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Summary

Colloidal suspension are present in everyday life as either natural or man-made
products like milk, paints, suntan cream, shampoos, toothpaste or drug delivery
systems. Beside their importance as part of the final products, colloidal particles can
also be used as model systems for studying fundamental problems relevant to atomic
and molecular systems. Even for the most simple case of hard sphere particles that
are defined simply as impenetrable spheres that cannot overlap in space, liquid, crystal
and glass phases are observed as the volume fraction is varied. The current thesis deals
with some of the rich phenomena that arise in more complex colloidal materials, where
interactions are significantly different from those of hard spheres.

We first focused on soft, deformable particles, studying the influence of particle
softness on the behavior of the material. Hard spheres colloids at high enough
concentration, in a glass or crystal phase, always become solid-like. For softer
particles the phase diagram is modified as the onset of solid-like behavior shifts
to higher concentrations. Surprisingly, oscillatory rheological experiments suggest
that suspensions of ultrasoft particles remain Newtonian even at extremely high
concentrations, where the particles are compressed to less than 10% of their original
volume. To further study this intriguing behavior we investigated the local rheological
properties using particle tracking microrheology, which inherently probes the linear
viscoelastic response of the material without applying any external stress. This shows
that the ultrasoft particles indeed do not show any sign of elastic behavior even under
very highly packed conditions.

The second part of the study was aimed at creating and investigating anisotropic
colloidal particles that could be used as models to study and mimic systems that are
governed by directional interactions. Examples for systems and processes of interest
are the self-assembly of supramolecular polymers which form as a result of directional,
non-covalent interactions, or the blood rouleaux formation of red blood cells. The
directional interaction between colloids was achieved by creating a new procedure for
producing anisotropic oblate ellipsoid particles with high accuracy and repeatability,
with the possibility of processing fluorescent particles that can be studied in situ. The
asymmetry in the particle was exploited to induce and tune directional interactions
between colloidal particles. To translate the anisotropic shape of the particles directly
to an anisotropic, directional interaction we have used depletion interactions, controlled
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x Summary

by the addition of non-adsorbing polymers to the solvent.

The third major investigation was focused on elucidating the physical origin of
so-called exclusion zone formation, which is a phenomenon where uniform spherical
colloidal particles in an aqueous suspension are repelled from an interface over distances
of up to hundreds of micrometers, leading to the formation of a particle-free zone in
the vicinity of the interface. This phenomenon is present near biological tissues such as
rabbit cornea, or near white blood cells, polymer gels, ion exchange membranes, and
metal surfaces. We studied this exclusion zone formation in detail by measuring the
time and position dependence of forces acting on particles in multiple configurations.
Our experimental results enabled us to provide a physical explanation for this intriguing
phenomenon that could be generally applicable to all systems exhibiting such exclusion
zone formation. We also exploited the phenomenon to study related problems, such
as flow instabilities of colloids driven by the process, including a detailed study of
Rayleigh Taylor instabilities. The observed long-range transport phenomena exhibit
striking similarities with biological chemotaxis, an observation that motivated us to
design and investigate microfluidic devices to create well-defined chemical gradients,
which can be used for studying the behavior of both inert colloids and active cells.



Chapter one

Introduction

1.1 Colloidal systems

A colloidal dispersion is defined as “a system in which particles of colloidal size of

any nature (e.g. solid, liquid or gas) are dispersed in a continuous phase of a different

composition (or state)” [1]. The term colloid was first introduced by Graham [2], but

only in the 20th century, Freundlich [3] and Ostwald [4] redefined the term to describe

any substance that is in a dispersed state and having dimensions in the range of 10 nm

up to 1 µm. These small dimensions imply that colloidal systems exhibit a very large

surface area between the dispersed phase and the background material; moreover, the

building blocks of colloidal systems are small enough to be influenced by thermal energy.

The behavior of these colloidal materials is therefore to a large degree dominated by

the effects of thermal energy and interfacial forces [5–15].

The broad definition of colloidal systems implies the existence of 7 sub-classes of

colloidal systems, as both the dispersed and the continuous phase can be comprised of

either a gas, a liquid, or a solid material [12,14]; these classes of colloidal materials are

summarized in Table 1.1.

As a result of this broad range of material classes, colloidal systems are relevant

to various fields like the food industry (milk, mayonnaise and whipped cream), coating

industry (water based paints), printing industry (inkjet pigment inks), cosmetic industry

(shampoos, toothpaste, creams), construction industry (thermal and acoustic insulation

foams) and the pharmaceutical industry (pills and drug delivery systems). The study

of colloids and the development of new and improved colloidal materials is therefore

not only of scientific interest, but of direct relevance to a wide range of industrial

applications. In this Thesis, choosing from the 7 material classes described above, we

1



2 Chapter 1

Table 1.1. Comparison of various colloidal systems categorized by their dispersed and
continuous phases [12,14].

Dispersed
medium

Continuous
medium

Material class (Examples)

Gas Liquid Foams (shaving cream, whipped cream)
Gas Solid Solid foams (insulation foam, bread)

Liquid Gas Aerosols (fog, spray)
Liquid Liquid Emulsions (milk, mayonnaise)
Liquid Solid Solid emulsions (toothpaste, cheese)
Solid Gas Solid aerosols (smoke, dust)
Solid Liquid Suspensions (paint, ink, blood)

will focus on colloidal suspensions, consisting of solid particles suspended in a liquid.

Most studies of such colloidal suspensions have focussed on simple model systems,

in particular systems that behave approximately as so-called hard spheres. Such model

particles exhibit a hard repulsion at contact, but no further attractive or repulsive forces

upon separation. The simplicity of these materials has enabled a good understanding

of their phase behavior, with theoretical models and computer simulations in excellent

agreement with experimental findings [5–15].

Such model systems are also of fundamental scientific interest, as they can be

used to mimic the behavior of atomic and molecular systems. The analogy between

colloidal particles and atoms/molecules has been surprisingly successful; it has for

instance been used to gain a fundamental understanding of physical phenomena such as

crystallization [16–19], glass formation [20, 21], or phase separation [22–24]. Simple,

well-defined colloidal systems can thus provide a useful model system for gaining

fundamental knowledge on the behavior of materials.

However, real-world colloidal systems, as encountered in the various applications

mentioned above, are generally more complex. They are not generally spherical in

shape, and they interact via a broad variety of short- and long-range interactions, which

are not necessarily spherically symmetric. Moreover, not all these colloidal particles are

rigid solids; instead they can be soft objects that are deformable in both their shape

and their volume.

In order to better account for the behavior of these more complex colloidal systems,

studies that go beyond the the hard sphere model system are thus required.

In the following we will briefly discuss previous work relevant to this thesis, dealing

with such more complex colloidal systems. We will focus on soft, deformable colloids,

colloids with anisotropic shapes and interactions, as well as colloids under the influence

of long-range, directional forces.
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Soft, deformable colloids

Soft, deformable colloids are particles that, in contrast to hard colloids, can change

both their shapes as well as their volumes in response to external forces. Such

systems occur frequently in nature and in industrial applications, as for example in

food materials, cosmetics, or in biological materials such as blood. Understanding the

behavior of such materials requires a link between the properties/softness of the single

colloids and the macroscopic properties of the material. Model soft particles, so called

microgels have enabled a systematic study of such materials.

Microgels are defined as “colloidal dispersions of gels” [25], which are swollen by the

solvent. Microgels combine the properties of polymeric macrogels with those of colloidal

suspensions, leading to unique properties and applications [25,26]. Even though at low

volume fractions, the behavior of spherical microgels is very similar to that of hard

spheres, when these systems are packed at high concentrations, the softness of the

individual microgels governs the macroscopic behavior of the suspension. An illustration

of this is the fact that soft microgels can be packed to concentrations much higher

than hard spheres, as upon increasing the concentration they can shrink to accomodate

more particles within the same volume. As a result, the viscosity or the structural

relaxation time of these materials does not vary as dramatically with concentration as

for hard spheres [27]. This behavior has recently enabled the concept of glass fragility

to be extended to colloidal systems, where soft particles make strong glasses, and hard

particles make fragile glasses [28]. Also for microgel systems that crystallize, the phase

behavior is significantly affected by the softness of the particles. Recent studies have

shown that the concentration at which crystallization occurs shifts systematically with

the elasticity of the microgel particles [29]; for ultra-soft particles this can lead to a

complete suppression of both crystal formation and of glassy states at very high packing

densities. A complete physical picture, linking the elasticity of a single particle to the

macroscopic phase behavior and mechanical response is currently still lacking.

Colloids with anisotropic shapes and interactions

Anisotropic shapes

Most experimental studies of colloidal systems have employed spherical model

particles, as these are readily synthesized and their behavior can be directly compared

to existing theories and simulations, which are also mostly based on particles of

spherical shapes. However, colloids of various non-spherical shapes have also been

produced, ranging from branched, faceted polyhedra, rods, ellipsoids and even colloidal

molecules [30]. Such particles are potential technological interest, as they are predicted

to self-assemble into crystalline arrays that can generate photonic band gap materials,
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negative index materials and metamaterials [31]; they can also be potentially useful

in drug delivery, encapsulation systems [32], or in the efficient formation of Pickering

emulsions [33]. However, the fabrication of such anisotropic particles is still a challenge,

as not all these particle shapes can be produced in quantities large enough to enable

systematic experimental studies of their phase behavior and properties.

Anisotropic interactions

The interactions between particles play a key role in determining the behaviour

of colloidal materials. When considering the simple case of spherical particles,

the interactions are purely isotropic: excluded volume repulsion [34], electrostatic

interactions [35,36], steric interactions [10], van der Waals [10] and short-range attractive

depletion forces [37]. All of these mentioned forces have been studied extensively, which

was of crucial importance for establishing a fundamental understanding of the behavior

of colloids [5, 6, 10].

Anisotropic interactions between particles can be induced either by combining

anisotropic shapes with isotropic interactions or by modifying the local surface

properties of spherical colloids (striped spheres, patchy spheres with valence, or Janus

particles) [30]. These possible variations in both shape and patchiness offers a wide

range of possible colloidal systems, which opens up new possibilities for tailoring the

phase behavior and self-assembly in colloidal systems.

Long-range, directional interactions

Studies of colloidal systems have often neglected the occurrence of long-range,

directional interactions acting on colloidal particles. Such long-range forces are often

driven by effects that occur near the interface between the colloids and the dispersing

liquid [38]. In this near-surface region, dynamic processes occur, leading to interfacial

stresses, but also to an “apparent slip velocity” [38]. These interfacial forces are due

to a phoretic transport, which is defined as “the movement of colloidal particles by a

field that interacts with the surface of each particle” [38]. The most famous phoretic

transport of colloids is electrophoresis, where an external electrical field moves the

charged particles relative to a fluid. Electrophoresis is a well established method for

manipulating and investigating charged colloids and other materials [39, 40]. However,

there are two other phoretic transport phenomena not as well-known as electrophoresis,

known as diffusiophoresis and thermophoresis. In the case of diffusiophoresis [41],

a concentration gradient interacts with the surface of the particle, determining a

movement of the particle relative to the fluid. For thermophoresis, also known as Soret

effect, a temperature gradient is driving the flow of colloids in the dispersion [42]. These

two phoretic phenomena still require a lot of attention in order to expand the currently
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limited level of understanding of their effects in colloidal systems. Effects such exclusion

zone formation, a long-range repulsion of colloids from a solid surface, are currently still

not understood, and could potentially be directly linked to these phoretic transport

phenomena.

1.2 Goal of the Thesis

The aim of the thesis is to understand both the mechanical and the dynamical

properties of colloidal dispersions that result from either varying the shape of the colloids

or by increasing the softness of the colloids and ultimately by studying the influence of

diffusion-based long range repulsion forces.

1.3 Outline of the Thesis

The thesis consists of three parts, addressing the three goals stated above. Therefore,

the chapters are addressing these issues as follows:

• In Chapter 2, the viscoelastic behaviour of highly packed ultrasoft microgel

suspensions was measured using the microrheology technique. In contrast

to conventional rheology measurements, this ensures that measurements are

always in the linear viscoelastic regime. Our measurements provide a better

understanding of these intriguing materials by providing direct information on

their local rheological properties.

• In Chapter 3, the fabrication of colloids of anisotropic shape is optimized in

order to improve their polydispersity and optical properties. The created oblate

ellipsoids exhibit directional interactions, which can be used to model systems

that are governed by such interactions, e.g. supramolecular polymers or even

blood rouleaux formation of red blood cells.

• In Chapter 4, the phenomenon of long-range exclusion zone formation in colloidal

systems is investigated. Our experiments enable us to clearly establish the physical

origin underlying the observed long-range repulsive interactions.

• In Chapter 5, finger-like fluid instabilities related to the exclusion zone formation

are studied. We show that these instabilities are driven by density differences that,

as a result of the long-range repulsive interactions, are built up in the colloidal

suspension.

• In Chapter 6, various flow profiles of colloidal systems under the influence of

long-range interactions are investigated and the observed behavior is linked to

the existence of a diffusioosmosis process.
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• In Chapter 7, microfluidic devices devised using a novel method for creating

membranes are fabricated and used to investigate long-range diffusiophoretic

forces in a well-controlled environment.

Finally, general conclusions of the study and a research outlook are presented in the

final chapter.
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Chapter two

Newtonian liquid behaviour of

highly compressed ionic microgel

solutions

2.1 Introduction

According to the International Union of Pure and Applied Chemistry (IUPAC),

microgels are defined as “particles of gel of any shape with an equivalent diameter of

approximately 0.1 to 100 µm” [1]. Such a gel can “result from the interaction of a

non-fluid colloidal network or a polymer network that is expanded throughout its whole

volume by a fluid” [1]. Particularly common and important examples are so-called ionic

microgels, which are defined as covalently cross-linked polymer networks of ionizable

polymer chains [2, 3]. The size and the chemical composition of such ionic microgels

position them in between the two worlds of polymers and colloids [4]. Lyon [4] showed

that this duality influences different properties of microgels, separating them in an

individual class.

In the current study we will use microgels of sizes smaller than 1 µm, a typical

colloidal scale. Indeed, at low concentrations, suspensions of such particles exhibit a

behavior remarkably similar to that of conventional colloidal suspensions: their behavior

This work is included in a manuscript in preparation: D. Florea, A. Fernandes-Nieves, H.M. Wyss,
“Microrheology of highly-compressed ionic microgel solutions that behave like a Newtonian liquid.”, to
be submitted, 2014.

9



10 Chapter 2

is governed by thermal energy, with particles undergoing thermal motion. At low

enough concentrations this thermal motion is purely Brownian, with particle trajectories

following random walks; concomitant with this, the suspension as whole behaves as a

purely Newtonian liquid [5, 6].

However, a fundamental difference between colloids and microgels clearly remains,

as the latter can change its shape and volume due to its polymer-like flexibility and

deformability. This deformability indeed becomes important at higher volume fractions

φ, where particles come in close contact, and eventually deform in both shape and

volume as they become packed up even further.

Nevertheless, microgel suspensions still exhibit close similarities in their phase

behavior with those of hard sphere suspensions even at these high volume fractions,

where they exhibit both glassy [5,7–10] and crystalline phases [10–13]. This behavior can

be qualitatively accounted for by the different energy scales involved. Any compression

of the microgels is governed by the internal elastic energy density which scales with

kBT/ξ
3, where ξ is the mesh size of the network, or the characteristic distance between

cross-links. The crowding effects of solid colloids are related to the entropy of particles,

which scales with kBT/r
3, where r is the radius of the particles. Since ξ << r, the

entropic elasticity of the suspension (set by r) should be much smaller than the elastic

energy density (set by ξ) that governs the deformation of particles.

Thus, as long as the concentration remains below the volume fraction of random close

packing, φRCP ≈ 0.64, the phase behavior of microgels is expected to remain close that

of a hard sphere suspension. As the particle elasticity is orders of magnitude smaller

than the typical elastic modulus of the suspension, the microgels are not expected to

undergo significant deformation or compressions in this regime.

In the case of ionic microgels, there is another energy scale involved due to presence

of charges on the polymeric network. This electrostatic component has a characteristic

length L [14] that affects the deformation of the particles similar to the internal

elastic energy. The combination of these two energies dictates the compressibility and

deformability of the microgels, leading in some cases to systems that lack a crystalline

phase, instead only showing a direct transition from a liquid to a glass. Such behavior

is fundamentally different from that of hard particles with low polydispersity, for which

the phase behaviour is represented by three distinct states: liquid, crystal and glass [15].

However, using sufficiently polydisperse particles, crystallization can be suppressed in

these systems, leading to a direct transition from a liquid to a glassy state. Surprisingly,

for ionic microgels, such a lack of crystallization can be observed even for particles with

very low polydispersities [5,14]. For ultrasoft ionic microgels, such as those studied here,

the liquid phase can extend to remarkably high concentrations, up to 30 times higher

than the concentration of random close packing [10]. Both the lack of the crystal state

as well as the onset of glassy behavior thus appear to be governed by particle softness.
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In this chapter, we will investigate the fundamentally different behavior of soft ionic

microgel particles in experiments on a system of ultra-soft vinylpyridine microgels.

Remarkably, even as the particles were compressed to less than 10% of their original

volume [10], a constant viscosity was measured independent of the applied shear rate,

a behavior that typifies a Newtonian liquid. This was further confirmed in oscillatory

rheological measurements, where the loss modulus G′′ scales linearly with frequency,

also characteristic of a Newtonian liquid. This behavior is very surprising, as generally

at such high particle concentrations even very soft microgels would exhibit the behavior

of an arrested solid-like glass [5, 7–10,14].

One possible explanation for this surprising behavior might be that the system indeed

exhibits elasticity, but that we cannot detect this in our measurements. Soft particle

systems commonly exhibit the behavior of a yield stress material [5], behaving as an

elastic solid below a characteristic stress σy. In a rheometer, there is a always a limit

in the torque or stress that can be reliably measured, typically the measurable torque

is on the order of 10−7 Nm, with the corresponding stress depending on the measuring

geometry. It is thus possible that these ultrasoft ionic microgels behave essentially also

as yield stress fluids, but that due to the limitations of the rheometer the elastic-like

properties of the material cannot be accessed.

In order to test this hypothesis, we studied the local rheological properties

using particle tracking microrheology, which inherently probes the linear viscoelastic

response of the material without applying any external stress [16]. This is achieved

by placing tracer particles within the material, and by measuring their thermal

motions, characterized by the mean-square displacement of the tracers. This

data, using a generalized Stokes-Einstein relation, yields direct information on the

mechanical behavior of the material. Our microrheology experiments show that

the suspensions behave as ideal Newtonian fluids, with viscosities identical to those

obtained from macroscopic rheological measurements. This behavior is characterized

by the mean-squared displacements of particles increasing linearly with time at all

concentrations studied; this clearly demonstrates the absence of elastic-like features

in these materials, even in the complete absence of any externally applied stresses.

Moreover, our data also show that the local viscoelastic response is homogeneous down

to the scale of our tracer particles.

2.2 Materials and methods

2.2.1 Ionic microgels

The microgels were synthesized by dr. Benjamin Sierra-Martin at Georgia

Institute of Technology following an emulsion polymerization procedure described
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by Loxley et al. [17]. The two components that form the microgels are the

2-vynilpyridine (VP) monomer and the divynilbenzene (DVB) crosslinker. The

concentration of crosslinker used for the synthesis was 0.2% wt, approximately

the minimum value at which the microgels keep their particle integrity. At all

concentrations, the cross-linker is assumed to fully react with the monomer. A good

indication that these microgels have indeed a very low crosslinking density is given by

the phase diagram difference between these and other microgels that contain 0.5% wt

crosslinker [10]. The latter has a liquid-glass transition, where the ultrasoft microgels are

still liquid-like in the measured particle concentration range. The synthesized ultrasoft

microgels are monodisperse in the collapsed state, but in the swollen state they have

heterogeneous morphology, because the crosslinker reacts faster than the monomer [18].

This difference in the kinetics results a higher crosslinking density in the center of the

particle, decreasing towards the periphery of the particle.

The microgels were investigated in their fully swollen state which is obtained at

pH=3. Below pH=4.2 the VP groups start to ionize [19] leading to an increase in the

concentration of counterions inside the microgel. This creates a higher ionic osmotic

pressure that leads to increased swelling of the particle. At pH=3, the dimension of

the microgel stabilizes, reaching an equilibrium that represents the maximum swelling

state. Therefore in all our experiments the pH was adjusted to 3 in order to ensure that

the microgel particles are in their fully swollen state.

Considering that the particles can be compressed well above the normal random

close packing volume fraction of hard colloidal spheres, we define a generalized volume

fraction ζ = nV0, where n is the particle number density and V0 is the volume of a

swollen particle at low concentration. The ζ value of 1 separates the dilute regime,

where ζ corresponds to the microgel volume fraction, from the semidilute regime, where

the microgels are compressed and possibly interpenetrated. The microgels suspension

were prepared by diluting a very concentrated solution with a solution of HCl until the

desired pH was obtained.

2.2.2 Sample preparation

The microgel suspensions, prepared at the desired ζ and pH were then mixed with

PS beads (radius of 500 nm, 0.025 mg/ml). These polystyrene (PS) beads were used for

the actually tracking as the ionic microgels are not visible in the suspension. The poor

contrast is due to the small difference between the refractive index of the solution and the

one of the microgels, which in their swollen state mainly consist of the background liquid.

After the PS beads are uniformly distributed in the microgel solution, the material was

then filled into a capillary of height = 100 µm, width = 2 mm and length = 5 cm. The

very small dimension of the height ensures optical transparency, so that light microscopy
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in transmission mode can be used to image of the PS beads in the sample. The ends of

the capillary are glued in order to prevent the system from drying or possibly changing

the pH due to contamination.

2.2.3 Video microscopy

The samples were investigated using brightfield microscopy. An inverted

microscope (Axio-observer A1) using a 63x long distance objective was used to study

the suspension. The video spanned over 10 minutes and it was recorded at 60 fps and

captured the behavior of the tracking particle in the middle of the sample. The videos

were captured using a monochrome camera (Imaging Source, DMK21AU04, 640x480

pixels). The field of view of our setup covered an area of 5272 µm2 with a magnification

of 131 nm per pixel. Although the resolution of any light microscope cannot be lower

than 200 nm, in our system by using the particle tracking IDL codes of David Grier,

John Crocker, and Eric Weeks [20] a subpixel resolution of the actual displacement

up to 10 nm can be achieved. The particle tracking protocol uses a sequence of steps

starting from identifying each individual particles, which is then used to reconstruct the

track as a function of time. From these tracks, the average mean square displacement

was computed and used as the raw data from which the rheological properties of the

suspension were extracted.

2.2.4 Microrheology

Microrheology is a technique that probes the material response on micrometer length

scales while using microliter sample volumes [16]. The optical microrheology method

uses embedded micron-sized probes to locally deform a sample. The storage and the loss

moduli of the suspension were calculated following the sequence of steps reported by

Mason [21]. The MSD of the tracer particle is transformed to the viscoelastic modulus

in time domain using the generalized Stokes Einstein relation. G̃(iω) is transformed into

the Fourier domain to obtain the complex shear modulus, from which the storage and

loss moduli are computed. The rheological properties results then from a non contact

measurement which is not limited by the inertia of the measuring tool. Therefore, in

passive microrheology, we are always in linear viscoelastic regime [16].
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2.3 Results and discussion

2.3.1 Scaling behavior of a microgel at low φ conditions

In order to understand the equilibrium macroscopic behavior of microgel suspensions,

as well as the swelling behavior of microgel particles, we should account for the osmotic

pressure of the particles. In the case of a neutral gel, the total osmotic pressure is

given by Π = Πm + Πe = 0, where Πm is the mixing contribution and Πe - the elastic

contribution [22]. In Flory-Rehner theory [22], these two contributions are expressed as

Πm = −NAkBT

vs

[
φ+ ln (1− φ) + χφ2

]
, (2.1)

and

Πe =
NCkBT

V0

[
ϕ

2ϕ0

−
(
ϕ

ϕ0

)1/3
]
, (2.2)

where NA is the Avogadro number, kB - the Boltzmann constant, T - the temperature,

vs - the molar volume of the solvent, φ0 - the volume fraction of the unswollen polymer,

φ - the volume fraction of the polymer in the swollen state, V0 - the volume of the

unswollen microgel particle, V - the volume of the fully swollen microgel particles, NC -

the effective number of chains, and χ - the Flory solvent-polymer interaction parameter.

When investigating the swelling equilibrium of ionic microgels, there is also a

contribution resulting from the presence of the ionic charges in the material, which

plays an important role as it swells the particle. This swelling results from the screened

repulsion between polymer chains and from the osmotic pressure due to the confined

counterions, which are necessary to maintain electroneutrality. As a result of this,

including this additional contribution, the macroscopic behavior of ionic microgels

is obtained similarly by balancing all contributions to the total osmotic pressure as

Π = Πm + Πe + Πi = 0. The ionic osmotic pressure (Πi) can be written as [23]

Πi =
kTf

V0

ϕ

ϕ0

, (2.3)

where f is the number of counterions per particle.

Using Equations (2.1) to (2.3), the osmotic pressure Π can be explicitly defines as

Π =
NAkBT

vs

{
NCvs

V0NA

[(
fN +

1

2

)(
ϕ

ϕ0

)
−
(
ϕ

ϕ0

)1/3
]
− φ− ln (1− φ)− χφ2

}
= 0 .

(2.4)
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Although all three osmotic pressures contribute to the microscopic behavior of an

ionic microgel, it has been shown that the swelling behavior of highly charged microgels

is governed solely by the the elastic and ionic contributions, whereas the influence of the

mixing contribution becomes negligible [19, 24]. Furthermore, in the case of ultrasoft

ionic microgels, the situation is simplified even further, as the elastic contribution to the

osmotic pressure is no longer governed by the cross-linking density of the material [10].

Instead, the charges in the polyelectrolyte chains govern the swelling behavior of these

microgel particles.

Based on the above theory, the swelling ratio of an individual microgel at equilibrium,

given by the ratio of the particle diameter in the swollen and the fully collapsed

state, d/d0, scales with NC/V0 as a power law with an exponent ≈ −0.2 for neutral

microgels [6] and ≈ −0.5 for soft to stiff ionic microgels [10]. In the case of ultrasoft ionic

microgel particles where NC/V0 is lower than 5 ·1025 m−3, the swelling behavior becomes

independent of the number of crosslinks [10]. These swelling guiding rules only apply

in the case of diluted systems where there is no interaction between microgel particles.

To estimate the swelling ratio of any given microgel, the number of chains per particle

NC needs to be calculated and the swelling assumed homogenous and isotropic [6, 10].

The number of chains per particle NC is calculated using the formula proposed by

Saunders [25] as

NC

V0

= 2NA
ρm

Mc + (1/xc − 1)Mm)
, (2.5)

where ρm is the density of the monomer, Mc - the molecular weight of the crosslinker,

xc - the molar fraction of the crosslinker and Mm - the molecular weight of the monomer.

2.3.2 Behavior of microgels at high ζ values

When packing soft microgels, which can be concentrated to higher volume fraction

than in the case of hard colloids, there are three possible mechanisms for creating

these highly packed microgel pastes, as illustrated in Figure 2.1: inter-penetrability

between the microgels (Figure 2.1a), compression of microgels (Figure 2.1b), and shape

deformations (Figure 2.1c).

Inter-penetrability between the microgels (Figure 2.1a) is expected to be important

especially when the cross-linking density is low. Denton [26] formulated a theory of

such systems that neglects elasticity, assuming that microgels can freely interpenetrate.

The effective interparticle potential is modeled based on the electrostatic repulsion

between charged groups on the chains, and the confinement entropy of the counterions.

Using this theory, Gottwald [27] computed the theoretical phase diagram of such

freely interpenetrating ionic microgels, predicting a liquid-FCC-BCC-liquid transition
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for highly charged systems. This phase diagram was later partially confirmed in

experiments by Mohanty et al. [12], who observed a liquid-to-FCC transition, and a

further transition to a coexistence between FCC and BCC, followed by a transition to

a disordered state, which was associated to a glassy state. However, this mechanism

alone can not explain the full phenomenology of ionic microgel suspensions [5].

Both compressibility and shape deformation of microgels should be included to fully

account for the behavior of microgel pastes. Cloitre [5] developed a theoretical model,

taking both these effects into account; this model predicts three main regimes as a

function of particle concentration, as shown schematically in Figure 2.2. At low volume

fractions, the microgel suspension behaves like a liquid, similar to the case of solid

colloids. At intermediate volume fractions, when the particles are packed, they start

to deform at the point of contact by both compression and shape deformation. By

further increasing the concentration, the microgels fully occupy space by decreasing

their volume and further by changing their shape to polyhedrons [5]. The predictions

of this model are validated with experiments on ionic microgels up to concentrations of

ζ ≈ 5.5, showing good agreement.

In reality, all three mechanisms shown in Figure 2.1 should contribute to the

behavior. However, due to its good agreement with experimental data, the description

by Cloitre et al. [5], taking into account only compression and shape changes, is most

frequently used in describing the behavior of microgels. We will thus use this model as

a starting point for understanding the behavior of our ultrasoft ionic microgels.

(a) (b) (c)

Figure 2.1. Various possibilities for soft microgels to adapt to an increase in volume fraction
above close packing volume fraction: a) interpenetration, b) compression, c) deformation.

Below the concentration Cm at which the system undergoes a glass transition,

the model adequately predicts the development of the rheological behavior of ionic

microgel suspensions [5]. This is based on the hypothesis that the microgels are almost

electro-neutral as a whole, resulting from the fact that the Debye length associated

with the counterions inside the microgels (λDin) is much smaller than the radius of the

particles. Thus, the only counterions that can leave the microgels and diffuse into the
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solution are those located at the periphery of the microgel particles, within an shell of

thickness comparable to the Debye length, which is defined as

λDin =
1

4πlBNACim

, (2.6)

where lB is the Bjerrum length, NA - the Avogadro number and Cim - the counterion

concentration inside the microgels.

ζ

Figure 2.2. Schematic representation of a microgel suspension as the generalized volume
fraction ζ is increased. Starting from a Newtonian fluid where the particles are well separated
(left image), by increasing ζ the system transforms into a paste where particles are deformed
due to close packing (center) and further on when ζ >= 1 the paste fills all the space (right).

As a result, the fraction of counterions that can migrate out of the microgel was

derived as Γ ∼= 3λDin/r [5], leading to an uncompensated charge inside the microgels

equal to Z ∼= NAc0zλDin/Q, where c0 is the polymer concentration inside the microgel,

z - the molar fraction of the acidic units and Q - the swelling ratio at volume fraction φ.

Considering this migration of counterions, Cloitre [5] calculated the osmotic pressures

inside and outside the microgels and derived an expression that related the actual volume

fraction of microgels φ to the one at infinite dilution φ0 as(
φ

φ0

)2/3

= 1− Γ

1− Γ

φ

1− φ
. (2.7)

Using this relation, Cloitre [5] was able to rescale the viscosity data for ionic microgels

with various cross-linking densities to a master curve corresponding to the behavior

of hard sphere suspensions [28]. This indicates that the electrostatic effects do not

contribute to the interaction between particles, as the net charge inside the particle is

small and the ionic concentration outside the microgels is large.
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Above Cm, the swelling of the microgels as well as their shape deformation is expected

to be governed by an equilibrium between osmotic effects and steric constraints. This

should ultimately drive the system into the arrested structure of a soft colloidal glass.

