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... when this thesis was ﬁnished, autumn leaves started falling...
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1
Introduction

This introduction brieﬂy describes what colloids are, where they can be
found, and how they are used in soft condensed matter research as a
model system. We place our work in a more general context after which
we give an outline of the thesis with a brief summary of the topics that
are treated in each chapter.
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1.1

CHAPTER 1

Introduction

In the year 1827, Robert Brown observed (using a light microscope) that small
pollen grains in water moved erratically, without any sense of direction [1]. It took
until 1904-1905 when William Sutherland and Albert Einstein were able to explain
the phenomenon (independently of each other) in terms of statistical ﬂuctuations
[2, 3]. Thermal ﬂuctuations cause molecules in a ﬂuid to constantly move. When
an object is placed inside this ﬂuid, the solvent molecules collide with it from
random directions. Large objects (a car in a swimming pool) are not affected by
this since the collisions on all sides of the object average out over such short time
scales that there is no net momentum transfer. When objects become sufﬁciently
small, the statistical ﬂuctuations in the collisions become sufﬁciently large to obtain a net force imbalance that causes the object to move. Since this force balance
does not have a preferential direction, the direction of movement will change
constantly and the object performs a ‘random walk’.
Colloids are objects that are small enough to perform Brownian motion, but
many times bigger than the molecules that surround them. Practically, this means
that colloids have a size that is in the range of several nanometers to several
micrometers. Another important factor that determines the nature of colloids
is the aggregation state of the background medium that they are dispersed in
[4]. Colloids can for example be found in paint, ink, blood (solid particles in a
ﬂuid), fog, mist (liquid droplets in a gas), clouds (solid and/or liquid particles in
a gas), smoke (solid particles in a gas), milk, mayonnaise (droplets in a ﬂuid), and
whipped cream (gas bubbles in a ﬂuid). In this thesis, we focus on solid colloidal
particles dispersed in a ﬂuid.
In theoretical descriptions of colloidal dispersions, the solvent molecules are
treated as a continuous background with only macroscopic parameters such as
temperature, density and viscosity. The colloids themselves interact inside this
background via a potential of mean force that takes into account interactions
between colloids and solvent molecules. It was shown by Onsager that colloidal
dispersions are thermodynamically equivalent to atomic and molecular systems
[5]. Similar to molecular systems, thermodynamic equilibrium phases like gases,
liquids, and solids are found for colloids.
As a result of the Brownian motion of colloids, they can efﬁciently explore
different microscopic conﬁgurations and organize into macroscopic structures.
One example found in nature is the formation of crystals in opal gemstones [6].
In such a crystal, silica particles are periodically arranged in space. The lattice
distance between the particles is such that visible incident light is diffracted, resulting in a vivid display of colors [7]. Exactly because of these optical properties
regarding visible light [21], colloidal materials are used in applications such as
electro-optical devices [8–10] and sensors [11].
Most colloids in nature have a not-so-well deﬁned shape, size and composition
as the silica particles in opal gemstones. In the laboratory, it is possible to make
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large quantities of colloids with a very similar shape from pure materials such
as silica, clay, gold, silver and polymers. Especially in the last decades many new
methods were developed to synthesize colloids in all kinds of shapes, varying from
spherical colloids to rods, cuboids, dodecahedra, pyramids, cylinders and many
others.
Colloids are large enough to study with conventional bright-ﬁeld light microscopy. The disadvantage of this technique is that the whole sample is illuminated in a single frame, resulting in a lot of background noise (originating from
out-of focus light) and a relative large depth of focus. Using confocal laser scanning microscopy in combination with ﬂuorescently labeled particles [12, 13], it
is possible to study a dispersion in three spatial dimensions and resolve the internal structure and dynamics on the single-particle level [14–17]. Laser light is
ﬁrst led through a pinhole and focused by a high numerical aperture lens on a
diffraction-limited spot inside the sample. A ﬂuorescent dye that is incorporated
inside the colloids is excited and emits light at different wavelengths than the
incoming laser light. This light is then passed back through the same lens that
focused the excitation light. Then, it is reﬂected by a dichroic mirror and passed
through another pinhole in a plane conjugate to the sample plane and the pinhole in the laser beam path. As a result, all the out-of-focus light is removed and
only the light originating from the original focal point reaches the detector. By
continuously displacing the focal point of the laser, a 2D-slice inside the sample
can be ‘scanned’ point by point. By subsequently lifting or lowering the sample
or objective lens, cross-sections from different depths can be recombined into a
3-dimensional image.
In nondilute dispersions, the interactions between the colloids depend on their
shape and the properties of the materials from which the colloids and the solvent
background are made. In the simplest case, ‘hard’ objects that only interact at direct contact can be very interesting as a model system. Since the solid colloids can
not overlap, their volume limits the translational freedom of other colloids. These
interactions are often referred to as ‘excluded volume interactions’ or ‘hard sphere
interactions’ in the case of hard spheres. As a result of this, hard sphere suspensions crystallize at sufﬁciently high volume fraction to maximize the translational
entropy in the system [18–20]. Also the shape of the colloids affects the equilibrium phases found. Rod-like particles can form isotropic, nematic and smectic
phases [31, 32], which is similar to what is found for anisotropic molecules in
liquid crystals.
Van der Waals forces [22] drive the colloids towards each other and cause
them to coagulate [23]. For this reason, it is almost always desirable to minimize
the Van der Waals interactions by suspending the colloids in a medium with a
similar refractive index (over a large part of the spectrum). In addition, steric
stabilization by grafting the colloidal surface with polymer ‘hairs’ prevents the
colloids from coagulating.
In addition to hard-core effects, colloids that are suspended in a sufﬁciently
polar solvent usually acquire a charge. Often this is due to dissociating chemical
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groups on the surface of the colloids, but it can also result from the adsorption
of ions from the solvent. As a consequence of charge neutrality the net charge on
the colloidal surface has a diffuse electric double layer of counterions of opposite
charge around it. The range of the electrostatic interactions can be tuned by the
amount of ions in the solvent [24, 25]. A higher salt concentration results in
an effective screening of the particle charge, which will make the electrostatic
interactions more short ranged.
The electrostatic forces are repulsive, which prevents the colloids from coagulation resulting from the Van der Waals forces. Moreover, charged colloids
crystallize already at a lower density as a result of their mutual repulsions and
a freezing transition exists with a coexistence between the crystalline and the
ﬂuid part [26]. In the crystal, the spacing between the colloids is larger than in
the hard sphere case and depends on the strength and range of the interactions,
which is characterized by the charge and/or surface potential of the particles and
the Debye double layer length κ−1 .
The electrostatic interactions and the Van der Waals interactions are joined in
the classical theory of interactions by Derjaguin, Landau, Verwey and Overbeek
(DLVO) which explains colloidal stability. To experimentally verify the theory, also
binary systems containing two kinds of particles with an opposite charge were
studied. In aqueous systems, these attractions are often strong compared to the
thermal energy kB T and result in the irreversible aggregation of particles [27, 28].
Recently, it was demonstrated that in low-polar solvents the attractions can be
tuned such, that they become reversible (∼ kB T ). As a result, the particles can
undergo numerous attachment and detachment moves and explore phase space
until the equilibrium state is reached. At sufﬁcient densities this results in the
formation of so-called ‘ionic colloidal crystals’ [29]. In Chapter 4 we study how
particles in binary dispersions become oppositely charged. The reorganization
of oppositely charged particles into binary ionic colloidal crystals is studied in
Chapter 5.
Another advantage of colloidal model systems is that the colloids can be effectively manipulated with external ﬁelds, such as the gravitational ﬁeld. Their
relatively small size makes it that once dispersed in a ﬂuid, colloids do sink fairly
slowly (the sedimentation speed is proportional to the relative mass of the object
in the ﬂuid v ∝ m). By closely matching the density of the colloids to that of
the solvent the effects of sedimentation can be further minimized. Perrin studied the density distribution of colloids as a function of height [30]. As the colloidal density ρ is sufﬁciently low, it decreases exponentially with the height h,
ρ(h) ∝ exp(−mgh/kB T ), where m is the relative mass, g is the gravitational acceleration, kB is Boltzmann’s constant and T is the temperature, which is similar
to the way that gas molecules are distributed in the atmosphere of the earth.
In addition, electric ﬁelds can be used to change the structure of a colloidal
dispersion. With high-frequency AC electric ﬁelds, the colloids themselves can
be polarized while the double-layer does not have time to respond. As a result,
dipolar interactions emerge that give rise to string- and sheet-like phases [33].
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In this thesis, we study spherical polymethylmethacrylate (PMMA) colloids
suspended in a low-polar solvent mixture of cis-decahydronaphthalene and cyclohexylbromide to match the density (which slows down sedimentation) and refractive index of the solvent to that of the particles (which minimizes Van der Waals
interactions) [34]. The limited dissociation of ions in these low-polar systems
makes it possible to achieve much longer-ranged electrostatic interactions than
are possible in water. Moreover, it is not nessecary to completely de-ionize the
system to obtain thick double layers.
In the search for more complex colloidal shapes and interactions, new synthesis methods were developed in the last decades, giving rise to many new structures and applications [35, 36]. Speciﬁcally, with oppositely charged particles it is
possible to develop heteroaggregates consisting of many small particles attached
to the surface of a single large particle [37–39]. We show with a real-space study
in Chapter 6 that the structure of the hetero-aggregate can be altered with the
use of external electric ﬁelds.

1.2

Colloidal Systems Out of Equilibrium

In this thesis, we use oppositely charged particles to study systems that are progressing towards equilibrium (crystal growth) or are driven out of equilibrium by
an electric ﬁeld. Inside a colloidal system, this progression towards equilibrium
occurs over various length and time scales. For example, if the sedimentation is
slow it can be that colloids in a gravitational ﬁeld have not yet established an
equilibrium density distribution ρ(z) while the double layer around the colloids is
already equilibrated.
When the attractions between colloids are strong, systems can get kinetically
trapped and form non-ergodic (not all microstates of the system are accessible)
out-of-equilibrium systems such as gels and glasses [40, 41]. Out-of-equilibrium
systems can also have a dynamical nature, such as in a steady state. A classic
example is electrophoresis [42, 43], where an electric ﬁeld is used to put the
large molecules and colloids in motion to obtain the particle charge and surface
potential. In Chapter 3, we use electrophoresis to study the charge and surfacepotential as a function of volume fraction. Colloids can also be driven by temperature gradients [44] and with shear ﬂows [45]. The displacement of the (incompressible) ﬂuid by moving colloids gives rise to additional hydrodynamic interactions between the particles and macroscopic ﬂuid ﬂows. An example is given by
Rayleigh-Taylor instabilities that are formed when a concentrated (colloidal) ﬂuid
sediments inside another ﬂuid [46, 47].
Our system of oppositely charged particles enables us to study the formation of
binary ionic colloidal crystals in real space with confocal microscopy. By varying
the size ratio of the colloids, a large variety of different new crystal structures
was found. In Chapter 5, we study the effect of gravity on the pathway towards
the equilibrium state. By slowly rotating the sample, the sedimentation can be
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effectively averaged out. The evolution of the binary system is then compared
with an identical system that experienced gravity always in one direction.
When systems are driven far from equilibrium, there is often no theory available to describe them in terms of thermodynamics since the governing processes
of the system can become extremely complex [48, 49]. One of the most simple
systems, although not so easy to realize, to study out-of-equilibrium pattern formation is that of two kinds of particles that are moving in opposite directions
[50, 51]. As a result of collisions, the like-charged particles line up to form lanes.
We study this process of lane formation using binary systems of oppositely charged colloids extensively in Chapter 7. Real-space studies of confocal microscopy
and comparison with Brownian dynamics computer simulations reveal important
details of the lane-formation mechanism and demonstrate the power of the combination of quantitative experimental analysis and numerical computation. These
results are particularly interesting because oppositely charged colloids are also
used in electronic ink in displays based on electronic paper. Here, pixels in the
display are switched by moving the colloids using an electric ﬁeld. A major advantage is that once an image is established, it remains on the display without
putting energy in the system. Our results could contribute to the development of,
for example, color displays.
The situation gets more complex when instead of applying a DC ﬁeld, a lowfrequency AC ﬁeld (O (Hz)) is applied to the suspension. It was already observed
that also for periodically shaken granular matter bands formed perpendicular to
the ﬁeld [52, 53]. For our oppositely charged particles, this happens as a result
of the periodic reversal of the driving direction, as was also studied for colloidal
hard discs [54]. In Chapter 8 we study this phenomenon for oppositely charged
particles. In Chapter 9, we study complex pattern formation of oppositely charged colloids in electric ﬁelds that are stronger than those used in Chapter 7 and
Chapter 8. We ﬁnd interesting rotating instabilities that again show the fascinating fact that periodic order can be achieved by putting energy in a system. Finally,
we reﬂect on the lane-formation mechanism (Chapter 10) using simple models of
hard discs or hard spheres that are driven in opposite directions.

1.3

Thesis Outline

In Chapter 2, we focus on the properties of our model system and the tools at
our disposal that we use to study them. Also, we test our tracking software and
explain how tracking software can be used to follow moving colloids and to measure their drift velocity. We use this in Chapter 3 to measure the drift speed v
of colloids in an electric ﬁeld with strength |E| to measure the electrophoretic
mobility μ = v/E. Using this parameter, we study the effect of electrostatic interactions on the surface potential and charge for concentrated colloidal dispersions.
In Chapter 4, we extend our study on one-component systems to characterize binary systems of oppositely charged particles. In Chapter 5, we study the gelation
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and crystallization of binary systems of oppositely charged particles. We not only
vary the screening length in the suspension and use different size ratios, but also
study the effect of gravity on the formation of binary ionic colloidal crystals. Using 3D tracking software, we identify new crystal structures and defects inside the
crystals.
In Chapter 6, we use oppositely charged particles to create heteroaggregates
consisting of one large particle that has many small particles attached to it. We
study the movement and stability of these aggregates when they are driven by an
electric ﬁeld. In Chapter 7, we study lane formation of binary systems where the
two species are driven in opposite directions by an electric ﬁeld in great detail
with both experiments and computer simulations. By looking at the level of individual particles we identify the key mechanism of lane formation. In Chapter 8,
we subject the system to low-frequency alternating current ﬁelds. Instead of lanes
that are aligned parallel with the ﬁeld, the particles form bands perpendicular to
the ﬁeld direction. In Chapter 9, we explore what happens when the ﬁeld strength
is further increased and extend our ﬁndings with even more complex pattern formation. In Chapter 10, we study a mechanism for lane formation using simple
models of moving hard discs and hard spheres.
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2
Characterization Methods &
Techniques

We study ﬂuorescently labeled polymethylmethacrylate (PMMA) particles in low-polar solvent mixtures of cyclohexylbromide (CHB) and cisdecahydronaphthalene (‘cis-decalin’). Because particle charges can be
made suﬃciently small and screening lengths can be eﬃciently tuned
by changing the salt concentration, these are excellent model systems to
study colloidal phase behavior. In this chapter, we brieﬂy address the properties of the solvents and the particles that are relevant for such studies.
We present results obtained from conductivity measurements that suggest a possible mechanism for the generation and dissociation of ions in
CHB. Our results suggest that water could play a role in this dissociation
mechanism. We also give a brief summary of the experimental techniques
that we use to study our samples. The tracking algorithms used to extract particle coordinates from (stacks of) confocal microscopy images
are discussed. In particular, we focus on the tracking of particles that
are subject to an external driving force, such as in electrophoresis where
particles are driven by an electric ﬁeld.
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CHAPTER 2

Introduction

In this thesis, we use dispersions of polymethylmethacrylate (PMMA) colloids in
mixtures of cyclohexylbromide (CHB) and cis-decahydronaphthalene (‘cis-decalin’). By tuning the mass ratio between CHB and cis-decalin, the density of the
solvent can be efﬁciently matched to the particles, such that effects of sedimentation are limited. The refractive index of the PMMA particles and the solvent
are nearly identical to minimize the effects of light scattering, which enables us
to study our systems with confocal microscopy. The small difference between the
refractive index of the dispersion to that of glass also minimizes spherical abberation. Exactly for these reasons, suspensions of PMMA particles in a mixture of
CHB and cis-decalin are widely used in fundamental colloid science [1–11].
Here, we describe and summarize the main properties of our colloids and
solvent mixtures since these will be extensively used in experiments presented
in other chapters. We brieﬂy address experimental techniques that were used for
characterization and analysis such as conductivity measurements. The particle
synthesis, suspension preparation and confocal microscopy are discussed. Finally,
we explain our particle tracking algorithms that we frequently used to extract 2D
or 3D particle coordinates from (confocal) microscopy image stacks. From a series
of images, we can also follow the trajectories of individual particles in time. It is
shown how in the special case that the colloids in the suspension move uniformly,
the trajectories can be successfully reconstructed by correcting for the collective
motion.

2.2

Solvents

Since solvent mixtures of CHB and cis-decalin are frequently used throughout this
thesis, their general properties are summarized in Table 2.1. Generally, we used a
solvent mixture consisting of CHB (72.8 w%) and cis-decalin (27.2 w%) to nearly
match the density and refractive index of the particles. The dynamic viscosities η
for different solvent mixtures were determined on a Viscometer SV-10 (A&D). The
density of the CHB/cis-decalin mixture was determined by measuring the mass of
50 ±0.06 mL (calibrated on water) of the solvent mixture on a balance. If literature values were used, the reference is given in the table. The dielectric constant
of a solvent mixture consisting of CHB and cis-decalin can be approximated by:
mix = x(dec − CHB ) + CHB

(2.1)

where x was calculated using the empirical relation that was determined for mixtures of CHB and cis-decalin [12]:
x = −0.0001 + 1.5181w + 0.5422w2 − 3.4282w3 + 3.8027w4 − 1.4349w5
where w is the weight fraction of cis-decalin.

(2.2)
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Solvent
n
ρ [kg/L]
η [mPa·s]
m
BP

(◦ C)

13

CHB
1.4935

(25◦ C)

CHB/cis-decalin
[13]

1.4876

1.3215-1.3261 (25◦ C) [13, 14]
2.224

(25◦ C)

[12]

1.1702 (21◦ C)

(21◦ C)

2.726

(21◦ C)

cis-decalin
1.4793 (25◦ C) [12]
0.8968 (20◦ C) [15]
3.345 (21◦ C)

7.92 (25◦ C) [13]

5.6205 (25◦ C) [12]

2.2102 (25◦ C) [16]

166-167

N.A.

192-194

Table 2.1: General properties of pure CHB, CHB/cis-decalin (for mixtures containing 27.2 w% cisdecalin) and pure cis-decalin as measured or taken from literature: refractive index n, density ρ,
viscosity η, relative permittivity m and boiling point (under atmospheric pressure).







Figure 2.1: [a:] Scientiﬁca model 627 conductometer connected to a probe (left side). [b,c:] The
probe can be ﬁlled with approximately 4 mL solution or suspension, after which the conductivity can
be measured.

2.3

Conductivity Measurements

The conductivity of a solvent is directly linked to the concentration of chargecarrying groups and is therefore related to the Debye-Hückel screening length
κ−1 inside the solution, which for monovalent ions is given by:

m 0 k B T
−1
κ =
(2.3)
2NA cion e2
where e = 1.6 · 10−19 C is the elementary charge, NA = 6.02214 · 1023 is the Avogadro number, m the relative dielectric constant of the solvent (m = 5.6 for 27.2
w% cis-decalin in CHB) and 0 the permittivity of vacuum (0 = 8.854 · 10−12
F/m) and cion is the concentration of dissociated species in the suspension. We
estimate κ−1 by performing conductivity measurements of the solvent mixture
containing CHB (72.8 w%) and cis-decalin (27.2 w%). For conductivities in the
range between 0.1 pS/cm and 20 nS/cm, the measurements were performed on a
Scientiﬁca model 627 conductometer (Fig. 2.1). Conductivities higher than 20
nS/cm were measured on a CDM 230 conductometer (Radiometer analytical)
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Figure 2.2: [a:] The conductivity of a solvent mixture of CHB and cis-decalin given as a function of
the weight fraction cis-decalin. [b:] the same plot as (a), but now on a log scale, reveals the nearly
exponential dependence on the amount of cis-decalin.

combined with a CDC 749 probe. First, we estimate the salt concentration of dissociated ions ci from the conductivity:
ci =

σ
Λ0

(2.4)

where σ is the measured conductivity in S/cm and Λ0 is the molar conductance of
the electrolyte at inﬁnite dilution, 
where contributions of the individual ions are
zi γi F where zi is the valency of the ion, γi
taken to be additive so that Λ0 =
its mobility, and F is Faraday’s constant. It was shown in [12] that the most likely
candidates for the ionic species present in CHB are H+ and Br− , arising from
partial dissociation of a small amount of HBr that is a possible decomposition
product of CHB and that is known to dissolve in apolar solvents [12, 17]:










To the best of our knowledge, there are currently no data available on ion
mobilities of these species in our solvents. Therefore we rely on Walden’s rule
[6, 18, 19] to estimate Λ0HBr from known values of the conductance of H+ and
Br− Λ0HBr (88.9 cm2 S/mol) = Λ0H+ (53.6 cm2 S/mol) +Λ0Br− (35.3 cm2 S/mol) in
ethanol (η = 1.20 mPa·s at 20◦ C).
Λ01 η1 = Λ02 η2

(2.5)

We measured the conductivity of mixtures of CHB and cis-decalin as a function
of the weight fraction of cis-decalin. The results are given in Fig. 2.2. The mixture
becomes more apolar for an increasing amount of cis-decalin. Hence, a smaller
amount of ions are present by dissociation, which results in a decrease in the
conductivity. From the conductivity values in Fig. 2.2 we obtain typical screening
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lengths κ−1 between 0.6 μm (in pure CHB) and 33 μm (for 90 m% cis-decalin
in CHB). As was already stated in [12], the conductivity can be slightly different
for each batch of received CHB, which also results in different screening lengths,
depending on the bottle of CHB that was used. For this reason, it is important to
measure the conductivity of the CHB before starting a particular experiment.
Possible Ion Sources in CHB
Under normal experimental conditions, glass surfaces always contain a small water ﬁlm that can be removed by drying. In our experiments, we did not attempt
to remove trace amounts of water on the glassware prior to use. In an earlier
study [12] it was shown that water can play a role in the decomposition of CHB.
In that experiment, a small amount of CHB was dissolved in water (100-550 μM
CHB in water). After this, the conductivity of the CHB-in-water solution was seen
to increase linearly in time. From the obtained equivalent molar conductance and
argentometric titration, it was determined that H+ and Br− ions were responsible
for this increase (HBr completely dissociates in water but only partially in CHB).
One possible decomposition reaction that generates HBr under the inﬂuence of
water is given by [20]:







Another possible reaction mechanism for the generation of HBr is given by the
partial conversion of CHB and trace amounts of water into cyclohexanol and HBr:







 

Note that in this reaction water is used stoichiometrically. To see if we could
shift the equilibrium of one of these reactions to the left-side, and thereby change
the conductivity of the solvent, we added a small amount of cyclohexene or cyclohexanol to an excess of CHB. The observation that the conductivity did not
decrease more than the addition of the same amount of hexane did, suggests that
reactions (2) and (3) are not the determining equilibrium reactions on this time
scale.
We observed that the conductivity of CHB, or a mixture of CHB and cis-decalin
decreased upon the addition of a small amount of molecular sieves (Mol. Sieves
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Figure 2.3: [a:] Cis-decalin was added to a batch of CHB with an exceptionally high conductivity
of 13.22 nS/cm. The conductivity of the resulting mixture (containing 27.2 w% cis-decalin) was
followed in time. [b:] The decrease in conductivity after molecular sieves were added to two different
batches of CHB/cis-decalin (stars or circles, both mixtures contained 27.2 w% cis-decalin). Note that
the two batches had a different initial conductivity.

4A, Acros). These sieves come in the form of grains with a zeolite structure and
have a pore size of 4 Å (0.4 nm), which is sufﬁciently small for small molecules
such as H2 O, CO2 , H2 S, SO2 , C2 H4 , C2 H6 , EtOH, C3 H6 and possibly also HBr to
enter. Larger molecules can not access the pores and stay in the solution. After
the addition of the molecular sieves, conductivities of CHB/cis-decalin mixtures
decreased drastically, typically from 50-300 pS/cm to 2-20 pS/cm. For example,
molecular sieves were added to a batch of CHB/cis-decalin that had an initial
conductivity of 102 pS/cm. Within 5 hours after the addition of the sieves, the
conductivity decreased to 25 pS/cm (red circles in Fig. 2.3b). After 5 days, the
measured conductivity was 5 pS/cm, indicating that the majority of dissociating
agents in the solvent was effectively removed by the sieves.
Generally, upon the addition of cis-decalin to a batch of CHB the conductivity
of the mixture immediately adapted a steady value (within less than a minute).
However, we found one exception for a batch of CHB that was stored as received
for over 6 years at room temperature with an exceptionally high conductivity of
13.22 nS/cm. After cis-decalin was added to the CHB, we followed the conductivity of the resulting mixture (now containing 27.2 w% cis-decalin). As can be seen
from Fig. 2.3a, the conductivity almost instantly decreased from the inital value
of this batch of CHB (13.22 nS/cm) to a value of approximately 2.7 nS/cm. Subsequently, the conductivity continued to decrease until it reached a steady value
of 1.6 nS/cm after approximately 5 hours. This slow relaxation time of the solvent
suggests the presence of slowly dissociating molecules inside this particularly old
solvent batch that slowly re-established their equilibrium dissociations in the new
solvent mixture. Since these molecules are present in trace amounts, it is hard to
study their composition. For example, conventional methods such as NMR and IR
are not so easily applicable since the signal of the CHB will mask the signal of the
small traces.
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After a steady value of 1.6 nS/cm was reached, we continued with purifying
the solvent mixture by means of the addition of molecular sieves. As can be seen in
Fig. 2.3b (blue stars), the conductivity immediately started to decrease to reach a
low value of 10 pS/cm after 24 hours, which is typical of puriﬁed CHB/cis-decalin.
Since HBr is a gas at room temperature, we studied the case where nitrogen
was lead (‘bubbled’) through CHB. After 3 hours of bubbling, we found that the
conductivity of the CHB had not decreased, indicating that the HBr was either
not present at all (which would contradict earlier measurements), or that the
concentration of HBr was too low to be removed in this way, or that the nitrogen
was not sufﬁciently dry. Moreover, we investigated whether ions in the solution
were not quickly regenerated after a puriﬁed solution was transferred to a new
vial. To do this, we transferred a part of the puriﬁed CHB/cis-decalin from the vial
containing the molecular sieves to a new vial that had not been dried and so was
not completely water free. We found that the solution retained its ‘puriﬁed’ value
of 2 pS/cm for a period of a week, which suggests that the generation of HBr from
CHB is a slow process. As an alternative for the molecular sieves, we dried a batch
of pure CHB (σ = 265 pS/cm) by adding CaCl2 (approximately 30 g to 50 mL of
CHB). After 4 hours the conductivity had decreased to 119 pS/cm. After one day,
this value had further decreased to 104 pS/cm. Although it is possible that ions
were bound to the CaCl2 , the measurement suggests that water plays a role in the
dissociation of HBr. One possible scenario is that HBr is associated with traces of
water to form hydronium and bromide:










 

As we observed earlier, the generation of HBr in the presence of water is likely
to be slow at room temperature, which could explain that once a solution was
puriﬁed (with molecular sieves) it took weeks to months before the solution reestablished its old conductivity value. For very apolar solvents, it is known that
charge regulation can be very sensitive to water. For example, the micelle size of a
system of sodium di-2-ethylhexylsulfosuccinate surfactant in dodecane (m ≈ 2)
is known to depend strongly on the water content of the system [21]. In these
cases, it is important to work under dry conditions to obtain reproducible results.
Finally, we note that an excess of water is known to work as a sink for ions [3]:
bringing CHB or CHB/cis-decalin into contact with an excess of water effectively
reduces the conductivity.
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Addition of Tetrabutylammonium Bromide Salt
Without the addition of any salts, the screening length κ−1 inside suspensions
of pure CHB (without cis-decalin) were found in the range between 0.1 μm - 4
μm, using 2.4 and 2.5 for typical conductivities in the range between 20 pS/cm
(CHB cleaned with molecular sieves) and 15000 pS/cm (old batches of CHB). To
determine the concentration of dissociated TBAB we used the known conductance
of Λ0TBA+ = 19.4 cm2 S/mol in water (η = 1.00 mPa·s at 20◦ C).
For the frequently used mixture in this thesis containing 27.2 w% cis-decalin
in CHB, values of κ−1 were found to be in a range between 0.3 μm (old batch of
CHB) and 10 μm (puriﬁed with molecular sieves). Occasionally, a higher degree of
electrostatic screening was desirable to obtain shorter-ranged electrostatic interactions. It is known that organic molecules such as tetrabutylammonium bromide
(TBAB) can still partially dissociate in low-polar solvents:
CH3
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N Br
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Figure 2.4: [a:] Conductivity of a mixture of cis-decalin (27.2 w%) in CHB as a function of the added
amount of TBAB salt. [b:] Phoreogram of the data in (a) [c:] The degree of dissociation of the TBAB
salt as function of the concentration of added TBAB.

In [12] the conductivity of TBAB in CHB was investigated. It was established
that the saturation concentration of TBAB in pure CHB was approximately 260
μM. Moreover, it was shown that TBAB does sufﬁciently dissociate to increase the
ionic screening in the solvent. For completeness we here also give the conductivity of TBAB in a mixture of CHB and cis-decalin. In Fig. 2.4a the conductivity σ
of a mixture of cis-decalin (27.2 w%) in CHB is given as a function of the concentration of added TBAB salt cTBAB . The trend is similar to that of TBAB in pure
CHB [12] and shows a sub-linearly increasing conductivity with TBAB concentra-
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tion. The conductivity increase ﬂattens for added salt concentrations above 125
μM, indicating that the solvent mixture was approaching its saturation point. The
data show that by the addition of TBAB, the screening length in the CHB/cisdecalin could be decreased to approximately 130 nm in the case that the added
salt concentration was 260 μM TBAB. In Fig. 2.4b the equivalent molar conduc√
tance Λ = σ/cTBAB is plotted versus cTBAB in a phoreogram according to the
Kohlrausch law [22]:

Λ = Λ0 − Ac0.5
salt

(2.6)

with Λ0 the equivalent conductance molar conductance of the salt at inﬁnite
dilution. Using Walden’s rule (Eq. 2.5), and the Λ0TBA+ = 19.4 cm2 S/mol (in
water), Λ0Br− = 35.3 cm2 S/mol (in ethanol) and the viscosity of the CHB/cisdecalin mixture (η = 2.726 mPa·s, see Table 2.1) we estimate Λ0TBAB = 22.65
cm2 Smol−1 . For strong electrolytes the Kohlrausch plot is given by a straight line
(A is very small). Here, this is not the case, which conﬁrms that the TBAB does
not fully dissociate in CHB/cis-decalin, similar as in pure CHB. In Fig. 2.4c the
degree of dissociation γ = ci /cTBAB ≈ Λ/Λ0 = σ/(cTBAB Λ0 ), where ci , the
concentration of ionic (dissociated) species, is given. Clearly, γ decreases as the
concentration of added salt increases. For the salt concentrations shown here, no
more than 1/100th of the added amount of salt was dissociated.
Similar to the conductivity of the pure CHB, the conductivity of TBAB-saturated
CHB (no cis-decalin) was found to be variable; we found values in a range between 300 and 800 nS/cm in different experiments (a value of approximately 140
nS/cm was found in [12]).
In addition, we studied the effect of molecular sieves on a TBAB-saturated
suspension of pure CHB. According to the pore size of the molecular sieves (4
Å, as given by the Acros company) the tetrabutylammonium ion (∼ 10 Å) is too
large to enter the pores inside the molecular sieves. Still, we found that upon
addition of molecular sieves, the conductivity of a batch of TBAB-saturated CHB
decreased in time (Fig. 2.5). After 30 days, the conductivity reached a constant
value of 200 nS/cm, indicating that some amount of dissociated TBAB still remained inside the solution. Probably, the bromide ions were selectively adsorbed
inside the sieves, whereas the TBAB ions remained only adsorbed on the surface
of the sieves. Another possible scenario is that trace water from the mixture was
adsorbed inside the sieves, resulting in an effective decrease of TBAB-dissociation
inside the solution. From these experiments, it is clear that the role of water
should be investigated in more detail.
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Figure 2.5: [a:] The blue line () shows the decrease in conductivity after molecular sieves were
added to a batch of CHB that was saturated with TBAB (σ = 682 nS/cm). The red line () is a
control sample of CHB saturated with TBAB.

2.4

Colloidal Suspensions

2.4.1

Particle Synthesis & Characterization

The PMMA particles in this thesis were synthesized using a dispersion polymerization method described by Bosma et al. [23]. During the synthesis, the particles
were sterically stabilized with poly-12-hydroxystearic acid (PHSA) grafted on a
PMMA backbone [24]. A ﬂuorescent dye, rhodamine isothiocyanate (RITC) or
7-nitrobenzo-2-oxa-1,3-diazol (NBD) or Coumarine, was covalently incorporated
in the polymer backbone. Occasionally, the PMMA backbone of the ‘comb-graft’
stabilizer was covalently bound to the surface in an additional ‘locking’ step. Finally, the particles were ‘washed’ several times with hexane to remove unreacted
substances that were present as left-overs in the reaction-mixture (e.g. dodecane,
traces of acetone, unreacted monomer). In each washing step, the particles were
ﬁrst centrifuged after which the supernatant was removed, and the particles were
redispersed in hexane. This process was repeated for typically three times. Each
separate particle batch used in this thesis is marked with a capital letter. An
overview of all the particles that are used in this thesis and their corresponding lab codes is given in Appendix A. The size and polydispersity of the particles
was determined using a combination of Static Light Scattering (SLS) and Scan-
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ning Electron Microscopy (SEM). Occasionally, we dried the particles on a glass
plate to obtain a quick visual inspection using a regular light-microscope.

2.4.2

Suspension Preparation

Most of the suspensions in this thesis contain PMMA particles in a mixture of
CHB and cis-decalin. After the PMMA particles were synthesized and washed we
removed the hexane-containing supernatant. Subsequently, the last traces of hexane were evaporated by ﬂushing the particles gently with nitrogen or by temporarily bringing the particles in a vacuum. Finally, the dry particles were transferred to a small vial and CHB/cis-decalin was added. The suspension was mixed
on a vortex mixer until no dry traces were visible anymore. Occasionally, small
particle agglomerations were still present at this stage on the inside walls of the
glass vial after approximately 1 minute of mixing on the vortex mixer. Generally, these agglomerations ﬁnally dissolved when we proceeded mixing for longer
times. We never used sonication to mix PMMA particles in CHB/cis-decalin since
this method can result in an increase of the decomposition of the solvent [12].
PMMA particles dispersed in low-polar solvents are able to soak up some of
it, causing them to slightly swell over time. Since this swelling changes the composition of the particles, we generally allowed the suspensions to equilibrate for
several days prior to the start of an experiment. Moreover, it was observed that
sometimes the charge of the particles changed in time as a result of the swelling
and/or chemical changes on the surface of the particle. If required, we approximately matched the density of the solvent to that of the particles. We observed
that there were small differences in densities between separate particle batches.
For this reason, and the fact that the density was also found to depend on the
temperature, it was difﬁcult to exactly match the density of two different species
inside a binary mixture. To illustrate this, two different binary mixtures are shown
in Fig. 2.6, a few days after preparation. In one case, the red particles (RITClabeled) were heavier than the green particles (NBD-labeled), resulting in one
going up and the other down in time (Fig. 2.6a). In the other case, the particles are approximately matched and remained evenly distributed throughout the
capillary (Fig. 2.6b). For most studies, the suspensions were found to be approximately density matched in a mixture of 27.2 w% of cis-decalin in CHB.

2.5

Confocal Laser Scanning Microscopy

We frequently made use of Confocal Laser Scanning Microscopy (CLSM) to study
our colloidal dispersions. In this thesis, we used two confocal microscopes, namely
a Leica SP2 and a Nikon C1, that are shown in Fig. 2.7. With this method, the
ﬂuorescent dye inside the colloids is locally excited with laser light that is focused
by an objective lens. The resulting emitted light is collected by the same confocal
objective lens, focused onto a pinhole, and led to a detector. In this way, only the
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Figure 2.6: Confocal images of binary systems containing two different particle species. [a:] Particles
E and J in a mixture of cis-decalin (25 w%) and CHB. [b:] Particles I and F in a mixture of cis-decalin
(26.2 w%) and CHB. To construct (a) and (b), 2 partially overlapping images were combined to
create an image that shows the whole depth of the capillary.

light coming from a small volume-element in the sample falls onto the detector.
By scanning a larger area, a 2D image of the sample is constructed. The optical
depth of this 2D image is determined by the size of the pinhole, and the numerical
aperture of the lens [25]. By scanning a series of images at different depths, a 3D
reconstruction of the system can be made. Moreover, a system can be followed in
time by repeating the scanning process in a 2D or 3D region to obtain a 2Dt or
3Dt dataset. We used tracking algorithms to extract the spatial coordinates of the
particles and to identify them in time. These algorithms will be brieﬂy discussed
in the next sections.

2.6

Particle Tracking

In many of our experiments, we used particle coordinates and trajectories to study
the dynamics on the single-particle level. To obtain particle coordinates from (confocal) microscopy images, we used a particle tracking algorithm that is similar to
the one described by Crocker and Grier [26]. To optimize for speed and to adapt
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Figure 2.7: [a, b:] Nikon C1 confocal microscope mounted on a Leica stage (the scanhead (a) and
stage (b) are indicated with arrows). [c:] The Leica SP2 confocal microscope. [d:] Leica confocal stage
(arrow points to a sample mounted on the stage). [e:] A laser box containing a HeNe-line (λ = 543
nm), Ar-line (λ = 488 nm) and BD-line (λ = 408 nm).

the software to our purposes we implemented our own code, written in the programming language C and C++. As is good practice in general, we tested our
software as described in the following. We also veriﬁed the correctness of our 2D
and 3D tracking procedure by producing images containing computer generated
‘test particles’ as input for our tracking algorithms.
We developed computer code that enabled us to determine the trajectories
of uniformly moving particles, which is valuable for electrophoresis experiments
where particles move under the inﬂuence of an electric ﬁeld. Here, we test this
code by comparing particle trajectories calculated by the tracking algorithm with
known particle trajectories from a Brownian dynamics computer simulation.
Precision and Accuracy
To estimate the error in the found particle positions, we used PMMA particles T
with a diameter σT = 1.4 μm and a polydispersity of approximately 5%. Generally, a small fraction of the PMMA particles in CHB/cis-decalin that are transferred
into a glass capillary (Vitrocom) stick to the glass. As we will see in Chapter 3,
the negatively charged glass wall adsorbs the positively charged particles, which
causes the charge sign of the capillary walls to effectively reverse. Using confocal
microscopy, we could observe this sticking behavior of the particles. A typical image of particles sticking to the glass capillary wall is given in Fig. 2.8a. The red
circles denote the particles that are correctly recognized by the algorithm. The
pixel size in the images is approximately 0.2 μm (each particle has a diameter
of approximately 7 pixels). The adsorption of particles was observed to be irreversible: once a particle was adsorbed to the wall it practically stopped moving.
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Figure 2.8: [a,b:] Confocal images of particles T that are sticking to the capillary wall. The shift
between (a) and (b) was 1.20 μm (6 pixels). [c:] The stage was moved 5 times, resulting in the
5 distributions of the particle displacements. Note that there is partial overlap between the separate
distributions. [d:] From a single distribution that was ﬁtted to a Gaussian function (blue line) we ﬁnd
that the error in the found particle positions was σ = 0.05 pixels (14 nm).

We exploited this to estimate the error in the obtained particle positions.
By moving the microscope stage, we displaced all the particles in our ﬁeld of
view by exactly the same distance. Fig. 2.8b was shifted (by sending an instruction
to the stage) to the left with respect to Fig. 2.8a. In total, we repeated this step 5
times. For each time the stage was moved, the measured displacements of all the
particles are given in the histogram of Fig. 2.8c. As can be seen, there was a spread
in the imposed displacements. Each displacement of the stage is characterized by
a distribution of found particle displacements. Two times, the stage was found
to have been displaced by approximately 5.1 pixels (1.02 μm), one time by 5.3
pixels (1.06 μm), one time by 6.0 pixels (1.20 μm) and one time by 6.3 pixels
(1.26 μm). Each distribution of particle displacements was found to ﬁt well to
a Gaussian function f(x) = C exp(−Δx2 /2σ2 ), where C is a constant, Δx is the
displacement of a particle and σ is the standard deviation. From the spread in each
distribution we were able determine the error in the measurement. In Fig. 2.8d
one distribution is shown with a standard deviation of 0.05 pixels, corresponding
to a distance of approximately 14 nm.
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Figure 2.9: [a-e:] Confocal images of two particles 1 and 2 that are optically trapped using a timesharing tweezer setup. The position of particle 1 was held constant, whereas the y-position of particle
2 was varied stepwise. [f-i:] Displacements of particles 1 and 2 in the x- and y-directions. [j:] Several
images showing the particles approaching each other in steps. [k:] The x-positions of both particles
in time.

A possible application of our algorithm is to measure the electrostatic interactions using optical tweezers. Two particles, which are taken to be identical, were
optically trapped using a time-shared optical trap [27] (but using the Nikon C1
confocal instead of the Leica NT mentioned in this chapter). When one of the
particles is brought closer to a stationary trapped particle, the particle in the stationary trap starts to deviate from its original average position due to the presence
of the other particle. In Fig. 2.9a-e, the position of particle 1 was held constant
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whereas the y-position of particle 2 was changed in small steps. For each step, a
sequence of 2D images was recorded, from which a distribution of the position of
the particles was extracted (Fig. 2.9f-i). It can be seen that the x- and y-position
of particle 1 is indeed given by a single-distribution. For particle 2, the x-position
was located around a single mean value. The y-positions of particle 2 for 11 consecutive steps is shown in Fig. 2.9i. The deviation of particles 1 as a result of
the presence of particle 2 is summarized in Fig. 2.9j,k. More details about the
experiment can be found in [28].

2.7

Calculating Particle Trajectories

2.7.1

Constructing Particle Trajectories

As colloidal particles exhibit Brownian motion, their positions constantly change
in time. From a sequence of recorded images, it is possible to reconstruct the
individual particle trajectories. To do this, the particle needs to be identiﬁed in
successive frames. Crocker and Grier [26] found that the most probable way to
identify particles in consecutive frames is when the sum of all their mean square
displacements between two successive frames is minimal. In our algorithm, for
each particle i in frame m, particles in the following frame m + 1 are selected as
candidates to match up if they are found within a critical radius rc around particle i. By minimizing the total sum of all mean square displacements, the most
likely particle assignments are found. The method works well as long as the time
between two consecutive frames is smaller than the amount of time required to
diffuse a distance d corresponding to the average spacing between the particles in
the suspension. If the Brownian movement of the particles becomes larger than d,
the correlation between two successive frames is drastically decreased, inevitably
resulting in the loss of identity of a signiﬁcant percentage of particles in subsequent frames. To prevent this, the time interval between two frames should be
sufﬁciently short.
To illustrate our 2Dt tracking algorithm with an example, we followed the
diffusion of a stiff rod in time (Fig. 2.10). The rod consisted of 7 separate particles
and was prepared by heating a suspension of PMMA particles during the time
that a high frequency (1 MHz) AC ﬁeld was applied. The applied ﬁeld causes
dielectric polarization of the particles (m > p for PMMA in DMSO) which as a
result become aligned into strings parallel to the E-ﬁeld. The structure was made
permanent by heating the dispersion close to the glass temperature of PMMA.
As can be seen from Fig. 2.10b-e, the rod has both translational and rotational
freedom in time. From a time series of recorded images, we extracted the particle
positions and their trajectories (Fig. 2.10f). In the future we can use our tracking
software to study the rotational diffusion of stiff and ﬂexible strings in time. Also,
we can use it to study the movement of strings in electric ﬁelds.
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Figure 2.10: [a:] Microscope image of a stiff rod consisting of 7 PMMA particles. [b-e:] Close-up
snapshots of the stiff rod of colloids at different points in time, showing the rotation of the stiff rod.
[f:] The trajectories of the particles in time during 500 consecutive frames.
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Particles Moving Uniformly in an Electric Field

An interesting case appears when an electric ﬁeld is applied that drives the particles uniformly in one direction. To estimate the charge on the particles, it is
required to obtain the electrophoretic mobility μ = v/E of the particles, where
v is the electrophoretic velocity and E the electric ﬁeld strength. To determine
the electrophoretic velocity we need to identify the moving particles in different
frames to construct their trajectories. To do this, we cannot simply apply the existing tracking algorithm described above, since in our confocal setup already for
moderate driving ﬁelds E the average particle displacements in the ﬁeld direction
can exceed the typical spacing between the colloids d, resulting in wrong particle
identiﬁcations.
We demonstrate that particles can still be correctly identiﬁed, if ﬁrst an estimate is made of the average displacement in the ﬁeld direction. To do this, we
make use of the fact that the drift velocity is similar for all particles. First, an
estimate of the uniform displacement ΔR between successive frames is made.
Subsequently, we add this average displacement to a particle in a given frame to
match it with a particle in the next frame. We make use of the fact that if we
add the correct uniform displacement to the particles in frame m, the total mean
square displacement over all particles to their nearest particles in frame m + 1
will be minimized. If the ﬁeld is applied along the x-direction, we can minimize
the total mean square distance to nearest neighbors in the next frame with respect to the estimated displacement Δx. This total mean square displacement for
^ is given by:
a displacement Δx = ΔR · x
1
ξ(Δx) =
Nm

N
m



(Ri,m · x
^ + ΔR · x
^ − Rj,(m+1) · x
^)

2

(2.7)

i=0

x is here taken along
where Ri,m is the position of particle i in frame m. ΔR ·^
the x-axis but it could be taken along any direction in the plane. Rj,m+1 is the
position of particle j in frame m + 1 that is nearest to the displaced particle i.
Nm is the total number of particles in frame m that has at least one particle in
frame m + 1 that is closer than rc (after adding the estimated displacement to the
particles in frame m).
We recorded a series of images of particles B moving uniformly in an electric
ﬁeld. For this dataset, we plotted Eq. 2.7 in Fig. 2.11. From the minimum in ξ(Δx),
we estimate the uniform displacement Δxest  = −1.226 μm. First, this estimate
was added to all the particle positions in frame m. Subsequently, the particles
were matched with particles in the next frame m + 1 by means of the conventional 2Dt tracking algorithm. The resulting average displacement Δx along the
ﬁeld direction between two consecutive frames was thus reﬁned to −1.215 μm.
Recently, we became aware of a paper that calculates the cross-correlation function for two successive frames to estimate the uniform displacement [29]. Their
method is similar to the one we used here.
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Figure 2.11: a Snapshot of particles B (φ = 0.02). The electric ﬁeld is in the horizontal direction.
The red circles mark particles recognized by the tracking algorithm. b: ξ (Eq. 2.7) for particles B
at φ = 0.02 moving in an electric ﬁeld (2.65 V/mm). The value for ξ is minimum for a displacement of Δxest = −1.226 μm. Using this estimate, we determined the average displacement after
identiﬁcation of all the particles at −1.215 μm.

2.8

Testing the Particle Tracking Algorithm with
Brownian Dynamics Simulations

In our experiments, we recorded two-dimensional information as a function of
time, meaning that particles can also diffuse in- and out of our ﬁeld of view.
Inevitably, this will sometimes result in incorrectly identiﬁed particles. To estimate
the number of incorrectly matched particles between the frames, we performed
Brownian dynamics computer simulations in which the particles are driven by an
electric ﬁeld.
We attributed a unique ID number to each particle in the simulation. For each
given frame, the x- and y-coordinates as well as the unique particle ID number
were written to a 2Dt (2 spatial dimensions + time) data ﬁle. We allowed particles
to move in and out an imaginary slice that was oriented in the (xy)-plane with a
thickness Δz = 1.6 μm that is comparable to the optical slice in our experiments.
Since in reality only particles inside the slice are detected, we only saved the particle information for particles with a z-coordinate falling in this region of focus.
After the simulation was ﬁnished, the 2Dt ﬁle was used as input for the particle
tracking algorithm. The speciﬁc particle ID allowed us to detect falsely identiﬁed
particles (Fig. 2.12). The number of incorrectly identiﬁed particles increases with
φ but does not depend on the ﬁeld strength since in the simulations the particles
moved uniformly. Naturally, the larger the Brownian motion, the more uncertain
the results of the tracking will be. In these tests, we used a scanning speed of
5 frames per second and the mean square ﬂuctuations between two consecutive
frames were between 0.04 and 0.15 μm2 , which is typical for the suspensions and
scanning speeds that we used throughout this thesis. In reality, the error could de-
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Figure 2.12: The fraction of erroroneously identiﬁed particles between successive frames using a correction for a uniform particle displacement obtained from Brownian dynamics computer simulations
of colloids (σ = 0.93 μm) moving in an electric ﬁeld with ﬁeld strength |E|. Note that the actual
magnitude of the uniform displacement does not change the fraction of falsely matched particles, although the time interval (and hence the mean square particle displacements) between two successive
frames was the same for all ﬁeld strengths. The depth of the slice, used to mimic the ‘optical depth’ in
the experiments, was 1.6 μm.

pend on the ﬁeld strength in the case that there is a breakdown of uniform movement. We compare the particle displacements and diffusion coefﬁcients from the
simulation with the values found by our particle tracking algorithm. The errors in
the drift velocity were typically less than 1 %. The errors in the diffusion coefﬁcients were larger, typically around 10 %. Hence, we can be conﬁdent that we can
accurately determine the electrophoretic mobility of a uniformly moving concentrated colloidal suspension. For the determination of the diffusion constant, care
should be taken, since the values can deviate if the number of wrongly identiﬁed
particles becomes large.
3D Data
The algorithms for 2D tracking can be extended to 3 dimensions. Generally, confocal 3D data stacks are constructed from a series of 2D images ((xy)-plane) with
a spacing Δz between them. The error in the z-direction is generally not equal to
the error in the x- and y-directions and is determined by the point-spread func-
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tion in the z-direction and by the diffusion of the particles between the recording
of consecutive frames. Similarly to the 2D case, the tracking becomes more accurate if the number of voxels per particle increases. Care should be taken that
the time in which a particle is imaged in 3D is short compared to the time over
which the particle diffuses its own diameter. Once the data is recorded, and optionally corrected for aberrations, all dimensions are treated equally by our 3D
tracking algorithm and the localization of local maxima in the intensity landscape
proceeds in the same way as in the 2D case. More information on the extraction
of reliable coordinates from confocal microscopy data-sets can be found in [30].
The algorithms used for uniformly moving colloids in 2D can also be used
for three-dimensional data. Nevertheless, the recording of 3Dt data-stacks requires large amounts of storage capacity. Additionally, following a particle in 3
dimensions in time demands confocal scanning speeds that were often beyond
the current technical capabilities of the confocal microscopes that were used for
the experiments in this thesis.
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3
Electrophoresis on
Concentrated Colloidal
Suspensions in Low-polar
Solvents

We present a method to accurately measure the electrophoretic mobility of spherical colloids at high volume fractions in real space using
confocal laser scanning microscopy and particle tracking. We show that
for polymethylmethacrylate (PMMA) particles in a low-polar, densityand refractive-index-matched mixture of cyclohexylbromide and cis-decahydronaphthalene the electrophoretic mobility decreases nonlinearly with
increasing volume fraction. From the electrophoretic mobilities, we calculate the ζ-potential and the particle charge with and without correcting
for volume fraction eﬀects. For both cases, we ﬁnd a decreasing particle charge as a function of volume fraction. This is in accordance with
the fact that the charges originate from chemical equilibria which represent so-called ‘weak’ association and/or dissociation reactions. Finally, we
study the diﬀusion at diﬀerent volume fractions and identify a nonlinear
decreasing trend for increasing volume fraction.
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CHAPTER 3

Introduction

Colloids in nonpolar media are usually stabilized by grafting or adsorbing a polymer layer onto the particle surfaces. Short-ranged repulsive interactions resulting
from the overlap of these steric layers provide stability against the attractive Van
der Waals force. However, it has long been recognized that, even in solvents of the
lowest polarity, charges sometimes play an important role, despite the fact that
ion concentrations are extremely low [1, 2]. A well-known example is the strong
electric ﬁelds that may arise when friction causes charges to get separated during the pumping of insulating liquids, or when electrically charged water droplets
settle to the bottom of a container ﬁlled with petroleum products [3]. Addition
of small amounts of organic salts containing large ions proves to signiﬁcantly
increase the conductivity, allowing the charges to dissipate sufﬁciently fast to prevent explosion hazard of the products. Furthermore, charged colloids can be used
in xerography as an alternative to dry toning [2]. In this process, the charged
particles move by electrophoresis towards a charged surface that holds a charge
image. Once the particles have arrived on the surface, they form a real image on
the electronic template that can be made permanent by evaporation of the solvent, leaving the particles behind. Driven by the wish to realize soft interactions
(κa  1) [4, 5], and the design of advanced materials like electronic ink [6], interest in interactions between charged particles in nonaqueous solvents has again
increased in the last decade [7–9].

