis have been described in detail [39] and are not repeated
here. Few aspects that were specific for the present study will follow
now. Due to the refractive index mismatch between particles and
solvent, image distortion occurred and also the optical contrast dete-
riorated with increasing depth (Z). However, due to the low particle
concentration, sufficient visibility could be obtained at all Z-values of
interest. At Z = 5 pwm above the PDMS floor, the localization accu-
racy in the (X,Y) focal plane was 30 nm as in an earlier study [40].
The ’effective focal depth’ relevant for particle tracking was estimated
to be 2.0 um from an intensity-vs.-Z scan of a particle that was stuck
to the bottom. A more detailed discussion of ’effective focal depth’
is given in the Supplementary Information. The same immobilized
particle also allowed estimating the mechanical drift of the cavities;
we found it to be less than 1 pixel per 100 s, which is negligible for
our purpose
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4.3.6 Image Analysis
Cavity Geometry

To inspect the 3D geometry of the cavity, we employed two different
methods. In the first method, fluorescently dyed aqueous liquid was
pumped into the chip and directly visualized by making horizontal
(X,Y) images at various vertical (Z) locations. This allowed a fairly
accurate measurement of the contour in the horizontal plane, and an
estimate of the cavity height (see Appendix ). A second, indepen-
dent check of the (X,Y) contour was made after replacing the dye
solution by suspension, and localizing the captured particles for typ-
ically 5210* frames. Making a time projection of all locations where
a particle was found, resulted in a cloud representing the accessible
area. From this cloud, a contour line was constructed by connect-
ing the outermost points. A careful smoothening was applied, which
resulted in a contour that contained all but a few particles. The
excluded particles were still very close ( 1 pixel) to the calculated
contour and reflect the uncertainty in the localization of the contour.
Finally the contour was inflated by 1 particle radius, to account for
the fact that the localizations pertained to the centers of the parti-
cles. For the cavity with 16 particles, the contours found with the
two methods corresponded well to each other and to the dimensions
of the PDMS master, from which the iSEMs had been made (not
shown). With only 1 particle in the cavity the visualization with
fluorescent liquid worked better.

It turned out that the cylinders did not display perfectly circu-
lar cross sections (see Fig. 2 for an example), which necessitated a
description of the radial position of the wall R,,.. as a function of
the angle 6. The transformation from Cartesian (X, Y) to polar (R,
0) coordinates was made by localizing the cavity center and subse-
quently decomposing the relative vectors (AX, AY') into R and 6
components. Performing this operation also on the calculated con-
tour line, resulted in a R4, (0) function, which turned out to have a
specific dependency for individual cavities. To facilitate description
of the contour, we described it with a Fourier series:
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Rypaz = Ry + Z A sin(mb) + By,cos(mb) (4.5)
1

with a truncation at m=4. The quality of this fit turned out to be
very good.

Diffusive behavior

As explained in Sec.2, local diffusion coefficients D, were calculated
from resistance and thermal energy. Experimentally they can be mea-
sured from the mean squared displacement (Ar2) using the Einstein-
Stokes-Sutherland equation:

(Ar2) =2D,1 where a € 1,0,z (4.6)

with Ar = ARe,+ RAfey+Aze, and D = D,e,e,+ Dyegey+ D, e e,
. Here 7 is the lag time and Ar, the a component of the vector that
describes the 2D displacement of a particle during that time. In our
case, the brackets indicate an averaging over different times and par-
ticles at a given location. In Eq. 4.2 D, can be expressed as a diagonal
tensor which has components D, ,Dy and D, corresponding to the
principal directions in cylindrical coordinates. In our experiments,
we focused on the in-plane MSD hence only D, ,D, are measured.
The diffusion coefficient was measured from the initial slope corre-
sponding short time behavior.

A fundamental question is, how to define the location where D, is
measured, given that D, itself is measured via a displacement. If the
length scale over which the MSD can show spatial variation is much
larger than the typical magnitude of Ar,, (asin [41]) then this is only
a minor issue. In the present study, where strong variations in D, can
be expected close to the wall, we optimized the spatial resolution by
considering Ar, only for the smallest (i.e. unit) time step 7y (=100
ms). This generated a minor secondary issue: since the exposure
time of the camera per image (o) was only slightly smaller than 7,
the found magnitude of (Ar2) had to be corrected by subtracting
0/3 from 7 as prescribed by Eq. (14) of Savin et al [42]. Our o was
measured from a plot of (Ar2) vs. 7 for a bulk viscous liquid (see
Appendix ).
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Unless mentioned otherwise, the location of D, was assigned to
the midpoint of Ar,. Rounding the measured X,Y locations to dis-
crete (pixel) numbers was done to make a pixel map which could be
presented as an image; for a cavity with 16 particles observed for
~ 5 10* frames, a pixel was typically ’hit’ 20 times. To distinguish
between the fundamentally different diffusion directions in a cylinder
and to allow averaging over equivalent pixels, Ar, was decomposed
into radial (R) and azimuthal () directions. This produced values
of D, and Dy as a function of R and . In our analysis the distance
AR from the cylindrical wall is a more appropriate variable than R.
In view of the slight deviations from a perfect cylindrical shape (see
Sec.4.3.6), we used the Fourier description (Eq. 4.6) of R, (0) to
calculate AW (0) (or its normalized form &)

AW (0) = Rinaz(0) - R and & = AW [d, (4.7)

Hereafter Eq. 4.7 was used to group data for D, and Dy measured
at the same AR.

4.4 Results and Discussions

4.4.1 Spatial dependence of diffusion coefficients

To start with an overview we first show representative maps for
the normalized diffusion coefficient (Fig. 2a) and the occurrence
frequency (Fig. 2b). Both maps were measured in the midplane
(Zpp = H/2) of the cylinder. It turns out that even farthest away
from the walls, D, is significantly lower than that of a free particle
in bulk liquid. Moreover it is clearly visible that D, is progressively
reduced as the cylindrical wall is approached. The occurrence map
looks fairly homogeneous except for a depletion zone in the vicinity
of the cylindrical wall (this will be discussed in Sec.4.4.2).

A closer inspection of Fig. 4.2b reveals two issues that had to be
addressed. Firstly, at two (X,Y) locations the occurrence probability
was significantly larger: near the cylindrical wall at (X=22, Y=23)
and near the center at (18,15). Both particles appeared to be stick-
ing to a wall for at least part of the time. The particle near the

85



4 Anisotropic and hindered diffusion of colloids in a cylinder

a Diffusion coefficient in cavity b Occurance in cavity
30 0.8 30

5 10 15 20 25 30 5 10 15 20
X (um) X (um)

Figure 4.2: Overview for the experiment with 16 particles, with all trajec-
tories superimposed. Panel (a) Diffusion coefficient (D,) in the midplane
(Zpp = H/2) of the cylindirical cavity, as a function of (X,Y") position. D,
has been normalized with respect to the diffusion coefficient of a free par-
ticle in pure solvent (Dg). Panel (b) Corresponding map for the number
of times that a particle was found in each (X,Y) pixel.

center appeared to be at the bottom plane, and was detected due
to an enhanced brightness for such particles (see also below). The
other particle was clearly stuck to a cylindrical wall. Overall such
sticking events were rare; in 60 hours of recording only 3 such cases
were found. Secondly, also slight temporal fluctuations of the cav-
ity contour were observed. This was manifested as small differences
between the contours found from subsequent movies, and shows up
in the time-projection of Fig. 4.2b as an increased width of the par-
ticle depletion zones in the lower and right-hand parts. Both issues
(whenever they occurred) were resolved by excluding the problem
areas from the analysis. Omitting this filtering operation resulted in
significantly different results (in Figs. 4.3, 4.4, 4.5) in the vicinity of
walls.
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4.4.2 Dynamics at the midplane

More detailed information was obtained by binning data as plotted
in Fig. 4.2b according to the distance from the cylindrical wall, and
decomposing the diffusion coefficient into radial and azimuthal com-
ponents as explained in Sec.4.3.6. We first consider 1 particle in
the midplane (Zpp=H/2) of the cylinder. The experimental data in
Fig. 4.3 reveal several aspects. In the center of cavity D, and Dy are
equal, while the total D, is ~ 25% lower than the bulk value Dy. As
the particle approaches the side wall along the radial direction, its
diffusion coefficient follows a plateau, down to »3 particle diameters
from the wall, where a gradual decrease sets in. This decrease is
stronger for D,., which is qualitatively in line with expectations from
the known diffusive behavior of a particle near a single flat wall: here
the perpendicular drag force is always greater or equal to the parallel
drag force [20].

Also shown in Fig. 4.3 are numerical calculations (see Sec.4.2) that
take into account the specific 3D geometry of our experiments. The
theoretically predicted trends of D, and Dy as a function of £ corre-
spond remarkably well with those of the experiments. Concerning the
magnitudes, a 10% discrepancy is found between the model and the
experiments. We think this should mainly be ascribed to the error
introduced by the normalization step with D : the latter quantity
may have been measured at a slightly lower temperature. Another
experimental error could be due to the slight uncertainty in the size
of the individual particle in the cavity. Finally, we remark that the
signal/noise (S/N) ratio of the experimental data is fair, even for ~
5x10* observations.

The case of 16 particles in the cavity suffers less from poor statis-
tics, but the question is to what extent the diffusive behavior is
the same. The still rather low particle volume fraction (¢ ~ 0.004)
suggests that close-range hydrodynamic interactions (’collisions’) be-
tween the particles will rarely occur. A comparison between the cases
of 1 and 16 particles per cavity is shown in Fig. 4.4. The correspond-
ing curves for D, and Dy look fairly similar. The data for the 16
particles show a slightly less steep decay near the wall, and in the
center of the cavity D, appears to be 5% smaller. The latter discrep-
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Figure 4.3: Normalized diffusion coefficients of a single particle in the
Z-midplane of the cavity, plotted versus the normalized distance (§) from
the cylindrical wall. Squares (open for Dy, closed for D,) show the exper-
iments, while vertical bars represent estimated standard deviations (see
text). Triangles connected by dashed lines correspond to the numeric so-
lution of the 3D Stokes problem. The inset shows the validation of the
numerical method against the reference case of a particle near a flat wall.
The diffusion coefficient parallel (Dj; ,open circle) and perpendicular (D,
,solid circle) to single wall as function of distance from the wall (Zpp).
Circles show our calculations while red dashed lines represent the analyti-
cal solution from Brenner [20]. Similar quantitative agreement was found
for the case of 2 parallel walls (not shown).
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ancy falls within the experimental error. Whether the former small
difference could perhaps reflect inter-particle hydrodynamics remains
to be elucidated, and would require a different simulation method.
In any case, the better statistical accuracy of the experiment with
16 particles allows addressing several additional questions. We first
address the accuracy that can be reached in measuring local diffusion
coefficients with our particle tracking method. Uncertainties exist in
both the magnitude of D, and in the location where it is measured,
and the errors can be either systematic or stochastic.

A first issue is related to the assignment of a location to the mea-
sured D,. Different choices can be made: the beginning-, end- or
midpoint of the diffusive displacement Ar,. The consequences of
this choice are shown in the inset of Fig. 4.4. The differences are
only small, which is rationalized by the fact that the typical dis-
placement in 7; = 0.1 s is only 0.1-0.2*¢. At the smallest £, the value
of D, based on the midpoint is smaller than for the begin/end point.
This can be understood by considering that of all radial displace-
ments that begin or end in the ring closest to the wall, only those
that are small will also have the midpoint in that ring. Larger steps
will result in midpoints at larger £. This biasing effect applies only
for radial displacements in the outer ring.

A second issue is the drift (i.e. nonzero average displacement [43])
due to the gradient of the diffusion coefficient (%D{) in the radial
direction, which can make a contribution to (Ar2), proportional to
&2. We simulated this effect for the case of a particle near a flat
wall, and found (see Appendix ) that on using the Einstein-Stokes
equation, the local D, (perpendicular to the wall) had to be replaced
by:

2 1. 4e2-3(26-1)
ST ST CTa

with 7 the normalized lag time (7 = 7/to, where ¢y = d2Dy), which
amounts 0.028 in our case. The term in round brackets incorporates
the effect of the wall on the drag coefficient while the term in square
brackets represents the drift effect. The latter term is always > 1
but becomes < 1.1 for £ > 0.58. This means that the correction term

Dyt (€) = ] (4.8)
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D (um’/s)

Figure 4.4: Comparison between diffusive behaviors of 1 particle (grey
squares, same data as Figure 4.3) and 16 particles (red circles) in the mid-
plane of the cavity (Z=H/2). Note that the diffusion coefficients are now
given in absolute numbers. The inset shows (for the case of 16 particles)
how the apparent D, /Dy depends on the assignment of the location where
D,, was measured: begin-, (red triangles) end- (green circles) or midpoint
(black squares) of the displacement step. Open symbols correspond to Dy
and closed symbols to D,..
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only plays a role very close to the wall ( 1 camera pixel in our case).
Although the correction is thus only minor for our case, it is also
clear from Eq. 4.8 that this is due to the small value of 7.

A third issue is how the magnitudes of D, are affected by local-
ization errors. The measured coordinates of the contour and center
of the cavity suffer from inaccuracies that are larger than that of the
particle localizations, and it is obvious that the strongest influence
of these errors is expected near the wall. We examined this issue by
repeating the image analysis but now increasing or decreasing the lo-
cal contour radii R,,ax(6) by 0.15%d,. Also the X and Y coordinates
of the cavity center were varied by the same amount. Comparing
D, values at the same Ar for the different datasets thus created,
allowed to estimate a Ar-dependent standard deviation. To obtain
the total standard deviation, these errors were combined with the
statistical inaccuracy that arises from the finite number of observa-
tions N within each Ar ring. The relative error due to this effect
amounts (2/N)z and is also Ar-dependent. The resulting error bars
for individual cases are shown in Figs. 4.3 and 4.4. It turns out the
typical relative error in D, is 8% for 1 particle per cavity and 4% for
the 16 particle case.

Bottom plane

For the case of 16 particles, the diffusive behavior at the bottom
of the cavity could also be examined, albeit that an additional data
filtering step was needed to ensure that only particles very close to the
bottom are taken into account. The need for this step arises from
the fact that the Z-range in which particles are detected is » 2um
(see Appendix ). With the focus at Zpp = 4.5 + 1um, this effect is
unimportant, since the distance dZ of a particle to the nearest wall
varies only between 4 and 5 pm. However at Zpp = 0.5d,, AZ varies
between 0.5 pum (contact) and 2 um. In this range D, and Dy can
be expected to show strong dependence on 7 position.

To exclude particles that are not very close to the bottom, we
collected the intensities of all » 105 particles tracked at Zpp = 0.5d,,
into a histogram (see inset of Fig. 4.5). Two distinctive peaks were
found, which differ in intensity by a factor of ~3. We then assumed
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that only this secondary peak corresponds to particles at the bottom,
and restricted our analysis to this subset. The fact that this data
selection gave substantially lower values for D, and Dy, whereas a
similar filtering at Zpp = H/2 had negligible effects, seems to justify
our assumption.

The thus measured dependencies of D, and Dy on £ at the bottom
plane are presented in Fig. 4.5, together with the data observed in
the midplane (and with numerical simulations). For & >3, the prox-
imity of the bottom plane is manifested as a ~ 25% reduction in the
D,, values as compared to the midplane. As the cylindirical wall is
approached (£ <3) a transition takes place to a regime in which the
drag force becomes strongly dominated by the cylindirical wall. This
is evident from the quantitative correspondence at small £ of the D,
and Dy curves measured at the bottom and mid-planes.

The comparison to numerical calculations revealed some interesting
aspects. Since the inaccuracy in Zpp was estimated to be 0.2 um,
calculations were performed for Zpp = 0.6 — 1.5 + d, . The results
(shown in the Appendix) revealed that the plateau levels for D, and
Dy depended strongly on Zgp, and that the best agreement with our
experiments was found for Zgpp ~ 0.6um. It also turned out that all
calculated D, curves showed a very similar limiting behavior for £ < 1,
which was however significantly steeper than that of our experiment.
This is also shown by the numerical D, curve in Fig. 4.5. Part of
this discrepancy could perhaps be attributed to a slightly less steep &
dependence for the case of 16 particles (as remarked before). Besides
that, we have no explanation for the discrepancy. For the Dy curves,
comparison between simulation and experiment produced a better
correspondence than for D,.

Comparison with other geometries

To further emphasize the effect of confining geometry on the spa-
tial dependence of local diffusion behavior, we performed additional
numerical calculations. In Panel (a) of Fig. 4.6 we compare the
radial and azimuthal diffusion coefficients for three distinct geome-
tries: (1) our closed cylinder (R, = 9d,, H = 9d,) at the midplane
(Zpp = H/2), (2) an infinitely long cylinder with R, = 9d, and (3) a
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Figure 4.5: Normalized radial (D,) and azimuthal (Dy) diffusion coef-
ficients measured at the midplane (Zpp = H/2, red circles) and bottom
(Zpp = 0.6dy, blue triangles) for the case of 16 particles in the cavity.
Open symbols correspond to Dy and closed symbols to D,. Diamonds
connected by solid lines show the numerical solution of the 3D Stokes
equation. Open symbols correspond to Dy and closed symbols to D,.The
inset shows histograms for the intensity measured at Zpp = 0.6d, (solid
line) and Zpp = H/2 (red dashes). This intensity corresponds to the
brightness of the fluorescent image of a particle, which depends on its
distance to the focal plane Z — Zpp as well as on Zpp itself.
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single flat wall. Comparing cases (1) and (2), we find that for small
€ (€ <2) the diffusive behavior is largely dominated by the cylindrical
wall; this is similar to the experimental trend in Fig. 5. However as
the central axis of the cylinder is approached, the limiting behaviors
are clearly different: even 4.5 particle diameters away from top and
bottom surfaces, the latter boundaries still lower the value of D, by
8% compared to the infinite cylinder case. To reduce this difference
to 1%, the distance of the end planes from the center has to reach 20
particle radii (data not shown).

To further corroborate the importance of end planes, we also com-
pared the previous cases (1) and (2) with calculations for a cylinder
with R, = 9d,and H = 9d, but now with one end open. Fig 6b
shows once again that in the vicinity of cylindrical wall, all curves
collapse. Closer to the center of the cylinder, the diffusion behav-
ior is clearly influenced by the absence of end planes. Each added
boundary further decreases the limiting value for both D, and D, .

Finally we also examine the influence of wall curvature. The com-
parison between the cases of an infinitely long cylinder and a single
flat plane reveals that very close to the wall (£ < 1.5) the diffusivities
of the particle are essentially the same in Figure 6a. This indicates
that very close to the wall, the curvature of the latter can be ne-
glected for R.,;/d, <9. However close to the radial axis, the diffusion
behavior is notably different. In summary, the calculations given in
Figure 6 illustrate once more that -as a rule- the complete 3D geom-
etry needs to be considered to obtain a quantitative description of
spatial distribution of local diffusion.