Such a transition to a glassy state also becomes apparent as these systems can yield

and start to flow if a sufficient stress is applied [5]. Moreover, these pastes generally

exhibit aging behavior which is one of the typical characteristics of out of equilibrium

systems [5]. Besides these typifying properties of soft glasses, the elasticity of microgel

pastes can be divided into two distinct regimes, as a function of the packing of the

system.

The elastic modulus increases as a power law with a large exponent between the

concentration Cm and C ∼= 2Cm, after which the increase become smaller. Cloitre [5]

associated this slowing down of the increase to the moment that the volume fraction

equals 1, after which the local connectivity can not increase, further forcing the microgels

to deswell.

Based on this model, we could expect the particles to become fully packed close

to a concentration ζ ≈ 1, where particles would become highly deformed, ultimately

leading to an elastic-like glassy state. Indeed, recent experiments on our systems have

been interpreted as suggesting that when the associated generalized volume fraction

ζ approaches unity, the system is fully packed, and that above this volume fraction,

the system can no longer increase its local connectivity; further compression is then

accompanied by an exactly matching compression of individual particles [29]. According

to the model by Cloitre, this would suggest that the material enters a glassy state at a

concentration close to ζ ≈ 1.

However, this is in contrast to our experiments, where even for the more densely

cross-linked ionic VP microgel (0.5% wt DVB) an elastic-like response is only observed

at ζ ≈ 2.3 [10, 29]. Remarkably, for our more sparsely cross-linked microgels

(0.2% wt DVB) even for ζ up to 100 no liquid to glass transition is observed [30].

Visual inspection of the samples also provides information on the state of the

system as a function of ζ; crystal phases can be clearly identified by the presence of

Bragg diffractions, giving the samples an opalescent appearance. Previous observations

on the same system, but at higher cross-linker concentration (0.5 % wt DVB) [10],

have indicated that the presence of a glassy state is associated with an increase of

sample transparency, accompanied by a systematic change of color with increasing

concentration, possibly associated with the first peak in the structure factor of

the (disordered) system [10].

However, as shown in Figure 2.3, for the ultrasoft microgels studied here there is no

indication of the existence of a crystalline phase. The appearance of our samples also

does not give an indication on the presence of a glassy state, as could be suggested by

a decrease in turbidity or systematic coloring effect, both of which are not observed for
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our system up to ζ ≈ 8.

This qualitatively different behavior observed in our system, could be associated with

the nature of ionizable groups present in the material. The model by Cloitre et al. [5]

assumes that the ionizable groups are fixed in their positions on the polymer chains,

which was indeed the case for previously studied ionic microgel systems [5, 12, 14]. In

contrast, the microgels studied here are neutral and the ionic state is created only

upon the addition of HCl to the solvent, thereby introducing charges into the polymer

network by the ionization of the pyridine groups that make up the polymer chain [19].

This ionization creates pyridine hydrochloride, as shown schematically in Figure 2.4a.

Considering that the amount of vynilpyridine is 99.8% of the total polyer mass in the

microgels, only a small fraction of the pyridine groups will be ionized, and charges are

therefore free to move to any position within the polymer network (Figure 2.4b).

Figure 2.3. Photographs of samples at different concentrations ζ, increasing from left
(ζ = 0.04) to right (ζ = 7.8).

This charge mobility can be accounted for by the relatively low proton affinity of

pyridine (924 J/mol), corresponding to an energy of 1.53 · 10−21 J/molecule, which is

smaller than the thermal energy kBT = 4.11 · 10−21 J. This enhanced charge mobility

could significantly affect the distribution of charges within the microgels, particularly

at high ζ, where the microgels are highly compressed. The interaction between charges

is governed by a characteristic length scale, the so-called Bjerrum length (lB), which

represents the scale at which the thermal energy equals the Coulomb potential energy

between two charges. In the case of water at 25 ◦C, lB ≈ 0.71 nm. If the distance

between charges exceeds the Bjerrum length, all the counterions are free to diffuse

in the solution. However, at lower distances, the counterions condensate from the
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solution onto the chains, a process known as Manning counterion condensation [31].

This condensation effectively eliminates charges on the chain, thus leading to an

increase of the distance between the remaining charges to a length scale exceeding

the Bjerrum length. The process thus also reduces the counterion concentration in the

system, thus directly affecting the ionic compressibility of the microgels. This could

be confirmed by performing conductivity measurements in these materials. While a

complete investigation of these effects is beyond the scope of this chapter, it might

explain at least in part why the behavior of our ultrasoft microgel suspensions is

qualitatively different from previously systems.

(a) (b)

N N N N N

N N N NN

Figure 2.4. a) Schematic representation of the ionization of pyridine, responsible for the
ionic character of our microgels. b) The charge positions inside the microgel are not fixed
because the HCl can react at any given nitrogen position marked in red in the crosslinked
structure.

As explained above, the system is well packed and should still be described by the

last image of the schematic representation presented in Figure 2.2. Surprisingly, for

ζ < 70 the system behaves as a Newtonian liquid because the loss modulus G′′ scales

linearly with ω and above ζ > 70 a relaxation time (G′ = G′′) is observed in the

macroscopic rheology measurement. This is very interesting, as ζ = 70 is remarkably

close to the maximum possible concentration ζmax ≈ 125, estimated by presuming a

maximum swelling ratio of 5 [10] and using the relation between the diameters and the

polymer volume fraction
φ

φ0

=

(
d0

d

)3

.

One possible explanation for this remarkable persistence of fluid-like behavior might

be a limitation in our characterization of the viscoelastic properties of these materials.

If the material were indeed solid-like, it is possible that we would completely miss this

in our rheological measurements, which are inherently limited in terms of the minimum

torque that can be reliably measured, and the resulting limitation of the minimum stress
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applied to the sample that can be quantified reliably. Soft solids, and soft glasses in

particular, generally exhibit a so-called yield stress σy; the material flows like a liquid

at applied stress σ > σy, while below σy it exhibits a solid-like behavior [5].

If our particle pastes were in fact solid-like, but, due to the softness of the particles,

they possessed a very low yield stress, then if the resolution of our technique cannot

access stresses below σy, it would be difficult to distinguish the behavior of the material

from that of a fluid.

Conveniently, it is in fact possible to measure the viscoelastic response of soft

materials, without applying any external forces or stresses. This is enabled by

passive microrheology [20,21] which relies on quantifying the thermal motions of tracer

particles within the material. Importantly, no external stresses are applied and as a

result, measurements are always in the linear viscoelastic regime. In addition, local

inhomogeneities in the viscoelastic response of the material can also be identified, as

each tracer particle probes the response of its local environment. These two reasons

motivated us to use microrheology to study the properties of our suspensions.

2.3.3 Passive microrheology

The passive microrheology measurements described in this chapter are based on video

microscopy, employed to image the thermal motion of tracer particles embedded in the

material. The basic requirement for successfully employing this technique is for the

material to be soft enough so the actual movement of the particles in between frames

can be captured by the resolution of the technique. For this reason we have conducted

measurements of microgel suspensions with ζ in between 1.56 and 9, such that we have

the same frequency range available for all measurements.

From each captured video on samples of different concentration ζ, individual

uncompressed images were extracted and used as described in the Materials and

methods section in order to identify the particles. As the images from brightfield

microscopy inherently contain noise, and contain features originating from particles

located even only partly within the depth of focus it is difficult to clearly identify which

features in the images correspond to actual particles. For this reason, a bandpass filter is

used, which enables us to isolate features with sizes that are compatible with the tracer

particles embedded in the material. We used a bandpass filter with a lower length scale

of 1 pixel and a upper length scale chosen in between the particle radius and the particle

diameter. The corrected image then contained features in the form of Gaussian blobs

on a black background.

Further, each individual image was processed using the particle tracking codes

described in the Materials and methods section, which identify local maxima from

the processed images. As an output, this code creates a matrix of particle positions
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combined with their corresponding total intensity, radius of gyration and eccentricities.

All of these corresponding properties are used to filter out false positive features, thus

ensuring that all selected features correspond to actual particle positions.

We expect to be able to quantify these positions with sub-pixel spatial resolution,

as the algorithm for identifying the particles is based on centroid tracking [20], based

on fitting features in the image to a Gaussian function. As an individual particle is

represented in our case by a Gaussian blob that occupies a window of 9 x 9 pixels, we

expect to be able to accurately identify the positions of the centroids of particles with

sub-pixel resolution. Thus, in order to ensure subpixel resolution in our measurements,

down to the desired accuracy of 10 nm, a pixel biasing check for both the x- and

y-directions was performed. If indeed true sub-pixel resolution is achieved, then the

particle positions should be completely uncorrelated with the positions of the pixels

themselves. Thus, in case we have achieved subpixel resolution, the modulo 1 of the

particle positions (measured in pixels) should be randomly distributed between 0 and 1.

In contrast, the absence of sub-pixel resolution is readily identified as pixel biasing, where

the detected particle positions are highly correlated with the pixel grid positions.

After this pixel biasing check, the actual analysis of the experimental data was

performed based on the particle positions obtained. One of the requirements of

microrheology is to isolate the actual thermal motion of the tracer particles from any

additional, correlated motion that can occur for instance due to flows in the material

or due to drift of the imaging setup. To do so, an average drift velocity was computed

between two frames by following the center of mass of all particles that appeared in both

images. As the number of identified tracer particles is high (≈ 100), in the absence of

flow, this center of mass should not change as a function of time. As the thermal motion

of the tracer particles is a random process, its contribution to the average displacement

becomes negligible for large enough numbers of particles. As shown in Figure 2.5a,

the drift velocity is very small for all volume fractions studied. Most of the samples

have drift velocities lower than 1 µm/min, on the order of one particle diameter per

minute. The sample with ζ = 6.98 had the highest drift velocity, which is on the order

of 3 µm/min.

By correcting the position of the particles for the corresponding drift, the particle

displacements generated by the thermal fluctuations of the tracer particles were

obtained. Furthermore, by considering all displacements for a given sample, we can

plot the histogram of the displacements. This distribution is also called the van Hove

correlation function and it can be calculated for any given delay time. The van Hove

correlation function can be used to distinguish between homogenous and heterogenous

materials; in the case of homogenous materials, the distribution should be perfectly

fitted by a Gaussian function, reflecting the fact that all tracer particles are governed

by a comparable environment, and thus will undergo a random motion with the same

characteristic mean square displacement. As shown in Figure 2.5b, in all measured
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samples the distribution of particle displacements is well described by a Gaussian

distribution. Also the displacement distribution is shifting towards lower values of

displacement as the volume fraction is increased which is expected as the suspension

becomes more packed. Besides an estimation of the homogeneity of the samples, the

average MSD of the suspension at a given time can be also computed from the van Hove

distribution, as it represents the variance of the distribution. This will not be our main

method for calculating the MSD, as we decided to calculate it from the displacements

of the individual tracked particles.
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Figure 2.5. a) Computed drift from the resulted particle tracking analysis for microgel
suspensions in the ζ range of 1.56 up to 9.06 with the individual data set for ζ = 1.56 (blue
line), 3.51 (red line), 5.85 (green line), 6.04 (black line), 6.98 (magenta line), 9.06 (cyan line).
b) van Hove correlation for microgel suspensions in the ζ range of 1.56 up to 9.06 with the
individual data set for ζ = 1.56 (blue squares), 3.51 (red circles), 5.85 (green diamonds),
6.04 (black crosses), 6.98 (magenta inverted triangles), 9.06 (cyan triangles). Fitted van Hove
distribution using normal distribution function for ζ equal to 1.56 (blue line) and 9.06 (cyan
line).

The corrected particle displacements were used to reconstruct individual particle

tracks that were used afterwards to compute the average mean square displace-

ment (MSD). As presented in Figure 2.6a, the average MSD shows a linear dependence

with time for all volume fractions investigated. This is a characteristic behavior of a

Newtonian liquid, so it seems that the microgel suspensions behave locally the same

way as they behave in the macroscopic rheology measurements. The MSD is linear

with time, which indicates the simple diffusion characteristic of a Newtonian liquid; the

diffusion coefficient is then readily calculated from the diffusion equation

< ∆l2(t) >= 2dDt, (2.8)

where < ∆l2(t) > is the mean square displacement at a given time t, d - the dimension
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of space over which the MSD is calculated and D - the diffusion coefficient. The

corresponding viscosities of the solutions were extracted using the Stokes-Einstein

equation and their values were compared with those obtained from steady state shear

flow measurements, as shown in Figure 2.6b. The results are in good agreement, showing

that the local viscosity obtained from microrheology is in good agreement with the

macroscopic response, as accessed in shear rheology.

Both measurements indicate, in the range of concentrations ζ ≈ 1-10, a nearly linear

scaling of the viscosity as a function of concentration, as shown in Figure 2.6b. This

scaling is faster than that observed for linear polyelectrolyte chains, where η ∼ c0.5.

A better understanding of this scaling behavior could be obtained by considering

that microgel particles have to effectively deform their neighbors in order to rearrange

relative to each other, which is required for macroscopic flow to occur. Given the low

cross-linking densities in our system, it is reasonable to assume that the elasticity of the

neighboring environment is approximated by that of linear elastic chains, which scales as

G ≈ kBT

ξ3
∼ c3/2 [32]. Combined with the corresponding diffusion time for the Brownian

dynamics of a microgel, τ ≈ ηm
r3

kT
∼ c1/2c−1 = c−1/2, we obtain η ≈ τG ∼ c [33].
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Figure 2.6. a) Average MSD for microgel suspensions in the ζ range of 1.56 up to 9.06 with
the individual data set for ζ = 1.56 (blue squares), 3.51 (red circles), 5.85 (green diamonds),
6.04 (black crosses), 6.98 (magenta inverted triangles), 9.06 (cyan triangles). b) Viscosity
comparison between the values obtained from the steady state rheology and by fitting the

MSD data obtained from the microrheology experiments using < l2(t) >= d
kBT

3πηr
t.

In general, the full, frequency-dependent linear viscoelastic behavior of the material

can be obtained from the mean-square displacement, using the analysis developed by

Mason [21], as described in the Materials and methods section. Performing this analysis

on our experimental MSD data, we obtain the viscoelastic response of our materials as a
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Figure 2.7. a) The elastic G′ and the loss modulus G′′ obtained from the particle tracking
experiments for ζ = 1.56 (blue square), 3.51 (red circle), 5.85 (green diamond), 6.04 (black
star), 6.98 (magenta inverted triangle) and 9.06 (cyan triangle) b) Comparison of G′′ values
obtained from macroscopic rheology at ζ = 1.56 (blue line), 2.92 (green line), 4.87 (red line),
7.8 (cyan line) and microrheology for ζ = 1.56 (magenta circle), 3.51 (yellow circle), 5.85
(black circle), 6.04 (blue circle), 6.98 (green circle), 9.06 (red circle).

function of frequency. The resulting moduli for different concentrations ζ are presented

in Figure 2.7a. All samples behave as Newtonian liquids, as the loss modulus G′′ scales

linearly with the angular frequency ω. Also, the storage moduli G′ is at least one order

of magnitude lower than the loss modulus G′′, which is another characteristic of a fluid.

We find a good agreement between the G′′ values obtained from microrheology to those

measured in macroscopic rheology, as shown in Figure 2.7b. The loss modulus obtained

by microrheology exhibits the same linear frequency-dependence, indicating that the

system behaves as a Newtonian liquid. This is surprising, as even in the microrheology

measurements, where no external stress is applied, an onset of elasticity is still not

observed up to ζ = 9 where the microgel volume decreases up to almost 10% of its

initial swollen state. The microrheology data thus indicate that the microgels, even at

this high packing fraction, behave as a perfectly fluctuating system that does not show

any signs of structural relaxation. This lack of relaxation could be attributed to an only

minimal interpenetration between microgels; for interpenetrating systems a relaxation

time due to the reptation of the chains would be expected. Although this is only a

hypothesis here, the scaling of previous small angle neutron scattering (SANS) data on

our materials could indeed indicate a low degree of interpenetration [30].

2.4 Conclusions

The microrheology measurements enabled us to shed more light on the behavior of

ionic microgel suspensions. As shown, the ultrasoft microgels behave like a liquid at
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particle concentrations higher than the corresponding random close packing of hard

spheres, even when no external stress is applied to the system. These measurements

represent the true linear viscoelastic response of the system, and thus enable us to rule

out the hypothesized yield stress behavior for these materials. This is indeed surprising

as the system is very highly packed and, as predicted with the currently existing models,

should behave as an out of equilibrium system or exhibit at least some signs of elastic-like

behavior.

Moreover, we have shown that passive microrheology based on video microscopy

is a robust method for determining the properties of ionic microgel suspensions.

Furthermore, this method is useful when the available sample volumes are limited by

either cost or complexity. Although this was not the case here, it might be useful in

future experiments where more scarcely available systems are investigated.

Although a new level of detail regarding these ultrasoft microgels has been achieved,

there are still a lot of open questions regarding their surprising behavior. A possible

approach to gain a better understanding of this, is to systematically study the liquid

to glass transition in the range of cross-linking densities from 0.2 up to 0.5% wt. As

the swollen state is independent of the cross-linking density, such a study should enable

us to link the properties of the microgels to those of the ionic constituents inside the

microgels. This could also shed light on the dependence of the concentration at which

the glass transition occurs to the cross-linking density inside the microgels.
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Chapter three

Towards the self-assembly of

anisotropic colloids: monodisperse

oblate ellipsoids

3.1 Introduction

Most studies of colloidal self-assembly and phase behavior employ spherical,

uniformly sized colloids. The interactions between these colloids are generally isotropic,

with no preferred direction for the interaction forces between the particles. Even

for these simple colloidal materials, a wide range of structural arrangements can be

obtained, ranging from colloidal liquids to glasses, fractal gels, as well as gels formed

by arrested phase separation in weakly attractive colloidal systems [1, 2]. Colloidal

particles with non-spherical shapes and directional instead of isotropic interactions offer

great potential for extending on the controlled self-assembly and structure formation of

colloidal materials [3].

Anisotropically shaped colloids are predicted to self-assemble in crystalline arrays

that can generate photonic band gap materials, negative index materials and

metamaterials [4]. In out-of-equilibrium structure formation through colloidal gelation,

qualitatively different structures are expected than those seen for spherical colloids.

This work has been published in: D. Florea, H.M. Wyss, “Towards the self-assembly of anisotropic
colloids: monodisperse oblate ellipsoids.”, Journal of Colloid and Interface Science, 416(15): 30-37,
2014.
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These anisotropically shaped building blocks also offer the opportunity to induce highly

directional interactions, which greatly extends the possibilities for colloidal self-assembly

and thus the creation of novel bottom up structures [5]. Other interesting applications

of such particles are found in drug delivery and encapsulation systems [6], or in the

efficient formation of Pickering emulsions [7].

Such anisotropic colloidal particles could be used as models to study and mimic

systems that are governed by directional interactions. Examples for systems and

processes of interest are the blood rouleaux formation of red blood cells [8], and the

self-assembly of supramolecular polymers [9] which form as a result of directional,

non-covalent interactions. In order to study the dynamics of such systems, including

any self-assembly behavior, direct visualization methods are needed. Using fluorescent

colloids enables their tracking in either 2D or 3D with a confocal microscope [10]. Such

fluorescently labeled colloids have enabled studies where colloids are used to mimic

the behavior of atoms and molecules in conventional materials [11]. We would like to

extend the power of these colloidal model systems to systems that exhibit directional

interactions.

To do so, an anisotropic interaction between colloidal particles is desired, preferably

an attractive interaction that is strongest along a single axis of the particles, which

should lead to the formation of columnar structures. For this reason, it would be

interesting to produce and study particles of oblate ellipsoidal shape. When inducing

a depletion interaction between such oblate ellipsoidal particles in a colloid-polymer

mixture, these interactions should be strongest when they are in contact along the minor

axis of the ellipsoids, which provides a closer contact of the surfaces and higher overlap

volume. As a consequence, such particles should preferentially form columnar stacks;

contacts between particles should preferably occur along the flatter side as opposed to

the more curved edges of the ellipsoid.

Uniaxially deformed colloids (prolate ellipsoids) are already produced and

investigated [12–14]. Recent studies have investigated the behavior of such particles

in quasi-2D environments, either trapped at a liquid-liquid interface [7], or between

two glass walls [15]. These studies have revealed that such prolate particles are

able to stabilize Pickering emulsions much more efficiently than conventional spherical

colloids [7], and their behavior at an interface has been exploited in a new mechanism

for circumventing the so-called “coffee-ring” effect that occurs for liquid drops dried on

a surface [16]. It has also been shown that the colloidal glass transition of ellipsoids is

fundamentally different from that of spheres, as rotational degrees of freedom become

important, thus leading to two separate glass transitions, for translational and rotational

dynamics, respectively [15]. Also in a 3-dimensional environment, recent studies indicate

that the effects of particle shape on the local structure of fluids of hard ellipsoids are

nontrivial and depend sensitively on the interplay between the translational and the

rotational diffusion [17,18].
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However, studies on well-defined, oblate particles are still lacking; this is mainly due

to limitations in the currently available fabrication methods. Different chemical [19–21]

and physical methods [22] are used to produce a variety of anisotropic shapes. However,

the methods currently used for creating oblate particles have significant drawbacks,

including relatively low yields or insufficient control over the shape distribution of the

particles. Existing methods are based on embedding particles in an elastic film and

subsequently deforming this film by film blowing [23] or using a 2D stretcher, consisting

of two pairs of orthogonal blocks that move simultaneously [24] or by compression of the

elastomer under load [18]. In all these reported methods the stress field applied on the

film is not uniform, and, as a consequence, the shapes of the particles produced by this

method are not uniform. Other methods are able to produce highly uniform particles,

but in turn suffer from limitations to the batch sizes that can be achieved [22]. As a

consequence, to our knowledge there is currently no adequate method for producing

monodisperse, fluorescent oblate particles with controlled aspect ratios in reasonable

quantities, a key requirement for any systematic study of the phase behavior and

dynamics of such systems.

In this article, we present a new procedure for producing such particles with high

accuracy and reproducibility, thus extending the range of available colloidal model

systems to bi-axially stretched, ellipsoidal particles. We prepare our particles using a

method based on the principles developed by Keville et al. [12] who embedded spherical

latex particles in a polymer film which was then heated above the glass transition

temperature (Tg) of the latex and subsequently stretched. We have adapted and

extended the method by introducing a biaxial stretching protocol that is able to produce

large amounts of uniformly deformed particles in a highly reproducible fashion. We also

optimized the method for the processing of fluorescently labelled particles, minimizing

the loss of fluorescence that occurs as particles are exposed to elevated temperatures

for extended periods of time.

3.2 Materials and methods

3.2.1 Particle deformation

Poly(methyl methacrylate) (PMMA) latex particles have been used as model colloidal

materials [25–28], as both their refractive index as well as their buoyancy can be

matched with a mixture of organic solvents [25, 29, 30]. Moreover, when suspended

in this solvent mixture, they behave as almost perfect hard spheres. For this reason,

particles produced by the same method have been used in a wide range of experimental

studies on spherical colloids, including studies on colloidal crystallization [28], glass

formation [31] and gelation of colloid-polymer mixtures [25]. Because the same
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advantages apply to non-spherical particles we also use PMMA particles in our current

study. The particles are purchased from Andrew Schofield at the University of

Edinburgh; they are synthesized by dispersion polymerization, following the protocols

reported in [32]. The fluorescence of the particles results from the incorporation of a

7-nitrobenzo-2-oxa-1,3-diazol (NBD) dye which is covalently bound to the PMMA.

In order to deform these particles into oblate ellipsoids, we use the method developed

by Keville et al. [12] as a starting point and extend it to enable the production of

bi-axially stretched colloids; this requires several experimental steps, schematically

shown in Figure 3.1.

Figure 3.1. Schematic representation of the fabrication process for creating oblate ellipsoids
1) Particles are embedded in a PDMS film, 2) the film is attached to a stretching device, 3)
the film is stretched and heated above the Tg, 4) the PDMS film is etched and the particles
are recovered.

In the first step, fluorescent PMMA spheres are dispersed in pentane. In a teflon

mold, a PDMS mixture is cast and then mixed with the dispersed PMMA particles. All

the components are homogenously stirred until all the pentane has evaporated and

then the film is cross-linked inside the circular mold. Previous studies have used

hexane in this dispersion step; our experiments indicate that the use of pentane in

the processing of these particles has significant advantages over hexane; in particular,

we observe a reduced formation of bubbles/inclusions during drying, which improves

the homogeneity of the films. This is likely related to the lower boiling point and

smaller molecular size of pentane, which are expected to accommodate evaporation of

solvent and its transport through the matrix. In a next step, the elastic, cross-linked

PDMS film is clamped to a custom-designed stretching device, which applies a uniform

strain deformation to the composite. Subsequently, the entire device is transferred

to a heating bath set to a temperature above the glass transition of PMMA. As a

result, the PMMA particles assume a non-spherical shape that minimizes the elastic

stresses that occur in the composite as a result of the applied macroscopic strain

deformation. Upon cooling, the particles remain in their new oblate shape and can

be recovered by etching the cross-linked PDMS using sodium methoxide [33]. The
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particles are then washed in multiple steps and finally collected by centrifugation. As

reported previously for unidirectionally stretched colloids, the etching process affects

the stabilizing layer grafted on the PMMA surface, which can lead to an uneven sterical

stabilization depending on the local amount of stretching on the surface of the particles.

In fact, it has been previously shown in studies of prolate ellipsoids that this effect can

be exploited for inducing anisotropic interactions [34]. If undesired, the effect can also

be circumvented by reabsorbing a stabilizing layer on the deformed particles; this can

be achieved in a one-step process, as described by Pathmamanoharan et al. [35]. A

more complete description of the materials and the procedures used can be found in

Appendices A and B.

3.2.2 Characterization methods

The particles were investigated using a range of experimental techniques (detailed in

Appendix C) in order to get a better description of their size distribution, shape and

fluorescence.

Scanning electron microscopy (SEM) was used to measure the lengths of the long axis

and, knowing the particle volume, the corresponding aspect ratios between the short

and long axes of the particles. To obtain the length of the long axis of the particles,

we make use of the fact that in a 2D projection, an oblate ellipsoid will appear as

an ellipse, the long axis of which corresponds exactly to the long axis of the oblate

ellipsoid. The corresponding property of prolate ellipsoids was recently exploited for

characterizing the aspect ratio of such particles [17]; in this case the short axis of the

2D projection is exactly equal to the short axis of the prolate ellipsoid. By performing

these measurements on a large number of particles and analyzing the distribution of the

observed aspect ratios we quantify the uniformity of the stretching.

Further, to study the surface properties of the particles we used Energy-dispersive

X-ray spectroscopy (EDAX), which provides information on the chemical composition

at the particle surface. We used this technique to check if the PDMS matrix was

completely removed from the particle surface after the etching and washing steps.

Confocal microscopy was used to image the oblate ellipsoids and also to monitor the

fluorescence intensity after each step of the process in order to minimize the loss of

fluorescence caused by the different processing steps. By optimizing the processing

conditions we find conditions where only a minimal reduction in the fluorescence

intensity is observed.

Besides the shape of individual deformed particles, another important aspect is the

uniformity of this deformation for the full batch of particles. The polydispersity of

the particle shapes can be estimated by analyzing a large number of SEM images, to

obtain a representative distribution of the particles’ aspect ratios. We have further
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used Dynamic light scattering (DLS) measurements, which provide a quantification

of the polydispersity before and after stretching and also a measure of the effective

hydrodynamic radius of the particles.

3.3 Results and discussion

3.3.1 Fluorescence intensity

As we would like to image the final particles in a confocal microscope, we aim at

producing fluorescent oblate PMMA ellipsoids. However, following the typical protocols

reported for uniaxial stretching [12, 34], we observe a clear change in the color of the

PDMS composite film, indicating a significant change in the fluorescence of the particles.

The fluorescent activity that was initially present is almost entirely lost in the process.

This change is observable even by eye: just after film preparation a bright yellow color

is present, but this color is no longer observed after the curing and heating steps are

performed; instead it changes to brown with the film becoming mostly transparent to

visible light.

The fluorescent NBD dye present in the PMMA particles is chemically linked to

the PMMA polymer. It has been previously shown that such doped fluorescently dyed

polymers exhibit a thermal bleaching that is linked to a higher mobility of the polymer

chains, which occurs as the temperature is raised above the glass transition temperature

of the material. This changes the photochemical or photophysical behavior of the dye

[36–38], leading to bleaching. The loss of fluorescence activity should thus be directly

dependent on the glass transition temperature Tg of the PMMA material. Indeed, the

change in the fluorescence intensity of dyes has previously even been used to study the

glass transition and quantify the Tg of polymers [36,37].

To investigate this temperature-induced effect in more detail, we directly investigate

the changes in fluorescence that occur in the material, using confocal microscopy.

Following the different fabrication protocols, we suspend PMMA particles in uncured

elastomer and place drops of this material on glass cover slips. These drops are then

observed at a range of different temperatures to directly follow changes in fluorescence

as a function of temperature and time. To enable a direct quantitative comparison, all

experiments are performed at constant exposure time, pinhole size, laser power, and

gain ratio. To obtain statistically relevant data, we record and analyze the fluorescence

intensity in z-stacks of the samples, consisting of 25 frames. The interslice separation

for these confocal measurements was 300 nm and was kept constant in all experiments.

From each of these frames, we extract a maximal and a minimal fluorescence intensity

from digital image analysis (ImageJ) and use these values to compute the average
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maximum and minimum intensities and their standard deviations for each of the

different experimental conditions. Doing so, we quantify how the different heating

procedures affect the fluorescent properties of the particles.

There are two distinct steps in the protocol that involve heating of the material:

the curing of the film and the heating during the elongation process. To study the

influence of the curing temperature on the particle fluorescence we measured samples

preheated to three different temperatures (room temperature, 90 ◦C and 110 ◦C, the

optimal curing temperature for undyed PMMA [12]) and we kept the samples in the

oven for 2 hours to fully cure. We then measured the fluorescence of the film in

the confocal microscope. The results are shown in Figure 3.2a, where we plot the

measured intensity after the curing procedure, rescaled with the value measured at

room temperature before the treatment, as a function of the curing temperature. We

observe a clear decrease of the fluorescence intensity between 90 ◦C and 110 ◦C, where

the intensity drops by almost 70% compared to the untreated samples. It thus appears

that the maximum temperature reached in the heating protocol, compared to the glass

transition temperature of PMMA clearly is of key importance in determining the final

fluorescence of the particles. If the curing temperature is kept below Tg, the fluorescence

intensity remains nearly unchanged; it appears that at a curing temperature of 90 ◦C

the fluorescence intensity is essentially not affected, as shown in Figure 3.2a. We

have measured the DSC of the particles (Figure 3.2c) from which we identify the glass

transition temperature of our PMMA at 105 ◦C, but the rearrangement of the polymeric

chains already starts at around 86 ◦C. Therefore, to ensure that all the fluorescent sites

remain active during the curing procedure, we generally used a curing temperature of

70 ◦C, well below the temperature range where we expect bleaching to occur.