3.1.1

Electrostatic Interactions in Nonaqueous Colloidal Dispersions

The overlap of double layers can contribute signiﬁcantly to the interactions between the particles as a result of long double layers in nonaqueous colloidal dispersions. In general, double layers start to overlap when the distance between
two colloidal particles becomes of the same order as the Debye-Hückel screening
length κ−1 :
φ−1/3 a ≈ κ−1 .
(3.1)
Already in 1948, Verwey and Overbeek calculated the free energy required to let
two colloids approach each other from inﬁnity [10]. It was found that for small
surface potentials (< 25 mV) and moderate κa it hardly matters whether the
charge or the surface potential is held constant during this process [10, 11]. The
difference between these two cases is on the order of 20% at κa = 0.1, when the
colloids are separated by a distance equal to their radius.
The low, but ﬁnite degree of dissociation of electrolytes in low-polar media
a) and limits the total
causes long double layers around the colloids, (κ−1
amount of charge that builds up on the particle surface. However, since these
charges are poorly screened, the double-layer interactions are long ranged and
the colloids may acquire surface potentials that are similar in magnitude to those
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observed in aqueous dispersions [1]. Albers and Overbeek used this to explain
the reduced stability of some water-in-oil emulsions at all but the lowest water
volume fractions [12]: even though the electric potential is sufﬁciently high, the
potential gradient, corresponding to the repulsive force, is low when the droplets
are already sitting in each other’s (extended) double layer. In addition, Albers
and Overbeek realized that in such situations it no longer sufﬁces to describe the
system using only pair interactions, and provided a simpliﬁed model to account
for multi-particle interactions.
Indirectly, the particle charge and screening length κ−1 in a nondilute suspension can be estimated by measuring the radial distribution function of a particle
suspension, and ﬁtting it to distribution functions from Monte Carlo simulations,
assuming pairwise additivity [4, 13, 14]. Although this method works well for
ﬂuid suspensions, it was recently shown [15] that for an fcc crystal of charge
stabilized colloids pairwise additivity breaks down and an effective radially symmetric pair potential does not yield an appropriate description of the system.
One example of a direct measurement is given by Roberts et al. [16], where the
charge on a particle can be resolved with an uncertainty of about 0.25e by studying the resonance of a particle trapped in an optical tweezer trap driven by a
sinusoidal ﬁeld. Mircon-sized polymethylmethacrylate (PMMA) particles in (dry)
dodecane were found to carry on average 3 electron charges, but this increased
to around 60e when oil soluble surfactants were added. Although the accuracy
of this method is very high, it can only be performed at reasonably low volume
fractions. Recently, Merrill et al. measured the electrostatic forces in a many-body
system at low ionic strength (PMMA particles in hexadecane) by bringing small
groups of particles together using optical tweezers [17]. These data showed good
agreement with a constant surface potential model, showing a decreasing charge
as a function of increasing volume fraction. In strongly deionized dispersions, interactions can also become rather long ranged. Indeed, three-body interactions
contribute signiﬁcantly to the total interaction energy, and should be taken into
account [18].

3.1.2

Outline of this Chapter

For the above-mentioned reasons, it is interesting to directly measure the charge
and ζ-potential in apolar solvents at volume fractions where double layer overlap
plays an important role. To do this, we apply electrophoresis on a system that can
be effectively density and refractive-index matched, so that the electrophoretic
mobility can be measured using a confocal microscope. Before we discuss our
results, we give an overview of the relevant theory for this chapter and brieﬂy
discuss the methods that we employ.
We study the charge and ζ-potential of concentrated suspensions of PMMAparticles in a low-polar solvent mixture of cis-decahydronaphthalene (27.2 w%)
and cyclohexylbromide (m ≈ 5.6 for the mixture) with electrophoresis. The density of the particles is closely matched to the solvent to minimize the effects of sed-
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imentation. Since our particles are sterically stabilized and the refractive indices
of the particles and the solvent are very similar, the Van der Waals interactions
can be neglected. To extract the trajectories of the colloids in an electric ﬁeld, we
use a combination of Confocal Laser Scanning Microscopy (CLSM) and particle
tracking algorithms. First, we determine the electrophoretic mobility μ of the colloids at different volume fractions. Using calculations of electrophoresis [19], we
extract the ζ-potential and the surface charges Q as a function of volume fraction
φ. We also study the diffusion of the charged particles in the electric ﬁeld and
compare our results with earlier investigations. In concentrated colloidal suspensions, several additional phenomena can inﬂuence the structure of the suspension
as well [20]. For example, particle polarization can result in string formation and
ﬂows can become unstable under certain conditions. In this respect, real-space
techniques offer offer an advantage since the presence or absence of these phenomena can be directly observed. Finally, we study the effect of strong electric
ﬁelds on the electrophoretic mobility in a concentrated suspension.

3.2

Theory

3.2.1

Electrophoresis

A method that is commonly used to determine the particle surface potential and
charge is electrophoresis, where particles are driven by electric ﬁelds. By measuring the electrophoretic mobility μ = v/E, where v is the speed of the particle
moving in the electric ﬁeld and E is the electric ﬁeld strength, the surface potential and the particle charge can be deduced. Electrophoretic mobilities can be
deduced by laser Doppler anemometry [21] but can also be determined in real
space using an optical microscope [22, 23]. Conventions and recent progress in
the ﬁeld of electrokinetics are reviewed in [24].
When a DC ﬁeld is applied on a dispersion of particles (low- solvent) all
the free components in the system (colloids, ions and ﬂuid) are set into motion.
According to Dukhin and Derjaguin [25], the ratio between the electrophoretic
retardation force fr and the viscous resistive force fv scales with κa:
fr
= O (κa).
fv

(3.2)

Here the retardation force is caused by friction forces on the ions around the
particle that are transfered to the particle. For thick double layers compared to the
particle radius (κa  1), only a small fraction of the retardation forces that act on
the double layer is transfered to the particle. For this reason, the viscous resistive
forces will in this case be dominant over the electrophoretic retardation forces.
Thus, in the Hückel limit of very low salt concentration and inﬁnite dilution, the
electrical driving force on a single particle balances its Stokes frictional force:
QE = 6πηav,

(3.3)
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where Q = Ze is the electrokinetic charge on the particle, Z is the charge number,
e the elementary charge, E is the applied electric ﬁeld, v is the speed of the moving
particle in the ﬁeld direction, a is the particle radius and η is the viscosity of the
solvent. Using the linearized Poisson-Boltzmann equation, the ζ-potential can be
related to the charge on the particle Q and is given by:
ζ=

Q
,
4πm 0 a(1 + κa)

(3.4)

where 0 is the permittivity of vacuum and m is the relative permittivity of the
medium. Alternatively, the semi-empirical relation by Loeb et al. [26] can be used
to relate ζ to the particle charge:


4
ζe
kB T 2
ζe
κa 2 sinh
+
tanh
Z = 4πm 0
.
(3.5)
e
2kB T κa
4kB T
Using v = μE, Eq. 3.4 and Eq. 3.3, the electrophoretic mobility can be written in
terms of the ζ-potential:
2m 0 ζ
(1 + κa),
(3.6)
μ=
3η
which reduces to the Hückel equation in the limit that κa goes to zero:.
μ=

2m 0 ζ
.
3η

(3.7)

In the limit of thin double layers the electrophoretic mobility is given by a different analysis [27]. By integrating the force on all the ions in the diffuse layer,
and equating this to the force on the particle acting in the opposite direction,
Smoluchowski found:
m  0 ζ
μ=
.
(3.8)
η
Since Hückel and Smoluchowski did not include deformation of the local electric ﬁeld, the above formulas do not predict the situations for intermediate κa
correctly. It was demonstrated by Henry [28] that, when taking into account the
local electric ﬁelds around the particles, by superimposing the external electric
ﬁeld on the particle’s electric ﬁeld, the electrophoretic mobility can be written as:
μ=

2m 0 ζ
· f1 (κa),
3η

Here, f1 (κa) is given by:
⎧
⎪
(κa)2 5(κa)3 (κa)4 (κa)5
⎪
⎪
1+
−
−
+
⎪
⎪
48 6 
96
96
⎪
 16 4
⎨
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(κa)
κa ∞ e−t dt
e
+
−
f1 (κa) =
κa t
8
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⎪
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⎪
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330
3
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−
+
−
2 2κa 2κ2 a2 κ3 a3

(3.9)

κa < 1
κa > 1.

(3.10)
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For small and large κa, f1 (κa) approaches 1 and 3/2 respectively, in line with the
Hückel and Smoluchowski limits. As a particle moves, the surrounding cloud of
ions becomes distorted, which changes both the local electric ﬁeld and deforms
the double layer around the particle. If the distortion is signiﬁcant, the ion cloud
does not relax to its equilibrium form and the symmetry of the double layer is
broken. Since Eq. 3.9 does not take these effects into account it is only valid for
sufﬁciently small ζ-potentials [27].
In order to ﬁnd solutions for any κa and any ζ-potential it is necessary to
take into account geometrical effects and the correct ion distribution around the
particle (this distribution is inﬂuenced by the ﬂuid ﬂow and the electric ﬁeld).
To accomplish this, in general, a set of differential equations must be solved. The
ﬁrst equation that needs to be solved is the Poisson equation:

∇2 Ψ(r) = −

ρ(r)
,
m 0

(3.11)


where the local ion density is given by ρ(r) =
ni (r)zi e and Ψ is the total
electrostatic potential. The ﬂuxes in the concentrations n+ and n− arise from
contributions of the electric, diffusional and ﬂuid forces. For each ionic species,
the sum of all ion ﬂuxes due to these forces must be equal to zero in a steady
state, which can be expressed by:

∇ · [±(n± z± e)∇Ψ(r) − kB T ∇n± + f± n± v(r)] = 0,

(3.12)

where v(r) is the velocity of the ﬂuid at position r and f± are the friction coefﬁcients of the ions. Notice that when there is no ﬂow, v(r) = 0 everywhere, Eq. 3.12
gives the equilibrium ion distribution used in the Poisson-Boltzmann equation.
Since the colloids move, there exists a ﬂuid ﬂow described by the Navier-Stokes
equation:
−η∇2 v(r) + ∇p + ρ∇Ψ(r) = 0,
(3.13)
where ∇p is the pressure gradient, and the ﬂuid is taken to be incompressible:

∇ · v = 0.

(3.14)

Solutions to Eq. 3.11-3.13 depend on the geometry of the particle and the applied boundary conditions. Analytical solutions were obtained by Overbeek [29]
in 1943 and by Booth in 1950 [30], by expressing the mobility as a power series
in ζ and evaluating the ﬁrst few coefﬁcients. Later, Wiersema [31] and O’Brien
and White [32] used numerical calculations to relate the ζ-potential to the mobility μ. These results, and their comparison with analytical expressions, is treated
extensively by Hunter [27].

3.2.2

Effects of Volume Fraction on the Electrophoretic Mobility

When suspensions become more concentrated, the particles start to interact with
1),
each other. In systems where a high degree of ionic screening is present (κa
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the double layer is very small compared to the particle radius. Therefore, charge
separation only occurs in the double-layer region around the particle. Net electric
forces exerted by an external ﬁeld will therefore only act on this region, resulting
in strongly screened hydrodynamic and electrostatic interactions [33]. It has been
shown both theoretically [34] and experimentally [35] that the electrophoretic
mobility shows a weak concentration dependence, which results from the back
ﬂow of ﬂuid that is caused by the motion of the particles:
μ = μ0 (1 − Cφ) + O (φ2 ).

(3.15)

Here, μ0 is the electrophoretic mobility at inﬁnite dilution, C is a constant that
is close to unity and O (φ2 ) denotes the second-order terms. Recently, Pérez et
al. conﬁrmed this for particles suspended in an apolar solvent with added salt
1) [36]. Medrano et al. showed that for longer screening lengths (κa ≈
(κa
0.44) the dependence of the mobility on the concentration is much stronger due
to particle interactions, with the constant in Eq. 3.15 found to be C = 8 ± 2
[37]. In a paper by Lobaskin et al. [38] the electrophoretic mobility of aqueous
colloidal dispersions in the low-salt regime was studied with a combination of
Lattice-Boltzmann and Molecular Dynamics (LB-MD) computer simulations and
laser Doppler velocimetry experiments that also shows a nonlinear decrease of
the mobility with increasing volume fraction.
In the case of very low bulk ion concentrations and extended double layers
(κa  1), the dependence of various dispersion parameters such as charge and
surface potential on volume fraction becomes important and has been the subject
of several experimental and theoretical studies. The ﬁrst mobility expression for
spherical particles at low ζ-potentials and arbitrary double-layer thickness was
derived by Levine and Neale [39] using the Kuwabara cell model [40]. Kozak and
Davies generalized this theory for arbitrary values of the ζ-potential. A paper by
Ohshima [42] that gives the mobility for a swarm of spherical particles, also covers the limiting cases from these earlier works. The effect of charge regulation,
by means of ion exchange with the ﬂuid, on the electrophoretic mobility and the
particle surface potential in highly concentrated suspensions was studied in more
detail by Hsu et al. [43]. Since surface charge density can change as a result of a
different degree of dissociation of charge carrying groups, both the surface charge
and potential are allowed to change with the screening parameter κa and volume
fraction φ. It is shown that the surface potential decreases for increasing κa. Also,
a decreasing trend of the electrophoretic mobility with increasing volume fraction
is predicted. The polarization of the double layers becomes more signiﬁcant for
higher surface potential, but completely vanishes when κa → ∞. The ﬁrst theoretical work on the electrophoretic mobility of spherical colloidal particles at
high concentrations for arbitrary ζ-potentials that fully takes into account overlapping double layers was given by Carrique et. al. [19]. The calculations use a
Kuwabara cell model to relate the ζ-potential and surface charge for arbitrary κa
and φ to the electrophoretic mobility μ. The effect of overlapping double layers
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on the electrophoretic mobility and the choice of appropriate boundary conditions
is treated in more detail in [44].
In this chapter, we measure the conductivity and mobility as a function of
volume fraction of PMMA particles in a low-polar solvent mixture of cis-decalin
and CHB using confocal laser scanning microscopy. We focus on the cases where
the ﬁeld strength is sufﬁciently low to ensure that particle polarization does not
have an important effect on the structure of the suspension. We evaluate the
theoretical work on electrophoresis by Carrique et al. [19] to calculate the charge
and surface potential on the particles.

3.2.3

Diffusion Coefﬁcients

Since we obtained the trajectories of the charged particles from our electrophoresis measurements, we can also study the diffusion in an electric ﬁeld. The
diffusion of charged particles with long double layers has been studied theoretically [45–47] and we will qualitatively compare the results with our experiments
in Section 3.4.4.
In the most simple case of independent Brownian particles at inﬁnite dilution,
the particles do not inﬂuence each other and the diffusive motion of particles is
given by:
Δt > τB ,
(3.16)
(Δr)2 = 6D0 Δt
where τB sets the Brownian time scale and D0 is the single particle diffusion
coefﬁcient given by the Stokes-Einstein relation:
D0 =

kB T
,
6πηa

(3.17)

where kB is the Boltzmann constant, T is the temperature, η is the dynamic viscosity of the solvent, and a is the radius of the particle. When more particles
are present, the diffusion of the charged particles is inﬂuenced by a combination
of hydrodynamic, electrostatic and direct interactions. The time scale on which
a particle feels a change in conﬁguration is set by the interaction time scale τI .
Since the double layers can interact as well, τI ∝ a2 /D0 will be shorter for soft
spheres than for hard spheres.
For very short time intervals τB < Δt < τI , the particles move in a nearly constant conﬁguration of neighboring particles and only experience hydrodynamic
interactions. In this regime the mean square displacement and time are related
by the short-time diffusion coefﬁcient:
DS =

(Δr(Δt))2
6Δt

τB < Δt < τI .

(3.18)

On the other hand, if Δt
τI , the mean square displacement is a result of the
combined effect of hydrodynamic, electrostatic and direct (the particles cannot
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penetrate each other) interactions. The mean-square displacement and time are
related by the long-term diffusion coefﬁcient:
DL = lim

Δt→∞

(Δr(Δt))2
6Δt

τI  Δt.

(3.19)

For intermediate time scales τS < Δt < τI on which the particle interactions cannot be averaged over all possible conﬁgurations within that time, the mean-square
displacement is not a linear function of time and the diffusion coefﬁcient is not a
constant. For these intermediate time scales, an apparent diffusion coefﬁcient can
still be deﬁned:
(Δr(Δt))2
Δt ≈ τI ,
(3.20)
D(Δt) =
6Δt
which is a function of the time interval Δt over which it was measured. The
diffusion of charged particles will be studied in Section 3.4.4.

3.3

Methods
E

+

2 mm

0.1 mm

-

1-4 cm

Figure 3.1: A birds-eye view of a rectangular glass capillary with cross-section dimensions 0.1 mm ×
2 mm. After a dispersion was transferred into the capillary, conducting wires bent at an angle were
inserted as electrodes at both ends of the capillary. The capillary itself was closed at both ends with
either UV-glue or wax. Black lines represent conducting wires which were inserted before the addition
of a colloidal dispersion into the capillary; here indicated as red spheres in a clear medium.

Particle Dispersions
Polymethylmethacrylate (PMMA) particles were synthesized by dispersion polymerization [48]. The particles were covalently labeled with either 7-nitrobenzo2-oxa-1,3-diazole (NBD) or rhodamine B isothiocyanate (RITC) [48]. The colloids
were sterically stabilized with the graft-poly-12-hydroxystearic acid PHSA-PMMAcomb stabilizer. In all cases, the stabilizer was covalently linked to the particle
surface after the synthesis. After this step, the particles were washed with hexane
several times to remove unreacted monomer. The particle size and polydispersity
were determined by static light scattering (SLS). For the electrophoresis measurements, we used two different particle batches A (σA = 1.06 μm, 6% polydispersity,
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NBD-labeled) and B (σB = 0.91 μm, 7% polydispersity, RITC-labeled). In addition, particles N (σN = 2.05 μm, 4% polydispersity, RITC-labeled) were used for
conductivity measurements. Suspensions at different volume fractions containing
either particles A or particles B were prepared by dispersing the dry colloids in
a mixture of 27.2 w% cis-decahydronaphthalene (‘cis-decalin’) and cyclohexylbromide (CHB). In this solvent mixture, the density and refractive index of the
background and the colloids are nearly matched. After dispersing the particles,
they were allowed to equilibrate in CHB/cis-decalin for a period of at least three
days prior to the electrophoresis measurements.
Electrophoresis
After the equilibration period, the particle dispersion was transferred to a rectangular glass capillary (Vitrocom 0.1 × 2.0 mm) with electrodes connected on both
ends of the capillary (Figure 3.1). We veriﬁed that no air bubbles emerged inside the dispersion in the capillary during this procedure. The capillaries were
then sealed with either wax or UV-glue (Norland optical adhesive). In the latter
case, the glue was cured with UV-light (λ = 350 nm, UVGL-58 UV lamp, UVP)
for approximately 30 minutes. During this curing process, the capillary was covered with aluminum foil to shield the suspension inside the sample and protect it
from the UV radiation. Since the electric cells could not be re-used, we prepared a
new one for each volume fraction. All electrophoretic proﬁles were measured on
a Leica SP2 confocal microscope (using a 488 nm or 543 nm laser), using an NA
1.3 40x oil immersion objective (Leica). For the generation of the electric ﬁelds, a
wideband ampliﬁer (Krohn-Hite, Model 7602M) was used.
To increase the accuracy of the mobility measurement, we did not directly
measure the particle velocity at the stationary layers. Instead, we recorded movies
for a number of depths (> 5 in all cases) along the vertical (z)-axis of the capillary.
Then we ﬁtted the resulting velocity proﬁle to a parabolic function, to obtain the
velocity at the stationary layers [21]. After mounting the sample on the stage, the
location of the lower and upper glass walls was determined using z-stage on the
confocal microscope. From this, the distance h between the capillary walls in the
z-direction, which varies about 10% for different capillaries, was determined for
each individual sample. Occasionally, capillary effects acting on the immersion
oil droplet between the objective and the capillary resulted in a small drift of
the sample in the z-direction. This drift was taken into account by assuming that
the extremum in the Poiseuille ﬂow (PF) proﬁle was always located exactly in the
center of the capillary channel (z = 0). We used a so-called ‘dial-indicator’ (Schut)
that measures micro-meter scale displacements to locate the horizontal center of
the capillary (y = 0).
Images were recorded at a resolution of 512 x 512 or 1024 x 1024 pixels, at a
scanning speed of approximately 2 frames per second. To determine the particle
positions in each frame, we used the tracking algorithms described in section 2.7.
We used Gaussian blurring to smoothen the intensity landscape and reduce noise.
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To correct for background noise, we occasionally used a top hat ﬁlter. The particle trajectories were determined using the 2Dt-tracking algorithms described in
Section 2.7.2.
Doppler Anemometry Measurements
In addition to the confocal microscopy measurements, we also determined the
electrophoretic mobility using a Zetasizer Nano (Malvern) apparatus. To do this,
the equilibrated samples were transferred into a glass cell (12 mm square glass
cell PCS1115, Malvern) after which the electrophoretic mobility was measured
using a probe that is suitable for organic solvents (universal dip cell PCS1115,
Malvern).
Conductivity Measurements
The conductivity of both the pure CHB/cis-decalin mixture and the suspensions
with particle A in CHB/cis-decalin were measured with a Scientiﬁca model 627
conductivity meter.
Monte Carlo Simulations
To verify our experimental ﬁndings, we performed Monte Carlo simulations in the
canonical (NVT ) ensemble, with the number of particles N, the volume V and the
temperature T ﬁxed during each simulation. A cubic simulation box with periodic
boundary conditions containing N = 600 particles was used, and allowed to run
for 4 · 106 Monte Carlo moves per particle. The particles interact via a pairwise
hard-core repulsive Yukawa interaction, given by:
⎧
⎪
⎨ γ exp[−κ(rij − σ)] , rij ≥ σ
rij /σ
,
βUYuk (rij ) =
⎪
⎩ ∞,
rij < σ

(3.21)

where
γ=

λB
Z2
(1 + κσ/2)2 σ

(3.22)

is a constant prefactor depending on the colloidal charge number Z, Debye screening length κ−1 and Bjerrum length λB = e2 /4πm 0 kB T with e the elementary charge. Eq. (3.21) gives the pair potential derived by the Derjaguin-LandauVerwey-Overbeek theory for charged colloids [10]. Since our particles are sterically stabilized and the refractive index of the solvent is matched to the refractive
index of the particles, we can safely neglect the Van der Waals attractions.
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3.4

Results & Discussion

3.4.1

Conductivity of the Suspension

We study the conductivity of the suspension for different volume fractions φ of
two different particle species, namely A, (σA = 1.06 μm) and N (σN = 2.05
μm). Since a relatively large quantity of suspension (approximately 4 mL for each
measurement) was required to obtain the conductivity, we started with a concentrated suspension of particles and diluted this after each measurement to obtain
the curve σ(φ). For our suspension conductivity measurements, we used 3 different batches (with different treatment, suppliers and/or shelf-times) of cis-decalin
(27.2 w%) in CHB that we labeled α, β, γ and δ. In the case of batch α, molecular sieves were added during the puriﬁcation to lower the conductivity from 115
pS/cm to 2.3 pS/cm. Batches β and γ were obtained by mixing as received CHB
with cis-decalin, without any puriﬁcation steps. The initial conductivities were
measured for each batch and are summarized in Table 3.1.
Batch

α

β

γ

δ

σ [pS/cm]

2.3

51

272

263

CHB:

Fluka

Sigma-Aldrich

Fluka

Sigma-Aldrich

puriﬁed

as rec.

as rec.

as rec.

28-03-2008

16-04-2009

28-03-2008

09-10-2007

Date rec. CHB

Table 3.1: Measured conductivities of different batches of cis-decalin (27.2 w%) in CHB without any
colloids added. For each batch the origin of the CHB and the date that the bottle was received is also
given.

For particles A in solvent β, the conductivity initially drops, and then increases
again with approximately a factor 3 to reach a level of approximately 120 pS/cm.
The initial drop at low concentrations could be caused by the effect of adding
insulating PMMA particles (m ≈ 2.6) to the solvent mixture (m ≈ 5.6), in
this case lowering the conductivity of the dispersion as a whole. Interestingly,
something different happens with particles N in solvent γ; as the volume fraction increases, the conductivity decreases to approximately the same plateau as
for particles A in solvent β. Evidence that the particles can indeed enhance the
concentration of ions in the solution is given by studying particles A and N in the
puriﬁed solvent batch α. The increase in conductivity with the particle volume
fraction suggests that the particles themselves introduced new ions or that they
increased the degree of ion dissociation by the presence of polar groups at the
surface of the particle.
To determine the origin of the ions upon addition of colloids, we used a suspension of colloids N in solvent α (φ = 0.1) with a measured conductivity of
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σ = 75.5 pS/cm. After sedimenting the particles by centrifugation, we determined
that the conductivity of the supernatant had a comparable value of σ = 81.4
pS/cm. This measurement suggests that the ion concentration does not only increase in the double layer around the colloids, but also in the bulk solution. This
suggests the possibility that the ion concentration was increased as a result of
species that were introduced by the particles. These substances could have originated from stabilizer that was adsorbed to the particle surface. To conﬁrm this, we
completely dried (PHSA)-PMMA-comb stabilizer and washed it three times with
hexane (same treatment as the particles) to remove remains of ethyl acetate,
butyl acetate, toluene and other polar substances. After this step, we saturated
the mixture of cis-decalin (27.2 w%) and CHB (σ = 34 pS/cm) with the remaining stabilizer and measured the conductivity of the viscous mixture of solvent and
(PHSA)-PMMA-comb stabilizer (σ = 315 pS/cm). Although free stabilizer is not
the same in composition as stabilizer adsorbed to the particle surface, this measurement seems to conﬁrm that compounds in the stabilizer can be a source of
extra ions.
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Figure 3.2: Measured conductivities as a function of volume fraction φ for several different systems
containing either particles A or N and solvent batch α, β or γ.

Generally, it can be said that there is a dissociation/association equilibrium
of ions near the surface of the colloid. By adsorbing ions from the bulk solvent,
it is possible that chemical equilibria inside the solvent are shifted to generate
new ions, leading to an increase in the conductivity. In addition, it is possible that
the colloids themselves can introduce new ions to the suspension or enhance the
concentration of ionic groups.
For the electrophoresis experiments in this chapter, particles A and B were dis-
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persed in a mixture of cis-decalin (27.2 w%) in CHB (batch δ) that has an initial
conductivity of 263 pS/cm, corresponding to κ−1 ≈ 1 μm. Unfortunately, we did
not have a sufﬁcient amount of colloids to perform the conductivity experiments
for these particles in solvent mixture δ. From the conductivity measurements of
particles N in batch γ (Fig. 3.2), it seems reasonable to assume that the screening length κ−1 again remains relatively constant for increasing particle volume
fraction.

3.4.2

Electrophoresis Measurements

In this section, we perform our electrophoresis measurements of the colloidal
dispersions A and B. First, we describe our measurements of the electrophoretic
mobility μ = v/E. Subsequently, we use this quantity to calculate the charge and
the ζ-potential of the colloidal particles.
To calculate the mobility μ from our data, we extracted the trajectories of particles from a sequence of frames which we obtained using the confocal microscope
and applying the tracking algorithms described in Section 2.7.2. In Fig. 3.3 a few
examples are depicted of the experimental data obtained for particles A and B.
Fig. 3.3a shows trajectories for colloids A at a volume fraction of φ = 0.35 when
no ﬁeld was applied and only Brownian motion was observed. In Fig. 3.3b an
electric ﬁeld was present, resulting in the uniform motion of colloids in the direction of the ﬁeld (horizontal). Fig. 3.3c shows something similar as in Fig. 3.3b,
for particles A in a dilute suspension (φ = 0.0025). The particle trajectories have
a limited length, since the particles can diffuse in and out of the optical slice that
deﬁnes our ﬁeld of view, causing the particles to move out of sight after some
time. Fig. 3.3d shows the distribution of the trajectory lengths, which conﬁrms
this. From each particle trajectory we obtained the velocity of a particle, from
which the mobility was calculated in turn. The result was then averaged over all
particles. To ensure the reliability of our data, we only used trajectories of particles that could be identiﬁed for more than 5 consecutive frames in our calculation.
When an electric ﬁeld is applied in a closed capillary, counterions near the
charged wall are set in motion and drag along the ﬂuid, resulting in an electroosmotic plug ﬂow (EOF). Since the ﬂuid is incompressible (Eq. 3.14), a counterpressure builds up and a parabolic Poiseuille ﬂow (PF) ensues in the opposite
direction to cause a zero net ﬂow. Both ﬂows exactly cancel at the stationary
layers, which for our rectangular capillary (Fig. 3.1) are located at [27]:


2 51
1
zstat
=
+4
,
(3.23)
h
3
π
k
where k is the ratio between the major and minor cross section of the capillary,
h is the distance from the center of the channel and either of the walls, and zstat
is the distance from the center of the channel to one of the stationary layers.
For our capillaries, zstat ≈ ± 36.3 μm (k ≈ 20). To calculate the electrophoretic
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Figure 3.3: Particle trajectories, the direction of movement is given by the orientation of the triangles.
[a:] Trajectories for particles B at φ = 0.35 in the (xy)-plane, at zero E-ﬁeld. [b:] Trajectories for
particles B at φ = 0.35, and |E| = 10.75 V/mm. [c:] Trajectories for particles A at φ = 0.0025,
and |E| = 2.21 V/mm. Only trajectories starting at t = 0 are shown for at most the next 10 frames
(a+b) or at most the next 80 frames (c). [d:] The distribution of the trajectory lengths for particles A
at φ = 0.0025, and |E| = 2.21 V/mm. The frame rates were either 1.35 s−1 (a) or 2.37 s−1 (b,c).

mobility μ of the particles at the stationary layers, the electrophoretic mobility
was measured for several depths z and ﬁtted to a parabola [21]. By evaluating
this parabola at z = ±zstat the mobility at the stationary layer was obtained.
For both particle batches A and B, the mobility was determined as a function of
the channel depth z for volume fractions in the range of φ = 0.001 to φ = 0.35. In
Fig. 3.4, the electrophoretic mobility proﬁle along the z-direction of the channel
is given for particles B at φ = 0.02 (Fig. 3.4a) and φ = 0.13 (Fig. 3.4b). The blue
vertical lines depict the upper and lower glass walls of the capillary. The magenta
vertical lines denote the positions of the stationary layers. The positive mobility at
the stationary layers indicates that the particles are positively charged. We have
veriﬁed this for all measurements where φ ≤ 0.3. In this case the mobility did not
change signiﬁcantly with the ﬁeld strength, indicating a linear ﬁeld-dependence
of the velocity v = μE. In one measurement (particles B at φ = 0.35) already
a large amount of local order was present, indicating that the suspension was
close to crystallization. Moreover, the mobility proﬁle did in this case change for
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different ﬁeld strengths.
We noticed an unusual change of direction of the EOF at the lowest volume
fractions while studying μ as a function of φ. The mobility proﬁles for particles A
at φ = 0.001 and φ = 0.0025 demonstrate this (Fig. 3.5a and 3.5b respectively).
At the stationary plane, μ has a positive value for both volume fractions, showing
that the particles moved towards the negative electrode and were therefore positively charged. Also, for both suspensions, we observed the adsorption of particles
to the upper and lower glass walls of the capillaries. The adsorption of particles
is only expected if the sign of the particle charge is opposite to the charge sign of
the wall, indicating that the bare wall charge was initially negative.
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Figure 3.4: Confocal images and mobility proﬁles along the z-axis measured for [a,b:] particles B at
φ = 0.02 at two different ﬁeld strengths E = 1.32 V/mm () and E = 2.65 V/mm (), and [c,d]:
particles B at φ = 0.13 at 1.28 V/mm (), 2.58 V/mm (), −2.58 V/mm ( ) and 3.85 V/mm ().
The plots show that for these low ﬁelds, the electrophoretic mobility μ does not depend on the sign
nor the magnitude of the applied electric ﬁeld. Blue vertical lines depict the upper and lower glass
walls of the capillary. The magenta vertical lines denote the stationary planes. The red circles in the
snapshots mark particles recognized by the tracking algorithm. The center of the capillary is located
at z = 0.

E LECTROPHORESIS ON C ONCENTRATED C OLLOIDAL S USPENSIONS IN L OW- POLAR S OLVENTS

I = 0.001

Mobility [ Pm2/Vs]

1200

3.31 V/mm
4.96 V/mm

a

b

1000

800

600

400
-60

-40

-20

0

20

depth (z-axis) [Pm]

40

60

I = 0.0025

1200

Mobility [ Pm2/Vs]

51

c

2.28 V/mm
5.54 V/mm





d

1000

800

600

400
-50

0

depth (z-axis) [Pm]

50





Figure 3.5: Confocal images and mobility proﬁles along the z-axis measured for [a,b:] particles A at
φ = 0.001 at two different ﬁeld strengths E = 3.31 V/mm () and E = 4.96 V/mm (), and [c,d:]
particles A at φ = 0.0025 at 2.28 V/mm () and 5.54 V/mm (). Both the direction of the EOF and
PF are inverted with increasing volume fraction. Blue vertical lines depict the upper and lower glass
walls of the capillary. The magenta vertical lines denote the stationary planes. The red circles in the
snapshots mark particles recognized by the tracking algorithm. The center of the capillary is located
at z = 0.

For φ = 0.0025, the Poiseuille ﬂow (PF) is directed in the same direction as the
particle movement. Recall that in a closed capillary, a PF arises to counteract the
EOF that was caused by negatively charged ions on the wall. Hence, the capillary
walls are positively charged for φ = 0.0025. On the other hand, for φ = 0.001, the
PF counteracts the direction in which the particles move, meaning that the capillary walls are negatively charged (the EOF is caused by moving positively charged
ions). Hence, we conclude that particle adsorption reverses the net charge on the
capillary wall, and thus also reverses the direction of the EOF and PF.
Since a signiﬁcant fraction of particles was adsorbed to the walls at these low
volume fractions, the actual volume fraction inside of the capillary was lower
than for the prepared suspensions. For the higher volume fractions φ > 0.01 this
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Figure 3.6: The measured electrophoretic mobilities for particles A (green ) and B (red ) as a
function of volume fraction. For particles B, also the mobilities measured by Doppler anemometry on
the ZetaSizer Nano are shown (red ). Inset: close-up of the electrophoretic mobilities measured at
low volume fraction.

effect is relatively small, but in the cases where the volume fraction was very low
this was certainly not the case. At φ = 0.001, the volume fraction of particles kept
decreasing in time, until all free particles were stuck to the wall (no particles were
observed in the suspension anymore). The upwards shift of the mobility proﬁle
going from 2.28 V/mm to 5.54 V/mm for φ = 0.0025 was probably due to ongoing
particles adsorption in the time between the two measurements, lowering the
effective volume fraction and increasing the particle mobility.
In Fig. 3.6, the stationary mobilities μ are depicted as a function of the volume
fraction φ for species A and B. It is observed that both particle batches exhibit a
similar trend of nonlinear decreasing mobility μ with increasing volume fraction
φ. The φ-dependence is much stronger than for particles with thin double layers
[35, 37]. For particles A and volume fraction φ = 0.01, the electrophoretic mobility shows a sudden dip. Since we do not observe a similar dip for particles B, it is
likely that this is an outlier that is caused by an unknown external factor.
In order to compare our measurements with an independent method we have
also performed mobility measurements on particles B with the ZetaSizer Nano
(Malvern) which uses laser Doppler anemometry [49, 50] to measure electrophoretic mobilities. First, the electrophoretic mobility was measured directly at
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the stationary layers for an applied DC electric ﬁeld. Second, the mobility was
measured in a low-frequency AC ﬁeld, where electro-osmosis is suppressed [51].
The mobility data (Fig. 3.6a) show roughly the same trend as observed with the
CSLM method. However, the variance in the measured mobilities is larger than
for the confocal microscope measurements especially at low volume fractions. It
is likely that the precision of the method is lower, in particular for dilute systems,
since the refractive index of our particles is very close to that of the solvent, and
the ZetaSizer Nano uses scattered light. Additionally, it is likely that the apparatus is not sensitive enough to pick up the small Doppler shifts associated with the
small speeds at which our particles travel.

3.4.3

Surface Potential and Charge

In this section, we use the measured electrophoretic mobilities to calculate the
charge and surface potential. Several factors contribute to the strong decrease of
the mobility with volume fraction. There is a (1 − φ) dependence due to the ﬂuid
back ﬂow [34, 35, 37] when the colloids translate and a factor (1 − φ
2 ) due to the
lowering of effective electric ﬁeld strengths in a medium containing insulating,
weakly charged particles [41]. There are also hydrodynamic effects arising from
the overlap of electric double layers. This in turn has effects on the local ﬁeld,
the ion distribution around the colloids, and thus on the hydrodynamics. These
effects can all be accounted for by numerical calculations used in modern theories
of electrophoresis. Here, we employ the calculations of Carrique et al. [19], that
are designed to relate the electrophoretic mobility to the ζ-potential for arbitrary
double-layer thickness. We do not consider the effect of a dynamic Stern layer
here. The calculations use a Kuwabara cell-model [40], where each particle of
radius a is deﬁned inside a cell with radius b to model a concentrated suspension.
The boundary condition for the potential at the slipping plane, chosen at r = a,
is given by:
(3.24)
ζ = Ψ0 (a).
Moreover, a local potential minimum is present in the middle between two neighboring particles r = b:
 0
dΨ
= 0,
(3.25)
dr r=b
where b denotes the outer boundary of the cell. For all calculations we used a
dynamic viscosity of the solvent of η = 2.726 · 10−3 Pa/s, a bulk conductivity of
263 pS/cm, a dielectric constant of the solvent mixture of m = 5.6 and a dielectric constant of the particles of m = 2.6. The conductivity measurements suggest that there are no dramatic changes in the ion concentration (Section 3.4.1).
However, we do acknowledge that the ionic strength of the dispersion might have
changed with increasing volume fraction since the dependence of the conductivity on the volume fraction is in this case not yet fully understood. For this reason,
we performed the calculations not only with a constant κa = 0.5 (based on the
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conductivity of the solvent mixture at inﬁnite dilution) but also for several different κa ∈ [0.3, 0.7]. In addition, we performed the calculations without taking the
volume fraction effects into account by ﬁlling in a very low value for φ = 1 · 10−5 .
For these calculations, we used a constant value for κa = 0.5.
Since for particles B, at a volume fraction of φ = 0.35, we observed out-ofequilibrium phenomena that are not accounted for in the theory, such as stick-slip
motion, we did not use this measurement in the calculation of the ζ-potential
and the particle charge. Also, we excluded the outlier (in the mobility data) for
particles A at φ = 0.01 from the analysis.
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Figure 3.7: The electric potential between the surfaces of two particles (vertical green lines) as a
function of the distance r, given in units of the particle radius a. These data were calculated using the
method of Carrique et al. [19] and our electrophoretic mobility data for particles B at [a:] φ = 0.0026
and κa = 0.5 and [b:] φ = 0.1 and κa = 0.5. It can be seen that for higher volume fractions, when
the particles approach each other, the potential landscape ﬂattens.

From the calculation, we obtain the full solution for the potential as a function
of distance from the particle surface. Two examples are shown in Fig. 3.7 where
the potential Ψ(r) is drawn for two neighboring particles in a dispersion with
volume fraction φ = 0.0026 (Fig. 3.7a) or φ = 0.1 (Fig. 3.7b). Both calculations
are performed for κa = 0.5. The two green vertical lines denote the surfaces
of the two neighboring particles. It can be observed that as the volume fraction
increases, the double layers start to overlap. Note that the applied electric ﬁeld
O (1-10 V/mm) is small compared to the electric ﬁeld at the surface of the particles
|E| = O (10 − 100 V/mm).
In Fig. 3.8, the ζ-potential is given for both particles A and B as a function
of volume fraction φ. The uncertainty in the screening parameter κa is marked
by the lightly shaded area (blue). When κa is assumed to be constant (red circles), the ζ-potential is roughly constant for different φ. This corresponds to the
idea that particles in chemical equilibrium with the solution maintain a constant
potential. For comparison, we show the ζ-potential that was obtained under the
assumption of inﬁnite dilution (green squares). Clearly, the correct treatment of
particle interactions is very important. From the calculated function for the po-
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Figure 3.8: The ζ-potentials for [a:] particles A and [b:] particles B for different volume fractions
calculated from the electrophoretic mobility. The red points () represent the calculations for a constant value of κa = 0.5. The blue shaded area covers the results of the calculations for values of κa
between 0.3 and 0.7. The green points () are the results assuming inﬁnite dilution. The solid lines
are guides to the eye.

tential Ψ(r) we can obtain the particle charge using Gauss’s theorem:

Q = −4πp 0 a2

∂Ψ
∂r


,

(3.26)

r=a

where [∂Ψ/∂r]r=a is the slope of the potential at the surface of the particle. In
Fig. 3.9a,b the calculated number of elementary charges Z = Q/e is given as a
function of volume fraction. Again, the calculation was performed for κ = 0.5
(blue points) and for κa = 0.3 and κa = 0.7.
The particle charge is reasonably constant at low volume fractions, but shows
a decreasing trend with increasing volume fraction as the double layers start to
overlap. For particles B there seems to be ﬁrst an increasing trend and a maximum
at φ = 0.02 (the same can be observed for the ζ-potential). This trend is not
present for particles A and could therefore be coincidental. However, it could
as well be related to a signiﬁcant fraction of ions adsorbing to the wall (and
consequently not to the surface of the particles) at low volume fractions, thus
lowering the charge on the particles.
We also show the predicted particle charges without the volume fraction correction (green squares in Fig. 3.9), again showing the importance of taking into
account the effects of double-layer overlap. A lowering of the particle charge is
expected if particles are to maintain a constant surface potential when they approach each other. We also note that, while the particle charge is very low in
comparison to aqueous colloids, the ζ-potential is quite similar. This is in agreement with previous ﬁndings on dilute suspensions in apolar solvents [1]. Finally,
we note that the decreasing charge with increasing φ was still observed when we
repeated the calculations, using the same measured mobilities, but now assuming
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Figure 3.9: Particle surface charge numbers Z in elementary charges e as a function of the volume
fraction φ for [a:] particles A and [b:] particles B for different values of κa. The blue shaded areas
cover the results for different κa. The red dotted line denotes the theoretical maximum charge that a
single particle can acquire based on the ion concentration obtained by conductivity measurements of
the pure solvent mixture (without colloids). The green line shows the result of the calculation without
correcting for volume fraction effects. The solid lines are guides to the eye.

a much higher value of κa = 2 (now shown). In this case, the ζ-potential was
seen to slightly decrease with increasing volume fraction.
Although the electrokinetics of our concentrated suspensions in apolar solvents is now clear, the origin of the charges is not. One possibility is that the
particles adsorb some of the ions present in the solvent.
The dotted red line in Fig. 3.9a,b denotes the maximum number of elementary
charges that a particle can acquire based on the amount of ions that were present
initially in the pure solvent mixture:
Zsolvent =

ρ0 (1 − φ)
ρion (φ)
= ion
,
ρcol (φ)
ρcol (φ)

(3.27)

where ρion and ρcol are the number densities of ions and colloids respectively. The
concentration inside the pure solvent mixture is measured to be (conductivity
measurements) ρ0ion ≈ 4 · 1015 /L. As the volume fraction of colloids increased,
the present ions had to be distributed over more colloids, reducing the number
of charges per colloid. The fact that the measured charges were higher than the
red line indicates that adsorption of ions which were present in the solvent before
colloid addition cannot totally account for the particle charge. Apparently, part of
the charge originates from the colloids themselves.
PMMA particles (with a diameter of 2.16 μm) in CHB/cis-decalin were also
used in earlier work by Royall et al. [13]. In their systems, different phases were
obtained by increasing the colloidal volume fractions. At low volume fractions the
system was in a ﬂuid phase, at intermediate volume fractions the system crystallized (body centered cubic), a re-entrant ﬂuid phase was found at slightly higher
volume fractions, and the system always crystallized at high volume fractions.
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For our particles (σA = 1.06 μm and σA = 0.91 μm respectively), we observed
a ﬂuid phase at all volume fractions lower than φ = 0.3. In contrast to ref. [13],
we never found a crystalline phase in our system. To conﬁrm that the ﬂuid phase
corresponds to the charges that we calculated, we performed Monte Carlo simulations for κa = 0.5, using the volume fractions and charges in Fig. 3.9. We indeed
found a ﬂuid phase as the equilibrium phase.
Our results show that confocal microscopy offers a reliable and novel route to
accurately measure the electrophoretic mobility in concentrated suspensions. In
our case, i.e. the case of long double layers, the mobility decreased nonlinearly
with increasing volume fraction. This is an indication that the situation for thick
overlapping double layers is more complicated than the simple linear dependence
on volume fraction observed in studies for thin double layers [34, 35, 37]. Our calculations show that PMMA particles in a low-polar solvent decrease their surface
charge as the volume fraction increases, while their ζ-potential remains approximately constant. More research is required to study the mechanism of particle
charging in more detail.

3.4.4

Diffusion for Concentrated Suspensions

From the two-dimensional trajectories of particles, we can not only obtain the
electrophoretic mobility but also the diffusion coefﬁcients in the directions parallel and perpendicular to the ﬁeld axis. Here, particles are labeled with the index
||
i, so that the position of particle i can be written as ri (t) = (ri (t), ri⊥ (t)), where
we have split the position coordinate in a component parallel and perpendicular
to the ﬁeld. Using these projected positions we calculated the apparent diffusion
coefﬁcients both parallel D(Δt)|| and perpendicular D(Δt)⊥ to the ﬁeld:
Dα (t, Δt) =

α
2
(Δrα
i (t, Δt) − Δri (t, Δt))
,
(2Δt)

(3.28)

with
α
α
Δrα
i (t, Δt) = ri (t + Δt) − ri (t)

∀ α ∈ {||, ⊥} .

(3.29)

The angular brackets indicate averaging over all particles and all frames. Note
that the mean square displacements are calculated with respect to the average
motion. That is to say, the average particle displacement is subtracted ﬁrst, because it represents the drift velocity due to the electric ﬁeld. For the ﬂuctuations
perpendicular to the ﬁeld, Δri⊥ (t, Δt) = 0. In this section, we express the diffusion in units of the diffusion at inﬁnite dilution D0 = kB T /(6πηa).
In Fig. 3.10, the mean square displacements parallel and perpendicular to the
ﬁeld axis are given for particles B and volume fraction φ = 0.05. It can be seen
that the ﬂuctuations perpendicular and parallel to the ﬁeld are very comparable. If
there had been a high charge polydispersity, the spread in particle displacements
parallel to the ﬁeld would have been higher than perpendicular to the ﬁeld. Since

58

CHAPTER 3

Mean square displacement [Pm 2]

this is not the case, charge polydispersity must be low. This is different from observations in low-polar solvents where only a few elementary particles were present
on each particle, giving rise to large variations of the electrophoretic mobility
between different particles and even for the same particle in time [52].
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Figure 3.10: The mean square displacement (MSD) as a function of time Δt for particles B at volume
fraction φ = 0.05 moving in an electric ﬁeld |E| = 0.85 V/mm. The MSD with respect to the
||

||

2 is indicated by
average displacement parallel to the E-ﬁeld R2
|| = (Δri (t, Δt) − Δri (t, Δt) )

⊥
2 is indicated by the
the (blue) squares. The MSD perpendicular to the E-ﬁeld R2
⊥ = (Δri (t, Δt))
(red) circles. There is a small difference at long time scales between the MSD in the direction parallel
and perpendicular to the ﬁeld axis.