4.4.3 Particle depletion near the wall

We now discuss the occurrence map N(X,Y) shown in Fig. 2b. A
slight but measurable depletion of particles occurs near the cylin-
drical wall, which raised questions about its origin and possible im-
plications. Both thermodynamic particle-wall interactions and fluc-
tuations of the wall could be responsible. To examine this further,
we calculated the occurrence probability P as a function of distance
from the wall, by radial averaging. The data in Fig. 4.7 show that P
remains fairly constant down to & ~ 0.65. In the range £ = 0.5 - 0.65,
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Figure 4.6: Numerical simulations. Panel (a): Effect of confinement
geometry on the normalized radial diffusion (D,) coefficient as a func-
tion of dimensionless distance (£) from the wall. Geometries: infinitely
long cylinder (& red, Rey = 9d,, H = o0), closed cylinder (O black,
Ry = 9dp, H = 9d,, at midplane Zrp = 4.5d,) and single flat wall (blue,
e). Inset (a): normalized azimuthal diffusion (Dyg) coefficient vs. & for the
same cases.Panel (b): Effect of top and bottom flat walls on the normal-
ized radial diffusion (D, ) coefficient as a function of £. Symbols represent
an infinitely long cylinder (A red, Ry = 9d,, H = ), a finite closed cylin-
der (O black, Ry = 9dp, H = 9d,, midplane Zpp = 4.5d,) and the last
mentioned case with one flat wall removed (¢ blue, R.y, = 9d,, H = 9d,,
mid-plane Zpp = 4.5dp) Inset (b): Normalized azimuthal diffusion (Dy)
coefficient vs. ¢ for the aforementioned cases .Open symbols correspond
to Dy and closed symbols to D,..

P decreases sharply to zero. Although this range is only 150 nm
(~ 1 camera pixel), the effect is still significant, and the range is 5

times larger than the expected electric double layer thickness (see
Sec. 4.3.1).

Anticipating that wall contour fluctuations are at least partly re-
sponsible for the effect, we performed two types of quantitative anal-
ysis. Firstly we tracked the particle that appeared to be attached
to the side wall (Fig. 2b); it turned out that this particle was os-
cillating with a radial amplitude of ~ 70 nm. Secondly we analyzed
the uncertainty in the local radial position of the wall, by comparing
for each movie, 2 sets of R,,..(0): the ”‘smooth”’ contour obtained
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from fitting with Eq. 4.8, and the noisy primary data. The difference
A7 did not show any systematic dependence on 6 and its distribu-
tion P(A7r,4.) had a standard deviation o of 140 nm. This o, which
includes the contribution of dynamic wall fluctuations, matches very
well with the found depletion range. To further illustrate this, we
took a step function P(§) as expected for hard spheres and walls,
and convoluted it with the distribution P(A7,,..). As can be seen
in Fig. 4.7, the resulting curve agrees very well with the experimen-
tal P(§) data. Finally, we also did a computer simulation in which
a screened electrostatic repulsion between particles and wall is in-
cluded. Here it turned out that the additional change in our P(§)
due to a potential with a contact value of 8 kgT" and a Debye length
of 30 nm has a negligible effect.

The implications of these findings for the present study are: i) it is
corroborated that the thermodynamic interactions between particles
and wall are essentially like that of hard surfaces and ii) fluctuations
of the PDMS wall cannot be excluded, but if so, their amplitude
does not exceed 150 nm. This latter aspect was already taken into
account in the error analysis of D(Ar) and appears to have rather
small impact on our measurements of the local diffusion coefficient.
Interestingly, the case of a fluctuating wall could also be found in
systems occurring in nature, e.g. emulsion droplets or living cells.
Our method of measuring diffusive behavior in confinements with
fluctuating walls might be suitable for studying such cases as well.

4.5 Conclusions and Qutlook

In the present study, three novel aspects were combined: the mi-
crofluidic trapping of particles into a closed 3D confinement with a
designed geometry, application of particle tracking to measure both
interactions and diffusion coefficients near walls, and the combina-
tion of experiments and numerical modeling to examine effects of
3D confinement on local diffusive behavior. Several conclusions can
be drawn: 1. For the first time, spatial dependence of radial and
azimuthal diffusion coefficient have been measured for particles in
a closed cylinder. 2. Numerical calculations based on the solution
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Figure 4.7: Red circles: probability of finding a particle center as a func-
tion of dimensionless distance from the cylindrical wall. This measurement
was made at the Z = H/2 plane, with 16 particles in the cavity. P(&) is
normalized to the value measured in the central area. The solid black
line shows the expected P() profile taking into account the uncertainty
in detecting the cylindrical wall. The error distribution corresponding to
the latter uncertainty is given by the solid blue line. The circle indicates
the size of the particle.
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of the 3D Stokes problem for a single particle correspond remark-
ably well with the experimental results. For the experiments with 16
particles slight discrepancies from numerics are observed which can
be attributed to particle-particle hydrodynamics. 3. Very close the
cylindrical wall, the curvature of this wall does not have significant
influence on the local diffusion coefficients. 4. Along the central axis
of the cylinder, the presence of the top and bottom walls has signif-
icant influence on the magnitude of the diffusion coefficient, for all
axial positions. Hence to predict the complete spatial dependence of
local diffusion coefficient quantitatively, the complete 3D geometry
of the confinement needs to be taken into account.

A current limitation of the iSEM-based cavities is that particles
could not be trapped in large numbers. The ability to reach higher
volume fractions inside 3D cavities would be very interesting, since it
would allow studying at which number of particles or volume fraction
the effect of particle-particle hydrodynamics becomes manifest, and
how these interactions will change the local diffusive behavior. This
will be topic of further study.
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Figure 4.8: Fluorescence intensity along horizontal (A) and vertical (B)
lines passing through the center of the object

4.7 Appendix

4.7.1 Size and Shape of the cavity

We confirmed the shape of the cavity with CSLM. Cavity filled with
fluorescent liquid is imaged by moving the focal plane (X,Y) in the
Z direction. Panel A of Figure 1 shows the intensity measured in the
bottom plane (Z=0) by a (4 pixels wide) line that spans the entire Y-
range, and scans in the X-direction through the center of the cylinder.
From the intersecting lines, a diameter of 10 um is obtained. Panel
B indicates the intensity measured by a 5 pixel by 5 pixel region in
the center of cylinder along the Z axis. The Z-range in this plot has
been corrected for the refractive index of the water. subsection

4.7.2 Effects of finite shutter time

In our measurements we consistently observed a deviation from the
Einstein-Stokes-Sutherland behavior at short lagtimes (for both the
cavity and bulk measurements). To understand the cause of this,
we performed Brownian Dynamics simulations to explore the effect
of a finite shutter-time as suggested by Savin et al.: when averaging
over time, trajectories are coarse-grained which results in apparent
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Figure 4.9: MSD vs time lag for Brownian simulations with/without
shutter time and experimental data. Inset shows at close up to short
lag time behavior.

mean-squared displace-ments that are smaller. We found quantita-
tive agreement between our experimental data and the simulations
when taking an effective shutter time of 50 ms (for a time lag of 100
ms). This indicates that the reduction in measured MSDs is very
likely to shutter-time effects only, and that it can be corrected by
the statistical model of Savin et. al. or the correction factor from
Brownian simulations

4.7.3 Effective depth of focus

When the focal plane is set at a certain height (Zgp), also parti-
cles that are not exactly in the focal plane will contribute to the
MSD measurements. The extent to which this occurs depends on
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the tolerance criteria of the particle tracking procedure. To identify
the effective depth of this focal plane, we considered a single particle
that was fixed to the bottom of the cylinder, and recorded a stack
of images along the Z-direction. Imaging conditions and tracking pa-
rameters were identical to those in the other experiments. Plotting
the brightness (the most effective screening parameter) as a function
of Z and applying the threshold produces the shaded region, from
which an effective focal depth of ~ 2um is obtained. This indicates
that particles that have centers within 1 um above and below the
focal plane will contribute to measurements. When the focal plane
is fixed at Zpp = H/2 this averaging effect will not dramatically in-
fluence the diffusion coefficients measured as the variation of D,./Dy
and Dy/ Dy with respect to ZFP is small around the center of cavity
(see Figure 4b and 5b). Close to bottom wall a stricter screening
is required as the dependence of diffusion coefficients with respect to
Zpp is strong (see Figure 4 in main text). For this case the estimated
effective focal depth is around 0.2 pm.
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Effect of roughness on
confined concentrated
suspensions

Abstract Diffusion in colloidal hard sphere suspensions
near a rough wall as a function of volume fraction is stud-
ied by observing a sedimenting suspension on a surface with
well-defined roughness using video microscopy and particle
tracking. The rough substrate was prepared by sintering a
sparse monolayer (area fraction (0) ~ 0.4) of silica particles
(diameter:1.2 pm) onto an initially flat glass wall. The sus-
pension consisted of silica spheres (diameter:1.5 pm). The
effect of the wall roughness was assessed by comparing the
experiment on rough surface to a control experiment carried
out on a flat "uncoated” wall. The mean squared displace-
ments (MSDs) at the rough surface had consistently smaller
amplitudes (A) and exponents («) than those at the smooth
substrate both as a function of time and volume fraction. At
the rough wall, a coexistence of diffusive-like motions (a » 1)
and cage rattling (o ~ 0) is observed whereas at the smooth
surface an unipolar « distribution is encountered. As the vol-
ume fraction increases a gradual transition from diffusive to
subdiffusive (a ~ 0.5) behavior is observed for the smooth sur-
face. For the rough surface, the bipolar distribution evolves
from a predominantly diffusive to predominantly cage rattling
(o~ 0). We attribute this different behavior firstly to a com-
bination of static and dynamic caging, and secondly to the
different 3D structure of the suspension near the rough wall.
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5 Effect of roughness on confined concentrated suspensions

5.1 Introduction

Diffusion of a single particle in the vicinity of a flat solid boundary
is a classic, "ideal case” problem first studied by Lorentz [1, 2, 3, 4].
However, conditions in real life are rarely that ideal. Many naturally
occurring substrates such as rock surfaces, cell membranes , human
skin and hair can be highly irregular at microscopic length scales.
Furthermore, also particle suspensions in contact with real life sur-
faces are often found to be far from dilute, for instance blood, milk,
paint or flowing slurries. Hence the case of a suspension at high vol-
ume fraction near a rough surface presents a much more complex
picture.

From the application perspective, understanding the dynamics of
colloidal particles in the vicinity of rough walls could shed light on
various processes of industrial relevance such as corrosion, colloidal
epitaxy, fouling and clogging at rough walls in (micro) channels.
Also from a fundamental point of view the problem is interesting.
The influence of wall roughness on diffusion-related physical phe-
nomenon such as friction [5], aggregation [6], adsorption [7, 8], foul-
ing or caking, reaction and transport through porous media [9, 10]
has been studied for various soft matter systems such as colloids [11],
proteins [12], polymers [13] and biological systems [14]. Recently,
roughness has also been utilized for manipulating colloidal interac-
tions [15, 16, 17].

Roughness is a phenomenon, that can occur on different length
scales relative to particle size of the suspension. How roughness in-
fluences the relevant physical phenomenon, therefore depends on the
details and type of roughness. For the case of diffusion in quiescent
fluids, several questions can be posed. An important one is: does
roughness speed up or slow down the diffusion of nearby particles?
From an intuitive point of view, depending on the characteristic size
of roughness relative to particle diameter, one could consider a rough
layer either as a porous medium that enables solvent to flow through
its pores or additional boundaries. This could indeed alter the hydro-
dynamic forces on particles that move near the wall. On the other
hand, the irregularities introduced by the roughness could also in-
crease dissipation. Furthermore, it is known that roughness can also
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influence the equilibrium structure of the colloidal fluid near the wall,
making it less dense but also less ordered. What will be the net effect
hereof on the particles dynamics cannot be said a priori.

Experimental and simulation studies in the last decade have shed
some light on these issues, although only few studies were actually
aimed at the diffusive behavior near a single rough surface. The dif-
fusion coefficient near a smooth surface has been studied as a func-
tion of volume fraction by Light scattering techniques [18]. In the
vicinity of a rough wall, diffusion in a dense suspension brings out
additional effects such as many-body hydrodynamics and structure
due to crowding. Also suspensions that were confined between two
surfaces have been studied. Several authors found that the volume
fraction dependent dynamics and phase behavior of colloidal hard
spheres [19, 20, 21, 22, 23] can change profoundly under the influ-
ence of additional confining boundaries [24, 25, 26, 27, 28, 29]. For
example, the structure in the vicinity of a wall was found to show
layering behavior analogous to confined molecular liquids. Mixed
findings were obtained for the effect of rough walls on the dynam-
ics. For a confined (bidisperse) system it was found that particles
which stick to a wall, slow down the dynamics of mobile particles in
their immediate vicinity [11]. In a previous study from our group,
roughness and gravity has been found to play a role on dynamics of
concentrated colloidal suspensions yet influence of two effects could
not be isolated [27].

Despite this progress, a lot still remains unknown about the in-
fluence of the roughness of a single wall on local particle dynamics.
In particular it would be important to know, how the influence of
roughness on dynamics depends on the concentration of the suspen-
sion and the characteristic length scale of the roughness compared to
that of the suspended particles.

In the present study we contribute to this field by studying the de-
pendence of the diffusive behavior at a rough wall as a function of the
suspension concentration. The latter is varied by letting suspended
particles slowly settle to the surface, and meanwhile measuring the
dynamic in the vicinity of a rough wall. The time dependence of the
corresponding concentration is measured during short interruptions
of measurements. Performing a similar experiment with a smooth

109



5 Effect of roughness on confined concentrated suspensions

substrate allows to asses the effect of the roughness.To define the
rough substrate, we have chosen to coat a smooth wall with a mono-
layer of particles that have a comparable size to those in the suspen-
sion. This monolayer has an intermediate density with a significant
amount of vacancies. While this is of course a particular case of
roughness, it resembles the scenario of fouling. Moreover we also
visualized both the immobilized and the suspended particles at the
surface. This allowed us to correlate the local dynamics to the local
surroundings of the particles.

5.2 Experimental methods

5.2.1 Substrate preparation

The sample chambers are prepared by gluing a glass tube on to 0.170
um thick glass slides. For the smooth substrate we used a glass cov-
erslip, which was flat down to the nm scale [27]. The rough substrate
was prepared by spincoating a colloidal suspension on a glass cov-
erslip and letting the solvent evaporate. The sintered particles were
1.2 um diameter (ds;) Rhodamin labeled silica spheres with a poly-
dispersity of 8%. After suspending them in a 40:30:30 mixture (by
weight) of water, ethanol and ethylene glycol up to a volume fraction
of, 15% 1 mL of the suspension was spincoated at a rate of 2000 rpm
for a duration of 30 s. Due to the solvent evaporation, the particles
stick to the glass. Drying for 30 min in an oven at 200 oC' served to
remove the last traces of solvent, and sinter the particles to the glass
(with this recipe the coverage density can be adjusted via the ratio
of water to ethylene glycol). The area fraction of colloidal particles
is 0.4. The area fraction (© = 0.4) is defined as the ratio of total
projected area of sintered particles divided by the total area in the
field of view. Total projected area of sintered particles is calculated
by multiplying the total number of sintered particles by projected
area on a sintered particle.
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Figure 5.1: Panel (a) is a schematic of the experiment where the mobile
(green) and the sintered (red) particles can be seen. The Panel (b) and
Panel (c¢) show complementary confocal images of the mobile and sintered
particles that are present in the same layer . Panel (d) illustrates the
sedimentation of the sample via confocal images taken at different time
frames (t=0s (d1), 100s (d2), 2000s (d3)).
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5.2.2 Colloidal suspensions

Fluorescein labeled silica particles of 1.5 pm diameter((d,)) (Mi-
croMod GmbH) with 5% polydispersity and a mass density of 1.8
g/mL were suspended in mixture, containing either water and glyc-
erol (30:70 by weight) or water and DMSO (19:81 by weight). This
allowed particle visualization deep into the suspension. The relatively
high viscosity of the glycerol containing mixture helped to slow down
gravity settling without diminishing the diffusive displacements too
much (see Sec. 5.2.4). This provided a bigger time window to study
the evolution of the structure and the dynamics while the local den-
sity of the fluid at the surface was increasing. Prior to each experi-
ment, a small amount of stock suspension (volume fraction ¢ = 0.01)
was sonicated and subsequently diluted with a relatively large amount
of solvent mixture to reach a final ¢ = 0.02. The solvent also con-
tained 100 uM LiCl, corresponding to an electric double layer thick-
ness of 30 nm. This gave interparticle electrostatic repulsions that
were strong enough to maintain colloidal stability and with a range
that was still very small compared to the particle size.

5.2.3 Confocal Microscopy

Images were recorded with an UltraView LCI10 CSLM system (Perkin
Elmer) consisting of a Nikon Eclipse inverted microscope, a Yokogawa
(Nipkov disk) confocal unit and a Hamamatsu 12-bit CCD camera.
All recordings were done in fluorescence mode using 25 mW lasers
with wavelength of either 488 or 561 nm and a 100X/oil objective
with NA=1.3. The pixel size corresponding to the images was 0.135
pm.  All microscopy experiments were performed at 22+ 2°C with
suspensions in capped bottles, of which the bottom had been taken
out and replaced by the (smooth or rough) substrate (see Fig. 5.1).
In case of a rough substrate, first an image was made of the rho-
damin labeled spheres that had been sintered to the bottom, using
the 561 nm laser line. Hereafter the 488 nm line was selected to im-
age Fluorescein labeled spheres. Immediately after filling the holder
with the suspension, Z-stacks and time-series (typically 6 of each)
were recorded in alternating fashion, for a total duration of about 1
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hour. Z-stacks were recorded up to Z=20 pm in steps of 0.1 um at
0.2 s per image. Time series were recorded for typically 2000 images
at either 1 or 5 frames per second. Here the Z-location was fixed at
0.75 um above the glass bottom, corresponding to the radius of the
suspended particles.

5.2.4 Particle tracking

The image analysis is based on the accurate localization and tracking
of particles by the algorithm from Crocker and Grier implemented in
IDL. The ’effective focal depth’ relevant for particle tracking was es-
timated to be 2.0 um from an intensity-vs.-Z scan of a particle that
was stuck to the bottom. The images were processed via the avail-
able particle tracking codes in 2D and 3D. The accuracy of locating
the centroid of particles in 3D was 0.02 ym in X-Y and 0.05 pm in
the Z direction. Particle trajectories in the X'Y-plane were converted
into the mean squared displacement (r?) as a function of lag time
7. Unless mentioned otherwise, the MSDs for the individual parti-
cles were lumped together into an average MSD function that was
representative for all particles present at the time of interest.

