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1
Introduction

1.1. Self-Assembly
Order often spontaneously emerges out of disorder. Stars organize in galaxies;

cattle graze in herds; proteins assemble into virus microcapsules; soap molecules
gather in micelles; water molecules form snow flakes; and protons and neutrons
arrange in atomic nuclei. In all these processes, pre-existing components sponta-
neously form patterns or structures without human intervention, which is a broad
definition of self-assembly [1]. The last four examples are in a global or local energy
minimum, while stars and cattle require input of energy to order. Furthermore,
self-assembled virus microcapsules and most micelles are finite-sized, i.e. they
have a well-defined size in at least one dimension. The hepatitis B core protein,
for example, self-assembles into microcapsules with a diameter of either 25 or
30 nm [2, 3], while snowflakes, for instance, have a very broad size distribution [4].
In this thesis, we will focus on understanding self-assembled systems in an energy
minimum and with a finite size, such as viruses and micelles.

To understand the formation of viruses, one needs to grasp the physics governing
self-assembly. Furthermore, this knowledge could subsequently be exploited to
produce new materials that order themselves. Eventually, computer chips, solar cells
and drug delivery capsules might spontaneously be assembled from programmed
building blocks. Identifying the minimal requirements for self-assembly of for
example proteins is, however, extremely challenging. First of all, proteins are very
complex as they are highly anisotropic, and their interactions contain contributions
of van der Waals, electrostatic, steric and hydrophobic interactions and hydrogen
bonding. Furthermore, due to their small size, dynamics of proteins cannot
be directly visualized, and their interactions have to be deduced from indirect
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1. Introduction1.2

measurements like scattering. Hence, simple model particles are required, such as
colloids.

1.2. Colloids
Colloidal particles have a typical size between 1 nm and 1 µm, making them

excellent model particles to study self-assembly. We illustrate this by examining
five properties of polystyrene particles in water with a size of about 500 nm, that
are used throughout this thesis. First, these particles have a similar size as
the wavelength of light and a significantly larger refractive index than water [5,
p867, 6, p12-178]. Consequently, they can be directly visualized over time using
optical microscopy which is non-destructive and non-invasive. Furthermore, optical
microscopy requires little sample preparation and interpretation and particles can
be studied without addition of a dye. Secondly, in water, the diffusion constant
of spheres with a diameter of 500 nm is about 4× 105 nm2/s, and the typical time
for a particle to diffuse over a distance equal to its diameter is thus about 0.3 s [6,
p6-231, 7, p371]. Hence, particles are slow enough to be followed over time, but
are sufficiently fast to explore many configurations in an experimental time frame.
Thirdly, the gravitational length of polystyrene particles with a diameter of 500 nm
in water is about 70 µm, i.e. gravity plays a minor role as long as the height of the
particles does not exceed 140 times their diameter (Eq. 5.4). As a result, particles
spontaneously translate in three dimensions, but can also be concentrated using
sedimentation. Fourthly, by copolymerization with other monomers, functional
groups can be incorporated, and the interactions between the particles can be
tuned [7, p276, 8, 9, 10, 11]. Finally, polystyrene particles can be created with
different shapes, ranging from spheres and ellipsoids, to snowman-like particles and
exotic polyhedra [12, 13, 14, 15, 16].

By varying the interactions and shapes of particles, self-assembly into differ-
ent structures has been observed. In 1986, Pusey and van Megen showed that
hard spheres, i.e. non-attractive particles with only excluded volume repulsion,
spontaneously form ordered crystals at high concentrations (Fig. 1.1a) [17]. More
complex structures, such as liquid crystals, are obtained by using particles with an
anisotropic shape, such as rods and platelets [18, 19, 20, 21] (Fig. 1.1b). Another
approach is to create spherical particles with anisotropic or directional interactions.
These Janus particles have distinct surface regions that are mutually attractive,
so-called sticky patches [22, 23, 24, 25], and self-assemble, for example, into open
lattices [26] (Fig. 1.1c). In the last decade, these two approaches have been combined
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1.3 Deformability 1.4

a b c d e f

Figure 1.1. Colloidal model systems for self-assembly. Hard
spheres (a ) form crystals at high concentrations. Particles with
an anisotropic shape (b) can form liquid crystals, while particles
with anisotropic mutual attraction (c ) can self-assemble into open
lattices. Particles with an anisotropic shape as well as anisotropic in-
teractions can form colloidal equivalents of micelles (d) and molecules
(e). Self-assembly into monolayer microcapsules (f) has been pre-
dicted for particles with four orthogonally attractive lobes ( ).