For different depths z in the capillary channel, D(Δt)|| /D0 and D(Δt)⊥ /D0
were calculated for Δt = 0.42 s and are given for two different volume fractions
φ = 0.0054 and φ = 0.1 in Fig. 3.11. The diffusion coefﬁcients are constant
throughout the channel, showing that the EOF and PF did not affect the measurements. There was a negligible difference between the diffusion perpendicular
and parallel to the ﬁeld axis. Within approximately 3 μm of the glass walls, the
diffusion of the particles was signiﬁcantly lower than in the bulk (Fig. 3.11a, data
point near the upper glass wall). This is likely to be related to hydrodynamic
interactions that are affected by the presence of the walls [53, 54]. Moreover,
we observed no signiﬁcant dependence of the diffusion coefﬁcients on the ﬁeld
strength for ﬁeld strengths lower than 7 V/mm. Therefore, we expect the diffu-
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Figure 3.11: Apparent diffusion coefﬁcients D(Δt)|| and D(Δt)⊥ expressed in units of the diffusion
constant at inﬁnite dilution, as a function of the channel depth z for particles B at [a:] φ = 0.0054
(1.04 V/mm) and [b:] φ = 0.1 (1.71 V/mm) for different depths in the channel (Δt = 0.42 s). The
(blue) vertical lines depict the positions of the lower and upper glass walls. The center of the capillary
is located at z = 0.

sion constants presented here to be identical to the case where no electric ﬁeld
was applied.
Only in the case of the most concentrated dispersion (φ = 0.35), layers on
top of each other were observed to occasionally move in a stick-slip fashion [55].
Here, the character of the ﬂuctuations becomes more complex than is the case for
normal ﬂuids moving in an electric ﬁeld. Additional research is required, in order
to study the behavior of this dispersion in an electric ﬁeld in more detail.
To study the effect of volume fraction, we averaged D(Δt)|| and D(Δt)⊥ to
obtain:
D(Δt)|| + D(Δt)⊥
,
(3.30)
D(Δt) =
2
as a function of time Δt for different volume fractions. The time intervals for
which we calculated the apparent diffusion coefﬁcients are all on the time scales
for which the colloids interact electrostatically with their neighbors Δt > τI .
For all volume fractions, D(Δt) decreases as the time interval Δt between
two measured particle positions increases and D(Δt) asymptotically approaches
a constant value which we take to be the long-time self-diffusion coefﬁcient DL .
For the lower volume fractions (φ < 0.01), where the mean square displacements
were calculated by averaging over a relatively small number of particles trajectories, the experimental error is higher than for the more concentrated suspensions.
Generally, the measurement error in the mean-square displacements increases
with Δt, since the number of trajectories decreases with the length of those trajectories (Fig. 3.3).
The long-time diffusion coefﬁcients DL (Δt → ∞) were estimated by taking
the longest-time value from the curves in Fig. 3.12. The resulting long-time dif-
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Figure 3.12: The ratio between the apparent diffusion coefﬁcient and the diffusion constant at inﬁnite
dilution D(Δt)/D0 as a function of time for particles B and for different volume fractions. In all
cases, a small electric ﬁeld was present.

fusion coefﬁcients are given in Fig. 3.13. The dependence of DL on the volume
fraction for hard spheres, interacting directly via hydrodynamic interactions as
calculated by Batchelor and Cichocki and Felderhof [56, 57], is also shown (dotted line). Even at low φ, D/D0 is well below unity, showing the importance of the
interactions between the particles. This trend agrees with theoretical studies on
the long-time self-diffusion for Yukawa particles [45–47, 58], where a nonlinear
decrease of the diffusion coefﬁcient with volume fraction is observed as well.
Since the scanning speed of our confocal microscope is limited, we could not
obtain values for the short-time diffusion constant. It would however be interesting to measure the short-time self-diffusion coefﬁcient and compare the result
with theoretically obtained values [59–61]. This can be achieved by using confocal microscopes that have the option to operate at faster scanning speeds, or by
using light-scattering techniques.
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Figure 3.13: Long-time self-diffusion coefﬁcients D in terms of D0 , obtained from Fig. 3.12 for
particle species B as a function of the volume fraction φ. The black solid line is a guide to the eye.
The blue dotted line shows the trend for hard spheres as given by DL = D0 (1 − 2.1φ).

3.4.5

Electrophoretic Mobility as a Function of Field Strength

Classical theory of nonlinear electrophoresis predicts that the drift velocity of
particles in an electric ﬁeld depends on two ﬁeld independent mobility parameters
[62, 63]:
(3)
(3.31)
v = μE + μE E3 ,
(3)

(3)

where μE is characteristic for cubic electrophoresis. Generally, the term μE becomes important at high ﬁeld strengths. To study the effect of strong electric ﬁelds
(> 15 V/mm) on our PMMA colloids in CHB/cis-decalin, we prepared a dispersion
of particles B (σ = 0.91 μm) at a volume fraction φ = 0.25. To screen the particle
interactions, we suspended the particles in CHB/cis-decalin that contained 55 μM
tetrabutylammonium bromide salt. From the conductivity of the salt-containing
solvent (4.9 nS/cm), we estimate κa ≈ 2.35.
In Fig. 3.14a-c the drift velocity v, mobility μ, and the diffusion perpendicular
and parallel to the ﬁeld are given as a function of the ﬁeld strength |E|. Note
that |E| is much higher than in the previous experiments in this chapter. In our
measurements, we used two different ﬁelds of view. For the lower ﬁeld strengths
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Figure 3.14: [a:] The drift velocity v, [b:] electrophoretic mobility μ and [c:] apparent diffusion
coefﬁcients parallel D(Δt)|| and perpendicular D(Δt)⊥ to the ﬁeld axis as a function of ﬁeld strength
|E| for particles B at a volume fraction of φ = 0.25. The estimated screening parameter κa ≈ 2.35.
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(blue circles) we recorded images with a size of 512 × 128 pixels. For the higher
ﬁeld strengths (red squares), we used a smaller window of 512 × 64 pixels to
reduce the time required to record a single image. It can be seen that the drift
velocity increased nearly linearly with the electric ﬁeld. When the drift velocity is
ﬁtted to the third order polynomial given in Eq. 3.31 we obtain μ = 1.39 · 10−10
(3)
(3)
m2 /Vs and μE = 1.27 · 10−21 m4 /V3 s. When we neglect μE , and just calculate
μ = vE /E , a slight increase of μ as a function of |E| is observed (Fig. 3.14b).
In addition, we extracted the diffusion coefﬁcients parallel D|| (Δt)/D0 and
perpendicular D⊥ (Δt)/D0 to the ﬁeld axis, in order to study the ﬂuctuations as
a function of ﬁeld strength. All diffusion coefﬁcients were calculated from the
mean square displacements over time intervals Δt = 0.34 s. As the ﬁeld strength
increases, the ﬂuctuations parallel and perpendicular to the ﬁeld both increase.
However, there is a slight anisotropy that increases with ﬁeld strength, which
could be explained by an increasing number of direct and electrostatic interactions between particles of the same species. Moreover, it is possible that the number of wrongly identiﬁed particles (slightly) increases with ﬁeld strength, which
could have partially contributed to the increase in the measured ﬂuctuations.

3.5

Conclusions

We have shown that by using a combination of confocal laser scanning microscopy,
electrophoresis and particle tracking algorithms we can accurately measure the
electrophoretic mobility in concentrated suspensions of colloidal particles. We
have applied this method to suspensions of charged PMMA-spheres in a low-polar
solvent up to high volume fraction. Unlike in earlier studies that were performed
in systems with higher electrostatic screening, we found that in our system the
mobility decreases nonlinearly with increasing volume fraction φ.
The screening length was estimated from the conductivity to be about κ−1 ≈ 1
μm, so that κa ≈ 0.5. However, the conductivity depended on the particle concentration from volume fractions below about φ ≈ 0.05, after which it became
roughly constant. The interpretation of the conductivity data was not straightforward, but it seems clear that part of the ions in the higher volume fraction
dispersions originated from the particles and not from the solvent.
By using theory for electrophoresis that takes into account double-layer overlap, we have calculated the potential Ψ(r) and the particle charge Q = Ze, where
Z is the number of elementary charges, from the electrophoretic mobility. We
found that the ζ-potential (at the surface of the particle) stays fairly constant
around 80 mV, whereas the particle charge Ze decreases nonlinearly from approximately 250e to less than 100e when φ increases from 0 to 0.3. It has become
clear that the majority of the particle charge must have originated as a result of
the presence of the particles at all but the lowest volume fractions. We have also
measured the diffusion of particles as function of volume fraction and observed a
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nonlinear decrease in the long-time diffusion coefﬁcient which corresponds qualitatively well with earlier (theoretical) work.
Finally, it has been demonstrated that for concentrated suspensions with added
salt (κa = 2.5), the mobility increases almost linearly with the ﬁeld, save for a
small third order component contributing to the drift velocity results. The apparent diffusion at high electric ﬁelds (> 40 V/mm) has been shown to become
anisotropic, the component parallel to the electric ﬁeld being the largest.
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4
Particle Charging of Binary
Colloidal Mixtures in
Low-polar Solvents

In this chapter, we present a real-space study of dispersions containing two diﬀerent polymethylmethacrylate (PMMA) particles in a mixture
of cyclohexylbromide (CHB) and cis-decahydronaphthalene (‘cis-decalin’)
using confocal laser scanning microscopy. By the incorporation of diﬀerent ﬂuorescent dyes (NBD or RITC), we image the two diﬀerent particle
species separately. We show that the particle charges at least partially
emerge due to the adsorption of ions from the solvent onto the particle.
We ﬁnd evidence for the mutual competition between the diﬀerent particle species to adsorb ions. If the volume fraction of one of the colloidal
species is suﬃciently high, the other one reverses its charge from positive
to negative. As a result, the interactions between the two particle species
become attractive. In addition, we chemically alter the particles during
the synthesis by incorporating the basic monomer 2-(dimethylamino)ethyl
methacrylate (2-(DMA)EM) in the PMMA polymer backbone, creating
amino-functionalized particles. In this way, the particles are given a higher
aﬃnity for positive ions than the species that are synthesized in the absence of the (2-(DMA)EM)-monomer, resulting in an increased life-time
of the opposite charges. Real-space electrophoresis measurements on binary particle mixtures at diﬀerent relative volume fractions of the two
species allow us to study ‘subtle eﬀects’ that were previously not visible
with scattering setups.
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Introduction

In the previous chapter, we extensively studied the effect of colloidal volume fraction on the particle charge and surface potential using a suspension of micronsized PMMA particles in a low-polar mixture of cyclohexylbromide (CHB) and cisdecahydronaphthalene (‘cis-decalin’). It was shown that the colloids suspended in
this solvent mixture acquired a positive charge Q that was on the order of O (102 )
elementary charges, and that this charge decreased with increasing volume fraction. In addition to one-component systems, where all the particles have the same
sign of charge, two-component systems can be studied in which one of the two
species acquires a positive charge, whereas the other acquires a negative charge.
Previously, experiments on heterocoagulation of oppositely charged particles
were carried out to test the DLVO theory when the overlapping double layers
contained different counterions [1, 2]. More recently, it was shown with computer simulations [3] that it is indeed justiﬁed to use a Screened Coulomb potential to describe the electrostatic particle interactions between oppositely charged
colloids. Experiments were carried out to study the kinetics and stability inside
suspensions of oppositely charged colloids. In aqueous systems, the electrostatic
attraction between oppositely charged colloids is so strong that they irreversible
stick when they are mixed together. For example, the attractive potential between the oppositely charged species at contact was on the order of 10-20 kB T
(Q = Ze ≈ 5 − 20e) for silica particles (σ = 10-25 nm) mixed with aluminacoated silica particles in water [4, 5]. Very strong particle interactions like these
cause irreversible aggregation of the two particles species, which results in the
formation of clusters or gel-like structures.
When particles of different sizes are used, separate clusters of oppositely charged particles, so-called ‘heteroaggregates’, can be created. Each such a cluster contains one large particle with several small particles adsorbed to it. Vincent et al.
[6–8] have demonstrated that this can be done by the adsorption of small (σ = 0.2
μm) positively charged polystyrene particles containing amino-groups onto large
negative polystyrene particles containing sulfate groups in water (σ = 3.2 μm).
Leunissen et al. have demonstrated that in low-polar solvents the number of
charges per particle can be tuned to such a low value (10e-1000e for σ in the range
of 0.5 to 2.5 μm) that the interaction potential between two oppositely charged
colloids at contact becomes of the order of 1 kB T . As a result, the oppositely
charged particles can undergo attachment and detachment events and reorganize
themselves into equilibrium structures such as ‘ionic colloidal crystals’ [9–11]. In
the case that the absolute values of the particle charges are larger, the oppositely
charged particles get kinetically trapped and form gel-like structures [12, 13].
In this chapter, we consider particle charging in the case that two different suspensions of PMMA particle species in CHB/cis-decalin are mixed. It was already
shown in earlier work [9] that two PMMA particle species with slightly different
chemical surface properties can acquire opposite charges upon the addition of
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tetrabutylammonium bromide (TBAB) salt. Here, we show that the particles can
also become oppositely charged when no extra salt is added. By studying samples
at different CHB/cis-decalin mixture ratios, we ﬁnd evidence that the particles at
least partially acquire their charge by the adsorption of ions from the CHB solvent. We show that the particle charge strongly depends on the volume fractions
of both particle species and that one of the particle species changes charge from
plus to minus at sufﬁciently high volume fraction of the other particles species.
We study the effect of the chemical functionalization of one of the two species
during synthesis on the stability of the opposite charges. In addition, the effects
of added salt are described. Finally, we show that it is not straightforward to
use electrophoresis to obtain the particle charges in a binary system, because the
particles are interacting.

4.2

Methods

Suspensions
Polymethylmethacrylate (PMMA) particles were synthesized by dispersion polymerization [14]. The colloids were sterically stabilized with the graft-poly-12hydroxystearic acid (PHSA)-PMMA-comb stabilizer and covalently labeled with
either 7-nitrobenzo-2-oxa-1,3-diazole (NBD) or rhodamine B isothiocyanate (RITC)
[14]. After the synthesis, the particles were washed with hexane several times to
remove unreacted components. The particle size and polydispersity were determined by static light scattering (SLS). For batches A and B, the stabilizer was covalently linked to the particle surface after the synthesis (‘locking’). For the synthesis of the amino-particles D, 2-(dimethylamino)ethyl methacrylate (2-(DMA)EM)
(Sigma-Aldrich 98%) was added to the reaction mixture. After synthesis, washing,
and the optional ‘locking’ step, the particles were dispersed in a mixture of cyclohexylbromide (CHB, Fluka ≥ 99% (GC)) and cis-decahydronaphthalene (‘cisdecalin’, Aldrich 99% by GC). Separate suspensions were prepared by weighing an
amount of dry powder in a vial after which the solvent mixture was added. Subsequently, the suspensions were ‘vortexed’ on a vortex shaker (MS2 minishaker,
Ika). We never used sonication to disperse our particles, since sonication leads
to decomposition of the solvent and increases the conductivity inside the dispersion [15]. After the dispersion was transferred into the capillary, we sealed both
ends of the capillary with UV glue (Norland optical adhesive) and cured the glue
with UV-light (λ = 350 nm, UVGL-58 UV lamp, UVP). Because UV-light can also
induce decomposition of CHB [15], we covered the middle of the capillary with
aluminium foil to protect it from exposure to UV-light during this process.
Electrophoresis Measurements
Electrophoretic experiments were carried out on dispersions in a rectangular capillary (Vitrocom, 0.1 mm × 1.0 mm × 4.0 cm) with conductive wires (Goodfellow,
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Figure 4.1: The setup for the electrophoresis experiments. [a:] Schematic top view of the capillary
mounted on a glass plate with the conducting wires threaded in the length direction. After the dispersion was transferred, both capillary ends were sealed with UV glue. [b:] A cross-section of the
capillary. Electric ﬁelds were applied between the wires, with a distance of 1-2 mm between them.

Ni 95 (Al+Mn+SI) 5, annealed, diameter = 0.05 mm) threaded along the two
vertical glass walls in the long direction of the capillary (Fig. 4.1). This is slightly
different than for most experiments in Chapter 3, where the electrodes were inserted on both ends of the capillary (Fig. 3.1). The distance between the wires
was between 1 and 2 mm. We studied the motion of the colloidal particles using
confocal laser scanning microscopy on a Leica SP2 confocal microscope. At each
depth z, a sequence of images was recorded while a constant electric ﬁeld was
applied along the x-direction. Both particle species (NBD dye or RITC dye) were
imaged in separate detector channels using a 488 nm laser (to excite the NBDlabeled particles) and a 543 nm laser (to excite the RITC-labeled particles). To
prevent cross-talk between the channels, we used the option to scan sequentially.
A more detailed description on measuring the electrophoretic proﬁles is given in
Chapter 3.

4.3

Results & Discussion

4.3.1

Binary Mixtures of Colloids

First, we study binary dispersions of particles A (σA = 1.06 μm, NBD-labeled)
and B (σB = 0.91 μm, RITC-labeled), the same particles that were used in Chap-
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ter 3. In all ﬁgures, the NBD-labeled and RITC-labeled particles were color-coded
‘green’ and ‘red’ respectively. First, suspensions of particles A or B were prepared
independently in CHB/cis-decalin. Then, suspensions of particles A and particles
B were mixed and studied with confocal microscopy. We determined the particleparticle interactions to be attractive if and only if we could unambiguously conﬁrm that particles of the opposite species moved together as pairs, or when we
observed the formation of small clusters or a gel, containing particles of the opposite species connected in an alternating fashion (.. + / − / + / − / + ..). The
structure of gels formed by oppositely charged particles was studied in more detail by Sanz et al. [12].



 



 



 

Figure 4.2: Typical confocal images for mixtures of particles A and B (φtot = 0.2) in CHB/cis-decalin
solvent mixtures, with different weight fractions of cis-decalin. [a:] Oppositely charged particles in
pure CHB (0 % cis-decalin) formed a gel. [b:] The attractions are still present when 85 w% of the
solvent is cis-decalin but [c:] are absent in pure cis-decalin.

Evidence that ions originating from the CHB are at least partially responsible
for the (opposite) charges on the particles was found by studying particles A
and B (φtot = 0.2) for CHB/cis-decalin solvent mixtures with different weight
fractions of cis-decalin (Fig. 4.2). It was already found that the conductivity of a
CHB/cis-decalin solvent mixture decreases exponentially with the weight fraction
x of cis-decalin (Chapter 2, Fig. 2.2). It follows that the ion concentration ci in the
bulk solvent also decreases exponentially with x, thus leading to an increase in
the screening length κ−1 ∝ c−1/2 (see Eq. 2.3). In pure CHB, the particles formed
a gel in which green and red particles alternate, indicating that the particles were
oppositely charged. Note that Van der Waals interactions do not play a signiﬁcant
role in these suspensions because the particles are nearly refractive index matched
and are covered with a ‘steric layer’ of stabilizing polymers. A gel was observed in
suspensions containing 40 w%, 60 w%, and 85 w% cis-decalin in CHB (Fig. 4.2b).
This indicates that signiﬁcant charging of the particles occured in these mixtures,
while only a low fraction of ions was dissociated in the bulk solvent. In pure cisdecalin (κ−1
σ) the particles do neither attract nor repel each other, indicating
that the charge on the particles was practically absent (Fig. 4.2c). This suggests
that the ions contributing to the particle charge originated from the CHB and not
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from cis-decalin, or that at least some amount of CHB is required to dissociate
molecules from the solvent or the particles themselves.
Removal of Ions by the Addition of Water
It was shown by Leunissen et al. [16, 17] that water brought into contact with a
suspension of PMMA particles in CHB/cis-decalin acts as a sink for ions. The preferential uptake of ions from the oil phase by the water phase is explained by the
polarity of water ( ≈ 80), which is an order of magnitude higher than CHB/cisdecalin ( ≈ 6.3). The extraction of ions results in a strong increase of κ−1 in the
oil phase, giving rise to body-centered-cubic (bcc) Coulomb crystals with a lattice
parameter of more than 30 particle diameters [18]. Something remarkable happens near the oil/water interface. As is generally the case for a charged object that
is placed near an interface between two materials of different , charged particles
from the CHB/cis-decalin in the vicinity of the water interface induce a mirror
charge resulting in an attractive force between the particles and the oil/water interface. This causes the particles to adsorb onto the water-interface. In the paper
by Leunissen et al. [16], small droplets (∼ μm) of water were shown to carry large
amounts of colloids, that formed a ‘surface crystal’ on the water droplet.

a



b





! 

Figure 4.3: Confocal images showing [a:] a 1:1 mixture of particles A and B in a mixture of CHB/cisdecalin (40 w%.) and water (20:1) that forms a gel just after the particles were dispersed. [b:] Locally,
the water accumulated in droplets. Around these water droplets, the particles did not display +/−
attractions. Red particles stick on the surface of the water droplets. The asymmetric shape of the nongelly area around the water droplet is caused by ﬂuid ﬂow, from right to left, around the droplet.

To observe the effect of the removal of ions from our suspension of particles A
(green) and B (red) in CHB/cis-decalin 40 w%, we added a small amount of water. Immediately after the suspension was mixed with the water, droplets formed
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inside the CHB/cis-decalin suspension (Fig. 4.3a, recorded ≈ 40 minutes after
preparation). Similar to the mixture without added water, strong attractions were
present and the particles formed a gel in areas where no water droplets were
found (Fig. 4.3b).
Due to ions migrating from the suspension towards the water droplet, a gradient in the ion concentration ci was formed, directed radially outward from the
center of the droplet. Going from the bulk towards the droplet, we observed ﬁrst
a gel, then small clusters of oppositely charged particles, followed by a ﬂuid of
mostly particles A (green), and ﬁnally predominantly particles B (red) adsorbed
to the water droplet. The fact that the gel breaks up near the droplet indicates that
the particle charge decreases with the ion concentration. We can not exclude that
the particles were still oppositely charged near the surface of the droplet, but it is
clear that the attractive forces there were reduced. Since the dielectric constant of
the CHB/cis-decalin mixture m is not affected by the presence of water nearby,
the decrease of the charge near the droplet is related to the fact that there are
less ions to adsorb onto the particle. Dissociation of surface groups is expected
to increase or remain constant if the surrounding salt concentration decreases.
Hence, partially dissociating surface groups on the particles are not expected to
play a major role in the charging of the particles in this case.
Although no ﬁeld was applied, some ﬂuid ﬂow was still present throughout
the channel (from right to left in Fig. 4.3b). It was observed in other experiments
that whenever the capillary was not properly sealed, solvent evaporated at the
ends of the capillary, causing a ﬂuid ﬂow. As a result of the ﬂow, the symmetry
of the concentration gradient ﬁeld around the droplet was disturbed. Since gels
have a high yield stress, they resisted the ﬂuid ﬂow. In regions at the edge of the
gel, where the ion concentration was sufﬁciently low, the attractions decreased,
causing the particles to detach and move with the ﬂow.
Interestingly, there was a selective adsorption of particles B onto the surface
of the water droplet, suggesting that the largest image charges were caused by
particles B, and therefore |QB | > |QA |. As a result of the adsorption of particles
B, the volume fraction of particles A becomes larger than for particles B, i.e. φA
> φB , in the area between the surface of the droplet and the gel. Only at the left
side of the droplet surface, a small agglomeration of particles A adsorbed (green),
likely because a majority of particles B moving with the ﬂow (from right to left)
were already adsorbed on the surface.
Binary Mixtures with Different Compositions
We also studied the surface charges of particle batches A and B when they were
mixed in different ratios. For these experiments, we only used suspensions in
CHB/cis-decalin (27.2 w%). In Fig. 4.4, typical confocal images are shown for
mixtures of particles A and B at different volume fractions. Going from Fig. 4.4a
to 4.4i, the volume fraction φA of particles A decreases whereas φB increases so as
to maintain a constant total volume fraction φtot = φA + φB = 0.15. For increas-
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Figure 4.4: Typical confocal images for mixtures of particles A (green, σ = 1.06 μm) and B (red,
σ = 0.91 μm). The total volume fraction φ = φA + φB = 0.15 in all cases. The attractions
increased going to higher volume fractions of particles B (a-i): [a:] φA = 0.125, φB = 0.025,
[b:] φA = 0.12, φB = 0.03, [c:] φA = 0.115, φB = 0.035, [d:] φA = 0.107, φB = 0.043,
[e:] φA = 0.10, φB = 0.05, [f:] φA = 0.075, φB = 0.075, [g:] φA = 0.64, φB = 0.86, [h:]
φA = 0.05, φB = 0.10, [i:] φA = 0.025, φB = 0.125.

ing φB , also the attraction strength between the two particle species increased.
As a result of these attractions, a gel was formed for φB ≥ 0.04 (Fig. 4.4d-h). For
φA = 0.025 and φB = 0.125 (Fig. 4.4i), the number of green particles was insufﬁcient to form a percolating network, so attractive clusters were formed instead.
Between these clusters, a colloidal ﬂuid was found in which the red particles
repelled each other electrostatically. Interestingly, the opposite charges were not
present when the volume fraction φA of particles A was high and φB was low. This
suggests that particles B cause the charge of particles A to change sign, but not
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the other way around. Although the charges and surface potentials for the particles measured separately in a single-species suspension were similar (Chapter 3,
Fig. 3.8 and Fig. 3.9), these particles are shown to have different surface properties when mixed together. It is possible that chemical equilibria at the particle
surface were not yet established: after a week time in the capillary, the opposite
charges disappeared.

4.3.2

Binary Mixtures of Ordinary PMMA Colloids and AminoFunctionalized Colloids



















Figure 4.5: Typical confocal images of mixtures of particles C (green) and amino-funtionalized particles D (red) for different volume fractions. [a:] Both particles repel each other for φC = 0.044, φD =
0.0056, [b:] For φC = 0.0056 and φD = 0.044, particles of the opposite species attract each
other and form pairs indicating opposite charges. [c:] Attractions between particles C and D were
sufﬁciently strong to form a gel when φC = 0.1 and φD = 0.1.

It was established in earlier work that the colloids at least partially acquire
their positive charge by the adsorption of protons that are present in the CHB
as a result of a decomposition reaction(s) (see Chapter 2 and [15] for more details). In an attempt to increase the speciﬁc adsorption of positive ions on the
surface of the particles, the basic monomer 2-(dimethylamino)ethylmethacrylate
(2-(DMA)EM) was added to the reaction mixture during their synthesis. The resulting amino-functionalized particles D (RITC-labeled, σ = 1.11 μm), containing
approximately 2.5 w% 2-(DMA)EM were dispersed in the solvent CHB/cis-decalin
27.2 w% and mixed with a dispersion of particles C (NBD-labeled, σ = 1.05 μm)
in CHB/ cis-decalin 27.2 w%. Similar to the experiments that were performed
for particles A and B, we prepared mixtures of C and D at different volume fractions φC and φD . When the volume fraction of particles D was low, both particles
were positively charged (Fig. 4.5a). For higher volume fraction φD , the interaction between particles C and D became attractive (Fig. 4.5b). For φC = φD = 0.1
the volume fraction and the particle-particle attractions were sufﬁciently high to
form a gel (Fig. 4.5c).
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Figure 4.6: Behavior of the charge for the binary mixtures of particles C and amino-functionalized
particles D for different volume fractions of particles φC and amino-particles φD as determined from
different experiments.

The results for all measured values of φC and φD are summarized in Fig. 4.6.
Opposite charges were not observed for φD < 0.04. Above φD = 0.04, the two
species weakly attracted each other forming transient clusters, but never showed
any sign of irreversible sticking, as was the case for φC = φD = 0.1 (Fig. 4.5c).
For φC = φD = 0.175, the particle charges decreased, but were still opposite,
resulting in the formation of ‘ionic’ CsCl-crystals similar to those formed in [9] (in
Chapter 5 more can be found about the formation of ionic crystals).
Generally, in dispersions where one of the particles was amino-functionalized,
interactions between the two species remained attractive longer than in dispersions where there was no functionalization. For example, dispersions of C and
D (amino-functionalized) remained oppositely charged for at least a few months
whereas opposite charges in suspensions particles A and B where observed to
disappear in approximately a week.
Electrophoresis on Binary Suspensions
Unlike for single particle species, there is no existing method to accurately obtain
the surface potentials and the particle charges for colloids in binary mixtures
from electrophoresis measurements. The electrophoretic mobility of one particle
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species strongly depends on interactions with the other species. To study these
effects, we measured the electrophoretic mobilities of particle species C and D.
Electrophoresis experiments of particles C and D separately at low volume
fraction (φ = 0.005) revealed that the particle charges of QC = +267e and QD =
+272e were similar. Note that these charges were slightly higher than for the
smaller particles A and B (+219e and +207e respectively, see Fig. 3.9).
After the particle suspensions were transferred to an electrophoresis cell, we
measured the electrophoretic mobility μ = v/E of both particles species for different depths z in the sample at low ﬁeld strength (around 10 V/mm, except for
suspension f). The resulting proﬁles for different volume fractions φC and φD are
shown in Fig. 4.7a-f. Also, typical confocal images are shown for each case. The
outer vertical blue lines represent the positions of the upper and lower channel
walls in the z-direction. The vertical magenta lines denote the stationary layers,
where the Poiseuille ﬂow and electro-osmotic ﬂow exactly cancel according to
the Kuwabara linearization [19] (more details on ﬂuid ﬂows in capillaries can be
found in Chapter 3). The mobilities at the stationary layers are summarized in
Table 4.1. For the suspensions a and b (Fig. 4.7a,b), both particles exhibited a
positive mobility, meaning that they moved towards the negative electrode and
thus bore a positive surface charge. For suspension c (Fig. 4.7c), particles D repelled each other over considerable distances. Conversely, no strong repulsions or
attractions between particles C and D were present, suggesting that the charge on
particles C was low. The positive mobility of particles C suggests that they were
dragged along by particles D, as a result of direct collisions or hydrodynamic interactions. Something similar was observed for suspension d (Fig. 4.7d), although
in this case clearly attractions between both particles were present. In suspension e (Fig. 4.7e), the particles D were outnumbered by particles C (φC ≈ 2φD )
and there were attractions between the two different species. Interestingly, the
electrophoretic mobility of both particles was still positive, although μC (green)
was almost ﬁve times smaller than μD (red) (see Table 4.1). From the movies, it
appeared that when two particles of the opposite species met, they stuck together
for a while, moving as a small cluster. The measured mobility can be approximated as the average between the mobilities of freely moving particles and of
particles that are interacting with the other species (for example during collisions). When we consider the clusters formed by the combination of particles C
and D and neglect collisions between particles of the same species we can write:
μC = fC μfC + (1 − fC )μc
μD = fD μfD + (1 − fD )μc

(4.1)

where f is the fraction of freely moving particles, μf is the mobility of freely moving particles and μc is the mobility of species that were bound in small clusters.
Since the particles were oppositely charged, and the highest positive mobility was
observed for particles D, we know that |QC | < |QD |. From the observations fC > 0
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Figure 4.7: Binary electrophoretic mobility proﬁles along the z-direction of the capillary channel for
the binary system of particles C and D at different volume fractions φC (green) and φD (red). The
vertical blue lines depict the lower and upper capillary walls. The center of the capillary is located at
z = 0. [a:] φC = 0.005 and φD = 0.005, particles repel each other and move in the same direction
when a ﬁeld is applied. [b:] φC = 0.005 and φD = 0.01, similar to (a). [c:] φC = 0.002 and
φD = 0.04, electrostatic interactions between particles C and D were weak, particles move in the
same direction. [d:] φC = 0.003 and φD = 0.07, C and D show mutual attractions. [e:] φC = 0.12
and φD = 0.065, the particles were oppositely charged but particles C (green) were dragged along
with particles particles D (red). [f:] φC = 0.048 and φD = 0.30, C and D attract, and do move
in opposite directions in an electric ﬁeld. The fact that the Poiseuille ﬂow was almost absent in (f)
indicates a low charge density on the glass capillary wall.
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and fD > 0 (a fraction of particles formed small clusters) and μfD < 0, we can
deduce that μc was positive.
Finally, we consider the particles in suspension f (Fig. 4.7f). The mobilities in
this case were opposite in sign (μC = −0.50 · 10−10 m2 /Vs and μD = 0.09 · 10−10
m2 /Vs), from which it directly follows that QC < 0 and QD > 0 and that the two
particle species were oppositely charged.
Since the particles can interact in many different ways (electrostatics, hydrodynamics, excluded volume interactions of the cores), μc can only be measured
with a faster confocal microscope or in computer simulations that take into account all these aspects. The outcome will depend on the applied electric ﬁeld |E|,
since it has a direct effect on the structure of the suspension. For example, lanes
of like-species can form as a result of collisions between particles of the opposite
species. In Chapter 7, these effects are studied in more detail both experimentally, and with Brownian dynamics computer simulations. Note that the behavior
is more complex than for single-species (Chapter 3), where the electrophoretic
mobility at low ﬁeld strength does not depend on |E| (Chapter 3).
Suspension

φD

μC × 10−10

μD × 10−10

|E|

(green)

(red)

[m2 /Vs]

[m2 /Vs]

[V/mm]

φC

a

0.005

0.005

3.61

3.94

8.18

b

0.005

0.01

3.66

4.10

6.31

c

0.002

0.04

0.79

1.31

5.87

d

0.003

0.07

0.65

1.23

9.20

e

0.12

0.065

0.23

1.05

8.57

f

0.048

0.30

-0.50

0.09

32.61

Table 4.1: The electrophoretic mobilities at the stationary layers for particles C and D. The values
correspond with the mobilities of particles C and D on the purple lines that denote the stationary
layers in Fig. 4.7.

4.3.3

Creating Opposite Charges by Salt Addition

As was described earlier in Chapter 2, the addition of TBAB salt to the CHB/cisdecalin solvent decreases the screening length κ−1 , because the salt is able to
partially dissociate. Generally, when a sufﬁcient amount of tetrabutylammonium
bromide (TBAB) salt is added to a one-component dispersion of PMMA particles,
the charge changes from positive to negative [9]. It was already shown that ions
adsorb differently for each particle species, due to their slightly different surface
properties. As a result, a binary system of PMMA particles in CHB/cis-decalin
can become oppositely charged in a certain range of TBAB concentrations. As expected, the charge reversal point was observed to depend on the volume fraction
φ. For dilute binary mixtures (φtot < 0.10), the addition of salt generally changed
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(c) + 1 day





(d) + 1 day

Figure 4.8: Typical confocal images of particles A and B in a ratio 1:1 at different volume fractions
and salt concentrations [a:] φ = 0.35, no TBAB, [b:] φ = 0.30, cTBAB = 33 μM [c:] φ = 0.25,
cTBAB = 66 μM [d:] φ = 0.17, cTBAB = 81 μM. Fig. a-d are recorded immediately after preparation
of the sample. [e-f]: Same as Fig. c,d, but 1 day later.

the sign of charge for both particles simultaneously, making them both negatively
charged already at low concentrations of TBAB (typically, cTBAB < 5 μM). In these
cases, opposite charges were observed only in a small range of TBAB salt concentrations.
We started with a 1 : 1 suspension of particles A and B with a total volume
fraction on φ = 0.35, for which the particles were oppositely charged and formed
a gel (Fig. 4.8a). By adding measured amounts of salt-containing solvent to this
suspension, we determined the cross-over from opposite charges (-/+) to likecharges (+/+). To illustrate this, typical confocal images of particle suspensions
are shown in Fig. 4.8. The images in Fig. 4.8a-d were recorded immediately after
the dispersion was prepared, and transferred to a glass capillary. The next day,
the images in Fig. 4.8e-f were recorded.
We determined that for φ ≈ 0.25 and cTBAB = 66 μM a gel was formed
(Fig. 4.8c) whereas the particles were still oppositely charged for φ ≈ 0.17 and
cTBAB = 81 μM, but the attraction strength was considerably lower (Fig. 4.8d). Interestingly, the particle charge also changed in time. After suspension c was kept
one day inside the capillary, the gel disappeared, but the particles were still oppositely charged (Fig. 4.8e). For suspension d, attractive interactions could no longer
be unambiguously assigned (Fig. 4.8f). In other experiments, we observed that
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the presence of TBAB caused a charge reversal on the glass wall (Appendix B).
Probably, the adsorption of TBAB on the glass wall also changed the ion concentration inside the dispersion, resulting in changing particle charges in time. For a
suspension containing particles A and B at φtot = 0.18 and 75 μM TBAB salt, the
opposite charges remained present for more than 1 year, suggesting that the systems with TBAB are relatively charge stable (compared to suspensions without the
salt) in the case that they were stored in a 2 mL glass vial. For this speciﬁc sample,
when the suspension was transferred into a capillary, the opposite charges generally disappeared within weeks to months. Apparently, the glass capillary walls
have a large effect on the stability of the opposite charges.

4.4

Conclusions

In this section, we have studied particle charging in binary colloidal mixtures in a
low-polar solvent mixture. We have shown evidence that the particles acquire at
least part of their surface charges by adsorption of ions from the solvent. In addition, we have demonstrated that the particles can become oppositely charged
by tuning the volume fractions of both particle species. When the volume fraction of the dominant particle species was sufﬁciently high, the charge of the other
species changed sign. When one of the particles in the mixture of oppositely charged particles was functionalized with amino-containing monomer, the life-time
of the attractive interactions was drastically increased. This was also found to be
the case when tetrabutylammonium bromide salt was used to tune the particle
charges. Since the two particle species attract each other, it is not straightforward
to determine the particle charges directly from the electrophoretic mobility. For
mixtures where there is an asymmetry in the number of particles of both species,
even the sign of the charge may not be reﬂected well by the sign of the mobility because many particles are dragged along by particles of the opposite charge.
Brownian dynamics computer simulations should be used to study the effects of
interactions between charged particles moving in an electric ﬁeld on the electrophoretic mobilities of the particles.
Acknowledgments
Most parts of the work in this chapter were performed together with Niels Boon
(ITF, Utrecht University) and Johan Stiefelhagen (Soft Condensed Matter, Utrecht
University). We thank Matthieu Marechal (Soft Condensed Matter, Utrecht University) for the critical reading of this chapter.

Bibliography
[1] Bleier, A. & Matijevic, E. Heterocoagulotion. i. interactions of monodispersed chromium hydroxide with polyvinyl chloride latex. Journal of Colloid and Interface Science 55, 510 (1976).

84

CHAPTER 4

[2] Hansen, F. K. & Matijevic, E. Heterocoagulation .5. adsorption of a carboxylated polymer latex
on monodispersed hydrated metal-oxides. Journal of the Chemical Society-Faraday Transactions I 76, 1240 (1980).
[3] Hynninen, A.-P. Phase Behavior of Charged Colloids and the Effect of External Fields. Ph.D.
thesis, Utrecht University (2005).
[4] Rasa, M., Philipse, A. P. & Meeldijk, J. D. Heteroaggregation, repeptization and stability in
mixtures of oppositely charged colloids. Journal of Colloid and Interface Science 278, 115
(2004).
[5] Kim, A. Y. & Berg, J. C. Fractal heteroaggregation of oppositely charged colloids. Journal of
Colloid and Interface Science 229, 607 (2000).
[6] Vincent, B. & Young, C. A. Equilibrium aspects of heteroﬂocculation in mixed stericallystabilised dispersions. Faraday Disc. Chem. Soc 65, 296 (1978).
[7] Vincent, B., Young, C. A. & Tadros, T. F. Adsorption of small, positive particles onto large,
negative particles in the presence of polymer .1. adsorption-isotherms. Journal of the Chemical
Society-Faraday Transactions I 76, 665 (1980).
[8] Vincent, B., Jafelicci, M., Luckham, P. F. & Tadros, T. F. Adsorption of small, positive particles onto large, negative particles in the presence of polymer .2. adsorption equilibrium and
kinetics as a function of temperature. Journal of the Chemical Society-Faraday Transactions I
76, 674 (1980).
[9] Leunissen, M. E., Christova, C. G., Hynninen, A. P., Royall, C. P., Campbell, A. I., Imhof, A.,
Dijkstra, M., Van Roij, R. & Van Blaaderen, A. Ionic colloidal crystals of oppositely charged
particles. Nature 437, 235 (2005).
[10] Bartlett, P. & Campbell, A. I. Three-dimensional binary superlattices of oppositely charged
colloids. Physical Review Letters 95, 128302 (2005).
[11] Hynninen, A. P., Leunissen, M. E., Van Blaaderen, A. & Dijkstra, M. CuAu structure in the
restricted primitive model and oppositely charged colloids. Physical Review Letters 96, 018303
(2006).
[12] Sanz, E., Leunissen, M. E., Fortini, A., Van Blaaderen, A. & Dijkstra, M. Gel formation in
suspensions of oppositely charged colloids: Mechanism and relation to the equilibrium phase
diagram. Journal of Physical Chemistry B 112, 10861 (2008).
[13] Sanz, E., Valeriani, C., Vissers, T., Fortini, A., Leunissen, M. E., Van Blaaderen, A., Frenkel,
D. & Dijkstra, M. Out-of-equilibrium processes in suspensions of oppositely charged colloids:
liquid-to-crystal nucleation and gel formation. J. Phys. Condens. Matter 20, 494247 (2008).
[14] Bosma, G., Pathmamanoharan, C., De Hoog, E. H. A., Kegel, W., Van Blaaderen, A. & Lekkerkerker, H. N. W. Preparation of monodisperse, ﬂuorescent pmma-latex colloids by dispersion
polymerization. Journal of Colloid and Interface Science 245, 292 (2002).
[15] Leunissen, M. E. Manipulating Colloids with Charges & Electric Fields. Ph.D. thesis, Utrecht
University (2007).
[16] Leunissen, M. E., Van Blaaderen, A., Hollingsworth, A. D., Sullivan, M. T. & Chaikin, P. M.
Electrostatics at the oil-water interface, stability, and order in emulsions and colloids. Proceedings of the National Academy of Sciences of the United States of America 104, 2585 (2007).
[17] Leunissen, M. E., Zwanikken, J., Van Roij, R., Chaikin, P. M. & Van Blaaderen, A. Ion partitioning at the oil-water interface as a source of tunable electrostatic effects in emulsions with
colloids. Physical Chemistry Chemical Physics 9, 6405 (2007).
[18] Royall, C. P., Leunissen, M. E. & Van Blaaderen, A. A new colloidal model system to study
long-range interactions quantitatively in real space. Journal of Physics-Condensed Matter 15,
S3581 (2003).
[19] Hunter, R. Zeta Potential in Colloid Science, Academic Press, London (1981).

5
Out-of-Equilibrium Eﬀects in
the Crystallization of Ionic
Colloidal Crystals

Binary colloidal systems can form equilibrium gas, liquid, and crystal
phases. When the two diﬀerent particle species acquire opposite charges
and weakly attract, Uij ≈ kB T , ‘ionic colloidal crystals’ can form. We
examine the nucleation and growth of these crystals, and quantitatively
determine the growth rates during this process. For strong attractions,
Uij
kB T , the system becomes kinetically trapped in a gel-like state.
We demonstrate crystal growth from this gel-like state over longer time
scales. Our measurements suggest that the growth rate of crystals from
the gel and ﬂuid phase is aﬀected by the degree of electrostatic screening. Colloidal crystallization of micron-sized oppositely charged particles
generally takes place on the time scale of hours to days and is aﬀected
by sedimentation emerging from a small density mismatch between the
colloids and the solvent. By rotating a sample on a stage to average out
gravity, we show that sedimentation plays a key role in the kinetics and
growth of ionic colloidal crystals from both the gel and ﬂuid state. For
size ratio α = 0.5, we observe two diﬀerent crystal structures, LSfcc
8 and
bct
LS4 , forming at diﬀerent pressures. We identify interesting defects in
the crystals such as twinning defects resulting from stacking faults between the large particles. Line defects, and stacking faults are observed
in crystals with a mixed NaCl and NiAs stacking of particles (α = 0.41).

86

5.1

CHAPTER 5

Introduction

Similar to atoms and molecules, colloids can form equilibrium gaseous, liquid,
and crystalline phases [1–3], and their phase behavior is governed by the same
statistical thermodynamics. Out-of-equilibrium states such as gels and glasses
form when the system gets kinetically trapped [4–6]. The relatively large size
of colloids compared to atoms and molecules (∼ μm, at the upper limit of their
size range) makes it possible to study colloidal liquids [7], crystals [8] and glasses
[9] in real space with confocal laser scanning microscopy. Information about the
interaction potential can be obtained by studying the particle dynamics, radial
distribution functions [7, 10], or by studying the behavior in the presence of a
gravitational [11–15] or an electric ﬁeld (Chapter 3,4). Colloidal diffusion is sufﬁciently slow to follow the dynamics in processes such as melting, freezing, and
glass formation [2, 16, 17].
The strength and the symmetry of the interactions between atoms and molecules are mainly determined by the distribution of electrons in (molecular) orbitals, and are thus directly related to the quantum mechanical properties of
the elements that form their building blocks. For colloids, the range of repulsive electrostatic interactions can be tuned from hard-sphere-like to long-ranged
Coulombic by adjusting the solvent or the salt concentration [18]. In nonpolar organic solvent mixtures of cyclohexylbromide and cis-decahydronaphthalene (‘cisdecalin’), screening lengths as long as 12 μm can be realized, resulting in the
formation of (long-ranged) repulsive colloidal crystals with large lattice spacings.
The use of external electric ﬁelds offers a route to add additional di-polar interactions to systems of hard- or soft-spheres resulting in novel colloidal phases [18].
The structure, size, and orientation of colloidal crystals can be directed by letting
colloids sediment on a patterned substrate functioning as a template [8].

5.1.1

Binary Crystals of Hard Spheres

When binary mixtures of colloids with a different size were used, a large variety
of different crystal structures was found experimentally for colloids interacting
like (nearly) hard spheres [19–21]. For hard spheres a whole range of stable
structures, including the laves phases, were found in a range of size ratios α = 0.41.0 [22, 24–28]. The prediction of crystal structures solely from their building
blocks is a major theoretical and computational challenge [29]. Recently, progress
has been made in the prediction of binary structures of hard-spheres by means of
Monte Carlo simulations. Using a very small box containing only a limited amount
of particles that is spanned by ﬂuctuating basis vectors the unit cells of plausible
crystal structure candidates can be identiﬁed [30].
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Binary Colloidal Crystals of Oppositely Charged Particles

Since a few years, binary systems of oppositely charged are used to create socalled ‘ionic colloidal crystals’ [3, 31–33] in low-polar solvent mixtures. As shown
in the previous chapters, two different particles can be made oppositely charged
by tuning the salt concentration and the volume fractions of both particle species.
When the attractions are strong (Uij
kB T ), the oppositely charged particles
strongly attract each other and can become kinetically trapped in a gel [6, 34].
When the charges are sufﬁciently low and the interactions are on the order of
Uij ≈ kB T , the system can efﬁciently explore phase space, resulting in the formation of oppositely charged binary crystals. Note that due to the attractions,
the crystals can grow from a colloidal ﬂuid with an initial volume fraction that is
much lower than that of the crystal itself. Using computer simulations, the phase
diagram for oppositely charged particles with a size ratio α = 1 was calculated
and CsCl and CuAu and random-fcc-structures were found both in computer simulations and experiments [3, 33]. Crystal structures with stoichiometry LS6 and
LS8 were found for α = 0.31 [3, 32]. Recently, it was demonstrated that a combination of functionalized oppositely (highly) charged polystyrene particles and
spin-coating can also be used to create binary crystals [35]. The nucleation and
growth of ionic colloidal crystals and the growth of gels of oppositely charged
particles [34] was also investigated using Monte Carlo simulations [6, 36, 37].

5.1.3

Recent Developments in Nanoparticle Systems

In the ﬁeld of nanoparticles (σ ∼ nm), the number of binary structures that is
found experimentally is quickly expanding. A variety of structures was found by
mixing particles with different size ratios [38–40]. It was stated that, in a similar fashion to the role such opposite charges play in colloids, opposite charges
can play a role in the crystallization of nanoparticles [39]. It was recently shown
that nanoparticles can also assemble into quasicrystals [41] that lack translational
periodicity in one or more spatial directions. As a result, it is impossible to identify a repeating unit cell from which the quasicrystal can be constructed. Instead,
the ordering is described in terms of tilings and inﬂation rules [51]. Quasicrystals still exhibit well deﬁned Bragg-reﬂections [52]. For ‘ordinary’ crystals (with
translational symmetries), it is impossible to have rotational symmetries other
than 2-,3-,4- or 6-fold because of the requirement that there is a repeating unit
cell. However, quasicrystals can have other rotational symmetries such as 5-fold
and 12-fold. These different symmetries are interesting for the design of novel optical materials [53–56]. Another crystal build up from nanoparticles was found to
have a macroscopic 5-fold rotational-symmetrical morphology [42]. Yet, little is
known about the growth-mechanism of quasicrystals [43]. Without considering
the type of interactions between the particles and only using geometrical arguments, it has been proposed that crystals with icosahedral symmetry might grow
as a result of ﬁve-fold twin planes [44]. In simulations, quasicrystals were formed
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for particles interacting via a Dzugatov-potential [45, 46]. Apart from spheres,
it was shown in computer simulations that a 2D dodecagonal tiling was grown
from a ‘ﬂuid’ consisting of only squares and triangular tiles [47]. In this chapter
we present an example of a ﬁve-fold symmetric rotational defect that was found
in a binary system with α = 0.41, close to the size ratio where quasicrystals were
found for a binary system of nanoparticles [41] (α = 0.43), although in this case
there was 12-fold rotational symmetry.
Also a ternary crystal structure of nanoparticles was recently found experimentally [48]. Although the formed crystals can be studied in 3 dimensions using
electron tomography [49], a real-space study during the crystallization in the ﬂuid
phase has not, to the best of our knowledge, been performed for nanoparticles.
This makes it hard to determine which effects (steric, entropic, Van der Waals and
dipolar forces, conﬁnement and drying forces) are most important in the formation of nanocrystals.