In order to produce deformed particles, the films should be treated at temperatures

above their glass transition temperature, which for PMMA is around 105 ◦C. Ideally,

we would want to perform the deformation at temperatures significantly above the glass

transition temperature, where the particles are liquid-like, thus enabling a quick and

pronounced deformation of the particles, with stretching ratios comparable to the stretch

applied on the matrix material. However, at high temperatures significant thermal

bleaching is observed for the fluorescent dye embedded in the material. The rate of

this bleaching process is temperature-dependent, but significant for all temperatures

comparable or higher than the glass transition temperature [36]. When treating the

particles at high temperature, the time of exposure should therefore be as short as

possible. We found in our experiments that a treatment time of 10 minutes is sufficient

for ensuring a uniform deformation of the particles, while the loss of fluorescence activity

is still not very pronounced.

To study the effect of the treatment temperature on fluorescence activity in detail,

we perform measurements where the time of exposure is kept constant at 10 minutes,

while the deformation temperature is varied. We perform deformations of the original
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Figure 3.2. Influence of curing and deformation temperatures on the final fluorescence
intensity, rescaled with the initial intensity measured at room temperature (maximum intensity
- solid line, minimum intensity - solid dashed line). a) Rescaled final intensity as a function of
the curing temperature for samples cured for 2 hours. b) Rescaled final intensity for particles
treated for 10 minutes as a function of the deformation temperature, after curing for 2 hours
at 70 ◦C. c) DSC analysis performed on the original particles in order to identify both the
Tg value (105.4 ◦C) and the minimum temperature at which the polymer starts to change its
configuration (86.2 ◦C).

spherical particles at various temperatures and measure the fluorescence activity in

the sample before and after this treatment. In Figure 3.2a we plot these intensities,

normalized with the initial intensity of the undeformed material as a function of the

deformation temperature. We observe a strong influence on the fluorescent response

of the particles. As the temperature is increased above the Tg of PMMA, we observe

a pronounced drop in the signal to noise ratio starting from the room temperature

samples to the ones treated in the range of 140 ◦C to 220 ◦C. Keville et al. [12] showed

that the PMMA particles can be stretched uniaxially at temperatures between 160 ◦C

and 220◦C, yielding the same final results. The optimum temperature for deforming

the particles used in their study was 180 ◦C, which is also close to the degradation
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temperature of the PMMA at 190 ◦C. Therefore, this temperature should also be a

good choice for our experiments for two main reasons: the fact that there is not such a

large effect on the final fluorescence intensity between 140 ◦C and 180 ◦C and the big

drop for the signal to noise ratio is between 180 ◦C and 200 ◦C.

3.3.2 Cold stretching approach

We have shown that, by modifying the working temperature and reducing the

time during which samples are exposed to this temperature, the temperature-induced

bleaching effects of the fluorescent particles can be dramatically reduced. However, in

practice it is not straightforward to significantly reduce the time needed for the entire

process including the mechanical stretching of the film. A possible approach towards

further reducing this exposure time could be to perform the mechanical stretching of the

films at a lower temperature and subsequently heat the films to a higher temperature,

where particle deformation can take place.

(a) (b)

(c) (d)

Figure 3.3. SEM/EDAX analysis of PMMA particles after the etching step. Three PMMA
particles appear completely etched and one still has the PDMS attached mapped with the
Energy-dispersive X-ray spectrometer for a) Secondary electrons, b) Si atoms, c) Sn atoms.
Optimization of the etching process using d) Energy-dispersive X-ray spectrum analysis for
only one cleaned particle.
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Keville [39] showed that the cold stretching approach yields prolate ellipsoidal

particles with aspect ratios that are comparable to those obtained when the entire

stretching procedure is performed at elevated temperatures. It thus appears that for

the range of stretching ratios employed, delamination is not an important issue and

uniformly shaped oblate ellipsoids can be formed. To test this approach we perform

measurements where the stretching of the film is performed at room temperature and

the film is subsequently heated to 175 ◦C in this stretched state. The time of exposure

to high temperatures is limited to 10 minutes.

To study both the optimal etching time and the adhesion of PDMS to PMMA, we

use SEM combined with EDAX analysis. The two complementary techniques have been

performed to study particles after the stretching, deformation and recovery of particles.

A typical image is shown in Figure 3.3a, where three particles are completely clean,

while one is still mostly covered with a film of PDMS, even after the entire cleaning

process. We confirm that the material sticking to the particle indeed is PDMS by using

EDAX, thus mapping the elements present in the material Figures 3.3b and 3.3c. The

same analysis is also used to identify the most adequate concentration and etching time

for the etching process, where the PDMS is completely removed while minimizing the

exposure of the PMMA particles that prevents the grafted stabilizing layer from being

removed by etching (Figure 3.3d).

3.3.3 Uniformity of the film stretching process

To test the degree and the uniformity of the film deformation that occurs during the

stretching procedure, a pattern is drawn on the original film so that we can track the

amount of stretching as well as its uniformity over the film as seen in Figure 3.4. The

uniaxial stretching of these types of composites is quite a straightforward process, which

is also why most of the articles regarding ellipsoids are about prolate ellipsoids [12–14,

34]. However, in order to biaxially deform fluorescent particles, many aspects of the

process need to be refined. For this type of elastomer, any fault in the fabrication of

the film (trapped bubbles, heterogeneity, small tears) will lead to either the rupture of

the films or to significant inhomogeneities in the deformation of the material.
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(a) (b)

Figure 3.4. Home-built setup for homogeneous stretching of PDMS films. The clamped
PDMS composite film filled with fluorescence PMMA particles a) ready for the stretching
protocol and b) after the cold stretching.

3.3.4 Uniformity of the stretched particles

To obtain information on the average aspect ratio and the uniformity of the stretching

procedure, we use both dynamic light scattering measurements as well as scanning

electron microscopy (SEM).

For the light scattering measurements we used non-fluorescent particles stretched by

the same protocol, because the excitation and the emission spectrums give a signal at

532 nm, which is the same as the DLS laser wavelength. Because this technique relies

on detecting only scattered light, we use samples that do not absorb or emit light at

532 nm. We first investigate how the diffusion coefficient changes as we stretch the

particles. Compared to spherical particles, we observe a slowing-down of the dynamics

that can be followed at all angles, with the data for a scattering angle of 60◦ shown

in Figure 3.5a. For these oblate ellipsoids we can detect both a translational and a

rotational diffusion coefficient. We can distinguish between these two modes of diffusion

by using depolarized dynamic light scattering (DDLS), a method able to quantify the

rotational diffusion coefficient Dr for optically anisotropic particles. In this method,

only the light is detected that has changed its polarization during scattering, which

makes the signal sensitive to rotational diffusion for optically anisotropic scatterers.

A vertical polarizer is placed on the incident beam and a horizontal polarizer on the

detector side (VH geometry). The dynamic structure factor f(q, t) then still exhibits a

single exponential decay f(q, t) = e−Γt, but in contrast to conventional (VV geometry)

measurements, the decay rate now depends on both the translational diffusion coefficient
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Dt as well the rotational diffusion coefficient Dr as

Γ = q2Dt + 6Dr , (3.1)

where the translational diffusion coefficient can be separately determined from

conventional VV measurements, where the decay rate is given as

Γ = q2Dt . (3.2)

After fitting the correlation curves using cumulant analysis [40], we obtain an average
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Figure 3.5. Dynamic structure factors f(q, t) measured in DLS measurements for spheres
(solid line) and for oblate ellipsoids (VV dash-dot line and VH dotted line) that were
stretched with 26% at a measuring angle of 60◦ corresponding to a q2 value of 5.01 · 1014 m−2.
b) Decay rate Γ as a function of q2 from polarized dynamic light scattering measurements for
the original PMMA spheres (circles) and for oblate ellipsoids stretched at 26%, for which SEM
measurements indicate a deformation ratio of 27%: polarized light scattering (diamonds) and
depolarized light scattering (squares) measurements of the oblate particles show comparable
behavior.

relaxation rate, which scales with q2 for both the spheres and the oblate ellipsoids.

Further, the polydispersity index (PDI) of the distribution of relaxation rates is

computed as the ratio of the second cumulant to the squared averaged relaxation time,

with data presented in Table 3.1. The effective hydrodynamic radius is 481 nm for the

undeformed spheres, while in the case of oblate ellipsoids it is 642 nm, a significant

increase of the effective radius. For the standard deviation of this distribution we

estimate a average PDI of 0.05 for undeformed spheres, while in the case of the

stretched ellipsoid it is 0.21. As we are using the same particles, the additional

polydispersity has to come from the shape polydispersity. By plotting the average

decay rates (for the spherical and the ellipsoidal particles in both VV and VH) in

Figure 3.5b, we directly extract the average diffusion coefficients using Equations (3.1)
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and (3.2); the translational diffusion for the oblate ellipsoids is determined from the

slope of the VV measurement (obtained using a linear fit with the offset set to 0,

Dt = 1.5683 · 10−9 cm2/s, R2=0.9969) and the rotational diffusion for the oblate

ellipsoids is obtained from the intercept of a linear fit to the VH data (Dr = 0.3754 s−1,

R2=0.9931). This analysis of the average decay rate also indicates that the oblate

ellipsoids diffuse slower, as evident by the higher slope observed in the case of spheres

compared to ellipsoids. There is a very small difference between the VV and VH signal,

thus indicating that the rotational diffusion is very slow, close to the resolution of our

technique. However, using the Perrin equation for the diffusion of spheroids [41,42] as a

model prediction (see Equations (9.1) to (9.4)), we find that the DLS data is consistent

with spheroids (long axis: 0.608 µm, short axis: 0.310 µm) with a final shape ratio of

L/D=1.957. For such oblate spheroids the Perrin equations yield the following values

for the diffusion coefficients: Dt = 1.5680 · 10−9 cm2/s and Dr = 0.1709 s−1. This ratio

corresponds to a stretching ratio of 25.1%, a reasonable value given that it was achieved

by stretching the composite film by 26% during processing of the particles. The average

shapes of our particles as obtained by light scattering and the Perrin equations are thus

consistent with the deformation expected from the film stretching ratios.

To further investigate the shape of the particles as well as the distribution of these

shapes, we also use SEM imaging. This technique provides a direct visual representation

of the particles, as shown in Figures 3.6a and 3.6b, where we present a comparison

between the initial, spherical particles and the final oblate ellipsoids, for an example

where the film was stretched by 40%. The two images have the same magnification,

which enables us to readily extract the stretching ratio of the particles. Starting from

spheres of 3 µm diameter before stretching (Figure 3.6a), oblate ellipsoids with a long

axis of around 4 µm are obtained. Because SEM is a projection method, the apparent

long axis of an oblate ellipsoid always corresponds to the true long axis, irrespective of

the particles orientation. Thus to characterize the size distributions of the ellipsoids, we

have measured the long axis, while for the spheres we have measured the radii. This is

seen even more clearly in the zoom-in of particle with a short axis that appears almost

perfectly aligned parallel to the imaging axis, shown in Figure 3.6c. To illustrate this,

a circle is drawn on top of the image, matching the shape of the particles projection

with only minimal deviations. These images clearly demonstrate that the particles have

been deformed, and, knowing the size of the initially spherical particles, they enable us

to quantify the deformation ratio for each individual particle.

To quantify the distribution of particle shapes, we analyzed SEM images for the

same batches of particles that have been analyzed previously by DLS. The resulting size

distributions are shown in Figure 3.6d, where we plot two histograms representing the

size distributions for both the undeformed particles and for those obtained by stretching

the PDMS film by 26%. The mean radius of the spheres is 479 nm, while for the oblate

ellipsoids the average value is 610 nm. This corresponds to a stretching ratio of 27.3%, a
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Table 3.1. Particle size distribution for spheres and for oblate ellipsoids that were stretched
with 26%, calculated using Cumulant analysis [40].

Spheres Ellipsoids

Angle Radius [nm] Γ [s−1] PDI Radius [nm] Γ [s−1] PDI

40 437.21 32.18 0.06 621.03 22.65 0.39
50 469.27 45.78 0.08 634.22 33.87 0.19
60 488.94 61.50 0.00 618.17 48.64 0.19
70 496.77 79.65 0.02 681.16 58.09 0.14
80 477.08 104.16 0.02 688.10 72.22 0.26
90 472.21 127.35 0.05 723.82 83.08 0.13
100 480.14 147.00 0.03 632.74 111.55 0.21
110 480.22 168.06 0.14 610.85 132.12 0.11
120 488.87 184.52 0.06 616.36 146.35 0.19
130 500.00 197.58 0.00 613.89 160.93 0.27
140 482.86 219.95 0.00 628.93 168.86 0.22
150 497.25 225.67 0.19 631.44 177.71 0.26

Mean 480.90 0.05 641.73 0.21
σ 16.92 0.1 35.94 0.1

value that almost perfectly matches the amount of stretching applied in the fabrication.

Combining the information from both dynamic light scattering and SEM, we thus

obtain quantitative information on the degree and the uniformity of the particles

deformation. Both methods indicate that the stretching is uniform, and the degree

of particle deformation is consistent with the amount of stretch applied to the PDMS

films during the stretching procedure.

3.3.5 Indications for directional interactions

As mentioned at the beginning of this paper, one important motivation for creating

oblate ellipsoidal particles is the possibility to induce anisotropic interactions between

these particles and to study structure formation and self-assembly in such materials.

To illustrate that this is possible, we have performed a number of test experiments

in colloid-polymer mixtures, using our newly obtained oblate particles; the addition

of polymer to a suspension of these particles should lead to an attractive depletion

interaction, where the shape anisotropy directly translates to a direction-dependent

interaction, which is strongest along the minor axis of the ellipsoids. While

PMMA spheres in colloid-polymer mixtures have been widely used as colloidal model

systems [25,29,41–43], for oblate ellipsoids no such studies of structure formation have
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Figure 3.6. Scanning electron microscopy images of PMMA particles before and after
stretching. a) Original spherical particles (diameter 3 µm, as measured from SEM) b) Oblate
ellipsoidal particles obtained for a 40% stretching . The scale bars are 5 µm. c) Close-up view
of an oblate ellipsoid obtained for a 35% stretching. A solid black circle indicates the edge of
the particle; it has a diameter of 3.95 µm, corresponding to a stretching ratio of 31%. The
scale bar is 1 µm. d) Particle size distributions (distribution of longest axis) obtained from
SEM images for the original PMMA spheres (black bars) and for oblate ellipsoids stretched
at 26% (grey bars).

yet been reported. To illustrate these effects in preliminary test experiments, we have

used polystyrene as a depletant, as is well-established from studies on colloidal PMMA

spheres [25, 29, 41–43]. The attractive interaction is controllable and it scales with the

radius of gyration and the concentration of the polystyrene molecules [44].

To obtain a first indication on the structuring behavior for oblate ellipsoids, we

prepare samples under different conditions and investigate the resulting structures using

a confocal microscope. At a volume fraction of φ=0.1 and a depletion interaction of

U ∼ 5.25 kT, which was estimated using the formula described by Dinsmore [41],

we obtain clustering of the particles into structures which indeed indicate that the

interactions are strongest along the short axis of the ellipsoids, as shown in Figure 3.7.
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(a) (b) (c)

Figure 3.7. Typical clusters formed by oblate ellipsoids (φ ∼ 0.1) in a polystyrene solution
(at an estimated interaction energy of U ∼ 5.25 kT) in a density matched solvent mixture of
decalin and tetralin. The typical formed structures (a, b and c) indicate an affinity towards
aggregation along the short axis of the oblate ellipsoids.

However, the formed columnar structures consist of typically only 5 or fewer ellipsoids.

Also, non-columnar, but still directional structures like those presented in Figure 3.7a

are frequently observed in our experiments on these systems. Although the observation

of these structures indicates directional interactions, these preliminary data do not yet

give us information on the phase behavior or out-of-equilibrium structure formation in

these materials. More detailed, systematic studies will be performed in the future to

investigate the behavior of these oblate ellipsoidal as a function of both their aspect

ratio and the magnitude of the induced depletion interaction forces.

3.4 Conclusions

Our modified stretching protocol is able to produce uniformly shaped fluorescent

oblate ellipsoids of controlled size and shape. With our current device we are able

to produce in one batch around 500 mg of particles, but upscaling to even larger

amounts should be straightforward, as the batch size scales with the square radius

of the composite film. The uniformity of the stretching is adequate even when small

differences in the L/D ratio are needed. We modify the shapes of particles with various

L/D ratios directly by modifying the stretching of the original composite films. The

availability of such well-defined fluorescent oblate spheroids in large enough volumes

can be the basis for a range of interesting experimental studies on the effects of particle

shape on the behavior of colloidal suspensions. As a result, phase diagrams, dynamics

and structure formation can be studied directly in experiments, and predictions from

simulations and theory can be tested. Moreover, based on these well-defined oblate

particles, several convenient mechanisms can be exploited to induce and tune directional

interactions between colloidal particles. The most straightforward mechanism is the
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introduction of depletion interactions by the addition of non-adsorbing polymers to

the solvent; here the anisotropic shape of the particles directly translates to an

anisotropic, directional interaction. Other options include the surface treatment of

one side of the ellipsoids in order to create Janus particles or the direction-dependent

modification of surface properties by modifying the etching time. In analogy to the

work of Zhang et al. [34] for prolate ellipsoids, in our case this effect should lead to

weakly attractive interactions at the edges of the oblate spheroids. The presented

procedure for producing oblate spheroids thus opens up a wide range of new possibilities

in the study of colloidal self-assembly by extending the available model systems to

oblate spheroids. These systems offer a convenient way of inducing highly directional

interactions between particles. The self-assembly and phase behavior of these materials

should be qualitatively different from that of spherical colloids and offer insight into

structure formation in systems where directional interactions play an important role,

ranging from supramolecular polymers to biological systems.
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Chapter four

Mechanism for long-range repulsion

of colloids

4.1 Introduction

Exclusion zone formation is a phenomenon where colloidal particles in an aqueous

suspension are repelled from an interface over distances of up to hundreds of

micrometres, leading to the formation of a particle-free zone in the vicinity of the

interface, as shown schematically in Figures 4.1a and 4.1b. Such peculiar behaviour has

been observed by researchers from different disciplines for a wide range of materials,

including biological tissues such as rabbit cornea [1], white blood cells [2], polymer

gels [3], ion exchange membranes [4], or metals [5]. Depending on the field of research,

different terms have been used to refer to the behaviour. In biological systems, already

in the early 1970’s, exclusion zones observed close to the surface of biological tissues

such as stratum corneum were referred to as unstirred layers [1], as these colloid-free

layers persisted even when the suspensions were stirred. In later studies, the formation

of similar exclusion zones, where Indian ink particles were excluded from the vicinity of

leucocyte cells [2], was referred to as aureole formation.

The observed exclusion zone (EZ) behaviour is highly surprising, as the forces acting

on the colloidal particles can extend over distances of hundreds of micrometres [1–5]. In

This work was submitted for publication: D. Florea, S. Musa, J.M. Huyghe, H.M. Wyss, “Ion-
exchange and Diffusiophoresis as a mechanism for long-range repulsion of colloids.”, submitted to
Proceedings of the National Academy of Sciences, 2013.
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contrast, conventional interactions between colloidal particles and interfaces, in aqueous

media and in the absence of external fields, are limited to length scales of typically

less than a micrometre [6–9]. Long-range interactions acting on colloidal particles are

generally of electrostatic nature [6,7], with a range set by the thickness of the electrical

double layer surrounding a charged colloidal particle, the Debye length λD.

A range of hypotheses have been formulated to account for the phenomenon,

including the emergence of excited coherent vibration modes of molecules in the

membrane or the surrounding water that could create large dipole oscillations [10].

Deryagin [11] offered a similar explanation, by attributing the aureole formation

around cells to long-range forces originating from electromagnetic vibrations; he also

mentioned as a possible explanation “forces of a diffusiophoretic nature arising in the

presence of an electrolyte concentration gradient”, but dismissed these in favour of the

electromagnetic vibration hypothesis. Recently, a chemotaxis hypothesis [12,13] similar

to diffusiophoresis has been suggested and theoretically investigated to account for the

EZ formation. Effects assuming a long-range structuring of water near hydrophilic

surfaces have also been suggested as a possible origin of the behaviour [3–5].

However, to date it is still unclear whether any of these hypotheses, individually or

in combination, can fully account for the observed behaviour, as existing comparisons

between experiments and theoretical predictions are still unable to clearly discern

between the different hypotheses. A detailed understanding of the physical origins

underlying the phenomenon of exclusion zone formation is thus still lacking.

In this chapter we study the exclusion zone formation in detail by measuring the time

and position dependence of forces acting on the particles in multiple configurations.

Our experimental results enable us to clearly identify a physical explanation for this

intriguing phenomenon that we expect to fit all the classes of systems exhibiting this

long-range repulsion. To rationalise the behaviour observed in our model systems,

we developed a simple mathematical model that quantitatively accounts for our

experimental data.
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Figure 4.1. Schematic representation of the exclusion zone formation process. (a) An initially
homogeneous suspension of particles at the moment of contact between a solid material and
the colloid suspension. (b) After contact, an exclusion zone (EZ) develops, as particles move
away from the material.
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4.2 Materials and methods

4.2.1 Sample preparation

Our basic system consisted of a Nafion 117® membrane (Nafion) fitted inside a

capillary with a rectangular cross section, deionized water (MilliQ, resistivity 18.2 MΩ),

uniformly sized polystyrene (PS) beads of 1 µm in diameter and a monovalent salt.

The Nafion and the monovalent salts were supplied by Sigma Aldrich and used without

further purification while the rectangular cross-section capillary tubes VitroTubes™ were

provided by Vitrocom, Mountain Lakes, USA. To precisely control the ionic species

present in the solution, we added well-defined concentrations of monovalent salt. A

capillary tube (Length: 50 mm, Width: 4 mm, Height: 400 µm) was fitted at one end

with Nafion by stamping the tube for 20 s on a Nafion sheet, which was pre-heated on

a microscope cover slide to 265 ◦C. This process ensured that the Nafion material filled

the capillary uniformly, thereby completely sealing it. The fabrication and geometry

of these devices enabled us to simplify the diffusion problem, from a 3D to a quasi-1D

problem. The Nafion-fitted capillaries were then glued to microscope slides for easy

handling and imaging in a microscope setup. To prevent evaporation, the end of the

capillary fitted with Nafion was further sealed using a UV curable glue (Norland 63,

Norland Products, Cranbury, USA), which closely matches the refractive index of glass.

To prevent optical distortion we placed a cover slip glass (size 1) on top of the capillary

and glue, thereby creating a uniform layer of index-matching materials. To ensure a

full curing of the glue, the setup was placed under a UV lamp with a wavelength of 365

nm for 24 hours. PS colloidal suspensions (0,04 mg/ml) of various salt compositions

were used to fill the capillary; the moment the solution touched the Nafion interface was

referred to as the starting time of the experiment. The open end of the capillary was

then sealed with a 90 s epoxy (Bison) in order to prevent evaporation of the solution.

4.2.2 Imaging

The final sample cell was imaged in a vertical setup consisting of: 1) A XYZ stage

used to manipulate the supporting microscope slide. 2) An inverted microscope (Zeiss

Axiovert A200 and Motic BA 310) capable of imaging in a vertical geometry by use

of an attached microscope objective inverter (InverterScope™, LSM TECH) fitted with

an objective of 1x magnification. 3) A 100 W Olympus lamp in combination with a

Motic condenser (NA=0.55, WD=70 mm) aligned by performing a Kohler illumination

calibration. The images were recorded at intervals of 5 s or 15 s using a monochromatic

CCD camera (Imaging source, DMK21AU04, 640x480 pixels). The field of view of our

setup covers the entire width of the capillary; in addition, as we are using bright field

illumination, images reflect the behaviour within the full sample volume.
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4.2.3 Digital image analysis

The sequence of images was transformed in a time-space diagram as follows. From

each individual image a representative vertical line was composed by averaging the

contribution of all pixels in each horizontal line. These averaged vertical lines, capturing

the state of the system at that specific time, where then combined into a time-space

diagram. The resulting diagram was then corrected in order to remove the influence of

the 1) flickering of the lamp, 2) inhomogeneous distribution of lamp illumination over

the total analysed area, 3) glass thickness, 4) differences in optical path length through

the setup. The final time-distance diagram that captured the intensity variations due to

only the particles, resulted after all these corrections were performed; a typical diagram

is shown in Figure 4.3d. The EZ trajectories were obtained by digital image analysis,

using as input parameters both the position of the Nafion interface and a threshold

intensity for detecting the EZ edge position. The Nafion interface is not perfectly

straight, so a manual position choice may be biased. We therefore determined the

position of the Nafion interface as the point where the first derivative of the intensity

of the representative vertical line reached its maximum. The threshold intensity was

chosen to match the intensity of the bulk suspension, far away from the exclusion zone.

4.3 Results and discussion

To systematically elucidate the exclusion zone phenomenon, we choose the

perfluorinated polymer membrane material Nafion 117® (E. I. du Pont de Nemours

and Company, USA) as a model system as exclusion zone formation around this

material has already been widely studied [4]. Moreover, the materials physical and

chemical properties have been characterised in detail [14–18] due to the fact that the

material has important applications as a proton conducting membrane in polymer fuel

cells [14, 19] and other electrochemical applications, where it is used in the production

of NaOH, KOH and Cl2 [19]. As a colloidal suspension we use uniformly sized

polystyrene particles in aqueous solutions of monovalent salt, providing well-controlled

and simple experimental conditions (see Materials and methods section for details of

sample preparation).

While the driving force for exclusion zone formation is unclear, we know that particles

generally migrate away from the surface, indicating the existence of a force perpendicular

to the surface, acting on the particles. In order to study this force in detail, we would like

to isolate its effects from those of other forces that act on the particles in the solution,

such as sedimentation of the particles or advection of the suspension. Previous studies

of the exclusion zone phenomenon have always employed a horizontal setup, shown

schematically in Figure 4.2a, where the hypothesized force FEZ is perpendicular to the
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Figure 4.2. Schematic representation of experimental setups used: (a) Horizontal setup
where the gravitational force is perpendicular on the exclusion forming force FEZ. (b) Vertical
setup with the Nafion at the bottom, where the two forces are pointing in opposite directions.
(c) Vertical setup with the Nafion at the top, where both forces point in the same direction.

gravitational force, which can lead to the buildup of complex flow patterns [20]. This

has made it difficult to isolate the effects of the force FEZ originating from the presence

of an active surface, thus preventing a detailed analysis of the kinetics of exclusion zone

formation. To circumvent these problems, we perform experiments in a vertical sample

cell, where the Nafion material is placed at the top, as shown in Figure 4.2b. This

ensures that all forces acting on the particles point in the same direction. We thus

expect that the particle motion in the system occurs along purely vertical trajectories

that are perpendicular to the Nafion surface, thus enabling us to readily subtract the

effects of gravity, thereby isolating the effects of the force that is induced by the Nafion

surface. Gravity also tends to stabilize the interface between a less dense fluid on top

of a denser fluid, thus circumventing flow instabilities from near this interface. We

therefore choose this geometry as our standard experimental setup to study the kinetics

of diffusion zone formation.

This choice of geometry is crucial in enabling us to study the kinetics of EZ formation

in detail, as it minimizes long-range flow instabilities. To illustrate this, we also

performed experiments in a geometry with Nafion at the bottom (Figure 4.2c), where

FEZ points upwards, opposite to gravity. In this case, violent flow instabilities are

observed, as shown and explained in the Chapter 5.

In contrast, if we perform experiments using our standard vertical setup, the

exclusion zone remains horizontal, as shown for a typical experiment in the sequence

of microscopy images displayed in Figures 4.3a to 4.3c. To follow the kinetics of the

process in detail, we take snapshots of the sample every 5 seconds. As explained in

the Materials and methods section, we compose a time-space diagram from all these
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Figure 4.3. Kinetics of exclusion zone formation in a vertical setup. (a-c) Snapshots from a
movie of the sample (polystyrene particles suspension in 1 mM NaCl solution) at different times
after contact of the suspension with the Nafion material: t=5 min (a), t=30 min (b), and t=60
min (c). The Nafion material is at the top of the image; grey areas at the bottom correspond
to points where particles are present, while the brightest areas in the middle represent the
exclusion zone. (d) Space-time diagram of the evolution of EZ formation, constructed by
combining the intensity distributions along the vertical direction into a single image (for
details see Materials and methods section).

acquired images (Figure 4.3d), capturing the development of the exclusion zone profile

as a function of time. This diagram enables us to readily extract the distance from

the Nafion surface to the edge of the exclusion zone, which we plot in Figure 4.4a as

red circles. From a separate experiment without Nafion surface we extract the speed

of sedimentation of the particles solely due to gravity. As expected, the sedimented

distances from the top of the cell, shown in Figure 4.4a as green diamonds, are

considerably smaller than for the system where Nafion is present (see Appendix D)

and, in addition to the gravitational force, the hypothetical force FEZ is also acting on

the particles. To isolate the effects of this force, we subtract the gravity-induced particle

displacement from the observed exclusion zone distance, shown in the same figure as

blue squares.

The exclusion zone that we observe in this system extends to even longer distances
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than those previously reported; after 1 hour the exclusion zone extends over a distance

of 2 millimetres, approximately eight times larger than previously observed and three

orders of magnitude larger than the largest possible Debye screening length in water.

Initially, the displacement of particles proceeds rapidly, with a typical velocity of

0.9 µm/s at the point where the first images are analysed, 300 seconds after first contact

of the system with the Nafion surface. The speed of the particles at the edge of the

exclusion zone then decreases continuously as time progresses, reaching a typical value

of 0.29 µm/s after one hour.

When plotting this data in a double logarithmic plot, interestingly, we observe that

the exclusion zone position as a function of time follows a simple power-law with slope

of 1/2, as shown in Figure 4.4b. As expected, the motion only due to gravity, shown

as green diamonds, exhibits a purely linear behaviour, corresponding to a slope of

unity in Figure 4.4b. The observed behaviour is highly reproducible, as illustrated

by the data shown in Figure 4.4c, where we display results from five independent

experiments performed in a suspension of particles in an aqueous solution of 1 mM

NaCl. The data overlap almost perfectly, both in magnitude as well as in terms of the

scaling of the characteristic distance with time, as captured by the average of these

five independent experiments and the corresponding standard deviations, presented

in Figure 4.4d in a double logarithmic plot. In fact, we observe the characteristic

square-root-of-time scaling in all our experiments, independent of suspension properties

such as the concentrations and types of salt or colloidal particles used. Moreover, our

experiments also indicate that the hypothetical force FEZ is not significantly affected by

parameters such as the illumination, the thickness of the Nafion layer inside the capillary,

or by artifacts such as bubble formation near the surface, or irregularities in the shape

of the interface (see Appendix E). The observed square-root-of-time dependence of the

exclusion zone distance DEZ thus appears to be a remarkably robust feature of the

exclusion zone formation process.