To study the dependence of (r2(7)), on the real time t (the time
lapse after starting the experiment), image-time series were divided
into segments of 100 frames (corresponding to 20 s each), to rep-
resent time "points’. Given that the number of particles per image
was O(100-1000), this gave an acceptable trade-off between the time
resolution and the statistical accuracy of the MSD. For each time
segment t, the first 10 points of the MSD were fitted to a power
law: (r?(7)) = A(£)* with A the amplitude and ¢, the unit exposure
time. A and « provide complementary information on respectively
the displacement magnitude and the type of motion.

5.3 Results and discussion

As the mobile particles in the container settle due to gravity, we fol-
low the dynamics and the structure of the suspension at the bottom
surface as a function of time. The first observation is that the mag-
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nitude of the MSD decreases gradually over time and tends towards
a plateau, for both surfaces (see Fig. 5.2a). Clearly, this is due to
the increased crowding at the surface as the sedimentation proceeds.
Similar graphs of MSDs versus time were also found in additional ex-
periments in water-DMSO mixtures (not shown). Importantly, the
MSD amplitudes were found to be lower near the rough surface at
all times. The slight increase in the MSD for 7 = 0.2 s at the rough
wall occurring for ¢t > 1500 s is ascribed to photobleaching. The lat-
ter process was indicated by a slight drop in the number of detected
particles after it had reached a plateau (not shown). Typically the
particles that have the longest residence time in the focal plane are
the ones that have the smallest MSDs. Failure to detect these slow
particles then results in an increase of the average MSD.

Also the nature of the diffusion was studied as a function of time
by monitoring the exponent («) obtained from the MSD at short
lagtimes (see Sec. 2.4). The initial a of 1.0 at the smooth substrate
suggests a diffusive (i.e. Brownian) behavior. Remarkably, for the
rough surface the initial exponent is found ~ 1.0 as well. This is as-
cribed to the arrival of individual mobile particles at the relatively
large open areas of the virginal rough substrate (see Fig. 5.1c¢); in this
case the mobile particles hardly feel the presence of the sintered par-
ticles. As the crowding increases, the exponent becomes sub-diffusive
for both the rough and smooth surfaces, indicating a trend towards
caging. Interestingly, the exponent decreases more quickly at the
rough surface and remains lower at all times. Also a different rough
substrate having a similar surface coverage by sintered particles, but
with a smaller typical length of the open areas was explored. Here
the same qualitative trend for o was found, but with an initial a ~ 0.5
(result not shown).

Clearly, the changing characteristics of the particle dynamics must
be related to the local structure and density of the fluid, which evolve
as the sedimentation proceeds. To study this relation in more depth,
we recorded (fast) Z-scans in between the MSD measurements and
used these scans to localize all suspended particles in 3 dimensions.
Anticipating the formation of structures that are layered in the Z-
direction, we calculated density-vs-Z profiles by convoluting each
particle center with a sphere corresponding to the average particle
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Figure 5.2: Magnitude at two different lag times (Panel(a)) and exponent
(Panel (b)) of the Mean Squared Displacement function measured at the
smooth and rough walls. All particle motions were measured parallel to
the wall while keeping the optical focus fixed at Z = d,/2 throughout the
sedimentation process. The noise floor is approximately 1 x 1074 um?2.

volume of the distribution. Subsequently we calculated in successive
thin Z-slices, which fraction of the slice volume was occupied by par-
ticles (as in [27]). In case of the rough substrate, also the sintered
particles were taken into account. The resulting ’local solid volume
fraction (¢;)’ profiles are shown in Fig. 5.3.

The first observation is that on both substrates a steadily grow-
ing thin layer of mobile particles is formed. This is in qualitative
agreement with expectations based on a simple picture, in which all
particles sediment independently, and with a steady velocity that is
dictated by equilibrium between buoyancy and drag forces. Knowing
the particles’ radius and mass-density, the solvent viscosity and the
initial suspension volume fraction, we calculated the particle arrival
rate (per unit area) at the substrate. The data shown in Fig. 5.3 were
found to be in reasonable agreement with this calculation. However, a
quantitative correspondence was not found, and also the growth rate
of the layer above the rough substrate turned out to be somewhat
lower as compared to the smooth substrate.

Such a lack of quantitative correspondence was also found in an
earlier study [30]. It might suggest that the description of the sed-
imentation process was too simplistic, and should perhaps not be
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applied to the formation of thin layers at an impermeable bottom
substrate. Alternatively also the softness of the thin layer may have
played a role: since it is held together by weak forces, even small
mechanical disturbances could exert an influence on the layer. This
issue would require further study, which is beyond the scope of the
present paper.

On the other hand, the semi-quantitative agreement with the model
also indicates that the thickness and density of the layer, as well as the
rate of change thereof, can be controlled by the experimentalist. We
remark here that sediments at intermediate densities (0.2 < ¢; < 0.5)
are generally difficult to achieve without making thin layers. This fol-
lows from the sedimentation equilibrium for hard spheres, in which
the (local) value of ¢; in a sediment layer is dictated by equality be-
tween the gravity force exerted by the layer above, and the osmotic
pressure.

A second observation after comparing Figure 5.3a and 5.3b, is
that the degree of ordering in the layer is influenced by the rough-
ness. Clearly the well-known layering effect occurring at the smooth
substrate [31] is disturbed by the sintered particles. Also the packing
of spheres occurs less efficiently as compared to the smooth surface.
This is ascribed to frustrated order: in general a bidisperse parti-
cle mixture can be packed more efficiently. However in our case the
smaller particles are fixed to the surface, which limits the possibilities
for optimizing the packing.

These differences in the structure and density of the layer on top
of the smooth and rough surfaces indicate that analyzing the particle
dynamics at the two surfaces as a function of the time lapsed after
starting the experiment, may not provide the most suitable basis
for comparison. Alternatively, one could also analyze the particle
dynamics at the smooth and rough substrates by comparing MSDs
at the same (local) volume fraction. But then the question arises, how
to define the effective volume fraction that is felt by the particles. In
other words, what would be the best definition of the 'surface layer’?.

In the present study, the roughness features have length scales
that are very similar to the size of the mobile particles. This might
justify the choice of a layer that is centered at one (mobile-) particle
radius above the cover slip. In this scenario, the surface layer of the
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Figure 5.3: Local 'solid volume fraction’ profiles as a function of the time
lapsed after starting the experiment. The time points where a Z-stack was
shot are marked in Fig. 5.2. Panel (a): rough substrate. Panel (b): smooth
substrate. The inset shows the time dependence of the calculated volume
fraction in the particle layer closest to the wall. See text for further details.

rough substrate is already crowded from the beginning, due to the
sintered particles. However the choice of a 'mathematical’ location,
strictly at Z = 0.5dp would not be suitable for comparison with the
experiments. To allow the latter, a finite thickness should be assigned
to the surface layer, to take into account both the Z-resolution of the
optical detection, and the geometrical aspect that a particle with its
center located at Z = 0.5dp can still collide with other mobile particles
having their center at Z < 1.5dp. These considerations were taken
into account (in an approximate manner) by averaging the volume
fraction profiles in Fig. 5.3 between Z=0 and 2.0 pum. The resulting
values for the 'surface volume fraction” ¢; are shown in the inset of
Fig. 5.3.

Plotting the MSD amplitude and exponent now as a function of
¢; results in Fig. 5.4. Clearly, both the magnitude and the exponent
of the MSD show distinct behaviors for the smooth and rough sur-
faces. In both sub figures, the data at the different substrates do
not intersect (or even reach a common point) at any of the accessi-
ble ¢, values, despite the considerable error bar in ¢; (to take into
account the particle polydispersity and the uncertainty in the upper
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integration boundary of Z). This clearly points out that specifying
¢; is not sufficient to capture the differences in dynamics at the two
substrates. Apparently, other aspects besides crowding must play a
role too.

We note that the closest correspondence between the diffusive ex-
ponents at the two substrates is found at high ¢;. This is indicated
by the data point at ¢; ~ 0.5, which was obtained from an additional
experiment with a thick sediment layer. This outcome could be ra-
tionalized from a conceptual picture of ’composite confinement’. In
this picture, each mobile particle at a surface is confined vertically
by bare surface, and in the case of the rough surface also horizontally
by the fixed particles. Besides these immobile boundaries, also the
other mobile particles can contribute to caging of the central particle.
Thus one could speak of a cage which is partially static and partially
dynamic. Here the dynamic part of the cage ’opens and closes’ due
to the motions of the mobile particles (as in the bulk fluid). Then at
high particle densities (close to the glass transition) two conditions
occur: 1. the vacancies in the rough layer are most efficiently filled
by particles from the suspension, making the packing fraction simi-
larly high as near the smooth substrate, and 2. at both substrates
the mobile particles are caged from all sides.

A more detailed comparison of the particle dynamics at the smooth
and rough substrates was made by analyzing the trajectories of the
individual particles for their amplitude (A) and exponent («) of the
MSD at short lag times. Histograms of these quantities were obtained
as follows: for each of the 6 time blocks per substrate (see Fig. 5.2),
only the first 300 time frames were considered (to define the "time
point” more sharply). Dividing these into 3 subblocks of 100 consecu-
tive frames, each particles present within a given sub block for more
than 50 frames were analyzed for its A and «. Depending on the
substrate and the lapsed time (i.e. progress of the sedimentation),
this resulted in 500-2500 contributions to the histogram.

The results shown in Fig. 5.5 show that the exponent distribu-
tions look strikingly different for the two substrates. For the smooth
substrate, the histogram appears to be Gaussian shaped with an ex-
pectation value that shifts from 1.0 to 0.5. In contrast, for the rough
substrate a bimodal distribution is found, with peaks at a ~ 1.0 and
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Figure 5.4: Panel (a) MSD at a given time lag of 2 seconds versus calcu-
lated local volume fractions (6;) for smooth & rough surfaces, Panel (b)
a vs (0;) for smooth & rough surfaces (also including the thick sediment
layer samples; the latter experiment is indicated by triangular symbols )

a ~ 0.0. Over the course of time, the distribution between the peaks
changes from dominated by a ~ 1.0, to one dominated by «a = 0.0.
The amplitude A appeared to be correlated to « : lower exponents
generally corresponded to lower amplitudes (not shown). This sug-
gests that roughly speaking two types of behavior occur on the rough
substrate: free diffusion and caged diffusion. Finally we remark that
the occurrence of seemingly unphysical values of a (< 0 or > 1) is due
to the finite number (i.e. 50-100) of observations that was used to
obtain each individual particle MSD. This has also been found and
explained in earlier studies [32, 33].

Now the question is, how to understand that some particles near
the rough substrate show a type of motion that is close to ’cage
rattling’, whereas other particles appear to diffuse freely in the hori-
zontal direction. Therefore we inspected our movies for correlations
between the type of dynamics and the geometry of the horizontal cage
(formed by the sintered particles). This type of analysis has been de-
scribed [33] and is here repeated only briefly. First each movie was
segmented into units of 100 time steps. Then for each sufficiently
long (50-100 steps) particle trajectory in the movie, A and a were
calculated by fitting to the equation given in Sec.5.2.4. Based on the
distribution of «, a color scale was defined to highlight the different
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Figure 5.5: Exponent histograms as a function of time for diffusing par-
ticles at the rough (Panel (a)) and smooth (Panel (b)) substrates. Times
and colors correspond to those in Fig. 5.3.

behaviors. Finally the particles were plotted at the average location
of their trajectory (fragment) along with their color. In the present
study where crowding is an important element, the analysis was ex-
tended by also representing the size of each particle. Fig. 5.6 shows
the results of this operation for three different stages of the experi-
ment: a) the very beginning, b) the second time-series, in which the
distinctive dynamic behaviors coexisted the most (see Fig. 5.5) and
c) the end.

The first observation from Fig. 5.6a, b and c is that there is hardly
any overlap between the locations of sintered and mobile particles.
This corroborates that the majority of mobile particles was detected
directly above the glass coverslip (as intended). Clearly, the few
cases of mobile particles that show overlap with sintered particles
(and thus must reside on top of them) are not responsible for the
rattling dynamics (a ~ 0.0) observed in any of the three images.

At the start of the experiment (Fig. 5.6a ) the motion of the par-
ticles at the surface is minimally influenced by the occurrence of
particles in the adjacent layer above, since the concentration in that
layer is still rather low (see Fig. 5.3). As expected, most particles
show an exponent « w~, especially in the most extensive bare areas.
The relatively few cases of subdiffusive behavior are mainly found in
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Figure 5.6: Analysis of correlations between the type of dynamics (ex-
pressed by the exponent « fitted to the MSD at small lag times) and the
geometrical surrounding provided by other particles. Figures a, b and ¢
show reconstructed images of mobile and sintered particles at the rough
substrate, taken from the time series 1, 2 and 6 (Fig. 5.2). Sintered parti-
cles are indicated in dark blue. Mobile particles are color-coded according
to their diffusive exponent (see Fig 5b for the histogram). To further em-
phasize the different behaviors, all o < 0.4 were set to 0 and all a > 0.8 to
1. The color bar represents a linear scale from 0.0 (cyan) to 1.0 (yellow)
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Figure 5.7: Individual MSDs of particles at the rough (Panel (a)) and the
smooth substrate (Panel (b)) at the start of the experiment. Most of the
MSDs have an initial exponent close to 1.0, indicating diffusive behavior.
At longer lag times also some MSDs develop a plateau, indicative of caging.
In both graphs the dashed red lines correspond to o = 1.
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5 Effect of roughness on confined concentrated suspensions

the more narrow confinements. We remark here that the appearance
of this map will generally depend on the lag time at which « is mea-
sured: the longer the lag time, the more area can be explored by the
diffusing particles. Eventually this should reveal the horizontal con-
finements presented by the sintered particles (at least for a fraction
of the mobile particles).

To examine this, we extended the analysis range of the first movie
to the first 500 frames thereof, and calculated individual MSDs (iMSDs)
up to lag times of 200 time steps. Plotting the iMSD functions in one
graph results for rough and smooth surfaces resulted in Fig. 5.7a and
Fig. 5.7b respectively. Interestingly, for the rough surface (Fig. 5.7a)
some MSDs show initially a diffusive behavior, and evolve to a plateau
for longer lag times whereas for smooth surface almost exclusively dif-
fusive behavior is observed. These iMSDs, highlighted in Fig. 5.7a
corroborate that horizontal confinement due to the fixed particles
does indeed occur. Also the magnitudes of the MSD plateaus ap-
pear to be consistent with the available length scales for horizontal
confinement. We remark that above a certain length scale, the con-
finement length can no longer be measured from the MSD, because
the typical time for a particle to reach the horizontal boundaries is
longer than the typical time needed to move vertically to another
focal plane.

In Fig. 5.6b the number of particles with a ~ 0 (at short times)
has clearly grown. Apparently many particles that appear to have a
large area available for diffusion, are in fact already caged. Moreover
the magnitude of the MSD (shown in Fig. 5.6) suggests a typical
cage length that is smaller than the observable distances between the
particles in the focal plane. This implies that horizontal confinement
by other particles in the layer just above the focal plane (invisible in
Fig. 5.6b) must already play a role in this experiment. In Fig. 5.6¢
almost all mobile particles at the surface have become caged, and
consequently also the correspondence between the type of motion
and the local surroundings by either mobile or fixed particles has
become lost. This is consistent with a caging by the particles that
are present in the (now crowded) layer above the focal plane.

Taking the foregoing observations together, the following mecha-
nistic picture emerges: particles that have arrived at uncovered areas
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of the substrate, are mostly kept in the surface layer because of grav-
ity. Hence they will perform essentially a surface diffusion, charac-
terized by a linear time dependence of the MSD. This type of motion
changes into sub-diffusive when obstacles are met. These obstacles
can be either static (due to fixed particles) or dynamic (due to other
mobile particles, occurring either in the surface layer as well, or just
above it). As the number of particles arriving at the surface grows,
the hydrodynamic interactions with other mobile particles increase
strongly, and begin to dominate. However, the effect of the presence
of the sintered particles never becomes wiped out completely.

5.4 Conclusions and QOutlook

We compared the dynamics of colloidal hard spheres at a smooth
and a rough wall as a function of the local suspension volume frac-
tion at the surface. A special case considered in the present study
was that the roughness was provided by sintered particles with a
similar size as the suspended particles. Our main finding was that
the in-plane mean squared displacement function was always smaller
at the rough substrate. This difference became apparent through
both the amplitude and the initial exponent of the MSD. While this
difference occurred for all suspension concentrations, it tended to be-
come smaller in the limit of very dense packing. These findings can
be qualitatively understood from the additional caging effect of the
sintered particles. As the suspension concentration is increased, the
caging becomes dominated by the mobile particles. However even
in this scenario the sintered particles remain of importance. This is
ascribed their indirect effects on the structure and dynamics of the
suspended particles. These outcomes have implications for different
types of structure formation at surfaces, varying from the progres-
sion of particulate fouling of surfaces, to clogging of flow channels, to
template guided colloidal assembly.
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Dynamic suppression of
Coffee stain effect

Abstract When a drop of a suspension evaporates on a
solid surface, a dense, ring-like residue so called "Coffee Stain”
(CS) remains along the contact line. Deegan et al. [1] showed
in a seminal study that this effect arises from a combination
of two phenomenons: the contact line pinning and the radial
flow induced by the evaporation of the drop. This scenario
suggests that the form of the CS patterns can be controlled by
manipulating the internal flows and the extent of the contact
line pinning. Using electrowetting (EW), both inhibition of
contact line pinning and manipulation the flow patterns are
achieved simultaneously leading to suppression of CS effect.
The EW induced internal flow patterns counteract the evap-
oration induced radial flow and also mix the drop contents.
We applied our noninvasive method to various suspensions
of colloidal particles and DNA solutions. Our findings have
immediate bearings on diverse fields ranging from combina-
torial analysis of biomolecules to crystallization of colloidal
assemblies and inkjet printing of polymeric displays.
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6 Dynamic suppression of Coffee stain effect

6.1 Introduction

Evaporating drops of colloidal suspensions and solutions of non-volatile
species leave behind ring-like solid residues along the contact line [1].
This coffee stain effect - named after the most widely known rep-
resentative of this class of structures - leads to an undesired inho-
mogeneous distribution of solutes, commonly encountered in coat-
ing and printing applications involving volatile solvents. Combina-
torial analysis methods such as fluorescent microarrays [2, 3, 4] and
MALDI-MS [5, 6, 7] are specific examples where the inhomogeneity
of the residual deposits compromises the overall performance of a
system. In other applications capillarity-driven assembly of colloidal
and macromolecular species upon solvent evaporation can also be de-
sirable to generate surface patterns [8, 9, 10, 11, 12, 13].In a seminal
work, Deegan et al. [1] pointed out that the physical origin of the cof-
fee stain effect is due to a combination of pinning of the three-phase
contact line and a convective flux driven by the evaporation. In the
present communication, we demonstrate that the formation of coffee
stains can be suppressed by applying electrowetting (EW) with an
alternating (AC) voltage to an evaporating drop. For optimized AC
frequencies in the range of a several tens of Hz to a few kHz, the
residue of a typical millimeter-sized drop consists of a single, small,
homogeneous spot of the solute rather than the irregular coffee stain.
To understand the success of EW in suppressing coffee stains, we
first recapitulate the various evaporation scenarios of sessile drops.
For perfectly flat surfaces without any contact angle hysteresis drops
evaporate at constant contact angle: as solvent evaporates, the sur-
face of the drop (including the three phase contact line) simply re-
cedes according to the amount of mass lost to the vapor phase. In
this case non-volatile solutes collect in a single spot, i.e. without
leaving behind a coffee stain. In the more frequent situation of finite
contact angle hysteresis, however, the contact line is pinned at defects
and cannot recede as solvent is lost due to evaporation. Mass conser-
vation therefore requires that additional solvent is transported from
the center of the drop towards the contact line. This flux transports
more solute towards the contact line. The resulting local increase in
solute concentration can lead to an enhanced viscosity and/or to pre-
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6.1 Introduction

cipitation of the solute. The precipitated solute further enhances the
pinning forces and it ultimately forms the solid residue that consti-
tutes the coffee stain (see Fig. 1). Depending on the initial contact
angle hysteresis and the rate at which the pinning forces increase,
the contact line either remains stuck during the entire evaporation
process or displays a stick-slip motion involving one or more pinning-
depinning cycles [14, 15].