5.1.4

Effects of External Fields on Crystal Growth

External ﬁelds and templates can be used to enhance the growth of crystals of
binary systems. Experimentally, a NaCl structure without stacking disorder was
realized using electric and gravitational ﬁelds as well as template-directed growth
on a binary system of PMMA particles (α = 0.31) [50]. Recently, it was demonstrated that by using a combination of epitaxial growth on a patterned electrode
and controlled drying, binary colloidal crystals can be created in a layer-by-layer
fashion [57]. Planar defects could be efﬁciently introduced by sporadically inserting layers of colloids with slightly different sizes from those used in the bulk
crystal.
In addition to Brownian motion, colloids undergo sedimentation when a gravitational ﬁeld is present. Local density ﬂuctuations can result in convective transport of the ﬂuid and the colloids and can play an important role in the growth
of colloidal crystals. For example, crystals consisting of hard spheres can grow
as a result of local volume fraction increase due to sedimentation. Holgado et al.
have studied the growth of colloidal crystals by sedimentation while an electric
ﬁeld was applied in the direction anti-parallel to gravity. They demonstrated that
the size of crystal domains signiﬁcantly increased when the sedimentation speed
of silica SiO2 spheres was effectively reduced from 1.54 mm/h to 0.35 mm/h by
applying an electric ﬁeld [58]. In an older study [59], it was demonstrated that
sedimentation can also totally inhibit crystal growth. The sedimentation of the
particles resulted in a glass-like structure in the lower part of the sample instead
of crystals. Slow rotation in a plane parallel to the direction of gravity effectively
averaged out gravity and resulted in the growth of NaZn13 crystals while the concentration of particles in the remaining ﬂuid was homogeneous throughout the
sample.
The effect of gravity on colloidal crystallization has been studied extensively
for hard spheres. Crystals grown on earth from a hard-sphere suspension (φ =
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0.545) that was just above the melting transition (φm ≈ 0.54) consisted both
rhcp- and fcc-stacked domains [1]. In micro-gravity experiments performed on
the Space Shuttle Columbia, only the rhcp structure was found [60]. This result
is remarkable, since from free-energy calculations on hard-spheres it followed
that the free energy of a completely fcc-stacked crystal is only a fraction (O (10−3
kB T ) per particle) smaller than the free energy of a hcp-stacked crystal [61, 62].
More detailed simulation studies concerning kinetic effects in the formation of
hard-sphere crystals are currently being performed in our group [63]. In more
recent Space-Shuttle experiments [64], growth of the fcc phase was observed,
starting ca. 1 hour after the crystallization began, and it continued during the
next two weeks of the experiment, suggesting that very slow growth rates linked
to annealing are required for the formation of fcc crystals. Also, the formation
of colloidal dendrites was observed, which is an indication for diffusion-limited
growth (low convection). Colloidal dendrite-crystals only form on earth when the
density of particles and solvent are perfectly matched [65].
For binary systems where the particles do not have exactly the same size and
density, sedimentation can result in a volume fraction dependency on z that is
different for both particles. For example, Royall et al. studied the competition between crystallization and glass formation in a binary system of hard spheres [66].
In this paper it is described that due to the difference in hydrodynamic radius
the larger particles sediment faster than the smaller ones. While one-component
systems of both particles crystallize under the inﬂuence of gravity, for the binary
system this strongly depends on the composition of the binary mixture, which in
turn, depends on the height in the sample. As a result, both crystalline and glassy
states were found at different heights.

5.1.5

Outline of this Chapter

In this chapter, we focus on out-of-equilibrium effects in the nucleation and growth
of ionic crystals consisting of oppositely charged colloids. We study the effect of
electrostatic screening on crystal growth from the ﬂuid and gel-state. With 3D
particle tracking and local order parameters, we follow a system of oppositely
charged particles in time, and study the nucleation and growth of ionic crystals
under the inﬂuence of sedimentation. We also demonstrate the effect of seeds in
the solution on the growth of the crystals. Using a sample on a rotating stage, we
average out the effect of gravity and compare the crystal growth with a similar
sample stored under normal conditions. Subsequently, we show crystal structures
that formed for particles with different size ratios. We employ a full 3D analysis
to identify (growth) defects inside the crystals and to study their morphology and
growth mechanism in the post-nucleation stage. Finally, we demonstrate a 5-fold
rotational defect in a binary system with α = 0.41.
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CHAPTER 5

Methods & Analyzing Techniques

Particle Dispersions
The synthesis of the polymethylmethacrylate (PMMA) particles was performed by
dispersion polymerization [67]. Steric stabilization was provided by grafting the
particles with poly-12-hydroxystearic acid (PHSA)-PMMA-comb stabilizer. During the synthesis, particles were covalently labeled with a ﬂuorescent dye; either
rhodamine B isothiocyanate (RITC), 7-nitrobenzo-2-oxa-1,3-diazole (NBD), or
coumarine. We obtained the particle size and polydispersity by static light scattering (SLS). After the synthesis, the particles were washed several times with
hexane and dispersed in a mixture of cyclohexylbromide (CHB) and cis-decahydronaphthalene (‘cis-decalin’), with or without an added amount of tetrabutylammonium bromide (TBAB). The (re)mixing of suspensions was done by vigorously shaking (‘vortexing’, since a vortex arises in the suspension inside the vial
during this process) them on a MS2 minishaker (Ika). All the used particles are
labeled with a unique letter, and details can be found in Appendix A. We never
used sonication to disperse our particles, since sonication leads to decomposition
of the solvent and increases the conductivity inside the dispersion [68]. After a
suspension was allowed to equilibrate, is was transferred into a capillary (Vitrocom, 0.1 mm × 1.0 mm × 4.0 cm), after which both ends of the capillary were
sealed with UV-glue (Norland optical adhesive). The glue was cured with UV-light
(λ = 350 nm, UVGL-58 UV lamp, UVP). Since UV-light is known to induce decomposition of CHB [68], we covered the middle of the capillary with aluminium foil
to protect it from UV-light falling onto it during this process.
Electrophoresis
Electrophoresis measurements were performed in capillary cells with conducting
wires (Goodfellow) threaded along the long side of the channel (Fig. 4.1). To
estimate particle charges, the electrophoretic mobilities at the stationary layers
were used (see Chapter 4).
Particle Tracking
To obtain particle coordinates in three dimensions, we recorded 3D stacks, consisting of multiple 2D images taken at different depths z. All confocal images were
recorded on a Leica SP2 or a Nikon C1 confocal using 40x or 63x objectives (NA
= 1.4). Different particle species, either labeled with RITC, NBD or Coumarine
dye, were imaged in separate channels by using laser light with a wavelength of
λ = 543 nm, 488 nm, or 408 nm respectively. To determine the particle positions
accurately, we ensured that the particle diameter of the smallest particle species
was at least ﬁve times as large as the pixel dimension in the x−, y−, and the z−
direction. Occasionally, a low degree of Gaussian blurring was used for smoothing
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Figure 5.1: To save computer memory, a dataset can be divided in overlapping subsets. In this 2D
example, the dataset is divided in four areas A, B, C and D. The particle coordinates are extracted
for each subset and recombined afterwards.

out the noise. To deal with the computational loads required for extracting particle coordinates from large 3D datasets, we sometimes divided our dataset into a
number of equal parts that were tracked individually (Fig. 5.1). Afterwards, the
information was recombined to create a single xyz-ﬁle containing all the particle
coordinates. Note that the quadrants A,B,C and D in Fig. 5.1 overlap (two regions share an area with a width of 2σ). This overlap is required since pixels in
quadrant B are used to determine the position of particle 1 in quadrant A, etc. To
prevent double-counting particles that are found in multiple quadrants, particle
1 is removed from dataset B because its center is located in A, and is kept in A.
In turn, particle 2 will be removed from dataset A and is kept in B. For particle 3,
there is no conﬂict since this particle is only in D.
Time Effects in Gradient samples
To quickly explore a range of experimental conditions, we occasionally used samples in which a density gradient in the ionic species (salt) and/or the colloids
was present. For example, a salt gradient could be realized by ﬁlling one side
of the capillary with colloids suspended in CHB/cis-decalin without salt and the
other side with a tetrabutylammonium bromide (TBAB) salt-containing CHB/cisdecalin mixture. Alternatively, an (additional) gradient in colloidal concentration
could be established (see Fig. 5.2).
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Figure 5.2: Schematic representation of a gradient sample just after a dispersion was transferred into
a capillary. [a:] On the left side of the sample, the salt concentration is higher than on the right side.
The colloid volume fraction φ on both sides can be chosen equal or different. [b:] Same as (a), but
only one side contains a colloidal dispersion whereas the other side contains a salt-containing solution
without colloids. [c:] Alternatively, samples can be stored under a small tilt to induce a gradient in
the colloid density. This gradient changes locally over time.

Micron-sized colloids diffuse more slowly than ions. In our experiments, we
found that the smoothening of the gradient occurred days to weeks in the case of
ions, and weeks to months in the case of colloids. Especially, for the colloids, the
transport depends strongly on the interactions between the colloids. For example,
in samples where one half of the capillary was ﬁlled with a strongly oppositely
charged binary colloidal suspension and the other with pure solvent, one of the
capillary halves contained a gel and the other half contained almost no colloids.
Since all the colloids were kinetically trapped inside the gel, virtually no diffusion
of colloids took place.
When a capillary with a salt or colloidal gradient was prepared, the situation
was not always as clear as depicted in Fig. 5.2. When a capillary was ﬁlled, the interface during this process was not completely smooth and some mixing occurred
near it (as observed by confocal microscopy).
Occasionally, we enhanced the transport of colloids from a region of high colloidal density towards the a region of low colloidal density by intentionally storing a sample under a small tilt as to induce a gradient in the chemical potential
(Fig. 5.2c). The (external) chemical potential caused by the gravitational ﬁeld is
given by μ = mgz (buoyant mass m, gravity g and depth z) whereas the internal
contribution to the chemical potential is determined by the interactions between
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the particles. For systems consisting of ideal particles in equilibrium

 the density
−mgz
distribution as a function of depth is given by ρ(h) ∝ ρ0 exp kB T
where m is
the buoyant mass of the particle, g the acceleration of gravity and z the depth in
the system. When electrostatic attractions and repulsions are present between the
particles, this behavior becomes different and strongly depends on the type and
range of the interactions [11–15]. The systems treated in this chapter all concern
micron-sized, nearly density-matched PMMA particles which are suspended in a
mixture of CHB/cis-decalin (in almost all cases 27.2 w% cis-decalin in CHB). The
gravitational length [12], kB T /mg was on the order of 0.002-0.1 m.
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Figure 5.3: [a:] A gel-like structure formed in a binary system of particles E and G. This confocal
image was taken at an approximate depth z = −40 μm. [b:] The volume fraction of both particles
as a function of depth. The total volume fraction of the dispersion φtot = 0.35. Blue lines depict the
position of the glass walls. The center of the capillary is located at z = 0.

In Chapter 3 and 4, we have studied the volume fraction dependence of the
particle charge and surface potential. Since the local volume fraction changes under the inﬂuence of gravity, the evolution of a system towards equilibrium (e.g.
in colloidal crystallization) depends strongly on both thermodynamic and kinetic
factors. For example, a binary system of particles E (σ = 2.57 μm, green) and
G (σ = 1.29 μm, red) formed a gel after some of the dispersion was transferred
to a capillary (Fig. 5.3a). A few hours after the sample was prepared, the volume fraction as a function of depth was measured (Fig. 5.3b). The red particles
were homogeneously distributed, while the green particles had sedimented. The
gel-like structure was only observed in the region where green particles were
present. A day later, the gel had collapsed, and the system had crystallized (a
more extensive discussion is given in Section 5.3.5). To summarize, the physics
of strongly interacting concentrated systems in external ﬁelds can easily become
very complicated. In this chapter, we also investigate the effect of gravity on the
crystallization of suspensions of oppositely charged particles.
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Local Order Parameters
Bond order parameters can be used to distinguish between a particle in the ﬂuid
and the solid phase by identiﬁcation of the local symmetry of its surroundings.
To distinguish between particles in a solid or ﬂuid phase it is essential to gain
information about the local order around particles [69, 70]. The local symmetry
around each particle i can be characterized with the local bond order parameter.
To do this, ﬁrst a list is constructed that contains all the ‘neighboring’ particles
within a radius of rc around particle i. Subsequently, the order parameter for
particles i, qil,m can be calculated:
qil,m =

Ni
1 
Yl,m (rij )
Ni

(5.1)

j=1

where ql,m is an element from the vector ql , Ni is the number of neighboring
particles of particle i and Yl,m is the spherical harmonics function with m ∈ [−l, l]
and rij is the vector that connects particle i with neighboring particles j. The
correlation in the environment of two particles i and j is now quantiﬁed by:
m=l


dl (i, j) = 

m=l


∗
qil,m qjl,m

m=−l
1/2

|qil,m |2

m=−l



m=l


1/2

(5.2)

|qjl,m |2

m=−l

where the denominator is used for proper normalization. By deﬁnition, dl (i, i) =
1. As a direct result of translational symmetry, particles in a crystal have in common that the conﬁgurations of all its neighbors are similar to its own conﬁguration, meaning that dl (i, j) is close to 1. However, particles can not be automatically identiﬁed as being part of a solid if only one neighboring particle has a
similar environment as their own. Since two ﬂuid particles i and j occasionally
have a similar environment by chance, dl (i, j) can also be substantial for them.
Therefore, it is more realistic to consider a particle i as ‘solid’ if and only if dl (i, j)
is larger or equal than a critical threshold dc for at least a number nccon of neighboring particles j. The number of connections for which this is the case is given
by ncon :
Nb (i)

ncon (i) =
H(dl (i, j) − dc )
(5.3)
j=1

where H is the Heaviside step function and dc is a threshold value between 0 and
1. The particle is now identiﬁed as ‘solid’ if ncon (i) ≥ nccon . Simulation studies
have shown that especially for l = 6, solid particles can be easily identiﬁed in fcc,
hcp or bcc crystals [70]. The method described here was also used to successfully
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determine the critical cluster size in the growth of hard sphere crystals in an
experimental system [71].
Identifying Crystal Domains
To identify different crystal domains, we used the fact that the local environment
between two solid particles in a single crystal domain displays much more similarity than between two solid particles in different crystal domains, e.g. near
grain boundaries. We use this to make a distinction between particles that were
already identiﬁed as a solid, but belong to different domains with different orientations. Particles m and n belong to the same domain if and only if there is a
path P = {m . . . n} between them for which ∀ {i, (i + 1)} ∈ P : d6 (i, i + 1) ≥ dg .
An example is given by the graph representation of a set of particles in Fig. 5.4.
When d6 (i, j) ≥ dg for two particles i and j, a thick line is drawn between them.
Otherwise, a thin line is drawn. Particles 1, 2 and 3 belong to the same domain
(dark blue) because there is a path of thick lines between them. Particle 4 is not
connected with 1, 2, or 3 and belongs to another domain (light red). Particle 5 belongs to a domain of size 1 (white). In practice, we always choose dg > dc , since
only one connection is required for two neighboring solid particles to belong to
the same crystal domain.
To collect all the particles that belong to a single domain, we implemented an
algorithm that starts with the ﬁrst particle i in the 3D dataset. In the beginning,
particle i is the only particle in domain 1. Neighboring particles j (rij < 1.4σ) that
were already qualiﬁed as having a solid-like environment are added to domain 1
if and only if:
(5.4)
d6 (i, j) ≥ dg
This procedure is repeated recursively and only stops when the collection process
for domain 1 is ﬁnished, namely as soon as there are no particles anymore in domain 1 with neighboring particles that obey Eq. 5.4. Subsequently, a new particle
is selected that does not belong to any domain yet, and it is set to belong to domain 2. Again, particles are collected until also for domain 2 all the particles are
found. When ﬁnally all the particles are assigned to a domain, the process stops.
Note that at the end of the process, all the solid particles are part of a domain.
Moreover, each domain consists of at least 1 particle, in the case that no other
particles with a similar solid conﬁguration are present in its environment. A potential drawback to this method of identifying domains is that a single particle can
in principle connect two large domains that then become a single domain. However, we did not ﬁnd that this frequently occurred in our experimental datasets,
as long as a sufﬁciently high value of dg was used.
Rotating Stage
To average out the effects of gravity we built a rotating stage, using the design
by Badaire et al. [72], that was used in some of the experiments in this chapter.
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Figure 5.4: Graph representation of solid particles (denoted by vertices). The edges represents imaginary bonds between the vertices and are thick when d6 (i, j) ≥ dg , and thin when d6 (i, j) < dg .
Particles belong to the same domain (indicated with the same color) when there is a path of thick
lines between them. Solid particles with no thick lines attached to them belong to a domain of size 1.

a

b

Figure 5.5: [a,b:] A rotating stage was designed and built to average out the effect of sedimentation.
Glass slides with capillaries glued onto them can be stored inside the slots and are rotated slowly.

Images of the rotating stage are shown in Fig. 5.5. To build the stage, a sampleholder was fabricated from a petri dish with a diameter of 145 mm and a depth
of 20 mm, ﬁlled with a silicone elastomer, in which several slots of 10 mm deep
were made to accommodate microscope glass slides with dimensions of 26 mm
x 1 mm. First, an assembly of 28 vertically and uniformly distributed glass slides
was fabricated by pushing the hot slides through the lit of the petri dish. This
assembly was then used as a mold to replicate the shape of the glass slides in
the elastomer. The silicone elastomer was prepared by combining ca. 100 mL of
Sylgard DC 184 elastomer base with 10 mL of Sylgard DC 184 curing agent in a
plastic container. After mixing thoroughly, air bubbles were removed by placing
the container in a desiccator connected to a vacuum pump (for ca. 20 min). The
liquid elastomer mixture was then poured into an empty petri dish, and the glassslide assembly was placed over it (such that each glass slide touched the bottom
of the dish). After curing the elastomer by placing the whole assembly in an oven
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at 80◦ C overnight, the mold was detached from the sample holder with the help
of a few drops of ethanol. The sample holder was then screwed to the rotor of
an inexpensive peristaltic pump (Variable ﬂow pump, Fisher), using a hole that
was previously drilled at the center of the petri dish. The whole assembly was
then placed on a support that ensured that the sample holder rotated in a vertical
plane parallel to gravity.
Electrostatic Interactions
Since our particles are sterically stabilized and the refractive index of the solvent
is matched to that of the particles, we can neglect the Van der Waals interactions
between the particles. Using the electrostatic part of the DLVO [73] potential, the
particle-particle interactions can be described by a pair-wise screened-Coulomb
potential Uij [7]:
⎧
⎪
⎨ Zi Zj λB exp[κ(ai + aj )] exp[−κ(rij )] ,
Yuk
(1 + κai )(1 + κaj )
rij
βU (rij ) =
⎪
⎩ ∞,

rij ≥ σ

, (5.5)

rij < σ

where Zi , Zj , ai and aj are the particle charges and radii of particles i and j
respectively. κ−1 is the Debye screening length and the Bjerrum length is given by
λB = e2 /4πm 0 kBT with e the elementary charge, m the relative permittivity
of the medium and 0 the permittivity of vacuum.

5.3

Results & Discussion

5.3.1

Crystallization in Gradient Samples

We found ionic CsCl crystals in a gradient sample that was stored under a small tilt
for 30 days (as in Fig. 5.2c). Originally, the (higher) side of the capillary was ﬁlled
with a 1 : 1 salt-free binary dispersion (φ = 0.3, κ−1 ≈ 1 μm) of particles A (1.06
μm, 6% polydispersity) and B (0.91 μm, 7% polydispersity). The other (lower)
side was ﬁlled with a salt-containing solution (130 μM TBAB, κ−1 ≈ 0.15 μm).
The particles crystallized in large domains, some spanning more than 200 μm in
diameter (Fig. 5.6a,b). The crystals had a CsCl structure (the CsCl unit cell is
given in Fig. 5.6e) The region in which the crystals emerged originally contained
only a very small number of colloids (φ < 0.02), indicating that the colloids had
migrated and that the salt gradient had smoothened in the meantime. The crystal
domains were embedded in a ﬂuid phase, suggesting that the crystals were either
in coexistence with the ﬂuid or were still growing and had not yet reached equilibrium. Near the ﬂuid interface, crystal domains were elongated towards the ﬂuid
phase, suggesting that growth propagated mainly in this direction since growth
in other directions was already obstructed by other domains (Fig. 5.6c). From the
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Figure 5.6: Crystals grown in a gradient sample as in Fig. 5.2c. The capillary was ﬁlled partially with
a 1 : 1 dispersion of colloids A and B (φtot = 0.3) in CHB/cis-decalin (27.2 w%) and partially with
a solution of 65μM TBAB in CHB/cis-decalin (27.2 w%). The images were recorded 35 − 36 days
after the capillary was ﬁlled. [a:] Crystal domains with a maximum diameter of several hundreds of
μm. [b:] A grain boundary between a crystallite with (001)-face (left) and the (011)-face (right).
[c:] Near the interface, the crystal domains were very elongated in the direction pointing towards
the ﬂuid. [d:] Steps on the surface in contact with the ﬂuid. [e:] The bcc unit cell of the CsCl crystal
structure.

ﬁgure, steps seem to be present at the crystal interface (Fig. 5.6d), indicating that
there exist preferential adsorption sites for particles that are incorporated from
the ﬂuid phase. We used the bleaching of the NBD-labeled particles A to study
the dynamics at the interface between the crystal and the ﬂuid. After a region at
the interface was bleached (Fig. 5.7a), we examined the same region again after
27 hours (Fig. 5.7b-d). While the (bleached) colloids inside the bulk of the crystal
were still present, colloids in the crystal layers near the interface were either replaced or supplemented by new (unbleached) colloids from the ﬂuid (Fig. 5.7c,d).
We also observed that CsCl-crystals formed in a sample (initially, φ = 0.18) at
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Figure 5.7: We used the bleaching of the NBD-labeled particles A (green) to study the dynamics near
the crystal/ﬂuid interface. [a:] A region at the interface was bleached. [b-d:] The same bleached
region as in (a), but 27 hours later.

a constant salt-concentration of 75 μM TBAB (κ−1 = 0.17 μm) that was stored
under a small tilt for 1 month, whereas crystals did not form when the sample was
stored horizontally, indicating that the volume fraction did not reach sufﬁciently
high values in the latter case (note that if the sample is stored under a tilt as in
Fig. 5.2c the particles sediment to the lower-left side of the capillary, instead of
just to the lower side).

5.3.2

Crystallization at Low κa
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b

















Figure 5.8: [a:] Suspension of particles C and D 2 hours after the dispersion was vigorously shaken
and transferred to the capillary. [b:] 20 hours later crystals domains have grown with a maximum
size of ca. 150 − 200 μm.

To more extensively study crystal growth we used another system of oppositely
charged particles in CHB/cis-decalin without any added salt (κ−1 ≈ 2 μm in the
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Figure 5.9: Crystal growth for a dispersion of particles C and D, corresponding to Fig. 5.10. [a:]
Volume fraction as a function of depth and time from the 3D stacks obtained in the experiments. As
indicated, the different colors and symbols denote different moments in time. The volume fraction in
the lower region of the sample increased and reached a maximum of φ ≈ 0.49. [b:] The number of
particles in the crystal phase and the number of crystal domains as a function of time is given. Each
3D stack contained between 6 · 105 and 9 · 105 particles.

solvent mixture without colloids). We prepared a sample by adding a dispersion
of particles C (σ = 1.05 μm, φ = 0.35) in CHB/cis-decalin to an equal dispersion
of amino-functionalized particles D (σ = 1.11 μm, φ = 0.35). After allowing the
dispersion to equilibrate for 18 days, the dispersion was shaken vigorously and
some of it was transferred to a capillary. We observed that attractions between
the particles were present, indicating that the particles were oppositely charged
(Fig. 5.8a). When we studied the sample 20 hours later, CsCl crystals were present
(Fig. 5.8b) with domains approximately 150 − 200 μm in size.
In earlier experiments [3], lower growth rates were reported, which might be
related to the larger particles used there (σ ≈ 2 μm in [3] compared to σ ≈ 1
μm here). Generally, smaller particles diffuse and rearrange faster than bigger
particles; for ideal particles D ∝ σ−1 and the time required to diffuse over its
own diameter tD ∝ σ3 (see Eq. 3.16).
To study the mechanism via which the crystals form in more detail, we repeated the crystallization experiment with another suspension containing particles C and D (again in CHB/cis-decalin, φ = 0.35). Immediately after vigorous
shaking and transferring some of the suspension to the capillary, we closed the
capillary. The binary dispersion had been stored in a 2 mL vial for 4 months prior
to the experiment without displaying a signiﬁcant change in the particle interactions. The fact that the particles were still oppositely charged illustrates the
increased stability of dispersions with amino-functionalized particles compared
to salt-free dispersions without them (see Chapter 4).
We started recording 3D stacks with time intervals of 1.5 hours. Each 3D stack
contained 321 images (752 × 752 pixels, 150 × 150 μm) that were separated by
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Figure 5.10: Crystal growth of CsCl crystals in a dispersion of particles C and D that was vigorously
shaken (‘vortexed’) before it was transferred to a capillary. [a-d:] Snapshots of domains inside a
volume of 6 · 104 particles from a part of the stack are shown. To select the domains, we used
nc
con = 6, rc = 1.4σ, dc = 0.5 and dg = 0.85. Only particles in crystalline domains of more than
12 particles are shown. Each domain with a different orientation is displayed with a unique pair of
colors. [c:] After 4.5 hours, crystals were present only near the glass wall. [b:] After 6 hours, these
regions had grown, and small domains inside the regions display slightly different orientations. [cd:] The domains annealed, and the crystals grew steadily in time. [e:] Enlargement of (c) showing
the small domains with slightly different orientations. [f:] All the solid particles in the box; the color
intensity of a particle i reﬂects the average bond order d6 (i, j) with its neighboring particles j.

Δz = 0.166 μm. The volume fraction as a function of depth (z-direction) is shown
for the lowest half of the capillary in Fig. 5.9a for different times between 0 − 14
hours after the recordings were started. Initially (t = 0 h), the sample contained
a ﬂuid and was almost homogeneous. In time, as the particles settled, the density
in the lower region of the capillary increased. To detect crystallization, particles i
were identiﬁed as in a solid if there were at least 6 neighboring particles j present
within a radius 1.4σ for which d6 (i, j) ≥ 0.5 (rc = 1.4σ, dc = 0.5, nccon = 6).
Solid particles i were inside the same domain as another solid particle j, if there
was at least one path between them for which all the particle bonds m − n in that
path satisﬁed d6 (i, j) ≥ 0.85 (dg = 0.85). The number of particles inside domains
larger than 12 particles, and the number of such domains are given in Fig. 5.9b.
A typical region of 45 × 45 × 53 μm3 of the 3D stacks is given in Fig. 5.10a-d.
After 3 hours, we observed 2 small crystal clusters on the lower glass wall containing more than 12 particles (16 and 17 particles respectively), indicating the
onset of the nucleation stage. After 4.5 hours, when φ ≈ 0.42 in the lower region
of the sample, already 47 clusters larger than 12 particles were present, consist-
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Figure 5.11: [a:] Suspension of particles C and D 2 hours after the dispersion was transferred to
the capillary without the preceding vortexing step; some nuclei were (already) present. [b:] Approximately 4 hours later, the sample was full of small CsCl-crystal domains with a cross-section of
approximately 20 μm. [c-f:] A nucleus growing out in the marked region of (a,b). All images were
recorded approximately 30 μm above the lower glass wall.
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ing of a total of 1.3 · 104 particles (Fig. 5.10a). Between 4.5 hours and 7.5 hours,
separate nuclei continued to emerge and grow without obstructing each other
in the process. After 6 hours, the main part of the bottom wall was covered by
domains that were growing out in all directions (Fig. 5.10b,f). In Fig. 5.10g, all
the particles identiﬁed as solid are shown, including particles in domains of size
1. In Fig. 5.10f (only showing domains larger than 12 particles) it can be seen
that the solid phase actually contained multiple domains with each a slightly different orientation, indicating that the crystal growth occurred too fast for all the
small regions to anneal and exactly align. As the growth rate increases with the
increasing surface of the growing domains, new domains sprouted with slightly
different directions between them. After 7.5 hours, the growth rate decreased and
the different domains had moved into alignment again. From the slope of the
growth curve (red line, Fig. 5.9b) it follows that the growth rate was sub-linear
during this time. Clearly, the depletion of particles from the ﬂuid phase slowed
down the growth rate. After 13.5 hours, we found that the crystal phase consisted of large domains containing thousands to tens of thousands of particles
(Fig. 5.10d). Finally, we discuss the role of the glass wall on the nucleation of the
crystals, since the onset of crystal growth was observed near the lower glass wall.
Generally, PMMA-particles adsorb to the glass wall after a capillary tube is ﬁlled.
It is possible that the particles on the glass wall serve as a template, and lower
the nucleation barrier relative to the situation inside the bulk ﬂuid.
Additionally, we transferred some of the suspension to a capillary tube without
shaking it ﬁrst on a vortex mixer (Fig. 5.11). After the capillary tube was sealed
and mounted on the microscope stage (t = 2h), we started recording a series of
2D images for approximately 4 hours, with a time interval of 30 seconds between
two consecutive images. All the images were recorded ca. 30 μm above the lower
capillary glass wall.
When we started recording the images, we observed only a few small CsCltype crystal domains (Fig. 5.11a). These domains continued to grow in time
(Fig. 5.11c,d,e,f) until after almost 6 hours, the whole area was ﬁlled with crystal
domains (Fig. 5.11b). Close-up images are given for the growth of a single domain
that appeared in our ﬁeld of view after approximately 11 minutes (Fig.5.11c-f). It
can be seen that the domain grows outwards in all directions in the plane. Since
we only recorded images in 2 dimensions in time, it is not possible to see whether
this domain nucleated in our ﬁeld of view or that a part of it was already present
outside the optical slice that we were looking in.
After 4 hours, we recorded a z-stack of the domain where the crystals were
present. The 3D stack consisted of 563 images (1024 × 1024 pixels, 114 × 114 μm)
that were separated by Δz = 0.124 μm. From these data, we observed that the
lower 70 μm of the capillary was completely ﬁlled with crystal domains. After all
the particle coordinates had been extracted, we generated a 3D reconstruction
of the particles inside crystal domains larger than 12 particles (Fig. 5.12a). With
these settings, the data stack contained 5.8 · 105 particles, of which 52% were identiﬁed as solid particles. The different particle species in each domain were labeled
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Figure 5.12: Crystal growth for a dispersion of particles C and D when the dispersion was not shaken
on a vortex mixer before it was transferred to a capillary. [a:] 3D reconstruction from the stack of
images that was recorded 4 hours after Fig. 5.11a, containing 6 · 105 particles. Only solid particles
in domains larger than 12 particles are shown. Each distinct domain is indicated with a unique pair
of colors for particles C and D. To identify the crystalline domains, we used nc
con = 6, rc = 1.4σ,
dc = 0.5 and dg = 0.85. [b:] Close-up of a part of (a). [c:] Domain size distribution (domains
larger than 4 · 103 are not shown). [d:] Showing only domains containing at least 5000 particles
(not displayed in (c)) that were present mainly in the lower half (50 μm) of the capillary tube.

with a unique set of colors (as a close-up, a part containing 5.1 · 104 particles out
of the large data-set is given in Fig. 5.12b). For each domain, the number of particles was counted, resulting in the size distribution given in Fig. 5.12c. Although
most of the domains were small and contained tens to hundreds of particles, some
larger domains containing thousands of particles were also present. Domains containing over 5 · 103 particles were very rare (Fig. 5.12d). The average domain size
(of the domains containing more than 12 particles) was 564 particles. This is different from the previous case where crystals only nucleated in the lower region
of the sample and domains had an average size of more than 2000 particles. After
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the crystals stopped growing, only a very small number of particles exchanged between different crystals domains; domains were still present at roughly the same
spots after a time period of ca. 1 day. It would be interesting to study the dynamics
of the grain boundaries between the domains over longer time scales.
Our experimental results suggest that crystallization of binary ionic colloidal
crystals occurs much faster when the suspension is not re-mixed before it is transferred to a capillary, which might be due to the presence of small crystal seeds. In
the case where the sample was re-mixed, the crystal domains started to grow everywhere in the sample, which is a clear signature of homogeneous nucleation. In
the case without remixing, we observed heterogeneous nucleation that started on
the glass. In addition, we have quantitatively studied the nucleation and growth
of an ionic CsCl crystal under the inﬂuence of a gravitational ﬁeld on a glass template, and identiﬁed a regime where the number of crystal domains peaks when
the crystal growth rate is maximum.

5.3.3

Crystal Growth from Gel-Like Structures

We regularly found that a binary system of oppositely charged particles formed
a gel-like structure with amorphous branches percolating throughout the whole
sample, as was earlier demonstrated in [34]. Gel-like structures also form in
colloid-polymer suspensions when the polymer concentration is sufﬁciently high
[74].
In samples without TBAB salt, we observed gel formation for total volume
fractions φ between 0.05 and 0.4. Above this, individual branches were not formed
or the particle charges were insufﬁcient to account for gellation (Chapter 4).
We studied the rate of formation of a gel structure consisting of particles E
and F (σ ≈ 2.5 μm for both, φtot = 0.1). Measurements were performed by ﬁrst
vigorously shaking the particle suspension and transferring it to the capillary, after
which we immediately started recording a sequence of images. The formation of
the gel took approximately 34 minutes, which is twice as long as in the case of
[34] (ca. 15 minutes). This is likely due to the sizes of the particles which are a
factor 1.25 larger compared to [34]. Hence, the self-diffusion time tself ∝ σ3 is a
factor 2 lower which corresponds with the 2 times longer formation time of the
gel illustrating the diffusion limited nature of (colloidal) gel-formation.
In another experiment, we ﬁlled the right side of the capillary with a suspension of particles E and F (φtot = 0.1, σ = 2.5 μm for both species) in CHB/cisdecalin without any salt. In the left side of the capillary, we added the same suspension but now with 0.47 μM TBAB salt (κ−1 ≈ 0.9 μm). In Fig. 5.13, confocal
images are shown of a gel-like structure that was formed in the higher-salt region
of a gradient sample (as in Fig. 5.2a). After 2 days, the branches were coarsened and had partially crystallized, which might have been caused by a change
of particle charges in time or by an increase in the screening length κ−1 resulting
from the decrease of the local salt-concentration in time. Computer simulations
for similar contact energies [6] have shown that the crystallization rate increases

106

CHAPTER 5

signiﬁcantly for lower κa. Our earlier observations with particles C and D in a
low-salt environment that fully crystallized within several hours seem to conﬁrm
this. The idea is that crystallization is easier for lower κa because particles feel
each other of longer distances. As a result, particles explore the energy landscape
over longer distances and are more effectively incorporated into the crystal lattice. It is not clear whether this picture also holds for particles that are already
trapped in a gel-like structure.
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Figure 5.13: Typical confocal images of a gradient sample containing a suspension of oppositely
charged particles E and F in a solvent mixture of CHB and cis-decalin (26.5 w%). For both particle
kinds, the diameter σ ≈ 2.5 μm. The total colloidal volume fraction φtot = φE + φF = 0.1. A salt
gradient was created by ﬁlling the right side of the capillary with the colloidal suspension (without
salt) and the left side of the capillary with the suspension containing an additional 0.47 μM TBAB
salt. In time, the salt gradient smoothened. [a:] A gel-like structure with amorphous branches was
formed in the salt-containing region of the sample. [b,c:] After 2 days, the branches were coarsened
and had partially crystallized.

5.3.4

Time Averaging the Effects of Gravity on a Rotating Stage

To counterbalance the effects of sedimentation we designed a rotating stage (for
an image of the stage, see Fig. 5.5) that enabled us to rotate samples at a rate of
ca. 3 rpm, similar to [59]. Since the samples in the stage rotate in a plane parallel
to gravity, sedimentation is effectively averaged out. Additionally, convection is
reduced. During the time that the samples were studied with the confocal microscope, gravity was not averaged out, since the confocal microscope setup is not
designed for rotation. Therefore, we were able to store samples on the rotating
stage, but we could not follow them in real-time since the confocal microscope is
not build to rotate.
To study the collapse of the gel-like structure we prepared a dispersion of
particles A and B in CHB/cis-decalin at a volume fraction φtot = 0.3 and a salt
concentration 26 μM TBAB (κa ≈ 2). We transferred this dispersion into two
capillaries that were stored horizontally in one case and on the rotating stage in
the other case. Both capillaries had similar dimensions and were closed with the
same glue (Norland optical adhesive), which was cured for the same amount of
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time with UV light (λ = 350 nm, UVGL-58 UV lamp, UVP) and had a depth of
ca. 120 μm. With the confocal microscope, we observed that in both samples a
gel-like state was present (Fig. 5.14).





g

Figure 5.14: A gel had formed after transferring a dispersion of particles A and B (φtot = 0.3),
suspended in CHB/cis-decalin with 26 μM TBAB, into two identical capillaries. One of the capillaries
was stored horizontally (with the length axis of the capillary aligned with the surface of the earth)
whereas the other capillary was stored on the rotating stage.

After 18 days of horizontal storage, the gel-structure had partially collapsed
and the particles were visibly sedimented (Fig. 5.15b). Crystal domains of only
several layers thick were present on top of the sediment (Fig. 5.15a). For the
sample that was stored on the rotating stage, the gel-structure was still present
and no signs of sedimentation were observed (Fig. 5.15d). The gel had contracted
and pulled away from both walls due to the cohesive forces. Interestingly, crystal
formation occurred at the interface between the gel and the voids inside the gel.
After spending a total time of 30 days of horizontal storage (18 days + 12
days), the crystals that were present at the top of the sediment had grown out in
an elongated fashion (Fig. 5.16b). Since the distance from the top of the crystallites to the lower glass wall of the sample did not change much compared to the
situation after 18 days (Fig. 5.15a,b), the crystal growth direction must have been
downwards into the collapsed gel. Apparently, the voids in the sediment offered
sufﬁcient translational freedom for particle reorganizations that were required
for the conversion of sediment into the crystal. Approximately 40 μm above the
lower glass wall, the growth process hampered, suggesting that the sediment became too dense to allow for the particles to rearrange. Contrary to this, for the
sample that was stored for total time of 30 days on the rotating stage, the gel-like
structure had completely disappeared and crystallites had appeared with random
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Figure 5.15: Suspensions of particles A and B (φtot = 0.3, 26μM TBAB, κa ≈ 2) after 18 days
of horizontal storage (a,b) or in the rotating stage (c,d). [a,b:] Due to sedimentation, the gel-like
structure had partially collapsed and crystal domains (ca. 5 − 30 μm in size) were present on top of
the sediment (grey line in (b)). The distance from the lower glass wall to the top of the sedimented
part (including the crystals) was 75 μm. [c,d:] For the sample stored in the rotating stage, the gelstructure survived and small crystal domains (ca. 5 − 15 μm in size) had emerged around the voids
inside it. The grey horizontal lines in (b,d) denote the position of the capillary glass walls. Image (b)
and (d) are composite images.
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Figure 5.16: Suspensions of particles A and B (φtot = 0.3, 26μM TBAB) after 30 days of horizontal
storage (a,b) or in the rotating stage (c,d). [a,b:] The crystals on top of the sediments that were
already present after 18 days had grown longer in the direction parallel to the gravitational ﬁeld.
The distance from the lower glass wall to the top of the crystals was ca. 75 μm. [c,d:] The gel-like
structure had completely disappeared and all particles were present in crystal domains. There were
large voids between different crystal domains. The grey horizontal lines in (b,d) denote the positions
of the capillary glass walls. Image (b) and (d) are composite images.
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orientations throughout the whole sample. The orientation of the crystal domains
appeared random, indicating that the small crystals that were already present after 18 days had continued to grow until all of the gel had converted into crystal.
The large voids that were present between different crystals show that gravity
was efﬁciently averaged out over time.
Additionally, we studied crystal growth starting from a ﬂuid phase of oppositely charged particles E and F (φtot = 0.29, σ ≈ 2.5 μm for both particles,
Fig. 5.17a). Under the inﬂuence of gravity the particles sedimented within 68
hours, reducing the region containing particles to approximately 70 μm (Fig. 5.17c).
On top of the sediment, small crystals were sporadically present (Fig. 5.17b). The
same dispersion that had spent the same time on the rotating stage had crystallized completely (Fig. 5.17d-f). Similar to the gel-samples, gravity and the local volume fraction play, as expected, an important role in the crystal growth of
micron-sized colloids. Our results show that for these systems of oppositely charged particles, densiﬁcation by sedimentation makes crystal growth much slower
and in some cases almost completely prevents the system from crystallizing.

5.3.5

Binary Ionic Crystals with a Size Ratio of 0.5

We prepared a binary system of particles with a size ratio between the large (L)
and small particles (S) α = σS /σL = 0.5 by mixing dispersions of particles E
(σE = 2.57 μm) and G (σG = 1.29 μm) in CHB/cis-decalin with a mass ratio
of 1 : 1.7. From the conductivity measurements (51 pS/cm), we determined that
inside the solvent mixture (without colloids) κ−1 was approximately 2.3 μm. The
total volume fraction of the resulting dispersion was either φ = 0.35 or φ = 0.45.
Interestingly, the interactions between the particles appeared to depend on the
time that the particles spent in the CHB/cis-decalin. When the particles were
mixed within 3 days after they had been dispersed in CHB/cis-decalin, a gel-like
structure formed (Fig. 5.18a), indicating strong attractions between the particles.
In the period of 4 − 10 days after dispersion, the interactions were still oppositely
charged but no gel-like structures were observed and the particles formed crystal
structures (Fig. 5.18b). Apparently, the particle charge had diminished.
We also observed crystal growth in samples that ﬁrst were in a gel-state. When
a dispersion was vigorously shaken on a vortex mixer and transferred to a capillary within 4-10 days after the particles were dispersed, a ﬂuid was observed
from which crystals emerged in time (1-2 days). After 10-15 days the crystals had
dissolved and we observed a ﬂuid without any signs of attractions between the
species (Fig. 5.18c). The change in interaction strength also occurred if the dispersions containing the different particle species were not immediately mixed:
when separate dispersions of particles E and G were mixed 10 days after they had
been prepared, we also did not observe any +/- interactions. This indicates that
at least one of the particles changes in time. Possibly, association/dissociation processes on the surface reach chemical equilibrium slowly, or charge-carrying groups
slowly migrate from within the particle to the surface or into the suspension. Since
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Figure 5.17: [a:] Suspensions of 2.5 μm sized particles E and F in CHB/cis-decalin 27.2 w% (φtot =
0.29, 5 μM TBAB) were transfered to capillaries after vigourous shaking. [b,c:] Dispersions after 68
hours of horizontal storage show that the particles sedimented. On top of the sediment, some very
small crystalline domains were visible. [d-f:] After 68 hours, the dispersion on the rotating stage
contained randomly oriented crystal domains with large voids in between, similar to Fig. 5.16. The
grey horizontal lines in (c,f) denote the positions of the capillary glass walls. The upper glass wall in
(c) is not shown here.

we were mainly interested in the crystal structures that the particles formed we
estimated the charge on the particles by electrophoresis immediately after a mixture of particles (4 days after dispersing the particles in the solvent, φ = 0.35)
was transferred to a capillary with wires along its length direction (as in Fig. 4.1).
The electrophoretic proﬁle is shown in Fig. 5.18d. The mobilities at the stationary
layers were measured to be μL = −0.34 · 10−10 m2 /Vs and μS = 0.15 · 10−10
m2 /Vs. We showed in section 4.3.2 that it is not obvious to unambiguously obtain particle charges from the electrophoretic mobility alone, since the particles
of opposite species can interact while they are undergoing electrophoretic transport. In either case, the sign of the electrophoretic mobilities conﬁrm the opposite
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Figure 5.18: Typical confocal microscopy images of the binary system consisting of particles E (σE =
2.57 μm) and G (σG = 1.29 μm). After the particles were in the dispersion for [a:] 3 days, a gel-like
structure was generally present. [b:] After 4 days, crystals had emerged. [c:] After 20 days, particles
had formed a ﬂuid phase. [d:] The electrophoretic mobility proﬁle along the z-direction of the large
and small particles [e:] Confocal (xz)-image of a crystal domain with the LSfcc
8 structure. The position
of the lower glass wall is marked with a grey line. [f:] (001)-face of the LSfcc
8 crystal. [g:] (111)-face
of the LSfcc
8 crystal.

charges of the colloids. If we naively calculate the particle charges using theory for
single-species, (but with correction for volume fraction effects) [75], we obtain
ZL e between −25e and −100e and ZS e between 5e and 20e, resulting in contact
energies of O (kB T). Although we did not perform an electrophoresis measurement on the dispersion after 10 days, we observed directly from the confocal data
that the attractions between the particles had disappeared.
We identiﬁed two different crystal structures in these mixtures. Suspensions
of 3-6 days old that were re-mixed on a vortex machine and transferred to a capillary, typically formed crystals within 1-3 days. Different faces (111), (001), and
(011) of the crystal are shown in Fig. 5.19a-c. From 3D stacks, we determined
that these crystals have a stoichiometry of 1:8 between the large and small particles (LS8 ). The large particles (or cubes of 8 small particles) made up a slightly
distorted fcc unit cell with dimensions |a| = |b| = 4.95 μm. and |c| = 4.91 μm
(Fig. 5.19d). Therefore, we label this structure LSfcc
8 , which was also found for
a binary system with α = 0.31 [32]. A 3D reconstruction shows the similarity
to the experimentally observed (001)-face of the crystal (Fig. 5.19b,e). From the
3D experimental data, we calculated the radial distribution function of the large
particles in the LSfcc
8 crystal, which is in agreement with that of the reconstructed
structure (Fig. 5.19k).
Since the large particles sedimented, crystal domains were mainly found in
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Figure 5.19: Confocal microscopy images of the LSfcc
8 crystal consisting of particles E (σ = 2.57 μm)
and G (σ = 1.29 μm), showing [a:] the (111)-face, [b:] the (001)-face, and [c:] the (011)-face.
[d:] 3D reconstruction of a single unit cell of the LSfcc
8 crystal. The large particles are ordered fcc
[e:] 3D reconstruction of a crystalline region, looking on the (001)-face. [f:] 3D reconstruction of a
crystal domain found in experiments, consisting of approximately 1.6 · 104 particles. Green and red
particles represent particles in the ﬂuid phase. Particles inside the crystal domain are marked gold
and purple. [g:] Typical snapshot of the (001)-face on a LSbct
4 crystal that had formed just above the
lower glass wall. [h:] 3D reconstruction of (f). [i:] Crystal domain with the LSbct
4 structure. Particles
that are part of the domain are shown with grey and purple. [j:] Single unit cell of the LSbct
4 structure
(010). The large particles are ordered bct. [k:] Radial distribution function of the large particles in
LSfcc
8 from experimental 3D-stacks (a,b,c), and for the reconstructed crystal structure (e). [l:] Radial
distribution function of the large particles in LSbct
4 from experimental data (f,g) and the reconstructed
crystal structure (h).
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the lowest 30 μm of the capillary cell (Fig. 5.18e). Crystals emerged both on the
glass wall and inside the bulk. We did not observe signiﬁcant differences between
samples that were stored in the rotating stage and samples stored horizontally,
indicating that a volume fraction of φ = 0.35 was already sufﬁcient for crystal
nucleation and that crystal growth of LSfcc
8 crystals was not strongly hindered by
sedimentation.
Another crystal structure formed on average 7-10 days after the particles were
dispersed in CHB/cis-decalin (Fig. 5.19g). The stoichiometry was determined as
Large:Small = 1:4 (LS4 ), and the large particles were stacked in a bct unit cell
that was stretched in the direction of gravity with dimensions |a| = |b| = 2.60 μm.
and |c| = 4.96 μm. A 3D reconstruction, showing the (001)-face and (010)-face
of the structure are given in Fig. 5.19h,j. A similar structure, labeled as LSbct
4 ,
was already identiﬁed in computer simulations for a binary system with α = 0.31
[32], but not yet found experimentally. The radial distribution functions of the
large particles in the crystal obtained from the 3D stacks of experimental data and
from the reconstructed structure are given in Fig. 5.19l. The LSbct
4 crystals were
present only in the lower regions of the sample and possibly nucleated on the
glass wall. A domain that is embedded in a dense ﬂuid is highlighted in Fig. 5.19i.
Typically, single domains consisted only of a few (5 − 10) layers of large particles
and contained roughly a hundred to a few thousand particles. The LSbct
4 crystal
fcc
bct
has a higher packing fraction than the LS8 crystal (LS4 for φ = 0.79 versus φ =
0.58 for LSfcc
8 ), indicating that a higher pressure might favour its formation. The
fact that we found this crystal only in samples that had been stored horizontally,
and not in samples where sedimentation was averaged out using the rotating
stage (Fig. 5.14b) seems to conﬁrm this.
When crystal growth is close to equilibrium, the slowest growing planes generally have the lowest surface energy and are often dominant in the ﬁnal morphology of the crystal. For the LSfcc
8 crystal we found that the {001} and {111}
cross-sections were by far the most abundant in the confocal images. The {011}orientation was only observed sporadically. However, the orientations observed
by confocal are only cross-sections of a 3D system and do not yield information
about the surface (interface) of a crystal domain. Using particle tracking, we made
3D stacks of two different LSfcc
8 crystal domains growing out (Fig. 5.20(a,c)), with
either the (001)-orientation (Fig. 5.20a) or the (111)-orientation (Fig. 5.20c) parallel with the lower glass wall. Although the (001)-face was aligned with the lower
glass wall it was only present as a cross-section and did not make up for a large
part of the surface. By visual inspection, almost all the faces touching the ﬂuid
were found to have a {111}-orientation (Fig. 5.20b,d, it can be seen most easily
in (d), pointing out of the paper). The presence of small steps on these surfaces
suggests that there are preferential adsorption sites for the incoming particles.
Also for the other domain (Fig. 5.20b), small steps seem to be present. This suggests that the {111}-faces of this crystal have the lowest surface-energy compared
to other faces. For our system, the size of 3D crystal domains was mainly lim-
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Figure 5.20: For two separate LSfcc
8 crystal domains consisting of particles E (σ = 2.57 μm) and
G (σ = 1.29 μm), 3D data stacks were recorded. [a,b:] Within a region of 65.5 μm (Δx) ×
65.5 μm (Δy) × 40.2 μm (Δz) (containing ≈ 4.0 · 104 particles) with the (001)-face aligned
with the lower glass wall, and another one [c,d:] within a region of 69.4 μm (Δx) × 69.4 μm
(Δy) × 35.2 μm (Δz) (also containing ≈ 4.0 · 104 particles) with the (111)-face aligned with
the lower glass wall. [a:] Cross-section of a 3D reconstruction, showing the (001)-orientation of the
LSfcc
8 crystal. [b:] Tilted view, showing that the surface of the crystal is actually made up by {111}faces. Only large particles are shown. The particles that have a different color than the bulk crystalline
particles are particles that were not identiﬁed as belonging to the large domain because they have
a slightly different conﬁguration than the bulk crystal, which indicates that they are in the process
of being built-in into the crystal lattice. [c:] Cross-section showing the (111)-orientation of the LSfcc
8
crystal. [d:] Tilted view on multiple {111}-faces, showing that steps were present on the surface
(only large particles are shown). New particles that have a slightly different conﬁguration than the
bulk crystalline particles were built in at the steps on the crystal (particles with a different color than
the bulk particles).
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ited by the lifetime of the attractive interactions between the two species. Longer
crystal growth times are required to determine the growth rate of the different
faces.