This scaling strongly indicates that a diffusive process is important in determining

the exclusion zone formation. Motivated by this observation, we extract an

effective diffusion coefficient from the data in Figure 4.4a, yielding a value of

Deff = 1.26 · 10−5 cm2/s. This value is orders of magnitude larger than the expected

diffusion coefficient of our particles in water Dp =
kBT

6πηr
= 4.36 · 10−9 cm2/s [21, 22],

where η = 0.001 Pas is the viscosity of water and r = 0.5 µm is the particle

radius. However, the value of Deff is within the range of typical diffusion coefficients of

monovalent ions in aqueous solution with typical values ranging from 1.03 · 10−5 cm2/s

for Li+ ions to 9.31 · 10−5 cm2/s for H+. This indicates that the physical mechanism

underlying the exclusion zone formation is related to a process where the diffusion of

ions is important.

The Nafion material used in our experiments in fact strongly interacts with ions in
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Figure 4.4. (a) EZ distance DEZ (red circles) extracted from the space-time diagram in
Figure 4.3c. The displacement only due to gravity, from an experiment without Nafion, is
shown as green diamonds. The blue squares show the exclusion zone distance with the influence
of gravity subtracted, isolating the displacement due to the exclusion zone forming force. (b)
The same data represented in a double logarithmic plot; the black solid and black dashed
lines are power-law functions with slopes of 1/2 and 1, respectively. (c) EZ distance DEZ as
a function of time, plotted for five independent experiments, shown as different symbols, (red
circles, blue squares, green diamonds, black cross, magenta x-cross) performed under the same
conditions in suspensions of 1 µm polystyrene particles in a 1 mM NaCl aqueous solution. (d)
Average of the five independent EZ position measurements with the corresponding standard
deviation, displayed in a double logarithmic plot. A power-law fit to the data yields an
exponent of 0.495.

aqueous solutions. Nafion is a cation exchange material that, as a result of its unique

charge transport and exchange properties [14], is used in a wide range of applications.

Due to a high affinity of the material for these cations, when an aqueous solution

containing cations comes in contact with Nafion, these ions are replaced with H+ ions

initially bound inside the Nafion [19]. This ion exchange process will thus lead to

a non-homogeneous distribution of ions in the liquid. As a result, a time-dependent

concentration profile should develop for each ionic species. We hypothesize that this
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inhomogeneous ion distribution is directly related to the process of exclusion zone

formation and the corresponding force FEZ acting on the particles.

Indeed, there is a physical mechanism that results in a drift of particles in liquids

with inhomogeneous ion concentrations. This effect, termed diffusiophoresis, was first

theoretically described by Derjaguin [23] and later confirmed and studied in more detail

both experimentally [24, 25] as well as theoretically [26, 27]. Diffusiophoresis is an

example of a whole class of forces acting on particles in the presence of external fields

such as thermophoretic forces that occur in the presence of a temperature gradient,

or electrophoretic forces which appear when an external electrical field is applied [28].

In diffusiophoresis, the force exerted on a particle is generated by a gradient in the

concentration of solutes or ions.

To obtain an intuitive understanding of diffusiophoresis, we consider a charged

particle immersed in an electrolyte solution with a salt gradient ∇C, as shown

schematically in Figure 4.5a. As shown schematically in Figure 4.5b, the concentration

of excess counter-ions decays with distance from the surface as C+ = C+0 exp−x/λD ,

where the Debye length λD scales with salt concentration approximately as λD ∝ C−1/2.

As a result, the presence of a salt gradient ∇C also implies a variation of the Debye

screening length along the particle surface, as shown schematically in Figure 4.5b.

(a) (b)

Electrically neutral bulk solution

Uniformly charged surface

Excess counter-ions

Debye length λ
D

∇C

(c)

Figure 4.5. Schematic representation of (a) a particle in a macroscopic salt gradient, and
(b) a zoom-in near the particle surface, showing the distribution of counter-ions in the Debye
length. Close to the surface, the counter-ion concentration is increased within the electrical
double layer of thickness λD , the Debye screening length; the gradient of counter-ions leads
to an unbalance between the hydrostatic pressure and the electrostatic stress, leading to a
migration of fluid elements parallel to the surface [26]. This fluid flow requires (c) a motion
of the particle in the opposite direction, as both the fluid and the particle are incompressible.

Within the Debye layer, any small sub-volume of fluid contains an excess of

counter-ions and thus possesses a net charge. As a result, each sub-volume experiences

electrostatic forces under the influence of the local electric field. For a uniform Debye

length, the charge distribution around the particle is spherically symmetric, and as a

result the stresses occurring in the fluid as a result of these electrostatic forces can be
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fully balanced by hydrostatic pressure. However, in the presence of a salt gradient,

this is no longer the case: the counter-ion cloud around the particle is anisotropic,

with λD decreasing towards the higher salt concentrations. The asymmetry of this

charge distribution leads to both a gradient in the hydrostatic pressure and to nonzero

components in the local electric field along the particle surface. Both these effects

lead to stresses in the fluid tangential to the surface that cannot be balanced by

hydrostatic pressure, thus leading to a flow of fluid along the surface of the particle,

generally towards the direction of lower salt concentration. As the overall system is

incompressible, this flow must be balanced by a corresponding motion of the particle

in the opposite direction [26, 28], as shown schematically in Figure 4.5c. Detailed

theoretical calculations, taking into account the balance between the hydrostatic

pressure and the electrostatic stress [26], result in a constant particle velocity U ,

proportional to the gradient of the logarithm of the ionic concentration ∇C, as

U = DDP∇ logC , (4.1)

where DDP is the so-called diffusiophoresis constant which depends on the (average)

Debye length λD, the zeta potential ζ, the viscosity η, the temperature T , and the

diffusion coefficients D+ and D− of the cations and the anions, respectively [24,26,28].

If indeed diffusiophoresis is the physical mechanism that accounts for the observed

exclusion zone formation, then the particle velocities and thus also the velocity of the

edge of the exclusion zone should always remain proportional to ∇ logC.

Thus, in order to test our hypothesis of diffusiophoresis as the underlying mechanism

leading to EZ formation, we wish to predict the concentration profile of ionic species

in the system as a function of time. To do so, we consciously neglect some of

the rich properties of Nafion, where effects such as interdiffusion of species inside

the material [17, 29], swelling behaviour [30, 31], or microstructural changes during

hydration [14] are known to occur, all of which we do not believe have a significant

influence on the processes considered here. We focus instead on the well-known

ion-exchange properties of the material [19] and assume that the material acts as a

perfect drain for cations, where all cations that come in contact with the material are

exchanged for H+ ions. The concentration of exchangeable protons within the Nafion

material is on the order of 4 M [19], far exceeding the cation concentrations used in

our samples. We thus expect that the ion exchange is limited purely by diffusion,

rather than by the availability of protons in the Nafion material [32]. The problem of

predicting the ion concentration profiles thus reduces to solving a set of coupled diffusion

equations for all the involved ionic species under these particular boundary conditions.

Although the diffusion equation is readily solved for the case of a single electrolyte,

when more electrolytes are present in the solution, the diffusion problem is difficult to

solve analytically. It has been shown both theoretically and experimentally that the

diffusion of one species is strongly affected by the presence of others [33–38]. Thus, in



Chapter 4 59

order to correctly account for the diffusion we need to account for the diffusion of all

four ionic species present in the solution (X+, Y−, H+, and OH−).

For each of these ionic species we can write a Nernst-Plank equation, yielding a system

of four coupled equations. However, local electroneutrality and the chemical equilibrium

of water
(
H2O � H+ + OH−

)
reduce these four equations to an analytically tractable

system of just two equations for the two electrolytes (XY and HY) [39], as

∂Ci

∂t
=

N∑
j=1

Dij∇2Cj , (4.2)

where the Dij represents the diffusivity of the electrolytes, including the cross-terms,

which account for the interactions between the electrolytes [40, 41]. This treatment

considers the concentration profiles of the two electrolytes rather than those of the

separate ions, thus implicitly satisfying charge neutrality at any point in space and

time. As explained in more detail in the (Appendix F), this system can be solved

analytically [40, 41], yielding a solution for the concentration Ci (x, t) of the following

simplified form:

Ci (x, t) = f (Cinitial, Dij, F (D, x, t)) , (4.3)

where Dij is the matrix of diffusivity coefficients for the electrolytes that can be obtained

experimentally [39,42] but also can be theoretically approximated [42–45], Ci (x, t) - the

initial concentration of electrolytes, and F (D, x, t) - the binary solution for the given

boundary conditions [46]. This solution thus enables us to predict the concentration

profile for electrolytes as a function of space and time.

We plot in Figure 4.6a the resulting ion concentrations for a 1mM NaCl solution

at a time t=300 s. As prescribed by the boundary conditions, the concentration of

NaCl (shown as red circles) is zero close to the interface and increases with increasing

distance from the surface, reaching a plateau at a distance of several millimetres.

Conversely, the concentration of HCl (shown as blue squares), exhibits a plateau at

small separation distances, while with increasing separation it decreases towards zero.

The total electrolyte concentration profile (shown as green diamonds) is then derived

from adding these two profiles. Surprisingly, we observe a distinct maximum in this

curve, where the concentration is larger than the concentration of the initial solution.

This can be explained by the fact that the flux of HCl from the surface has to match

the flux of NaCl to the surface; however, HCl diffuses faster than NaCl, thus leading to

a region of lower total electrolyte concentration near the surface and a corresponding

region of increased electrolyte concentration further away from the surface, which is

required to conserve the total number of electrolytes in the solution.

If EZ formation is indeed governed by diffusiophoresis, then particles should migrate
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Figure 4.6. (a) Concentration for all the electrolyte species (NaCl-red circles, HCl-blue
squares) and their total (green diamonds) at time t=5 min using the analytical solution with
the general form given by Equation (4.3) for the system NaCl suspension - Nafion, (b) The
velocity of the exclusion zone position ḊEZ(t) as a function of ∇ log(C(DEZ(t), t)) displays
linear behaviour; the slope corresponds to the diffusiophoresis coefficient DDP. (c) Master
curve for the salt concentration profile, obtained by plotting C (x, t) /C0 as a function of
the rescaled position x

√
t0/t. (d) Master curve for the concentration gradient, obtained by

plotting
√
t/t0∇ logC (x, t) as a function of x

√
t0/t.

at a velocity proportional to the calculated ∇ logC, as predicted by Equation (4.1).

To test this hypothesis, we consider the particles at the edge of the exclusion zone,

for which we can readily extract the position DEZ directly from our experiments. The

corresponding particle velocities U (DEZ(t), t), obtained by taking the derivative of DEZ,

should then be directly proportional to the calculated ∇ logC at the same position and

time.

Indeed, when plotting the experimental U (DEZ(t), t) as a function of the calculated

∇ logC we find an almost perfectly linear behaviour, as shown in Figure 4.6b for

a system of polystyrene particles in a 1 mM NaCl solution. This behaviour is

in full agreement with our hypothesis of diffusiophoresis; we thus interpret the
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slope of this curve as the diffusiophoresis coefficient, determined by a linear fit as

DDP = 2.81 · 10−5 cm2/s.

Our experiments have shown that the exclusion zone formation exhibits a remarkably

robust square-root-of-time dependence. This is in fact a direct consequence of the scaling

properties of the time-dependent salt concentration profile C (x, t) (see Appendix G).

Because the time-evolution of C (x, t) is governed by diffusion, any characteristic length

scales in the profile have to scale with the square root of time. Further, as the boundary

conditions at x = 0 and x = ∞ are fixed, its magnitude remains unchanged. To

illustrate this scaling, we plot the calculated C (x, t) for different times t as a function

of x
√
t0/t, resulting in a single master curve, plotted in Figure 4.6c. This shows that

for all times t, the concentration profile is given by C (x, t) = C
(
x
√
t0/t, t0

)
, where t0

is an arbitrary reference time. Similarly, the gradient of the profile is obtained directly

from the gradient at a reference time t0 as ∇ logC (x, t) =
√
t0/t∇ logC

(
x
√
t0/t, t0

)
,

as shown by the master curve shown in Figure 4.6d. In our experiments we have

observed that particles at the edge of the exclusion zone follow a square-root-of-time

trajectory DEZ = a
√
t, and thus ḊEZ = a/2

√
t. Due to the scaling properties

of C (x, t) , we also have ∇ logC (DEZ(t), t) = const./
√
t , thus directly implying

the diffusiophoresis condition ḊEZ = DDP∇ logC for particles at the edge of the

exclusion zone. The diffusiophoresis coefficient DDP can thus be directly obtained

from the magnitude a of the square-root-of-time dependent exclusion zone trajectory

as DDP =
a

2
√
t0∇ logC (DEZ(t0), t0)

. However, the square-root-of-time dependence

of particle trajectories is valid only for particles exactly at the edge of the exclusion

zone DEZ = a
√
t. As shown in Figure 4.7a, where we plot the predicted trajectories

of particles with different starting positions, particles in front of this trajectory will

move slower and particles further back will move faster; this leads to the observed

accumulation of particles at the edge of the exclusion zone.

The scaling properties of C (x, t) thus enable us to predict the detailed motion of

particles, and thereby the formation of the exclusion zone, based on a single ion profile,

calculated at one single reference time t0, with the diffusiophoresis coefficient DDP as

the only free parameter. Doing so, we use a simple one-dimensional model to predict the

detailed distribution of particles in the sample. In this model, point-particles are initially

uniformly distributed across the sample and their trajectories in time are calculated

based on the calculated salt concentration profile.

To visualize the predictions of this simple model, in analogy to the analysis or our

experiments, we construct a space-time diagram, displayed in Figure 4.7b, using the

DDP value obtained from Figure 4.6b. Comparing to the experimental diagram shown

in Figure 4.7c, we observe that the scaling of the edge of the exclusion zone is captured

remarkably well, again displaying the characteristic square-root-of-time dependence.

However, compared to the experiment, the edge of the exclusion zone appears much
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Figure 4.7. (a) Predicted trajectories for particles with different starting positions; particles
accumulate on a single trajectory, representing the edge of the exclusion zone DEZ = a

√
t. (b)

Space-time diagram of EZ formation, obtained from a simple model based on the calculated
salt profile and the DDP obtained in Figure 4.6b. (c) Corresponding experimental space-time
diagram extracted from microscopic images of EZ formation in a 1mM NaCl suspension. (d)
Comparison between the exclusion zone distances DEZ obtained from the simple model (red
circles) and from the experiments (blue squares).

sharper, and beyond the exclusion zone, variations in the particle density are limited to

shorter distances. We attribute this discrepancy to the fact that our simple model does

not consider the diffusion of particles or the effects of flow instabilities driven by the local

changes in particle concentration that are built up during the process. Our simple model

predicts a sharp peak in the particle volume fraction, where the maximum φ reaches

values up to 5 times the initial bulk concentration φ0. Our experiments show that

this can lead to flow instabilities similar to a colloidal Rayleigh-Taylor instability [47],

which induces an additional transport of fluid from the regions of high local φ at the

edge of the exclusion zone towards less concentrated regions further down, as shown in

Chapter 5.

Our experiments thus strongly indicate that diffusiophoresis is the physical
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mechanism responsible for the phenomenon of exclusion zone formation. Using just a

single parameter, the diffusiophoresis coefficient DDP, the development of the exclusion

zone with time is predicted with high accuracy, as shown in Figure 4.7d.

However, so far we have not considered the dependence of the diffusiophoresis

coefficient on particle and solution properties, which is theoretically predicted to depend

on parameters such as the zeta potential of the particles, the Debye screening length,

and the mobilities of the ions present in the solution [24, 26, 28]. To further scrutinize

our hypothesis, we thus vary the suspension properties in order to test if, as predicted,

they affect the dynamics of exclusion zone formation. To test this, we make use of

the differences between the ionic mobilities of monovalent Cl− - based electrolytes.

We prepare a series of samples containing LiCl, NaCl, KCl and CsCl where the anion

is the same for all samples, while the diffusivity of the cation continuously increases

from Li to Cs. We find indeed a systematic dependence on the kinetics of exclusion

zone formation in this series of samples. As shown in Figure 4.8a, the EZ distance

as a function of time still exhibits the characteristic square-root-of-time dependence,

DEZ = a
√
t. The parameter a decreases consistently with increasing diffusivity of the

cations. This clearly indicates that the diffusivity of the ions directly affects the kinetics

of exclusion zone formation, thus further strengthening our hypothesis.
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Figure 4.8. Exclusion zone formation as a function of solution properties: a) for different
monovalent salts with mobilities increasing from LiCl (red circles), NaCl (blue squares), KCl
(green diamonds), to CsCl (black crosses); C=1 mM; the solid line has a slope of 1/2. (b)
DEZ(t) as a function of t for different salt concentrations of NaCl solutions: 1 mM (red circles),
10 mM (blue squares), 100 mM (green diamonds); the solid line has a slope of 1/2.

Further, the diffusiophoresis coefficient should also depend on salt concentration C,

which affects both the Debye screening length, as well as the zeta potential. To test

this, we prepare samples containing different concentrations of NaCl salt, ranging from

C=1 mM to C=100 mM. As shown in Figure 4.8b, we observe a systematic change
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in the kinetics of exclusion zone formation, while the square-root-of-time scaling of

DEZ with time is preserved for all salt concentrations. With increasing C we observe

a shift towards lower DEZ, corresponding to a decrease of the parameter a in the

time-development of the exclusion zone position DEZ = a
√
t.

4.4 Conclusions

We have performed detailed experiments to study the origin of exclusion zone

formation. By minimizing the influence of convection and other forces acting on the

particles, we isolate the force responsible for the observed long-range interactions. We

observe a remarkably robust square-root-of-time scaling of the exclusion zone distance,

which we linked directly to the diffusion of ions in the system. We have employed a

theoretical description of diffusion in a ternary system with boundary conditions set

by the ion-exchange properties of the Nafion material. Comparing this model to the

observed particle kinetics, we show that the particle velocity is proportional to ∇ logC,

the scaling predicted for diffusiophoresis of colloids in a salt gradient. Our experiments

thus strongly suggest that exclusion zone formation is caused by the build-up of a

salt gradient near the interface, which in turn leads to a diffusiophoretic migration of

particles.

A simple model that combines these ion diffusion and diffusiophoresis effects

yields predictions for EZ formation that are in remarkably good agreement with our

experiments. Further evidence for diffusiophoresis as the origin of EZ formation is the

fact that the kinetics of the process can be tuned by varying the properties of the

solution, such as the ionic species or the ionic strength.

While the current study has been limited to a single type of material, we expect

that diffusiophoresis may be responsible also for exclusion zone formation for the broad

range of materials discussed in the introduction, where a gradient in the concentration

of ions or other solutes can be expected to occur near the interface (Appendix H).

Interestingly, due to the dependence on ∇ logC = ∇C/C rather than just on ∇C, only

relative changes in concentration are relevant, and even at very low ion concentrations

diffusiophoresis still causes exclusion zones similar to those observed at higher salt

concentrations.

Since its discovery in the 1940’s, diffusiophoresis has often been overlooked in the

study of colloidal systems. While it has recently gained renewed attention for instance

as a physical mechanism behind the directional motion of so-called self-propelled

particles [48, 49], or in microfluidic applications, to control the distribution of colloids

in a channel [25], the effect is still rarely studied or used in applications. However,

diffusiophoresis could for instance have important implications in biological systems in

the study of biological chemotaxis, where a migration of cells is observed in response
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to chemical gradients. The results of our study suggest other potential applications, as

they offer a detailed understanding of how exclusion zone formation can be precisely

controlled by tuning the properties of the involved interfaces and solutions. This

understanding could be exploited for instance for the creation of novel anti-fouling

materials or for the sorting of cells or particles in microfluidic devices.
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[49] I. Buttinoni, J. Bialké, F. Kümmel, H. Löwen, C. Bechinger, and T. Speck, “Dynamical Clustering

and Phase Separation in Suspensions of Self-Propelled Colloidal Particles,” Physical Review

Letters, vol. 110, p. 238301, 2013.





Chapter five

From homogeneous suspension to

Rayleigh-Taylor instabilities near

interfaces

5.1 Introduction

During the experiments that we performed in order to identify the diffusiophoresis

force as the main mechanism for explaining the exclusion zone formation in Chapter 4,

we observed complex flow instabilities in our systems, the occurrence and nature of

which strongly depends on the orientation of the sample cell with respect to gravity. This

is illustrated by comparing the behavior observed for a configuration with the Nafion

interface at the top (Figure 5.1) to the one with Nafion at the bottom (Figure 5.2).

These instabilities are likely caused by the transport of particles due to diffusiophoresis,

which will lead to migration of particles relative to the background fluid, and leading

to variations in particle concentration across the sample, which affects both the local

viscosity and density. The flow instabilities observed in our system, could be related to

variations in either of these local fluid properties. It is therefore important to understand

how these two separate fluid properties affect advection in the system.

In an experiment where an exclusion zone is formed there are at least three zones

This work is included in a manuscript in preparation: D. Florea, S. Musa, J.M. Huyghe,
P.D. Anderson, H.M. Wyss, “From homogeneous suspension to Rayleigh-Taylor instabilities near
interfaces.”, to be submitted, 2014.
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(a) (b) (c) (d)

Figure 5.1. Flow instabilities in the case of an experimental setup with the Nafion interface
at the top and polystyrene particles suspension in a 1 mM NaCl solution at different times
after their contact: t=148 s (a), t=757 s (b), t=1346 s (c) and t= 1944 s (d).

(a) (b) (c)

Figure 5.2. Flow instabilities in the case of an experimental setup with the Nafion interface
at the bottom and polystyrene particles suspension in a 1 mM NaCl solution at different times
after contact of the suspension with the Nafion material: t=164 s (a), t=764 s (b) and t=1364
s (c).

with different volume fractions: far away from the interface, the volume fraction is still

equal to the initial bulk volume fraction of the suspension; in the depleted region, as no

particles are present, their volume fraction φ = 0, and near the edge of the exclusion

zone the volume fraction is higher than the initial bulk density, due to the accumulation

of particles in this region, as schematically shown in Figure 5.3a. The volume fraction

of hard spheres directly influences the viscosity of a colloidal suspension. In the case of

dilute suspensions of colloidal particles (less than 5%), the relation between the viscosity

and volume fraction is given by the Einstein equation [1] as

η = ηs (1 + 2.5φ) , (5.1)

where ηs is the solvent viscosity and φ - the volume fraction of spheres. In all experiments

presented in this chapter, the bulk concentration of the polystyrene (PS) colloids is

0.04 mg/ml. The density of the particles ρPS is 1.05 g/cm3 and the densities of solutions

and the deionized Milli-Q water are listed in Table 5.1. A 1 mM solution of NaCl

was used for the colloidal suspension shown in Figures 5.1 and 5.2, resulting in an

effective bulk concentration φbulk of 0.0381%, which corresponds to an extremely dilute

suspension of colloids.
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Thus, using Equation (5.1), the schematic volume fraction profile of the experimental

setup presented in Figure 5.3a is directly transformed to a viscosity profile (Figure 5.3b).

To check if viscous fingering could account for the instabilities observed in Figures 5.1

and 5.2, we examine this schematic viscosity profile in more detail. Viscous fingering,

also known as Saffman-Taylor instability, is a phenomenon that occurs as a result of

the difference of the viscosity between two fluids [2]. When a liquid is pushing a more

viscous liquid, a perturbation of the interface, shaped as fingers, is formed between

the two liquids. This instability is governed by the competition between capillary and

viscous forces [3]. For fluids of low viscosity, inertial effects are also important [2], but

for our microfluidic device and at the observed velocity, the Reynolds number is very

small, so inertial effects can be neglected.

Table 5.1. Density of different electrolytes solutions and concentrations.

hhhhhhhhhhhhhhhhhhElectrolyte
Concentration

0 M 10−3 M 10−2 M 10−1 M

NaCl 0.9982 0.9982 0.9986 1.0023
HCl 0.9982 0.9982 0.9984 1
KCl 0.9982 0.9982 0.9987 1.0029

Thus, in our case, any finger instabilities due to viscous fingering should appear

between the exclusion zone and the concentrated band; this is the only sequence of

layers that fulfills the condition of a low viscoisty liquid pushing a more viscous one

(see Figure 5.3b). The experiment with Nafion at the bottom, shown in Figure 5.2,

indeed fits this requirement, indicating that viscous fingering could play a possible

role. However, in the experiments shown in Figure 5.1 the fingering instability always

appears at the interface between the concentrated band and the bulk zone, where a

higher viscosity layer is pushing on fluid of lower viscosity, while it is completely lacking

from the interface where it should appear. Our data thus strongly indicate that the

observed instabilities cannot be attributed to a Saffman-Taylor instability.

A second possible explanation for the instabilities relates to a density mismatch

between two neighboring liquid layers. The theory of so-called Rayleigh-Taylor

instabilities predicts that an instability occurs at the interface between two fluids, when

a fluid of higher density is placed on top of another, less dense fluid. This also results

in the formation of finger-like features. While in a colloidal suspension there is no

liquid-liquid interface, in the systems studied here, sharp changes in the local volume

fraction of particles, and thus the fluid density, are built up. Analogous to the viscosity,
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Figure 5.3. Distribution profiles as a function of position at a given time t in the vertical
experimental setup for a) volume fraction of PS beads b) viscosity, c) density. Darker colors
indicate a higher value of the respective property.

local densities can be computed from a volume fraction profile, as

ρ (x) = φ (x) ρcolloids + (1− φ (x)) ρsolution , (5.2)

where φ (x) is the local volume fraction of colloids, ρcolloids - the density of the colloids,

and ρliquid - the density of the liquid. This results in the schematic density profile shown

in Figure 5.3c, again divided into four main zones. The zone of highest density is the

concentrated band of fluid, which is placed on top of a layer of lower density. Indeed,

for both cases, with Nafion at the top and Nafion at the bottom, the instability is

observed exactly at this interface, where a denser fluid is place above a less dense fluid,

as shown in Figures 5.1 and 5.2. Moreover, in both cases, the instability is missing

at the interfaces where the density gradient is inversed. It is therefore reasonable to

assume that the observed instabilities are due to a density difference.

We will thus use the hypothesis that the Rayleigh-Taylor instability is responsible

for the fingering observed in our experiments. To better understand why this density

instability is formed, we first examine how density layer stratification in a gravitational

field drives the system towards an equilibrium state.
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5.1.1 Equlibrium and out-of-equilibrium cases in a gravita-

tional field

The gravitational force exerts a body force on fluid elements or particles equal to ρg,

where ρ is the local density and g - the gravitational acceleration. An incompressible

fluid at rest is at equilibrium due to a balance between the weight of each individual

fluid element and the pressure exerted on it by the neighbouring fluid. When the density

ρ changes, the hydrostatic pressure equation

p = p0 − g
∫ z

0

ρdz , (5.3)

shows that the equilibrium condition in the absence of diffusion is only fulfilled as

long as the pressure and density remain exactly constant within each horizontal plane.

Such layered structure is therefore stable only when dense within layer is placed at

the bottom. If a tilting of this setup occurs, there will be a restoring force acting on

the elements in order to regain the equilibrium condition shown in Figure 5.3a. This

recovery will lead only to internal waves. For the case where the denser layer is placed

on top, the equilibrium is unstable as any deviation from a flat surface profile will

grow and develop into a convective flow (Figure 5.3b) [4]. The latter case is known as

Rayleigh-Taylor (RT) instability or fingering instability.

(a)

Heavy

Light

Restoring 

force

(b)

Light

Heavy

Overturning

force

Figure 5.4. Schematic representation of a) stable and b) unstable density profiles of
hydrostatic equilibrium.

5.2 Results and discussion

Rayleigh-Taylor instabilities have been observed at the interface between a particle

suspension and a second liquid layer for various systems [5–14]. These different cases

are divided in two categories using the dimensionless Péclet number, we can assign to

two separate clases: granular media [7–11] and colloidal suspension [5, 6, 12–14]. The
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Péclet (Pe) number characterizes the transport phenomena of one particle in a fluid [15]:

Pe =
Vsr

D
, (5.4)

where D is the diffusion coefficent, Vs - the sedimentation velocity and r - the

radius of the particle. Combining Equation (5.4) and the Stokes-Einstein equations

(Equation (9.5)) leads to the following expression for the Péclet number:

Pe =
4π∆ρgr4

3kBT
. (5.5)

If Pe ≤ 1 the system behaves as a colloidal suspension, where thermal energy

plays an important role. In contrast, at Pe >> 1 the system is considered granular.

This classification is useful for understanding the Rayleigh-Taylor instability because

a granular system can be described by the analysis of immiscible viscous fluids [7–11],

while a colloidal system is described by the analysis of miscible viscous fluids [5,6,12,13].

Thus, in order to check which of the two cases is relevant for our experiments, the

corresponding Péclet numbers are calculated and listed in Table 5.2. For all the PS

particles, the Pe number is much smaller than 1, indicating that our system is colloidal

and the Rayleigh-Taylor analysis needs to be focused on miscible layers under the

influence of a gravitational field.

The RT instability analysis of miscible layers started when Duff [16] investigated the

effect of diffusion on interface instabilities between gases in a gravitation field. The

simplest theory of RT instabilities establishes a simple relation between the growth

rates n to wave numbers k as, n =
√

Atgk, where At is the Atwood number and g -

the gravitational acceleration. Duff [16] expanded the theory to account for both the

viscosity and diffusion effects, resulting in the following equation,

n =

√
Atgk

ψ( 1
kLD

)
+ η2k4 − (η +D)k2 , (5.6)

where η is the viscosity, LD - the diffusion length, At =
ρh − ρl
ρh + ρl

- the Atwood number,

which quantifies the density contrast between the two liquids and D - the diffusion

coefficient.

Later, Tryggvason [14] performed numerical calculations for the case of Hele-Shaw

cells where the fluids exhibit an initially sharp interface. In describing the growth of

the largest fingers, they considered the influences of both the viscosity and the density
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contrast, yielding the following expression for the finger’s velocity

U∗ =
∆ηV + 1

12
∆ρgb2

2η
, (5.7)

where ηi is the viscosity and ∆η = η2− η1, η = (η2 + η1)/2, b - the thickness of the cell,

∆ρ = ρ2 − ρ1, g - the gravitational acceleration, and V - the throughout velocity.

Kurowski [17] also investigated this type of instability between miscible layers and

derived a general scaling law, based on momentum and mass conservation, as

gAtk − 2n2 − 2nDk2 − 2nDk
√
k2 + n/D = 0 . (5.8)

Using this scaling, Kurowski identified characteristic lengths and time scales for the

process, but the theory was never validated against experimental data.

A complete analysis combining both theory and experiments for density driven

instabilities of miscible fluids in a Hele-Shaw cell was performed by Fernandez [5, 6].

In the following, we will briefly describe this approach in some more detail, as it

takes into account all physical mechanisms expected to affect the development of a

RT instability for the case of miscible fluids. By limiting their analysis to low Reynolds

numbers, the dispersion relation governing the instability was derived by setting the

equilibrium between viscous stresses and buoyancy effects. Furthermore, in order to set

the characteristic scaling of the problem, Fernandez considered the general equations

for a Hele-Shaw case combined with the fact that the layers are miscible and that there

is a constant diffusion coefficient, leading to the following set of equations that expresses

the conservation of mass, momentum and diffusion species, as

∇ · u = 0 , (5.9a)

∇p =
η

K
u− ρg∇y , (5.9b)

∂c

∂t
+ u · ∇c = D∇2c , (5.9c)

where K =
h2

12
, h is the height of the capillary, and η - the viscosity.