The drops considered here, aqueous colloidal suspensions (0.05%
vol) of fluorescently labeled polystyrene or other particles of various
sizes or solutions of DNA (see experimental section for details) on
SUS substrates, leave behind round coffee stains if left alone to evap-
orate without EW. A few typical examples are shown in first column
of Fig. 2. Due to the moderate hydrophobicity of SUS, the drop
belongs to the class of intermediate systems, in which the contact
line is initially pinning (up to 7 = 0.2 in Fig. 3), then depins and
later on, and from 7 = 0.8 on remains pinned again. The coffee stain
is formed in the late stage for 0.8 < 7 <1 . ( 7 is the time nor-
malized by the total evaporation time ?.,q, , which is approximately
10 min.) The typical velocities of the evaporation-driven flow are of
order 10-20 pm/s during most of the evaporation process (see Fig.
4). According to the above discussion, coffee stains are formed due
to the combination of contact line pinning and the resulting flux of
solvent and solute towards the contact line. Previous strategies to
overcome the coffee stain effect focused either on the elimination of
contact line pinning by using low hystersis materials [7, 4] and by
mechanical shaking or on the generation of internal flow patterns to
counteract the evaporation driven flux with surface tension gradi-
ents driven "Marangoni flows’ [16] and with electroosmotic flows [17].
Electrowetting can be particularly efficient at counteracting coffee
stain formation because it offers the unique possibility of addressing
both aspects simultaneously. It can set pinned contact lines in mo-
tion and eliminate contact angle hystersis [18] and it can generate
internal flow fields within sessile drops.

Electrowetting [19] is known to be a particularly versatile tool to
manipulate drops of conductive liquids such as water as well as variety
of other highly polarizable solvents. EW provides a unique way to
exert forces directly to the contact line of sessile drops. For the
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6 Dynamic suppression of Coffee stain effect

No EW — — ] —— . &

Figure 6.1: Schematic of the drop evaporation process. Top row repre-
sents evaporation without electrowetting and with contact line pinning;
Middle & bottom panels show the process with electrowetting and mobile
contact lines. The middle panel illustrates the conventional EW setup
whereas the bottom panel illustrates the alternative wire-free geometry of
EW using interdigitated electrodes. Right column: schematic and exper-
imental intensity cross-sections (solid lines) through the residue. Experi-
mental data taken from Fig. 2a and 2c.

generic electrowetting geometry of a drop deposited on a dielectric
layer of thickness d and dielectric constant ¢; covering an electrode,
applying a voltage U between the drop and the electrode gives rise
to an electric force per unit length pulling outward on the contact
line that can be written as fy = EdZ"dUQ( €o: vacuum permittivity).
(In fact, this force is distributed over a range of order d around the
contact line. Yet, for a typical drop radius R >> d, this effect can
be neglected if we consider only the global response of the drop [20].
Inserting f.; into the force balance at the three-phase contact line
gives rise to the well-known electrowetting equation, which describes
the reduction of the contact angle (f) as a function of the applied

voltage
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Figure 6.2: Suppression of coffee stain effect illustrated for different ma-
terials at three characteristic frequency regimes (6 Hz, 1 kHz, 100 kHz
and 100 kHz with 100 Hz amplitude modulation). Panels a-p show the
residual patterns for various materials under different frequency regimes.
Panels a-e, Panels f-j and Panels k-p demonstrate the suppression of coffee
stain for 5 um and 0.1 um diameter colloidal particles and fluorescently
labeled cDNA respectively.

cosf = cosfy +1 (6.1)

Here, n = % is the dimensionless electrowetting number, o is the

surface tension of the drop and fy is Young’s angle. In the pres-
ence of contact angle hysteresis, eq. 8.1 has to be complemented by
a pinning force of random magnitude +f, that counteracts any con-
tact line motion. The strength of the pinning force is related to the
macroscopic contact angle hysteresis by , f, = o(cos, — cosf, )where
0, and 6, are the advancing and the receding contact angle. For the
present samples, we have f, ~ 0.350. Pinned contact lines can be set
in motion by applying an electric force that exceeds the maximum
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6 Dynamic suppression of Coffee stain effect

pinning force, i.e. by applying a sufficiently high voltage. In EW
devices pinning forces typically lead to a finite threshold voltage to
initiate drop motion (see Mugele et al. [19] and references there). As
we ramp up and down the applied voltage at frequencies far below the
lowest eigen frequency, the contact angle and drop radius follow the
driving force quasistatically. Using a maximum voltage of U = 200
V (n = 0.8 > 0.35), the contact line keeps moving and the contact
radius keeps decreasing up to times 7 > 0.95 (see triangles in Fig. 3).
Yet, the concentration of solute along the contact line keeps increas-
ing. As a result, the precipitation eventually occurs and the contact
line remains pinned at R% = 0.3 . The residue is thus much better
concentrated in a single spot and the second column of Fig. 2 shows
that fluorescence intensity is much more homogeneously distributed
than without EW. To improve the situation further, it is necessary
to prevent the accumulation of the solute at the contact line. This
can only be achieved by overcoming the evaporation-driven flow field
within the drops. EW can generate flow fields in two different ways.
For driving frequencies in the range of several tens of Hz to a few
kHz [21, 22, 23], the excitation of eigenmodes [24]; and/or propagat-
ing capillary waves [21] at the drop surface can drive internal flows
with maximum flow velocities of several hundred pum/s. These flows
are driven by a purely hydrodynamic mechanism, in which the drop is
forced by the time-dependent electric force f.; acting on the contact
line. Similar flow patterns can also be generated at AC frequencies of
order 100 kHz and above for poorly conductive liquids. The physical
mechanism driving these high frequency flows is completely differ-
ent: at these high frequencies and low conductivities, electric fields
penetrate into the liquid leading to Ohmic current and local heat-
ing of several degrees within the drop. The resulting temperature
gradients and along with the electric fields give rise to electrothermal
flows [25, 26]. Column 3 in Fig. 2 shows that the hydrodynamic flows
are even more efficient in suppressing the coffee stain effect than the
quasistatic driving. This is caused by very strong flow fields within
the drop. As shown in Fig. 4, the characteristic velocities exceed
the ones of the evaporation-driven flow by approximately an order of
magnitude throughout almost the entire evaporation process. This
strong flow completely prevents any accumulation/jamming of solute
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due to confinement [27] along the contact line. The shear forces gen-
erated by the flow are even strong enough to erode/unjam preformed
precipitates at the contact line, as can be seen if EW is activated
only at 7 =0.5.

In contrast, electrothermal excitation (column 4, Fig. 2) does lead
to a more homogeneous distribution of the solute than the pure case
but does not succeed in reducing the spot size. We attribute the poor
performance of the high frequency excitation to a combination of two
effects. First of all, Fig. 4 shows that the initially high flow speed
rapidly decays as the evaporation proceeds. This decrease is probably
due to the inevitable increase of the conductivity of the liquid as the
salt concentration increases upon solvent evaporation. It results in
better screening of the electric field and hence the electrothermal
driving force decreases. Second, at the very high driving frequencies
inertia prevents any net motion of the drop. Hence the contact line
can be pinned more easily. The latter problem can be eliminated by
modulating the amplitude of the high frequency excitation with a low
frequency. The fifth column of Fig. 2 shows that a 100 Hz amplitude
modulation of a 100 kHz carrier excitation indeed produces very small
and concentrated drop residues. Since the high frequency excitation
also speeds up the evaporation process (by approximately a factor
2 in the present experiments) this combination may be desirable in
applications that are not harmed by temperature increases up to 10

or 20 °C

6.2 Materials and Methods

Electrowetting setup: The experiments are performed on glass sub-
strates with a transparent Indium Tin Oxide (ITO) layer as elec-
trode. The electrodes are covered with a 5 pum thick layer of SUS,
which displays an advancing and receding contact angle of 6, = and
0, =, respectively. In the standard electrowetting configuration the
electrode on the substrate is electrically grounded and the voltage is
applied to the drop by immersing a 50 um diameter Pt wire all the
way to the bottom of the drop. In the wire-free configuration, the
ITO is patterned lithographically into sets of interdigitated electrodes

135



6 Dynamic suppression of Coffee stain effect

x
o . ]
H No EW
AGCP:Z m
02- @ 1kHz ° i
¢ 100kHz o
80—j -
, jii |
60 *§ ]
o~ “gf;.‘ﬁﬁggiffgz?hi@n |
ol 00.,,“ Ema Eﬁifé |
D LIV . 4l

0.0 0.2 0.4 0.6 0.8 1.0

T

Figure 6.3: Normalized radius (R%) of evaporating drop (top panel) and
contact angle () in bottom panel as a function of normalized time (7) for
different frequency regimes described in main text. Time is normalized
with respect to the time required for complete evaporation (feyap) and
radius is normalized with respect to the initial drop radius (Rp). The
solute used in this experiment is 5 um diameter carboxylate terminated

Polystrene particles dispersed in Millipore water with 10 mM LiCl.
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with a pitch of 30 ym. An applied voltage with a fixed root-mean-
square amplitude U,,,, = 200 V is applied throughout at frequencies
varying from 6Hz to 100 kHz. The experiments are carried out at an
ambient temperature of 23+2 °© C' under transparent plastic box (di-
ameter approx. 5 cm) to block air currents. The evaporating drop is
monitored from two different directions: bottom and side view. The
contact angle measurements were from the side view and the radius,
velocity measurements were from the bottom view. The fast move-
ments of the 5 pum particles inside the droplet were recorded using a
high speed camera (Photron fastcam SA3). By using particle track-
ing techniques [28], the trajectories of the particles were analyzed to
obtain the average flow speeds in side the drop given in Figure 4.

Materials: Aqueous solutions were prepared using deionized (Mil-
liPore) water. 10 mM of LiCl was added to adjust the conductivity
of the solution to 2 mS/em. Colloidal suspensions of fluorescently
labeled carboxyl terminated polystyrene particles (Polysciences Inc.)
ranging from 0.1 gm to 5 pwm in diameter are prepared with a vol-
ume fraction of 0.05%. DNA solutions with a concentration of 2.5
ng/uL are prepared by diluting a fluorescently labeled (SYTO 24)
stock solution of cDNA with deionized water in a 4:1 ratio

6.3 Results and discussion

All results do not depend very sensitively on the exact value of the
AC frequency. The behavior reported refers to three different fre-
quency regimes: (i) the quasistatic regime at frequencies below the
lowest eigenfrequency of the drop, i.e. typically up to about 10 Hz
for a millimeter-seized drops; (ii) the hydrodynamic regime in the
range of the eigenfrequencies of the drop from several tens of Hz to
a few kHz; (iii) the electrothermal regime at frequencies allowing for
penetration of the electric field into the bulk of the liquid. Achieving
the smallest residue spots requires a combination of moving contact
lines to prevent pinning and of internal flow fields to avoid solute
accumulation along the contact line. This is best achieved in the
hydrodynamic regime or by a combination of high frequencies with
low frequency amplitude modulation. In applications such as mi-
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Figure 6.4: Average Particle velocity (v) as a function of normalized time
for different frequency regimes and the reference experiment where no
EW is applied. The time is normalized with respect to time required for
complete evaporation. The solute used in experiment is 5 um diameter
polystrene particle in Millipore water with 10 mM LiCl.

croarrays the presence of the wire which is immersed into the drop
in the standard configuration of EW is frequently inconvenient. Yet,
this wire can be eliminated by using interdigitated electrodes em-
bedded into the substrate instead (see Fig. 5). Test experiments
demonstrate that the coffee stain effect can be perfectly suppressed
for arrays of drops evaporating in such a wire-free configuration for
driving frequencies in the hydrodynamic regime. Compared to other
approaches of suppressing the coffee stain effect [4, 16, 29], EW has
the disadvantage that is requires conductive (or highly polarizable)
liquids. Yet, the experiments reported here demonstrate that the
mechanism works very efficiently even for deionized water, which is
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Figure 6.5: Illustration of the interdigitated electrode setup where many
drops can be treated in parallel. Panel a and b show the side view and
top view of the setup respectively. Panel ¢ and d demonstrate the many
drops treated with the method .

the most important solvent certainly for biological applications. EW
has the practical advantage that it is noninvasive i.e. it neither re-
quires specific additives to the system such as surfactants nor does
it require or generate heating if operated in the most successful hy-
drodynamic frequency range. Furthermore, the liquid is not in direct
contact with electrodes which is a desirable feature while working
with biological systems. The extension to other substrate materials
is currently being explored. Earlier successes regarding the reduc-
tion of contact angle hysteresis for a variety of polymer materials are
promising [18, 30].

The possibility of applying arbitrary waveforms for the excitation
of the drops such as the high frequency with amplitude modulation
demonstrates the flexibility of EW. This suggests that even more
flexible control of the solute assembly in evaporating drops can be
achieved in the future, e.g. by combining specific waveforms with
custom-shaped electrode geometries.

6.4 Conclusions
Our results demonstrate that electrowetting is a very efficient tool

for suppressing the coffee stain effect in evaporating drops of complex
fluids. AC frequencies in the kHz range that promote strong internal
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flows while preserving the perfect conductor character of the liquid
turn out to be most efficient. Interdigitated electrodes allow for an
easy wire-free implementation of the approach as required for the
purpose of many high throughput combinatorial analysis systems .
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Figure 6.6: Illustration EW control over the size of Coffee stain.

6.6 Appendix

EW does not only provide a mean to suppress coffee stain effect but
also provides control over the extent and size of Coffee stains. Figure
S1 provides the intensity profiles and pictures of three residues: [1]
Control experiment where the drop is allowed to evaporate on the
same substrate, [2]: Partially suppressed coffee stain where the ap-
plied voltage is turned off prior to complete evaporation and [3] Com-
plete suppression of coffee stain where the drop is treated with EW
throughout the course of the evaporation. The drops are prepared
with 5 pm Polystrene particles dispersed in 10 mM LiCl dissolved in
deionized water.
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6 Dynamic suppression of Coffee stain effect
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Figure 6.7: Normalized drop radius (Panel (a)) and Contact angle (Panel
(b)) of the evaporating drop as a function of the normalized time for
different frequency regimes and the reference experiment where no EW
is applied. The time is normalized with respect to time required for the
complete evaporation. The solute used in experiment is 5 um diameter
carboxylate terminated Polystrene particles in Millipore water with 10
mM LiCl.

An alternative to Fig. 3 where the contact angle and the normal-
ized drop radius are plotted in a single figure for ease of comparison.
Fig. 6.7 allows the reader to directly compare the evolution of the
contact angle and the drop radius.
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Drops on functional fibers:

from barrels to clamshells
and back

Abstract Drops on fibers are a familiar sight, for instance
in the form of dew drops on spider webs. They can exist in
two competing morphologies, a cylindrically symmetric bar-
rel state completely engulfing the fiber and an asymmetric
clamshell state, in which the drop touches the fiber only side-
ways. Despite their omnipresence and their practical rel-
evance, the physical mechanisms governing the stability of
the two morphologies remained elusive. Using electrowetting-
functionalized fibers we can tune the wettability of fibers and
thereby reversibly switch between the two states. This allows
to determine the stability limits of both morphologies as a
function of the two relevant control parameters, namely the
contact angle and the volume. While clamshells are found to
prevail for large contact angles and small volumes and bar-
rels prevail for small angles and large volumes, there is also a
wide range of intermediate parameter values, for which both
morphologies are mechanically stable. From a general per-
spective, the demonstration of electrowetting-based reversible
switching of liquid morphologies on fibers opens up opportu-
nities for designing functional textiles and porous materials
for various applications in filtering, and controlled absorption
and release of liquids.
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7 Drops on functional fibers: from barrels to clamshells and back

7.1 Introduction

Already Plateau noted that liquid films covering a cylindrical fiber are
unstable and spontaneously break into cylindrically symmetric pearl
like structures, referred to as undoloids or barrel shapes [1]. The
driving mechanism behind this instability is the same gain in surface
energy that also controls the break-up of liquid jets into drops that
was first explained by Rayleigh [2]. Mathematically, barrels belong to
the cylindrically symmetric solutions of the Young-Laplace equation
known as Delaunay surfaces [3]. Yet, the cylindrically symmetric bar-
rel state resulting from the Rayleigh-Plateau break-up is not the only
possible morphology of drops on cylindrical fibers. Rather, it com-
petes with the symmetry-broken "clamshell” morphology, as noted by
Adams [4]. Studying detergency, he observed that clamshells become
preferred as compared to barrels when the contact angle of oil drops
on fibers increases upon adding surfactant to a surrounding aqueous
medium. Competing morphologies of drops attracted considerable
attention in recent years in the context of microfluidics, in particular
drop-based "digital” microfluidics. It was shown that drops can be
forced into certain desired morphologies by exposing them to surfaces
with custom-designed topographic and wettability patterns, such as
superhydrophobic surfaces [5, 6, 7, 8, 9, 10, 11]. Yet, the control is
incomplete, since the surface patterns merely provide boundary con-
ditions. The liquid remains free to assume any morphology that is
compatible with the imposed constraints. The non-linearity of the
underlying equations frequently leads to several mechanically sta-
ble solutions, with sometimes rather counterintuitive shapes [6]. By
changing the imposed boundary conditions, it is possible to change
the shape of a drop both continuously within a given class of mor-
phologies and discontinuously switching from one class of morpholo-
gies to another. Techniques to switch the surface wettability, such
as electrowetting [12], substantially enhance the flexibility and con-
trol for drop manipulation. Notwithstanding all these efforts, our
understanding of drops on cylindrical fibers, the oldest and arguably
most fundamental example of competing liquid morphologies, has re-
mained remarkably incomplete. Carroll performed experiments with
slowly dissolving drops [13]. He analyzed the spontaneous transfor-
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7.2 Results

mation of barrels into clamshells and proposed an instability mech-
anism based on a specific variation of the drop shape. McHale et
al. [14, 15, 16] performed a series of numerical studies and proposed
another mechanism, the so-called inflection point criterion. Yet, nei-
ther mechanism agrees very well with the experimental data [15, 17].
Other recent work focused on the relevance of molecular scale inter-
action in the wetting of nano-fibers [18, 19] and on dynamic aspects
of drops on fibers [7, 20, 21] but left the basic problem of the stability
limits of the competing drop morphologies unsolved. In this work, we
approach this long standing question combining a novel experimental
approach and finite element calculations. Fibers with electrowetting
functionality are developed to reversibly vary the contact angle of
the drop. Our experiments allow to follow the hitherto unobserved
reverse clamshell-to-barrel transition and determine the stability lim-
its of both morphologies. Numerical calculations minimizing the to-
tal surface energy E confirm the resulting morphology diagram and
provide a detailed picture of the energy landscape explaining both
similarities and differences between the barrel-to-clamshell and the
reverse transition.