5.3.6

Growth Defects for Crystals with Size Ratio 0.5

When the particles in one or more hexagonal layers in the LSfcc
8 crystal were
stacked hcp-like, interesting defects appeared such as twinning defects (Fig. 5.21).
The lower half of the confocal image given in Fig. 5.21a shows a top-view on the
(001)-face of the LSfcc
8 crystal. From a stack of 2D images, we reconstructed a 3D
image of the large particles in the region around (a) (Fig. 5.21b). Large particles
i were identiﬁed as solid if d6 (i, j) ≥ 0.5 for 6 or more large particles j within a
radius of rc = 2.0σ (rc = 2.0σ, dc = 0.5, nccon = 6). Since we intend to detect the
local order between only the large particles, the high value of rc is required since
there are small particles in between the large particles. Particles in domains with
a different orientation are displayed with different colors. For particles to belong
to the same domain, there must be a path of bonds between them for which all
bonds m-n sufﬁce d6 (i, j) ≥ 0.95 (dg = 0.95, for a more detailed explanation
see Section 5.2). Fig. 5.21c,d give a perspective drawing and an orthogonally
projected side-view of the hexagonal stacking, illustrating that the two larger domains (fcc) are mirror images and the hcp-stacked layer forms the mirror plane
between them. After we identiﬁed the large particles and their associated crystal
domains, we were able to designate the domains to which the small particles belonged (5.21e,f). As a rule, small particles were assigned to the same domain as
the solid large particle in closest proximity, given that at least one large particle
was present within a radius of 2.5 μm around the small particle.
In another LSfcc
8 crystal, the different fcc-stacked regions were separated by
two hcp-layers. A top view shows two (001)-faces with a step between them
(Fig. 5.22a,b). The orthogonal projected side-view (Fig. 5.22c) clearly shows the
two layers that separate the different crystal domains. Additionally, another twinning defect can be observed in the upper-right corner of Fig. 5.22a,b. Since defects generally cost (free) energy (with respect to a perfect crystal) it is most
likely that the defect planes with the hcp stacking emerged in an early stage of
crystal growth. Presumably, the crystal subsequently grew out in the directions
perpendicular to the defect plane.

5.3.7

Crystals with a Size Ratio of 0.38

Particle dispersions in CHB/cis-dec containing particles E (σE = 2.57 μm, NBDlabeled) and H (σH = 0.98 μm, Coumarine labeled) were mixed in a mass ratio
1 : 3, corresponding to a number ratio of ≈ 1 : 44. The small particles were
found to be rather polydisperse (ca. 11% by static light scattering). After allowing the dispersion to equilibrate, we ﬁlled two different capillaries. After sealing
the capillaries, we either stored them horizontally or on the rotating stage. In
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Figure 5.21: [a:] Confocal image of a twinned LSfcc
8 crystal consisting of particles E (σE = 2.57 μm)
and G (σG = 1.29 μm) with its (001)-face parallel to the plane of the paper (lower part of the ﬁgure).
[b:] 3D reconstruction of particles that are part of the crystal as seen from approximately the same
angle as in (a). [c:] Side-view of the region shown in (a). [d:] Same as (c), but only large particles
are shown. [e,f:] Side-views on the hexagonally stacked layers of the LSfcc
8 crystal, in perspective (e)
and orthogonally projected (f). Different colors denote domains with different crystalline orientations.
The blue and copper domains both have an fcc-stacking (ABCA) and are separated by a mirror plane
consisting of green particles that are hcp-stacked (ABA).
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Figure 5.22: [a:] Confocal image showing a top view on the (001)-face of two different LSfcc
8 crystal
domains consisting of particles E (σE = 2.57 μm) and G (σG = 1.29 μm). [b:] 3D reconstruction
(orthogonal projection) of (a), showing only the large particles. The different colors denote different
crystal domains. [c:] The particles in hexagonal layers in the light green and white domain are both
fcc stacked and are separated by a two-layer domain of hcp-stacked particles. [d:] As a result, the
layers in the white domain are shifted downwards (in the z-direction) with respect to layers in the
light green domain.

both capillaries, the particles formed a gel-like structure (Fig 5.23d) which disappeared within 10 days. Large crystal domains then formed in the lower half part of
the capillary that was stored horizontally (Fig. 5.23a). Higher in the sample, the
grain boundaries broadened, and crystals were mostly present in small domains
(Fig. 5.23b). In the sample where gravity was averaged out, only small crystals
were present (Fig. 5.23e), suggesting that sedimentation enhanced crystal growth
in this speciﬁc case. The crystal structure was found to alternate between a NaCl
(fcc, ABCA stacking) and NiAs-structure (hcp, ABA stacking), meaning that the
hexagonal layers of the large particles were randomly stacked (rhcp) (Fig. 5.23f).
The small particles ﬁlled the holes between the big particles. Since the crystal
emerged in a capillary without electric wires inside, it remains undetermined
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Figure 5.23: Confocal images of a binary system of particles E (σE = 2.57 μm, NBD-labeled, green)
and H (σH = 0.98 μm, coumarine-labeled, shown as red). [a:] 10 days after the sample was prepared, a crystal with an rhcp-like stacking of large particles had formed 32 μm above the lower glass
wall. Note the line defect inside the large crystal (arrow) [b:] Higher in the sample (z = 60 μm) the
domains were smaller and the grain boundaries had broadened. Above this region, a ﬂuid of mainly
small particles was present. [c:] Close-up of the {111}-face of the NaCl/NiAs structure. [d:] Immediately after vortexing the dispersion and transferring some of it to the capillary, a gel-like structure
was formed, indicating that the particles were oppositely charged. [e:] After 10 days on the rotating
stage, only part of the dispersion had crystallized. [f:] Stacking faults were present on the mutual
boundaries of two or more crystal domains. [g:] 3D reconstruction of a part of the NaCl/NiAs crystal,
showing that the stacking of the hexagonal layers of the large particles (small particles are not shown
here) alternates in the vertical direction between ABA (NiAs) and ABCA (NaCl), which is depicted by
the particles highlighted in white.
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whether the colloids were still oppositely charged at the moment that the crystals
were observed.
The majority of the small particles was found in a ﬂuid above the crystal. One
possible growth mechanism is that the large particles settled and formed an rhcpstructure and the small particles traveled in between the large particles and ﬁlled
the holes between them. It was recently shown that in an interstitial solid of small
particles within an fcc packing of large particles (α = 0.3), the small particles can
hop between the tetrahedral holes as the positions of the big particles ﬂuctuate
around their lattice positions [76].

5.3.8

Growth Defects for Crystals with Size Ratio 0.38

Many defects appeared within and between crystal domains, which might be related to the relatively high polydispersity of the small particles. We often encountered line-defects such as in Fig. 5.23a (In Fig. 5.24d a close-up is given). From
a stack of 2D-images, we created a 3D-reconstruction (Fig. 5.24e,f) of the area
around the line-defect. Some particles in the line-defect for which the hexagonal symmetry is broken are highlighted in white. A more complicated defect was
found where 4 different crystal domains were sharing boundaries (Fig. 5.23f). In
Fig. 5.24a, a top-view of a 3D reconstruction of the large particles is shown. In
Fig. 5.24b, particles are identiﬁed and labeled with a color if they were in a crystalline domain (dg = 0.95). Stacking faults occurred when a whole crystal layer
was shifted with respect to a layer belonging to a different crystal domain behind
it, which is illustrated by black and white circles in Fig. 5.24c. In the inset it can
be seen more clearly that the layers in the domain on the foreground and on the
background are not aligned.

5.3.9

A Defect with Five-Fold Rotational Symmetry

Talapin et al. demonstrated the formation of quasicrystals with dodecagonal rotational symmetry that were built up from a binary system of nanoparticles with
size ratio α = 0.43 ± 0.01. This inspired us to look at colloidal systems with a size
ratio close to this value. Although we did not ﬁnd quasicrystalline structures, we
found an interesting ﬁve-fold rotational symmetric defect.
We studied a sample consisting of particles O (σO = 2.45 μm, NBD-labeled)
and particles P (σP = 1.0 μm, RAS-labeled), so the size ratio α ≈ 0.41. The
particles were mixed in a mass ratio 2:1 (number ratio 1:11.6) and some of the
dispersion was transferred into a capillary and stored under a small tilt (≈ 5 degrees) to make a density gradient. After 2 months we observed that NaCl/NiAs
domains emerged. Additionally, we found an interesting defect consisting of 10 almost identical layers stacked on top of each other with a 5-fold rotational symmetry axis pointing into the plane (Fig. 5.25). To the best of our knowledge, such a
defect was not reported earlier for a binary system of micron-sized colloids. It was
hypothesized for a single-component system of spheres, that quasicrystals with an
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Figure 5.24: Defects in crystals consisting of particles E (σE = 2.57 μm) and H (σH = 0.98 μm).
[a:] Top view of a 3D reconstruction of the defect shown in 5.23f (only large particles are shown). The
color intensity is a measure for the local order. [b:] 3D reconstruction of the region shown in 5.23f.
The different domains are indicated with different colors. [c:] Side-view of (b), individual layers are
shifted half a particle diameter with respect to the domains in the back (into the paper). The open
circles illustrate this shift. [d:] Close-up confocal images of the line-defect in Fig. 5.23a. [e:] 3D
reconstruction: the hexagonal symmetry is broken locally, resulting in a line-defect. [f:] same as (e),
but one layer up, where the hexagonal pattern is restored.

icosahedral symmetry could possibly grow out of ﬁve-fold rotational defects [44].
Moreover, an icosahedral mesostructure with macroscopic ﬁve-fold symmetry was
found experimentally [42]. It is possible that also in binary systems quasicrystals
can grow from defects similar to the one found here. Additional experiments and
computer simulations are required to gain more insight in this process.

5.3.10

Attempts to make Ternary Structures

As another exploratory experiment, we also prepared mixtures containing more
than two different particle species. A dispersion (φ = 0.35) of particles E (σE =
2.57 μm, NBD-labeled), G (σG = 1.29 μm, RITC-labeled) and H (σH = 0.98 μm,
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Figure 5.25: [a:] A defect with ﬁve-fold rotation symmetry in a crystal consisting of particles O
(σO = 2.45 μm, NBD-labeled) and particles P (σP = 1.0 μm, RAS-labeled). The circle denotes the
rotation axis, pointing into the plane. [b:] 3D reconstruction of the defect. The pink particle in the
middle denotes the rotation axis.
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Figure 5.26: Mixing of three different species (φ = 0.35) of particles E (σE = 2.57 μm, NBDlabeled, green), G (σG = 1.29 μm, RITC-labeled, red) and H (σH = 0.98 μm, coumarine-labeled,
blue) in a mass ratio 1.33:1.88:1 [a:] resulted in the formation of a gel-like structure. Because
the image was not clear, the color balance was enhanced manually. [b:] After a month, the gel had
disappeared.
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coumarine-labeled) were mixed in a mass ratio 1.33:1.88:1, resulting in the formation of a gel (Fig. 5.26a). Since all three particle species were labeled with a
different dye they could be identiﬁed separately using either 543 nm (to excite
RITC), 488 nm (to excite NBD) or 408 nm (to excite coumarine) laser light. The
formation of the gel indicates that the charge on one of the species is opposite
with respect to the other two. After a month, the gel disappeared (Fig. 5.26b),
indicating that the charges on the particles changed in time. Although there was
local order in domains consisting of one kind of particle, no ternary structure was
found.

5.4

Conclusions

In this chapter, we have demonstrated the growth of ionic crystals as a result of
electrostatic interactions in mixtures of oppositely charged particles at both lower
and higher screening (κa in the range between 0.5 and 4). Our experiments suggest that crystal growth of ionic colloidal crystals is generally faster for larger
screening lengths, where a transition from the ﬂuid to the crystal phase was observed on a time scale of hours. Growth at shorter screening lengths seemed to
proceed slower, resulting in larger domains. Sedimentation of particles under the
inﬂuence of a gravitational ﬁeld can increase the local volume fraction and induce
nucleation. It is possible that the presence of the glass wall (covered with particles that are stuck) lowered the nucleation barrier by serving as a template. We
successfully used order parameters to follow the growth of the crystals and identiﬁed domains with different orientations. When the crystal growth is fast, multiple
small domains with slightly different orientations were present in the solid phase,
suggesting that the time scales of defect annealing and the accretion of new particles were comparable. After the domains were established and the lower glass
wall was fully covered, the growth rate was sub-linear. When a dispersion was
directly transferred into a capillary tube without the preceding re-mixing step,
the crystal growth rate increased (with respect to the case where the mixture was
re-mixed on a vortex machine), resulting in the outgrowth of many small crystal
domains. In this case there were apparently many small domains still present. We
successfully identiﬁed different domains and deduced the average domain size.
Apart from crystal growth from the ﬂuid, we have demonstrated crystal growth
from a gel-like state. Using a rotating stage to compensate for the gravitational
ﬁeld we compared crystal growth with and without sedimentation. We found that
gel-like structures collapsed under the inﬂuence of gravity, after which a crystal
only grew in the higher regions of the sediment. The lack of translational freedom
in the lower (densest) part did not allow for the particle reorganizations that are
required for the system to reach the crystal phase. When gravity was averaged out
on the rotating stage, crystal domains started growing near the voids inside the
gel until the whole gel was converted into the crystalline phase. Starting from a
ﬂuid, fast sedimentation kinetically trapped all the particles in a dense sediment
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inhibiting crystal growth. In the case that sedimentation was averaged out, crystals did appear. The domains did not have any preferential orientation, suggesting
bulk-nucleation. For a size ratio α = 0.5 we were able to grow crystals with an
LSfcc
8 stoichiometry where the large particles were fcc-ordered and simple cubes
of small particles ﬁlled up the octahedral holes. At higher volume fractions, LSbct
4
crystals were found with a higher density than the LSfcc
crystal.
This
crystal
struc8
ture was not found in samples were gravity was averaged out, indicating that the
increased pressure induced its formation.
By studying 3D data stacks of individual crystallites we identiﬁed interesting
defects such as twinning, which occured when one layer of large particles was
stacked hcp instead of fcc. For size ratio α = 0.38 we observed large NaCl/NiAs
crystals. It was found that crystal growth occured when the particles were allowed to sediment, suggesting that the small particles had sufﬁcient translational
freedom to be incorporated in a rhcp lattice of large particles. Line defects and
intriguing planar defects were observed. In one sample (α ≈ 0.41) we found
NaCl/NiAs crystals and a defect with a ﬁve-fold rotation symmetry axis.
Summarizing, our results clearly demonstrate that ionic colloidal crystals form
when there is a weak (Uij ≈ kB T ) attractive interaction between the colloids of
the opposite species, but only if there exists a dynamical pathway towards the
crystal phase.
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6
Heteroaggregates of
Oppositely Charged Colloids
in Electric Fields

By mixing large positively charged polymethylmethacrylate (PMMA) particles (σ = 3.68 μm or σ = 5.30 μm) with a majority of small negatively
charged PMMA particles (σ = 0.64 μm) we investigate the formation of
regular clusters of oppositely charged particles interacting with a Yukawa
potential. These clusters consist of a single large particle with a number of smaller particles located at the surface of the large particle. We
obtain the charge of the small spheres by electrophoresis. By applying
an electric ﬁeld we demonstrate that the oppositely charged smaller particles are still mobile on the surface of the larger spheres. At low ﬁeld
strengths (|E| ≈ 10 V/mm), the cluster moves as a single particle with
a net positive charge. At intermediate ﬁeld strengths (|E| ≈ 30 V/mm),
the small particles move over the surface of the large particle, resulting
in an anisotropic charge distribution on the surface of the large particles,
which causes their unprotected surface to be increasingly susceptible for
adsorption of additional small particles. When the ﬁeld is turned oﬀ, the
structure relaxes and the particles redistribute over the surface. For high
ﬁeld strengths (|E| ≈ 80 V/mm), the small particles are pulled oﬀ, resulting in charge inversion of the clusters. We use kinetic Monte Carlo
computer simulations to estimate the charge ratio between the large and
small particles and are able to verify the ﬁeld strengths for which the total
charge on the cluster reverses.
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CHAPTER 6

Introduction

Colloids are used extensively as model systems to study systems close to and far
away from thermodynamic equilibrium. In the previous chapter, colloids were
used as building blocks to create crystal structures. It was determined that both
the interactions and the dynamics play an important role in the formed structures.
In Chapter 3 and 4, we measured the surface potential and charge on the colloidal
surface. In this chapter, we study the formation of colloidal clusters (heteroaggregates) consisting of oppositely charged particles, and manipulate the resulting
structures using electric ﬁelds. We demonstrate that electric ﬁelds can also be
used to directly change the aggregate structure on the particle level.
The use of colloids as building blocks in material science has driven the development of particles with anisotropic shapes and interactions that can be built
up from multiple individual building blocks. Recently, it was demonstrated that
small particles attached to the surface of an emulsion droplet form regular colloidal clusters when the ﬂuid is removed from the droplet [1]. The formed clusters were shown to have well deﬁned shapes that were uniquely related to the
number of colloids contained inside them. Moreover, particles themselves can be
made anisotropic by inducing liquid protrusions during their synthesis [2]. The
protrusions can be solidiﬁed, resulting in particles with well-deﬁned bond angles between them [3]. Another way to control the particle morphology is by the
seeded dispersion polymerization of polystyrene on silica particles [4, 5].
In addition to particles or clusters with irregular shapes, spherical particles
with patches on their surface [6] are especially interesting since they can be used
to create directional interactions like those that occur in molecules and can be
used as model systems. By tuning the size, charge, number of patches, and the
screening length it is possible to mimic interactions between two or more particles so that they are similar to interactions between simple molecules such as
water, ammonia and methanol [7] or even more complicated structures such as
proteins. If desired, patches can also be randomly distributed over the surface
[8]. Simulation studies [9, 10] have shown that patchy structures can be used to
create materials that are useful for optical applications, including the diamond
structure that has a three-dimensional band gap in the visible spectrum [11, 12].
Regular clusters of large and small particles can also be created when there are
short-ranged attractive forces between the large and the small particles and when
there are long-ranged repulsions between the ﬁnal clusters to prevent further
hetero-aggregation. In this way, the small particles are allowed to assemble onto
the surface of the large particles without the formation of larger super-structures.
The use of oppositely charged particles allows us to create regular clusters with
anisotropic shape and electrostatic patches at the same time. Another way to
prevent aggregation of the large particles is by ensuring that the concentration
of large particles is sufﬁciently low to signiﬁcantly decrease the probability that
two large particles will meet before the adsorption of the small particles is ﬁn-

H ETEROAGGREGATES OF O PPOSITELY C HARGED C OLLOIDS IN E LECTRIC F IELDS

131

ished. The adsorption of small (0.2 μm) positive amino-functionalized polystyrene
particles onto large negative sulfate-functionalized polystyrene particles in water
(3.2 μm) was already studied by Vincent et al. and co-workers, see e.g. [13–15].
The number of adsorbed particles was determined by ﬁrst mixing the large and
small particles, then sedimenting the larger clusters by centrifugation, and ﬁnally
measuring the concentration of remaining small particles in the supernatant. The
number of small particles on the surface was efﬁciently tuned by changing the
salt concentration. Electrophoretic mobility measurements have shown that the
net charge on the cluster changes sign when the number of adsorbed small particles exceeds a critical value.
In addition to the sedimentation/centrifugation procedure, the number of adsorbed particles can be determined with thin-ﬁlm freeze-drying scanning electron
microscopy [16]. Using this method, the adsorption of particles is followed in
time by freezing the sample extremely fast (O (100 − 1000 K/s)) and subsequently
sublimating the water, after which it can be studied with scanning electron microscopy. It was shown that the adsorption rate of small particles onto the large
particles depended on both the initial small particle concentration and the screening length κ−1 .
The possible packings of a small number of hard spheres on the surface of
a single large hard sphere were already studied as solutions to the so-called
‘Tammes problem’ and exist as conﬁgurations with tetrahedral, octahedral, and
icosahedral symmetry [17]. In the case of oppositely charged particles, there is
a balance between the mutually repulsive forces between the small spheres and
the attractive forces between the large sphere and small spheres. The packing
of small spheres on the large sphere depends on the particle charges and the
screening length in the system. For charged particles interacting with a Coulomb
potential, this problem was already studied by Thomson [18] and much work has
already been done on it. For example, a recent study uses an analytical approach
for multivalent microions surrounding a charged macroion [19]. Interestingly, it
was shown that at zero-temperature the stable state is overcharged, meaning that
the total charge of the small particles exceeds the charge on the large particle.
Electric ﬁelds were shown to have a destabilizing effect on the heteroaggregates,
resulting in a reversal of the total charge for sufﬁcient ﬁeld strengths.
Here, we show that heteroaggregates can be created using oppositely charged
large (3.68 μm or 5.30 μm) and small particles (0.64 μm) suspended in CHB/cisdecalin. The suspensions were studied with confocal laser scanning microscopy,
allowing us to observe out-of-equilibrium phenomena and dynamics in real space.
Using external electric ﬁelds, we show that we can manipulate, alter, and even
completely remove the oppositely charged small particles from the large particle.
We also study the formation of clusters consisting of oppositely charged particles
that interact via a screened Coulomb potential using kinetic Monte Carlo simulations. Our results are relevant for the design of complex colloids [20–23].
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CHAPTER 6

Methods

Experiments
Particles were synthesized by dispersion polymerization [24]. The diameter of
the large NBD-labeled particles K and L (color-coded green) were determined
at 3.68 μm and 5.30 μm respectively (SLS). The small RITC-labeled particles M
(color-coded red) were 0.64 μm in diameter (SLS). During the synthesis of the
small particles, an additional 2.5 w% of the co-polymer 2-(dimethylamino) ethylmethacrylate was added to inﬂuence the surface properties such that they acquire and retain a positive charge in the presence of the large particles. The particles were sterically stabilized by grafting the particles with poly-12-hydroxystearic
acid (PHSA)-PMMA-comb stabilizer. Suspensions of large particles and small particles in a solvent mixture of 27.2 w% cis-decahydronaphthalene (‘cis-decalin’)
and 72.8 w% cyclohexylbromide (CHB) were prepared separately and allowed
to equilibrate for a few hours. The suspensions were then mixed together on a
vortex-mixer, transferred to a glass capillary (Vitrocom 0.1 × 2.0 mm), and studied with confocal microscopy (Nikon C1). Electrophoresis experiments were carried out in similar capillary cells as described in Fig. 4.1. Images for the time
series were recorded at a scanning speed of approximately 5 frames per second
and a resolution of 512 × 80 pixels (pixel size = 0.1062 μm). To do this, a function generator was used to apply a constant electric ﬁeld for a duration of 2.5 s
for every cycle of 10 s (the system was allowed to equilibrate for 7.5 s in each
cycle). We performed (in succession) 3 cycles at |E| = 11 V/mm (25% duty), 3
cycles at |E| = 19 V/mm (25% duty), 9 cycles at |E| = 29 V/mm (25% duty),
9 cycles at |E| = 39 V/mm (15% duty), 7 cycles at |E| = 58 V/mm (25% duty)
and 9 cycles of |E| = 77 V/mm (25% duty). 3D data stacks were collected before
and after applying the electric ﬁelds. Each 3D data stack consisted of a sequence
of (xy)-slices (the distance between two (xy)-slices was Δz ≈ 0.2μm). To accurately detect the small particles and deal with the cross-talk signal from the
large particles, we used a tophat convolution ﬁlter that effectively subtracts the
local background of the particles before detecting its local maximum. The electric
ﬁelds were generated using a function generator (Agilent 33220A) and wideband
ampliﬁer (Krohn-Hite 7602M). The conductivity of the suspension was measured
with a Scientiﬁca model 627 conductivity meter. The screening length κ−1 was
obtained by measuring the conductivity of the pure solvent, and using Walden’s
rule to estimate the ion concentration (See Section 2.3).
Kinetic Monte Carlo Simulations
We performed kinetic Monte Carlo simulations in the canonical (NVT ) ensemble,
meaning that the number of particles N, the volume V and the temperature T was
ﬁxed during each simulation. Each simulation contained N = 400 particles, with
one larger particle ﬁxed in the middle of the cubic simulation box. The interaction
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potential between two particles with diameters σi and σj is given by the linear
superposition approximation [25] of the DLVO theory [26]:
⎧
⎪
⎨ ij exp[−κ(rij − σij )] , rij ≥ σij
Yuk
rij /σ
,
βU (rij ) =
⎪
⎩ ∞,
rij < σij

(6.1)

where β = 1/kT , σij = (σi + σj )/2, the length scale σ is chosen to be the diameter of the small particles in the system, and
ij =

Zi Zj
λB
(1 + κσi /2)(1 + κσj /2) σ

(6.2)

is a constant prefactor depending on the colloidal charge number Z, κ−1 is the
Debye screening length, Zi is the colloidal charge number for particle i, and λB =
e2 /4πm 0 kB T is the Bjerrum length with e the elementary charge. We neglect
the Van der Waals forces since our particles were sterically stabilized and the
refractive index of the particles was matched to the solvent. The simulation was
stopped when an equilibrium was reached and the number of small particles per
large particles was determined.
To estimate the ﬁeld strengths required to remove small particles from the
large particle, we applied an electric ﬁeld to the system after a cluster of large
and small particles had formed. Since the Monte Carlo steps were small, the
particles could move over the surface in a similar way as the ‘rolling’ that was
observed in the experiments. To prevent re-attachment of particles we removed
in this step (with the E-ﬁeld applied) all the small particles at a distance exceeding 1.1(σL + σS )/2, where σL and σS is the diameter of the large and small
particles respectively. The number of small particles inside the simulation box decreased monotonically since the small particles were immediately removed from
the simulation box once they escaped. Eventually, all small particles disappeared
if the simulation ran sufﬁciently long. The simulations were stopped as soon as a
metastable cluster was reached. More details are given in the main text.

6.3

Results & Discussion

In this chapter we show clusters of oppositely charged particles that were created
by mixing large particles K or L (σ = 3.68 μm or σ = 5.30 μm) with small particles
M (σ = 0.64 μm). First, we show the structure and dynamics of the suspensions
containing the clusters when no ﬁeld was present. Subsequently we show the
electrophoresis experiments and the Monte Carlo simulations that were used to
estimate the charge on the particles.

134

6.3.1

CHAPTER 6

Clusters of Oppositely Charged Particles

We prepared a NL : NS = 1 : 578 number ratio mixture of large particles L
(σL = 5.30 μm, φ= 0.05) and small particles M (σS = 0.64 μm, φ= 0.05) in
CHB/cis-decalin (Fig. 6.1a). Note that NL(S) and σL(S) are the packing fraction
and the number of the large (small) particles respectively. Using particle tracking
algorithms, the coordinates of individual large and small particles were extracted
from a time series of 1000 (xy)-images. We selected large particles for which no
other large particles were present within a range of 8 μm in the (xy)-plane of
observation. From these, we only kept the coordinates of the particles whose center was sufﬁciently close to the focal plane that at least 85% of their diameter
σL was visible in the (xy)-plane. Subsequently, the radial distribution of small
particles around the large particles was calculated (Fig. 6.1b). At approximately
rLS = (σL + σS )/2 ≈ 3 μm a large peak in the distibution corresponds to the small
particles that were adsorbed to the surface of the large particle. Due to electrostatic repulsion of small particles in the ﬂuid by small particles on the surface of
the large particles there was a depleted region between rLS = 3 μm and rLS = 4.5
μm, corresponding well to the estimated screening length κ−1 = 1.82 μm that
was obtained from conductivity measurements of the CHB/cis-decalin mixture
(σ = 70 pS/cm). The projection error resulting from the fact that the small particles do not lie in exactly the same plane (perpendicular to the z-direction) is on
the order of a few percent.
To illustrate the Brownian motion of the clusters L-M, we calculated the mean
square displacements of the particles (Fig. 6.1c). During the ﬁrst 20 s, the slope
in the mean-square displacement decreases slightly, after which it remains at a
constant value, indicating the onset of the long-time self-diffusion regime. Using
Eq. 3.19 and the value for mean square displacement after 50 s, we obtain a relative long-term diffusion constant D/D0 = 0.21, where D0 = kT /3πησ is the
diffusion constant at inﬁnite dilution. The cluster was approximated as a sphere
with total radius σL + 2σS. The estimated diffusion coefﬁcient was 5 times less
than that of spheres with diameter σL + 2σS at inﬁnite dilution. The decrease of
the diffusivity was caused by interactions with other clusters and bulk small particles in the ﬂuid. Individual clusters clearly repelled each other (see Fig. 6.1d for
clusters K-M). After a long time, the clusters packed hexagonally in local domains
near the lower glass wall (Fig. 6.1e) as a result of sedimentation.
From Fig. 6.1f it can be observed that the regular ordering of the adsorbed
small particles suggests that a 2D ‘crystal’ of small particles had formed on the
surface of the large particles. An interesting paper about two-dimensional order of
small particles on the surface and the formation of dislocations of a large particles
can be found in [27]. In future studies, it would be interesting to ‘freeze’ the
particle in a polymer matrix, so we can study the patterns on the surface in more
detail.
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Figure 6.1: [a:] Clusters (particle diameters were σ = 5.30 μm and σ = 0.64 μm respectively, by
SLS) in CHB/cis-decalin 27.2 w%. The volume fractions of large (green) and small (red) particles
were φL = 8.6 · 10−5 and φS = 0.05. [b:] The radial distribution for the large and small particles
(not normalized). [c:] The mean square displacement in time determined from the coordinates of
the large particles (a more complete explanation can be found in the main text). [d:] Suspension of
clusters consisting of large particles (σ = 3.68 μm) and small particles (σ = 0.64 μm) repelling each
other near the lower glass wall. [e:] Sedimentation resulted in hexagonally packed clusters consisting
of large particles (σ = 5.3 μm) and small particles (σ = 0.64 μm). [f:] The same clusters as in (e),
with the small particles distributed regularly on the surface of the large particles.
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Figure 6.2: [a:] Typical confocal microscopy image of the clusters, recorded 3 μm above the lower
glass wall. The large (green) and small (red) particle diameters were 3.68 μm and 0.64 μm respectively (SLS). [b:] Rendered 3D reconstruction from 3D tracking of a sequence of 192 (xy)-pictures,
separated by Δz = 0.2 μm. A layer of red particles had adsorbed to the glass wall. Above this layer,
there was a region where no particles were present due to the long-ranged repulsion by the glass plate
(κ−1 ≈ 1.82 μm). The clusters sedimented and were mainly present in the region ca. 2 − 12 μm
above the lower glass wall. [c:] For the electrophoresis experiments, a ﬁeld was applied for 25% of
the time (25% ‘duty’). A function generator was used to apply an electric ﬁeld for a duration of 2.5
s for every 10 s (the system was allowed to relax for 7.5 s in each cycle). Different ﬁeld strengths
were used among which |E| = 11 V/mm (Fig. 6.3), |E| = 29 V/mm (Fig. 6.4) and |E| = 77 V/mm
(Fig. 6.5). In each of these experiments, several cycles were carried out.
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Other Suspensions of large particles K (σK = 3.68 μm, NBD dye, green, φL =
0.02) and small particles M (σM = 0.64 μm, RAS dye, red, φS = 0.02) were prepared separately and mixed in a number ratio of NS /NL = 388 (φS /φL = 2).
After the mixture was transferred to a capillary containing conducting wires, it
was studied with confocal microscopy. A typical image of the clusters K-M inside
the capillary and a reconstruction created using 3D particle tracking are shown
in Fig. 6.2a,b. A part of the small particles adsorbed to the lower glass wall. Just
above the glass, there was a region where no particles were present due to repulsion by the particles on the glass wall. The width of this region (ca. 2 μm)
corresponds well with the estimated screening length. Due to sedimentation, the
clusters were mainly present in the lower part of the sample (ca. 2 − 12 μm above
the lower glass wall). Due to the limited scanning speed of the confocal microscope, the diffusion of the clusters during the scan made it difﬁcult to accurately
determine the center of mass of the large particle and the small particles attached
to it. The small particles remained on the surface once they were adsorbed although some wobbling was observed. The packing of the small particles on the
surface of the large particles was in this case not regular. From 5 separate 3D
scans, a distribution of the number of adsorbed small particles per large particle was calculated. To do this, we counted the number of small particles in a
radius of 0.7σL around the center of each large particle (Fig. 6.6f), yielding an
average of approximately 62 ± 10 adsorbed small particles per large particle. As
long as no ﬁeld was applied, we did not observe that the number of small particles per large particle changed in time. This indicates that, once a metastable
cluster had formed, the small particles on the surface prevented (by repulsion)
further adsorption of small particles from the ﬂuid. The clusters mutually repel
each other (Fig. 6.1d). The spread in the number of small particles per large particle was rather large, which in principle enables us to create a system with a
high polydispersity in charge, something that is generally difﬁcult to achieve with
one-component particle systems.

6.3.2

Electrophoresis Experiments

Since the clusters were mainly present in a small region above the lower glass
wall, all electrophoresis time series (Fig. 6.3, Fig. 6.4 and Fig. 6.5) were recorded
at a depth of approximately 8 μm above the glass wall, which is below the lower
stationary layer (ca. 20 μm above the lower glass wall). We observed in previous
experiments that different clusters carried different total charges, causing them to
occasionally collide with each other while moving in an electric ﬁeld. To minimize
this effect, we applied the ﬁeld for 2.5 s, after which the system was allowed to
relax (|E| = 0 V) for 7.5 s (Fig. 6.2c). These cycles, where the ﬁeld was applied for
25% of the time, were repeated multiple times (the ﬁeld direction was the same
for each cycle).
When a ﬁeld of |E| = 11 V/mm was applied, both the clusters and the small
particles moved towards the negative electrode with electrophoretic mobilities
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Figure 6.3: [a-d:] Time series of confocal images recorded in the ﬁrst part of cycle 1/3 (|E| = 11
V/mm, 25% duty): at t = 0, in the horizontal direction. Due to the presence of the ﬁeld, the clusters
moved towards the negative electrode, indicating that the net charge on the clusters was positive.

between μ = 200-400 μm2 /Vs and μ = 200-300 μm2 /Vs respectively (see Fig. 6.3
for the moving particles). From the electrophoresis experiments we ﬁnd that the
small particles moved towards the negative electrode and were positively charged:
(6.3)
 ZS  > 0
From the fact that the large particles had the opposite charge of the small particles
we obtain:
(6.4)
 ZL  < 0
Since the clusters as a whole also moved towards the negative electrode we can
conclude that the total charge on the cluster was positive and that there was
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(6.5)

i=1

where the charge is summed over all the adsorbed small particles on a large
particle. The fact that the clusters were overcharged is consistent with the overcharging that was found for clusters of oppositely charged particles that interact
via a Coulomb potential [19]. This was also found by Vincent et al. [14]. For this
system, there is no theory that enables us to directly extract the particle charges
from the electrophoretic mobility. Therefore, we estimate the charge using theory
that corrects for volume fraction effects for one-component systems [28]. Using
the electrophoretic mobility μ of the small particles (μ ≈ 200-300 μm2 /Vs) and
correcting for the volume fraction φS = 0.02 caused by other small particles in
the ﬂuid [28], the charge on the small particles was estimated between ZS e = 55e
and ZS e = 100e. To estimate the charge on the cluster as a whole Ztot without
taking into account the effects of small particles in the ﬂuid we use the approximation valid in the Hückel limit for one-component systems Ze = 6πημa. Filling
in electrophoretic mobilities in the range of μ = 200-400 μm2 /Vs we obtain estimated charges Ztot e between +200e and +500e. The (also estimated) uncertainty
in the actual charge is because the electrophoretic mobility was measured at a
location below (closer to the lower glass wall) the stationary plane and collisions
and electrostatic interactions with small particles in the ﬂuid were not considered
in the calculation of the particle charge.
During the time that a ﬁeld of |E| = 29 V/mm was applied, the particles still
moved uniformly towards the negative electrode. Interestingly, the small particles
started to move over the surface of the large particle, strongly polarizing the
clusters (Fig. 6.4a-e).
During the time intervals that the ﬁeld was off for 7.5 s, the particles redistributed over the surface (Fig. 6.4f,g). During this process, there was a short time
window in which one side of the negatively charged large particle was unprotected and could adsorb additional small particles, such as is depicted in Fig. 6.4h.
From 3D stacks recorded before and after the ﬁeld was applied, it follows that the
number of adsorbed small particles indeed increased on average (Fig. 6.6f) from
62 before any ﬁeld was applied to 68 after several cycles of |E| = 11 V/mm, |E| = 19
V/mm and |E| = 29 V/mm. Complexes containing multiple large particles (such
as in Fig. 6.6g) were excluded from this analysis.
In addition, we found another effect that can be attributed to the asymmetric
distribution of small particles on a large particle during, and just after the ﬁeld
was applied. Additionally, clusters consisting of multiple large particles (such as
in Fig. 6.6g) were sporadically present before any electric ﬁeld was applied: 5%
of all the large particles was found to be part of such a cluster. After the ﬁeld
was applied this number increased to 50%. We attribute this increase to irreversible head-to-tail collisions between originally separate clusters, as is depicted
in Fig. 6.4i. In this process, the positive pole of one cluster interacts attractively
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Figure 6.4: [a-g:] Time series of confocal images recorded in cycle 6/9 (|E| = 29 V/mm, 25%
duty): the clusters move towards the negative electrode. Interestingly, the small particles crawled
over the surface of the large particle. [f:] After the ﬁeld was turned off, the particles redistributed
again. During this time, one side of the particle was left open to attacks from positively charged small
particles. [h:] Schematic representation of the adsorption of extra small particles. Further evidence
of this can be found in Fig. 6.6a-d,f. [i:] Schematic representation of how mutual collisions between
different clusters resulted in the formation of clusters of clusters (Fig. 6.6d).
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Figure 6.5: [a-i]: Time series of confocal images during cycle 1/9 (|E| = 77 V/mm, 25% duty).
During the ﬁrst 0.6 s that the ﬁeld was present, clusters moved towards the negative electrode. Small
particles (red) accumulating on one side of the large particle (green) caused an anisotropic charge
distribution on the large particle. Sometime between 0.4 s (d) and 0.6 s (e) after the ﬁeld was turned
on, the clusters reversed direction (e-i), indicating that enough small particles had been pulled from
the large particle by the electric ﬁeld to reverse the net charge of the cluster (further evidence of this
can be found in Fig. 6.6e). The apparent deformation of the fast-moving particles was caused by the
limited scanning speed of the confocal microscope. [j:] The electrophoretic mobility in time for a-i,
the line is a guide to the eye.
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Figure 6.6: [a-d:] Snapshots of the clusters before (a,b) and after (c,d) 9 cycles of 10 s (|E| = 29
V/mm, 25% duty). [e:] After 9 cycles of 10 s at |E| = 80 V/mm (25% duty), bare large particles were
found near the positive electrode, indicating that the small particles were pulled off. [f:] A distribution
of the number of small particles per large particle before the E-ﬁeld was applied (purple) and after
9 cycles of |E| = 29 V/mm (25% duty) were applied (black). The numbers were obtained from 3D
particle tracking, by counting the number of small particles in a radius of 0.7σL around the center
of mass of the large particle. [g:] 3D reconstruction of a pair of clusters formed during 9 cycles at
|E| = 29 V/mm (25% duty). For |E| = 0 the particles were stabilized electrostatically. When a ﬁeld
was present, not all particles travelled at the same speed, resulting in collisions that caused two or
more large particles to stick.
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with the bare negative pole of a preceding one, resulting in the merging of the
two clusters.
At a ﬁeld strength of |E| = 77 V/mm (Fig 6.5), clusters initially moved towards
the negative electrode as the ﬁeld was turned on (Fig 6.5b,c). During this time,
the clusters became strongly polarized: a majority of small particles moved to
one side of the large particle to counteract the electric ﬁeld. Between 0.4 and
0.6 s after the ﬁeld was turned on (Fig 6.5d), the direction of motion inverted,
indicating that a number of small particles had been pulled off by the ﬁeld. An
extra effect that forced small particles to leave the polarized large particle at the
positive pole was that small particles pushed each other off (from left to right).
After the clusters reversed direction, the number of small particles on it kept
decreasing (Fig 6.5e-h), causing the clusters to accelerate towards the positive
electrode. After 9 cycles, we observed bare (and almost bare) large particles near
the positive electrode (see Fig. 6.6e), indicating that all the small particles had
been pulled off by the ﬁeld.

6.3.3

Monte Carlo Simulations

As the electrophoresis theory for our clusters is not yet available, it is interesting
to further investigate what charges ZL e and ZS e are required to reproduce the
experimental data. To do this, we used a simple model that relies upon Monte
Carlo simulations. First, we estimate the charge ratio ZL /ZS by comparing simulations and experiments with equal numbers of small particles per large particle.
Subsequently, we applied an electric ﬁeld on the cluster to determine the point
at which the total charge on the cluster reversed and used this as an estimate for
the charge on the small particles. Since we already estimated the ratio between
the charge on the large and small particles at this point, we additionally obtain
an estimate of the charge on the large particles. In the simulations, the position
of the large particle was ﬁxed while the small particles were allowed to move.
We measured the number of small particles in the cluster as a function of the
charge ratio and the charge of the small particles (Fig. 6.7a). Best agreement with
the experimental value of ca. 60 small particles per large particle (6.6f) was found
for a charge ratio −ZL /ZS between 40 and 50. Using the estimated charge on the
small particles from experiments (ZS e is between 55e and 100e) and the charge
on the large particles between −3300e and −5500e we can naively calculate the
total charge as Ztot = ZL + NS · ZS . Doing this, we obtain typical net total charges
of the cluster between Ztot e ≈ 500e and Ztot e ≈ 1200e (for −ZL /ZS = 50), which
is slightly higher than the charge obtained by electrophoresis (Ztot e between 200e
and 500e). It is possible that naively adding the charges is not an accurate way
of calculating the charge of the complex, since in the formed cluster the double
layers of the small and large particles overlap.
To estimate the ﬁeld strength |E| that was required to remove the small particles from the large particle, we applied an electric ﬁeld to the system after the
cluster had been formed. In the experimental setup, the large particle moved
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Figure 6.7: Data from Monte Carlo simulations. [a:] The number of small particles per large particle
after the simulation when no ﬁeld was present. From the experiments, the number of small particles
per large particle was approximately 60, suggesting that the ratio −ZL /ZS is most likely between
40 and 50. [b:] The ﬁnal number of small particles per large particle as a function of the applied
ﬁeld strength for different charges on the small particle ZS e for a charge ratio −ZL /ZS = 40. Charge
reversal of the whole cluster occured approximately (by naively assuming that this happens for NS ·
ZS = ZL ) when the number of small particles equals the charge ratio, as is illustrated by the black
horizontal lines. [c:] same as (b), but now for a charge ratio −ZL /ZS = 50.
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along with the smaller particles, causing new attachments while the ﬁeld was
on to be rare. In contrast, the periodic boundary conditions in our simulations,
together with the stationary large particle, causes escaped particles to rapidly reattach on the other side of the particle. To counter this, we ﬁrst removed all the
small particles that were not attached to the large particle from our simulation.
At this stage, a small particle was considered attached to the large particle of the
cluster if the distance between them was less than 1.1(σL + σS )/2. Subsequently,
the electric ﬁeld was turned on and the number of small particles on the large
particle decreased monotonically. Once small particles escaped from the surface
of the large particle, they were immediately removed from the simulation box.
Once the simulations had ran sufﬁciently long, almost no small particles were
removed from the cluster anymore since it became increasingly harder to pull
off particles as the number of small particles on the surface decreased. This also
conﬁrms the experimental observation that small particles on the surface initially
push each other off when a strong enough E-ﬁeld is applied. This result corresponds qualitatively to [19], where, in the presence of the E-ﬁeld, the clusters as
a whole were found to be become more stable as the number of small particles
per large particle decreased.
In all cases, we ran the simulations until we obtained a metastable cluster. Taking the value from electrophoresis ZS e between 55e and 100e, we found charge
reversal in the simulations between ﬁeld strengths of |E| ≈ 25 V/mm and |E| ≈ 60
V/mm for a charge ratio −ZL /ZS = 40. For a charge ratio of −ZL /ZS = 50, we
found charge reversal between |E| ≈ 30 V/mm and |E| ≈ 80 V/mm. Especially for
−ZL /ZS = 50, there is good agreement between the experiments and simulations.
Experimentally, we did not observe charge reversal at ﬁelds strengths below
|E| = 77 V/mm (Fig. 6.5). Probably, charge reversal would have also occurred for
ﬁeld strengths slightly lower than |E| = 77 V/mm if the ﬁeld would have been
applied for longer times than the limited 2.5 s in our experiments.

6.4

Conclusions

In this chapter, we investigated the ﬁrst steps to create regular clusters in lowpolar solvent mixtures with screening lengths on the order of several μm. Using
confocal microscopy and particle tracking, we were able to determine the number of adsorbed small particles per large particle. We have demonstrated out-ofequilibrium phenomena such as polarization and charge reversal of the clusters
in DC electric ﬁelds in real space using confocal microscopy. The charge reversal
point predicted by the Monte Carlo simulations agreed well with the experimental
ﬁndings. The estimated net charge of the clusters from the Monte Carlo simulations (by treating ZL and ZS as additive quantities) was slightly higher than the
net charge found with electrophoresis, which could be due to the fact that in
the Monte Carlo simulations the effect of overlapping double-layers on the net
charge was not taken into account. Our results demonstrate that it is likely that
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oppositely charged particles can also be used in the design of smaller colloidal
molecules with a geometry that can be tuned directly by changing the particle
charges and the screening length in the suspension. In addition, it is interesting
to study the distribution of small particles on the large particle in more detail as
a function of particle sizes and κ−1 . Work along these lines is in progress.
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7
Lane Formation in Driven
Colloidal Mixtures

We study the formation of lanes in driven colloidal mixtures as a function
of driving strength by using a combination of experiments and Brownian
dynamics computer simulations in a 3D system. For a binary dispersion
of equal and micron-sized oppositely charged colloids, we study a ﬁeld
strength regime (|E| < 120 V/mm) in which lane formation is found to
be a continuous crossover as a function of driving ﬁeld. Starting from
an initial mixed state, the dynamical mechanism behind the formation of
lanes is identiﬁed: there is an enhanced lateral mobility of particles induced
by collisions of oppositely driven particles which sharply decreases once
lanes are formed. It appears that preceding particles of the same species
shield collisions with particles moving in the opposite direction, thereby
stabilizing the lanes. In computer simulations at higher ﬁeld strengths
(|E| > 120 V/mm) the system undergoes a transition towards lanes that
percolate the whole box. This transition is characterized by a sudden
decrease in the ﬂuctuations parallel and perpendicular to the ﬁeld axis.
In the experiments we observe that the length of the lanes increases
and separate lanes start to merge but we do not observe a percolation
transition. Instead, we ﬁnd a jamming transition when the ﬁeld is applied
for longer times. Additionally, we ﬁnd with experiments on particles with a
size ratio 0.5 that lane formation also occurs in binary systems where both
particles have a diﬀerent size. Next to understanding pattern formation
in general, our results are important for applications in which particles
are driven by external ﬁelds such as in electronic ink and in microﬂuidics.
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Introduction

Far from thermodynamic equilibrium, a wealth of fascinating self-organization
processes can emerge along with unusual pattern formation and novel transport
properties [1, 2]. One of the simplest prototypes of non-equilibrium pattern formation is lane formation, which is a general phenomenon that has been found
with dusty plasmas [3, 4], granular matter [5], pedestrian dynamics [6, 7], and
in the animal kingdom e.g. with army ants [8]. A fundamental and microscopic
understanding of non-equilibrium phenomena requires resolving the underlying
dynamical processes on the scale of the smallest structures participating. For this,
colloidal dispersions are excellent model systems since they can be brought out of
equilibrium in a controlled way by external ﬁelds and the trajectories of the individual particles can be tracked in real space [13, 14]. Using electric ﬁelds, the drift
velocity of both colloidal species can be efﬁciently tuned. Here, we characterize
the patterning and dynamical signatures of lane formation in a colloidal system
on the single-particle level by studying a binary mixture of oppositely charged colloids in an electric driving ﬁeld by confocal microscopy [9, 10]. We characterize
the dynamical patterns by studying the ﬂuctuations parallel and perpendicular to
the ﬁeld axis as a function of the driving strength. Additionally, we study the effect
of volume fraction and macroscopic ﬂuid ﬂows caused by electro-osmosis. The effect of particle sizes on the formation of lanes and the case where both particles
bear the same sign of charge but travel at a different speed is considered as well.
Our results may be used in applications of driven systems such as in electronic
ink, where systems of oppositely charged colloids are also driven by electric ﬁelds
[11, 12].