In terms of rescaled variables, and using the dimensionless Rayleigh number Ra,

these equations can be expressed in the following form [5,6]:

∇ · u = 0 , (5.10a)

∇p = u− c∇y , (5.10b)

∂c

∂t
+ u · ∇c =

1

Ra
∇2c , (5.10c)
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The Rayleigh number represents the ratio of convective and diffusion transport and

it is defined as Ra =
vch

D
, where the characteristic velocity of the finger height is

vc =
∆ρgh2

12η
. From the characteristic velocity scaling, also a characteristic time

scaling is obtained as tc =
12η

∆ρgh
. The calculated values for the Ra numbers, the

characteristic velocities vc and and the characteristic time tc are presented in Table 5.2.

Table 5.2. Calculated parameters for particles of different sizes ranging from 500 nm to 2000
nm. The parameters are τD - the time to diffuse its own diameter, Pe - the Péclet number,
Ra - the Rayleigh number, vc - the characteristic velocity and tc - the characteristic time.

Size 500 nm 1000 nm 2000 nm

τD [s] 0.0716 0.5729 4.5835
Pe 1.98 · 10−4 3.18 · 10−3 5.09 · 10−2

Ra 959 1918 3837
vc [µm/s] 2.09 2.09 2.09
tc [s] 191.13 191.13 191.13

In order to solve Equation (5.10), Fernandez approximated the Stokes equations with

a Brinkman model, which utilizes the mean velocity averaged over the cell thickness, as

−∇p̄+
η

K
ū+ η∇2ū+ ρg = 0 , (5.11a)

∇ · ū = 0 , (5.11b)

where p̄ is the pressure field, ρ - the density field and ū - the fluid velocity averaged

over the cell thickness. The transformation yields an analytic solution, which is valid for

Rayleigh numbers ranging from 1 to infinity. The analytical solution is used to calculate

the dispersion relation that links the reduced growth rate N =
12ηn

∆ρgh
to the reduced

wavevector q = kh,

N =
12

Ra
+
q

2

[
1− q√

12 + q2

]
+

6q

RaN

[
1− q√

RaN + q2

]
. (5.12)

Thus Equation (5.12) provides an easy way of computing the dominant wave number

k and the characteristic growth rate n for Hele-Shaw cell with height smaller than both

the width and the length.

Besides the theoretical approaches previously presented, experiments investigating

the RT like instability in colloidal systems where reported [6, 12, 18]. Arne [18]
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investigated the gravity-induced flow of colloidal suspensions in Hele-Shaw cells, which

he attributed to either viscous fingering or density fingering. For colloidal suspensions

of PS particles (d ≈ 1.9 µm) placed on top of a layer of water, he found a correlation

between the fastest growing wavelength and the height of the cell. Further, the

time-dependent height of the largest finger was found to scale as a power law with

an exponent of ≈ 1.4; the authors concluded that is was in agreement with a

diffusion-limited aggregation model. They also observed that for cases where the cell is

placed horizontally, Rayleigh-Bénard flow is observed, although the starting mechanism

is still related to the Rayleigh-Taylor instability which develop in time in regular patters.

A similar development was also observed by Wysocki [12], but in his data analysis

focussed on the short time behavior, which can be clearly attributed to a RT instability.

The hydrodynamic instabilities were investigated using PMMA particles in a mix of

organic solvents, which resulted in a variation of the Péclet number. With increasing

Péclet number a corresponding increase in both the fastest growing wave number and

the corresponding growth rate was observed.

Thus, if the instability observed in our experiments is indeed Rayleigh-Taylor, we

first need to better understand the development stages of the RT instability.

5.2.1 Phenomenology of Rayleigh-Taylor instabilities

Sharp [19] divided the Rayleigh-Taylor instability process into four main stages. The

first stage is represented by extremely small initial perturbations of the interface, which

can be analyzed using the linearized form of the fluid equations. The solution of these

equations predicts that the amplitudes of the initial perturbation grow exponentially up

to a size of 0.4 λ. During the second step, the growth of the amplitude perturbation is

nonlinear, the development of which is strongly influenced by 3D effects and the Atwood

number. Depending of the value of the Atwood number the perturbation will develop in

various shapes as: “spikes and walls or curtains between bubbles” [19]. The third stage

is characterized by the interactions between the “bubbles” and the developing structures

on the “spikes”. The last stage leads to a turbulent or chaotic mixing of the two fluids

resulting from a complicated behaviour of rearrangement of the spikes and the bubbles.

5.2.2 Instabilities induced by diffusiophoresis

In the current chapter we focus on understanding the Rayleigh-Taylor instability

only in the first stage of development where the behavior is described by a linear

analysis. After the first contact between the colloidal suspension and the Nafion surface,

a long-range repulsion force, as explained in Chapter 4, is exerted on the colloidal

particles, leading to an enhanced displacement of particles close to the interface. This
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process creates an excluded zone near the interface and a more concentrated band in

between the excluded zone and the bulk concentration, as presented in Figure 5.3a.

In order to investigate the time development of the interface, we extract the interfaces

around the concentrated band from the images recorded using the protocol described

in the Methods section in Chapter 4. The images were digitally enhanced and analyzed

using Adobe Photoshop software to identify the interface, as due to the very small

volume fraction differences, commonly used intensity thresholding techniques [7–9] do

not adequately capture the interface. A typical example of this process is shown in

Figure 5.5, where the original raw image is shown on the left (Figure 5.5a), and the

resulting binary image, following image processing, is shown on the right (Figure 5.5b).

Two interfaces are clearly identified as a result: we will refer to the left interface (closer

to the Nafion) as the bottom interface, while the right interface (further away from

the Nafion) is referred to as the top interface. From the binary image, the shape of

both these interfaces can be readily extracted by image processing. Examples of such

extracted interface shapes are shown in Figure 5.6a, where the top interface is plotted

as a solid purple line and the bottom interface as a solid green line.

On these resultant interfaces, we perform a Discrete Fourier Transform (DFT) which

extracts from the interface the contribution of different wave numbers k and their

corresponding amplitude A, as shown in Figure 5.6b. As time passes, the Fourier

spectrum is dominated by a specific wavelength k, which is characterized by the highest

amplitude. Furthermore, the linear stability analysis states that the amplitude of the

wavelengths k should scale exponentially, following the relation

A(t) = A0(t) exp(n(k)t) , (5.13)

where A0 represents the amplitude of the initial position of the interface.

The resulting data represents a dispersion relation between the growth rate and the

wave vector, as presented in Figure 5.10a. This sequence of steps was used previously to

describe the Rayleigh-Taylor instability [6,9,12], so we can perform an easy comparison

between the analysis results on our instabilities. However, our experiments exhibit some

deviations from the previous analysis, because the initial interface of the concentrated

band is not perfectly flat [5–14]. As the interface of the Nafion is irregular, both the

upper and lower interface around the concentration largely maintain the shape of the

original Nafion interface up to a time scale of typically 300 s (Figure 5.1a). Even though

this creates an imperfect starting interface, if indeed RT instabilities are the driving force

for the developing flow features, the fastest growing wavelength should still eventually

dominate, irrespective of this initial disturbance. However, we should properly account

for the presence of these initial disturbances in the shape of the interface. To do so,

we compare the shapes of the interfaces observed at two different times, as shown in

Figure 5.6a. For small times, the top (purple solid line) and the bottom interfaces (green
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solid line) are similar in shape, both still resembling the initial shape of the Nafion

surface. Moreover, as shown in Figure 5.6b, the discrete Fourier transforms obtained

from the two interfaces are also highly similar, especially at short wave numbers. Thus,

the bottom interface, where no instabilities develop, can be used as a reference for the

top interface. If the bottom interface is subtracted from the top one, a new interface

is obtained, which no longer contains contributions to its shape, originating from the

shape of the Nafion surface, as shown by the black line in Figure 5.6a. This is also

confirmed in the corresponding DFT curve (Figure 5.6b), which no longer contain the

short wavenumber contributions originating from the the initial interface disturbance.

At t = 615 s, the two interfaces no longer exhibit any similarities. The bottom

interface (dashed purple line) has lost its similarity with the initial interface and has

become more flat, presumably as a result of the equilibrating effect of gravity, which

should act to stabilize the interface between the exclusion zone and the concentrated

band below it. Instead, the top interface (dashed green line) is disturbed significantly

from its initial shape, as fingers are already fully developed. At this point in time, the

subtracted interface (dashed black line) has a similar profile to that obtained form the

top interface (dashed purple line), as shown in Figure 5.6a. The corresponding DFT

curves (Figure 5.6b) for these two curves also show excellent agreement, as expected.

The bottom interface (dashed green line) at time t = 615 s is in very good agreement

with the result of the subtracted interface (solid black line) at t = 148 s. This indicates

that indeed, choosing the subtracted interface as a starting point for our analysis was

a reasonable choice.

Nevertheless, at short times, we expect the development of the instability to be still

largely affected by the presence of the upper interface: if the distance between the two

interfaces is very small, the deformation of the lower interface will also cause the same

deformation to occur on the upper interface. This case is qualitatively different from

the case of a single interface, as any gravitational energy gained in deforming the lower

interface is exactly matched by a corresponding gravitational energy loss at the upper

interface.

Therefore, in order to apply the theories developed for Rayleigh-Taylor instabilities,

which are based on a single interface, the average distance between the two interfaces

should be large enough. At sufficient distances between the two interfaces, we no longer

expect the shapes and perturbations of the two interfaces to be correlated with each

other (see Appendix J).

Therefore, to identify a reasonable starting time, where we expect the predictions of

the linear stability analysis to be applicable, we investigate the degree of perturbation of

the different interfaces. To do so, we plot the standard deviations of the top interface,

the bottom interface, as well as the difference between the two, as function of time,

as shown in Figure 5.6c. At short times, the top and the bottom interfaces show the
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same standard deviation; only after around 300 s the development of two interfaces

start to become decoupled. For the top interface, the standard deviation continuously

increases, while for the bottom interface it decreases until reaching a plateau at a time

of around 500 to 600 seconds. At this typical time scale, also the ratio between the

standard deviations for the two interfaces has increased to almost an order of magnitude.

Furthermore, at t ≈ 600 s the standard deviations of the subtracted interface and the

top interface start to overlap.

For these reasons, to compare our data with the theoretically predicted development

of a RT instability, we do not consider the short time regime, taking into account points

where t > 600 s.

(a) (b)

Figure 5.5. a) Raw image for the suspension of 500 nm PS particles at time t = 1188 s from
the moment of contact. b) The processed image so that only a binary image representing the
area of concentrated band is visible.

Our experiments aimed at studying the role of diffusion in the developing instabilities

by performing experiments on systems with different particle sizes, which we varied from

500 nm to 2000 nm. The cell dimensions and all the relevant fabrication steps are kept

identical. Also the volume fraction of the colloidal suspension for various particle sizes

was kept constant. The resulting instabilities for each case are presented in Figure 5.7.

For each particle size the subtracted interfaces are plotted for time 600 s (purple), every

100 s up to 1200 s (green).

A visual inspection of these interfaces suggests differences in the number and width

of the developing fingers, which appear to be correlated with the particle size. Starting

from the resulted instability in the case of PS particles of 500 nm (Figure 5.7a), where

mainly three fingers are formed, the instability shows an intermediate profile with almost

four fully formed fingers, for PS particles of 1000 nm (Figure 5.7b). As the size is

increased to 2000 nm, the interface profile at 1200 s exhibits 6 thin fingers (Figure 5.7c).

Figure 5.7 shows that there is a systematic change related to the size of the PS particles,

which changes the values of the diffusion coefficient.

To further investigate the development of these fingers, we study how the maximum
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Figure 5.6. a) Height profile at time t = 148 s for upper interface (purple solid line), bottom
interface (solid green line), and the difference between them (solid black line) and at time
t = 615 s for upper interface (dashed purple line), bottom interface (dashed green line), and
the difference between them (dashed black line). b) Corresponding Discrete Fourier Transform
(DFT). c) The ratio between variance and average values for each type of interface (red circles
- bottom interface, green diamonds - top interface, blue squares - the difference between the
top and bottom interfaces).

height of the main finger grows in time [7,8]. Based on a experimentally derived scaling,

Harada [8] expressed the settling velocity, for the case of infinite width and limited cell

height, as

U∞ = 0.107
h2φ2/3

2r
U0 , (5.14)

where h is the height of the capillary, φ - the volume fraction of PS beads inside the

colloidal suspension, r - the radius of the PS beads and U0 - the Stokes settling velocity.

While this relation is dependent on the particle size, using the Stokes settling velocity
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Figure 5.7. Interface profile as a function of time and particles diameter of a) 500 nm, b)
1000 nm, c) 2000 nm. The purple curve represents time t = 600 s and the curves change color
every 100 s leading to the green curve (t=1200 s).

(Appendix D), it can be rewritten as

U∞ = 0.107
h2φ2/3g∆ρ

18η
, (5.15)

which is independent of the particle size, but still dependent on φ, - the volume fraction

of the colloidal suspension, h - the height of the capillary, ∆ρ - the density mismatch

and η - the viscosity of the fluid.

In a Hele-Shaw cell, the settling velocity is determined by the ratio w/h, where

w represents the width of the capillary and h the height. Harada [8] identified three

distinct regions as the ratio w/h is varied. A ratio smaller than 5 leads to the formation

of only one finger and the resulting settling velocity increases proportionally to w (linear

regime). For w/h between 5 and 20, a transition zone is observed, where more than one

finger develops and the reduced velocity is broadly distributed, with values Uexp/U∞ ≈
0.5 to 1.5. At ratios is higher than 20, the dominant wavelength is observed to scale
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linearly with the height of the cell, as λ ≈ 2.31h. The settling velocity of the fastest

growing finger becomes constant, the value being calculated using Equation (5.15)

(infinite region). Thus the final settling velocity in a capillary is influenced a lot by

the aspect ratio of the capillary.

For all the experiments presented in the current chapter, capillaries with h = 400µm

and w = 4000µm were used. This results in a ratio w/h = 10 which places the

experiments in the transition regime, where the w/h-dependence of Uexp/U∞ is strong,

making it difficult to extract an accurate value. The U∞ for our experiments was

calculated as 2.09 µm/s using the following parameters: φ = 0.00032 (the volume

fraction difference between the concentrated band and the bulk solution, calculated

using the formula derived from the sigmoidal fit of the intensity as a function of particle

concentration, presented both in Appendix I), η = 0.001 Pas, ∆ρ = 50 kg/m3. The

predicted velocities taking into account the dimensions of the capillary [7] should be

obtained by multiplying the infinite case velocity with a factor fexp ranging from 0.5 to

1. This results in a predicted velocity of 1.04 µm/s up to 2.09 µm/s, which are similar

with the velocities obtained by fitting the experimental data presented in Figure 5.8.

All the experimental and theoretically predicted velocities are summarized in Table 5.3.

However, we can calculate an effective factor for our exact ratio, resulting in a average

factor fexp of 0.46 with a standard deviation of 0.01. Moreover, the U∞ predicted using

Equation (5.15) is in perfect agreement with the characteristic velocity theoretically

predicted by Fernandez [5].

Table 5.3. Comparison of settling velocities obtained from experimental data (vexp) and
theoretical prediction using either Equation (5.15) (vtheo1) or the characteristic velocity vc [5]
(vtheo2).

Size [nm] vexp vtheo1 vtheo2 fexp

500 0.9861 2.09 2.09 0.483
1000 0.9548 2.09 2.09 0.468
2000 0.948 2.09 2.09 0.464

Furthermore, the maximum height of the dominating finger should exhibit two

separate growth regimes [7, 8]. Initially, fingers are expected to grow exponentially,

as predicted by the linear stability analysis of the RT instability. After some time

the fingers grow linearly with time. To test if our data exhibits such behavior, we

plot in Figure 5.8c the height of the largest finger for both the top (blue squares) and

the subtracted interfaces (red circles), as a function of time. In the case where the

height profile was generated using the top interface (blue squares), the height was fitted

linearly over the full time domain, which yielded a constant velocity of 1.55 µm/s with an
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R2=0.9924 (illustrated in Figure 5.8c, as a solid black line). When analysing the data for

the subtracted interface (red circles), two distinct regions are indeed observed. At small

times the curve is shaped as an exponential, while for longer time the height is growing

linearly. This is in very good agreement with the previously reported dependence [7,8].

Also when fitting the two regions with an exponential or a linear fit respectively, very

good fits are obtained (exponential fit - growth rate of 0.0026 and R2=0.9924 and linear

fit - velocity of 0.98 µm/s with an R2=0.9876).
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Figure 5.8. a) Height of the dominant finger as a function of time and particles diameter of
a) 500 nm, b) 1000 nm, c) 2000 nm. The blue squares represent the height obtained from the
top interface and the red squares the difference from the top interface and the bottom one.
The solid line represents the linear fit of the given data and the dashed line the exponential
one.

We further performed a DFT analysis for the computed interfaces leading to the

results presented in Figure 5.9. Visual inspection of the images had already suggested a

systematic dependence of the developing instability on the particle size. Indeed, in our

DFT analysis, a similar trend is observed. While the amplitudes of the wave numbers do

not vary significantly, closer inspection of the curves suggests a systematic shift toward
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higher wave numbers upon increasing the particle size from 500 nm to 2000 nm. In

particular, the location of the dominant wave number is systematically shifting as the

size of the particles increases. The linear stability analysis of the RT instability is based

on the time-dependence of these k-dependent amplitudes. We therefore investigate

this time-dependence on our experimental data by plotting, for different k-values, the

amplitudes as a function of time (not shown). RT theory predicts an exponential

growth (Equation (5.13)), with n(k) the growth rate at wave number k; we thus perform

exponential fits on the time-dependent amplitudes, to obtain the corresponding growth

rates n(k). These fits are performed for data points between t = 600 s and t = 1200 s;

surprisingly, we observed that the quality of these fits varied wildly, from very poor

(R2 < 0.1) to excellent (R2 > 0.98). The resulting growth rates are displayed in

Figure 5.10a, where only points resulting from fits with R2 > 0.7 are shown. For the

data from each particle size, the best fit quality is obtained for the points of maximum

amplitude and maximum growth rate, while far away from these points the noise in

the data is too large to extract useful information. While the growth rates shown in

Figure 5.10a still exhibit large fluctuations, a weak trend is observed towards higher

growth rates and higher wave numbers, as the particle size is increased. This behavior

is in agreement with the experimental data of Wysocki [12].
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Figure 5.10. Growth rate as a function of wave numbers from a) experiments for PS particles
of 500 nm (red circles), 1000 nm (blue squares), 2000 nm (green diamonds) and b) theoretical
prediction for PS particles of 500 nm (red curve), 1000 nm (blue curve), 2000 nm (green
curve).

To compare this to theoretical predictions, we use Equation (5.12) to express the

reduced growth rate N =
12ηn

∆ρgh
as a function of the reduced wave vector q = kh.

The Rayleigh numbers Ra corresponding to the 3 different particle sizes are presented

in Table 5.2, and the resulting dispersion relation n(k) is shown in Figure 5.10b. To
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Figure 5.9. Amplitude profile as a function of wave numbers and particles diameter of a)
500 nm, b) 1000 nm, c) 2000 nm. The purple curve represents time t = 600 s and the curves
change color every 100 s leading to the green curve (t=1200 s).

compare the experimental with these theoretically predicted growth rates, we list their

values in Table 5.4; similarly, the wave numbers for the fastest growing modes are

listed in Table 5.5. The theoretical predictions are in qualitative agreement with

the experimental data, as the values for the growth rate and the wave number are

roughly similar. Within experimental error, the particle size dependence of both the

maximum wave number nmax and the corresponding growth rate is captured adequately

by Equation (5.12). The ratio between the width and the height w/h for the capillary is

10 and this ratio placed our experiments in the transition regime, where large variations

of the wavelength distribution are expected.
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Table 5.4. Comparison of growing rates obtained from the exponential fits of the amplitudes
from the experimental data (nexp1) and exponential fits of the height of the dominant fingers
(nexp2) and for the theoretical predictions using Equation (5.12) (ntheo1).

Size [nm] nexp1 [s−1] nexp2 [s−1] ntheo1 [s−1]

500 0.0025 0.0026 0.00262
1000 0.0027 0.0033 0.00267
2000 0.0029 0.0034 0.00270

Table 5.5. Comparison of wave lengths obtained from the exponential fits of the amplitudes
from the experimental data (nexp) and for the theoretical predictions using Equation (5.12)
(ntheo).

Size [nm] kexp [cm−1] ktheo [cm−1]

500 7.87-10.5 6.4
1000 7.87-10.5 6.7
2000 15.75 6.9

5.3 Conclusions

In this chapter we have studied remarkably pronounced flow instabilities that

occur as a result of variations in local volume fraction, driven by exclusion zone

formation. These instabilities have been identified as density instabilities, also known

as Rayleigh-Taylor (RT) instabilities. We observed a good agreement between our

experiments and theoretical approaches used to describe density-driven hydrodynamic

interactions. Although the starting interface is usually structured due to the

diffusiophoresis force, far from the ideal flat interface that is usually assumed by the

RT instability theory and experiments, we are still able to capture the essential features

of the RT instabilities: The constant main settling velocity, two growth regimes for

the main finger, and the exponential growth of the dominant waves. One of the

most surprising findings of Chapter 5 is that even a very small density mismatch

of 0.016 kg/m3 is sufficient to induce such pronounced instabilities. Usually, such

a small mismatch in density is neglected. Previous experiments aimed at studying

Rayleigh-Taylor instabilities have employed much larger density mismatches; these

experiments either start from a perfectly packed colloidal layer or from a more

concentrated particle dispersion.

This finding indicates that very small changes in local density can produce RT
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instabilities; this should be applicable to any systems that exhibit small variations in

density, even if the profile are not as well-defined as those obtained via exclusion zone

formation. However, the exclusion zone formation effect, driven by diffusiophoresis, is

thus uniquely suited for studying this regime, where only subtle changes in fluid density

lead to the slow development of long-range instabilities as it is difficult to create such

an interface by other methods.

Beside identifying the instability in this barely mismatched system, a more detailed

analysis of the RT behavior was performed. We have shown that there is an influence

of the particle sizes on RT instabilities. By varying the particle size we altered also

the Pe number, which in turn is expected to systematically modify the wave number

distribution and the corresponding growing rates. Furthermore, the RT instability

behaviour can be perfectly predicted in a Hele-Shaw cell, regardless of the height of the

cell or the initial colloidal suspension.
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Chapter six

Instabilities besides Rayleigh-Taylor

near Nafion interfaces: double

convective and other types

6.1 Introduction

In Chapter 4, we have studied the formation of exclusion zones (EZ) near a Nafion

surface using a simplified vertical setup, where the influence of gravity and advection

was minimized. This enabled us to isolate the effects of diffusiophoresis, which we

showed to be responsible for the EZ phenomenon. As shown in Chapter 5, even in this

vertical setup, an interplay of gravity and diffusiophoresis was observed, resulting in the

formation of Rayleigh-Taylor type instabilities.

In this chapter we study the behavior of the system in a horizontal setup, where, a

much more complex interplay of diffusiophoresis, gravity, and advection occurs. This is

due to the fact that the diffusiophoretic force FEZ acts perpendicular to the gravitational

force. This horizontal geometry is simple to set up and study and was therefore used

in previous work on EZ formation [1–5]. However, the interplay between the different

forces acting on the particles has prevented the authors of these previous studies from

clearly identifying the physical mechanism responsible for creating the exclusion zone.

This work is included in a manuscript in preparation: S. Musa, D. Florea, H.M. Wyss, J.M.
Huyghe, “Flow patterns induced near exchange resins surfaces.”, to be submitted, 2014.
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Here, by performing a set of systematic experiments, we aim at elucidating the

complex flow instabilities that occur in this horizontal setup, accompanying exclusion

zone formation. Our experimental results enable us to identify various flow patterns

that can be tuned as the properties of the solution, cell walls and dimensions of the cell

are changed.

6.2 Materials and methods

The flow profile in a fluid can be experimentally accessed by using particle image

velocimetry, which quantifies the motion of small tracer particles suspended in the

fluid [6]. Here we use a related technique, termed multi-particle tracking [7] using

video microscopy combined with image analysis. Based on a measurement of individual

particle trajectories, this technique enables us to quantify a local, average drift velocity

and direction within the field of view. Moreover, by analyzing the mean-square

displacement of the particles, the viscoelastic properties [8] of the surrounding liquid

are quantified.

For this study we have used two sample cells, which we will refer to as cell A and

cell B. Cell A, shown in Figure 6.1a, consists of a microscope slide and a microscope

cover which are separated by a 240 µm silicon spacer, resulting in a tight chamber cell

of 9 mm in diameter. The Nafion material is placed on a side in the circular chamber

and fixed to the sticky silicon spacer, in order to prevent it from moving inside the

cell. Cell B (Figure 6.1b) was fully described in the Materials and methods section of

Chapter 4, and consists mainly of a capillary cell fitted at one end with Nafion.
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Figure 6.1. Sample cells used for this study a) Cell A: a silicon spacer between a microscope
slide and a cover slide and b) Cell B: a capillary cell.

The particle tracking measurements were performed using an Inverted microscope

(Axiovert 200M, Zeiss) and a Zeiss 40x or 50x long distance objectives. Videos of the

motion of the beads were acquired using a monochrome CCD camera (The Imaging

Source), that is capable of recording images of 640x480 pixels resolution at 60 frames

per second. The recorded videos were analyzed using Matlab scripts provided by Daniel
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Blair and Eric Dufresne, which are a translation of the IDL codes of David Grier, John

Crocker, and Eric Weeks [7]. Using this analysis, the individual particle positions for

each frame were determined with a subpixel resolution of ≈ 10 nm. By linking the

position in consecutive images, the trajectories of the particles were reconstructed and

used to obtain the local viscoelastic properties of the dispersing liquid.

An average drift velocity of the particles was extracted from the trajectory of the

center of mass of all particles within the field of view. As the thermal motion of

individual particles is random, its contribution to the drift velocity is negligible for

a large enough number of particles.

6.3 Results and discussion

In all the experiments involving a Nafion interface and a PS colloidal suspension, we

observe the formation of an exclusion zone. Our experiments reported in Chapter 4,

have shown that the exclusion zone is created by diffusiophoretic forces, which results

in a motion of the beads away from the Nafion, with a corresponding motion of the

liquid in the Debye layer in the opposite direction. As a result, the particles move

without dragging liquid along with them, similar to the movement of charged particles

in an external electric field [9]. However, in our horizontal experiments, we generally

observe a double convective flow, shown schematically in Figure 6.2a. It thus appears

that diffusiophoretic forces alone cannot account for this behavior.

Interestingly, this behavior is similar to that observed in the motion of particles

in response to an applied electric field, so-called electrophoresis. In electrophoresis,

particles are also displaced relative to the surrounding fluid, without dragging liquid

along with them, in analogy to diffusiophoresis. In further analogy to our case, in a

closed cell, double convective flows are observed. These flows and their origin have

been investigated in detail, as electrophoresis in a closed capillary cell is widely used

for instance in measuring the zeta potential, as shown schematically in Figure 6.2b [10].

For this case the flow field is obtained by superposition of two separate flow fields: the

first is that of the charged particles being attracted to the oppositely charged electrode.

The second is electroosmosis, the motion of a liquid relative to a stationary charged

surface under the influence of an external electric field [9]. Because the walls of the

capillary are generally charged, this leads to a electroosmosis flow of the liquid near

the surface of the wall [9]. In a closed cell, electroosmosis forces a flow of the liquid in

the capillary, which results in two counterflowing patterns. The measured velocity of

particles VObs inside the capillary is thus given as the sum of the electroosmotic VEO

and electrophoretic velocities VEP.

These similarities in behavior motivate us to think in similar terms about the double

convective flows observed in our experiments. The driving force for electrophoresis and
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electroosmosis is the electric field, while for diffusiophoresis it is the chemical gradient.

In order to understand double convective flows in our system, it is reasonable to assume

that the effect analogous to electroosmosis would play a key role. In the following, we

will thus describe, how the presence of a chemical gradient drives a flow of fluid near a

fixed, solid interface.
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Figure 6.2. a) Schematic representation of the flow profile in a horizontal cell fitted inside
with a piece of Nafion; b) Zeta potential measurement obtained flow profile which exhibits
both electrophoresis and electroosmosis.

6.3.1 Interactions due to the presence of a solutal gradient near

an interface

This section summarizes a theoretical background on the effects of a solutal gradient

on a fluid near a solid surface [11]. Solutes interact with a solid surface through either

electrostatic or by van der Waals forces, depending on whether the solute is charged or

neutral. We will start by describing the case of neutral solutes, as this is the simpler

case.

The van der Waals interaction between the neutral solute and the surface is described

by an interaction potential U(z) with a range of interaction defined as λ. The

distribution of solutes near the interface is then described by the Boltzmann distribution

as

C(z) = C0 exp

(
−U(z)

kBT

)
, (6.1)

where kBT represents the thermal energy.

Assuming that λ is much smaller than the typical length scale of the solutal gradient,

the concentration profile can be approximated as

C(x, z) ≈ C0 exp

(
−U(x)

kBT

)
. (6.2)
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The presence of the wall alters the balance between osmotic and hydrostatic pressure.

As a result, the total pressure is described by the following “osmotic equilibrium” [11]

p (x, z)− kBTC (x, z) = p0 − kBTC0 = psolvent , (6.3)

where psolvent can be determined far away from the surface in the bulk solution.

When Equation (6.3) is differentiated with respect to x, it yields a direct relation

between the pressure gradient ∇xp and the concentration gradient ∇xC:

∇xp = kBT∇xC . (6.4)

This pressure gradient forces the liquid inside the interaction range λ to move parallel

to the surface and is the actual driving force that creates flow along the surface. In order

to maintain the mechanical equilibrium of the system, the Stokes equations need to be

fulfilled, thus this pressure gradient is balanced by a viscous shear stress η∆vx as

∇xp− η∆vx = 0 , (6.5a)

∇ · v = 0 , (6.5b)

where vx is the fluid velocity and η - the viscosity of the fluid in the region of interest and

assumed constant. The resulting flow near the interface is similar to an electroosmosis

flow; thus, in analogy, it is refereed to as diffusioosmosis. This term is already used in

literature [11–14], but it is not as commonly known as electroosmosis.

In the case of a macroscopic gradient of charged solutes near an interface, shown

in Figure 4.5b of Chapter 4, there is also an electric field component present, besides

the hydrostatic pressure. As previously explained in Chapter 4, Figure 4.5b there is a

non-zero electrical field E parallel to the surface, as a result of a mismatch of the counter

ions in the Debye layer λD. In this case, the Stokes equation also has an electrostatic

component [15], thus the viscous shear stress is always balanced by both the hydrostatic

pressure and the electrostatic stress.