7.2 Results

A buoyancy-neutral highly wetting oil drop is placed on an insulator-
covered cylindrical metal fiber in ambient water (see Fig. 1A). Owing
to the metal core and the insulating coating, the contact angle 6 of
the oil on the fiber can be increased by applying a voltage between the
fiber and the ambient aqueous phase by means of electrowetting [12].
At zero voltage, is small and the oil drop adopts the cylindrically
symmetric barrel morphology (upper right panel of Fig. 1B) Upon in-
creasing the contact angle, the drop initially deforms reversibly while
retaining cylindrical symmetry. At some volume-dependent critical
contact angle 6.1, an abrupt transition to the asymmetric clamshell
state takes place (lower left panel of Fig. 1B). The buoyancy-neutral
clamshell drop can in principle adhere to any side of the fiber. Yet, for
any given drop-fiber combination, minor imperfections on the fiber
surface usually lead to some preferred orientation. In the clamshell
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7 Drops on functional fibers: from barrels to clamshells and back

Figure 7.1: (A) Schematic of the buoyancy-neutral electrowetting set-up,
showing the side (left) and head-on views (right) of the barrel (solid) and
clam-shell (dashed) morphologies. The characteristic parameters are the
drop volume V', the fiber radius 7 , the contact angle f , and the center
of mass position z¢ys . (B) Side view and head-on view of the morpholog-
ical transitions upon electrowetting-induced contact angle variations. The
figure shows the drop just before and just after the barrel-to-clamshell
and clamshell-to-barrel transitions. The fiber diameter, as indicated by
the red circle, is 0.3 mm.
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7.2 Results

state the drop shape can again be tuned continuously. Note that the
simply connected clamshell morphology is topologically distinct from
the multiply connected barrel morphology. Consequently, clamshell
drops have a single continuous three-phase contact line with a com-
plex shape that depends on the contact angle, whereas barrel drops
have two separated contact lines with a simple circular shape. These
aspects distinguish the barrel-to-clamshell transition from other mor-
phology transitions, such as for drops on stripes of variable wettabil-
ity [6, 22, 23] . Upon decreasing the contact angle in the clamshell
state, another abrupt transition back to the barrel state takes place
at a second critical contact angle 6., < 6.,. It is worth noting that
0.1 has a finite value. This is fundamentally different from both
a two-dimensional drop wetting a circular disk and from a three-
dimensional drop wetting a sphere. In both cases, engulfment of the
solid by the liquid only takes place for # — 0. In the present case of
a drop wetting on a cylindrical fiber, however, two opposing sections
of the three phase contact line in the clamshell state approach each
other and eventually merge at a finite contact angle 6. > 0. This
process can be observed in detail in the head-on views in the bottom
row of Fig. 1B.

To characterize the morphology transition more quantitatively, it
is useful to plot the radial position of the center of mass of the liquid
as a function of the contact angle. For barrel drops, it should be
located on the fiber axis, whereas for clamshell drops it lies off-axis.
Since the center of mass is difficult to extract from the experimen-
tal data, we plot in Fig. 2 the (normalized) radial position of the
center of the projected area ., = Tepe/r of the drop, which is read-
ily obtained from the head on views of the drop. As expected, the
barrel-to-clamshell transition is characterized by a steep change in
Zepe from zero in the barrel state to a volume-dependent finite value
at 6.,. Interestingly, the transition is frequently preceded by weak
non-axisymmetric perturbations for values of 6 just below 6.;, which
remain stable on for hours. Thanks to their topology, we can never-
theless identify these states as clearly "barrel-like”. Upon increasing 6
further within the clamshell morphology, Z.,, increases continuously
as the drop gradually moves outward and vice versa. As we decrease
0, Zcpa jumps back to zero as the clamshell-to-barrel transition takes
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Figure 7.2: Center of projected area position Z,, versus contact angle
for two drops with reduced volume i.e volume of the drop (V) normalized
by radius of the fiber (r)i.e.(V = V/r®) V = 29 (red) and V = 165 (black);
the fiber diameter is 0.3 mm. The filled and open symbols indicate in-
creasing and decreasing contact angles, respectively. The lower and upper
insets show the drop in the barrel and clam-shell regime, respectively, and
the corresponding shift in the position of the center of projected area with
respect to the fiber (in red).
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7.2 Results

place at 6.. Both critical contact angles 6.; and 6., as well as the
hysteresis interval Af = 6., - 0.5 are found to increase upon repeat-
ing the experiments for larger drop volumes V while keeping the fiber
radius r constant. Similarly, experiments with smaller r at the same
drop volume lead to increases in 6. , 0.0, and Af . Plotting 6., and
0.2 as a function of the reduced volume V = V/r3 yields universal sta-
bility limits for both morphologies (as long as gravity is negligible)
and thus a universal morphology diagram with control parameters
§ and V (see Fig. 3). For large # and small V only the clamshell
is mechanically stable, whereas for small # and large V only barrels
are stable. For a wide range of intermediate parameter values both
morphologies can exist.

To gain more insight into the stability limits of the drops we con-
sider the free energy of the system, which can be expressed in units
of the surface tension 7 of the drop (i.e. the oil-water interfacial
tension) as

E
— = Ay — Appeost(U) (7.1)
~

where A,, and A,; are the oil-water and oil-fiber interfacial ar-
eas, respectively. The function §(U) is the voltage-dependent con-
tact angle following the electrowetting equations (see Materials and
Methods).

We consider first the cylindrically symmetric barrels. Owing to the
high symmetry of the barrel morphology, their shapes and interfacial
energy can be calculated analytically. The profile of the liquid inter-
face, which can be expressed in terms of elliptical integrals [3, 13],
fulfills the criterion of a constant mean curvature H, as expressed in
the Young-Laplace equation Ap = 2H~ and, additionally, the condi-
tion of Young-Dupré at the contact line. Here, Ap is the pressure
difference between drop interior and the ambient liquid. Fulfilling
the Young-Laplace equation and condition of Young-Dupré is only a
necessary, but not a sufficient criterion for mechanical stability. Me-
chanical stability is only guaranteed if the second variation of the
energy is positive for arbitrary small deformations of the liquid inter-
face. Restricting ourselves to volume-conserving variations around
a barrel solution, it can be shown that the discussion of stability
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Figure 7.3: Morphology diagram of millimeter-sized drops on fibers as
a function of contact angle 6 and reduced volume V . Black and red
symbols indicate the experimentally observed barrel-to-clamshell ( 6.1)
and clamshell-to-barrel ( 6.1) transitions, respectively. Symbol shapes
indicate different fiber diameters: (m) 0.2, (A) 0.3, and () 0.5 mm. The
solid lines indicate the numerical stability limit of the clamshell (upper
red) and the (coinciding) analytical and numerical stability limit of the
barrel (lower black). The dashed line indicates the condition of equal
absolute energy of both states.
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reduces to an eigenvalue problem -V?v + (2K —4H?) = A\v + pu for
an arbitrary normal displacement field v with boundary conditions
-n.Vv + ccot(f)r = 0 along the contact line [24]. Here, V2 denotes
the Laplace-Beltrami operator and K the Gaussian curvature of the
drop surface. The boundary condition involves the outward pointing
co-normal n of the liquid interface on the contact line and the normal
curvature c¢ of the liquid interface into the direction of n. The pa-
rameters A and p are Lagrange multipliers related to normalization
and volume conservation, respectively. Mechanical stability holds if
the lowest relevant eigenvalue A is positive (the zero eigenvalue corre-
sponding to the soft model of translation along the fiber axis will be
discarded in the following discussion). Parameterizing the displace-
ment field in suitable coordinates reduces the eigenvalue problem to a
one dimensional differential equation which can be solved numerically
(see Supporting Information for details). It turns out that the lowest
eigenvalue A\* changes sign at a critical volume V , which increases
with increasing contact angle. For V < V., we have )\* <0, i.e. barrel
shapes are unstable, whereas for V > V, stable barrels with \* > 0 can
be found. The relevant soft mode, which occurs at A\* = 0 breaks the
rotational symmetry of the barrel while it keeps its reflection sym-
metry, just as expected from the symmetries of the clamshell. The
corresponding stability limit 901(\7) based on the spectral analysis
is shown as a black solid line in Fig. 3. It is interesting to note
that 6.;(V) found here coincides with the inflection point criterion
proposed by McHale et al. [15]: according to this heuristic criterion
barrel shapes should loose their stability when the inflection point of
the drop surface reaches the fiber surface upon varying V and Jor 0 .
For barrel shapes which satisfy the inflection point criterion we can
explicitly construct the soft mode. The spectral analysis sketched
here thus @ provides a rigorous proof of this conjecture. Yet, the the-
oretical curve for 6., lies systematically below the experimental data
in Fig. 3.

For symmetry-broken shapes one has to resort to numerical cal-
culations (see Materials and Methods for details). The equilibrium
clamshell morphologies (as well as the barrel shapes) and the cor-
responding energies can obtained by minimizing Eq. 7.1 numerically
for any given volume and wettability of the fiber . Starting from a
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barrel or clamshell morphology and changing the contact angle 6 in
small steps for a fixed volume V we determine the numerical bound-
aries of local stability 001(‘7) and 002(‘7) , respectively. The numer-
ical curve 6.1(V) agrees precisely with the theoretical one described
above (black solid line in Fig. 3), thereby validating the numerical
calculation. The stability limit of the clamshell state, 6,(V) (red
solid line in Fig. 3) perfectly reproduces the experimental data. (It
is interesting to note that numerical curve for 6,,(V) displays a max-
imum of 23.5° at V ~ 3000. For even larger volumes, the critical
contact angle decreases again and approaches an asymptotic value of
16° for V — oo. See Figure 7.6 of the Appendix I.)

In order to shed more light on the nature of the two transitions,
we analyze the energy landscape connecting the two competing mor-
phologies. To do so, we consider separately two distinct families of
morphologies, namely the multiply connected barrel-like morpholo-
gies and the simply connected clamshell-like morphologies. For both
families we calculate the minimum interfacial energies (including the
corresponding shapes) under the constraint of an imposed radial po-
sition of the center of mass .z, = Ty /r (in units of r). Plotting these
energies as a function of z.,, for various values of 6 results in two
families of curves describing the energy of barrel-like and clamshell-
like morphologies, respectively (Fig. 4A). For small contact angles,
barrels with an equilibrium value ., = 0 display the lowest energy.
Beyond a certain (volume-dependent) contact angle, clamshells with
a finite -dependent ., > 0 become energetically more favorable.
Within an appreciable range of contact angles, however, two local
minima in the energy landscape coexist, corresponding to the topo-
logically distinct barrel and clamshell morphologies, respectively. An
energy barrier large compared to thermal energies separates the two
local minima and renders the two morphologies mechanically stable.
Upon increasing the contact angle beyond a certain critical value,
the energy barrier from the barrel to the clamshell morphology dis-
appears. The corresponding critical value, at which the transition
takes place spontaneously, coincides with O.1. Similarly, the barrier
for the clamshell-to-barrel transition disappears at the lower critical
contact angle 6.
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Figure 7.4: Panel (A) Normalized surface free energy of barrel-like (thin
line) and clamshell-like (thick line) morphologies versus radial position of
the center of mass Z., for various contact angles (10°,..., 70°) at fixed
V= 200. Panel (B) Second variation of the surface free energy 8§E~' ver-
sus contact angle for the same droplet as in Panel (A), calculated in the
minimum of the potential for both barrel (advancing contact angle) and

clamshell (receding contact angle) energy landscapes.

157



7 Drops on functional fibers: from barrels to clamshells and back

7.3 Discussion

What is the origin of the systematic deviation between model results
and experiments for 6,,(V) , while 65(V) reproduces the experimen-
tal results? A closer look at Fig. 4 illustrates a profound difference
between the two transitions and thereby provides a clue to under-
stand these deviations: upon approaching the barrel-to-clamshell
transition, the energy landscape around the barrel state becomes
very flat and in fact the curvature of the energy curve, 92E(0) ,
changes sign at the transition (see Fig. 4B). Hence, the barrel state
becomes arbitrarily soft and susceptible to perturbations similar to
a thermodynamic system close to a second order phase transition.
This is a direct consequence of the vanishing of the eigenvalue A
upon approaching the barrel-to-clamshell transition. In contrast, the
clamshell morphology retains its stiffness right up to the clamshell-
to-barrel transition, as shown by the positive curvature of the corre-
sponding energy curve in Fig. 4B. The clamshell-to-barrel transition
is thus not caused by an intrinsic instability of the clamshell morphol-
ogy but by the fact that the intersection point between the energy
curves of the barrel and the clamshell state shifts towards the min-
imum of the latter. In real space, the transition takes place when
two opposing sections of the contact line approach each other and
coalesce at the opposite side of the fiber with respect to the center of
mass of the clamshell.

As a consequence of these differences, unavoidable non-axisymmetric
imperfections of the system affect the energy barrier for the barrel-
to-clamshell transition more strongly than for the reverse transition
(non-axisymmetric fibers would be an extreme example of such im-
perfections and would more strongly favor clamshells). Thus, we can
attribute both the systematic deviations for the barrel-to-clamshell
transition in Fig. 3 as well as the observation of slightly distorted
barrels close to 0.1 (Fig. 2) to the softness of the barrel state. As
soon as the absolute energy of both states is the same (black dashed
line in Fig. 3), the barrel-to-clamshell transition is likely to happen.
The softness also implies that small external forces (e.g. due to vis-
cous drag in oil-water separators) can easily induce a transition to
the clamshell state. This facilitates the removal of drops from fibers.
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LXK
S0

Figure 7.5: Drop between two fibers crossed at a 90° angle. In (A, B, C)
a drop is shown with the plane formed by the two fibers tilted under an
angle of 45° (with the lower fiber parts pointing towards the camera). In
(D, E, F) a drop is shown in a head-on view of one of the fibers. With
increasing contact angle, the drop is subsequently (A, D) in the barrel
state with respect to both fibers, (B, E) in the barrel state with respect
to one fiber while in the clamshell state with respect to the other, and (C,
F) in the clamshell state with respect to both fibers.

In hindsight it is clear from the shape of the morphology diagram,
why the existence of the clamshell-to-barrel transition was overlooked
in the past. Experiments making use of the addition of surfactant
to the aqueous phase invariably follow a path from smaller to larger
contact angles. The experiments of Carroll [13] followed a path from
larger to smaller volumes. In both cases, only the barrel-to-clamshell
transition is observable. Clamshell-to-barrel transitions can in prin-
ciple be observed upon increasing the volume, provided that the con-
tact angle is sufficiently small. Indeed, some images from recent
experiments suggest that this transition may indeed take place upon
condensation of dew on spider webs [25]. Yet, the influence of grav-
ity in those experiments as well as the complex structure of the silk
fibers makes unambiguous conclusions impossible.

Our present experimental approach of EW-functionalized fibers
can be easily extended to more complex three-dimensional archi-
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tectures such as networks of fibers and even fabrics. Made from
electrically insulated metal wires or conductive polymer fibers, such
networks could be interesting for controlled retention and release of
fluids in two-phase flow applications such as the separation of oil and
water in emulsions. For suitable electrical signals (e.g. AC voltage)
filtering aerosols, such as capturing water from fog, is also conceiv-
able. The key challenge in this case is to optimize the geometry of
the fiber network in such a way that competing drop morphologies
provide a very different adhesion of the drops to the fiber network.
The most elementary element of a fiber network (in addition to the
straight fiber segment) is the fiber crossing. For small contact angles,
liquid is found to accumulate at the crossing between almost touching
fibers (see Fig. 5). At higher contact angles the droplet adopts the
clamshell state with respect to both fibers. Thus, it is expelled from
the crossing, and thereby much more exposed e.g. to shear forces of
the ambient medium, thereby promoting release. Physically, the com-
plexity arising from the large number of degrees of freedom (geometry,
contact angles) as well as the possibility of self-amplifying effects due
to capillary forces that deform (sufficiently soft) fiber networks, offers
a great degree of parameter optimization of these processes.

7.4 Materials and Methods

Electrowetting set-up. Stainless steel fibers (with radius r = 0.10 -
0.25 mm) are coated with a Teflon layer (6% Teflon amorphous fluo-
ropolymers solution, DuPont) of 2 to 8 um using a standard dipcoat-
ing procedure [26]. A silicone oil drop (AS 100, Fluka) of microliter
volume V (viscosity n = 6 mPa s, interfacial tension v 40 mNm™!)
is placed on the fiber, adopting a low contact angle . The fiber is
connected to an electrode to which an AC voltage is applied, and
the circuit is closed through a grounded electrode in the surround-
ing aqueous solution of sodium chloride, see Fig. 1(a). The Bond
number of the system indicates that capillarity dominates gravity
(Bo = @ < 1073, with g the gravitational acceleration, Ap the
density difference, and R the typical length scale of the drop).
Contact angle manipulation. Continuous and reversible manipula-
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tion of the contact angle is achieved via electrowetting (EW). For the
voltage range (0,. .., 80 V; AC frequency: 1 kHz) in the present exper-
iments, the macroscopic contact angle measured through the oil drop
follows the modified electrowetting equation:cos(6) = cos(6,) + ;Oj,j U?
[12]. Oy is Young’s angle (measured through the oil drop), €, the
electric constant of the vacuum, ¢; the dielectric constant of the in-
sulator, and d its layer thickness. Since d << r, local EW effects near
the contact line can be ignored here [27, 28]. The intrinsic contact
angle hysteresis is below 2° | ensuring that the observed hysteresis
in the transitions is due to the metastability of the two morpholo-
gies. The transitions of each drop are recorded in four subsequent
electrowetting cycles to ensure repeatability.