7.2

Methods & Experimental Details

7.2.1

Experiments

Polymethylmethacrylate (PMMA) particles were synthesized by dispersion polymerization [22]. The colloids were sterically stabilized with the graft-poly-12hydroxystearic acid (PHSA)-PMMA-comb stabilizer and covalently labeled with
either one of the two dyes 7-nitrobenzo-2-oxa-1,3-diazol (NBD) or rhodamine
B isothiocyanate (RITC). In all cases, the stabilizer was covalently linked to the
particle surface. Then, the particles were washed several times with hexane to
remove unreacted monomer. We used particles A (NBD-labeled, green), with a diameter of 1.06 μm and polydispersity of 6%, and particles B (RITC-labeled, red),
with a diameter of 0.91 μm and a polydispersity of 7% (as determined by static
light scattering and scanning electron microscopy). The particles were dispersed
in a solvent mixture of 27.2 w% cis-decahydronaphthalene (‘cis-decalin’) and 72.8
w% cyclohexylbromide (CHB) containing ca. 75 μM tetrabutylammonium bromide salt. The solvent had a dielectric constant m = 5.6, and shear viscosity
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η = 2.726 cP, at room temperature. The overall colloidal volume fraction of the
dispersion φgreen (0.09) + φred (0.09) was 0.18. From the conductivity of the saltcontaining solvent (4.9 nS/cm), we estimated using Walden’s rule (see Eq. 2.5)
the solvent micro-ion concentration, resulting in an inverse Debye-Hückel screening length of κa = 3. The dispersion was transferred to a capillary cell (Vitrocom)
with two 50 μm (diameter) nickel alloy wires (Goodfellow) threaded along the
length direction (y, horizontal) and closed with either UV-glue (Norland) or wax.
The setup is sketched in Fig.7.1a,b. All the measurements were performed in a
region approximately in the middle between the electrodes in the x-direction,
where the ﬁeld is homogeneous (see Section 9.3 for a more detailed analysis on
the homogeneity of the electric ﬁeld).
To obtain the particle coordinates for each frame, we used a tracking algorithm similar to [23]. To estimate the drift velocity we used the same method as
was described in Section 2.7.2. By adding displacements in the direction of the
driving force to all particles, and calculating and minimizing the average mean
square displacements between particles and their closest particles in the preceding frame, an estimate was made about the mean drift velocity between those
frames. This mean drift velocity was then subtracted to track each particle in
time. We conﬁrmed, by testing our tracking on a binary system with Brownian
dynamics computer simulations (in the same way as in Section 2.8), that particles in consecutive frames were successfully identiﬁed.

a

b

+ wire

x,E
- wire

glue

y

Δ

Figure 7.1: [a:] View of the capillary setup mounted on a glass plate. After assembly, the capillary
on the glass plate was mounted up-side-down on the confocal microscope stage [b:] A sketch of the
experimental setup. A suspension of oppositely charged colloidal particles is conﬁned in a millimetersized capillary. A voltage is applied between the electrodes. Green are negative charged NBD-labeled
particles, red are positively charged RAS-labeled particles. The electric ﬁeld E is directed along the
x-axis and the gravitational ﬁeld g is anti-parallel to the z-axis.

7.2.2

Brownian Dynamics Computer Simulations

To reproduce the behavior of a colloidal suspension, we have used Brownian dynamics computer simulations. The thermodynamic and interaction parameters,
namely colloid volume fraction φ, composition of the binary mixture, tempera-

152

CHAPTER 7

ture T , solvent viscosity η, solvent dielectric constant m , screening length κ−1
and particle diameter σ are taken to be similar as in the experiments.
The colloidal particles are interacting via a screened Coulomb (or Yukawa)
pair potential:
⎧
⎪
⎨ Zi Zj λB exp[κ(ai + aj )] exp[−κrij ] , rij ≥ σ
Yuk
(1 + κai )(1 + κaj )
rij
βU (rij ) =
, (7.1)
⎪
⎩ ∞,
rij < σ
where rij = |ri − rj | is the interparticle distance and λB is the Bjerrum length
2

λB = 4πme kB T = 10 nm [17]. Equal diameters of 0.92 μm were chosen for
0
both particle species. The computer simulations were performed in three spatial
dimensions in a rectangular box with periodic boundary conditions in all three
directions.
An electric ﬁeld E = Eex in the x-direction yields an external driving. Hydrodynamic interactions (HI) between the particles are neglected, which we argue
is justiﬁed at moderate volume fractions in electric driving ﬁelds since in electrophoresis the opposing motion of the micro-ions with respect to the colloids leads
to screening of the HI [18]. A quiescent solvent (i.e. ﬂow-free) is assumed to
match the zero-velocity observation plane selected in the experiment. In the socalled Hückel limit, i.e. at low salt concentration such that κa  1, the electrophoretic drift velocity is v = ZeE/(6πηa), where Ze is the particle charge, E is the
electric ﬁeld strength, η is the viscosity and a is the radius of the colloid. Since
in our case κa = 3 we have to apply a scaled external force to match the electrophoretic drift velocity at ﬁnite κa. The force on the ith particle caused by the
applied electric ﬁeld E reads as FE (i) = Zi eEf(κσ)/(1 + κa) where f(κσ) = 1.10
is the Henry function [20]. To obtain the trajectories of the colloids we integrate
numerically the equation of motion [24] with a time step Δt = 0.0001τD , where
τD = σ2 /4D0 is the time a particle needs to diffuse its own diameter.

7.3

Results & Discussion

7.3.1

Effects of Sedimentation

In our experiments, a small mismatch between the density of the colloids and the
solvent mixture, despite our efforts to match those two, caused the sedimentation
of colloids over longer time scales. To study the volume fraction of particles A
and B inside the capillary as a function of channel depth without an applied ﬁeld
we used two datasets 1 and 2, shown in Fig. 7.2. For dataset 1 (), 3D particle
coordinates were tracked from a stack of 2D images with an area of Δx = 107.1
μm × Δy = 6.7 μm (500 × 32 pixels) and a spacing between two images Δz = 0.24
μm. Because of the small image size it was possible to scan sufﬁciently fast (≈ 10
frames per second) to minimize the effect of particle diffusion between two scans,
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since this can lead to double counts. Since the spacing between individual images
in the stack of 2D images was small (Δz = 0.24 μm), a 3D dataset could be
reconstructed (Fig. 7.2d). Subsequently, this 3D dataset was divided into bins
of 1 μm depth and the volume fraction φ1 (z) was calculated for each bin. The
results for both particle species are given in Fig. 7.2a. Although the trend is clear,
the spread in the data points is quite large.
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Figure 7.2: [a:] The local volume fraction of particles A (green) and B (red) as a function of depth in
the capillary, as obtained from a 3D reconstruction of the binary system. The 3D data were obtained
by fast scanning of a z-stack of small-area images with a small spacing Δz between them. Coordinates
were extracted using 3D tracking. [b:] The local volume fraction as a function of depth from a stack
of images with a much larger area than in (a). The number of particles at depth z was obtained by
counting the number of particles, calculate their local volume and dividing it by the volume of a slice
that we obtained from ﬁtting the data to (a). [c:] Finally, we obtain a nice plot of φ(z) with high
precision and accuracy. [d:] Side-view on the 3D reconstruction of the dispersion inside the capillary
that was used for lane-formation experiments.

Therefore, we recorded another dataset B consisting of images with a larger
ﬁeld of view Δx = 107.1 μm × Δy = 53.5 μm (1024 × 512 pixels). In this case,
the spacing between two images in the z-direction was larger (Δz = 1.0 μm
instead of Δz = 0.24 μm). Since the distance between the frames was too large
(and the scanning speed to low) to reconstruct a 3D dataset, we counted the
number of particles N(z) for each image. From this, the volume fraction at depth
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z, φ2 (z) = Nz vcolloid /Vslice was calculated, where vcolloid = 43 πa3 is the volume
of a single colloid with radius a. The volume of a slice Vslice was obtained by
overlaying the resulting proﬁle φ2 (z) with the already determined proﬁle φ1 (z)
(Fig. 7.2b). It can be seen that both proﬁles show excellent agreement. Finally, we
obtain a proﬁle φ2 (z) with a good accuracy as well as good precision (Fig. 7.2c).

7.3.2

Determination of Particle Charges by Electrophoresis
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Figure 7.3: The measured electrophoretic mobilities of particles A (green) and B (red), for different
depths in the capillary and for different ﬁeld strengths. The blue (outer) vertical lines denote the
positions of the glass capillary walls. The black (inner) vertical lines in (d) denote the position of the
stationary layers. The center of the capillary is located at z = 0.

When an electric ﬁeld is applied in a closed capillary, the ions near the glass
walls start to move and drag the ﬂuid with them, causing an electro-osmotic plug
ﬂow (EOF) throughout the channel. For incompressible ﬂuids in a sealed capillary this causes a parabolic Poiseuille back-ﬂow (PF) that counteracts the electroosmotic ﬂow. For dilute suspensions, both ﬂows cancel at the so-called ‘stationary
layers’ where the electrophoretic mobility should be measured, which are located
at [16]:


2 51
1
zstat
=
+4
,
(7.2)
h
3
π
k
where k is the ratio between the major and minor cross-section of the capillary,
h is the distance between the center of the channel and the walls and zstat is the
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distance from the center of the channel to either one of the stationary layers. For
our capillaries, zstat = ± 36.3 μm (k ≈ 100). For other depths than zstat , the measured electrophoretic mobility is a superposition of the local ﬂuid ﬂow (EOF+PF)
and the electrophoretic motion of the particles. Generally, in the case where particles are homogeneously distributed along z, the mobility proﬁle is parabolic and
symmetric around the center of the capillary (z = 0). We measured the electrophoretic mobility μ = v/E for different points along the z-axis and various ﬁeld
strengths for both particle species (Fig. 7.3). As shown before, the particle volume
fractions are not constant for all z, which resulted in a non-symmetrical mobility proﬁle. Since the local volume fraction was different for the two stationary
layers, the electrophoretic mobility was also different. On both stationary layers,
the green particles were negatively charged and the red particles were positively
charged. In theory, the density inhomogeneity could have inﬂuenced the macroscopic ﬂows and have slightly shifted the position of the stationary layers. For the
systems we used, we observed that the particles were affecting each other and
the particle charges depended on the local density of both species (Chapter 4).
Therefore, it was also not possible to predict the charges inside the binary mixture
by measuring the mobilities of the one-component systems containing only green
or red particles independently.
To the best of our knowledge, there is currently no theoretical framework that
allows us to calculate the particle charges directly from the electrophoretic mobilities in concentrated binary systems of oppositely charged particles. Therefore,
we estimate the experimental particle charges from the electrophoretic mobilities
at the stationary layers using a theory that accounts for volume fraction effects in
one-component systems [27]. We found that the estimated charges were slightly
different for each stationary layer and for each separate experiment. Hence, we
give the range of estimated charges as they were determined in separate experiments and by taking into account the uncertainty in the exact location of the stationary layer. Our estimates were always found in the range between Ze = −20e
and Ze = −80e for the negatively charged particles A (green) and between
Ze = 20e and Ze = 80e for the positively charged particles B (red). Note that
these numbers do not reﬂect the charge polydispersity within a single experiment
(which is expected to be much lower, see also Chapter 3), but only the lower and
upper bound of the range in which the charge estimates by electrophoresis fall.

7.3.3

Lane Formation at Low to Moderate Field Strengths

Here, we study lane formation in a binary dispersion of micron-sized, oppositely
charged colloids A (NBD-labeled, green) and B (RITC-labeled, red) in a saltcontaining solvent CHB/cis-decalin (κa = 3) inside a rectangular capillary. We
investigate lane formation using experiments and Brownian dynamics computer
simulations. The experimental and simulation details are described in Section 7.2.
For a vanishing ﬁeld (|E| = 0), the oppositely charged colloids were loosely
bound to each other, indicating that the contact energy was around 1-2 kB T . After
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two weeks, we observed a CsCl crystal structure as found in [9, 15]. For E > 0,
opposite motion of the colloids was induced and eventually lane-like structures
formed in the ﬁeld direction. We tracked the trajectories of the individual particles
by confocal laser scanning microscopy in a slice with optical thickness Δz ≈ 2 μm
of our 3D system. The slice was located parallel to the horizontal capillary walls at
a distance of 26 μm from the lower wall to ensure that we were measuring close
to the lower zero-velocity plane of the solvent ﬂow caused by electro-osmosis (Eq.
7.2). We observed good overall agreement between the experiments and the computer simulations for particle charges (Z) of Ze = −42e for the negatively charged
particles and Ze = 67e for the positively charged particles, well in the range of
the estimates by electrophoresis. Therefore, we adapted these values in the simulations. We veriﬁed that for the charges within the range of the experimental
estimates by electrophoresis, the qualitative results described in this chapter did
not change.




μ



μ


μ

μ

Figure 7.4: Images (60 μm × 30 μm) of oppositely charged particles for two different electric driving
ﬁelds E = 30 kV/m and E = 110 kV/m [a,c:] in our experiments and [b,d:] simulations. In (b,d)
particles i with Φi = 1 are depicted with ﬁlled circles and Φi = 0 with open circles.

Typical particle conﬁgurations in the steady state at low and high driving
ﬁelds are shown in Fig.7.4 both from experiments (Fig. 7.4a,c) and from computer simulations (Fig. 7.4b,d). The simulation shows particles in a thin slice that
corresponds to the diffraction limited optical section in the experiments. At high
driving ﬁelds (Fig. 7.4c,e), the formation of lanes (or strings) of equally charged particles is clearly visible along the ﬁeld direction demonstrating qualitative
agreement between the experiments and simulations.
To quantify the degree of laning, we introduce a laning order parameter Φ
which is deﬁned as follows (see also Fig.7.5). Particles within a thin slice (x, y;Δz =
2 μm) are projected onto the (xy)-plane. In this plane, a rectangle of length
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Figure 7.5: Deﬁnition of the lane-order parameter Φ. The lane order parameter for particle i is
Φi = 1 if and only if its neighbors located inside a box of dimensions Δx × Δy are of the same
species.

Δx = 3σ along the driving ﬁeld and width Δy = σ perpendicular to it is constructed around each particle i. We deﬁne Φi = 1 when all the other particles contained in this rectangle are of the same species as particle i. Otherwise, Φi = 0.
When only particle i is present in the rectangle, Φi = 0. The laning order parameN
ter Φ =
i=1 Φi is now averaged and thus represents the fraction of particles
that are in a lane-like environment. Note that Φ has a non-zero value even when
no E-ﬁeld is applied since in the ﬂuid state there are always some particles aligned
with the ﬁeld axis by chance. Therefore, Φ should be compared to its zero-ﬁeld
reference value and only the excess of Φ is an indication for laning.
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Figure 7.6: [a:] The time evolution of Φ with a gradually increasing and decreasing ﬁeld in the experiments. The red line depicts the rise and fall of the electric ﬁeld strength. [b:] The order parameter
Φ as a function of the electric ﬁeld strength |E| for experiments in which the ﬁeld was gradually
changed (red squares) or applied instantaneously (green circles) and for simulations at constant ﬁeld
strength (blue triangles).

To study the degree of laning in the system as a function of the ﬁeld strength,
we gradually increased and decreased the applied electric ﬁeld (between −110
V/mm and 110 V/mm) as a function of time t according to a triangular function (Fig.7.6a, red line). For each recorded image, the order parameter Φ was
calculated (Fig.7.6a). The rise and fall of Φ is completely symmetric within the
accuracy in this ﬁeld strength domain. This means that the steady state associated
with the electric ﬁeld strength was always reached sufﬁciently fast that no hys-
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teresis was observed. We also observed no de-mixing or phase-separation since
after the ﬁeld was switched off, we always regained the initial mixed state. In all
cases, Φ increased monotonically with the ﬁeld strength, i.e. the number of particles in a lane-like environment increased continuously with |E| (Fig. 7.6b, red
squares).
In addition to raising and lowering the ﬁeld strength gradually, we also studied
the formation of lanes when the ﬁeld was switched on instantly, and kept for a
few seconds at a constant driving strength (blue and green points in Fig.7.6b). In
this case, Φ was averaged over the frames when the ﬁeld was turned on. There
is no notable difference with the previous data, which again indicates that the
relaxation towards the steady state was complete in both cases.
The degree of laning obtained from the computer simulations is in agreement
with the experimental data, see the triangles in Fig.7.6b. In conclusion, the laning behavior found here in the considered range of the electric driving ﬁeld is
a continuous process without notable hysteresis. This is different in the case of
gravity-driven systems, where the hydrodynamic interactions caused by the driving ﬁeld are long ranged [19], and for higher driving strengths [17].
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Figure 7.7: Computer simulation data. [a:] The time evolution of the apparent perpendicular diffusion coefﬁcient and of the electrophoretic mobility after switching on the electric ﬁeld to E = 120
kV/m at t = 0. [b:] The apparent perpendicular diffusion coefﬁcient and the electrophoretic mobilities in the steady state. We differentiated between laned and unlaned particles, i.e. particles have
either Φi = 1 or Φi = 0 over the whole time interval considered. In this speciﬁc case we used a 3D
(cylindrical, radius r = σ, length Δx = 3σ) order parameter box instead of the 2D rectangular box
used in Fig. 7.6. In (a and b) μ is scaled with the inﬁnite dilution value of the electrophoretic mobilZe f(κσ)
ity μ0 = 6πηa
1+κa with Henry function f(κσ) [20]. The time interval over which the apparent
diffusion coefﬁcient was obtained is Δt = 0.5 s.

We explored the dynamical mechanism of lane formation out of an initial
mixed state in more detail by computer simulations. The dynamics are characterized by the electrophoretic mobility μ = v/E, and the ﬂuctuations perpendicular
and parallel to the ﬁeld axis. The amount of the anisotropic ﬂuctuations is embodied in the apparent diffusion coefﬁcients D|| and D⊥ , parallel and perpendicular
to the driving ﬁeld E, which measure the mean square particle displacements dur-
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ing a characteristic time interval Δt. In detail, two-dimensional trajectories of the
||
ith particle ri (t) = (ri (t), ri⊥ (t)) are recorded in the observation plane during a
time of Δt and the averages are calculated:
Dα (t, Δt) =

α
2
(Δrα
i (t, Δt) − Δri (t, Δt))
(2Δt)

(7.3)

with
α
α
Δrα
i (t, Δt) = ri (t + Δt) − ri (t)

∀ α ∈ {||, ⊥}

(7.4)

The apparent diffusion coefﬁcients are given in units of their inﬁnite dilution
counterpart D0 = kB T /(6πηa). Fig. 7.7a shows the apparent perpendicular diffusion coefﬁcient and the electrophoretic mobilities as a function of time after
the ﬁeld has been turned on. From the time evolution of the apparent diffusion
coefﬁcient and of the electrophoretic mobility μ after instantaneous switching on
the electric ﬁeld one can deduce that the steady state was achieved within ca. 1
second (Fig.7.7a). A sudden increase (decrease) of the lateral diffusivity (mobility) emerges which then decays (rises). The decay of D⊥ and the associated rise
of μ is linked to lane formation, indicating that the number of collisions with oppositely driven particles is drastically reduced in a laned state. Indeed, Fig. 7.7b
reveals that in a laned conﬁguration D⊥ is greatly reduced and μ is greatly enhanced relative to a particle which is not in a laned conﬁguration. This dynamical
heterogeneity is strongly linked to the structural inhomogeneity of laning. These
effects could be exploited to steer the transport properties by an external electric ﬁeld, for example in electronic ink displays or electrophoresis in microﬂuidics
[11, 12, 21].
The formation of lanes can now be understood as a signiﬁcant increase of
the perpendicular ﬂuctuations which is caused by mutual collisions of oppositely
driven particles. Consequently the particles are highly mobile perpendicular to
the drive until they meet neighboring particles of same species which shield these
collisions. Concomitantly, the lateral ﬂuctuations decrease strongly once the particles are in a lane, explaining lane formation as a dynamical ‘lock-in’ mechanism.
Clearly, lane formation is not a transition which can be explained in term of equilibrium concepts since it results from non-equilibrium dynamical processes 1 .
Finally, we study the driving-ﬁeld dependence of the anisotropic particle displacements and their ﬂuctuations in the steady state. The electrophoretic mobility
is shown in Fig.7.8(a,b). The ratio between driven (electrophoretic) and diffusive
transport measured by Péclet number Pe = |F|σ/2kB T , where |F| is the driving
force, is also given. The rise of μ with ﬁeld strength shows a transient scaling
regime for intermediate ﬁeld strengths. There is good agreement between experiment (Fig. 7.8a) and simulation (Fig. 7.8b).
1 We remark that laning is also found in a simple model at zero temperature similar to that proposed
in [25], and manifests itself as an absorbing state with a critical signature similar to conserved directed
percolation [26].
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Figure 7.8: Electrophoretic mobilities μ from [a:] experiments (measured near the lower stationary
layer), and [b:] simulations as a function of the applied electric ﬁeld strength E for both particle
species (red and green colors). The normalised apparent diffusion coefﬁcient Dα /D0 perpendicular
(α =⊥) or parallel (α = ||) to the drive (with D0 denoting the short-time diffusion constant at
inﬁnite dilution) is shown for [c:] experiments, and [d:] computer simulations. The time interval
over which the apparent diffusion coefﬁcient was obtained is Δt = 0.5 s.

Clearly, the drift velocity perpendicular to the driving direction is zero but
there are non-vanishing ﬂuctuations in the particle displacements. In Fig.7.8(c,d),
D⊥ and D|| are given in the steady state both for experiment and simulation as
a function of ﬁeld strength E. There is good overall agreement, though there is a
small discrepancy at zero-ﬁeld, which is due to different scaling of D with φ as HI
are present in the experiments but not in the simulations. Clearly, the ﬂuctuations
increase in both directions with the electric ﬁeld. In the drive direction, however,
they are signiﬁcantly larger than perpendicular to it. The anisotropy in the dynamics reﬂects lane fusion and dissolution and suggest that lanes are formed as a
result of mutual collisions caused by the electrophoretic motion. Simulation data
at even higher ﬁelds show, however, that the ﬂuctuations decrease again, pointing
to a situation of separated pure lanes which are sliding past each other only at a
relatively small interfacial region (described in full detail in Fig. 7.14b,c).
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The Effect of Electro-Osmosis on Lane Formation
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Figure 7.9: Experimental data showing the order parameter Φ(E) for different channel depths when
the ﬁeld was gradually increased and decreased. A different capillary than in Fig. 7.2, but with a similar colloidal volume fraction proﬁle φ(z), was used for these experiments. [a:] Evolution of Φ(E, t)
in time when the ﬁeld is gradually increased/decreased. For the magenta data points (z = −55 μm,
), the rise and fall of the electric ﬁeld is depicted by the black line. [b:] Same data as (a), showing
the order parameter Φ(E) as function of driving strength |E|.

To study the effects of electro-osmosis we measured Φ(E(t)) at different depths
in the sample for a gradually increasing and decreasing ﬁeld strength. The density
proﬁle in the capillary was approximately the same as drawn in Fig. 7.2. Hence,
there were no large difference in the volume fraction between the different positions. As can be seen in Fig. 7.9 there was only a marginal difference between the
measurements at different depths, indicating that electro-osmosis on the capillary
walls did not have a strong effect on the structure.

7.3.5

Volume Fraction Effects on μ(E), φ(E), D|| (E) and D⊥ (E)

We measured the particle mobility μ = v/E for different depths a-h along the
z-axis and for various ﬁeld strengths, for both particle species (Fig. 7.11). As was
shown in the previous section, electro-osmosis in the channel did not affect the
formation of lanes. Therefore, looking at different depths allows us to study the
effect of volume fraction on lane order. The effect of the local volume fraction is
shown in Fig. 7.10. In each panel, the average order parameters for the green particles, red particles, and the average between them are given. For locations a-d,
where the volume fraction is relatively constant, the proﬁles Φz look similar and
the lane order parameter increases continuously with the applied ﬁeld strength.
For lower volume fractions (Fig. 7.10e-h), the lane order takes a more constant
value at lower ﬁeld strengths, after which it monotonically increases. Since the
volume fraction φgreen = φred for depths g and h (Fig. 7.10g-h) the order parameter is different for both species. Since the green particles are outnumbered by the
red particles, less of them will be in lanes (compared to the red particles), and as
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Figure 7.10: [a-h:] Experimental data of the order parameter Φ(E) for different depths z in the
capillary channel, showing the inﬂuence of the volume fraction. The letters in each panel correspond
to the depths indicated in Fig. 7.2c and Fig. 7.3. Green squares, red squares and blue squares denote
Φgreen , Φred and the average of the two respectively.

a result Φgreen < Φred .
From the fact that the PF is directed towards the positive electrode, we deduce
that the EOF (always opposing the PF) was caused by positive ions in the double layer near the glass walls ﬂowing towards the negative electrode. Hence, the
glass wall with the adsorbed particles on it was negatively charged. As a result,
the positively charged particles (red) move against the PF whereas the negatively
charged particles (green) are drawn with it. For each depth a-h, the proﬁle |μ(E)|
is shown in Fig. 7.11a-h. It can be seen that for all depths the mobility increases
with the ﬁeld strength |E| as more particles can be found inside a lane. For decreasing volume fraction, the effect of the ﬁeld strength on the electrophoretic mobility
decreases. Note that the trend in the magnitude of the electrophoretic mobility μ
corresponds nicely to the trend in Fig. 7.3: |μgreen | < |μred | for depths a,b and h. At
depth c, |μred | ≈ |μgreen | and for depths d,e,f and g |μgreen | < |μred |. The results of
computer simulations for both particle species are summarized in Fig. 7.11i. The
simulations were performed with slightly different parameters than in the experiments. Macroscopic ﬂuid ﬂows were not considered in the simulations. It can be
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Figure 7.11: [a-h:] Experimental data showing the electrophoretic mobility μ(E) as a function of
ﬁeld strength |E| for different depths z in the sample. Note that the local volume fraction and the
macroscopic ﬂuid ﬂows (EOF + PF) both have an important effect on the electrophoretic mobility.
The center of the capillary is located at z = 0. [i:] Simulation data showing the mobilities μgreen ()
and μred () as a function of total volume fraction (φgreen + φred ) and ﬁeld strength |E|.

seen that the electrophoretic mobility increases with decreasing volume fraction
and with increasing ﬁeld strength. After subtracting the effect of the ﬂuid ﬂow,
the trend from the simulations corresponds well with the experiments; the relative mobility μ = μgreen + μred increases for decreasing volume fraction. This is
expected, since the number of collisions decreases and the electrophoretic mobility increases as φ becomes lower. When the ﬁeld strength increases, more particles
become part of a lane. This allows them to increase their mobility compared to
particles that are not in lanes, as was shown in Fig. 7.7.
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Figure 7.12: [a-h:] Experimental data showing the ﬂuctuations parallel and perpendicular to the ﬁeld
expressed in terms of the apparent diffusion coefﬁcients D|| /D0 and D⊥ /D0 for different depths z
in the capillary channel. [i:] Simulation data for D|| /D0 and D⊥ /D0 as a function of total volume
fraction (φgreen + φred ) and ﬁeld strength |E|.

The ﬂuctuations parallel and perpendicular to the ﬁeld are shown in Fig. 7.12.
In all cases, the ﬂuctuations parallel to the ﬁeld were higher than the ﬂuctuations perpendicular to it. For higher volume fractions the ﬂuctuations strongly
increase with increasing ﬁeld strength. For lower volume fractions, the effect of
ﬁeld strength on the ﬂuctuations is much smaller.
The results from the simulation for both particle species are summarized in
Fig. 7.12i. Three different scenarios can be distinguished for the ﬂuctuations as
a function of volume fraction. For low electric ﬁelds (|E| < 50 V/mm), the ﬂuctuations decrease with increasing volume fraction, which is a direct result of the
slower diffusion at higher volume fractions. It is also seen in the experiments
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Figure 7.13: The ﬂuctuations parallel and perpendicular to the ﬁeld axis as a function of volume
fraction (for depths a-h in the sample, see Fig. 7.2) for different ﬁeld strengths. All the apparent
diffusion coefﬁcients are obtained for a time interval Δt ≈ 0.5 s. [a:] When no ﬁeld was applied,
the ﬂuctuations decreased with increasing volume fraction. [b:] A small ﬁeld (|E| = 6 V/mm) did not
have an effect on this trend. [c:] For a ﬁeld strength of |E| = 30 V/mm the ﬂuctuations are roughly
constant for different volume fractions φ. [d:] For |E| = 116 V/mm, the ﬂuctuations increased with
increasing volume fraction φ.

for high electric ﬁelds (|E| > 50 V/mm) that the ﬂuctuations increase with increasing volume fraction. This reﬂects the strong effect that increased particle
collisions have on the ﬂuctuations, and through it, on lane formation. Interestingly, for intermediate volume fractions (|E| ≈ 50 V/mm) the ﬂuctuations due to
Brownian motion and due to collisions are balanced and the total ﬂuctuations
stay roughly constant with volume fraction. Experimentally, something similar is
observed (Fig. 7.13).
The measurements at different volume fractions strengthen our conclusion
that an increase in particle collisions drives lane formation. Such an increase is
achieved at higher volume fractions and ﬁeld strengths.
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Figure 7.14: Simulations showing the trends at higher Péclet numbers. [a:] The electrophoretic mobility increases with ﬁeld strength, and ﬁnally reaches a steady plateau. [b,c:] The ﬂuctuations parallel
and perpendicular to the ﬁeld axis ﬁrst increase with |E| and then fall off as the lanes percolate the
system. The simulations were performed for two box sizes (L/σ = 32 and L/σ = 64). [d,e:] Typical
simulation snapshots for |E| = 360 V/mm. [d:] Top-view on a slice out of the 3D system, showing
that the lanes percolate the system parallel to the ﬁeld axis. [e:] A cross-section perpendicular to the
ﬁeld axis. The lanes form a network consisting of lane-branches.

7.3.6

Lane Formation for |E| > 110 V/mm

As mentioned before, a Péclet number Pe = |FE |σ/2kB T , where FE is the electrophoretic force, can be deﬁned as a measure for the ratio between driven (due
to E-ﬁeld) and diffusive (Brownian motion) transport. Since the driving force is
directly related to the electric ﬁeld strength |E|, driven transport becomes more
important than diffusion for higher ﬁeld strengths.
Dzubiella et al. performed computer simulations for like-charge particles driven
in opposite directions [17]. It was demonstrated in these simulations that for
higher driving ﬁelds there exists a transition towards the full lane state, with
lanes spanning the size of the simulation box. This transition occurs sharply, characterized by a sudden jump in the order parameter. In our computer simulations
with oppositely charged particles a similar transition was observed (Fig. 7.14). To
check for ﬁnite-size effects, the simulations were performed for different sizes of
the simulations box.
It was already shown that particles inside a lane have a higher electrophoretic
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Figure 7.15: Typical confocal images for the binary system of oppositely charged particles at different
ﬁeld strengths. [a:] |E| = 10 V/mm (no lanes), [b:] |E| = 87 V/mm (short lanes), [c:] |E| =
174 V/mm (longer lanes, merging) and [d:] |E| = 195 V/mm (lanes merge, the system is close to
jamming).

mobility than particles outside a lane (Fig. 7.7). As a result, the electrophoretic
mobility increased as more particles became part of a lane for increasing ﬁeld
strength |E|. At ﬁeld strengths |E| ≈ 200 V/mm all the particles reached the lane
state and the electrophoretic mobility curve ﬂattened (Fig. 7.14a). For these ﬁeld
strengths, we also observed a sudden decrease in the ﬂuctuations perpendicular
and parallel to the ﬁeld axis, which could be the signature of a percolation transition. The explanation is that as soon as all particles are in percolating lanes,
individual lanes almost never collide. Hence, in this state the ﬂuctuations are
no longer inﬂuenced by collisions but only by diffusion, meaning that for ﬁeld
strengths above the percolation transition |E| > |Eperc | : D|| ≈ D⊥ . It is remarkable that although the particles are strongly driven, the ﬂuctuations are similar
to the case where the ﬁeld is off (for |E| = 0 : D|| = D⊥ ). Moreover, the fact
that the system separates into lanes containing only one kind of particle species
clearly illustrates that the driving forces are clearly dominant over the attractions
between particles of the opposite species, and the entropic force associated with
mixing.
In the experiments we also studied lane formation at higher ﬁeld strengths
(Fig. 7.15). It was observed that individual lanes increased in length with |E|
and started to merge sideways for ﬁeld strengths higher than |E| ≈ 110 V/mm.
At high ﬁeld strengths, the particle ﬂux through the plane perpendicular to the
ﬁeld axis can become so high that collisions between particles moving in opposite
directions result in the formation of particle accumulations. For the highest ﬁeld
strengths that we tried experimentally (|E| = 195 V/mm), the system started to
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form strong inhomogeneities that continued to develop in time, which suggests
that the system was close to a jamming transition (Fig. 7.15d). In the next section
we study the jamming transition in more detail.
An important difference between the simulations and the experiments is that
in the simulations no hydrodynamics were present. In [28, 29], it was stated
that at higher volume fractions lane formation is disfavored by HI. Although in
these cases the range of the hydrodynamics as a result of the driving ﬁeld was
much longer, it is still possible that in collisions involving many particles ﬂuid
hydrodynamics play a role. This could explain that local particle accumulations
(inhomogeneities) generally could not dissolve in the experiments whereas they
could in the simulations. In addition, the polarization of the particles and their
double layers starts to play a role at higher ﬁeld strengths (see Chapter 9). These
effects were not incorporated in the simulations. Another difference between the
experiments and the simulations are the periodic boundary conditions. In a simulation, percolating lanes are very unlikely to jam since in this case there are no
collision paths in the ﬁeld direction anymore. Since boundary conditions were not
present in the experiments the particles get depleted (the density at the midpoint
between the electrodes decreases in time since both particles move to either of
the electrodes) at high ﬁeld strengths, which in our setup does not allow for an
experiment to run for much longer than approximately 10 seconds.

7.3.7

Jamming

Jamming occurs when in a slice perpendicular to the driving ﬁeld, the outward
ﬂux of particles rapidly decreases while the ﬂux into the slice remains constant.
Generally, the outward ﬂux decreases for every collision. When the ﬂuctuations in
the direction perpendicular to the ﬁeld are large, these collisions can be resolved
sufﬁciently fast and lane formation is observed. If a whole group of colloids is
involved in collisions, particles locally accumulate. These inhomogeneities locally
obstruct the system and prevent particles to move in the ﬁeld direction, which
decreases the (local) outward ﬂux in the ﬁeld direction. In the meantime, new
particles continue to arrive on both sides of the inhomogeneity which causes it to
grow. Jamming was occasionally observed in the present simulations with oppositely charged particles when very elongated boxes were used (elongated in the
ﬁeld direction), and was also seen in earlier simulations [30].
We observed jamming for binary mixtures in experiments of particles A and
B when the volume fraction was sufﬁciently high (φtot > 0.25) and when the
electric ﬁeld was applied for a sufﬁciently long time (Fig. 7.16). In Fig. 7.16a the
particles move in lanes. Already after 0.8 s, small accumulations formed inside
the dispersion, which continued to grow (Fig. 7.16a-f). The accumulations became elongated in the ﬁeld direction with a maximum length of approximately
50 μm in Fig. 7.16f. Subsequently, we reversed the ﬁeld direction. The horizontal
white line in Fig. 7.16f indicates that this occured at at approximately 3/5 of the
time it took to record Fig. 7.16f. It can be seen from Fig. 7.16g-i that the red par-
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Figure 7.16: Lane formation and jamming of oppositely charged particles A and B at volume fraction φtot = 0.25. [a-f:] An electric ﬁeld (|E| = 108 V/mm) was applied in the horizontal direction
(pointing to the right in the ﬁgure) resulting in the growth of jamming instabilities. [f:] The electric
ﬁeld direction was reversed at t ≈ 7.2 s, as indicated by the horizontal white line. [g:] From the
void between the green and the red accumulations, the travelled distance between two frames was
15 μm. [h,i:] The jamming instabilities form again, but now with the red and green accumulations
in the reverse direction.

ticles now accumulate on exactly the opposite side of the green accumulations as
was the case in Fig. 7.16a-f. The travelled relative distance of the green and red
accumulations between Fig. 7.16f and 7.16g was approximately 15 μm indicating
that the relative velocity of the particles in the accumulations was approximately
20 μm/s. From the particle mobilities calculated in Fig. 7.8a, we obtain that this
value is similar to that for single particles in the suspensions measured at this
ﬁeld strength v = μE ≈ 17 μm/s. Apparently, the fact that the particles move as a
large cluster does initially not strongly affect the electrophoretic mobility.
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To mimic the experimental reality, it would be interesting to perform the simulations with shifted boundary conditions, where a particle leaving the simulation
box at a position (x, y, z) comes back in at a position (x, y + Δy, z + Δz), if x is
the ﬁeld direction. In this case, it would take longer before the lanes are percolating (with respect to the situation with the usual boundary conditions). During
this time, an increased number of random collisions between lanes occurs, which
might induce the jamming transition.
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Figure 7.17: Lane formation and jamming of oppositely charged particles E and F. [a:] Confocal
image of the completely mixed suspension when no ﬁeld was applied [b:] When a DC electric ﬁeld
(|E| = 57 V/mm) was applied, lanes formed parallel to the electric ﬁeld axis. [c,d:] Inhomogeneities
formed and initiated the jamming process. [e:] After 60 s bands have formed perpendicular to the
ﬁeld direction. [f:] Due to a charge imbalance between the red and the green particles Qred > Qgreen ,
the green bands were pushed as a whole by the red particles. [g,h:] When the electric ﬁeld direction
was inverted, the green bands were pushed in the direction opposite to (f).

We also studied a mixture of oppositely charged particles E (σE = 2.57 μm)
and F (σF = 2.48 μm) in CHB/cis-decalin containing 2 μM TBAB (κa ≈ 4.5) with
overall volume fraction φE + φF ≈ 0.28. From the electrophoretic mobilities, we
estimated the charges to be around Ze = O (102 )e. Note that these particles are
larger than in the previous case. We found that jamming occurred when the system was driven by a DC electric ﬁeld with ﬁeld strength |E| = 57 V/mm (Fig. 7.17).
The quiescent suspension (|E| = 0) is shown in Fig. 7.17a. Almost immediately
after the ﬁeld was applied, lanes started to form and continued to develop in
the ﬁeld direction (7.17b). Despite this, inhomogeneities emerged that were not
resolved in time to prevent accumulation of newly incoming colloids (7.17c).
The accumulations continued to develop, causing the development of band-like
structures in the direction perpendicular to the ﬁeld (7.17d,e). The bands had a
curly, rounded appearance. During the band formation, particles became locally
depleted and static voids emerged. After the bands of the negatively charged par-
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ticles had formed, they were slowly pushed in the direction of the ﬁeld, indicating
that the charge on the positive particles (red) was larger than the charge on the
negative particles (green) (Zred > Zgreen ). As a result, the system became more
and more compressed and individual bands came closer together. Upon reversing
the ﬁeld, the particles moved freely inside the void-zones for a short period, after which the bands as a whole moved in the other direction (the red bands still
pushing the green bands away). It appeared that during this process the bands
became less curly (Fig. 7.17g,h as opposed to Fig. 7.17f). This indicates that once
the bands had formed their shape was determined by the presence of other bands.
When the ﬁeld was reversed, the particles moved freely for a short while and the
bands could reposition and change shape. As a result, voids that were not ﬁlled in
the old band conformation (Fig. 7.17f), could be ﬁlled in the new conformation
(Fig. 7.17g,h), resulting in the further annealing of the voids between the bands
for each time that the ﬁeld was reversed.
It is interesting that for the larger particles (σ ≈ 2.5 μm), jamming already
occurred for ﬁeld strengths of approximately 15 V/mm, whereas for the smaller
particles of approximately (σ ≈ 1 μm) jamming started around 100 V/mm. One
explanation is that the volume fractions for the larger particles was slightly higher
(φ = 0.28) than for the smaller particles (φ = 0.22). Another explanation is that
the Péclet number, here reﬂecting the ratio between electrophoretic and diffusive
transport, is approximately equal for the 1 μm particles at 100 V/mm and the
2.5 μm particles at 15 V/mm. From the electrophoretic mobilities and estimated
charges of the 2.5 μm particles (μ ≈ 1.8 · 10−11 m2 /Vs, Ze ≈ 160e) and using
FE = ZeEf(κσ)/(1 + κa) we obtain Pe = |FE |σ/2kB T ≈ 24 while for the 1 μm
particles (μ ≈ 5 · 10−11 m2 /Vs, Ze ≈ 50e) we obtain Pe ≈ 27.

7.3.8

Lane Formation in Binary Mixtures with Size Ratio 0.5

To explore the effect of a size difference between the two particle types on the
formation of lanes in an electric ﬁeld, we studied the behavior of particles E
(σE = 2.57 μm) and G (σG = 1.29 μm) in an electric ﬁeld (Fig. 7.18). From
electrophoresis measurements, the charges were estimated for the large particles
ZL e in the range between −25e and −100e and for the small particles ZS e in the
range between 5e and 20e. The mixed dispersion without an electric ﬁeld applied
is shown in Fig. 7.18a. When an electric ﬁeld (|E| = 36.5 V/mm) was applied,
lanes formed parallel to the ﬁeld axis (Fig. 7.18b). Interestingly, the lanes of both
species do not have the same structure since both species do not have the same
size. Lanes of large particles were oriented head-to-toe and did not merge frequently. Lanes of small particles were often aligned side-by-side and had a less
well-deﬁned structure (the head-to-toe orientation was less obvious in this case)
than lanes of the large particles. Alternatively, the laning can be regarded as lanes
of large particles forming in a ﬂuid of small particles. We found that similar to
the case where both species had approximately the same size, the lane order increased monotonically as a function of |E| for ﬁeld strengths lower than |E| = 36.5
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Figure 7.18: [a:] A mixture of large spheres (diameter = 2.57 μm) and small spheres (diameter
= 1.28 μm) without the ﬁeld, [b:] for (|E| = 36.5 V/mm) (lanes form), and [c,d:] when the ﬁeld
was gradually increased and a jamming transition was observed.

V/mm (not shown). We also observed a jamming transition that was induced by
the local accumulation of large particles (Fig. 7.18c,d).

7.3.9

Lane Formation in Like-Charged Mixtures













Figure 7.19: [a:] Lane formation for two particle species bearing the same sign of charge, but traveling at different speeds. [b,c:] Schematic representation of the situation where particles [b:] move
in opposite directions, or [c:] in the same direction. When the relative speed is equal for (b) and (c)
there exists a Galilean transformation between them (without considering HI).

Finally, we considered the case of a binary system with both particle species bearing the same sign of charge. We found that this was the case in a suspension
consisting of particles A and B (φtot = 0.15) in CHB/cis-decalin containing 52 μM
TBAB salt. When an electric ﬁeld was applied, the particles all started moving in
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the same direction but with different speeds, resulting in the formation of lanes
(7.19). This result indicates that a Galilean velocity transformation vrel = v − v 
can be performed (not considering HI), and that just a non-zero relative speed
is required for the formation of lanes. In Fig. 7.19, the electrophoretic mobilities
were μgreen = 332 μm2 /Vs and μred = 173 μm2 /Vs.

7.4

Conclusions

Electrically driven oppositely charged colloids are an excellent model system to
study (a prototype of) non-equilibrium pattern formation, namely lane formation, on the single-particle level. Using a combination of confocal laser scanning
microscopy and Brownian dynamics computer simulations, we focused on the
regime with strong competition between lane formation and dissolution. In this
regime, the number of particles in a lane increases continuously with the applied
ﬁeld strength and there is no signiﬁcant hysteresis. There is good agreement between the experiments and the computer simulations without hydrodynamics.
We have extracted the key mechanism which is responsible for lane formation
as a dynamical lock-in process from a disordered state into a laned state. For
ﬁeld strengths lower than |E| ≈ 110 V/mm, the effect of volume fraction on the
formation of lanes was investigated by studying the steady-state electrophoretic
mobilities and ﬂuctuations parallel and perpendicular to the ﬁeld axis. For higher
ﬁeld strengths we observed a percolation of lanes in the ﬁeld direction in the simulations and a jamming transition in the experiments. The differences between
experiments and simulations at higher ﬁeld strengths are likely related to the absence of HI interactions in the simulations and the use of periodic boundary conditions in the simulations. Our work may ﬁnd use in applications where particles are
driven in opposite directions such as in electronic ink (‘e-ink’) and microﬂuidics.
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8
Band Formation in
Dispersions of Oppositely
Charged Colloids Driven by
AC Electric Fields

We study the formation of bands in systems of micron-sized oppositely
charged particles in AC electric ﬁelds using confocal laser scanning microscopy. In addition to lanes forming in the direction of the applied
DC electric ﬁeld, the periodic reversal of the ﬁeld direction can result
in complete separation between the two oppositely charged species in
bands perpendicular to the ﬁeld. This band formation only occurs at a
suﬃcient driving strength and in a well-deﬁned range of frequencies. For
frequencies lower than this range, the system forms lanes whereas for
higher frequencies an isotropic binary ﬂuid was observed. We hypothesize
that the increased collisions, and the resulting increase in ﬂuctuations in
directions perpendicular to the ﬁeld, are related to the axial segregation
into bands.
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Introduction

When processes get far out of equilibrium, there is often no established theoretical framework available to describe them in terms of ﬂuxes and forces that can be
derived from the equilibrium state. Although less well understood, the increased
complexity of these systems at the same time gives rise to rich and new phenomena, pattern formation just being one of them on which we focus in the present
chapter. Pattern formation is found on many different length scales and as a consequence is studied in molecular systems [1, 2], geology [3], the animal kingdom
[4, 5], granular systems [6] and colloids [7]. Granular and colloidal systems are
especially interesting since they can be studied in real space on the single-particle
level due to their slow dynamics and relatively large size compared to atoms and
molecules.
A simple case of pattern formation is found in binary granular or colloidal
systems containing two different particles species that are driven in opposite directions. Here, we employ our system of oppositely charged micron-sized colloids
that are driven by an external electric ﬁeld [8]. The driving force can controlled
by adjusting the electric ﬁeld strength. As a result of collisions between particles
moving in opposite directions, the different particle species segregate into lanes
that are aligned parallel with the ﬁeld axis [9]. Recently, we have studied lane
formation with oppositely charged particles in real space using a combination of
confocal laser scanning microscopy and Brownian dynamics simulations [10]. We
demonstrated a regime with strong competition between the formation and dissolution of lanes where the lane-order increases monotonically with ﬁeld strength
and identiﬁed the key mechanism for lane formation.
In addition to lane formation, it was found in computer simulations that a
binary system of hard discs driven by an oscillatory ﬁeld can, solely as a result
of collisions between the oppositely moving species, form bands perpendicular to
the ﬁeld axis [11]. Experimentally, this was also found in binary granular mixtures
subjected to a periodic driving force by shaking or vibration [12, 13]. Recently, it
was shown that periodically sheared granular suspensions [14] can undergo an
‘out-of-equilibrium phase-transition’ from a dynamic ﬂuctuating state into a quiescent ‘absorbing’ state, which can also be found in epidemics and on the surface
of certain heterogeneous catalysts [15].
Here, we employ binary mixtures of oppositely charged particles to induce
an oscillatory counter propagating motion of the two different species. We study
the interplay between lane formation parallel to the ﬁeld axis and band formation perpendicular to it. It appears that band formation can be seen as a natural
extension to the lane-formation mechanism.
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Figure 8.1: [a:] View of the capillary mounted on a glass plate. After assembling the cell, the capillary
on the glass plate was installed up-side-down on the confocal microscope stage [b:] A sketch of the experimental setup. A suspension of oppositely charged colloidal particles was conﬁned in a millimetersized capillary and a voltage was applied between the electrodes. The negatively charged NBD-labeled
particles are color-coded ‘green’, positively charged RAS-labeled particles are color-coded ‘red’. The
electric ﬁeld E is directed along the x-axis and the gravitational ﬁeld g is oriented anti-parallel to the
z-axis. [c:] The band order parameter ΦBi = 1 if and only if one or more particles inside a rectangular box around the particle perpendicular to the ﬁeld axis are of the same-species. In all other cases,
ΦBi = 0.

8.2

Methods

Polymethylmethacrylate (PMMA) particles were synthesized by dispersion polymerization [16]. The polymer backbone was covalently labeled with either 7nitrobenzo-2-oxa-1,3-diazol (NBD) or rhodamine B isothiocyanate (RITC). The
colloids were sterically stabilized with the graft-poly-12-hydroxystearic acid (PHSA)PMMA-comb stabilizer (PHSA). The stabilizer was covalently linked to the particle
surface after the synthesis. After this step, the particles were washed with hexane several times to remove unreacted monomer. The particle diameters were
determined by static light scattering (SLS) and scanning electron microscopy
(SEM). We dispersed each particle species (RAS or NBD labeled) in a solvent
mixture of 27.2 w% cis-decahydronaphthalene (‘cis-decalin’) and 72.8 w% cyclohexylbromide (CHB), to approximately match their density and refractive index.
The binary mixture was transferred into a capillary (Vitrocom) with two 50
μm (diameter) nickel alloy wires (Goodfellow) threaded along the length direction (y, horizontal) serving as electrodes. The setup is sketched in Figure 8.1. The
ﬁeld was applied in the x-direction. All the measurements were performed in a region approximately in the middle between the electrodes, where the ﬁeld is most
homogeneous (in Section 9.3 more information can be found on the homogeneity
of the electric ﬁeld). Subsequently, the capillary was sealed with UV-glue (Norland
optical adhesive) or wax. In the cases that the capillary was sealed with UV-glue,
we used UV-light (λ = 350 nm, UVGL-58 UV lamp, UVP) for approximately 30
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minutes to cure the glue. During this process, the capillary was shielded from incoming UV-light, to prevent decomposition of the CHB [17]. We used a function
generator (Agilent, Model 3312 OA) and wideband ampliﬁer (Krohn-Hite, Model
7602M) for the generation of the electric ﬁelds. All images were recorded on a
Leica SP2 confocal with a resolution of 512 × 512, 1024 × 1024 or 1024 × 512 pixels at a frame rate of 1 to 2 frames per second. Particle positions were determined
using a tracking algorithm similar to that of Crocker et al. [18].