Thus, for both charged and neutral solutes, a concentration gradient is expected to

induce a flow of fluid along the cell walls; effect known as diffusioosmosis. This induced

flow, combined with the diffusiophoretic forces acting on the particles, might explain

the complex flow patterns that we observe for our system. Therefore, in order to test

this hypothesis, we will investigate the influence of various parameters on the observed

flow patterns and compare these results to the behavior theoretically expected for this

scenario.
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6.3.2 Influence of the height and shape of the cell

We hypothesize that the double convection flow patterns emerge as a result of a

combination between diffusioosmosis and diffusiophoresis. These processes depend

on the properties of the wall surface and those of the particles, combined with a

macroscopical chemical gradient; it is however unclear whether small changes in the

cell height or the shape of the chamber cell significantly affect the flow. We will thus

investigate the influence of these parameters on the observed flow. To characterize the

flow patterns near the Nafion we have performed particle tracking on a PS colloidal

suspension in Milli-Q water. In order to obtain a cross-section profile inside the cell, we

have recorded videos of the movement of particles in planes parallel to the horizontal

wall of the cell and perpendicular to the Nafion surface. Although two different cells

were used, we placed our field of view in a similar location relative to the Nafion, as

shown in Figure 6.3.

The measured drift velocities for both cases are shown in Figure 6.4. Both

experimental results show similar double convective flow profiles, separated by an

exclusion zone where no particles are present. Because the multiple particle technique

is based on tracking individual particles, the velocity inside the exclusion zone can not

be extracted, as no particles are present.

Comparing the two graphs, we notice a difference between the magnitudes of the

drift velocities. This difference can be attributed to small differences in either the time

after contact or the exact distance of the sampled region to the Nafion interface, which

for this set of experiments was not measured as accurately as to draw conclusions based

on this small difference. This was mainly due to the fact that these experiments focused

on qualitatively understanding the behaviour of this phenomena.

Further, in both experiments shown in Figure 6.4, we observe a difference in

magnitude of the velocities between the top and bottom convection rolls. A possible

explanation for this difference is the delay time between imaging of the top and bottom

volumes, which were recorded in sequences of slices. The first slide in the top volume

was recorded 55 minutes earlier than the first slice in the bottom volume. This time

difference is accounted for by the recording time for 20 different z-slices, each taking 2

minutes, plus the time between the two consecutive measurements.

Thus, to more accurately investigate the time-dependence of the flow we have

performed particle tracking at a fixed z position (15 µm from the bottom glass) in

an experimental setup using cell B at various times up to 4 hours.

As shown in Figure 6.5a, the drift velocity is time-dependent. Although initially the

particle velocity has a value of 0.55 µm/s, it drops to a value of 0.35 µm/s after 4 hours.

It is remarkable that the effect slows down so little after such a long time. The energy

that is continuously dissipated in these flows is provided by the ion exchange process,
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which results in a macroscopic solutal gradient. For the typical dimensions of capillary

cells used in our experiments, we would predict the diffusiophoretic flow, in the absence

of convection, to cease completely only after about one month. This very long time

scale is due to the fact that the diffusion length scales with the square root of time, thus

it is fast at short time scales and very slow at longer ones, leading to the impression of

an almost constant motion without energy provided from outside.
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Figure 6.3. Top view for the various sample cells used for this study based on a) a silicon
spacer between a microscope slide and a cover slide and b) a capillary cell.
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Figure 6.4. Drift velocities as a function of height inside a) Cell A and b) Cell B.

As the overall flow is slowing down over time, the higher velocities in the top roll

could be explained by the delay time between the measurements. However, there is
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another possibility that needs to be investigated. If the viscosity of the fluid were

to rise locally, this would also result in a decrease of the drift velocity. Pollack [16]

suggested that EZ formation is accompanied by significant increases in viscosity, which

he claimed was supported by experiments. We will however show that these experiments

can also be accounted for by our diffusiophoretic explanation for EZ formation. In his

experiment, Pollack has used a sample cell with a Nafion sheet glued to the bottom, and

then measured the zero shear viscosity by dropping a metallic sphere into the liquid,

observing a slowing-down of the sphere near the Nafion surface. He directly attributed

this to an increase of viscosity inside the EZ. However, the same observation can be

explained by the existence of a repulsive, diffusiophoretic force that will slow down the

particle. While the particle tracking experiments described here do not enable us to

measure viscoelastic properties inside the EZ, we can measure these properties at the

top and bottom of the cell.
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Figure 6.5. a) Time dependence of the drift velocity at a fixed plane at 15 µm. b) The average
and the standard deviation of all the MSDs of the experiments presented in Figure 6.4b.

To do so, the same experiment that generated the flow profile shown in Figure 6.4b

was analyzed in order to extract the mean square displacements (MSD) of the tracked

particles. For each recorded area more than 100 particles were present and recorded

for 2 minutes. This ensures sufficient statistics for quantifying the average MSD of

the particles inside the fluid. The resulting MSD’s are remarkably similar for all

40 slices analyzed, all showing a purely Newtonian behavior, where the mean-square

displacement increases linearly with time, with a viscosity equal to that of pure water.

This is illustrated in Figure 6.5b, where the MSD averaged over all 40 slices and the

corresponding standard deviations are plotted. These standard deviations are very

small, which indicates that the viscosity of the liquid is the same in all analyzed slices,

at constant measurement accuracy. In conclusion, the increased velocity in the top roll

can be attributed to the time difference and not to a change in viscosity.
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6.3.3 Influence of the particle surface charge

As indicated in Chapter 4, the diffusiophoretic velocity of particles is also related to

the surface properties of the particles. To study the influence of the particle surface,

we thus perform experiments with different particles, keeping all other parameters,

including the properties of the cell walls, constant. We compare the behavior of standard

polystyrene particles with and without carboxyl functionalization on their surface. We

would expect to observe the same double convective flow in both cases, as a change in

the particle surface properties does not affect diffusioosmosis.

Indeed, in both cases the characteristic double convection roll flow profile is observed,

irrespective of the particle surface properties, as shown in Figure 6.6b.
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Figure 6.6. Drift velocities as a function of height for a) PS with carboxilic surface
functionalization and b) PS Sigma-Aldrich with no surface functionalization.

Even though the diffusioosmosis is not affected by a difference in the particle surface

properties, in our experiments we observe a difference in the magnitudes of the velocities.

The ratio between the velocities for the two types of particles experiments is around

1.5 close to the walls and smaller in the rest. This change might be also related to

the spacial and time variations of the experiments. Nevertheless, the similarity of the

profiles is maintained, thus suggesting that the particle surface functionalization does

not significantly affect the flow patters, in agreement with the proposed hypothesis.

6.3.4 Influence of the cell wall

Our hypothesis implies that the properties of the cell wall are crucial to the

development of the double convective flows; we thus expect these to dramatically affect

the behavior. For our standard system of glass in contact with water a negative surface
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charge is known to develop [17]. This is obtained mainly through the dissociation of

silanol end groups present at the surface. The surface charge density is determined

by the equilibrium between free ions in the solution and the counterions at the glass

surface [17]. Thus, diffusioosmosis will occur in the presence of a concentration gradient

near this charged surface.

If we could change the surface neutral instead of highly charged, we would expect

to dramatically reduce any diffusioosmotic flows. A simple way of changing the surface

properties of the glass is by depositing a layer on top of it. The most commonly

used method is applying various silanes, which react with the glass surface [18]. As

this method is creating a monolayer, only minor defects will result in an incomplete

coverage. Therefore, we have chosen to sputter gold on the glass surface, because we

can control the thickness of the gold layer just by controlling the deposition time [19].

In our experiments we have created a uniform layer of around 20 nm, corresponding to

more than a 100 atoms. The main reason for choosing gold is its noble character, so

there is no reaction with water, even at low pH values. Furthermore, Pollack showed

that gold does not exhibit exclusion zone formation in the presence of Milli-Q water [5].

Therefore, the gold should affect the diffusioosmosis as there is no constant surface

charge present at the surface. Indeed, when comparing two experiments with similar

conditions that vary only the properties of the walls, a dramatic change in the

magnitudes of the velocities can be observed (Figure 6.7). However, the same two

convective roles are still present near the walls. In the case where a gold-covered glass is

used, the maximum velocity in the convective rolls drops to values around 0.3 µm. This

is 5 times lower than in the case when the glass walls are not covered. This difference

can be clearly attributed to the change in the surface properties; it cannot be attributed

to spatial and temporal variations of the experiments.

If the gold surface was not charged, it should completely suppress diffusioosmosis;

however, an induced surface charge is still present at the surface of the gold. This effect

is due to the presence of ionic species in solution; when a positive ion is present near

the gold surface it will drag a negative charge within the gold towards the surface [20].

Similarly, the negative ions in solution will attract a positive charge. These induced

effects will create localized charges on the gold surface, while the average macroscopic

surface charge remains zero.
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Figure 6.7. Drift velocities as a function of height inside a) Cell A with glass walls and b)
Cell A with sputtered gold-covered glass walls.

Many properties of gold in thin layers are different from those of bulk gold; the

melting temperature [21], density [22] and optical band gap [22] all change dramatically

as the size of the layer is lower than 50 nm. For layer thicknesses under 10 nm, the gold

ceased to show a noble character, being able to be used in catalysis [23, 24]. Although

we are very close to this region where gold is showing different properties, neither of

these should affect the diffusioosmosis. Another possibility for explaining the double

convective flow relates to the fact that even pure freshly cleaned gold has a zeta potential

that is varying from around +15 mV at pH=3 to -20 mV at pH =7 [25], which the

authors attributed to a “submonolayer of oxide on the surface”.

In conclusion, it seems that there is a dramatic influence of the wall properties of the

cell on the magnitude of the flow velocities. However, the flow profile still maintains

its typical shape with two convective flow rolls present in all experiments. This might

be related to the closed cell and its geometrical dimension. Until now we have used

cells that always have their height as the smallest dimension, with a ratio between their

height and width of minimum 1/10. So in order to test if there is an influence of this

ratio, we tested the capillary cell in a modified geometrical setup, which we refer to

as sideways horizontal (SH), where the cell is rotated 90 degrees around its axis. This

changes the cell geometry, thus the height is now 10 times higher than its width, but

the two forces FEZ and Fg still act perpendicular to each other.

6.3.5 Influence of the width/height ratio

In these experiments using the SH setup, the same protocol was used, the only

difference between the two was in the position of the microscope stage, from horizontal

to vertical. We did not perform microrheology experiments in this setup, instead
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focussing on imaging the global behavior of the system, similar to the experiments

described in Chapter 4. Indeed, we observe a qualitatively different flow behavior in

this sideways horizontal setup. As seen in Figure 6.8a for a sample with 1 mM NaCl

concentration, initially a conventional exclusion zone develops, at a distance from the

Nafion that remains homogeneous over the whole height of the cell, with no indication

of diffusioosmotic flow or gravitationally driven flow. However, as time progresses,

the EZ “tilts” increasingly to the right (Figure 6.8a-6.8d). We attribute this behavior

to the gravitational field exerting a downward force on the dense fluid beyond the

exclusion zone, while within the EZ, a net upward force results; this leads to a slow

tilt of the orientation of the exclusions zone layer as a function of time. Thus, in the

sideways horizontal geometry, the gravitation field plays a more important role than

does diffusioosmosis. While diffusioosmosis is still present, compared to the horizontal

setup its influence is dramatically reduced as the relevant surface area for diffusioosmosis

decreases and the gravitational forces increase in magnitude due the larger height of the

cell.

(a) (b) (c) (d)

Figure 6.8. Sideways horizonal setup with the Nafion interface at the left and the polystyrene
particle suspension in a 1 mM NaCl solution at different times after contact: t=120 s (a), t=420
s (b), t=720 s (c) and t= 1020 s (d).

This experiment shows that the flow profile that develops during EZ formation is

not always double convective, even when the two forces FEZ and Fg act in directions

perpendicular to each other. A simple change in sample geometry is thus able to

dramatically and qualitatively alter the flow profiles. This flow profile is also still

compatible with our diffusioosmosis hypothesis, as the cell’s large height can account

for the more pronounced influence of gravitational forces, which in this setup dominate

over diffusioosmotic forces.
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6.3.6 Influence of the salt concentration

Another parameter that should affect the flow behavior of our system is the salt

concentration; Pallaci [11] showed that the velocity due to diffusioosmosis scales as

VDO ∼
λ2

DkBT

η
∇C0, (6.6)

where λD is the Debye length. This indicates that there is a direct relation with the

Debye length, where VDO decreases with decreasing Debye length. When increasing

the salt concentration, the Debye length is reduced because it scales with the square

root of ionic concentration. For Milli-Q water and very dilute solutions the flow profile

is identical and it is shaped as double convective. When the salt concentration is

increased above 50 mM NaCl, a new and interesting flow profile is observed. As seen

in Figure 6.9 a different profile is accompanying the exclusion zone formation. At first

glance, it appears as if there were two exclusion zones formed, one close to the Nafion

interface and one within the bulk solution. The exclusion zone within the bulk solution

appears to grow in size as time passes. Interestingly, the shape of this exclusion zone also

closely follows the shape of the Nafion interface, particularly at short times, in similarity

to the behavior of the concentrated band observed in the vertical setup, presented in

Chapter 4. This double exclusion zone is thus qualitatively separate from the previous

experiments.

(a) (b) (c)

Figure 6.9. Exclusion zone formation in a HH experimental setup with the Nafion interface
at the bottom and a polystyrene particle suspension in a 100 mM NaCl solution at different
times after contact of the suspension with the Nafion material: t=120 s (a), t=720 s (b) and
t=1320 s (c).

To gain further insight into the process, we visualize this horizontal (HH)

experimental setup from an angle of around 30◦. This data is presented in Figure 6.10 as

a time sequence. We observe the same double exclusion zone, indicated here as darker

regions; however, this phenomenon is not the only one happening, it is accompanied by

a “tornado” flow profile shaped as a single convective roll. This single convection roll

in effect transports the exclusion zone that is formed near the Nafion interface into the

bulk of the suspension, to the location where in a top view of the cell we observe the
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second exclusion zone.

To further investigate this double exclusion zone formation, we perform experiments

in a SH setup, to test if we see any indications of the behavior in this geometry. Indeed,

as shown in Figure 6.11 the flow profile is similar to the one in the HH experiment.

The exclusion zone is pushed towards and along the top of the cell, thereby migrating

to the right. As the system is closed, a complementary flow in the opposite direction

has to develop at the bottom of the cell. This induced flow pulls on the front of the

migrated exclusion zone, trying to create one big roll. However, due to the very large

height of the cell, the migrated exclusion zone is only partly transported downwards,

as is observed in the HH experiments. It seems that in the case of high electrolyte

concentration, gravity plays a larger roll, thus effectively pushing the exclusion zone

upwards much faster than in the case of very low salt concentration.

t= 60s t=180st=120s

Figure 6.10. Sequence of images of the exclusion zone formation in a HH experimental setup
with the Nafion interface at the bottom and a polystyrene particle suspension in a 100 mM
NaCl solution observed at an angle of around 30◦.

(a) (b) (c) (d)

Figure 6.11. SH setup with the Nafion interface on the left side and a polystyrene particles
suspension in a 100 mM NaCl solution at different times after their contact: t=60 s (a), t=120
s (b), t=180 s (c) and t= 240 s (d).
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In previous experiments at high electrolyte concentration, no double convective

flow was observed. This is in agrement also with the fact that the velocity due to

diffusioosmosis is reduced with increasing ionic concentration. Furthermore, it appears

that the influence of gravity also becomes more important as the concentration is

increased. Although there is no direct evidence that diffusioosmosis plays a role also

in this high ionic case, the fact that we can modify the flow patterns indicates that

the observed double convective flow is present only when some of the conditions of the

experiment are met.

6.4 Conclusions

The complex flow patterns usually present near the exclusion zone vary as different

properties of the experiment are changed. The most common flow pattern observed

is that of counter-rotating double convection rolls, which is present in the case of a

horizontal cell where the height is the smallest dimension. We have shown in this

chapter that such a double convective flow profile can be explained by the presence of

a diffusioosmotic flow inside the cell. By changing various parameters we have tested

this hypothesis, and shown that it can indeed account for the behavior observed in our

experiments, thus shedding light on the physical mechanisms that lead to the observed

complex flow behavior. The combination of diffusioosmosis and diffusiophoresis leads

to the break of the flow around a symmetry point, which is the middle plane of

the cell, at half the cell height. Interestingly, this behavior is highly similar to that

observed in a zeta potential measurement, where the interplay between electroosmosis

and electrophoresis creates an analogous double convective flow.

Although this flow pattern was seen in all our initial experiments, it is not applicable

in general to all system exhibiting exclusion zone formation. We have shown that by

altering the cell dimensions or by increasing the salt concentration, the emergence of a

double convective flow pattern can be suppressed completely.

The aim of the experiments presented in this chapter was to visualize the flow

patterns near the exclusion zone and try to link these observations to a physical

explanation. Considering the complexity and the multitude of parameters that can

affect the exclusion zone formation, a more detailed study needs to be performed in

order to fully account for the behavior. This will ensure that experimental data can be

compared in a more quantitative manner with a theoretical description, using our main

hypothesis as a basis. Also, further studies might include the use of a glass slide covered

by a monolayer of teflon using the technique presented in [26], where any induced or

permanent surface charges should be completely absent; as a result, it should be possible

to almost entirely suppress the diffusioosmosis effect in the system.
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Chapter seven

Microfluidic devices with cast

membranes for manipulating

colloids over long ranges

7.1 Introduction

In Chapters 4, 5 and 6 we have studied a variety of phenomena associated to

long-range interactions in colloidal suspensions, which resulted from the existence of

a chemical gradient. In all experiments a Nafion surface, acting as an ion exchange

material, is responsible for creating this concentration gradient. Although we have used

a simple experimental system, the ion-exchange process in our case is more complex than

those previously presented in the literature on diffusiophoresis, where simple diffusion of

an electrolyte was sufficient to account for the observed behavior [1,2]. The development

of ionic concentrations in our case is governed by an ion-exchange process; H+ ions,

initially bound within the Nafion material are exchanged for any other cations present

in solution. Other ion exchange materials with other cations (Na+, Li+) or even anions

can also be used, but the range of choices is still limited. Also, the ionic exchange

equilibrium process is systematically changing by following the Hofmeister series [3], so

if the cation is changed also the capabilities of exchange of the material are modified.

Furthermore, this ionic exchange process creates a ternary diffusion problem, which is

much more complicated to solve analytically compared to the binary case of only one

electrolyte present in solution [4,5]. It would be useful if we could study exclusion-zone

formation in a simpler setup, relying only on simple diffusion of electrolyte.

In our previous experiments on exclusion-zone formation, the fabrication of the setup

was also very specific to the materials used and not generally applicable to other systems.

109
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To make these cells, we had fitted the Nafion material inside the capillary by heating

the material above its melting temperature and then placing it inside the glass capillary

by a punching fabrication technique. While this technique is straightforward to apply

and it creates an almost perfectly flat interface, it involves working with really high

temperatures, usually higher than 200 ◦C. This limits the choices for the encapsulation

of the ion exchange material to transparent materials that don’t exhibit any modification

at these temperatures, which is the reason why a glass capillary was used in our

experiments. However, glass capillaries have their own limitations, as they are difficult

to fabricate at scales smaller than 1 mm and at sizes smaller than 100 µm become too

fragile for the punching technique to be applicable.

All of theses limitations of the current setup motivated us to find a more simple,

versatile approach for creating a well defined chemical gradient. Thus, in this chapter

we design and fabricate a new type of microfluidic device to create well-defined

concentration gradients and use these devices to study the diffusiophoretic forces in

more detail.

To do so, we take advantage of soft lithography techniques based on polydimethyl-

siloxane (PDMS); such microfluidic devices are a powerful tool for manipulating fluids at

small scales, enabling precise control over flows on the sub-millimeter scale [6,7]. These

techniques are also used for cell studies, as the materials used are biocompatible [8, 9].

Here, by using a two step approach, we create a well defined microfluidic device that

is capable of generating a space-time predictable concentration gradient that can be

used to further strengthen the diffusiophoretic force, but also to better understand how

it can be tuned. Our approach is based on applying controlled flow conditions in the

presence of a permeable membrane, which allows for the diffusion of ionic species, thus

creating dynamic concentration profiles.

7.2 Materials and methods

The production of the desired microfluidic devices with cast membrane requires three

main steps:

• Making the silicon master that will represent the mold for the PDMS device

• Fabricating of the PDMS device through a replica-molding soft lithography

• Creating in situ the artificial membrane



Chapter 7 111

7.2.1 The silicon master (mold)

In order to fabricate a PDMS microfluidic device with micron-size features, a cured

epoxy based mold is created on top of a silicon wafer. These 3D features are produced

using photolithography [10]. In order to create a perfect mold relief we first clean

the silicon wafer with acetone, followed by methanol. These cleaning steps remove

any impurities from the surface that might reduce the adhesion of the photoresist to

the wafer. After the silicon wafer is cleaned, the epoxy-based negative photoresist

(SU-8 2075, Micro-Chem) is spin-coated (Laurell Technologies Corporation, Model

WS-400B-GNPP/LITE) onto the wafer, resulting in a layer of uniform thickness.

Depending of the desired height of the photoresist layer, the spin speed is adjusted

considering which photoresist is used, according to the manufacturers data sheet. As

we have chosen to have a height of 100 µm, a three-step approach was used to spin-coat

the photoresist. Firstly, the wafer was accelerated with 110 rpm/s up to a spin speed

of 500 rpm, which was kept constant for 10 seconds. This step is used to spread the

photoresist that is placed in the middle of the wafer over the whole surface. Secondly,

the wafer was accelerated with 330 rpm/s up to the desired spin speed of 2100 rpm that

was applied for 1 minute. Lastly, the wafer was decelerated with 110 rpm/s to a halt.

In order to increase the flow properties of the photoresist, a mixture of solvents is used

in its formula. Although some of these solvents are evaporated during the spin coating

a soft bake process is needed to completely remove these solvents. The silicon wafer is

placed on top of a hotplate (VWR hotplate, 10x10) and heated for 30 minutes at 65 ◦C,

and then for 10 minutes at 95 ◦C in order to produce stable photoresist structure. A

Petri dish is used as a cover for the silicon wafer in order to prevent dust from settling

onto the photoresist. Afterwards, the soft baked wafer is ready for the UV exposure

treatment that transfers the design from a photolithography mask onto the photoresist.

Since SU-8 is a epoxy-based negative photoresist, the area exposed to UV light will

be cross-linked, while the unexposed area will not react and thus can be washed away

during the development stage. For an optimized exposure process, the wafer is first

cooled to room temperature. After that, a printed mask, which is a transparent film

on which the features are printed, is placed on top of the wafer. This allows the UV

light (UV lamp model 150, ABM, Inc.) to penetrate the areas which are not printed

while blocking the areas which are printed. The time of UV exposure is correlated with

the photoresist thickness in order to prevent either insufficient UV exposure (meaning

that the features might be washed away during development) or over-exposure (causing

inclined walls of the features). Furthermore, a glass cover was placed on top of the mask

in order to keep the mask flat and provide a good contact between the mask and the

wafer, preventing any diffraction effects of the UV light. The optimal time used for our

experiments was 30 seconds of exposure, which proved sufficient for 100 µm photoresist

thickness. As the features are already transferred in the photoresist layer, they need to
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be further strengthened by thermal curing before the solvent is applied. For this reason

the wafer is then put back on the hotplate at 65 ◦C for 5 minutes and later at 95 ◦C for

10 minutes.

After this process the exposed area of photoresist layer is capable of resisting harsh

solvent exposure. So in the development step the silicon wafer is transferred into

a container filled with a solvent (Mr. Dev-600, Micro Resist Technology) and the

container is put on a shaker mixer (Bio Shaker 3D, BIOSAN). The solvent dissolves

the uncured photoresist and the development process is sped up as the mixer rotates at

an angle, providing a flow of the solution that is capable of removing the non-cross-linked

photoresist in between the crosslinked micro size features faster. The development time

is optimized, as it will increase if the feature are small or the height of the features is

large. The completion of the development process is verified by rinsing with acetone. If

no white spots are formed on the wafer, then the development is completed. Otherwise,

the wafer is placed back in the solvent in order to continue development. After the

development is complete, the wafer is rinsed with isopropanol in order to remove

any remaining debris or solvent. The isopropanol on the wafer is blown away using

pressurized nitrogen and then the wafer is inspected under a light microscope to check

if the features are nicely developed. One possible problem of the photoresist features

resides in the existence of cracks in the photoresist. These cracks may even destroy

small features of less than 10 µm. However, these cracks can be cured using a hard

baking process that can help anneal the photoresist and release the internal stresses.

Furthermore, this process also enhances the bonding between the silicon wafer and the

cured photoresist. For this final hard-bake step, the wafer is transferred to a preheated

hotplate 150 ◦C and kept for around 5 minutes until the cracks disappear.

7.2.2 The mask design

The mask designs were done in AutoCAD 2011; an example is given in Figure 7.1a

where its main components are: 1) a flow channel where a given solution can be

continuously exchanged such that it has always a constant solute concentration, 2)

two patterned rectangular pillars of 100 µm equally spaced at 25 µm that act like a

filter in the case of the particle-based membrane and as guiding motifs for the liquid

membrane, 3) a membrane channel where the final cast membrane will separate the

flow and the main chamber, 4) a main chamber where the colloidal suspension will

be investigated. Due to the large width and length of the chamber, some stabilizing

pillars are used in order to maintain the integrity of the chamber. The device can be

designed either symmetrical, thus having two sides as in Figure 7.1a, or asymmetrical,

as in Figure 7.4a. After the design was realized, we fitted 6 different devices on a 4’

wafer. The final prints were done by CAD/Art Services, Inc., USA where features down

to 10 µm can be printed accurately.
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7.2.3 Fabricating the PDMS microfluidic device

Using the patterned silicon master, an elastomeric device is produced through replica

molding [6] using PDMS (polydimethylsiloxane) that is capable of transferring all the

features from the mold. The PDMS is prepared by mixing silicone elastomer (Sylgard

184) and its curing agent with a weight ratio of 10:1. The mixture is homogenized using

a mixer (Thinky ARE-250 conditioning mixer) by mixing at 1500 rpm for 5 minutes and

then defoaming at 1200 rpm for 5 minutes. After the PDMS is well mixed, it is poured

on top of the silicon master, which is placed inside a Petri dish. Different heights of

the PDMS layer can be used, but for our experiments a height of around 2-3 mm was

chosen. As the mixing produces a lot of bubbles inside the elastomeric mixtures, the

Petri dish is placed under vacuum for around one hour in order to remove the trapped

bubbles that might destroy the features of the microfluidic device. Furthermore, the

Petri dish with the silicon mold and the bubble-free PDMS is then kept in an oven

(Heraeus) at 65 ◦C overnight, in order to allow the elastomeric mixture to fully cure.

The cured PDMS is then cut and peeled off from the silicon mold. The mold can

be re-used for creating further PDMS devices as it is not affected by the cutting and

pealing off of the elastomer. Furthermore, the inlet and outlet channels are punched

using a hole puncher. After punching these holes, the PDMS device is bonded to a

microscope glass slide. Both the PDMS and the glass slide have silicon oxygen bonds,

but they are not activated. In order to induce the bonding of the PDMS device to the

glass, both surfaces are treated with a corona discharger (Electrotechnic Products, Inc.

model BD-20), a process that is capable of creating a very strong bond. Furthermore,

the bonded PDMS device is kept in the oven at 65 ◦C overnight to further enhance the

bonding.

7.2.4 Diffusing membrane casting

The last step of fabrication of this desired device is the incorporation of an in-situ

selectively permeable membrane. The permeable membrane has to satisfy two main

functions: to block the flow of solution from the side channel to the main observation

chamber and to allow the ions from the solution to diffuse through. To achieve this, we

used two different approaches:

The first type of membrane is based on closely packed colloidal particles. The

closely packed membrane is fabricated by flowing Toyopearls Particles (Tosoh Bioscience

GmbH, used for size-exclusion chromatography), dispersed in a solution of 0.2% wt

of triton X-100 surfactant in a 1:1 mixture of ethanol and water into the membrane

chamber (Figure 7.1a). Particles remain in the membrane chamber during this process,

as at all possible outlets, filters are present, which are created by a regular pattern of

rectangular silicon pillars evenly spaced by 25 µm. In order to achieve an optimized
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packing of the particles there are two additional surfactant solutions flown on both

sides of the membrane, which focus the total flow towards the outlet of the membrane

channel. This approach solves the problems of mismatch between surface tension and

clogging of particles, thus creating a well packed solid particle membrane (Figure 7.2).

The second type of membrane is based on the gelation of a low-temperature agarose

(Agarose type VII, Sigma Aldrich) solution inside the membrane chamber. A 2% wt

agarose solution was homogenized and heated up to 95 ◦ C for 20 minutes in order to

completely dissolve the agarose. The solution is then cooled down to 60 ◦C. This high

temperature solution is driven inside the membrane channel of the device, pre-heated for

3 minutes at 40 ◦C, and by the help of surface tension and the geometrical constraints

of the design, the solution is confined in the membrane chamber. After the membrane

channel is filled completely, the device is placed on an ice-chilled surface in order to

reduce the temperature inside the device. The heated solution that was transparent

and liquid at 60 ◦C, becomes an opaque gel when cooled at temperatures lower than

the gel point of 27 ◦C. The device was kept 10 minutes on the ice-chilled surface, after

which the flow channel and the main chambers are filled with Milli-Q water and all

the inlets and outlets are closed. This protocol provides an ion-permeable membrane

that remains perfectly tight to bulk flow for around 2 hours, a decent time interval for

studying the diffusiophoresis effects inside this device.

7.3 Results and discussion

7.3.1 Existing methods for creating concentration gradients

Chemical gradients have been generated and investigated mainly for biological

processes, as they have been shown to be important in the “development, inflammation,

wound healing, and cancer metastasis” [11]. Most of the chemotaxis studies were focused

on creating gradients that can be easily predicted and that mimic the chemical species

present in vivo, such that the relevant chemotaxis response is captured and quantified.

A very comprehensive review regarding the chemical gradient-generating methods used

in biology was done by Keenan et al. [11]. This review considered many types of

gradient-generators that were split in two main classes: traditional and microfluidic

methods. In the following, we will summarize the most important methods from these

two main classes and their main features.

Traditional methods

The most common of these traditional methods used to expose the cell to a

concentration gradient are based on: Boyden Chamber [12], micropipettes [13],
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biological hydrogels [14], Zigmond chamber [15] and Dunn chamber [16]. The first three

methods exhibit an evolving gradient, while the last two exhibit a stable gradient for

short time scales. These traditional methods have provided a lot of valuable information,

as they were capable of screening new biomolecules, identifying their chemoattractant or

chemorepellent behavior and understanding the underlying mechanism of the behavior

of cells when exposed to various chemicals [17]. However, these methods are limited, as

the exact space-time distribution of concentration cannot be controlled that precisely.

So, in order to understand the true characteristics of physiologically relevant gradients

and how their development in time affects the cell responses, a well-defined temporal

and spatial distribution is needed. Indeed, by using microfluidic systems, chemical

gradients in vitro can be controlled precisely and in a reproducible fashion.