Measurement of characteristic parameters. The drops are observed
with two cameras, recording a side view and a head-on view of the
fiber. The head-on view enables to unambiguously distinguish the
two morphologies, which is not possible from the side view due to
the asymmetric nature of the transition. The transition is indicated
by a steep change in the position of the center of projected drop
area with respect to the fiber, Z.,, (see Fig. la, non-dimensionalized
with fiber radius r). The characteristic parameters are extracted
from the side (6 , V , r) and head-on (Z., ) recordings, using a
custom-written Matlab code that determines the system boundaries
by thresholding. The reduced drop volume V = V/r3 = f(@,0) is
obtained by integrating the cylindrically symmetric barrel profile us-
ing its analytical description [13, 14] in terms of the experimentally
determined barrel radius 7 (non-dimensionalized with fiber radius
r), and contact angle 6 . The contact angle at the fiber is obtained
by linear fitting of the cylindrically symmetric barrel profile in the
vicinity of the triple contact line. To obtain contact angles for the
asymmetric morphologies - which cannot be directly measured - we
construct the electrowetting curves for the cylindrically symmetric
regime, and extrapolate towards the symmetry-broken regime. This
approach is justified by the absence of contact angle saturation, as
the electrowetting response curves are linear [12] even for the highest
voltage. The error in the critical contact angles is 2° and 4° for the
clamshell-to-barrel and barrel-to-clamshell transitions, respectively,
and is largely determined by the finite resolution of the contact angle

161



7 Drops on functional fibers: from barrels to clamshells and back

measurements

Numerical Analysis. The interfacial energies of the barrel and
clamshell drops are calculated with the public domain software Sur-
face Evolver [29]. In this program the liquid interface is represented
by a triangular mesh of edges. Mechanically stable configurations are
determined by minimizing the interfacial energy subject to the global
constraint of a fixed volume. In contrast to the volume, the equilib-
rium contact angle of the liquid is prescribed through the surface
energy of the liquid on the fiber. The refinement of the triangulated
liquid interface is optimized as a function of the radial distance from
the fiber. Along the contact line the maximum ratio between the
length of an edge and the fiber radius is 0.015 increasing to 0.3 far
away from the fiber. During the energy minimization the liquid inter-
face is allowed to change its topology between a multiply connected
barrel configuration and a simply connected clamshell. Owing to the
reflection symmetries of the barrel and clamshell states we considered
only a quarter of the system.

To determine the stability limit of the barrel morphology we in-
creased the contact angle in small steps of 0.1 degrees starting from
a barrel state. During the instability the center of mass of the liquid
shifts outward until the topology changes and the interface finally
adopts a clamshell state. The same results are obtained by decreas-
ing the volume in steps of 1% for a fixed contact angle. To detect the
opposite transition, the drop is initially placed in the clamshell state.
The contact angle is decreased in steps of 0.1 degrees, or the volume
is increased by 1%, until the drop falls into the barrel state. In a
typical run we considered configurations with 600 to 1200 nodes and
applied a minimum of 700 complex customized energy minimization
steps per step of contact angle or volume. Each minimization step
contains refinement and deletion procedures applied to the edges of
the mesh in order to guarantee a constant quality of the triangulation.
The recorded quantities such as the interfacial energy or the Laplace
pressure are obtained with an average of the last 100 steps. The
energy minimization procedure for a given contact angle or volume
is repeated as long as the energy difference between two subsequent
contact angle or volume steps was not smaller than the typical fluc-
tuations caused by re-meshing of the interface. In order to estimate
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the error of the stability limits we increased the number of minimiza-
tion steps or the number of nodes for certain values of volume and
contact angle. As the deviations between the points of instability
where always less than 0.5 degrees we assume that possible system-
atic errors are below one degree. To construct the energy landscape
of the transition, the additional constraint of a fixed center of mass
position x, (23) is introduced which allows to study intermediate
states by varying x.,. For each fixed volume and contact angle, the
drop is first placed in the barrel state. The drop is then pulled out-
ward beyond the transition to the clamshell state, and subsequently
pulled inward beyond the transition to the barrel state. The energy
landscape for fixed drop volume is constructed by repeating this pro-
cedure for various contact angles.
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7.6 Potential applications: Self rejuvenating
filter for oil-water separation

The ideas brewed for this chapter of the thesis are fundamental in
origin yet they provide inspiration for a new class of materials that
might have important applications for industry. In this section, we
will elaborate on the idea of using fibers with Electrowetting func-
tionality to design self rejuvenating filters for oil-water separation.
In a nut shell, the affinity of oil drops to fibers can be altered by
Electrowetting to promote self cleaning. The idea originates from
the fundamental difference between two competing morphologies in
terms of adhesion. A drop in the symmetric barrel shape adheres
strongly to the fiber whereas the same drop in the asymmetric clam-
shell morphology adheres less strongly. As a consequence,a drop in
the clam-shell morphology can be easily detached by an external force
such as drag force or gravity. As Electrowetting (EW) provides a
mean to reversibly change the morphology of a drop on a fiber, both
the affinity of the drop to the fiber and the susceptibility to external
driving can be controlled and utilized for novel materials.

In an attempt to provide a rough guideline, we describe the idea
for a simplified conceptual application in Fig. 6. An oil-water filter
made of a set of fibers aligned in a channel or construct can collect
the oil in water as the fibers are hydrophobic in the absence of EW.
The collected oil droplets will immediately assume barrel shape due
to initially low contact angle (Panel (b) of Fig. 6 ). As the oil
collects on the fibers of the filter, at some point the filter will needs
to rejuvenate i.e. get rid of the oil droplets. At that point, applying
EW changes the morphology and the affinity of droplets to fibers
(Panel (b) to Panel(c) of of Fig. 6) hence promoting detachment of
droplets from the fiber . The droplets in clam-shell morphology can
be detached from the fibers by an external driving force such as the
drag forces induced by an rejuvenating shear flow and the detached
oil droplets can be collected in a reservoir outside the regular flow
directions. When the rejuvenation process is complete the filter can
continue filtering operation (Panel (d) of of Fig. 6).

Self rejuvenating filters can provide interesting applications where
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separation

Figure 7.6: Self rejuvenating filters with EW functionality: The oil
droplets flow towards the fibers of the filter in Panel (a). The drops
immediately assume barrel morphology in Panel (b). Upon application of
EW, the droplets change morphology and affinity : from strongly attached
barrel morphology illustrated in Panel (b) to weakly attached clam-shell
morphology illustrated in Panel (c). With the application of external driv-
ing such as rejuvanating shear flows or mechanical shaking the droplets
are removed from the fibers (Panel (d)).
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batch filtering operations are not feasible, for instance, in cleaning
of oil spills where enormous amounts of oil needs to be filtered. In
traditional batch filtering, the process is stopped to change or rejuve-
nate the filter every time the filter is completely filled by oil droplets.
The filters with EW functionality can provide alternative continuous
filtering where the filter is rejuvenated at regular intervals. The idea
presented in this chapter, is not limited to cleaning oil spills but can
be evoked to separate any two immiscible liquids often encountered
in petrochemical and food industry.
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Figure 7.7: Morphology diagram of drops on fibers as a function of con-
tact angle 8 and reduced volume V | extended to large volumes (up to
10%). The solid lines indicate the numerical stability limit of the clamshell
(upper red) and the (coinciding) analytical and numerical stability limit
of the barrel (lower black).

7.7 Appendix: Large drop volume limit

As an additional aspect to Figure 4 in the main text, we have fo-
cused on the large drop volume regime in Figure 7.7. The clam-shell
to barrel branch of the metastability regime curves towards lower an-
gles. This brings out a interesting feature which we refer as reentrant
behavior. At low contact angles and large drop volumes, a drop in
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Figure 7.8: Evolution of the drop morphology for one experiment cycle
described in Figure 7.2 with pictures taken from side (bottom row) and
the head on view (top row) where the contact angle is linearly increased
to slightly above the transition contact angle (6.1) and decreased back to
Young angle passing through (6.1) described in the main text.

clamshell state can enter the barrel morphology region by reducing
the drop volume. By reducing the volume further with given contact
angle, the drop will enter the metastable regime again and eventually
the clam-shell morphology region.

Here we also provide pictures describing the morphological evo-
lution of the drop in one experimental cycle where the voltage is
increased in the first four rows and then decreased gradually in the
last four linearly in Figure 7.8. Both the morphology evolution is
monitored from two different viewing angles: head on (top row) and
side (bottom row).
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8 Wetting of a sphere

Abstract In this chapter, the equilibrium morphology of
a drop on a sphere is analyzed as a function of contact angle
and drop volume experimentally and with analytic effective
interfacial energy calculations. Experimentally, a drop on a
sphere geometry is realized in an oil bath by placing a wa-
ter drop on the sphere coated with a dielectric, of which the
radii of curvature are comparable with that of the drop. Elec-
trowetting (EW) is used to change the contact angle of the
water drop on the sphere. To validate the applicability of
EW and the Lippman-Young equation on non-flat surfaces,
we systematically investigated the response of the contact an-
gle to the applied voltage (EW response) for various drop vol-
umes and compared the results with the case of planar surface.
The effective interfacial energy of two competing morpholo-
gies namely the spherically symmetric "completely engulfing”
and the ”partially engulfing” morphology are calculated ana-
lytically. The analytic calculations are then compared to the
experimental results to confirm which morphology is energet-
ically more favored for given contact angle and drop volume.
Our findings indicate that the "partially engulfing” morphol-
ogy is always energetically more favorable morphology.!

!Experiments presented for this chapter were performed together with
G.Manukyan.
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8 Wetting of a sphere

8.1 Introduction

Drops on curved surfaces are omnipresent in nature: dew drops on
a spider web or a rain drop on a spherical fruit provides the most
intriguing display of drop morphologies on curved surfaces (Fig. 8.1).
The morphologies that a drop assumes on a curved surfaces are dic-
tated by wettability of the substrate, which is a key parameter for
addressing fundamental problems of fluid stability on complex geome-
tries [1, 2]. The wettability of a substrate depends on the interplay
between the contact angle and the geometry of the surface. For in-
stance, a drop that partially wets a planar surface can engulf a fiber
with same wettability.

The drop on a sphere geometry is not only a classic wetting geom-
etry but also it is often encountered in industrial and fabrication pro-
cesses. Such processes can benefit from the fundamental understand-
ing of the wettability for the drop on a sphere geometry. Recently,
this classic wetting geometry was evoked to synthesize complex col-
loidal particles by growing a colloidal particle inside a polymer drop.
The colloidal particle that is initially in "completely engulfing” mor-
phology later assumes a "partially engulfing morphology” dictated
by the wettability. Wettability of the polymer drop on the particle is
controlled by the reaction parameters such as monomer concentration
and temperature [3, 4]. Various applications in colloidal science [5],
microfluidics [6, 7, 8, 9], detergency [10], optofluidic lenses [11], elec-
tronic displays utilize spherical and other non-flat geometries [12, 13].

A drop on a sphere can have two topologically distinct morpholo-
gies: the "partially engulfing” morphology and the spherically sym-
metric "completely engulfing” morphology. These two morphologies
are fundamentally different in terms of their symmetry and response
to external driving such as shear or mechanical agitation. The wetta-
bility of a droplet on a spherical surface is addressed in various theo-
retical studies, [14, 15, 16, 17] yet an experimental setup that allows
precise control over parameters that determine the wettability hence
the equilibrium morphologies was missing. Previous experimental
studies on spherical surfaces [18, 19] utilized different materials to
vary the contact angle. These methods do not offer the resolution
sufficient accuracy to explore the range of contact angles defining the
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morphologies.

For experimental realization of the drop on a sphere geometry, a
water drop in an oil bath is placed on a metal sphere coated with a
dielectric layer. The wettability of the drop on the sphere is tuned by
electrowetting (EW). Electrowetting is an efficient way of controlling
the wettability of liquids on surfaces. The effective interfacial tension,
or equivalently the apparent contact angle 6 of a conducting drop on
a dielectric substrate is controlled by applying a potential difference
(U) between the conducting liquid and an electrode integrated under
the dielectric layer [20]. The difference between the cosine of the
apparent contact angle 6 and the cosine of the microscopic contact
angle 0y at the three-phase contact line (TCL) is proportional to the
square of the applied potential (U?) by the Lippmann-Young equation
(8.1).

goe,rU?
200

where 6y is the Young’s angle and the electrowetting number 7 is
defined by the vacuum permeability £y, the dielectric constant &,
the dielectric layer thickness ¢, and the interfacial tension o.

First, we confirm the applicability of the Lippmann-Young equa-
tion and EW to study the equilibrium morphology of drops on curved
surfaces. For this purpose, the response of the contact angle to the
applied voltage (EW response) for a drop on a spherical, a cylindrical
and a planar substrate is compared. The drops on planar surfaces
follow the Lippmann-Young relation (8.1), the applicability of this
relation is confirmed for nonflat surfaces. Furthermore, we investi-
gate EW response on curved surfaces systematically as a function of
the drop volume. The volume of the drop is varied to change the rel-
ative surface curvature (k1/ks), where k; and ko are the curvatures
of drop and surface, respectively.

The validation of the Lippmann-Young equation for non-flat sur-
faces is required as the intrinsic curvature of the geometry and di-
electric layer thickness influences the electric force distribution in the
vicinity of the contact line. In the derivation of 8.1, the force distri-
bution is obtained assuming that the supporting substrate is flat. For
a non-flat surface, the electrical force distribution is altered due to

cosf =cosby +n, n= (8.1)
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Figure 8.1: Panel (a) shows the experimental setup . The setup consists
of a non-flat steel substrate coated with a dielectric layer of thickness (0)
and a water drop placed on the top, immersed in oil. The metal sphere is
grounded and the water drop is connected to a power supply in our setup.
Panel (b) shows images of the experimental system where the voltage is
changed from 0 to 300 V. Panel (c) presents "partially engulfing” morphol-
ogy from nature, a water drop sitting on a berry courtesy of S.Dreilinger.
Note that in nature gravity is ever present as opposed to experiments
presented here and it induces additional asymmetry.

the surface curvature and, as a consequence, the wettability change
may deviate from the Lippmann-Young relation. Furthermore, this
variation might depend on the relative surface curvature and dielec-
tric layer thickness. It has been shown that the electrostatic force in
the presence of electrowetting is concentrated near the contact line
in a region in the order of the dielectric thickness [21, 22]. From this
point, one can hypnotize that the curvature of the sphere will not be
dramatically influencing the EW response due to large difference in
dimensions considered. We provide experimental confirmation of this
hypothesis stating the curvature effects can be ignored in this study.

Secondly, we determine the equilibrium shapes of a drop on a
sphere geometry experimentally and analytically relying on the pre-
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vious confirmation. The parameter space consisting of contact angle
and drop volume is scanned to find the stable morphologies with the
experimental setup shown in Fig. 8.1. The effective interfacial en-
ergy of the equilibrium morphologies are extracted experimentally by
image processing and compared to analytical effective interfacial en-
ergy calculations. We believe that our systematic investigation will
not only encourage further applications of EW to address fundamen-
tal wetting questions [23, 24, 25] where manipulation of contact angle
plays an important role for complex geometries [26, 27, 28] but also
identify their limitations.

8.1.1 Methods of Analysis
Electrowetting setup

Our buoyancy-neutral experimental setup consists of a stainless steel
sphere (r = 1.5 mm) coated with a dielectric layer of thickness (spatial
variation of § is between 2 to 4 ym with mean of 3.1 pm) immersed
in silicon oil (Fluka AS4 with density p = 1.01 g/cm? and viscosity u
= 6 mPa-s). The experiment is performed in oil to avoid evaporation
and to reduce the contact angle hysteresis. The relative importance
of gravity over interfacial tension is measured by the Bond number
Bo = ApgL?/vy where Ap is the density difference between oil and
water phases, L is the characteristic length given by the radius of
the drop with maximum drop volume (8 ul). In our density matched
experimental setup Bo ~ 1072, in which the gravity effects can be
ignored. A function generator (HP33250A) and an amplifier (Trek
PZD350) are used to supply the required voltage. A video goniometer
(OCA Dataphysics) is used to capture images. We place a water
drop on top of the spherical substrates. The volume of the drop is
controlled by an automated syringe pump whose needle also acts as
an electrode (Fig. 8.1). In these experiments, the volume of the drop
(Virop) are varied from 8 to 1 pl, which corresponds to the relative
surface curvature k1/ks variation from 0.6 to 5.
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8.1.2 Substrate preparation

Non-flat substrates are prepared with a cleaning procedure followed
by two consecutive dip coating steps. In the first step, the steel
spheres are cleaned with ethanol in an ultrasonic bath for 15 minutes
and left to dry in a fume hood under ambient conditions. Secondly,
the substrates are dip coated with SU-8, then the SU-8 coated sub-
strates are placed on a hot plate for 3 minutes and finally the sub-
strates are UV cured for 30 seconds. In the last step, the SU8 coated
spheres are dip coated again with 0.6 wt.% Teflon AF solution. The
thickness of the dielectric layer is measured from scratched samples
by the Scanning Electron Microscopy (SEM) after the experiments.
The SEM images are given in the Supplementary Information.

8.1.3 The free energy calculations

The effective interfacial energies of the two morphologies seen in
Fig. 8.2 are analytically calculated as a function of the drop vol-
ume and the contact angle. For this purpose, the radius of drop R
in the "partially engulfing” morphology can be expressed in terms of
a, 01,0, with the spherical shape assumption.

sin 6,

= 8.2

sin 92 ’ ( )
where 6 is the contact angle and 6y = 6 + 6, the radius of spherical
substrate a. Then, the volume Vg, of the drop in the "partially
engulfing” is expressed as follows:

™

V:
3

[R3 (2 - 3cos by + cos® 92) -a? (2 - 3cosb + cos® 91) ] (8.3)
The surface area of the drop (S;), the drop-substrate contact area
(S2), and the air-substrate contact area (S3) can be expressed as
follows:

Sy = 2mR*(1-cosby), .
Sy = 2ma*(1-cosb,), (8.5)
Ss = 2ma®(1+cosh).
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Figure 8.2: Panel (a) shows the "partially engulfing” morphology and (b)
the ”completely engulfing” geometry. The parameters indicated in the
effective interfacial energy calculations are indicated in both panels.