8.3

Results & Discussion

8.3.1

Band Formation for Oppositely Charged Colloids

When a charged colloidal particle is subjected to a DC electric ﬁeld it is almost instantly accelerated to steady motion. In the case of a diluted system for which the
interparticle interactions can be neglected, the particle velocity is governed by the
Navier-Stokes equations yielding an uniform average motion along the ﬁeld axis.
The particle velocity in this case is proportional to the strength of the applied ﬁeld
v = μ(E)E, where μ(E) is the electrophoretic mobility at given ﬁeld strength E.
For denser and more complex systems, the particles can interact electrostatically
and hydrodynamically. Due to this, out-of-equilibrium phase behavior cannot be
easily predicted in these cases, thus, experiments and computer simulations are
vital to gain insight in these systems.
Oppositely charged particles driven by a DC electric ﬁeld can form lanes that
are aligned parallel to the ﬁeld axis. We demonstrated with experiments and computer simulations that the lane order increases monotonically with the electric
ﬁeld strength (Chapter 7). Particles in lanes exhibit decreasing ﬂuctuations perpendicular to the ﬁeld axis with respect to particles that are not in lanes. Particles
in lanes experience a lower number of collisions with oppositely moving particles,
resulting in a higher electrophoretic mobility.
Wysocki et al. recently performed computer simulations on a 2D binary system of hard discs that are subjected to a low-frequency alternating force [11].
The different species undergo forces directed in opposite directions. Due to collisions, the two species separate into bands perpendicular to the ﬁeld axis. In this
chapter we demonstrate this phenomenon experimentally by subjecting a mixture of oppositely charged particles to an alternating current (AC) electric ﬁeld.
We hypothesize that when the ﬁeld is periodically reversed, the ﬂuctuations perpendicular to the ﬁeld axis are initially increased, resulting in the formation of
bands.
The experimental parameters in our system are similar to Chapter 7, except
for the AC character of the ﬁeld used in this chapter (although in the previous
chapter the ﬁeld direction was sometimes reversed as well, but with a frequency
that was small enough that it did not give different results from using DC ﬁelds).
We used a binary dispersion of micron-sized particles A (NBD-labeled) with a di-
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ameter σA = 1.06 μm and a polydispersity of 6% and particles B (RITC-labeled)
with diameter σB = 0.91 μm and a polydispersity of 7% in CHB/cis-decalin. To
induce opposite charges on the particles and screen the electrostatic interactions,
the solvent mixture contained ca. 75 μM tetrabutylammonium bromide (TBAB).
From the measured conductivity (4.9 nS/cm) and (taking into account) the partial dissociation of the TBAB-salt, we estimate the inverse Debye-Hückel screening
length to be κa = 3, where a is the radius of the particles. We used Walden’s rule
to translate the mobilities of the TBA+ and Br− into ion concentrations (see Chapter 2 for more details on this procedure). The average (overall) volume fraction
was φA = φB = 0.09 for both particle species. The estimated particle charges
by electrophoresis in the different experiments were found to lie in the range between Ze = −20e and Ze = −80e for the negatively charged particles A (green)
and between Ze = 20e and Ze = 80e for the positively charged particles B (red).
For more details, see Section 7.3.2.
On a mixed ﬂuid of oppositely charged particles (see Fig. 8.2a), a periodically
alternating electric ﬁeld was applied with a block function of frequency 1.5 Hz
and a ﬁeld strength of 104 V/mm. After a few seconds, bands of like-charged
particles started to form perpendicular to the ﬁeld axis (Fig. 8.2b). A single band
obtained a characteristic width of a few particle diameters. The bands were found
to meander and changed in thickness over time. Moreover, their shape depended
on the applied ﬁeld strength, frequency and local volume fraction. We observed
that reducing the frequency by a factor of 15 (from 1.5 Hz to 0.1 Hz in Fig. 8.2)
resulted in complete dissolution of the band-patterns in about 10 s (Fig. 8.2c).
After the bands were erased, lane formation took over (Fig. 8.2d). Turning off
the ﬁeld after this step yielded back a mixed system (similar to Fig. 8.2a). The
whole cycle took 135 seconds to complete. The ‘erasing’ step was not necessary
to obtain complete re-mixing; when the ﬁeld was turned off with the bands still
present, the system also remixed by diffusion in approximately 20 minutes (see
Section 8.3.2).
Because of sedimentation, the volume fraction φ(z) in our system depended
on the depth z in the capillary (in a similar way as is illustrated in Fig. 7.2).
In the lower half region of the capillary, where the volume fraction was roughly
constant, the volume fraction was sufﬁciently high (φ ≈ 0.21-0.24) for the formation of bands. In the upper half, the density was substantially lower, and no band
formation was observed for the ﬁeld strengths that were applied here.
Generally, when an electric ﬁeld is applied in a closed capillary, the ions near
the glass walls move towards one of the electrodes and drag ﬂuid along with
them. This results in an electro-osmotic plug ﬂow (EOF) throughout the channel.
When the capillary is sealed and the ﬂuid is incompressible (which is the case
here) the result is a counteracting parabolic Poiseuille back-ﬂow (PF). Most of
the band-formation experiments in this chapter were carried out at a half-widthdepth of z ≈ −35 μm, which is close to the lower stationary layer where the PF
and EOF cancel and there is no net ﬂuid movement.
To quantify the degree of band formation, we evaluated the fraction of par-
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Figure 8.2: Typical confocal images of [a:] the initial mixed binary system, [b:] band formation 25
seconds after a ﬁeld with ﬁeld strength |E| = 104 V/mm and frequency f = 1.5 Hz had been switched
on, [c:] just after the frequency had been changed to f = 0.1 Hz, and [d:] lanes after the frequency
had been changed to f = 0.1 Hz. For each snapshot, a local close-up is given. After the ﬁeld had been
turned off, a mixed dispersion as shown in (a) was re-obtained (not shown here). The mentioned time
t denotes the time that was elapsed since ﬁgure (a) was recorded, and corresponds with Fig. 8.3.
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ticles that have a band-like environment. To do this, all the particles within the
optical slice were projected onto the (xy)-plane. To detect bands perpendicular to
the ﬁeld axis, a rectangle of length Δx = 1.2σ along the driving ﬁeld and width
Δy = 4.0σ perpendicular to it was constructed around each particle i. To detect
structures aligned with the ﬁeld axis (lane-like), this rectangle was simply rotated
90 degrees. We deﬁne Φα
i = 1 when all the particles contained in this rectangle
are of the same species as particle i, otherwise, Φα
i = 0. The averaged order pa1 N
α
rameter is given by Φα = N i=1 Φi and represents the fraction of particles
that are in a lane-like (α = L) or band-like (α = B) environment.
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Figure 8.3: [a:] The order parameters ΦB (), ΦL (), φ+ () and (ΦL − φ+ ) () in time for
the cycle in Figure 8.2. The blue vertical lines in the diagrams denote changes in ﬁeld strength or
frequency. First, no ﬁeld was applied. Subsequently, a ﬁeld with ﬁeld strength |E| = 104 V/mm and
frequency f = 1.5 Hz was applied resulting in the formation of bands. When the frequency was
changed to f = 0.1 Hz, the bands dissolved and a lane-containing state was obtained. Finally, the
ﬁeld was turned off, leaving the re-mixed dispersion.

In Figure 8.3, the time evolution of ΦL and ΦB is depicted for the experiment
that is depicted in Figure 8.2. Since a small probability exists for particles to have
a lane- or band-like conﬁguration by chance, both order parameters had a small,
but nonzero value for |E| = 0. Therefore, only the excess of Φ compared to its
zero-ﬁeld reference value is a measure for lane or band formation.
After the ﬁeld was turned on (t = 26 s), ΦL made a jump, indicating that lanes
formed almost instantaneously. As was shown in the previous chapter, the lanes
would have remained in a steady state if the ﬁeld was not reversed. The monotonic rise of ΦB shows that the number of particles in a band-like environment
grew steadily in time from this point on. In addition, ΦL further increased during
the growing process. To study the fraction of lanes that is part of a band we de-
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L
B
ﬁned a third order parameter Φ+
i which is set to 1 if and only if both Φi and Φi
are 1 (green  in the ﬁgure). By subtracting Φ+ from ΦL (purple  in the ﬁgure)
it can be seen that the fraction of ‘free lanes’ remained roughly constant in time.
Hence, the rise of ΦL during the band formation must be due to the fact that the
bands were broadening in the ﬁeld direction (x-direction). When the frequency
was changed from 1.5 Hz to 0.1 Hz, ΦB rapidly decreased as all the bands were
destroyed within one cycle of the alternating ﬁeld. ΦL also decayed fast to the
same value as immediately after the 1.5 Hz ﬁeld was turned on. When the ﬁeld
was ﬁnally turned off, both order parameters returned to their original value on
t = 0.
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Figure 8.4: [a,b:] Order parameters ΦB (), ΦL (), φ+ (+) and (ΦL − φ+ ) () as a function of
time for two cases. [a:] The ﬁeld strength was increased stepwise at a frequency of 4.0 Hz (block
wave). [b:] At a constant ﬁeld strength (108 V/mm), the frequency (sine wave) was changed such
that bands emerged and disappeared as a consequence of the small change in frequency, indicated on
top of the graph. [c,d:] ‘Out-of-equilibrium phase diagram’, using the block or sine E-ﬁeld. Blue circles
denote that no band formation was observed. The red squares indicate band formation.

In Figure 8.4a, the ﬁeld strength was changed in steps at a constant frequency
of 4.0 Hz (block wave). For each consecutive change, there correspondingly was a
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swift response in ΦL , indicating that on the time scale at which the measurements
were performed (2.0 Hz confocal scanning speed) the number of lanes in the
system directly followed the electric ﬁeld. The growth of bands perpendicular to
the ﬁeld, indicated by an increase in ΦB , started when the ﬁeld was increased
from |E| = 103 V/mm to |E| = 122 V/mm. After a time of 50 seconds, the increase
in ΦB leveled off as the system approached a steady state. When the ﬁeld strength
was further increased to |E| = 135 V/mm, ΦB increased again until 30% of the
particles were in a band-like environment. Subsequently, the ﬁeld strength was
lowered to |E| = 51 V/mm, resulting in the breakdown of the bands. The fact that
the bands did not immediately dissolve indicates some degree of hysteresis. By
lowering the frequency to f = 0.1 Hz, the system was quickly completely mixed
again.
To study the effect of the ﬁeld frequency on the band formation, different
frequencies were applied at a constant driving force of |E| = 108 V/mm (A sine
function was used in Figure 8.4b). At f = 0.8 Hz, f = 0.6 Hz and f = 0.5 Hz it
took the system 47 s, 115 s and 157 s respectively to reach a comparable degree
of band formation. At a frequency f = 0.1 Hz (block wave) we did not observe
band formation for this system. Moreover, existing bands always disappeared if
the frequency was lowered to f = 0.1 Hz.
These measurements show that lane formation increases continuously with
ﬁeld strength, which is not affected by the frequency in the range investigated.
The transition towards band formation on the other hand is more sharp, requiring a minimum ﬁeld strength and frequency to occur. We can therefore draw up
a non-equilibrium diagram demarcating the region where bands were formed.
Figure 8.4c,d summarizes the results of multiple measurements for both a block
and sine function. When ΦB exceeded its zero-ﬁeld value, bands became visually apparent, and the point is depicted with a red square. Points for which no
band formation was visible are marked with a green circle. Note that a square
does indicate that at least some degree of band formation was ongoing, but does
not necessarily mean that a steady state was always reached within the time of
observation. For both the sine and the block wave, there was both a minimum
ﬁeld strength Ec and minimal frequency fc required to induce band formation.
For the sine function, this critical ﬁeld strength was higher than for the block
function. Note that the applied power per period differs between the sine- and
the block-function by a factor of π/2 and roughly corresponds to the difference
in Ec , indicating that the driving distance per period is likely a key parameter.
Above Ec , the frequency range where bands appear widens, both to lower and
to higher frequencies. Although we did not directly study band formation as a
function of volume fraction, this behavior shows some similarity with the critical
behavior observed in a shaken (2D) binary granular system, where the formationtime of bands diverges near a critical surface coverage fraction [19].
In Chapter 7, it was demonstrated by studying the electrophoretic mobility
and the ﬂuctuations perpendicular to the ﬁeld that, when a DC electric ﬁeld was
applied to the same system of 1 μm particles, a steady state consisting of lanes
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was reached within approximately 1 s after the ﬁeld was turned on (for |E| =
120 V/mm, see Fig. 7.7). Before this steady state was reached, we observed that
the ﬂuctuations perpendicular to the ﬁeld were increased in the ﬁrst half second
since oppositely charged particles have to move around each other as a result of
mutual collisions. From Fig. 8.4c we can see that at ca. 100 V/mm, bands start
to form for frequencies higher than f ≈ 0.5 Hz. Therefore, periodically reversing
the ﬁeld for frequencies higher than this frequency (at sufﬁcient driving strength
|E|) keeps the number of collisions high enough that the increased diffusion in
the direction perpendicular to the ﬁeld direction results in the lanes turning into
bands. Thus, the accompanying ﬂuctuations perpendicular to the ﬁeld result in
the local segregation of particles. In each period, new collisions cause this process
to repeat, inducing local inhomogeneities in the system. When the frequency is
reduced below a critical frequency fc , a steady lane-state can be reached again
and the bands disappear. When the ﬁeld was turned off at this point, a completely
remixed system was left (Fig. 8.2). Exploratory computer simulations performed
by Wysocki et al. have shown band formation at comparable ﬁeld strengths and
frequencies as for the experimental system of oppositely charged micron-sized
particles that was discussed here (data not shown).

8.3.2

Remixing the System by Diffusion at Zero-Field

To study the dynamics of the system containing particles A and B after the ﬁeld
was turned off once the bands had become established, we followed the order
parameters ΦB (), ΦL (), φ+ () and (ΦL − φ+ ) () in time (Fig. 8.5). After the ﬁeld was turned off, the band-order decreased gradually. Both the order
parameters for lanes (ΦL ) and bands (ΦB ) decreased in the same manner. The
number of free lanes (lanes that are not in bands, ΦL − Φ+ ) relaxed to a constant
value relatively fast. These data show that getting to the homogeneous state takes
an order of magnitude longer to complete if the ﬁeld is switched off at once, compared to the process in which ﬁrst the system is switched to a frequency below
the band formation regime and then switched off (as in Fig. 8.2).

8.3.3

Band Formation for σ = 2.5 μm Particles

For the binary system of particles A and B (both approximately 1 μm in diameter),
it can be seen that bands were formed when an AC ﬁeld with frequency f = 1.0
Hz was applied (Fig. 8.6a,b) whereas lanes were formed when the particles were
driven in only one direction by a DC ﬁeld. This example clearly illustrates that
while the system formed lanes when a DC ﬁeld of |E| = 130 V/mm was applied
(Fig. 8.6a), it was already possible to obtain bands perpendicular to the ﬁeld using
a weaker, AC electric ﬁeld (|E| = 81 V/mm, f = 1.0 Hz, Fig. 8.6b).
In addition to particles A and B (σ ∼ 1 μm), we also investigated band formation for a binary system containing larger particles E and F (σ ∼ 2.5 μm). For
this system, with a total volume fraction φtot = 0.28, bands were formed at sig-
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Figure 8.5: The evolution of the order parameters ΦB (), ΦL (), φ+ () and (ΦL − φ+ ) () after
an electric ﬁeld of strength |E| = 110 V/mm and frequency f = 1.5 Hz (block function) was turned
off, as indicated by the (blue) vertical line.

niﬁcantly lower ﬁeld strengths and frequencies. As a result, the process occurs
more slowly and we could study it in more detail with confocal microscopy. In
Fig. 8.6c-f, the formation of bands is shown for |E| = 17.5 V/mm and f = 0.02
Hz. Originally, we started the experiment with an isotropic ﬂuid (Fig. 8.6c). After
76 seconds, changes in the structure were already observed (Fig. 8.6d). For each
extra period of the AC ﬁeld, the bands became more sharply delineated. Note that
for this particular system we also observed jamming within less than 1 minute after a DC ﬁeld (|E| = 57 V/mm) was applied (Chapter 7, Fig. 7.3.7). Contrary to
the situation for 1 μm sized particles, we were not able to re-mix the system by
decreasing the frequency, suggesting that random motion of particles in the form
of diffusion, on top of the ﬂuctuations resulting from the collisions between the
oppositely charged particles, is an essential criterion for re-mixing for these parameters. Another factor can be the slightly higher volume fraction for the system
of large particles (φ > 0.28), compared to the system of smaller particles (effectively φ ≈ 0.21-0.24) and the fact that the system of larger particles was relatively
close to the jamming transition.
The order parameters ΦB (), ΦL (), φ+ () and (ΦL − φ+ ) () for this
experiment are shown in Fig. 8.7. The (blue) vertical lines depict a period of the
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Figure 8.6: [a:] Lanes form when a DC ﬁeld of |E| = 130 V/mm was applied to binary mixture of
particles A and B (both ∼ 1 μm). [b:] For the same dispersion, bands formed perpendicular to the
ﬁeld for |E| = 81 V/mm and f = 1.0 Hz. [c-f:] For larger particles E and F (both ∼ 2.5 μm), the
bands formed at lower ﬁeld strengths and frequencies (|E| = 17.5 V/mm, f = 0.02 Hz) than was the
case for particles A and B.

electric ﬁeld. Two times, the scanning was shortly interrupted for a time t ∼ 1-2 s,
which is depicted by the black vertical lines. Similarly as in the case of the smaller
particles, the order parameters went up as the bands started to form. After a time
of approximately 300 s, when the bands were distinctly visible, the period of the
electric ﬁeld was clearly reﬂected in the time evolution of the order parameter.
Just after the electric ﬁeld was reversed (a vertical blue line), the particles moved
‘freely’ (without encountering particles of the other kind) for a while and the
order parameter increased. To understand this, note that for a particle i located
on the interface between a red and green band in contact, ΦBi = 0 by deﬁnition.
On the other hand particles j inside a band, or moving in the space between two
bands just after the ﬁeld has been reversed, have ΦBj = 1. We also observed that
shortly after a red band was separated from a green band these order parameters
decreased. Once the ﬁeld was turned off, the order parameters slowly decreased
as the particles were re-mixed by diffusion.
The Péclet number, which is in this case the ratio between electrophoretic and
diffusive transport is similar for the 1 μm particles at 100 V/mm and the 2.5 μm
particles at 17.5 V/mm (similar to Section 7.3.7). From the measured values for
μ and the estimated value of Ze of the 2.5 μm particles (μ ≈ 1.8 · 10−11 m2 /Vs
Ze ≈ 160e) and using the effective force-charge relation f = ZeEf(κσ)/(1 + κa)
we obtain Pe = |FE |σ/2kB T ≈ 28. For the 1 μm particles (μ ≈ 5 · 10−11 m2 /Vs,
Ze ≈ 50e) we obtain Pe ≈ 27. This similarity suggests that this ratio is indicative
of lane and band formation.
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L (lanes)
B (bands)
both L & B
free lane (L & !B)

Figure 8.7: Evolution of the order parameters during the formation of bands for particles E and F for
a ﬁeld strength |E| = 17.5 V/mm and frequency f = 0.02 Hz.

8.3.4

Band Formation for Particles with Size Ratio 0.5

Finally, we studied a system of oppositely charged particles E (σE = 2.57 μm)
and G (σG = 1.29 μm), corresponding to a relative size ratio of approximately
0.5. After an AC electric ﬁeld was applied, the bands formed perpendicular to the
ﬁeld (Fig. 8.8). During this process, the ﬁeld strength was maintained at |E| = 60
V/mm and the frequency was between f = 1.0 Hz and f = 0.2 Hz (decreased
stepwise during the experiment). It can be observed that the large particles have
a tendency to form strings that pierce the bands of the smaller particles. One
dip
possibility is that dipolar interactions between two particles i and j, with Uij ∝
σ6 are present for the larger colloids much more than for the smaller ones or
than for combinations between large and small colloids. Moreover, the difference
in the driving force, which is larger for the large particles can be the cause of
the piercing; large particles push the small ones more easily aside than the other
way around. This simple example illustrates that even more complex structures
can be formed with particles of different size ratios, or with the introduction of
additional forces arising due to particle polarization.
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Figure 8.8: The formation of bands consisting of particles E (σE = 2.57 μm) and G (σG = 1.29 μm)
when an AC electric ﬁeld was applied (|E| = 60 V/mm with a frequency between f = 1.0 and 0.2
Hz, block function). [a:] The isotropic suspension. [b-f:] Different snapshots of the system in time.
Note that strings of large particles pierce the regions of small particles.

8.4

Conclusions

Our experiments reveal rich dynamics of pattern formation in a non-equilibrium
system in which oppositely charged particles are driven in opposite directions using an AC electric ﬁeld. A new type of pattern formation was found in AC electric
ﬁelds: in addition to the formation of lanes parallel to the E-ﬁeld, we demonstrate
that we can create and destroy bands perpendicular to the ﬁeld by changing the
frequency. Band formation in AC-ﬁelds can be reversed by lowering the frequency
when the self-diffusion constant of the particles is sufﬁciently high. By real-space
analysis of the data, an ‘out-of-equilibrium phase diagram’ was constructed that
shows the regime in which band formation takes place. We hypothesize that band
formation occurs when the ﬁeld direction is reversed on the time scale at which
lanes are being established. In this case, the increased number of collisions between the oppositely charged particles causes increased displacements perpendicular to the ﬁeld. Computer simulations could give more insight on the evolution
of the ﬂuctuations during the preliminary stages of band formation and conﬁrm
the strong connection between this process and lane formation.
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9
Complex Pattern Formation
in Electric Field Driven
Suspensions of Oppositely
Charged Particles

In the previous chapters, we studied the formation of lanes where micronsized particles were driven in opposite directions by an electric ﬁeld. We
found that applying a low-frequency (O (1) Hz) alternating current ﬁeld
can result in the formation of bands perpendicular to the electric ﬁeld
direction. In this chapter, we use confocal laser scanning microscopy to
study the formation of more complex patterns in an AC electric ﬁeld when
the ﬁeld strength is increased to |E| ∼ 200 V/mm. We observe that the
system phase-separates into dense regions, containing both alternating
bands of only positively or only negatively charged particles, and dilute
regions containing strings of particles. Inside the dense regions, bands
consisting of the positively charged colloids become cylindrical in shape,
and start to rotate around the cylindrical axis while the bands containing
the negatively charged colloids remain rigid. From a simple analysis, it
follows that the rotations of the positively charged particles could be
caused by a local force imbalance on both sides of the rotating instability,
resulting from collisions with negatively charged particles.
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Introduction

In Chapter 7, we studied the formation of lanes when oppositely charged micronsized particles were driven by an electric ﬁeld. We found that for ﬁeld strengths
below approximately 110 V/mm, the number of particles in lanes increased continuously with the ﬁeld strength. For the same system and ﬁeld strengths between
0 and 110 V/mm, we studied the case where a low-frequency (O (1) Hz) alternating current ﬁeld was applied (Chapter 8). We observed the formation of bands
perpendicular to the E-ﬁeld. From computer simulations, it followed that hydrodynamics and particle interactions resulting from polarization of the particles and
their double layers were not necessary to explain the lane and band formation in
this ﬁeld strength regime for our binary system of micron-sized particles.
In this chapter, we investigate complex pattern formation in a binary suspension of oppositely charged micron-sized particles (the same system as was used
in Chapter 7 and 8) at ﬁeld strengths of approximately 200 V/mm and frequencies of O (1) Hz. An obvious effect of the higher ﬁeld strengths is the increase
of electrophoretic forces in comparison to most of the experiments shown in the
previous chapters (FE ∝ |E|). In addition, with increasing ﬁeld strength dipolar
interactions get progressively important since the dipolar forces between the particles and the double layers around them are proportional to the square of the
ﬁeld strength (Fdip ∝ |E|2 ). For this reason, these forces can play an increasingly
important role, and we brieﬂy introduce basic processes and accompanying equations that describe the time evolution of the electric dipole for particles in electric
ﬁelds before we continue with our experimental results. First, we discuss previous
experimental and theoretical work on pattern formation in particle suspensions
under the inﬂuence of (low-frequency) electric ﬁelds.
In strong electric ﬁelds, the particles and their accompanying double layers
can be signiﬁcantly polarized, inducing dipolar interactions between them. If
high frequency electric ﬁelds O (106 ) Hz are used, the particles do not signiﬁcantly move by electrophoresis but the presence of the AC electric ﬁelds induces
dipolar attractions between the cores which can result in the formation of strings
and sheet-like structures [1–3]. These structural changes, known as electrorheological effects, alter the macroscopic properties of materials, such as viscosity,
transparency, conductivity etc. [4, 5]. Additionally, low-frequency electric ﬁelds
can induce electrophoretic motion, macroscopic solvent ﬂows [6, 7], and local
electrohydrodynamical effects [8–10]. The combination of all these factors acting together in concentrated colloidal suspensions can lead to intriguing out-ofequilibrium phenomena.
Using plate-like silicate particles (dielectric constant of the particles p = 25) in water (dielectric constant of the medium m = 80), it was demonstrated
that both so-called ‘pearl chains’, consisting of particles aligned parallel to the
ﬁeld axis, as well as bands perpendicular to the ﬁeld axis were formed in lowfrequency AC electric ﬁelds [11]. The authors reasoned that electrostatic interac-
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tions between two polarized particles favored the formation of chains parallel to
the ﬁeld axis, and that electrohydrodynamic interactions favored alignment perpendicular to it. In particular, chains of particles were observed to form in DC
ﬁelds and low-frequency AC ﬁelds. Bands were observed in the frequency range
of 5 Hz to 20 kHz. The optimal frequency f for bands to form was found to be
f = 100 Hz, although there was no sharp frequency dependence observed. In
work by Gamayunov and Murtsovkin [12] quartz particles (p = 4.2) dispersed
in water formed bands perpendicular to an electric ﬁeld at a frequency f = 2 Hz,
and 2.31 V/mm, which was ascribed to hydrodynamic effects that arose due to
the presence of the alternating ﬁeld.
In a paper by Hu et al. the behavior of polystyrene particles in water (2 mM
KCl) in AC electric ﬁelds was studied [9]. For frequencies higher than 200 kHz, the
particles formed chains in the direction of the electric ﬁeld, as a result of dipoledipole interactions. For lower frequencies (between 2 kHz and 200 kHz), bands
were observed making angles of nearly ± 45 degrees relative to the electric ﬁeld
axis. Bands rotated counterclockwise if they were tilted to the right and clockwise
if tilted to the left. According to the explanation in the paper, the dipole on the
particles lagged the applied external ﬁeld, inducing a phase shift between the
induced dipole and the applied electric ﬁeld. As a result, a nonzero torque on the
particle caused the particles and the double layers around them to rotate, which
resulted in a tilting angle between the two dipoles (with respect to the electric
ﬁeld axis). The simulations showed that the particles started a circulation within
the band due to tangential hydrodynamic forces. Additional evidence for such a
mechanism was also given in an earlier paper describing how cells of type Arena
sativa rotated around each other in the presence of an AC electric ﬁeld [13], which
made them align perpendicular to the ﬁeld direction. In a recent paper by Lele et
al. [14], using polystyrene particles (p = 2.4-2.7) in water containing 10 μM KCl,
the particles were shown to form chains, bands, and rotating bands depending
on the frequency and strength of the applied electric ﬁeld. Particle rotation was
ascribed to the phase lag between the induced dipoles and the electric ﬁeld, which
was strongest in the range between 100 Hz and 600 Hz.
Recently, electrokinetic vortices and traveling waves were found for polystyrene
particles in water at frequencies of 40 Hz by Pérez et al. [7]. The authors hypothesize that these phenomena emerge as a result of macroscopic gradients in volume
fraction. These gradients could have caused permittivity and conductivity gradients that coupled with the applied electric ﬁeld, resulting in large ﬂuid body
forces.

9.2

Particle Interactions

In this chapter, we often use approximations that are valid for particles in dilute
suspensions. It should be realized at all times that the experimental situation is
more complicated than the theory discussed in this section due to the high vol-
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ume fractions in the experiments. However, appropriate theories for higher volume fractions do not exist or are too unwieldy for our purpose. Nonetheless, the
relations that are summarized here are useful to estimate the order of magnitude
of the different contributing forces and the dominating processes.

9.2.1

Electrostatic Interactions

In line with the previous chapters and [15], we use a Yukawa potential to describe
the electrostatic interactions between two particles:
⎧
⎪
⎨ Zi Zj λB exp[κ(ai + aj )] exp[−κrij ] , rij ≥ (ai + aj )
Yuk
(1 + κai )(1 + κaj )
rij
βUij =
, (9.1)
⎪
⎩ ∞,
rij < (ai + aj )
where β = 1/kB T , κ−1 is the Debye screening length and the Bjerrum length
is given by λB = e2 /4π0 m kB T with e the elementary charge, kB Boltzmann’s
constant and T the temperature. Note that for the suspensions in this chapter
the interaction can either be repulsive (between two negatively or two positively
charged particles) or attractive (for oppositely charged particles).

9.2.2

Interactions Resulting from Polarization

Dielectric Polarization
When an electric ﬁeld with a sufﬁciently high frequency is applied, the ions in
the double layer around the particle do not have enough time to respond to the
presence of an electric ﬁeld and the polarization of the particle is only determined
by the dielectric polarization of the particle and its medium. As a result, a dipole
moment p that arises for a sphere is given by:
π
p = C1 m 0 σ3 Eloc ,
2

(9.2)

where Eloc is the local electric ﬁeld, σ = 2a is the particle diameter, a is the
particle radius, 0 is the permittivity of vacuum, m is the relative permittivity of
the medium and C1 is a constant that depends on the properties of the suspension
that is given by:

 p − m
,
(9.3)
C1 =
p + 2m
where p is the relative permittivity of the particle. When the particles are approximated by point dipoles i and j with dipole moment d at relative distance rij
and angle θ between them, the interaction energy is given by:
dip

βUij =

C21 πm 0 σ6 |E|2loc 
16kB Tr3ij


1 − 3 cos2 (θ) ,

(9.4)
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where β = 1/kB T . Note that the interaction energy is lowest (most attractive)
when the particles are aligned head-to-toe (θ = 0) and at a maximum when the
particles are side-by-side (θ = π/2).
Electric Polarization due to Charge Fluxes
The migration of ions starts to play a role when the period is of the same order as
the Maxwell-Wagner (MW) relaxation time:
τMW =

(2m + p )0
,
2Km + (Kp + 2Ks /a)

(9.5)

where Km , Kp and Ks are the conductivities of the medium, particle and surface
respectively. In this case, the movement of the ions start to contribute to the formation of the dipole and also the conductivities near the particle surface and in
the bulk become important. Ions in the bulk ﬂuid and inside the double layers
are driven by the electric ﬁeld. For nonconducting particles, the ratio between the
surface- and bulk-conductivity is given by the Dukhin number:
Du =

Ks
.
Km a

(9.6)

For Du < 1/2, the conduction of ions in the double layer is lower than in the bulk
ﬂuid. In this case, the rate determining step is the transport through the double
layer; positive (negative) ions accumulate on the anode (cathode) side of the
particle, and in this case the induced dipole is oriented opposite to the ﬁeld. For
Du > 1/2, the transport of ions through the double layer is more efﬁcient than
through the bulk, such that the ions accumulate on the other side of the particle
and the dipole is aligned with the ﬁeld. When we assume, for simplicity, that both
co- and counterions contribute equally to the conductivity and only consider the
dynamic part of the double layer outside the plane of shear (i.e. neglecting the
effect of the stagnant layer) the Dukhin number can be written as [16]:



zeζ
3m
2
cosh
1+ 2
−1 ,
(9.7)
Du =
κa
2kB T
z
with z the valency of the ion, ζ is the surface potential (or ζ-potential), e is the
elementary charge and m the dimensionless mobility, which is a measure for the
contribution of electro-osmosis inside the double layer:
m=

20 m (kB T )2
,
3ηe2 Dion

where Dion is the diffusion coefﬁcient of the ions.

(9.8)
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For periods longer than τMW , the polarization of the double layer in a DC
electric ﬁeld is given by its dipole moment [16]:
pDL = 4C2 πm 0 a3 Eloc ,
where the constant C2 for nonconducting particles is given by:

2Du − 1
C2 =
.
2Du + 2

(9.9)

(9.10)

For AC electric ﬁelds, C2 is contained in the real-part of the Clausius-Mossotti
function Re{K(ω)} [17]:
C2 =

3(m Ks − p Km )0
,
τMW (Kp + 2Km )2 (1 + ω2 τ2MW )

(9.11)

where ω is the angular frequency of the electric ﬁeld. From this equation, it can
be seen that the contribution of the double layer to the total dipole vanishes for
inﬁnite frequency. At high frequencies it is realistic to assume that C2 = 0 (the
ions do not contribute to the dipole). The interaction energy between the dipoles
in an AC electric ﬁeld reads:
dip

βUij = (C1 + C2 )2

πm 0 σ6 |E|2loc 
16kB Tr3ij


(1 − 3 cos2 (θ)) .

(9.12)

From Fdip = −∇Udip we obtain the force Fdip between two point dipoles [18]:
dip

Fij = (C1 + C2 )2

3πm 0 σ6 |E|2loc 
16r4ij


(3 cos2 (θ) − 1)^r + sin(2θ)θ^ .

(9.13)

For low frequencies, in addition to the migration of ions inside the double layer,
another effect starts to play a role when the diffusion of ions around the colloid
does not outweigh the ﬂuxes resulting from the electric ﬁeld. Ion ﬂuxes from
the double layer into the solution and tangential ﬂuxes along the particle surface
change the local ion concentrations on both sides of the particle. As a result, a
concentration gradient of the neutral electrolyte arises, resulting in an additional
dipole-contribution. This effect is known as volume diffusion (VD) polarization
and starts to play a role at a time scale τVD :
a2
,
2Deff

(9.14)

2D+ D−
D+ + D−

(9.15)

τVD =
where
Deff =
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7
Figure 9.1: Schematic representation for the change of the local ﬁeld strength |Eloc | in the presence
of another particle with induced dipole for the case p < m . [a:] Particle A is aligned head-to-toe
with another particle. As a result the local electric ﬁeld at the position of particle A: |Eloc | < |E|. [b:]
Same, but now for the side-to-side conﬁguration of particle B: |Eloc | > |E|.

is the effective diffusion coefﬁcient of the ions. For dilute suspensions, the magnitude of this effect can be calculated with the theory of DeLacey and White [19].
No theory is available which calculates the VD-effect for concentrated suspensions.
For the concentrated suspensions studied here, the local electric ﬁeld strength
is not the same as the applied electric ﬁeld strength, |Eloc | = |E| . Since we use
concentrated suspensions with p < m , the induced dipoles resulting from the dielectric polarization oppose the electric ﬁeld (Eq. 9.2,9.3). Taking the ζ-potentials
to lie in the range between 5 mV and 30 mV, we ﬁnd Dukhin numbers Du in the
range of 0.01 to 0.3. Since Du < 0.5, C2 < 0 (Eq. 9.10) and the dipole arising from
ion migration will point opposite to the ﬁeld direction. For two dipoles that are
aligned head-to-toe, this results in a decrease of the local electric ﬁeld |Eloc | < |E|
(ﬁeld lines of a neighboring particle oppose the ﬁeld lines of the applied electric
ﬁeld). For dipoles aligned side-to-side the local electric ﬁeld increases |Eloc | > |E|.

9.3

Methods & Experimental Details

We used a suspension of particles A (σA = 1.06 μm, 6% polydispersity, NBDlabeled) and B (σB = 0.91 μm, 7% polydispersity, RAS-labeled) with an overall volume fraction φtot = 0.18 in a solvent mixture of 27.2 w% cis-decahydronaphthalene (‘cis-decalin’) and 72.8 w% cyclohexylbromide (CHB) containing ca.
75 μM tetrabutylammonium bromide salt. The dielectric constant of the CHB/cisdecalin mixture was m = 5.6 while p ≈ 2.6 for polymethylmethacrylate (PMMA)
particles [20]. From the conductivity of the solvent (4.9 nS/cm) we estimated
κa = 3. Images were recorded on a SP2 confocal microscope (Leica), using a NA
1.3 40x or NA 1.4 63x oil immersion objective (Leica).

200

CHAPTER 9

The electrophoresis cells were prepared by threading two conducting wires
(Goodfellow) along the length direction of a glass capillary (Vitrocom). A sketch
of this setup is given in Fig. 9.2. The electric ﬁeld inside this setup was already
analyzed by Thijssen [21] and is given by:


E(x, z, t) = 2V0




ξ2 − R2 ) cos2 (ωt




(x2 + R2 − ξ2 )2 + (ξ2 − R2 + x2 )z2 + z4 arccosh2 (ξ/R)

1/2

,

(9.16)

where ξ = d/2, d is the spacing between the electrodes, V0 is the applied electric
ﬁeld over the electrodes, R is the radius of the electrode wires, ω is the angular
frequency, t is time, x is the distance from the middle of the capillary deﬁned in
the direction of the ﬁeld, and z is the distance from the middle of the capillary
in the direction anti-parallel to gravity. In the analysis the electrodes are treated
as rigid cylinders and the effects of the walls is not considered. The ﬁeld at a
half-width depth z = 0 is calculated for different positions x between the wires in
Fig. 9.2c for different values of the applied electric ﬁeld.
In the middle between the electrodes (x = 0), where the ﬁeld is approximately homogeneous, the electric ﬁeld strength E ≈ V/d is determined by the
applied voltage V and the distance between the electrodes d. Decreasing the distance between the electrodes allows for higher ﬁeld strengths at a lower applied
voltage but also decreases the size of the region where the electric ﬁeld is homogeneous. On the other hand, increasing the applied voltage and keeping the
electrode distance large enhances electrochemical decomposition of the solvent
near the electrodes but will result in more homogeneous ﬁelds at the midpoint
between the electrodes. For our experiments, the distance between the wires was
approximately 0.8 − 1.2 mm, and we applied maximum voltages of ca. 240 V.

9.4

Results & Discussion

9.4.1

Exploration of Polarization Contributions to Oppositely Charged Particles

After transferring the particle suspension to a capillary cell we observed that the
particles carried opposite charges. From the electrophoresis experiments we estimated the particle charges between Ze = −20e and Ze = −80e for the negatively
charged particles (green) and between Ze = 20e and Ze = 80e for the positively
charged particles (red). More details about the estimates for the particle charges
are given in Section 7.3.2. The charges might have been slightly different for each
experiment, since external conditions are also subject to some variation, e.g. two
electric cells will never be exactly the same. For instance, there can be small differences in the curing time of the UV-glue or the glue itself, and the dispersion
can slightly change chemically in time.
To study the dielectric polarization of the particles, we applied an electric ﬁeld
of 200 V/mm and 1 MHz (sine wave) to the binary suspension. Since p < m ,
it follows that C1 < 0 (Eq. 9.3) and that the induced dipoles point opposite to
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Figure 9.2: The setup for the electrophoresis experiments. [a:] Schematic view of the capillary. [b:]
Cross-section of the (xz)-plane of the capillary. [c:] The ﬁeld strength between the electrodes according to Eq. 9.16 for z = 0, t = 0 and applied voltages of 50 V, 100 V and 200 V. The distance between
the electrodes was d = 0.95 mm, the radius of the electric wires was R = 25 μm. In the middle between the electrodes (x = 0) the ﬁeld is almost homogeneous, whereas it is strongly inhomogeneous
near the electrodes.



























Figure 9.3: [a:] Binary suspension of particles A and B when no ﬁeld was applied, [b:] when a ﬁeld
of 300 Hz (block wave) was applied at a ﬁeld strength |E| = 93 V/mm, and [c,d:] for |E| = 190
V/mm. Note that the slightly bleached area in (d) is the same region where (c) was recorded.
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the direction of the applied electric ﬁeld. Using Eq. 9.12, m = 5.6 and p = 2.6
[9, 22], we obtain that for this ﬁeld strength C1 = −0.22, and the interaction
energy Uij of two dipoles at contact (rij = (σi + σj )/2, aligned head-to-toe) is
approximately 4 kB T at 200 V/mm. We did not observe any signs of dipole-dipole
interactions in this experiment, indicating that the interaction strength Uij <
kB T . One explanation is that the dielectric contrast between the particles became
lower due the uptake of solvent by the particles 1 . This explanation is in line with
earlier observations showing that the magnitude of the dipole-dipole interactions
decrease with the time that the particles were suspended in the solvent. In our
case the particles were already suspended in the solvent for over 1 month, which
is sufﬁciently long for uptake of solvent to occur. For a ﬁeld strength |E| = 150200 V/mm, and a slightly larger p = 3.6, the interaction energy due to dielectric
polarization reduces to approximately 2 kB T . Another explanation is that the local
electric ﬁeld was lower than the applied electric ﬁeld (|Eloc | < |E|), thus resulting
in an effectively decreased polarization effect.
At lower frequencies f ≈ 1/τMW the double layer starts to play a more important role in the polarization of the particles. As explained in the introduction,
the contribution of the double layer to the induced dipole moment is insignificant for f > 1/τMW . For our system, this regime, where C2 → 0 (Eq. 9.11,
Ks ≈ 0.17 pS/cm), starts for frequencies 1/τMW = O (104 ) Hz (Km = 4.9 nS/cm,
see Eq. 9.5). Using Eq. 9.12 we obtain attractive interaction energies in the range
of ∼ 3 kB T for |E| = 100 V/mm and ∼ 10 kB T for |E| = 200 V/mm.
To study the effect of frequency and ion migration on the polarization of the
particles, we applied an electric ﬁeld of |E| = 201 V/mm and a frequency of 1
kHz (block wave). No changes in the behavior of the particles were observed by
eye (compared to the case where |E| = 0), indicating that the particles were not
strongly polarized. Probably, the effect of ions accumulating at the poles of the
particles in our concentrated suspension is lower than expected since the (oppositely charged) particles are close together and thus have strongly overlapping
double layers.
At a frequency of 300 Hz (block wave) the particles aligned head-to-toe with
the electric ﬁeld axis and formed strings containing both particle species (Fig. 9.3)
for ﬁeld strengths around 93 V/mm. For increasing ﬁeld strengths the pearl chains
further elongated in the ﬁeld direction. In addition, the system separated into
denser regions containing the binary strings and depleted regions between them.
Additional experiments are required to determine whether the structures found
here were in a steady state. By estimating the diffusion coefﬁcients of the ions in
the double layers by DDL = D+ ≈ D− ≈ Km /(2κ2 0 m ) [23] (D+ for positive
ions, D− for negative ions) we obtain DDL ≈ 3 · 10−10 m2 /s and to a ﬁrst approximation τVD ≈ 10−3 s (Eq. 9.14), which is comparable to the period for which
polarization became notable in our experiments. Therefore, it is likely that the
1 It is known that PMMA particles in apolar solvents such as CHB/cis-decalin swell a few percent
over time, indicating the uptake of solvent [22].
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observed polarization was mainly due to volume polarization. We did not observe
rotating particle-pairs such as described in studies with polystyrene particles in
water [11, 13, 14], suggesting that the phase lag between the polarization of the
double layer and the electric ﬁeld did not play a large role here.
Electrophoretic displacements become important when the traveled distance
by the particles in a single period of the AC ﬁeld becomes of the order of the
particle diameter σ, i.e. fc = μE/σ, where μ is the electrophoretic mobility of the
particle and fc is the critical frequency where the electrophoretic displacements
start to become important. Taking typical parameters of |E| between 10 V/mm and
200 V/mm, the electrophoretic mobility μ between 50 and 200 μm2 /Vs, and σ ∼ 1
μm, we obtain values for fc between 0.4 Hz and 40 Hz.
To estimate the effects of different forces contributing to the structure of the
suspension, we compare the order of magnitude of the forces arising due to
electrophoresis and those arising from double layer polarization and electrostatic
attractions/repulsions. The electrophoretic force on the colloid can be approximated by FE = ZeEf(κσ)/(1 + κa) where f(κσ) = 1.10 is the Henry function
evaluated for κa = 3. The resulting electrophoretic forces are on the order of
O (10−12 ) N for |E| ≈ 100 V/mm and increase monotonically with ﬁeld strength.
Note that the electrophoretic force will not be equal for both particles in the
experiments, since the electrophoretic mobilities are not exactly the same. The
dipole-dipole attractions are expected to be lower than this. Using Eq. 9.13 with
an upper bound for the polarization C = −1/2, using a surface potential ζ − 30
mV, and a ﬁeld strength |E| = 100 V/mm, the dipolar attractive force between the
particles Fdip = 1.47 · 10−13 N. At |E| = 200 V/mm, we ﬁnd Fdip = 5.8 · 10−13
N. In comparison, the attractive electrostatic Yukawa-forces (at contact) between
−14 N.
the particles are much lower than this: FYuk = ∇UYuk
ij (r = ai + aj ) ≈ 5 · 10
Hence, based on this analysis we expect that the electrophoretic forces will
dominate, followed by the forces resulting from particle polarization. The attractive forces between the oppositely charged particles will only play a role at low
ﬁeld strengths.

9.4.2

Complex Pattern Formation In Low-Frequency Electric Fields

Experiments at low-frequencies of O (1) Hz were carried out using the same mixture of particle species A and B that was used in the previous chapters for the
lane-formation and band-formation experiments (φtot = 0.18, κa = 3). First, we
studied the evolution of our system in a region that was located at the midpoint
between the electrodes, where the ﬁeld is most homogeneous.
When no ﬁeld was applied, the particle species remained mixed (Fig. 9.4a).
Immediately after we applied a low-frequency AC ﬁeld (1 Hz) with a ﬁeld strength
|E| = 185 V/mm, i.e. much higher than in Chapters 7 and 8, the particles formed
strings that moved back and forth in the direction of the oscillating ﬁeld. The
two particle species de-mixed into separate strings containing only red or only
green particles, suggesting that the strings mainly formed as a result of collisions
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Figure 9.4: Typical confocal images illustrating the evolution of the binary system. [a:] The suspension without any ﬁeld applied. [b:] Immediately after a ﬁeld with a frequency f = 1 Hz (block
function) and ﬁeld strength |E| = 185 V/mm was applied, lanes were formed. [c:] After 9 s the lanes
had merged and formed larger domains. [d-e:] The domains evolved into dynamic bands.

between oppositely charged particles that were moving in opposite directions by
electrophoresis (Fig. 9.4b). In other words, this mechanism is a dynamical effect
that we call lane formation, as described in Chapter 7. Note that if the polarization
of the double layers would have been more important than the electrophoretic
motion, strings containing both particle species (red and green, as in Fig. 9.3c)
would have formed.
After 9 periods of the oscillating ﬁeld, several lanes of the same color merged.
This can be seen as coarsening of lane formation, or as band formation, perpendicular to the ﬁeld axis (Fig. 9.4c). Red and green bands continued to bump
into each other and push each other out of the way. The structures continued
to grow in both the direction perpendicular as well as parallel to the ﬁeld. As a
result of large local density inhomogeneities, the formed bands were dynamic:
they moved, rotated, occasionally broke up and reassembled with other regions
of like-charged particles.
In the middle between the electrodes, signs of ‘phase-separation’ perpendicular to the ﬁeld were observed: the system separated into a dilute region containing strings, and a dense region that was aligned with the electric ﬁeld axis
(Fig. 9.5a). The dense region consisted of alternating bands that each contained
one of the two species (green or red). Only the bands containing red particles
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were rotating. Closer to the electrode, where the ﬁeld was more inhomogeneous,
particles moved from higher ﬁeld strength to lower ﬁeld strength (dielectrophoresis, Fig. 9.5b).

a

b
electrode





E

t =143 s





E t =302 s

Figure 9.5: Continuation of the experiment described in Fig. 9.4. [a:] Close to the middle between the
electrodes, green bands had been aligned parallel to the ﬁeld axis, with red band-like regions rotating
inside of them. [b:] As a result of dielectrophoretic motion of particles from regions of high ﬁeld (near
the electrodes) towards regions of low ﬁeld (in the middle between the electrodes), the particles had
been depleted close to the electrode wire, where the volume fraction was signiﬁcantly decreased. The
electrode wire was located below the ﬁeld of view (in the plane, −z), which is marked by the vertical
black line.

In another experiment (|E| = 207 V/mm, f = 1.5 Hz block) we again found
bands aligned in the ﬁeld direction that contained rotational instabilities in a region in the middle between the electrodes (Fig. 9.6). Between the high-density
bands, a low-density phase was present that contained freely moving strings of
particles, indicating that there was a signiﬁcant dipole-dipole interaction between
the particles. The strings never contained both particle species; each separate
string contained only one kind of particles (green or red), indicating that electrophoretic forces were dominant over the polarization forces (if they were not,
strings would have contained both particle species). It is remarkable that only the
red particles formed rotating clusters, while the green particles remained aligned
in strings, suggesting that either the charges or the degree of polarization was
different for both species. It should be noted that it is likely that the double layers
of the two different particle species were not polarized to the same extent since
the particle sizes were different by approximately 17%. Moreover, the double layers do not contain the same amount and kind of ions; for the positively charged
particles, a majority of negatively charged ions reside in the double layer, while
for the negatively charged particles it is the other way around.
We followed the system for several minutes after the bands containing the vortices emerged (Fig. 9.6a-d) and observed that vortices rotating clockwise occurred
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Figure 9.6: Typical confocal images for the system where the strength and frequency were 207 V/mm
and 1.5 Hz (block function) respectively. [a-d:] Region of 375 μm × 375 μm containing bands that
were aligned with the ﬁeld axis (horizontal direction). The red bands are rotating in between the
green bands. The rotation direction of the instabilities is random but steady. The angular velocity
sometimes reversed after a several tens of seconds, as the instabilities accreted or lost particles. The
rotation directions of the instabilities are marked with white arrows. For some instabilities the rotation
direction changed from counterclockwise to clockwise or vice versa. The merging process of separate
bands can be observed in (a-d). The elapsed time since (a) is given by t  . [e-f:] Cross-sections of the
(xz)-plane (e) and the (yz)-plane (f). [g:] Particularly in the early stage of formation one rotational
instability (red particles) often contained a large number of inclusions consisting of green particles.
[h-m:] Close-up of an instability that was rotating counterclockwise. Note that small groups of green
particles are included inside the rotating instability consisting of red particles. The elapsed time since
(h) is given by t  .
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just as often as vortices rotating counterclockwise. The curved arrows in the ﬁgure
denote the rotation direction at the moment that the image was recorded. Particularly for the small instabilities, the rotation direction sometimes reversed within
seconds. Approximately 75 seconds after Fig. 9.6a was recorded, the two separate
dense regions in the middle started to merge. It can be observed in Fig. 9.6b-d
that this process caused the blending of some separate swirls into larger swirls
with a single rotation direction. In Fig. 9.6e,f the cross-section of a single instability is shown in the (xz)- and (xy)-plane (−z is the direction of gravity, x is
the ﬁeld direction). It can be seen that the rotational instabilities are roughly
cylinder-shaped, with the axis of rotation pointing in the z-direction.
In Fig. 9.6h-m a single instability is shown that is rotating counterclockwise at
an angular velocity of approximately 0.25 rad/s. To the upper-right and lower-left
of the instability, pockets of green particles are observed, as indicated in Fig. 9.6i.
As a result, on the top part (y-direction) of the instability, there will be more
particles bumping on it from the right than from the left. One half period of the
ﬁeld later, on the lower part (y-direction) of the instability, there will be more
particles colliding with the red area on the left than on the right. To determine
whether the resulting net torque exerted on the cylinder-shaped instability could
be sufﬁciently high to be the cause of the rotating clusters, we perform a simple
analysis. From Batchelor [24], the torque τ required to rotate a solid cylinder in
a ﬂuid with viscosity η, radius R1 and length L (conﬁned in a larger stationary
cylinder of ﬂuid with radius R2 ) is given by:
τ=

4πηLω
−2
R−2
1 + R2

,

(9.17)

where ω is the angular velocity of the cylinder. This torque must be delivered by
a shear stress S (assumed uniform over the cylinder for simplicity) of magnitude:
S=

τ
.
2πR21 L

(9.18)

Taking R2
R1 , and combining Eq. 9.17 and Eq. 9.18, the stress required to
rotate the cylinder becomes:
S = 2ηω.
(9.19)
From this we can calculate the force required to rotate a slice out of the cylinder
with thickness d:
(9.20)
Fslice = SA = S2πR1 d.
We estimate the viscosity using the Krieger-Dougherty equation [25]:

φ −[η]φm
η = ηs 1 −
,
φm

(9.21)

where φm is the maximum random close packing volume fraction (∼ 0.63 for
hard spheres), [η] is the intrinsic viscosity (2.5 for rigid spheres) and ηs is the
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viscosity of the solvent. The local volume fraction around the rotating clusters is
estimated between 0.4 and 0.6, such that η lies between 13 and 330 mPa·s. From
this, Eq. 9.20, and the experimentally found value for the angular velocity of the
instabilities (0.25 rad/s) we obtain Fslice between 2 · 10−12 N and 5 · 10−11 N.
As we found earlier, the electrophoretic force on a single particle for |E| = 200
V/mm is O (10−12 ) N, which means that a force imbalance equal to the electrophoretic force acting on a small number of particles (ca. 10) could have induced
the rotation of the cylinder. Computer simulations could give more insight and
quantitative information. For example, it could be studied whether the rotating
cylinders form without hydrodynamic interactions between the particles, to see if
the above mechanism could be a correct description of the experiments.
To gage the effect of interactions, the ﬁeld was turned off once the instabilities emerged. We observed that the rotation immediately stopped, indicating that
inertial effects do not play a role, which is expected since the Reynolds number
R  1 in these experiments. Furthermore, the red and green particles started to
slowly re-mix by diffusion. In the next section we describe how the instabilities
also emerged when the ﬁeld was gradually increased and that the system could
be efﬁciently re-mixed within seconds to minutes by lowering the frequency.