Microfluidic devices

Microfluidic devices offer an increased temporal and spatial gradient control, which

could be very useful for understanding in more detail how concentration and gradient

profiles of various chemicals influence the cell response. The use of microfluidics in

understanding cell behavior has been developed as a consequence of the recent boom

in the microelectronics industry, which lead to a variety of fabrications tools and

methods for creating very high precision micron-sized features on various substrates

at relatively low cost. Compared to the traditional methods, microfabrication allowed

the development of well-defined micron-size chambers in which the gradient can be

easily predicted and the system can be well reproduced. For these reasons, the number

of microfluidic methods capable of generating gradients is larger than for the traditional

methods. These gradient generator systems were categorized by Keenan [11] in 4

different subclasses: substrate-bound, time-evolving, parallel-flow and flow-resistive,

which we will briefly discuss below.

The substrate-bound gradient generators are based on selective adsorbtion or

tethering of biomolecules to the cell culture surface. There are two main methods

using this technique: depletion gradients [18] and micropatterned gradients [19]. These

techniques are robust because the surface-attached gradients are stable, thus the

response of the cell can be easily quantified. However, as the biomolecules are bound

to the surface, their functionality can be affected by a partial protein denaturation or

even steric hindrance.

Time-evolving gradient generators consist of devices in which gradients evolve in

space and time, since there is no active control over the chemical distribution. There

are three main methods: nanopore gradient generator [20], microvalve chemotaxis

device [21], microfluidic multi-injector [22]. In these methods the gradients are governed

only by the diffusion coefficient of the chemical substance and the geometry of the

device. Although the gradient is only present for a limited time, these passive gradient
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generators create a well-defined gradient that can also be readily modeled and predicted.

Parallel-flow gradient generators are based on the laminar flow present inside

microfluidic devices, thus there is no convective mixing. When two fluid streams are

flown in parallel, the only way in which they mix is through diffusion perpendicular

to the direction of the flow. There are three main methods for creating this type of

generator: T-sensor [23], premixer gradient generator [24] and “universal” gradient

generator [25]. These methods create a stable chemical gradient which depends on the

composition and the flow rates of the two parallel flows and also on the time of contact

between the two streams. Although these techniques are able to create and maintain a

large variety of gradients shapes, they are sensitive to any flow rate variation and also

they consume a large amount of chemicals, which is usually a problem for biological

samples.

The last main subclass of microfluidic methods used in biology is represented by

flow-resistive gradient generators, which use high flow resistance elements between

a source and a sink, such that only the diffusion mass transport is responsible for

creating chemical gradients. The two most common methodologies involve either

using a permeable hydrogel-based membrane (hydrogel-capped arbitrary gradient

generator [26] and hydrogel membrane gradient generator [27]) or using small slits

(microjets device [28]) or microchannels (cross channel gradient generators [29]). The

advantages of these methods lie in the fact that the flow is lacking in the gradient

chambers, so the cells are not sheared and the devices are easy to construct. However,

these methods consume more reagent than traditional methods and if complex gradient

profiles are needed they are difficult to construct.

Besides this variety of choices of gradient-generators used in biology there are

also a limited number of papers that study diffusiophoresis. In these studies,

microfluidic devices were used that were either parallel-flow gradient generators [1, 30]

or flow-resistive gradient generators [31].

7.3.2 Microfluidic devices with cast membranes

Our approach for creating well-defined chemical gradients combines a time-evolving

gradient generator with a flow-resistive gradient generator. We can achieve this

combination by fabricating a microfluidic device that has three main components as

seen in Figure 7.1a: a flow channel that will act as a constant chemical source, a high

flow resistance element that is cast in the membrane channel and a main chamber

with stationary solution. The chemical gradient achieved is dynamical, as the flowing

solution acts a source/drain of chemical species able to diffuse through the membrane.

The corresponding diffusion problem is represented by a semi-infinite constant source

diffusion that can be solved analytically; the time- and space-dependent concentration
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profiles can thus be readily predicted.

These devices are fabricated in two main processing steps: First, a device lacking

a membrane is fabricated. In a second step, a permeable membrane is integrated

into this device in situ. While the first step is straightforward and can be carried

out using standard soft lithography techniques, the second step is more challenging;

it is still unclear which methods are best suited for such an in situ creation of a

permeable membrane. We have therefore chosen two different approaches for creating

such membranes.
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Figure 7.1. a) AutoCAD drawing of the mask design used in the experiments of
particle-based membranes. b) Magnification of the design so that both the filter geometry and
the three chambers (flow, membrane and main) are visible; the ceiling of the main chamber
is kept from collapsing by supporting pillars.

Particle-based membranes

The first approach uses packings of hard spheres at a high volume fraction as a

membrane layer; the high fluid resistance of this layer results in a low net flow into

the main chamber, while still allowing ions to diffuse through the pores of the particle

packing. As described in the Materials and methods section, to produce this layer, a

particle suspension is flown into the membrane channel, where the pillars at the edge of

the chamber act as a filter for the particles, forcing them to remain inside the channel

and pack up to high densities.

The simplest approach is to directly flow the suspension of Toyo particles into the

membrane channel. However, applying this simplest protocol results in serious clogging

problems: the Toyo particles, while flowing in the channel, tend to move to the edges of

the membrane chamber and get clogged between the pillars, thus blocking the particles

behind them.



118 Chapter 7

This effect can be suppressed by using a co-flow approach, where we apply flow from

side channel, membrane channel as well as the main chamber. The flow originating

from these three channels is then focussed to the outlet of the membrane channel. This

approach partially solves the clogging problem as particles remain close to the center of

the membrane channel, thus preventing them to become clogged in the filter. However,

this approach is not straightforward as the pressures from both sides are difficult to

keep constant and as a result some gaps in the produced membrane layers remain.

These observed inhomogeneities in the layer structure might also partly be caused by

the sedimentation of particles, which due to the relatively large size of the particles

proceeds rapidly. Particles thus accumulate at the bottom of the channel, thereby

causing blockage of the particles behind them.

Therefore, in order to use the rapid sedimentation of the particles to our advantage

and thus prevent clogging, the microfluidic device is placed vertically, such that gravity

will act along the flow direction in the channel. To further reduce clogging, the device

was vibrated such that the particles are able to rearrange, which should optimize the

packing. This approach indeed yields better results than the previous protocols and is

thus used in all further experiments.

Another effect that may counteract the formation of well-packed membranes might

be the aggregation of the particles on the PDMS surface due to hydrophobic forces.

Both the Toyo particles and the PDMS exhibit hydrophobic surface properties; this

leads to aggregation of the particles at the PDMS surface, which minimizes the particle

surface area that is exposed to water. To minimize such hydrophobic interactions, a

surfactant was used to make the Toyo particles hydrophilic, thereby reducing the chance

of sticking to the PDMS. The particle solution was prepared with 0.2% wt of triton

X-100. Indeed, for particles treated by this method, clogging was no longer observed.

The only inhomogeneities remaining in the formed layers were caused by small gas

bubbles present in the channel. Apart from this, a perfectly homogeneous packing of

particles was obtained.

Figure 7.2. Particle-based membrane with homogeneous packing of particles within the
membrane chamber. Toyo particles with an average diameter of 70 µm are used.

Beside the use of a surfactant, the water can be mixed with ethanol, in order to

improve the wetting properties of the solution on PDMS. With this last improvement,

the membrane was cast as described in the methods section, showing a perfectly

homogeneous and dense packing of particles, as shown in Figure 7.2.



Chapter 7 119

Using this membrane we have performed experiments to check if well-defined,

regular concentration gradients can be achieved. To quantify the development of these

gradients, a gradient in solution pH is created within the chamber by flowing two

different solutions into the flow and main chambers: in the flow channel, an alkaline

solution (pH=10) and in the main chamber an acidic solution (pH=3) is used. A

universal indicator solution pH 3-10 (Fluka Analytical), which changes its color from

orange at pH=3 up to green at pH=7 and up to purple at pH=10 was used to visualize

the pH distribution inside the microfluidic device. This enables us to quantify the pH

inside the cell at any given position. Two consecutive images are presented in order

to visualize the pH profile before the two solutions came into contact and 5 minutes

after contact, as shown in Figures 7.3a and 7.3b. Although there is a faint change in

color near the particle-based membrane and in the lower left corner of the image, we

are not readily able to quantify the change in pH from these images. For this reason a

new image is generated by calculating the difference between the two images using the

open-source ImageJ software. This difference image, shown in Figure 7.3c, highlights

the changes that have occurred within the 5 minutes that the pH difference between

the flow channel and the main channel was applied. This image clearly shows that the

membrane did not create enough resistance for the flow in the flow channel, thus causing

direct penetration of fluid from the flow channel into the main chamber.

(a) (b) (c) (d)

Figure 7.3. pH distribution inside a microfluidic device with a packed particle membrane
where an alkaline solution is flown at 1 µm/s in the side channel and in the main chamber
an acidic solution is present, as a function on time: t=0 min (a), t=5 min (b). The pH dye
used is orange at low pH and gradually changing towards purple at higher pH. For better
visualization the image resulting from the difference of the images at t=0 min and t=5 min is
computed (c). The image resulting from the difference of the images at t=0 min and t=5 min
is also computed for a microfluidic device that lacks a particle membrane (d).

This lack of resistance is further illustrated by, as a comparison, characterizing

the flow profile for a microfluidic device without any membrane layers. Comparing

the difference images obtained for devices with and without particle membrane layer
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Figures 7.3c and 7.3d, very little difference is observed, showing that the packed bed

of particles did not create enough resistance for the flow. We can attribute this failure

in generating a high resistance membrane to the fact that the membrane channel has a

height of 100 µm, while the Toyo particles have average diameter of 60 µm. Thus, most

likely there is only one particle sitting inside the channel at a given position, leaving

an opening of 40 µm. While reducing the size of particles used should circumvent this

problem, the particles should still be large enough to be efficiently blocked by the pillar

filters; however, using standard soft lithography, such filters are difficult to produce at

sizes smaller than around 10-20 µm.

In further attempts to prevent these leakage problems, other types of particles

were used. We have tried to cast the particle-based membranes by using

poly(N-isopropylacrylamide) microgels, which change their volume as a function of

temperature. In this approach we tried to flow in particles in their collapsed state by

heating the device to 40 ◦C, where the particle diameter should be below 100 µm. When

the membrane is fully packed, we can cool down the devices, which allows the particles

to swell. However, even in their collapsed state, the particles were still too large to

enter the channel, so this approach was completely unsuccessful. Other particles such

as polyacryamide microgels with a mean size of 70 µm were tested using the same

protocol. However, in this case the particles were too soft, so they were easily deformed

and pushed through the filters and therefore no particles were captured in the membrane

channel.

In summary, while this particle-based method appears promising as a simple method

to create high resistance membranes, there are a lot of challenges that need to be

addressed before being able to use these microfluidic devices as gradient generators.

Firstly, the dimension of the particles and of the membrane channel have to be optimized

such that a highly packed particle membrane is achieved.

Agarose biocompatible membranes

A more robust method for creating an in situ high resistant flow element inside the

microfluidic device is the direct casting of membranes that fully occupy the channel,

so the obtained flow resistance will be maximized. However, as the membrane is

created after the fabrication of the microfluidic device, a way of transporting and

placing the membrane only in its desired chamber is needed. A key difficulty in this

approach are the small dimensions of the membrane channel, which are h=100 µm

and w=350 µm. Thus, in order to create a solid membrane, a promising possibility is

the use of a material that can change from a liquid to a solid in response to external

stimuli. The simplest class of such materials are gel-forming substances that change

their state as a function of temperature, as for instance gelatine or agarose. For our

experiments, agarose was used; it is commercially available at high purity, biocompatible
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and has similar diffusivity properties for most solutes to those in water. Agarose is

also extensively employed in electrophoresis [32], where it is used to separate DNA or

proteins. Considering its multitude of applications, a wide range of agarose types are

commercially available. For the current Chapter, two different types of agarose were

used: “agarose for electrophoresis” (Sigma Aldrich), which has a gel point at around

36 ◦C and “agarose gel type VII” (Sigma Aldrich), which has a lower gel point at around

27 ◦C.

As explained earlier in the Materials and methods section, a 2 wt% agarose solution

was first heated to 95 ◦C to dissolve and then cooled to 60 ◦C. The microfluidic devices

were also heated to 60 ◦C in order to prevent any gel formation while flowing the liquid

inside the microfluidic device. However, when the “agarose for electrophoresis” solution

was used, filling of the membrane chamber failed as it either stopped before reaching

the channel or, if it did reach the membrane channel, spread into the middle chamber,

thereby ruining the device. This happened as a result of the sequence of steps that were

used for manipulating the high temperature solution (the solution gelled instantly in

the metal needle or in the short plastic tube connected to the device which was used

for transferring the solution). This filling problem was solved by using the second type

of agarose, exhibiting a lower gel point. This agarose solution was easily transferred to

the microfluidic device into the desired chamber without migrating to other regions of

the device during filling.

However, in order to control the exact position of the fluid inside the microfluidic

device, the shape of meniscus, the wetting properties of the solution as well as a control

of the flow resistances inside the microfluidic device has to be taken into account. The

most important feature of our microfluidic device is the presence of the filters created

by a regular pattern of square PDMS pillars (l=100 µm) evenly spaced by 25 µm.

When the flow of the agarose solution reaches these pillars, the meniscus is positioned

perpendicular to the pillars. Another important fact is that the small gaps in between

pillars have a higher resistance to flow compared to the outlet of the membrane channel,

thus the fluid will choose the less resistive path. The combination of the high energy to

deform the meniscus with the less resistive path keeps the fluid flow between the filters

at the sides of the chamber. While in the first designs 3 layers of pillars were used as a

precaution step to prevent any fluid passing the first layer and contaminating the side

chambers, we have subsequently observed that even one layer of pillars is sufficient to

perfectly position the membrane. The 3 layers of pillars have the disadvantage that

bubbles are frequently captured in between the liquid in the main chamber and the

membrane channel, which hinders the diffusion of solutes. We therefore used a design

with a single row of pillars as our standard device for further experiments; the AutoCAD

design of this single-row device is shown in Figure 7.4.

However, even with this modification to single pillar filters, the entrapment of bubbles

within the device remained an important challenge. The occurence of these problems
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Figure 7.4. a) AutoCAD drawing of the mask design used in the experiments of agarose
based membranes. b) Magnification of the design so that both the filter geometry and the
three chambers (flow, membrane and main) are visible; the ceiling of the main chamber is
kept from collapsing by supporting pillars.

was related to the shape of the main chamber as well the positioning of the corresponding

fluid in- and outlets. The shape of the main chamber should be rectangular in order to

simplify the diffusion problem; however, the in- and outlets can be placed in different

positions. Initially, we had placed both the inlet and the outlet in the middle of

the chamber; this created trapped bubbles in the corners of the rectangular chamber.

Usually, bubbles are not a problem in PDMS devices, as the PDMS material is gas

permeable, so by simply applying some pressure on the solution the bubbles are removed.

However, our agarose membrane cannot withstand an increase in pressure, so a change in

design was needed. In addition, a system that can replicate our Nafion-based system was

desired, so that the diffusiophoretic experiments can be performed in a more controlled

fashion. These combined requirements led to a new mask design, shown in Figure 7.4.

In this design, three main modification were made: 1) incorporating a filter with only

one layer of pillars, 2) widening the flow channel, such that in a case of small penetration

of membrane into this chamber the flow will not be affected, 3) modifying the inlet and

outlet positions such that the main chamber can be filled without creating trapped

bubbles within the main chamber.

To test these devices, the agarose solution was again transferred into the devices,

using the main processing steps mentioned above. As mentioned before, when cooling

the homogenized agarose solution to temperatures lower than 27 ◦C, the solution

changed from a liquid to a gel. Indeed, when the solution is cooled down slowly from

60 ◦C, a membrane is formed inside the desired channel. However, when trying to check

if the membrane is fully closing the gap in between the flow channel and the main

chamber, it appears that a fluid flow penetrating into the main chamber still remains,

similar to the case of particle-based membranes.

A possible explanation for this unexpected behavior might be a deswelling of the

gel as it might dry out while waiting for the system to cool or even being left standing



Chapter 7 123

overnight. In order to test this hypothesis, an experiment was conducted to compare the

behavior of agarose gels in two different vials containing solution of 2% wt agarose. One

of the solutions was kept in contact with air, while the other agarose solution was covered

initially with ice-cold water, as shown in Figure 7.5a. The two vials were monitored

for more than a week in order to check for any influences of the environment on the

development of the agarose gels. As seen in Figure 7.5b, after a week from the starting

of the experiment, the agarose gel that was directly exposed to air shrunk considerably

compared to the one exposed to water. Also, when investigating the level of the agarose

gel exposed to water after 1 h from the setting of the membrane (Figure 7.5a), there was

almost no change; furthermore, the same was true even after a week from the setting

of the membrane (Figure 7.5b). In order to obtain more detailed information about

these two processes, the images were analyzed by measuring the meniscus position as

a function of time for both agarose samples (Figure 7.5c). The agarose exposed to

air shrunk approximately linearly in time at a rate of 30 µm/h (red circles), while the

agarose kept under water did not change its size over a period of a week. From this

observation, we conclude that the agarose gel has to be exposed to water solutions as

soon as possible to prevent any drying of the structures. For this reason, the time of

setting the membrane should be reduced to a minimum, as only after the membrane

has gelled, water can be injected to surround the membrane.
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Figure 7.5. Shrinking of agarose gel samples kept in contact with air (left) and water (right)
as a function of time: 1 hour (a), 1 week (b). The shrinkage is quantified (c) by analysing the
meniscus height as a function of time for the uncovered gel (red circles) and the gel covered
with water (blue circles).

A quick way to reduce the temperature of the device is to transfer it from the hot

plate set at 60 ◦C onto an ice-cold surface. Although this process should induce gelation

faster, there is a new problem appearing for our microfluidic devices, which is presented

as a sequence in Figure 7.6. When monitoring the membrane while it is setting inside

its desired channel (Figure 7.6a), there is a sudden spread of the agarose solution in
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the middle chamber as a function of time. This was very surprising as there is no

applied pressure inside the device that might explain this behavior, which occurred

in reproducible fashion. One proposed solution was to reduce the temperature of the

device, which should also decrease the temperature difference between the device and

the icy-cold surface. Indeed, when the device was only preheated at 40 ◦C, it was easily

filled in the desired channel without any spreading, and there was no more agarose gel

solution appearing in the main chamber when the device was cooled fast.

(a) (b) (c) (d)

Figure 7.6. Spread of the agarose liquid inside the main chamber when the device is heated
at 60 ◦ C and then placed on an ice-cooled surface, as a function of time: t=30 s (a), t=60 s
(b), t=90 s (c) and t=120 s (d).

Using these improved devices where gelation was induced by rapid cooling, we

performed experiments to optimize the time at which the membrane is exposed to

the water solution, in order to prevent drying out of the membrane. Compared to the

shrinking experiments, here the membrane is exposed on two sides directly to air and

on another indirectly through the gas permeable PDMS layer. As shown in Figure 7.7,

bubbles are forming inside the membrane almost directly after the moment of contact.

The membrane seems to keep its integrity fully for a period of around 4 minutes, after

which some bubbles appear and grow in time. The drying out was faster than expected,

so a new set of experiments were performed to elucidate if a membrane set by this

sequence of steps is stable after 5 minutes from the moment of contact with the chilled

surface. Indeed, this limited time is enough to strengthen the membrane to withstand

exposure to water in the flow channel and main chamber.

Using these optimized, stable membranes, the flow resistance of the agarose

membrane was investigated as a function of time. This type of agarose membranes

works as intended for a period of more than one hour, as shown in Figure 7.8. In order to

study the time dependence, a pH dye solution similar to that used for the particle-based

membrane was flown through the channel. At the beginning, right after contact, the

dye solution is present only in the flow channel (Figure 7.8a). As time passes, the

dye molecules start to diffuse through the membrane, coloring the membrane and later

starting to faintly color the solution. Although there was a small bubble trapped in the

main chamber, this did not affect the integrity of the membrane, the only visible effect

was that more colored solution was transported towards the bubble. Even after 1 hour
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(a) (b) (c) (d)

Figure 7.7. Development of bubble inclusion inside the agarose membrane from the moment
of setting the membrane, as a function of time: t=2 min (a), t=4 min (b), t=6 min (c) and
t=8 min (d).

there is no direct flow emerging inside the main chamber. This set of experiments offer

a good indication that our optimized device indeed behaves as desired, even though it

is for a limited amount of time of 1 to 2 hours.

(a) (b) (c) (d)

Figure 7.8. pH dye molecules diffusion transport through the optimized agarose membrane,
as a function of time: t=0 min (a), t=5 min (b), t=30 min (c) and t=60 min (d).

7.4 Transporting particles in microfluidic devices

with gel-based cast membranes - proof of

principle

As in our optimized devices, the cast membrane was successful in blocking the main

flow from the side channel in the main chamber for more than 1 hour, these devices can

now be used in experiments for creating concentration gradients. Given our previous

focus in this thesis on the phenomenon of diffusiophoresis, we used these devices in a

proof of principle test to illustrate that diffusiophoresis can be studied in this type of

device. As the main phenomena associated with diffusiophoresis studied in this Thesis
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was the creation of an exclusion zone, the aim of using these microfluidic devices will

be to reproduce this effect, but this time the concentration gradient should be better

controlled. For this reason, the main chamber of the device was filled with a polystyrene

(PS) suspension in 1 mM NaCl solution; the solution flown in the side channel was

Milli-Q water. This experimental setup creates a concentration gradient inside the

main chamber with lower salt concentration starting near the agarose membrane. As

seen from Chapter 4, the colloidal particle will feel a diffusiophoretic force that drives

the particles towards regions with higher salt concentrations. Indeed, we observe the

same type of phenomenon in the current setup, as shown in Figure 7.9. However, the

exclusion zone formation is not able to create the same well-defined band of concentrated

particles as seen in Chapters 4 and 5, where the device is imaged in a vertical setup.

This experiment still has to be improved in order to obtain the same type of profile, but

it offers a good indication that indeed exclusion zones are formed when concentration

gradients are created using microfluidic devices that incorporate permeable membranes.

(a) (b) (c) (d)

Figure 7.9. Kinetics of exclusion zone formation in a vertical setup. Snapshots from a
movie of the sample (polystyrene particle suspension in a 1 mM NaCl solution in the main
chamber) at different times after starting to flow Milli-Q water on the other side of the agarose
membrane: t=0 min (a), t=20 min (b), t=40 min (c) and t=60 min (d)

Moreover, in the experiment where the solution in the main chamber is PS suspension

in Milli-Q water and the 1 mM solution of NaCl solution is flown in the side channel,

a phenomenon exactly opposite to exclusion zone formation is observed. As shown in

Figure 7.10, in this case particles move towards the membrane layer, where they are

deposited at the interface. This is a strong indication that the process can be tuned by

changing the concentration gradients inside the microfluidic device. However, due to

the problems with fabricating the microfluidic devices, the number of experiments to

study diffusiophoresis were limited. For this reason, these experiments are shown here

only as a proof of principle and not as a systematic set of experiments.
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(a) (b) (c) (d)

Figure 7.10. Kinetics of deposition of the PS particles on the membrane in a vertical setup.
Snapshots from a movie of the sample (polystyrene particle suspension in Milli-Q water in the
main chamber) at different times after starting the flow of a 1 mM NaCl solution on the other
side of the agarose membrane: t=0 min (a), t=20 min (b), t=40 min (c) and t=60 min (d).

7.5 Conclusions

We have successfully designed and fabricated a new type of microfluidic device

capable of creating controlled chemical gradients. By combining a two-step process, we

were able to take advantage of both the flow conditions in the microfluidic device, which

creates a constant source of ionic species, and the presence of flow-resistant membranes,

to create devices where a concentration gradient develops due to only diffusion and

not convection. Although we tested two different approaches - one based on particles

and one on agarose, only the latter was successful in creating the desired concentration

gradients. However, both approaches could potentially provide suitable devices if more

optimizations were performed.

Casting a liquid membrane inside a microfluidic device by using guiding pillars is a

new method that might be useful in many more applications than those shown here.

By using a gel-forming substance we were able to start from a solution and reach a

solid material in selected regions of the device. One of the main features that still has

to be improved is the viability of the membrane, which is limited to less than an two

hours. Gel-forming materials that can be cross-linked by UV may offer a solution to

this problem.

Also, by using our optimized microfluidic devices we have presented a proof of

principle for controlled concentration gradients in microfluidic devices being able to

drive particles over long distances. More experiments need to be performed to gain a

deeper understanding of the diffusiophoretic effect; devices of this kind should prove

useful in doing so. Moreover, these devices can also be potentially useful for biological

chemotaxis experiments. There is a subtle indication that biological chemotaxis and

diffusiophoresis might be related in the fact that both forces have been observed to scale

with ∇ logC = ∇C/C, where only relative changes in concentration are relevant. The
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results of this chapter suggest that indeed microfluidic devices might be a powerful

tool for studying both inert and biologically active materials in a well-controlled

environment, possibly leading to new breakthroughs in the fields of chemotaxis and

diffusiophoresis.
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Chapter eight

Conclusions and outlook

8.1 Conclusions

Suspensions of small particles, or so-called colloids, are important in a wide range of

products and technologies that we encounter every day. Examples of colloids include

milk, inks and cosmetic products. The study of colloids has traditionally focused

on simple systems of hard particles of spherical shape, which experience isotropic

interactions such as electrostatic or van der Waals forces. However, colloidal materials

encountered in real-world applications are generally more complex: particles can be soft

and deformable and are generally non-spherical in shape; similarly, interactions are not

always isotropic. Thus, in order to predict and control the behavior of these materials,

a deeper understanding of colloidal systems beyond these simple model materials is

necessary. In this thesis, more complex colloidal systems were investigated; the aspects

in which deviate from the simple model systems traditionally investigated in colloid

science are detailed below.

• Soft particles (Chapter 2) We studied the behavior of ultrasoft particles as

a function of concentration and shown it is qualitatively different from the

one observed for suspensions of hard particles. In particular, the viscoelastic

behavior of these materials remains purely liquid-like up to surprisingly large

concentrations, 15 times above the concentration where particles first become

densely packed. This behavior was studied in detail using particle tracking

microrheology measurements, demonstrating the surprising absence of any

elastic-like features in the response of these materials.

• Nonspherical particles (Chapter 3) We presented a method for producing highly

uniform particles of oblate ellipsoidal shapes. Our method is an extension of
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one previously developed for elongated (prolate) ellipsoids, based on embedding

spherical particles in a flexible matrix material. By heating films of these

materials above the glass transition temperature of the particles, stretching of

these films and subsequent cooling, particles of well defined, non-spherical shape

are obtained. In our method we used a newly developed, home-built device for

biaxially stretching our films, to obtain oblate ellipsoids of controlled shape and

uniform shape distribution. In addition, we optimized the procedure to enable

the processing of fluorescent particles, by minimizing the exposure of the particles

to high temperatures, thereby limiting the loss of fluorescence caused by these

conditions.

• Particles under the influence of directional interactions (Chapters 4–7) We studied

in detail the effect of “exclusion zone” (EZ) formation, which occurs as the result

of highly directional interactions between an interface and particles in a colloidal

suspension. This phenomenon has been observed in a wide range of fields, but a

clear-cut physical explanation of the effect has been lacking. In our experiments

on a model system exhibiting this effect, we established a physical explanation for

the latter, showing that it is the result of ion-exchange at the surface, combined

with directional, diffusiophoretic forces acting on the particles.

We also studied in detail the effects of these forces and their interplay with

gravity (Chapter 5) and with diffusio-osmotic driving forces (Chapter 6), which

result in a rich range of flow instabilities in suspensions exhibiting EZ formation.

Furthermore, because of the wide range of fields in which this type of force is

present, we have developed microfluidic devices in which well-defined chemical

gradients can be created (Chapter 7). In order to replicate similar conditions

with the one in the capillary setup, we chose a silicon-based microfluidic device in

which an ionic separation membrane is cast inside after its fabrication. Using this

setup we have shown that both a repulsion and an attractive force can be created.

8.2 Outlook

The experimental work presented in this Thesis provides a good starting point for

further studies that involve complex interactions in colloids. There are many issues

remaining to be studied in more detail even for the examples studied in this thesis.

Furthermore, many other interactions might need more investigation as they are still

not fully understood. For this reason we will address each of these types of interaction

separately.
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8.2.1 Soft particles

Although microgels were first synthesized in the 1930s [1], they received more

attention at the end of the 20th century. This resulted from their property to change

their volume due to an external stimulus, which was very appealing for both drug

delivery systems and other practical applications, but also for the researchers interested

in understanding fundamental questions, as they could modify the volume fraction of

the system quite simply. Although the number of studies has greatly increased in the

last 10 years and complex microgels were synthesized (like microgels with three different

transitions that react to different stimuli or core shell particles where the core is hard

and the shell is made of soft microgels), there are still a lot of questions unanswered even

for the simplest microgel systems. As shown in Chapter 2, we have observed a surprising

behavior: when ultrasoft particles where concentrated well above the concentration of

random close packing of hard spheres, they still behaved as a Newtonian liquid. Even

for this system, there is still not a full understanding of why there is no elastic onset

even at ζ=70 considering that at ζ=125 the microgels are in their fully collapsed states.

As a recommendation, a systematic study for ultrasoft particles with cross-link densities

ranging from 0.2% up to 0.5% is necessary in order to shed more light on why these

systems behave so differently.

Other opportunities present themselves in the new field of anisotropic core-shell

particles, which can change their shape so that they can be anisotropic in the collapsed

state while in the swollen state they can become more isotropic, as the dangling chains

will try to occupy more volume around them. Another new possibility might be to

incorporate some supramolecular chains that are bonded to the shell of the microgels,

which normally maintain their spherical integrity, but when are packed can bind to

other microgels or anchor to other types of hard particles, thus creating a well-defined

stable network. This might be similar to a composite material, combining the properties

of both hard and soft particle systems.

Another possibility regarding core-shell particles might be the use of microgels for

both the core and the shell. More cross-linked microgels that react to a certain stimulus

can be used for the core, while for the shell ultrasoft microgels which react to a different

stimulus can be attached. Thus this system will have 4 individual states that can be

tuned as a function of the two stimuli: hard sphere where both the core and the shell

are collapsed, hard core - ultra soft shell, soft core - hard shell and a mixed soft core -

ultrasoft shell. Such a complex systems should exhibit a very rich phase behavior, which

is difficult to predict but potentially interesting.
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8.2.2 Nonspherical particles

Considering that most of the colloids found in nature are non-spherical,

understanding the influence of their shape on the properties of colloidal systems is

very important for the development of new applications that are based on bottom-up

fabrication techniques. One of the advantages of anisotropic shapes is observed even

when investigating the van-der-Waals force for two ellipsoids, which “tend to take such

an orientation that their longest or shortest axes are on a straight line” [2]. However, if

a stronger force in the order of several kT or even higher is induced, the interaction will

be even more directional, as shown in Chapter 3. A possible direction for investigating

these particles lies in the full understanding of their phase diagram, which should be

different from that of spherical particles; this could lead to new types of colloidal crystals

or arrested states.

Another interesting topic is the creation of Janus oblate ellipsoidal particles. The

Janus duality for anisotropical particles has already proven to create interesting

structures such as colloidal ribbons and rings [3]. Also, as indicated in the review

of Glotzer et al. [4], the combination of available shapes and functionalization methods

has already led to a large number of systems that cannot be screened adequately only

through experimental approaches. Although some interesting structures still need to

be experimentally tested, most of them should be investigated by a combination of

simulation and key experimental validation.