The surface area of the drop (S;) in contact with oil is given in
“completely engulfing” morphology as

S4 = 47Tb2, (87)

where b is the radius of the drop in the “completely engulfing” mor-
phology

L v 1/3
b= (a + 47r/3) : (8.8)

There is a restriction for §; when determining the equilibrium shape
at given drop volume.

g<0+91<7r (8.9)

The difference AE = F;—FE5 between the effective interfacial energy of
the completely engulfed morphology (F;) and the partially engulfed
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morphology (FEs3) is given in 8.10.
AE = (S4fy + (47ra2)”yws) = (517 + S2Yws + S37Ys0) (8.10)

where v, v, andy,, denote the interfacial tension between water-
oil, water-solid and solid-oil phases, respectively. The total effective
interfacial energy can be rearranged as follows:

Ak (S1-54) + Sz cosb. (8.11)
Y

When AF < 0, the partially engulfing morphology is the energet-
ically favorable morphology in the parameter space spanned by the
droplet Vg, and the contact angle 6 or else the completely engulfing
morphology is the more stable morphology.

8.1.4 Image processing
Contact angle measurements

The images of the drop on spherical substrates are captured with
a CCD camera for different voltages hence different contact angles.
To measure the (apparent) contact angle # on non-flat geometries
(Fig. 8.1b), a simple thresholding algorithm is used to locate the
oil-water-sphere interface. The three-phase contact line (TCL) is
detected on this interface. To measure the contact angle 8, two tan-
gent vectors originating from the TCL are needed, one tangential to
the drop-oil interface: /;;TPD and the other tangential to the spheri-
cal substrate-oil interface: IETPS. Two vectors (l;:TpD, l;:Tpg) are de-
fined by the least square fitting method in the vicinity of the TCL
( Fig. 8.1b). The angle 7-6 between these two vectors gives us 6.
The procedure was repeated for the both sides of the TCL (A and B
in Fig. 8.1b) and the averaged contact angle is given in this study.
The error bound of contact angle measurements is calculated as 3°
by varying parameters of the detection algorithm systematically.

Effective interfacial energy calculations from experimental data

The effective interfacial energies of the two morphologies are calcu-
lated by extracting the surface areas of each interface from the digital
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images indicated in Fig. 8.2. For the "partially engulfing” morphol-
ogy of three phases in contact: the oil-water drop interface area (S1),
the drop-substrate contact area (S2), and the oil-substrate contact
area (S3) are considered. For the “completely engulfing” morphology,
the sphere is not in contact with the surrounding oil medium so only
oil-water drop interface and water-solid contact areas are considered.

Calculation of the effective interfacial energy for the "completely
engulfing” morphology (E}) requires the determination of water drop-
solid sphere and water drop-solid contact areas. As these contact
areas are not contact angle dependent, provided that the drop vol-
ume and the radius of the sphere are known, F; can be calculated
by multiplying the surface tension of the interfaces with respective
contact areas.

For the "partially engulfing” morphology, contact areas S, So and
S3 vary with the contact angle §. FEy vary with respect to 6 and
the parameters that vary with respect to 6 needs to be identified
for calculating 5. Three parameters are 6, 6, and R as shown in
Fig. 8.2. Provided that with the radius of the solid sphere (a) and the
drop volume are known, the parameters 1, #5 and R are calculated
by simple geometric relationship once the three-phase contact line
(TCL) and the centers of liquid drop C'Mg,., and sphere C'Mppere
are known. More specifically, the images allow us to find the C'M,),
and C'Mgppere precisely by fitting a circle to the contour of the the
drop and the sphere. The 6 dependent 6;, 65 can be calculated from
inner product of two vectors. The inner product of vector connecting
CMgrop to C Mgppere and vector connecting C' Mgy, to TCL gives 0.
The inner product of the vector connecting CMgyq, to CMgppere With
the vector connecting C'Mgppere to TCL gives 6. These parameters
allow for calculation of contact areas S1, S2, S3 from 8.6. Once the
contact areas and the respective surface tension values are known,
the effective interfacial energy for the “partially engulfing” geometry
(E5) is calculated.

The effective interfacial energies of two morphologies (E;, F») as a
function of # are later used in 8.11 to calculate the effective interfacial
energy difference between the two morphologies. Assuming that the
spherical symmetry approximation holds, i.e. the drop shape is not
disturbed by the wire and gravity.
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Figure 8.3: Influence of the substrate geometry and the drop volume on
the response of contact angle to an applied voltage (EW response). In
the main figure, the cosine of the contact angle (cos#) is plotted as a
function of EW number (n) for different geometries with a given drop
volume (V=8 pl). The symbols indicate substrate geometry: cylindrical
(triangle), spherical (sphere) and flat (square). The dashed line denotes
the Lippmann-Young Equation. In the inset, cosf is plotted as a function
of square of U? for different drop volumes placed on a spherical geometry.
The symbol fill patterns denote different drop volumes Vy,.op,: (whole 8 pl,
empty 4 ul and crossed 1 pl), respectively.

8.2 Results

To confirm applicability of Lippmann-Young equation for non-flat
surfaces, we focus on two parameters a) substrate geometry and the
b) drop volume. The responses of contact angle with respect to the
applied voltage for different substrate geometries and drop volumes
are investigated in Fig. 8.3.
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The influence of substrate geometry on EW response is examined
for a drop of 8ul volume placed on spherical, cylindrical and planar
surfaces. Fig. 8.3 demonstrates how the contact angle changes as a
function of the applied voltage and compares the EW response for
aforementioned substrate geometries. The cosine of the contact angle
(cos ) is plotted as a function of the non-dimensionalized EW number
to account for variations in ¢ in Fig. 8.3. The ¢ is extracted from
SEM images (see supplementary information). The curves follow the
Lippmann-Young equation in the Lippmann-Young regime followed
by the saturation regime where the contact angle does not vary with
applied voltage [20].

All the curves in Fig. 8.3 collapse onto the Lippman-Young equa-
tion prior to saturation regime, implying that the influence of geome-
try on EW response is negligible as previously hypnotized. The inset
of the Fig. 8.3 displays the influence of the drop volume on the EW
response on a spherical substrate. The contact angle (cosf) is plot-
ted against square of the applied voltage for different drop volumes in
the inset of Fig. 8.3. The collapse of data for different drop volumes
(denoted by symbol fill patterns in Fig. 8.3) in the Lippmann-Young
regime points out that the drop volume hence relative curvature has
no influence on the response of contact angle to the applied voltage
for spherical substrates.

After validating the applicability of the Lippmann-Young equation
and the reliability of EW on spherical substrates, we investigate the
equilibrium morphologies of two morphologies by comparing the effec-
tive interfacial energies of the partially engulfing and the completely
engulfing morphologies in Fig. 8.2. To assess which morphology is
more favorable, we calculate the effective interfacial energy differ-
ence between two morphologies (8.10). When AFE > 0, the completely
engulfing morphology is the energetically favorable morphology and
AF <0 the partially engulfing is the favorable morphology.

Evaluation of the drop morphology as a function of contact angle is
monitored by plotting the projected distance d(f) in two dimensions
between the center of mass C'M;pper of the solid sphere and the center
of mass of the drop C'M,opier at a given contact angle in Fig. 8.4a from
experimental images (Fig. 8.4c). With increasing contact angle, d(6)
gradually decreases and the drop partially engulfs more of the sphere
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for all drop volumes. To characterize equilibrium shapes for different
drop volumes, we defined a symmetry parameter: A which denotes the
relative distance d(#) at a given contact angle normalized by the same
distance at the Young’s angle d(fy ) in 8.12. For a given contact angle,
A is determined from experimental images as follows: the center of
mass for the drop: C'My,., and sphere:C' Mg,pere are determined by
identifying the contour of the drop-sphere via thrash holding and
fitting a circle above and below TCL. The distance between C'M;p
and C'Mgyper is determined d(€) for a given contact angle. The ratio
of this distance at a given contact angle to this distance at Young
angle:d(fy ) gives the symmetry parameter 8.12. The inset schematic
in Fig. 8.4b demonstrates the symmetry parameter.

_ 4(9)
- d(by)

For X 2 0 the drop is in "completely engulfing” morphology whereas
for A > 0 the drop is in "partially engulfing” morphology. Fig. 8.4b
demonstrates the variation of A as a function of contact angle () for
aforementioned drop volumes. The curves of different drop volumes
collapse onto a single curve and none of the curves reaches the A ~ 0,
hence the "partially engulfing” morphology is always the preferred
morphology.

The effective interfacial energy difference (AFE) is calculated an-
alytically and from experimental data as described in detail in the
Methods section. Fig. 8.5 shows the effective interfacial energy dif-
ference normalized by 4ma?y as a function of the contact angle for
different drop volumes. The solid lines denote the analytical effective
interfacial energy calculations whereas the discrete points indicate the
effective interfacial energies calculated from the experimental data.

(8.12)

For all the effective interfacial energy calculations considered here,
the effective interfacial energy difference indicates that the favorable
morphology is the "partially engulfing” morphology irrespective of the
drop volume and the contact angle. These results are in agreement
with the effective interfacial energy analysis given in Fig. 8.4. Only
when the contact angles approach to zero contact angle, the energy
difference converges to zero.
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Figure 8.4: Evolution of the drop morphology as a function of drop vol-
ume Vg, and contact angle 6. Panel (a) provides the distance between
the center of mass of drop and the sphere ((0)) as a function of 6 for dif-
ferent drop volumes. Panel (b) gives the symmetry parameter (\) vs. 6 .
Different symbols correspond to drop volumes (1 ul (O), 4 pl (2), 8 ul
(O) respectively. The symmetry parameter () is defined as the distance
() between the center of mass of the sphere and the drop at a givenf

normalized by(fy): the distance when 6 is equal to 6y .

Inset in panel

(b) demonstrates the (f) and symmetry parameter. Panel (c) provides an

overview of the experimental images for various 6.
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Figure 8.5: Normalized effective interfacial energy is plotted as a function
of contact angle for different drop volumes used in experiment. Continuous
lines indicate the theoretical and the discrete points of same color indicate
experimental effective interfacial energies extracted from image processing.
Different symbols correspond to drop volumes (1 pl (O), 4 pl (), 8 pl
(O) respectively.

8.3 Discussions

In the first part of the paper, we investigated the applicability of
Lippmann-Young Equation and the reliability of EW to the purpose
of drop morphology analysis on curved surfaces by varying two pa-
rameters: substrate geometry and drop volume. Fig. 8.3 confirms the
applicability of the Lippmann-Young equation to non-flat geometries
as well as flat geometries in the Lippman-Young regime. Hence the
effect of the geometry and the relative curvature in our experimental
parameter space can be ignored. We have also looked at the influ-
ence of drop conductivity on EW response for spherical substrates.
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Dependence of EW response on drop conductivity is found to follow
similar behavior as in planar surface[29, 30, 31] (see Supplementary
Info for details).In 8.3 and its inset, a slight scattering and devia-
tion from the Lippmann-Young Eq. is observed. This is attributed
to a spatial variation in dielectric layer thickness of samples used in
experiments which we have identified to vary between 2-5 microns.

Ch8Finally, the effective interfacial energy difference (AFE) between
the two morphologies is calculated analytically and from experimen-
tal data in 8.5. AFE always lies in negative region indicating that the
"partially engulfing” morphology is the favored morphology irrespec-
tive of the drop volume and the contact angle. At zero contact angle,
the effective interfacial energy of the two competing morphologies be-
comes identical, which means that the surface energy of the wetted
area is the same with that of non-wetted area (v +Ysw = Ys0). Due to
contact angle saturation phenomena, very low contact angles cannot
be reached experimentally yet the analytical effective interfacial en-
ergy calculations show that the two morphologies has equal effective
interfacial energies indicating that the two morphologies are equally
favorable for zero contact angle. It implies that with large enough
drops and zero contact angle a transition from one morphology to
the other is theoretically possible.

In this study, the upper and lower bounds of drop volume consid-
ered are defined by the limitations of the experimental setup and the
associated physics. The smallest volume utilized is bound by the size
of wire in conventional EW setup (The drop diameter has to be a
lot bigger than the wire). The upper limit is bound by the capillary
limit. Provided that we are not limited by the experimental param-
eters these two extreme limits may provide interesting insights. For
the generality of our results, it is relevant to discuss these extreme
cases: when (i) the drop volume: Vj,,, is a lot larger then the volume
of the sphere Viprere 1.€. Vigop >> Vipnere and (ii) the other extreme
Virop << Visphere- In case (i), from the the effective interfacial energy
calculations, we can deduce that the larger the ratio of Vyp t0 Vipnere
the smaller the difference AFE. This points out the effective interfa-
cial energy of two states become comparable at all contact angles. In
other words, AF vs 6 landscape approaches AE = 0 line, i.e. less
energy is required to jump from one morphology to the other upon
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application of flow or mechanic agitation. For case (ii), the transition
becomes rather difficult and the systems resembles the flat geometry.

The major source of error in the calculation of the effective interfa-
cial energy from experiments is the determination of the contact angle
in image processing. The error bound of measurement is within 3°.
As the experimental and theoretical values collapse for all the drop
volumes effects that deform the drop such as contact angle hysteresis,
gravity and wire are not significant.

Utilizing EW to study fundamental wetting problems in complex
geometries provides unmatched control over the contact angle. Yet
the limitations in EW should not be neglected. The contact angle
saturation does not allow reaching contact angles smaller that 35°.
This limitation can be avoided by evoking inverse EW scheme where a
water drop is immersed in oil yet it has to be identified as a limitation
of the method [27]. Conventional and inverse EW schemes can be
used in parallel to reach larger contact angle ranges. Special care
has to be taken for the conventional EW setup we utilized, as the
wire has to be much smaller than the drop to minimize its effect on
the symmetry of the system. Interdigitated electrode or inverse EW
setups can be evoked to bypass this effect. In our study, we monitored
the symmetry of the drop and manually interfered by moving the wire
when the symmetry is compromised.

Our results demonstrate the wetting behavior of a liquid drop on
a spherical surface. Comparing this behavior to the wettability of a
liquid drop on a infinitely long cylindrical fiber points to some inter-
esting differences. Ch8Fibers can be fully engulfed with a nonzero
contact angle where the contact angle has to be infinitesimally small
for a drop on sphere for complete engulfment [32, 27, 10]. The critical
contact angle, at which a drop engulfs a fiber, depends on the drop
volume whereas for the drop on a sphere geometry such critical con-
tact angle is not drop volume dependent. From a topological point
of view, the "partially engulfing” morphology is a singly connected
topology once the drop engulfs the sphere, spherical symmetry is es-
tablished. For a fiber, asymmetric morphology is singly connected,
while the symmetric morphology is multiply connected. This topo-
logical difference is one of the underlying physical reasons why the
wetting behavior of two geometries are different.
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8.4 Conclusions

In the present work, we first validated EW as a tool to study wetting
problems of non-flat geometries. Later on, relying of this validity, we
confirmed the equilibrium morphologies of a classic wetting geometry:
drop on a sphere as a function of governing variables drop volume and
contact angle, experimentally and analytically.

For validation purposes, the influence of substrate geometry on
the EW response is studied systematically considering the effect of
drop volume hence relative curvature. For different drop volumes
corresponding to different relative drop to substrate curvatures, EW
response stayed same, indicating that in the experimental parame-
ter regime covered curvature effects can be ignored. Comparing the
response of contact angle to the EW number (7) for flat, cylindri-
cal and spherical geometries, we conclude substrate geometry has no
influence on EW response. Our results indicate that the Lippmann-
Young equation holds for spherical substrates as in flat substrates
within the experimental parameters examined. Furthermore, we hy-
pothesize that the effect of substrate curvature can be ignored for
cases where the dielectric layer thickness is much smaller that char-
acteristic dimension of the geometry such as the radius of curvature
of surface (0 < Ky).

Relying on applicability of EW on non-flat surfaces, the equilib-
rium morphologies of two competing geometries is studied by cal-
culating the effective interfacial energy of both morphologies ana-
lytically and experimentally. Our results show that the "partially
engulfing” morphology is the energetically more favorable and the
mechanically stable morphology as the absolute effective interfacial
energy of the engulfing morphology is greater that the "partially en-
gulfing” morphology under all conditions. Only for vanishing contact
angles, the effective interfacial energy of the "completely engulfing”
morphology is comparable to the "partially engulfing” morphology.
It is noteworthy to mention that application of EW to wetting prob-
lems in complex geometries opens alleys to explore industrially rele-
vant problems such as mechanical stability of liquid bridges between
non-flat geometries such spheres or fibers.
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Summary

In this thesis, we developed ideas to control the structure and the dy-
namics of colloidal suspensions by manipulating the boundary con-
ditions and applying external fields. The aforementioned manipu-
lations of colloidal fluids not only provide opportunities to improve
our understanding of fundamental physical phenomena, but also ini-
tiate ideas for developing advanced materials. External control over
colloidal suspensions with hard-sphere like interactions -arguably the
simplest model system for soft matter studies- can be evoked to tune
the interplay between structure and dynamics for both equilibrium
and out-of-equilibrium systems. Interplay between structure and dy-
namics is commonly encountered in Soft Matter systems including
but not limited to colloidal suspensions, emulsions, polymers, poly-
electrolydes and proteins.

In Chapter 1 of the thesis, an introduction to colloidal suspen-
sions (in broader terms Soft Matter or Complex Fluids) is presented,
going all the way back to the early scientific discussions regarding
Brownian motion that lead to our current understanding of colloidal
suspensions. In this chapter, a solid basis for understanding the dis-
cussions in the upcoming chapters is provided along with a brief
account of literature in the field. The experimental methods utilized
throughout the thesis are described in detail in Chapter 2.

External control over colloidal suspensions can be achieved by ma-
nipulation of the interaction potential, the shape of the colloidal
particle, spatial boundary conditions and the application of exter-
nal fields. This thesis focuses external control of spherical particles
with hard-sphere like interactions via manipulation of boundary con-
ditions and external fields. The influence of boundary conditions can
be visualized starting from a simple picture of colloidal particles in
bulk exhibiting Brownian motion. Particles are free to enter and exit
an imaginary box while keeping the number of particles constant,
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i.e. the boundary conditions are periodic. Introducing confinement
can be interpreted as transforming the boundary conditions of one or
more sides of the box to 'no-trespass’ conditions. This transforma-
tion brings out interesting new properties as compared to bulk. In
terms of phase behavior, it effectively reduces the possible configura-
tions a particle can explore and introduces layering in the vicinity of
boundaries. For monodisperse particles, layering and crystallization
are intimately related. For polydisperse particles (as considered in
this thesis), crystallization does not occur, and layering solely involves
the ordering of particles perpendicular to the boundary. Besides that,
the introduction of a solid surface also modifies the dynamics in the
vicinity of the boundaries by introducing additional drag forces. All
these changes influence the interplay between structure and dynam-
ics. In this thesis, the main focus is to understand how this interplay
works and how it can be controlled via boundary conditions of the
system and external fields.