using particles with an anisotropic shape as well as anisotropic interactions [27].
This resulted in, for instance, colloidal equivalents of micelles and molecules, and
self-assembled tubes [28, 29, 30] (Fig. 1.1d–e). Finally, computer simulations predict
the formation of monolayer microcapsules for particles that have four orthogonally
attractive lobes [31] (Fig. 1.1f). Fig. 1.1 demonstrates that the anisotropy of the
building blocks dramatically increases with the complexity of the self-assembled
structures. Consequently, for highly complex structures, the building blocks are
challenging to obtain experimentally.

1.3. Deformability
In contrast to the previously mentioned colloidal model systems, self-assembling

proteins are deformable, as they can have different conformations [32]. Further-
more, so-called conformational changes influence interactions between proteins [33,
p131,154]. Enzymes, for instance, undergo conformational changes upon binding
to some inhibitors, preventing the enzyme from binding to substrate proteins [33,
p154]. Furthermore, the hepatitis B core protein changes its conformation upon
self-assembly into a virus microcapsule [34].

Recently, deformability has been introduced into nanoparticles with a size below
10 nm [35, 36, 37]. This has been achieved by grafting polymers onto their surface,
that can change their conformation. Consequently, these deformable nanoparticles
self-assemble into more complex structures compared to similar non-deformable
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1. Introduction1.4

particles [35, 36, 37]. In chapters 4–5, we study deformable colloids and observe
self-assembly into colloidal microcapsules for relatively simple building blocks.

1.4. Interparticle Interactions and Near-Critical Phenomena
Another challenge in colloidal self-assembly is to obtain particles with externally

tunable, directional interparticle interactions. Ideally, an external knob would
control the interparticle interactions without the need of adding chemicals. Temper-
ature, an electric field or light would switch directional attraction between particles
on and off, and even control the strength of the attraction. The attraction strength
should be slightly larger than the thermal energy. If the attraction is too strong,
colloids become kinetically trapped in the first configuration they happen to meet
each other. On the other hand, if the attraction is too weak, no interparticle bonds
are formed at all, and self-assembled structures are not thermodynamically stable.
The directional attraction strength should thus be tuned so that bonds break once
in a while, and the entire free energy landscape can be explored.

The basic framework to describe colloidal interactions is the DLVO theory [7,
p409–412, 38, 39]. This theory treats interactions between colloids as the result
of attractive van der Waals forces, on the one hand, and repulsive electrostatic
double layer interactions, on the other hand. This results in a primary minimum
with a very strong attraction strength at close interparticle distances. Furthermore,
depending on primarily the salt concentration and pH, a second minimum, at
further interparticle distances can be found. More sophisticated methods to induce
tunable, anisotropic attraction use hydrophobic interactions [26, 40], host-guest
interactions [41], DNA hybridization [29], depletion interaction [28, 30], and metal
coordination [9]. All these interactions depend on temperature, and can thus in
principle be externally tuned, without the addition of chemicals. The temperature
dependence, however, is very weak for most interactions. For DNA-functionalized
colloids, on the other hand, the attraction strength depends strongly on the
temperature [8, 42, 43]. Furthermore, anisotropic attraction has also been externally
tuned by magnetic fields [44, 45, 46]. Tuning the experimental conditions to obtain
attraction strengths that result in kinetically accessible, thermodynamically stable
clusters, however, is still challenging.

Near the critical point of partially miscible liquids, externally tunable attraction
between particles can be induced [47, 48, 49]. These near-critical-solvent-mediated
interactions are also known as critical Casimir interactions, and are continuously
tunable with the temperature [50, 51]. In Chapter 7, we induce these interactions
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for particles with anisotropic shape and interactions, and observe thermoreversible
self-assembly into micelle-like structures.