8.2.3 Particles under the influence of directional interactions

In order to create directional iterations in colloidal suspensions, an external field

(either electric or magnetic) is usually applied. This method is already used for

manipulating particles, such as separation and enhanced mixing, but they require an

external intervention. However, as shown in Chapter 4, there are a lot of classes of

materials that can manipulate particles over long distances even in the absence of

external fields. This opens up new possibilities for materials that prohibit bacterial

growth, that enhance cell growth, or that can sort particles or cells. Also, as the world

is becoming more polluted and natural resources are limited, new methods are needed in

order to purify water in remote areas. Additionally, smart-particles like self-propelled

particles which are able to move in concentration gradients have lately gained a lot

of attention. In order to better control these forces which are due to concentration

gradients, we need methods which can generate well-defined concentration gradients

and can also be applied to both simple colloidal particles and cells.

One of the other possibilities for further studies is to try to find if there is any

possible link between diffusiophoresis and chemotaxis, as they have both been observed

to follow the same type of scaling with ∇ logC = ∇C/C, which is rather surprising.
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Despite the fact that the cell is a very complex system, due to its chemosensory motifs

and its preferential behavior towards energetic foods, there might be a fundamental link

between these two forces.

8.2.4 Tunable interactions

Another type of system that was not investigated in this thesis are colloidal particles

that are functionalized to have two states (one repulsive and one attractive) under only

a small change in external stimuli. A simple way to create such particles is to coat

their surface with motifs that can bind together non-covalently, leading to reversible

interactions. This approach takes into account only the interactions between particles.

However, another approach that was already demonstrated was to use a supramolecular

glue to bind particles in order to create novel free standing structures as bridges [5].

This technique can be extended by combining it with a microfluidic device capable of

creating concentration gradients to create materials with gradients in their mechanical

properties; such systems could be used to probe force waves at a micron level or even

failure propagation. A simple application of particles functionalized with host molecules

can be to capture toxic or radioactive ions. The host molecules are designed such that

they can have an affinity for a specific ion, while the colloids can be easily destabilized

and collected without any complicated separation.
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A. Materials used for fabricating oblate PMMA

particles

Poly(methyl methacrylate) (PMMA) fluorescent particles with a diameter of 3 µm

and plain PMMA particles with a diameter of 1 µm were synthesized by Andrew

Schofield (Edinburgh) using the method described in [1]. The fluorescent dye

7-nitrobenzo-2-oxa-1,3-diazol (NBD) was cross-linked to the polymer network inside

the particles instead of near the surface only; this minimizes the amount of charged

groups at the surface of the particles, while maintaining a high level of fluorescence. To

stabilize the particles against aggregation due to short-range van-der-Waals interactions,

the particles were covalently grafted with comb-like polymeric stabilizers which consist

of linear PMMA as the backbone and poly(12-hydroxy-stearic acid) (PHSA) as

the side-groups [2]. The materials used to prepare the PMMA ellipsoids were:

silanol terminated poly(dimethylsiloxane) (PDMS) (average Mn ∼ 110,000, viscosity

∼ 50,000 cSt), cross-linking agent (15-18%) methyl hydrodimethylsiloxane copolymer,

stannous octoate as the catalyst, and pentane, which is used in the initial particle

dispersion step to decrease the viscosity for a better mixing. Previous experiments have

used hexane for this step; however, for the thick films we are producing we find pentane

to produce better results, significantly reducing the formation of bubbles and other

inhomogeneities inside the films during drying. For recovering the particles a solution

of sodium methoxide in a mixture 25:75 isopropanol:hexane (v/v) was used. All the

chemicals besides the cross-linking agent were supplied by Sigma-Aldrich in the highest

purity and were used as received without further purification. The cross-linking agent

was purchased from ABCR and was used as received. To produce the PDMS films

with embedded particles, the samples were mixed, cast into teflon molds of circular
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profile and a diameter of 70 mm, and subsequently cross-linked. Teflon was chosen

as a material for the molds because of the stickiness of the PDMS, but also for its

chemical resistance, as pentane is used in the fabrication of the films. The in-house

stretching device consists of an aluminum plate that has 12 channels for driving the

clamps. These 12 clamps ensure that the stress is applied uniformly on the composite

film. The clamps are all connected to a lower plate that pulls them when the device is

used. The stretching process should be uniform both in terms of the applied stress and

the rate at which the lower plate is pulled. To control these parameters accurately, we

constructed our device with a screw that pushes on the base and enables an accurate

and uniform control over the rate and the extent of stretching applied to the sample.

We found that this method of stretching was more accurate and uniform than a process

where each clamp was displaced separately. The clamping process is very important for

the process because a tear or slip of the film can occur, ruining the film. The clamps are

exerting a stress and deformation on the film while closed, creating a local deformation

which during stretching can lead to the formation of cracks. For the heating processes,

an oven was used for curing the PDMS film and an oil bath was used for a fast heat

transfer to the film and the embedded particles.

B. Biaxial stretching of PMMA spheres

The PMMA particles (1 g) are dispersed in 8 g of pentane. This mixture is stirred

for 5 minutes to achieve a homogeneous dispersion of the particles. A quantity of

7.8 g PDMS, 0.365 g Stannous octoate, 5 g pentane and 0.110 g of cross-linking agent

(15-18%) methyl hydrodimethylsiloxane copolymer are added to the teflon mold. All the

components are mixed in order to create a homogenous mixture. The PMMA-pentane

mixture is then added to the Teflon mold. All the components are stirred for around 30

minutes until almost all the pentane is removed. The continuous stirring ensures that

the PMMA is uniformly distributed in the composite film. The mold is then transferred

to a desiccator that is connected to an oil vacuum pump. In this step, the pentane

left in the mix is removed, together with all the bubbles from mixing. The film is

kept under vacuum for 30 minutes until no more bubbles are seen on the surface of the

film. In order to obtain a uniform film height, the mold is then placed on a leveled

table. The mold is covered partially and is left for cross-linking overnight. This is a

crucial step - otherwise the films will have still several bubbles if put directly in the

oven for curing. These bubbles will affect the final yields and also the uniformity of the

particles. For a complete cross-linking of the films, the molds are put in the oven at

70 ◦C for 90 min. A film of around 2 mm thickness is obtained after demolding. The

film was cut with a circular blade in order to remove any rims at the edge that might

create ruptures through the film. The cut film is mounted on an aluminum stretching

apparatus designed and made specifically by the mechanical workshop at our university



Appendices 139

for a particle processing with high throughput. In order to produce a constant biaxial

stretching we have to create a uniform deformation in the whole film in both directions.

Our apparatus can produce a maximum stretching ratio of 2 in both directions, so a

maximum ratio L/D of 8. The films were stretched continuously using a uniform and

constant speed in order to prevent the rupture of the film. The stretching device with

the films was immersed in an oil bath heated at 190 ◦C for 10 min. After immersion,

the temperature of the oil drops to around 175 ◦C. At this temperature the particles

are above their Tg so they can deform. Through this process, the stresses induced in

the elastic PDMS matrix by stretching are reduced. After removing from the oven, the

films were quenched by immersion in cold water. After cooling, 20% of the exterior of

the film was rejected in order to remove the inhomogeneous stretching caused by the

clamping. The films were then cut into small pieces of several mm size that were added

into hexane in order to swell the elastomer. This mixture was allowed to rest for about

24 h in order to achieve a complete swelling. The swelling in hexane leads to an increase

of volume up to 2.5 times the initial volume, which turns the pieces of material from

a strong elastic solid into a weak gel. As a result, we were able to further break up

this swollen matrix by pressing it through a 1 mm sieve, thereby increasing the surface

area, in order to obtain a faster and more homogeneous etching. For the recovery of

the particles (etching process) we have used the following recipe: 2 g of dried PDMS

film, 41 g hexane, 14 g isopropyl alcohol, and 0.127 g sodium methoxide. The mixture

was magnetically stirred for 6 hours, which ensures that the elastomer is fully degraded

and a suspension is formed. In order to clean the particles, multiple washing steps were

performed. The PMMA particles can be separated by centrifugation at 3000 g. By

using a mixture of hexane/ isopropanol (4:1 v/v), we were able to remove the degrading

agents by repeating different washing steps. In each film stretching step, around 0.5 g

of oblate ellipsoids are produced.

C. Methods used to characterize oblate particles

Confocal laser scanning microscopy (CLSM)

The confocal setup used consisted of the following: laser (Omnichrome series 43) by

Melles Griot, microscope (Axiovert 200M) by Zeiss, filter unit (lambda 10-2) by Sutter,

scanner (CSU 10) by Wallac, camera (iXon+). The NBD dye was exited at 488 nm with

an Ag-Kr mixed gas laser. The Nipkow disk inside the scanning system has a physical

pinhole spacing of about 253 µm and pinhole radius of 25 µm. The main advantage

of using this multi-pinhole system is that it reduces the bleaching of the dyes, so fast

acquisition can be performed. To get a high resolution, a high aperture objective with

high magnification was used: 100x oil immersion objective (Plan-apochromat, NA 1.3).
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Scanning electron microscopy (SEM)

SEM and EDAX were performed on a Quanta 600F ESEM equipped with

Energy-dispersive X-ray spectrometer, after placing and evaporating a drop on the

surface of an aluminum stub covered with carbon tape. The measurements were

performed in low vacuum mode in order to prevent the charging of the polymer samples.

Dynamic light scattering (DLS)

Dynamic light scattering experiments were conducted using an ALV 5000 commercial

set-up for polarized scattering measurements. A Nd:YAG laser at 532 nm (Coherent,

Germany) was used as the light source. The dispersions were measured in dust-free

glass tubes of 10 mm diameter. The experimental normalized relaxation functions

f(q, t) of the dispersions in decalin were measured at different scattering angles. This

normalized function can be fitted with the cumulant analysis [3] and methods that give

the average relaxation rate. If the rate (Γ) is proportional to the characteristic length

q2, the slope yields the translational diffusion coefficient D =
Γ

q2
. For spheres, these

diffusion coefficients were transformed into hydrodynamic radii Rh =
kBT

6πηD
using the

Stokes-Einstein-Sutherland equations.

In the case of oblate ellipsoids the Perrin equations for ellipsoids of revolution can be

used. The diffusion coefficient can be related to the equivalent radii re of the spheres of

equal volume:

Dt(0) =
kBT

6πηre

A(p) , (9.1)

Dr(0) =
3kBT

16πηr3
e

B(p) , (9.2)

where p =
b

a
is the shape aspect ratio. A(p) and B(p) result from the angular and

rotational frictional factors [4, 5] and are given as

A(p) =
p2/3√
p2 − 1

arctan
(
p2 − 1

)
, (9.3)
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B(p) =
(2− p2)A(p)− 1

1− p4
. (9.4)

D. Sedimentation velocity of PS spheres

As mentioned in Chapter 4, we have preformed separate experiments in order to

quantify the sedimentation speed of the particles, without the presence of the Nafion

surface. Theoretically, the sedimentation velocity Vs of spheres in a Newtonian liquid

can be estimated by balancing the gravitational force Fg =
4π

3
r3(ρparticle − ρliquid) with

the viscous (Stokes) drag force FStokes = 6πηrVs, yielding

Vs =
2gr2 (ρparticle − ρliquid)

9η
, (9.5)

where r is the radius of the spheres, g - the gravitational acceleration, (ρparticle−ρliquid) ≈
0.05g/cm3 - the density difference between particle and liquid, and η - the viscosity of

the liquid. This results in an expected sedimentation velocity of Vs ≈ 27 nm/s, in

excellent agreement with the value obtained from a linear fit to the experimental data,

where we obtain a value of Vs ≈ 25 nm/s.

E. Influence of experimental conditions and artefacts

on the kinetics of EZ formation

Influence of the shape and size of the Nafion layer and of bubble

formation near the surface

The five independent experiments presented in Chapter 4 in Figure 4.4c were

measured on samples with equal salt concentrations cNaCl = 1 mM , using the same

illumination source and keeping the intensity constant. However, even as the same

procedure was used for creating the sample cells, some irreproducibility in the geometry

always remained. As seen in Figures 9.1a to 9.1e, where the left edge of the image

was aligned approximately to the position of the outer surface of the Nafion, both the

thickness as well as the surface shape of the Nafion layer inside the capillary exhibit

significant variations. Moreover, as seen in Figures 9.1f to 9.1j, gas bubbles eventually

appear close to the Nafion surface in some of the experiments; the exact origin of this

bubble formation is unclear.

Nevertheless, all these imperfections appear to only weakly affect the kinetics of
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exclusion zone formation, as demonstrated by the behavior seen in Figure 9.1, and the

detailed kinetics shown in Figure 4.4c. The kinetics of EZ formation thus appears to be

a remarkably robust process that is only weakly affected by these experimental artefacts.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 9.1. Five independent experiments at t = 5 min (top row, (a)-(e)) and t = 1 h
(bottom row, (f)-(j)) after contact with the Nafion surface. While the samples are prepared
in the same way (cNaCl = 1 mM, particle concentration cp = 0.04 mg/ml), artefacts and
imperfections occur in these experiments, such as the interface of the Nafion not being
completely flat, or gas bubbles appearing near the Nafion surface. However, the kinetics
of exclusion zone formation is not significantly affected by these experimental artefacts.

Possible influence of the intensity of light

Chai et al. [6] state that the light wavelength and intensity affect the size of the

exclusion zone formed near a Nafion surface. We did not systematically study the

possible effect of light intensity; for the experiments presented in Chapter 4 we have

used a single setup with constant illumination conditions. However, in the course of

our experiments, we have tested different experimental setups which employed different

illumination sources and optics. We have used the following three main setups and

associated illumination sources for imaging the samples:

• Zeiss condenser, NA 0.35, WD 70 mm, combined with Zeiss HAL 100 lamp

• Diffuser combined with a Photonic Leica CLS 100X Fiber Optic Light Source

Microscope Illuminator

• Motic condenser, NA 0.3, WD 30 mm, combined with a Olympus BH2 100

The main goal for the illumination in our experiments was to uniformly illuminate

the sample. This was achieved by creating a homogenous illumination zone bigger than
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the one observed in our field of view. The exclusion zone kinetics for experiments

using the different light conditions were performed for suspensions of 1 µm polystyrene

particles in a 1 mM NaCl aqueous solution. As seen in Figure 9.2a we could not detect

any significant changes in the kinetics of EZ formation as a result of changing the

illumination conditions. Furthermore the EZ distance as a function of time still shows

the characteristic square-root-of-time dependence (Figure 9.2b).
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Figure 9.2. a) EZ distance DEZ as a function of time, plotted for three different illuminations
(red circles - Zeiss condensor and lamp, blue squares - Diffuser and fiberoptic illumination,
Motic condensor and Olympus lamp) performed under the same conditions in suspensions of
1 µm polystyrene particles in a 1 mM NaCl aqueous solution. b) The same data represented
in a double logarithmic plot; the black solid line is a power-law function with a slope of 1/2.

F. Diffusion solution inside a Nafion cell

In order to predict the ion concentration profiles in the solution as a function of time,

the diffusion equations for the different ionic species present in the solution should be

solved. In the following, we explain the theoretical background that we make use of to

solve our diffusion problem.

In the first part, we summarize the simplifications of the diffusion problem for the

ions to a generalized Fick equation for the electrolytes, and how the solution to this

equation can be directly linked to the solution for the binary case (binary solution).

For a more detailed description of this theoretical background, we refer to the book of

Cussler [7].

In the second part, we solve this generalized solution for the boundary conditions

relevant to our experimental system, including the conditions set by the ion-exchange

process, where the flux of incoming ions has to match the flux of the released ions.
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In our diffusion problem we have 4 different ions present in the solution. As

mentioned in Chapter 4, the problem is then described by a system of four coupled

Nernst-Planck equations. Local electroneutrality and the chemical equilibrium of

water
(
H2O � H+ + OH−

)
reduce this to an analytically tractable system of just two

equations for the two electrolytes (XY and HY) [7], represented by the general form of

Fick’s second law as

∂ci
∂t

=
2∑
j=1

Dij
∂2cj
∂x2

i = 1, 2 . (9.6)

Although the Dij coefficents can vary with the total concentration and the ratio of the

two electrolytes, Cussler [7] showed that the average values can accurately predict the

concentration profile. Because in each of the two differential equations both electrolyte

concentrations are present, it is not possible to directly solve this system analytically [7].

However, Toor [8, 9] showed that the coupled set of differential Equation (9.6) can be

transformed to a set of uncoupled partial differential equations; this can be achieved by

defining a new concentration Ψk which relates to the electrolyte concentrations as

ck =
2∑

k=1

tikΨk , (9.7)

where tik is called the modal matrix, defined as

[
t11 t12

t21 t22

]
=

 1
D12

D22 − σ1
D22 − σ2

D12

1

 =

 1
D11 − σ1

D21
D21

D11 − σ2

1

 . (9.8)

The eigenvalues σ1 and σ2 are related to Dij via

σ1 =
D11 +D22 +

√
(D11 −D22)2 + 4D12D21

2
, and (9.9)

σ2 =
D11 +D22 −

√
(D11 −D22)2 + 4D12D21

2
. (9.10)

It can be shown that from Equations (9.6) to (9.8), the generalized form of Fick’s

second law can be obtained in terms of the derivatives of a single variable, as

∂Ψl

∂t
= σl

∂2Ψl

∂x2
. l = 1, 2. (9.11)
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Because both the differential equations as well as the boundary conditions are

rewritten in terms of one single variable Ψl, the problem can be solved in analogy

to the binary problem, leading to a solution of the form

∆Ψl = ∆Ψl0F (σi, x, t) . (9.12)

To convert Equation (9.12) into the actual electrolyte concentrations, Toor [8, 9]

combined Equation (9.12) with Equation (9.7) and Equation (9.8) to obtain the relation

for the electrolyte concentrations as

∆c1 = a1F (σ1, x, t) + b1F (σ2, x, t) , and (9.13)

∆c2 = αta2F (σ1, x, t) + αtb2F (σ2, x, t) . (9.14)

In order to calculate the electrolyte concentrations, using these equations, we need

the parameters a1, a2, b1, b2, the binary solution F (σ, x, t), and the flux regulating

parameter αt. In the following paragraphs we express these terms as a function of

the properties of the electrolyte solution and the boundary conditions for our diffusion

problem.

The parameters a1 , a2, b1, and b2 are expressed as

a1 =
(D11 − σ2)∆c10 +D12∆c10

σ1 − σ2

, (9.15)

b1 =
(D11 − σ1)∆c10 +D12∆c10

σ2 − σ1

, (9.16)

a2 =
(D22 − σ2)∆c10 +D21∆c10

σ1 − σ2

, and (9.17)

b2 =
(D22 − σ1)∆c10 +D21∆c10

σ2 − σ1

. (9.18)

To obtain the function F (σ, x, t), we consider the analogous binary case, with the

boundary conditions relevant to our problem (t = 0, for all x, c1 = c1∞ = 1; t > 0, at

x = 0, c1 = c10 = 0 and at x =∞, c1 = c1∞ = 1), which has the solution

c1 = erf
x√
4Dt

. (9.19)

As a result, the function F (σ, x, t) is given as

F (σ, x, t) = erf
x√
4σt

. (9.20)
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The flux regulating parameter αt is obtained as a result of electroneutrality (the flux

of ion uptake has to match the flux of released ions), which couples Equation (9.13)

with Equation (9.14), as

1 = αt −
∫ ∞
x=0

[
(a1 + αta2) erf

x√
4σ1t

− (b1 + αtb2) erf
x√
4σ2t

]
dx . (9.21)

The parameter αt is constant; by solving Equation (9.21) it is defined directly via

1 = αt + a1

2
(
−1 + e

− 1
4σ1t

)√
σ1t

√
π

+ erf
1√
4σ1t

+

+αta2

2
(
−1 + e

− 1
4σ1t

)√
σ1t

√
π

+ erf
1√
4σ1t

+

+b1

2
(
−1 + e

− 1
4σ2t

)√
σ2t

√
π

+ erf
1√
4σ2t

+

+αtb2

2
(
−1 + e

− 1
4σ2t

)√
σ2t

√
π

+ erf
1√
4σ2t

 .

(9.22)

G. Scaling argument of the EZ formation

As explained in the main article, the time-dependent scaling properties of the

concentration profile C(x, t) lead to simple scaling arguments that are able to link the

diffusiophoresis condition with the observed square-root-of-time dependent trajectory

of the edge of the exclusion zone. In the following we explain in more detail two scaling

arguments that establish a direct link between diffusiophoresis and the EZ trajectories.

EZ trajectories fulfill the diffusiophoresis condition

Here we show that given the scaling properties of the concentration profile

C(x, t) = C

(
x

√
t0
t
, t0

)
, (9.23)

combined with the square-root-of time dependence of the EZ trajectories

DEZ(t) = a
√
t , (9.24)
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it directly follows that particles at the exclusion zone have to fulfill the diffusiophoresis

condition, which states that the velocity of the particles is proportional to ∇ log(C).

Using the scaling properties of C(x, t), the gradient of concentration is

∇C (x, t) =

√
t0
t
∇C

(
x

√
t0
t
, t0

)
, (9.25)

and the gradient of the logarithm of concentration (the gradient of the relative

concentration) is given as

∇ logC (x, t) =
∇C (x, t)

C (x, t)
, (9.26)

and thus

∇ logC (x, t) =

√
t0
t
∇ logC

(
x

√
t0
t
, t0

)
. (9.27)

On the other hand, the velocity of the exclusion zone is given as

ḊEZ(t) =
a

2

1√
t

, (9.28)

and is thus directly proportional to ∇ log(C),

ḊEZ(t) ∼ ∇ logC

(
x

√
t0
t
, t0

)
, (9.29)

as both are inversely proportional to
√
t. With DDP the diffusiophoresis constant, this

is exactly the diffusiophoresis condition

ḊEZ(t) = DDP∇ logC (DEZ(t0), t0) , (9.30)

with DDP directly related to the prefactor a of the square-root-of-time dependent EZ

trajectory, as

DDP =
a

2
√
t0∇ logC (DEZ(t0), t0)

. (9.31)
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If particles are driven by diffusiophoresis, a trajectory a
√
t exists

that fulfills the equation of motion

Here we show that given the scaling properties of the concentration profile

C(x, t) = C

(
x

√
t0
t
, t0

)
, (9.32)

and assuming that particles undergo diffusiophoresis

ẋp(t) = DDP∇ logC (x, t) , (9.33)

a square-root-of-time dependent trajectory xp(t) = a
√
t exists which fulfills the equation

of motion.

From Equation (9.32) and Equation (9.33), the general equation of motion is derived

as

ẋp(t) = DDP

√
t0
t
∇ logC

(
xp(t)

√
t0
t
, t0

)
. (9.34)

Considering as a solution the square-root-of-time dependent trajectory

xp(t) = a
√
t , (9.35)

with

ẋp(t) =
a

2

1√
t

, (9.36)

we find

DDP

√
t0
t

∇C
(
xp(t)

√
t0
t
, t0

)
C
(
xp(t)

√
t0
t
, t0

) = DDP

√
t0
∇C

(
a
√
t0, t0

)
C
(
a
√
t0, t0

) 1√
t

. (9.37)

The trajectory xp(t) = a
√
t thus satisfies the equation of motion if the prefactor a is

related to the diffusiophoresis coefficient as

a = 2DDP

√
t0
∇C

(
a
√
t0, t0

)
C
(
a
√
t0, t0

) = 2DDP

√
t0
∇C (xp(t0), t0)

C (xp(t0), t0)
, (9.38)

where
∇C

(
a
√
t0, t0

)
C
(
a
√
t0, t0

) =
∇C (xp(t0), t0)

C (xp(t0), t0)
= constant.
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The relation between the slope of the power law and the DDP is then

a = 2DDP

√
t0∇ logC (xp(t0), t0) . (9.39)

H. Chemical gradients expected near other materials

where EZ formation is observed

• Polyvinyl alcohol (PVA) slowly dissolve in water [10] creating a nonionic

concentration gradient. It has been shown that even a concentration gradient

of non-ionic solutes can induce diffusiophoretic forces [11].

• EZ formation has also been observed near metal surfaces. It has been observed

that the metals developing such exclusion zones in aqueous systems are those that

appear first in the galvanic series [12]; they thus exhibit an elevated reactivity

with water. The chemical reaction between metals and water, although eventually

inhibited by oxidation, creates metal ions in water, thus leading to the buildup of

salt concentration gradients near the metal-water interface.

• For biological materials such as cells or tissues, exchange of ions and other solutes

with the environment occurs by a multitude of mechanisms, including signaling

processes, the uptake of nutrients, or the excretion of waste products. Another

example is the way neurons modify the surrounding medium by exchanging ions,

using ion pumps, thereby creating concentration gradients which serve to transfer

electrical signals [13].
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I. Recorded light intensity as a function of PS

concentration
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Figure 9.3. Calibration measurement that relates the recorded normalized intensity to the
corresponding PS particle concentration. The black dashed line represents the exponential fit
y = 0.0304 + 0.9770 · exp(−12.69c), which captures the sigmoidal shape of the curve with a
R2 = 0.997.

J. Influence of diffusiophoresis on the interface

velocities

(a)

                                                                                                                                                                         

0.8

1

1.2

1.4

1.6

1.8

Time [s]

V
el
o
ci
ty

[µ
m
/
s]

0 200 400 600 800 1000 1200

(b)

                                                                                                                                                                         

0.8

1

1.2

1.4

1.6

1.8

Time [s]

V
el
o
ci
ty

[µ
m
/
s]

0 200 400 600 800 1000 1200

Figure 9.4. Comparison between the maximum and the minimum velocities resulting from
the diffusiophoresis force for the a) top and b) bottom interface as a function of time. The
minimum velocities are represented by the blue line while the maximum velocity by the green
line.
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Figure 9.5. a) Height profile for the top interface as a function of time. The purple curve
represents time t = 600 s and the curves change color every 100 s leading to the green
curve (t=1200 s). b) Diffusiophoresis velocities at the corresponding positions of the top
interface as a function of time. c) Normalized diffusiophoresis velocity for the top interface.
d) Diffusiophoresis velocity mismatch between the top interface and the bottom interface.
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Samenvatting

Mechanica en dynamica in collöıdale systemen met complexe interacties.

Collöıdale suspensies zijn aanwezig in het dagelijks leven in zowel natuurlijke als door

mensen gemaakte producten zoals melk, verf, zonnebrandcrème, shampoos, tandpastas

en medicijnen. Afgezien van hun invloed in eindproducten, kunnen collöıdale deeltjes

ook gebruikt worden als modelsysteem voor het bestuderen van fundamentele problemen

in atomaire en moleculaire systemen. Zelfs in het eenvoudigste geval van harde sferische

deeltjes, die als onpenetreerbare bollen gedefinieerd zijn en niet kunnen overlappen in de

ruimte, worden de vloeistof, kristal- en glasfase waargenomen wanneer de volumefractie

wordt gevarieerd. Dit proefschrift behandelt enkele van de fenomenen die ontstaan

in complexe collöıdale materialen, waarin de interacties tussen de deeltjes significant

verschilt met die van standaard harde bollen.

Er is eerst gefocust op zachte deformeerbare deeltjes, waarbij de invloed van de

zachtheid op het materiaalgedrag onderzocht is. Harde sferische deeltjes, in voldoende

hoge concentratie, die zich in een glas- of kristalfase bevinden, gedragen zich altijd

als een vaste stof. Voor zachtere deeltjes is het fasediagram gemodificeerd vanwege de

hogere concentratie die nodig is voor het vertonen van vaste-stof gedrag. Verrassend

genoeg suggereren oscillatorische reologiemetingen dat suspensies van ultrazachte

deeltjes zich Newtonisch blijven gedragen, zelfs op extreem hoge concentraties waarbij

de deeltjes nog maar 10% van hun oorspronkelijke volume hebben. Om dit intrigerende

gedrag verder te bestuderen is gebruik gemaakt van “particle tracking microrheology”

waarmee de lokale reologische eigenschappen onderzocht worden. Met behulp van deze

techniek wordt het lineaire visco-elastische gedrag van het materiaal onderzocht zonder

enige externe spanningen aan te brengen. Uit deze metingen blijkt dat de ultrazachte

deeltjes inderdaad geen tekenen vertonen van elastisch gedrag, zelfs niet in zeer hoge

concentraties.

Het tweede gedeelte van dit onderzoek is gericht op het maken en onderzoeken

van anisotrope collodale deeltjes die gebruikt kunnen worden als een model voor

systemen die gedomineerd worden door directionele interacties. Voorbeelden van
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zulke interessante systemen en processen zijn: de zelfassemblage van supramoleculaire

polymeren die vormen als gevolg van niet-covalente interacties en de rouleaux formatie

van rode bloedcellen. De directionele interactie tussen de collöıdale deeltjes wordt

mogelijk gemaakt door een nieuwe procedure voor het maken van anisotrope afgeplatte

ellipsöıdische deeltjes. Deze methode is reproduceerbaar, zeer accuraat en geeft tevens

de optie om fluorescerende deeltjes te verwerken die in situ bestudeerd kunnen worden.

De asymmetrie in de deeltjes wordt gexploiteerd om de interactie tussen de deeltjes

te initiëren en fijn te stemmen. Door gebruik te maken van depletie-interacties

kan de anisotrope vorm van de deeltjes direct vertaald worden naar anisotrope

directionele interacties. De depletie kan gecontroleerd worden door het toevoegen van

niet-absorberende polymeren in het oplosmiddel.

Het derde belangrijke onderzoekspunt is het verhelderen van de fysische oorsprong

van de formatie van de zogenaamde exclusiezones. Dit is een fenomeen waarbij uniforme

sferische deeltjes in een watersuspensie honderden micrometers worden verdreven vanaf

een interface, wat leidt tot een deeltjesvrije zone in de nabijheid van de interface. Dit

fenomeen treedt op in biologische weefsels (zoals het hoornvlies van een konijn), rond

witte bloedcellen, in polymeergellen, op ionenuitwisselde membranen en op metalen

oppervlaktes. Deze exclusiezoneformatie is in detail bestudeerd door in meerdere

configuraties de tijds- en positieafhankelijkheid van de krachten die op de deeltjes werken

te meten. Aan de hand van deze onderzoeksresultaten is het mogelijk om een fysische

verklaring te geven voor dit intrigerende fenomeen, die toepasbaar is op alle systemen

waarin de formatie van een exclusiezone optreedt.

Dit fenomeen is ook gebruikt om gerelateerde problemen te onderzoeken, zoals

stromingsinstabiliteiten die veroorzaakt worden in collöıdale systemen door de formatie

van exclusiezones. Er is een gedetailleerde studie gedaan naar Rayleigh-Taylor

instabiliteiten. Het geobserveerde langeafstandstransportfenomeen vertoont verrassende

overeenkomsten met biologische chemotaxis. Deze observatie was de motivatie voor

het maken van microfludische apparaten die goed gedefinieerde chemische gradiënten

kunnen creëren. Deze apparaten kunnen gebruikt worden voor het bestuderen van het

gedrag van collöıdale deeltjes en actieve cellen.
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