Chapter 3 focuses on the effect of spatial confinement, partic-
ularly in connection to gravity and roughness. In this study, both
the dynamics and the structure of concentrated colloidal suspen-
sions (particle volume fraction ¢: 0.30-0.45) are probed with Con-
focal Scanning Laser Microscopy (CSLM) and particle tracking as
the dimensions of the imaginary box described before is varied. For
varying the dimension of confined colloidal suspensions, a confine-
ment apparatus utilizing a quasi-parallel geometry is designed. Con-
finement apparatus simultaneously fulfills the spatial control and low
drift requirements essential in the confinement experiments for col-
loidal suspensions. In the experiments, only the top and the bottom
boundaries of the imaginary box are transformed into solid planes,
particles could freely enter and exit from the other four planes. Two
different boundary conditions are utilized: one of the planes is rough
and the other one is smooth compared to the particle diameter. As
the height of the imaginary box is reduced quasi-statically from 18
to 1 particle diameter, the dynamics slows down while the volume
fraction stays essentially constant. Furthermore, an asymmetry is
observed in the dynamics and structure of the suspension as mea-
sured at the two boundary planes. This is attributed to a combined
effect of roughness and gravity.
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Apart from the dimensions also the shape of the imaginary box
influences the aforementioned dynamics. In Chapter 4, we focus
on the dynamics of dilute suspensions (¢ << 0.1) confined in a well-
defined 3D cylindrical geometry. The diffusion of colloidal particles
of approximately one micron diameter (d) is studied in a cylinder
of comparable size (Radius, Height=9d). A multilayer microfluidic
device is used for confining colloidal particles in aforementioned cylin-
ders. Local diffusion coefficients are measured experimentally with
particle tracking from video recordings via CSLM. The experimental
values are compared to simulation results where the drag force on a
particle, and from it the diffusion constant, is calculated as a function
of position within the cylinder by solving the Navier-Stokes equation.
The experimental results and simulations showed very good agree-
ments. The diffusion inside the cylinder is observed to be asymmetric,
hindered compared to the diffusion in bulk and highly dependent on
the geometry. Our findings point out that geometry of confinement
has to be taken into account precisely while studying diffusion related
(bio)physical transport phenomenon in confined environments such
as cells or blood vessels.

Motivated by the studies in Chapter 3, we focused on the effect
of wall roughness on the local dynamics and structure of suspen-
sions in Chapter 5. In this study, diffusion as a function of volume
fraction in the vicinity of a single boundary with well defined rough-
ness is considered. The roughness is controlled by partially coating a
flat wall with slightly smaller colloidal particles than the ones in the
suspension. The local volume fraction (¢ ~ 0-0.4) is varied via slow
sedimentation. As the volume fraction increases, the dynamics in the
vicinity of the boundary slows down, while also the signature of the
motion changes: from diffusive motion to 'cage rattling’. Comparing
the dynamics in the vicinity of the rough and the smooth walls, a
much slower dynamics in the vicinity of the rough boundary as a
function of time and effective volume fraction reveals the principal
effect of wall roughness.

Regarding external fields, we focus on gravity within the context of
confinement in Chapter 3 & 5 and on shear flows induced by Elec-
trowetting in Chapter 6. Gravity is a homogeneous time invariant
field whereas shear flows can be both spatially and temporally vari-
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ant. The spatial and temporal variance of shear flows can be put to
advantage in the manipulation of colloidal assemblies. In Chapter 6,
we study evaporating colloidal suspensions on a solid surface. Evap-
orating drops of colloidal suspensions and solutions of non-volatile
species often leave behind ring-like solid residues along the contact
line. These structures so called "coffee stains” are induced by con-
tact line pinning and capillary flows resulting in an inhomogeneous
distribution of solutes. Coffee stains are undesired, self assembled
structures commonly encountered in coating and printing applica-
tions. Combinatorial analysis methods such as as fluorescent microar-
rays and MALDI-MS; the workhorses of biomolecular analysis, are
specific examples where the inhomogeneity of the residual deposits
compromises the overall performance. In an evaporating droplet, col-
loidal particles are carried to the contact line by capillary flows, and
get jammed due to geometric confinement and high volume fractions
along the contact line. In this chapter, a method to eliminate the
undesired coffee stains is described. The method utilizes the motion
of the contact line and shear flows induced by Electrowetting to elim-
inate the coffee stain effect. Shear flows erode/unjam particles in the
vicinity of the contact line and counteract capillary flows whereas
the motion of the contact line avoids pinning. We demonstrated the
applicability of the suggested method for various solutes including
suspensions of colloidal particles with various sizes, materials and
DNA. Combined with smart electrode design, this method provides
a remedy for the coffee stain effect that hampered the efficiency of
various industrial processes. We believe the suggested method can
have immense impact especially in improving the efficiency of the
combinatorial analysis methods.

In broad terms, the wetting behavior of a Soft Matter system can
be considered as a boundary condition. The manipulation of wetta-
bility is essentially altering the contact angle boundary condition in
the governing equations that define the morphology of the system:
a liquid drop on a surface will assume the morphology that mini-
mizes the effective interfacial energy with given boundary conditions.
Along these lines, Electrowetting provides a crucial tool to manipu-
late Soft Matter. Using Electrowetting, we alter the apparent contact
angle hence the boundary condition for a liquid drop and observe the
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macroscopic morphology that minimizes the effective interfacial en-
ergy. In Chapter 7 & 8, we investigated the classic wetting problem
of a drop on a fiber and later the wetting of a drop on a sphere.

For the drop on a fiber geometry discussed in Chapter 7, we
confirm that the drop can assume two competing morphologies dic-
tated by the contact angle and drop volume relative to fiber diameter
cubed. For small contact angles and large relative drop volumes, the
drop engulfs the fiber and assumes the "barrel morphology”; whereas
for large contact angles and small relative volumes, the drop sits on
the side of the fiber assuming the ”clam-shell morphology”. By scan-
ning the morphology phase diagram spanned by contact angle and
relative drop volume, we discover a previously unexplored bistabil-
ity regime and reveal the complete nature of transition between two
competing morphologies. Furthermore, ideas incubated in this study,
point to a potential application of ’self rejunavating fibers’ with Elec-
trowetting functionality that could be used to separate oil from water.
For the sphere on drop geometry in Chapter 8, we study the equi-
librium morphologies as a function of contact angle and drop volume.
We confirm the predictions from free energy calculations with exper-
imental results and determine under which conditions the drop will
engulf the sphere. We believe that our results may open up possibili-
ties to further extend the notion of utilizing wettability to synthesize
complex colloidal systems.
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In dit proefschrift hebben we ideeén ontwikkeld om de structuur en
de dynamica van colloidale suspensies te controleren door het manip-
uleren van de randvoorwaarden en de toepassing van externe velden.
De bovengenoemde manipulaties van colloidale vloeistoffen bieden
niet alleen mogelijkheden om ons begrip van de fundamentele fy-
sische verschijnselen te verbeteren, maar leiden ook tot ideeén voor
het ontwikkelen van geavanceerde materialen. Externe controle over
de colloidale suspensies met "harde-bol’ achtige interacties -misschien
wel het eenvoudigste model systeem voor zachte materie studies- kan
worden opgeroepen om de wisselwerking tussen structuur en dynam-
ica voor zowel evenwicht en uit-evenwicht systemen af te stemmen.
Wisselwerking tussen structuur en dynamica komt vaak voor in Soft
Matter systemen zoals o.a. colloidale suspensies, druppels, poly-
meren, polyelectrolyten en eiwitten.

In Hoofdstuk 1 van het proefschrift wordt een inleiding gegeven
in de colloidale suspensies (in bredere termen Soft Matter of Com-
plex Fluids), die teruggaat naar het begin van de wetenschappelijke
discussies over Brownse beweging die leidden tot ons huidige begrip
van colloidale suspensies. In dit hoofdstuk wordt een solide basis
gegeven voor het begrijpen van de discussies in de daarop volgende
hoofdstukken, samen met een korte uiteenzetting van de literatuur op
dit vlak. De experimentele methoden gebruikt voor dit proefschrift
worden in detail beschreven in Hoofdstuk 2.

Externe controle over colloidale suspensies kan worden bereikt door
manipulatie van de interactie potentiaal, de vorm van de colloidale
deeltjes, ruimtelijke randvoorwaarden en de toepassing van externe
krachten. Dit proefschrift richt zich op externe controle van deeltjes
met een "harde bol’ potentiaal via manipulatie van de randvoorwaar-
den en externe velden. De invloed van de rand-voorwaarden kan
gevisualiseerd worden met conceptueel plaatje van colloidale deeltjes
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in de bulk die een Brownse beweging vertonen. De deeltjes zijn vrij
om een denkbeeldige doos te betreden en te verlaten terwijl het totaal
aantal deeltjes constant blijft. De randvoorwaarden zijn periodiek.
Het opleggen van randvoorwaarden brengt interessante nieuwe eigen-
schappen in vergelijking met bulk. In termen van fase gedrag, ver-
mindert het aantal mogelijke configuraties dat een deeltje kan verken-
nen en dit zorgt voor een gelaagde vloeistofstructuur in de nabijheid
van vaste wanden. Voor deeltjes met exact dezelfde afmetingen, zijn
gelaagdheid en kristallisatie nauw verwant. Bij deeltjes waarbij de
afmeting een verdeling vertoont (zoals in dit proefschrift), heb je geen
kristallisatie, en heeft laagvorming uitsluitend betrekking op de or-
dening van deeltjes loodrecht op de wand. Naast de invoering van een
stevige ondergrond wijzigt ook de deeltjes dynamica in de nabijheid
van de grenzen door de invoering van extra ’drag forces’. Al deze
veranderingen hebben invloed op de wisselwerking tussen de struc-
tuur en de dynamica. In dit proefschrift gaat het erom, te begrijpen
hoe dit samenspel werkt en hoe het kan worden beinvloed via de
randvoorwaarden van het systeem en externe velden.

Hoofdstuk 3 richt zich op het effect van ruimtelijke opsluiting van
de deeltjes, met name in combinatie met de zwaartekracht en de
ruwheid van de wand. In deze studie worden zowel de dynamica als
de structuur van geconcentreerde colloidale suspensies (deeltje vol-
umefractie ¢: 0.30 tot 0.45) bestudeerd met confocale scanning laser
microscopie (CSLM) en particle tracking voor verschillende afmetin-
gen van de eerder beschreven denkbeeldige doos. Om deze afmeting
te variéren is een apparaat ontworpen dat gebruik maakt van twee
quasi parallelle horizontale oppervlakken, waarvan er een aangestu-
urd wordt door een piezo element. Dit geeft een zeer nauwkeurige
controle over de afstand tussen de beide oppervlakken en een geringe
drift. In termen van de eerder genoemde denkbeeldige doos, zijn de
onderste en bovenste oppervlakken afgesloten terwijl de andere vier
open blijven. Het bovenste oppervlak is ruw en het onderste opper-
vlak is glad op de lengteschaal van de deeltjes. Als de hoogte van
de doos quasistatisch wordt teruggebracht van 18 tot 1 deeltje di-
ameter, blijft de volume fractie in wezen constant maar vertragen
de bewegingen van de deeltjes drastisch. Ook wordt een asymmetrie
waargenomen in de dynamiek en de structuur van de suspensie, geme-
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ten bij de twee oppervlakken. Dit verschil wordt toegeschreven aan
een gecombineerd effect van de wandruwheid en de zwaartekracht.

Afgezien van de afmetingen is ook de vorm van de begrenzende
doos van invloed op de deeltjes dynamica. In hoofdstuk 4 richten we
ons op de dynamica van verdunde suspensies (¢ << 0.1) opgesloten
in een cilindrische geometrie. De diffusie van colloidale deeltjes van
ongeveer een micron in diameter wordt bestudeerd in een cilinder van
een vergelijkbare omvang (radius en hoogte bedragen 9 deeltjesdiam-
eters). Een microfluidische chip welke is opgebouwd uit verschillende
laagjes wordt gebruikt voor het invangen en opsluiten van de deeltjes.
Lokale diffusiecoéfficiénten worden gemeten met CSLM door veran-
deringen in deeltjesposities op te meten uit de video-opnames. De
experimentele diffusiecoéfficiénten worden vergeleken met resultaten
van numerieke simulaties waarin de locale visceuze weerstandskracht
op een deeltje, en daarmee ook de diffusieconstante, wordt berekend
door het oplossen van de Navier-Stokes vergelijking. De experimenten
en simulaties toonden zeer goede overeenkomst. De diffusiecoéffi-
ciént in de cilinder blijkt dichtbij de wand richtings-athankelijk te
zijn, en kleiner dan de waarde in bulk vloeistof. Alle aspecten van
de cilinder geometrie dienen in rekening te worden gebracht om een
kwantitatieve voorspelling te kunnen doen. Dit is van belang voor
het begrijpen van diffusie en (bio)fysische transport verschijnselen in
begrensde omgevingen zoals cellen of bloedvaten.

Gemotiveerd door de resultaten van hoofdstuk 3, hebben we ons
andermaal gericht op het effect van wand-ruwheid op de lokale dy-
namica en structuur van de suspensies in hoofdstuk 5. In deze studie
wordt diffusie als functie van de volume fractie in de nabijheid van
een wand met goed gedefinieerde ruwheid beschouwd. De ruwheid
wordt gecontroleerd door het gedeeltelijk bedekken van een vlakke
wand met iets kleinere colloidale deeltjes dan die in de suspensie. De
lokale volumefractie (¢ ~ 0—0.4) wordt gevarieerd via langzame sedi-
mentatie. Als de volumefractie van gesuspendeerde deeltjes toeneemt
bij de wand, wordt de deeltjes dynamica trager, terwijl daarnaast ook
de signatuur van de beweging verandert: van diffusieve beweging tot
‘rammelen in een kooi’.

Met betrekking tot externe velden, richten we ons op de zwaartekracht
en ruimtelijke begrenzing in hoofdstuk 3 en 5 en op afschuif stromin-
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gen geinduceerd door Electrowetting in hoofdstuk 6. Daar waar de
zwaartekracht een homogeen en tijdsinvariant veld is, variéren af-
schuifstromen zowel ruimtelijk als in de tijd. Beide variaties van
afschuifstromingen kunnen worden benut bij de manipulatie van col-
loidale assemblages. In hoofdstuk 6 bestuderen we het verdampen
van druppels van colloidale suspensies op een vaste ondergrond. Het
verdampen van druppels van colloidale suspensies en oplossingen
van niet-vluchtige stoffen leidt vaak tot opdroogringen. Deze zo-
genaamde “koffievlekken” worden geinduceerd door contactlijn pin-
ning en oppervlaktespanning gedreven stromingen. De uiteindelijk
resulterende niet-homogene verdeling van de opgeloste stoffen is in
veel toepassingen, bijvoorbeeld in coating en printing technologieén.
Combinatorische analyse methoden, zoals als fluorescente microar-
rays en MALDI-MS, de werkpaarden van de biomoleculaire analyse
zijn concrete voorbeelden hiervan.

In een verdampende druppel worden colloidale deeltjes naar de
rand getransporteerd door capillaire stromingen, alwaar ze vastlopen
als gevolg van geometrische opsluiting en het bereiken van een hoge
volumefracties langs de contactlijn. In dit hoofdstuk wordt een meth-
ode ontwikkeld om de ongewenste koffievlekken te elimineren. De
methode maakt gebruik van oscillatie van de contactlijn en afschuif-
stromingen geinduceerd door electrowetting, om het koffievlek effect
te elimineren. De afschuif-stromingen maken de deeltjes weer los
in de nabijheid van de contactlijn, terwijl de beweging van de con-
tactlijn het optreden van pinning voorkomt. Dit effect wordt geil-
lustreerd voor verschillende vloeistoffen, met inbegrip van suspensies
van colloidale deeltjes van verschillende groottes en materialen en
DNA oplossingen. In combinatie met een goed ontwerp van micro-
elektrodes, biedt deze methode biedt een effectieve remedie. Wij
geloven dat onze methode van groot belang kan zijn voor het ver-
beteren van de efficiéntie van combinatoriéle analysemethoden.

In grote lijnen kan het bevochtigingsgedrag van een ’Soft Matter
systeem worden beschouwd als een randvoorwaarde. De manipulatie
van bevochtigbaarheid is in wezen het veranderen van de contact-
hoek randvoorwaarde in de vergelijkingen die de morfologie van het
systeem bepalen: een vloeistof druppel op een oppervlak zal juist
die morfologie aannemen welke de effectieve grensvlak energie min-
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imaliseert binnen de gegeven randvoorwaarden. Langs deze lijnen
voorziet Electrowetting in een cruciaal instrument om Soft Matter
te manipuleren. In hoofdstuk 7 & 8, onderzochten we het klassieke
probleem van de bevochtiging een druppel op een vezel en later de
bevochtiging van een druppel op een bol.

Voor de ’druppel op een vezel’ geometrie besproken in hoofdstuk
7, bevestigen wij dat het voorkomen van twee concurrerende mor-
fologieén wordt bepaald door de contacthoek en het relatieve volume
van de druppel (genormeerd met de vezeldiameter). Bij kleine con-
tacthoeken en relatief grote volumes overspoelt de druppel de vezel,
in de zogenaamde "vat morfologie”, terwijl voor grote contacthoeken
en kleine relatieve volumes, de zogenaamde “clam-shell” morfologie
ontstaat, met de druppel aan de zijkant van de fiber. Door het scan-
nen van het morfologisch fasediagram opgespannen door de contact
hoek en het relatieve druppelvolume, ontdekken we een eerder onont-
gonnen bistabiliteit regime en onthullen we de volledige aard van de
overgang tussen twee concurrerende morfo-logién. Bovendien wijzen
de ideeén gegenereerd door deze studie, op een mogelijke toepass-
ing van ’zelf verjongende vezels’ met electrowetting functionaliteit,
voor het scheiden van olie en water. Voor de 'druppel op een bol’
geometrie beschreven in hoofdstuk 8 bestuderen we eveneens even-
wichts morfologieén als functie van contact hoek en druppel volume.
Wij bevestigen de voorspellingen van vrije energie berekeningen met
onze experimentele resultaten en bepalen onder welke voorwaarden
de druppel de bol zal verzwelgen. Wij geloven dat onze resultaten
mogelijkheden kunnen bieden om via manipulatie van de bevochtig-
baarheid, complexe colloidale systemen te synthetiseren.
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