Finally, colloidal particles are not only used as models, but are also found in
natural and industrial systems such as fog, blood, paint, milk, asphalt, creams
and mayonnaise. The latter four are emulsions: mixtures of two immiscible liquids
stabilized by an emulsifier [52, p3–4]. A so-called Pickering emulsion, for example, is
stabilized as colloidal particles self-assemble at the interface between the two liquids,
and consequently prevent macroscopic phase separation [53, 54]. The stability of
Pickering emulsions is generally tuned by changing the size and surface chemistry
of the particles, or by adding salt or surfactants to the liquids [55, 56, 57, 58]. In
Chapter 6, we create emulsions of near-critical mixtures, and observe that colloidal
particles thermoreversibly attach onto the surface of the droplets. Consequently,
the stability of these emulsions can be conveniently tuned by temperature.

1.5. Outline of This Thesis
The main goal of this thesis is to increase our understanding of self-assembly and

to study new mechanisms that direct the formation of well-defined materials. Our
results are organized in three parts. In Part I, we study individual colloidal particles.
First, we synthesize particles with increasing complexity, resulting in particles that
are mutually attractive, anisotropic and deformable (MAD, Chapter 2). These
snowman-like particles consist of a core that is grafted with hydrophilic polymers
and a non-grafted protrusion, and functional groups are covalently linked to the
hydrophilic polymers. Next, we describe a method to automate the analysis of
microscopy images (Chapter 3). This method is used throughout this thesis to
determine the geometry of colloids from transmission electron microscopy images
and to determine particle positions in optical microscopy images.

In Part II, we study self-assembly of deformable particles. Chapter 4 demon-
strates that mutual attraction and deformability can induce anisotropic interactions
for chemically and geometrically isotropic particles. Using computer simulations we
deduce that the underlying mechanism is analogous to bond hybridization in quan-
tum chemistry. Next, we apply colloidal bond hybridization in experiments using
mutually attractive, anisotropic, deformable particles (Chapter 5). These relatively
simple building blocks self-assemble into spherical monolayers, that superficially
resemble virus microcapsules. Furthermore, the three MAD characteristics seem
sufficient for the observed directionality. Deformable particles self-assemble thus
into significantly more complex structures than similar non-deformable particles.

5
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In Part III, we study the influence of near-critical phenomena on colloidal self-
assembly. We show that particles thermoreversibly attach onto the interface between
near-critical phase-separated mixtures (Chapter 6), and relate these observations
to theory on near-critical phenomena. Furthermore, we apply this behaviour to
create Pickering-like emulsions with a temperature-controllable stability. Next,
we study particles with anisotropic shape and chemistry in near-critical mixtures
(Chapter 7). Anisotropic, near-critical-solvent-mediated interactions are induced,
resulting in thermoreversible self-assembly into micelle-like structures. Finally, the
main results in Chapters 2 to 7 are summarized.
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2
Synthesis of Functionalized and Polymer-grafted

Spherical and Snowman-like Colloids

Abstract
Attaching polymers and small molecules onto the surface of col-
loidal particles is a common way to control their interactions. Re-
cently, anisotropic functionalization has been shown to induce even
more complex interactions. Here, we combine these approaches and
obtain particles that are functionalized, anisotropic, and polymer-
grafted in three steps. First, cross-linked polystyrene spheres with
an acrylic acid brush are synthesized by surfactant-free emulsion
polymerization. Next, the spheres are swollen with additional
styrene, heated and polymerized to obtain snowman-like particles.
Finally, a fluorescent dye is covalently linked onto the acrylic acid
groups and functionalized, polymer-grafted, snowman-like colloids
are obtained.

swelling heating polyme-
rization

functio-
nalization

monomer R−NH2
elastic
stress liquid protrusion

500 nm500 nm
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2. Functionalized and Polymer-grafted Spherical and Snowman-like Colloids