9.4.3

Increasing the Field Strength in Steps

To study the formation of the bands containing the rotating instabilities from the
homogeneous mixture in more detail, we also studied the evolution of the system for a gradually increasing electric ﬁeld. The stepwise increase of the ﬁeld is
shown in Fig. 9.7a. The letters in Fig. 9.7 correspond to the images Fig. 9.7b-s.
At lower ﬁeld strengths, around 60 V/mm, we observed the onset of band formation (Fig. 9.7c-e, see also Chapter 8). When the ﬁeld was further increased, the
suspension became increasingly dynamic and the local differences in band width
grew (Fig. 9.7f-g). Subsequently, local inhomogeneities increased in the direction
perpendicular to the ﬁeld axis (Fig. 9.7h-i) resulting in a separation into regions
of higher and lower-density (Fig. 9.7j-m). Inside the high-density regions, the
domains consisting of red particles began to form cylinders and subsequently undergo a swirling-like motion. Finally a well-deﬁned interface between the highand low-density regions developed. (Fig. 9.7n-p). The high density region contained separate bands of only green particles or red particles. Similar to the case
where the ﬁeld was increased instantaneously, regions of red particles where rotating. By lowering the frequency to 0.5 Hz and subsequently to 0.02 Hz, it was
possible to destroy the band-like structures and completely re-mix the suspension
(Fig. 9.7q-s).
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Figure 9.7: [a:] The electric ﬁeld strength and frequency as a function of time. [b-g:] For f = 1.0
Hz (block ﬁeld), bands started forming as the electric ﬁeld increased. (h-j): As the ﬁeld strength
increased, the bands became increasingly dynamic and the red particles started to rotate. [k-m:]
The start of ‘phase separation’ in the direction perpendicular to the ﬁeld. [n-p:] The system ‘phaseseparated’ in the direction perpendicular to the ﬁeld into (1): a dilute phase containing red and green
strings of particles and (2): a dense band-like phase aligned with the ﬁeld direction (horizontal),
containing smaller bands (green) and rotating instabilities (red). [q:] The bands were destroyed by
changing the frequency to 0.5 Hz (block function). [r:] The remaining strings/bands were mixed by
decreasing the frequency and ﬁeld strength to f = 0.02 Hz and |E| = 60 V/mm respectively. [s:] The
ﬁeld was turned off, leaving again a mixed dispersion.
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Conclusions

We studied complex pattern formation of oppositely charged particles in AC electric ﬁelds in the range of 0-240 V/mm and frequencies of approximately 1 Hz.
For our system, the double layer polarization became important for frequencies
below approximately 300 Hz and ﬁeld strengths above 100 V/mm, where strings
containing both particle species were formed. At high ﬁeld strengths (|E| ≈ 200
V/mm) and low-frequencies (f ≈ 1 Hz) we observed the formation of dense
regions parallel to the ﬁeld that consisted of green and red bands perpendicular to the ﬁeld. As the ﬁeld was slowly increased, the system evolved from an
isotropic ﬂuid to lanes, and from lanes to bands, which ﬁnally evolved into dense
regions containing separate bands of only green or only red particles. The red
bands became cylinders that were rotating in between the green bands. Cylinders
rotating clockwise were found just as frequently as cylinders rotating counterclockwise. Using a simple analysis, we showed that force imbalances arising from
the electrophoretic motion of the green particles on both sides of the red bands
could have induced the rotations. The system was dynamic, and separate dense
regions were observed to merge in time. This process was accompanied by reorganizations that caused the merging of separate cylinders, occasionally changing
their rotation direction. In conclusion, our experiments show that our colloidal
suspensions in low-polar solvent mixtures give rise to complex patterns at ﬁeld
strengths higher than 110 V/mm and frequencies around 1 Hz. Moreover, these
patterns can be studied in great detail with confocal laser scanning microscopy.
Even a higher level of detail can be obtained with the newest confocal laser scanning microscopes that employ resonant-scanning to obtain scanning speeds that
are an orders of magnitude higher than the microscope used in this work.
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10
A Simple Model for Lane
Formation

The aim of this chapter is to show with a simple model how lanes are
formed when hard particles are driven in opposite directions. We explain
a lane-formation mechanism where a preceding particle shields another
particle from collisions with the opposite species. We illustrate the validity
of the mechanism using simulations of hard discs or hard spheres, and
experiments with checker stones. Subsequently, we study the eﬀect of
introducing a stochastic force and show that diﬀusive motion lowers the
shielding eﬀect of the preceding particle. We show that, according to the
mechanism studied here, the tendency to form lanes starting from an
isotropic binary ﬂuid of discs or spheres scales with the relative speed of
the particle species both in 2 and 3 dimensions. Finally, we show that the
simple mechanism based on collisions is similar to the mechanism found
in Chapter 7 for binary suspensions of oppositely charged colloids driven
by an electric ﬁeld.
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CHAPTER 10

Introduction

Lane formation is a phenomenon that occurs when objects or subjects are driven
in opposite directions. It is observed in dusty plasmas [8, 9], granular matter [6],
pedestrian dynamics [12, 14], and army ants [11]. We have shown in Chapter 7
that in the case of oppositely charged colloids driven by an electric ﬁeld, collisions between the oppositely moving particles result in the formation of lanes. By
studying the ﬂuctuations perpendicular to the ﬁeld and comparing particles inand outside lanes, a dynamical ‘lock-in’ mechanism was identiﬁed where particles are shielded by a preceding particle against particles moving in the opposite
direction.
In this chapter, we study lane formation purely as a result of collisions between
species moving in opposite directions and demonstrate in more detail how this
works on the single-particle level. We use a simple model system of hard discs or
hard spheres and perform experiments with checker stones to conﬁrm the validity
of the mechanism. In related cases, simple models have been useful to identify
and describe essential mechanisms in granular and colloidal systems [1, 3].
This chapter is organized as follows: ﬁrst, we propose a mechanism for lane
formation that is purely based on collisions between oppositely moving particles
with so-called ‘overdamped’ dynamics (in this picture the particle only moves during the time that the force is exerted, i.e. inertia plays no role in the collisions).
Then, we show by simulations and experiments on hard discs that lanes indeed
form purely as a result of collisions. Subsequently, we introduce a simple theory
and some simulations to identify the effect of a stochastic force on the formation
of lanes. Finally, we show the similarity between the mechanism for lane formation in this chapter and the mechanism that was identiﬁed for a colloidal system
of oppositely charged particles driven by an electric ﬁeld (Chapter 7).

10.2

A Mechanism for Lane Formation

We consider the case where discs move in opposite directions under the inﬂuence
of an applied driving ﬁeld (along the x-axis). This situation is depicted in Fig. 10.1
where a red disc A moves in the opposite direction of the two green discs B and
C which move with the same speed. For simplicity, we consider the case where
there is no Brownian motion, and no inertia is present (overdamped dynamics).
In this case, a disc only experiences a force during the time that it is in direct
contact with another disc. Without loss of generality, we assume that we are in
the reference frame of disc B and C, so that they are at rest and only disc A has a
velocity. In order to avoid a collision with disc B, and to undergo a collision with
disc C, the distance of closest approach between discs A and B must be greater
than the distance of closest approach between discs A and C. Speciﬁcally, if δy
ij is
the y-component of the distance between the center of masses of disc i and j, then
y
a collision between discs A and C can only occur when δy
AC < δAB . Thus, a collision
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Figure 10.1: [a:] Particles of different species move in opposite directions. [b:] A collision
between particles A and C contributes to the formation of lane B-C [c,d:] As a result of
this collision, particles B and C are lined up.

between discs A and C results in a force on disc C in the negative y-direction; if
< δy
Cnew denotes the new position of disc C, then δy
BC . Hence, each such
BCnew
collision results in pairs of discs whose positional y-components are closer than
they were before the collision, on average contributing to the formation of lanes.

10.3

Simple Models Using Hard Discs

To study lane formation, we used a simple model consisting of a binary system of
discs moving in opposite directions. In each move, the discs were displaced.
We performed simulations with 2-400 discs in a square box with periodic
boundary conditions. In a simulation, a time step had a length Δt. A value between Δt = 0.05 and Δt = 0.005 was used. In each step all the particles were
displaced in the direction of the driving force by a displacement vdriving Δt, where
vdriving is the velocity of the particles.
In some cases, a stochastic displacement Δ was added. Each component (x
and y in 2D or x, y and z in 3D) of the stochastic displacement
was drawn from
√
a Gaussian distribution with standard deviation σi = Δt2D0 , where D0 is the
diffusion coefﬁcient at inﬁnite dilution. After this step all overlap resulting from
these displacements is removed using an iterative algorithm.
The overlap removal algorithm works as follows: After displacements, overlaps (if any) were removed by displacing overlapping particle-pairs along the vector that connected them. Since removing the overlap between two particles can
result in the overlap between other particles, we use an iterative algorithm. In
each step of this iterative algorithm all pairs of overlapping particles are ﬁrst pro-

216

CHAPTER 10

cessed without taking into account other particles. For each overlap removal, the
new locations of the two particles are stored in a new array. After all the overlaps
are removed, the particle coordinates are updated within this array (the new locations are copied over the old ones). In this way, we ensure that the order in which
the particles are processed does not play a role. Once all overlap is removed, the
algorithms stops. If there remains overlap, the algorithm iterates.
When there was no random force acting on the particles, the effects of collisions were strong: once a lane was formed, it quickly pushed all other particles
out of the way and the system became static. We observed that in larger boxes it
took longer for the system to reach this static state. In the simulations either both
species were driven or one of the species species was not driven while the other
species was driven. For both cases, identical results were obtained, as long as the
value of the relative velocity was the same.
0

10

20

50

Figure 10.2: Simulation snapshots of lane formation of hard discs moving in opposite direc-

tions at an area fraction β = 0.28 (zero-temperature, no diffusion). For each ﬁgure, the
number of passes is given. A pass is equal to the number of times that a disc would have
crossed the simulation box when moving freely.

In ﬁgure 10.2 we show snapshots of these simulations. The initial conﬁguration was made by placing the particles randomly in the box and removing the
overlaps. Both particles species were driven: the red to the right and the blue to
the left. After 10 passes (a freely moving disc would have moved once though the
box in one pass) through the simulation box the particles had already organized
themselves into lanes. After 50 passes, the lanes had become more delineated.
At this time, no collisions between the red and the blue discs were observed any
longer and the system had reached a state where none of the particles interacts
anymore, a so-called ‘absorbing’ state [13].
We also performed experiments using two kinds of disc-shaped checker stones,
marked with black and white. Both stones had a diameter of σ = 29 mm and
a height of h = 9 mm. The white discs were placed randomly on the surface
of a table, such that the area fraction β that was covered with white discs was
approximately 0.12. In the case of the black discs, we glued two stones on top
of each other to make them of height h = 18 mm. To apply a driving force,
we designed a bar that dragged only the higher, black discs, and left the white
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discs untouched. The black discs were placed on the bar and dragged through the
area of white discs (see Fig. 10.3). The black discs could still move perpendicular
to the driving direction during this process, for example during collisions with
white particles. The area fraction of black discs was β ≈ 0.01. We performed
the pushing slowly to mimic the ‘overdamped’ dynamics, so the movement of the
white particles immediately stopped (as a result of friction with the table) when
no black particle was touching it anymore.

a

b

c

d

e

f

20 cm

Figure 10.3: A bar with black discs on it is dragged through an area containing white discs.
Only the higher, black discs (h = 18 mm), made of two black stones glued on top of each
other) were dragged by the bar while the white discs (h = 9 mm) were not affected by
the bar. The large spots are reﬂections on the table caused by the lamps above it.

To quantify the degree of laning, we can use the same order parameter Φ that
was also used in Chapter 7. To do this, a rectangle of length Δx = 3σ along the
driving ﬁeld and width Δy = σ perpendicular to it, is constructed around each
particle i for the 2D situation. For the 3D situation, a cylinder of length Δx = 3σ
and diameter d = σ is used. We choose Φi = 1, when all the other particles
contained in this rectangle are of the same species as particle i. Otherwise, Φi =
0. For example, in the case where only particle i itself is present in the rectangle
and no other particles are present, Φi = 0. The laning order parameter averaged
N
over all particles denotes Φ =
i=1 Φi and represents the fraction of particles
that are in a lane-like environment.
We tracked the positions of the white checker stones for ﬁve different frames.
Between each two frames, the bar with black stones on it was once dragged
through the area of white stones. The order parameter Φ is given as a function of
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Times that the bar passed
Figure 10.4: The calculated order parameter for the white discs as a function of the number

of times that the bar with black stones was dragged through the area containing white
particles. The reﬂections on the table were removed using a tophat kernel convolution.

the number of times that the bar passed in Fig. 10.4. It is clear that for this system, solely the hard-core interactions during the collisions were sufﬁcient to form
lanes. Note that in this case no black particles were present in the calculation of
the order parameter.
As can be seen from the simulations and the experiments, 2D lane formation
can occur purely as a result of collisions. In the next section, we study the inﬂuence of a stochastic force on lane formation.

10.4

The effect of a Stochastic Force On Lane Formation

10.4.1

Quantifying the Effects of Collisions and Diffusion

Since we also studied lane formation on colloidal systems (see Chapter 7), it is
interesting to study the effect of a stochastic force on top of our simple model of
hard discs.
To quantify the competition between collisions that drive objects into lanes
and diffusion of particles out of lanes, we estimate both quantities as follows. In
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our considerations we always start with an isotropic ‘ﬂuid’ of discs. In the twodimensional case of hard discs the ﬂux of discs through a line perpendicular with
the driving ﬁeld is given by:
Φ = ρ2D v ∝

4β
v,
πσ2

(10.1)

where β is the area fraction of particles, v is the velocity of the discs and ρ2D
is the two-dimensional density. The number of particles crossing a line fragment
with length σ is given by:
4βv
.
(10.2)
N ∝ Φσ =
πσ
The time for two particles moving in opposite direction to meet each other is now
given by:
πσ
τcol ∝
,
(10.3)
4βv12
where v12 is the relative velocity. The time required for a particle to diffusively
move out of a lane in the direction perpendicular to the drive is given by:
τdif ∝

σ2
.
2D0

(10.4)

We can compare these time scales and express it in terms of D0 = kB T /3πησ:
Γ2D =

τdif
2σv12 β
6σ2 ηv12 β
,
=
=
τcol
πD0
kB T

(10.5)

where η is the viscosity, kB is the Boltzmann constant and T is the temperature.
For Γ  1, the formation of lanes is strongly hampered by diffusion and formed
1, lane
lanes will break down much faster than new ones are formed. For Γ
formation is favored.
In the three-dimensional case of hard spheres, we can perform a similar analysis. Instead of discs passing through a line, spheres now move through a plane
perpendicular to the driving direction. Using the same arguments as for the 2D
case, we obtain the ratio for spheres moving in opposite directions in three dimensions Γ3D :
3σv12 φ
9πσ2 ηv12 φ
,
(10.6)
Γ3D =
=
8D0
8kT
where φ is the volume fraction. Note that similar to the 2-dimensional case, Γ3D
increases continuously with the relative speed.
From simulations on hard discs, we computed the order parameter Φ for different values of Γ2D (Fig. 10.5a). It can be seen that after a small dip, the order
parameter starts to increase when the diffusion time scale and the collision time
scale coincide around Γ2D ≈ 1. The same trend was observed when hard spheres
were used instead of hard discs and Φ was plotted for different values of Γ3D .

220

CHAPTER 10

Note that at high volume fractions, for increasing volume fraction φ, the point
where the order parameter Φ starts to rise shifts to the left. This is probably because we used the diffusion coefﬁcient at inﬁnite dilution D0 (see Eq. 10.6) to
calculate Γ3D . Due to interactions with surrounding hard particles, the effective
diffusion coefﬁcient decreases with increasing volume fraction. When the longtime diffusion coefﬁcient DL would be used to calculate Γ3D this effect would
likely be compensated and the plot would shift slightly to the right.
The factor Γ contains no information about the evolution of the system after
the isotropic state evolved into another state. It merely gives the ratio of the
competing effects resulting from collisions and diffusion. The fact that the number
of collisions is related to the driving force, conﬁrms that the Péclet number (the
ratio between the electrophoretic and diffusive force) that was used in Chapter 7
is indeed a key parameter. For concentrated suspensions, the approach of Eq. 10.3
is no longer valid since many-body effects start to play a dominant role. As an
‘extreme’ result, the ‘jamming’ that occurs at higher volume fractions [3, 10] (see
also Chapter 7) is not captured by this parameter.

10.4.2

Calculating the Probability Density

To illustrate the effect of diffusion on the shielding, we calculated the probability
density ρ(r) of a disc located at position r relative to a preceding disc of the same
species (moving in the same direction). This preceding disc is shielding it against
collisions with incoming particles moving in the opposite direction.
We performed simulations of many discs moving in one direction and two in
the opposite direction. For these two discs, we measured the probability that the
2nd disc was located at position r from the (preceding) 1st disc. We performed
the measurement for different values of Γ2D . In ﬁgure 10.6 the normalized probabilities are plotted. Only the top half is shown, since this probability is symmetric
around the x-axis. For weak diffusion (high Γ2D ), the particles remain in line
nearly all the time and the probability of lane formation is strong. When the diffusion becomes stronger (Γ2D becomes lower), the tendency to lane becomes less
and the maximum probability becomes less localized behind the front particles.
A minimum in the probability is visible 1.5σ above the center of the front particle (clearly visible in Fig. 10.6c,d), indicating that it is least likely for the two
particles to be next to each other in the y-direction.
Naively, one might expect that an average force between the two discs could
be obtained from the probability distribution. However, this would be more of
an effective force since it would not obey Newtons third law (action is minus
reaction). The reason is that the 1st (front) disc can not feel the 2nd disc since the
particles moving past it have at this point not yet encountered the 2nd disc.
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Figure 10.5: Computer simulation data. [a:] The order parameter for a binary system of hard discs
moving in opposite directions as a function of Γ2D , calculated for three different values of the area
fraction β. The order parameter box dimensions were Δx = 3σ along the driving ﬁeld and Δy = σ
perpendicular to it. [b:] Same as (a), but now for hard spheres and Γ3D . A cylindrical order parameter
box of length Δx = 3σ and diameter d = σ was used.
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Figure 10.6: Probability landscape for computer simulations, where two discs move in one

direction against many other discs moving in the opposite direction. The normalized probability that two particles are a distance r from each other is given for [a:] Γ = 70, [b:]
18, [c:] 8 and [d:] 4. Since the particles cannot overlap, the probability within a circle of
radius a (radius of the disc) from the origin (0, 0) has zero probability. The normalized
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the legend next to each panel). Note that the part below the x-axis (not shown here) is
symmetric to the part above the x-axis.
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Figure 10.7: Typical confocal images for micron-sized oppositely charged particles driven
by an electric ﬁeld for [a:] a steady state containing a small number of lanes at a ﬁeld
strength |E| ≈ 100 V/mm (Γ3D = 9), and [b:] for a ﬁeld strength of |E| ≈ 175 V/mm
(Γ3D = 16) 1 s after the ﬁeld was switched on. Additionally, there is the ‘coarsening’ of
lanes in the direction perpendicular to the ﬁeld axis caused by local inhomogeneities in
the particle density, which can in the most extreme case result in ‘jamming’, where bands
of like-particles form perpendicular to the ﬁeld (see Chapter 7).
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Lane Formation in Colloidal Systems

In Chapter 7, we studied lane formation in a system of micron-sized oppositely
charged colloids in a solvent mixture of CHB/cis-decalin. Using the relation v12 =
μ12 |E|, the relative electrophoretic mobility μ12 = 1.2 · 10−10 m2 /Vs, an applied
ﬁeld strength between |E| = 10 V/mm and |E| = 110 V/mm, and D0 ≈ 1.8 × 10−13
m2 /s, it follows that Γ3D is between 1 and 10. Indeed, this was also observed to be
the regime where the lanes started to form. Moreover, in these experiments it was
observed that the number of lanes increased continuously with the driving force
|F|, which agrees with Equation 10.6, where Γ is shown to increase proportional
to v12 ∝ |F|.

10.6

Conclusions

We have studied lane formation where particles are driven in opposite directions
using a simple model of hard discs. We observed that the shielding by preceding
particles from collisions with particles moving in the opposite direction results
in the formation of lanes. The introduction of a stochastic force in the form of
diffusion was shown to work against lane formation. We captured the competition between collisions and diffusion in the number Γ and demonstrated with
simulations that lane formation starts when the time scales of collisions and diffusion become comparable for Γ ≈ 1. For Γ  1 the formation of lanes is strongly
hampered by diffusion and formed lanes will break down much faster than new
1, lane formation is favored. From our analysis, it folones are formed. For Γ
lowed that for lane formation occurring via the mechanism presented here, for
the moderate area and volume fractions used, there were no qualitative differences between laning in two or three spatial dimensions. It is interesting to study
whether this is still the case at higher area and volume fractions. By calculating
the probability density of a particle located behind a preceding, shielding particle,
we showed that the shielding effect increases with increasing Γ and is the reason
for lane formation. A similar trend was observed in the 2D and in the 3D case.
Finally, we conclude that the mechanism shown here is similar to the mechanism
that was already identiﬁed as a dynamical ‘lock-in’ mechanism in Chapter 7.
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Appendix A: Particle Characterization
The particles in this thesis were characterized with Static Light Scattering (SLS).
Complementary SEM images were recorded for most of the particle batches. From
these measurements we determined the diameter and polydispersity of our colloids. To further validate our ﬁndings, we occasionally also dried the particles on a
glass plate. When the size polydispersity was smaller than about 7% we observed
that the particles organized themselves into hexagonal domains. Particles in a solvent are known to swell a few percent compared to the dry particles, as a result
of solvent uptake. Since the swelling factor depends on the solvent, the particle
diameters in the experiments (CHB/cis-decalin) might deviate a little bit (typically a few percent) from the ones mentioned here (in hexane or dry). The SEM
estimates are generally slightly lower than estimates by SLS since the particles
shrink a little under the electron beam and particles in hexane (for SLS) might
swell a little compared to dry particles. The size and polydispersity measurements
by SLS and SEM are summarized in Table A.1.
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Figure A.1: Examples of SLS data obtained for particles I, F, D and H. All measurements were performed in hexane, using a 632.8 nm laser. The experimental data were ﬁtted to simulations using
Lorenz-Mie scattering theory [1, 2].
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Figure A.2: Examples of scanning electron microscopy images for [a:] particles F, [b:] particles I,
[c:] particles B, and [d:] particles A. [e,f:] Dispersions in hexane consisting of either particles A (e)
or particles B (f) were dried on a glass plate. For particles A, hexagonal domains are formed, indicating
that the size polydispersity was less than 7%.
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Species

Diameter, PD. (SLS)

Diameter, PD. (SEM)

Dye

Lab Code

A

1.06 μm, 6%

1.03 μm, 6%

NBD

TJPMN3

B

0.91 μm, 7%

0.89 μm, 7%

RITC

JSPMR47

C

1.05 μm, 6%

1.01 μm, 5%

NBD

TJPMN6

D

1.11 μm, 5%

1.08 μm, 6%

RITC

JSPMR83A

E

2.57 μm, 3%

2.49 μm, 3%

NBD

S1302L1402

F

2.48 μm, 4%

2.38 μm, 5%

RITC

RASd8

G

1.29 μm, 5%

1.22 μm, 5%

RITC

RASpd46

H

0.98 μm, 11%

0.98 μm, 13%

CM

JSPMC1

I

2.80 μm, 3%

2.41 μm, 3%

NBD

S1302L1502

J

2.85 μm, 3%

-

RITC

JSPMR14

K

3.68 μm, 3%

-

NBD

JSPMN12

L

5.30 μm, 3%

-

NBD

JSPMN13

M

0.64 μm, 8%

-

RITC

JSPMR91A

N

2.05 μm, 4%

-

RITC

JSPMR36

O

2.45 μm, 3%

-

NBD

JSPMN14

P

1.00 μm, 7%

-

RITC

JSPMR84A

T

1.39 μm, 5 %

-

RITC

TJPE

Table A.1: Overview of particles used in this thesis. The diameter and polydispersity (PD.) as determined by SLS (in hexane) and SEM are given. The particles were covalently labeled with a ﬂuorescent
dye. NBD = 7-nitrobenzo-2-oxa-1,3-diazole, RITC = rhodamine B isothiocyanate, CM = coumarine.
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Appendix B: Electro-osmotic Shear
When an electric ﬁeld is applied, an electro-osmotic ﬂow (EOF) emerges as a
result of ions moving along the capillary walls. Under standard conditions, all the
walls in an electric cell have the same sign of charge, and the EOF caused by
different walls points in the same direction. The local EOF along the glass walls
inside the cell can be manipulated when the surface charges on one or more walls
are chosen differently [1, 2]. We demonstrate that for our system a linear shear
proﬁle along the capillary channel can be created by making the lower and upper
wall of the cell oppositely charged.
We prepared a suspension of particles B in CHB/cis-decalin with an overall
particle volume fraction φ = 0.1. To screen the charge on the particles and reduce
the electrostatic interaction strength between the particles, we added tetrabutylammonium bromide (TBAB) salt to the dispersion. Part of this dispersion was
transferred to a cell consisting of two electrodes assembled between two oppositely charged glass plates. Subsequently, the cell was closed with wax.
In Chapter 3, it was determined that uncoated glass bears a negative charge
when a capillary is ﬁlled with a dispersion of PMMA colloids in CHB/cis-decalin
that contains approximately 26 μM TBAB. Hence, the electro-osmotic ﬂow along
the glass wall is directed towards the negative electrode (positive ions are put into
motion). We observed that coating a glass wall with aminopropyltriethoxysilane
(APS) changed the charge to positive which caused the EOF to reverse. Using this
knowledge, we designed a cell in which only one of the glass walls was coated
with APS. The other glass wall was cleansed with concentrated hydrochloric acid
after which it was rinsed with demineralized water.
After assembling, ﬁlling, sealing the cell, and mounting it on the confocal
stage, we measured an almost-linear ﬂow proﬁle of the particles (see Fig. B.1).
The particle velocity, being a superposition of the electro-osmotic ﬂows, the local
Poiseuille ﬂow and the electrophoretic velocity of the particle, is in the order of
μm/s throughout the whole channel. As can be seen in Fig. B.1 the ﬂuid ﬂow
changes direction going from the bottom wall to the top wall of the capillary. This
indicates that the walls indeed have an opposite charge.
We found that, unfortunately, the charge on the walls changed in the course
of the experiment, probably due to a limited lifetime of the APS-coating. After
several hours, the opposite charging of the walls disappeared and we observed a
parabolic mobility proﬁle that is normally (without coating) observed in sealed
capillary channels (not shown here).
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Summary
Colloids are particles with a typical dimension ranging from tens of nanometers to
several micrometers. In this thesis, we studied the behavior of colloidal particles in
low-polar solvent mixtures. In particular, we performed experiments on mixtures
of oppositely charged colloids out of thermodynamic equilibrium.
When the colloids are transferred to a ﬂuid that contains positive and negative
ions, which have a different afﬁnity for the colloidal surface, an electric double
layer is formed around the colloids. The inner layer consists of ions that are located on, or near the surface of the colloid. When these are, for example, positive
ions, then the colloid is positively charged. The outer, or diffuse layer, which is
located inside the ﬂuid, is thicker than the inner layer and contains counterions
that neutralize the charge on the particle. To be more precise, the outer layer contains both negative and positive ions, but more of one kind than the other. The
thickness of the double layer can be adjusted by changing the salt concentration
of the system. This double-layer thickness is a measure for the distance on which
the colloids interact electrostatically via a screened Coulomb potential.
In Chapter 1, we introduced our ﬁeld of colloid research, discussed its recent developments, and put it in a broader perspective. In Chapter 2, we introduced our system, namely polymethylmethacrylate (PMMA) particles which are
suspended in a low-polar solvent mixture of cyclohexylbromide (CHB) and cisdecahydronaphthalene (‘cis-decalin’). In these mixtures, some molecules can still
dissociate, but far less than in aqueous systems. This has two interesting consequences. First, the charge on the particles is much smaller than in polar solvents,
such as water. Second, it is possible to create double-layers that are much thicker
than what is possible in water. By adjusting the salt concentration, the doublelayer thickness can be varied from hundreds of nanometers to tens of micrometers.
Colloids are sufﬁciently large to study with light microscopy. To minimize light
scattering, we closely matched the refractive index of the ﬂuid and the colloids.
This enabled us to study our particles with Confocal Laser Scanning Microscopy
(CLSM). Here, laser light is focused with a lens on a speciﬁc region inside the
dispersion. A ﬂuorescent dye is excited by the laser light and emits light with a
longer wavelength. This emitted light is then focused via the same lens on a small
pinhole, after which it is led to a detector. By constantly scanning the focus, a
two- or three-dimensional image is reconstructed from which the positions of the
individual colloids can be extracted. In this thesis, we frequently used confocal
microscopy to study our dispersions in real space.
In Chapter 3, we described electrophoresis measurements performed on singlecomponent colloidal systems for different volume fractions at low salt concentrations. To do these measurements, we applied an electric ﬁeld on a dispersion of
colloids and determined their stationary drift velocity. From this, we obtained the
electrophoretic mobility and calculated the surface potential and charge. In order
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to carry out the measurements in concentrated suspensions, we used a combination of CLSM and particle tracking algorithms. We demonstrated that it is possible
to accurately measure the electrophoretic mobility in this way. From calculations
performed together with Dr. Félix Carrique (Departamento de Física Aplicada I,
Universidad de Málaga) and Prof. Dr. Ángel Delgado (Departamento de Física
Aplicada, Universidad de Granada), it followed that for increasing volume fraction the surface potential remains roughly constant, whereas the charge on the
colloids decreases.
In this thesis we focused on binary mixtures of two different, oppositely charged, colloids. In our confocal microscopy measurements, we distinguished the
positively and negatively charged colloids by labeling them each with a different
ﬂuorescent dye. In Chapter 4, we studied the circumstances under which the particles acquire their opposite charges. In addition, we explained how to measure
this with electrophoresis.
Colloids constantly experience Brownian motion as a result of random collisions with solvent molecules. This allows them to explore many conﬁgurations
and eventually form equilibrium structures such as liquids, gases and crystals. In
Chapter 5, we investigated the structures that can be formed with oppositely charged particles. So-called ‘ionic colloidal crystals’ are formed when the attractions
between the oppositely charged colloids are on the order of the thermal energy
kB T . The ionic colloidal crystals obtained in this manner display a great structural similarity with salt crystals formed in atomic systems. When the attractions
between the oppositely charged colloids are much stronger, the particles become
kinetically trapped into a gel-like structure. We observed that when the attractions
grow weaker with time, crystallites can emerge from the gel-like state.
In our systems, there always remained a small density difference between the
colloids and the solvent, despite our best efforts to density match these two. As
a result, we observed that the colloids slowly sedimented under the inﬂuence
of the gravitational ﬁeld. To study the effects of sedimentation on the resulting
structures, we slowly rotated a colloidal dispersion of oppositely charged particles using a specially designed stage to average out gravity. We compared the
results with a dispersion that was horizontally stored. In some cases, we observed
that crystals were growing in the sample that was rotated (no net sedimentation)
while crystal growth was almost completely inhibited in the sample that was horizontally stored (sedimentation). Also, we saw that crystals emerging from a gellike phase look totally different if the gel collapsed under the inﬂuence of gravity
during the experiment, than if the crystals emerged from an uncollapsed gel-like
state. We also studied crystal growth in a mixture of larger and smaller colloids
(size ratio 2:1). Here, we observed that the attraction strength between the oppositely charged particles changed slowly in time. As a result, the crystal structure
and the stoichiometry of the large and small colloids in the crystal also changed
in time. From our experiments, we were able to gain fundamental insight in the
role of gravity on colloidal crystal growth.
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Crystals always contain defects, or irregularities, inside the crystal lattice.
These defects can emerge because of ﬂaws during the growth, the merging of
different small crystallites or due to entropic effects. For example, there can be
vacancies in the lattice or there can be line and/or planar defects. We indeed
observed these defects in the various binary crystal structures with different size
ratios and visualized them by studying three-dimensional confocal data on the
single-particle level. The different planes and domains inside a crystal cluster are
identiﬁed using local bond order parameters, which give insight into the local
symmetry, and cluster algorithms. To the best of our knowledge, these are the
ﬁrst examples of defects inside ionic colloidal crystals that are visualized with
such a level of detail.
Chapter 6 describes experiments on so-called ‘heteroaggregates’. In our case,
these structures are built up from a large number of small, positively charged colloids that are attached to the surface of a much larger colloid. This is interesting
since it imposes a surface heterogeneity on the aggregates, that can be used in
model systems with more complex (electrostatic) interactions. We observed that
by using an electric ﬁeld, the small colloids were able to move over the surface of
the large colloid. When the ﬁeld strength was sufﬁciently high, it was even possible to destroy the heteroaggregates by pulling the large colloid and the small
colloids completely apart. This provides information about the charge on the colloids.
In Chapter 7, we studied oppositely charged particles moving in opposite directions under the inﬂuence of an electric ﬁeld. We quantitatively compared our
experimental results, obtained by confocal microscopy, to Brownian dynamics
computer simulations performed by Dr. Adam Wysocki in the group of Prof. Dr.
Hartmut Löwen (Institut für Theoretische Physik II, Heinrich-Heine-Universität
Düsseldorf). We observed that lanes of like-charged particles are formed as a result of collisions between the oppositely charged particles. From a detailed analysis it followed that for the ﬁeld strengths we employed, the fraction of particles
present in a lane increased monotonically with the electric ﬁeld strength. We studied particle movement on the single-particle level to understand the mechanism
of lane formation. In Chapter 10, we studied this mechanism in more detail by
using very simple models of hard discs and hard spheres. It appears that the front
particle in a lane shields the other particles inside the lane from frontal collisions
with particles of the opposite charge. This has a stabilizing effect on the lanes.
Our results are relevant for the development of electronic ink, where oppositely
charged particles are used, namely to change the local reﬂection on an electronic
display.
In Chapter 8, we investigated more complex patterns that can be formed in AC
electric ﬁelds. Instead of lanes parallel to the electric ﬁeld axis, bands consisting
of one kind of particles (either positively or negatively charged) form perpendicular to the ﬁeld. We saw that when the frequency of the ﬁeld was sufﬁciently
low and the particles were sufﬁciently mobile, these bands were destroyed and
lanes parallel to the electric ﬁeld appeared again. Chapter 9 describes even more
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complex behavior which is seen when the ﬁeld strength of the AC electric ﬁeld
was increased further. By an intriguing combination of static and dynamic factors,
bands are formed that are aligned with the ﬁeld axis. Inside these bands, regions
of negatively charged particles, and rotating regions of positively charged particles can be observed. We hypothesized that the rotations are caused by a local
force imbalance on both sides of the instability. This hypothesis should be further
tested with computer simulations.
To summarize, our experiments resulted in a detailed understanding of out-ofequilibrium phenomena that emerge in a system of oppositely charged particles. A
new, reliable method was developed to perform electrophoresis experiments that
allow for measuring the electrophoretic mobility in real space for concentrated
suspensions. We studied colloidal crystal growth near thermodynamic equilibrium
and examined the role of gravity. Additionally, we studied pattern formation in
systems that are driven out of equilibrium by electric ﬁelds. Our results show that
confocal microscopy allows for studying colloidal systems quantitatively on the
single-particle level, which is powerful to gain a fundamental understanding in
combination with quantitative analysis and computer simulations.
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Samenvatting
Colloïden zijn deeltjes met een afmeting van tientallen nanometers tot enkele
micrometers. In dit proefschrift wordt het gedrag van colloïdale deeltjes in een
vloeistof beschreven. In het bijzonder hebben we gekeken naar mengsels van
tegengesteld geladen, bolvormige colloïden die zich buiten thermodynamisch evenwicht bevinden.
Wanneer colloïden in een vloeistof worden gebracht waarin zich positieve en
negatieve ionen bevinden met een verschillende afﬁniteit voor het oppervlak van
het colloïd, laden zij het oppervlak op en vormt zich een zogenaamde ‘dubbellaag’. De binnenste laag bestaat uit ionen die op het oppervlak van de colloïden
zitten. Als dit bijvoorbeeld voornamelijk positieve ionen zijn, dan is het deeltje
dus netto positief geladen. De buitenste, of diffuse laag, die zich in de vloeistof
bevindt en dikker is dan de binnenste laag, bevat tegenionen die de lading op het
deeltje neutraliseren (om precies te zijn bevat ze zowel negatieve als positieve
ionen, maar net iets meer van de één dan van de ander). Door de ionconcentratie
in de vloeistof te veranderen kan de dikte van de dubbellaag worden ingesteld.
Deze dubbellaagdikte is een maat voor de afstand waarop de deeltjes nog een
elektrostatische kracht op elkaar uitoefenen en elkaar dus afstoten of aantrekken
(in het geval van twee tegengesteld geladen deeltjes).
In hoofdstuk 1 hebben we ons onderzoeksveld kort ingeleid, een overzicht
gegeven van de belangrijkste ontwikkelingen, en plaatsten we ons onderzoek in
een bredere context. Ook legden we uit hoe en waaraan ons onderzoek bijdraagt.
In hoofdstuk 2 beschouwden we ons systeem van latex deeltjes in een laag-polair
mengsel van de vloeistoffen cyclohexylbromide en cis-decahydronaftaleen. Het
bijzondere aan dit systeem is dat sommige moleculen er nog steeds in kunnen
dissociëren (ze splitsen op in een negatief ion en een positief ion), maar veel
minder sterk dan in polaire oplosmiddelen zoals water. Dit heeft twee interessante
implicaties. Ten eerste is de totale lading op de deeltjes zelf vaak veel kleiner dan
in water (er zijn immers minder ionen beschikbaar). Ten tweede is het mogelijk
om de dubbellaagdikte zeer groot te maken, tot wel tientallen micrometers. In
water is het niet mogelijk om dit soort dikke dubbellagen te maken, omdat water
zelf ook altijd een beetje opsplitst in positieve en negatieve ionen.
Colloïden zijn groot genoeg om te bestuderen met lichtmicroscopie. Doordat we de brekingsindex van het vloeistofmengsel zo gekozen hebben dat deze
gelijk is aan die van de colloïden wordt het licht hierbij bijna niet verstrooid. Dit
maakt het mogelijk om onze deeltjes te bestuderen met confocale laserﬂuorescentiemicroscopie. Hierbij wordt laserlicht met een lens gefocusseerd op een heel
speciﬁek gekozen gebiedje in de dispersie. Een ﬂuorescente kleurstof (die we
opzettelijk in onze colloïden hebben gestopt) reageert op dit laserlicht en zendt
licht met een langere golﬂengte terug. Dit licht wordt dan via dezelfde lens op
een klein gaatje gefocusseerd en naar een detector geleid zodat alleen het licht
van precies het gebiedje waar het laserlicht op viel bij de detector aankomt. Deze
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methode van afbeelden geeft een hogere resolutie, in drie dimensies, en wel met
een factor drie t.o.v. conventionele lichtmicroscopie. Door nu de laser telkens op
een ander gebiedje te focussen kan een twee- of driedimensionaal beeld gereconstrueerd worden en kunnen de posities van de colloïden worden bepaald. Op de
plekken waar veel ﬂuorescent licht vandaan komt, bevinden zich deeltjes en op
de donkere plekken niet. Met speciaal geschreven software kunnen de deeltjes in
ruimte en tijd gevolgd worden.
Eén van de belangrijke thema’s in dit proefschrift is het effect van lading op
de structuren en patronen die de colloïden vormen. Een manier om deze lading
te meten is elektroforese. Hierbij worden geladen colloïden in beweging gebracht
door een elektrisch veld. Aan de hand van de snelheid waarmee ze bewegen kan
een inschatting gemaakt worden van de oppervlaktepotentiaal en de deeltjeslading. In hoofdstuk 3 hebben we met behulp van elektroforese metingen met confocale microscopie in geconcentreerde dispersies de ladingsafhankelijkheid van
de deeltjes bij verschillende colloïd-concentraties bekeken. Uit berekeningen die
zijn uitgevoerd in samenwerking met dr. Félix Carrique (Departamento de Física
Aplicada I, Universidad de Málaga) en prof. dr. Ángel Delgado (Departamento de
Física Aplicada, Universidad de Granada) hebben we gezien dat de deeltjeslading
afneemt naarmate de concentratie aan colloïden toeneemt. Onze methode biedt
mogelijkheden om de oppervlaktepotentiaal en lading in complexere systemen te
meten.
In dit proefschrift hebben we voornamelijk gekeken naar systemen die bestaan
uit mengsels van twee verschillende, tegengesteld geladen deeltjes. Door elk soort
deeltje te oormerken met een aparte ﬂuorescente kleurstof is het mogelijk om de
positieve en de negatieve deeltjes van elkaar te onderscheiden. In hoofdstuk 4
hebben we bekeken onder welke omstandigheden de twee verschillende deeltjes
tegengesteld geladen worden, en hoe je dit kunt meten.
In hoofdstuk 5 hebben we structuren onderzocht die gevormd worden door
tegengesteld geladen deeltjes. Colloïden hebben de bijzondere eigenschap dat zij
een willekeurige ‘Brownse’ beweging uitvoeren als een gevolg van ﬂuctuaties in
hun botsingen met moleculen in de vloeistof. Wanneer de aantrekking tussen de
tegengesteld geladen colloïden niet al te sterk is (in de orde van kB T ), zorgen
deze voortdurende bewegingen ervoor dat de deeltjes collectief vele conﬁguraties
kunnen verkennen, en evenwichtsfasen zoals bijvoorbeeld colloïdale kristallen
kunnen vormen. In een kristal bestaat een hoge mate van periodieke ordening,
waarbij de deeltjes gerangschikt zijn in een vast patroon op een kristalrooster.
Omdat onze kristallen een sterke structurele analogie vertonen met zoutkristallen
die vormen tussen tegengesteld geladen ionen, worden ze ook wel ‘ionische colloïdale kristallen’ genoemd.
Wanneer de aantrekking tussen de tegengesteld geladen deeltjes heel sterk is
komen een negatief en een positief deeltje bijna nooit meer los van elkaar nadat
zij elkaar hebben ontmoet. In dit geval ontstaat er vaak een gel-achtige structuur,
die bestaat uit samengeklonterde slierten van afwisselend negatieve en positieve
deeltjes. We hebben gezien dat als de attracties weer zwakker worden hier in de
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loop van de tijd alsnog kristallen uit kunnen ontstaan.
Als de dichtheid van de colloïden net iets anders is dan die van de vloeistof
kunnen ze langzaam zinken of rijzen onder invloed van het zwaartekrachtsveld
op aarde. Door een dispersie van tegengesteld geladen colloïden langzaam rond
te draaien in een molentje worden de deeltjes gemiddeld niet verplaatst onder
de invloed van zwaartekracht. Door een dispersie die lange tijd in het molentje heeft doorgebracht te vergelijken met een identieke dispersie die horizontaal
bewaard werd, hebben we kunnen achterhalen wat voor een effect de sedimentatie had op de gevormde structuren. In een paar gevallen hebben we gezien dat
er kristallen waren gegroeid in het roterende monster, terwijl kristalgroei in het
monster dat niet werd rondgedraaid bijna niet had plaatsgevonden. Ook hebben
we gekeken naar kristallen die ontstonden in een mengsel van grote en kleine
colloïden (grootteverhouding 2:1). Voor dit systeem zagen we dat de sterkte
van de elektrostatische interacties veranderde in de tijd. Als een gevolg veranderde ook de kristalstructuur en de stoichiometrie van de grote en kleine deeltjes in het kristal. Onze experimenten geven fundamenteel inzicht in de rol van
zwaartekracht op kristalgroei van colloïden.
Kristallen bevatten bijna altijd wel defecten, ofwel onregelmatigheden in het
kristalrooster. Er kunnen bijvoorbeeld deeltjes in het rooster ontbreken (lege plaatsen), maar het kan ook zijn dat er scheuren of vervormingen in zitten. We hebben
een aantal van deze defecten in beeld gebracht voor kristallen van tegengesteld
geladen deeltjes door uit 3-dimensionale opnamen van colloïdale kristallen de
posities van alle colloïden te bepalen en deze vervolgens te analyseren met speciaal ontworpen software. Met zogenaamde ordeparameters kan de rol van elk
deeltje, vloeistof of kristal, en de locale symmetrie apart in beeld gebracht worden. Voor zover ons bekend is dit het eerste voorbeeld van defecten die in zo veel
detail en op deze manier zijn bekeken in een kristal van tegengesteld geladen
colloïden.
Hoofdstuk 6 beschrijft experimenten aan zogenaamde heteroaggregaten die in
ons geval bestaan uit een groot aantal kleinere positief geladen colloïden die op
het oppervlak van een groter colloïd zitten. Deze structuren zijn bijzonder omdat
de interacties op het oppervlak niet overal gelijk zijn, en ze te gebruiken zijn
in modelsystemen met meer complexe (elektrostatische) interacties. We hebben
gezien dat door een elektrisch veld aan te brengen, de kleinere bollen over het
oppervlakte van de grote bol gingen bewegen. Uiteindelijk was het zelfs mogelijk
om de structuur bestaande uit de kleine en grote bollen helemaal uit elkaar te
trekken.
In hoofdstuk 7 hebben we tegengesteld geladen deeltjes die tegen elkaar in
bewegen onder invloed van een elektrisch veld bestudeerd. We hebben hierbij
kwantitatieve data uit onze experimenten vergeleken met computer simulaties
die waren uitgevoerd door dr. Adam Wysocki, in de groep van prof. dr. Hartmut Löwen (Institut für Theoretische Physik II, Heinrich-Heine-Universität Düsseldorf). Doordat de tegengesteld geladen deeltjes onderling botsen, vormen zich
(bewegende) rijen parallel aan het elektrische veld die uit één soort deeltjes

238

bestaan. Dus rijen van positieve deeltjes die de ene kant, en rijen van negatieve
deeltjes die de andere kant op bewegen. We hebben gezien dat het aantal deeltjes
dat zich in een dergelijke rij bevindt, toeneemt met de sterkte van het elektrisch
veld. Ook hebben we in detail onderzocht hoe de individuele deeltjes bewegen
om een beter begrip te krijgen van het mechanisme van de rijvorming. In hoofdstuk 10 hebben we hier op nog een andere manier naar gekeken door gebruik te
maken van een heel simpel model van ‘harde’ deeltjes. Deze deeltjes hebben geen
lading maar beïnvloeden elkaar alleen als ze elkaar direct raken. Hieruit blijkt dat
in de rij een voorliggend deeltje achterliggende deeltjes afschermt voor frontale
botsingen met tegenliggende deeltjes waardoor de rij gestabiliseerd wordt. Onze
resultaten kunnen van belang zijn voor de ontwikkeling van elektronische inkt,
waar ook tegengesteld geladen deeltjes gebruikt worden om de lokale reﬂectie op
een elektronisch beeldscherm te veranderen.
Een computersimulatie is nooit helemaal compleet omdat er alleen die fysica
in zit die je er zelf hebt ingestopt. Een experiment daarentegen is compleet, alleen
weet je in beginsel niet precies wat de fysica is die erin zit. Dit maakt de combinatie tussen experimenten en simulaties zo sterk om te verklaren welke fysische
processen belangrijk zijn voor hetgeen je wilt bestuderen.
In hoofdstuk 8 hebben we gekeken naar meer complexere patronen die zich
kunnen vormen wanneer de richting van het elektrische veld periodiek veranderd wordt (wisselspanning). We ontdekten dat zich nu soms, in plaats van rijtjes
parallel aan het veld, banden bestaande uit één soort deeltjes vormden in de richting loodrecht op het veld. Als we de frequentie van het veld laag genoeg kozen,
konden we deze banden weer vernietigen en zagen we weer bewegende rijtjes
parallel met het elektrische veld. Hoofdstuk 9 beschrijft wat er gebeurde wanneer we de veldsterkte nog verder opvoerden. Door een complex samenspel van
allerlei statische en dynamische factoren vormden zich structuren parallel aan de
veldrichting waarin roterende instabiliteiten te zien waren.
Onze experimenten hebben geleid tot een gedetailleerd begrip van uit-evenwichtsfenomenen die voorkomen in systemen van tegengesteld geladen colloïden. Een nieuwe methode werd ontwikkeld om elektroforese experimenten te
doen waarbij de elektroforetische mobiliteit kan worden gemeten voor geconcentreerde dispersies. We hebben kristalgroei dichtbij evenwicht bestudeerd en
gekeken naar de rol van zwaartekracht. Ook hebben we patroonvorming in systemen die uit evenwicht gedreven werden door wisselende elektrische velden onderzocht. Onze resultaten laten zien dat met confocale microscopie ingewikkelde
fenomenen kwantitatief op een enkel-deeltjesniveau geanalyseerd kunnen worden. Dit, in combinatie met computersimulaties, is een zeer krachtige methode
gebleken om nieuwe fundamentele inzichten te verwerven.
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