2.2 2.1. Introduction
Interactions between colloidal particles can readily be controlled by altering their

surface properties. Small molecules can, for example, be bound onto particles to
induce either attraction via hydrophobic interactions, or repulsion via electrostatic
interactions [59, 60, 61]. Moreover, the surface of particles can be grafted with
polymers to induce repulsion via steric interactions [7, p276, 52, p220-221] or
attraction using DNA base pair binding [8, 29, 62]. Recently, particles have been
synthesized with anisotropic or directional interactions. For instance, directional
coating of a monolayer of particles has resulted in two-faced or Janus particles [22,
23, 25, 26]; clusters of particles have been swollen and polymerized to create
particles with multiple patches [16, 29]; and protrusion formation has been used
to create snowman-like particles and other colloidal molecules [13, 14, 15, 63, 64].
The last method consist of three steps. First, cross-linked polymer seed particles
are swollen with additional monomer. Next, the particles are heated to induce
phase separation and a liquid protrusion is formed. Finally, the liquid protrusion
is polymerized and a snowman-like particle is obtained (Fig. Abstract).

In this chapter, for the first time to our knowledge, functionalization with small
molecules, protrusion formation and polymer-grafting are combined. As we will dis-
cuss in Chapters 4 and 5, the resulting particles are mutually attractive, anisotropic
as well as deformable (MAD), and self-assemble into surprisingly complex structures.
Particles are synthesized by growing a protrusion onto polymer-grafted spheres and
are subsequently functionalized. First, polymer-grafted, cross-linked poly(styrene-
co-acrylic acid) spheres are synthesized by emulsifier-free polymerization. To study
the covalent coupling of small molecules, the spheres are functionalized with a dye
and observed using fluorescence microscopy. Next, non-functionalized spheres are
made anisotropic by forming a protrusion onto polymer-grafted spheres. Finally,
the resulting snowman-like particles are functionalized, and we obtain particles
with a polymer-grafted and functionalized core and a non-functionalized protrusion.

2.2. Methods
2.2.1. Chemicals Unless stated otherwise, the following chemicals were used as re-
ceived: acrylic acid (AA, 147230, 99%), aluminum oxide (Al2O3, puriss., 11028, ≥98%),
divinylbenzene (DVB, mixture of isomers, 169099, 55%), fluoresceinamine (FlA, mixture of
isomers, 46930, ≥75%), N -(3-dimethylaminopropyl)-N ’-ethylcarbodiimide hydrochloride
(EDC, purum, 03450, ≥98.0%), 2-(N-Morpholino)ethanesulphonic acid (MES, M3671,
≥99%), sodium phosphate dibasic (Na2HPO4, BioXtra, S7907, ≥99%), sodium phos-
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2.2 Methods

2.2phate monobasic dihydrate (NaH2PO4 · 2H2O, BioUltra, 71505, ≥99%), and styrene
(St, ReagentPlus, S4972, ≥99%) were obtained from Sigma-Aldrich or its subsidiaries;
potassium persulphate (KPS, 202015000, 99+%) and 2,2’-azobis(2-methylpropionitrile)
(AIBN, 105151000, 98%) were obtained from Acros Organics; hydroquinone (puriss, 15616,
≥99.5%) was obtained from Riedel-de Haën; sodium choloride (NaCl, Emsure, 1.06404)
was obtained from Merck; ethanol (100%) was obtained from Interchema; and Millipore
water (MQ) was obtained with a Synergy water purification system.

2.2.2. Spherical Particles Cross-linked poly(styrene-co-acrylic acid) (CPSAA) spheres
with a diameter of 530±15 nm are prepared, where the second value indicates the standard
deviation. Particles are synthesized by emulsifier-free polymerization of styrene, acrylic
acid and divinylbenzene following Wang and Pang and Hu et al. [65, 66]. 90 ml MQ,
11 ml St passed over an Al2O3 column, 761 µl AA, and 55 µl DVB were added to a 250 ml
three-neck round-bottom flask. The flask was constantly and vigorously stirred with a
glass stirrer under nitrogen flow. Quantitatively, 0.05 g KPS was dissolved as an initiator
and added to the flask with 10 ml MQ. After 15 minutes, the nitrogen inlet was raised
above the liquid level, and after 15 more minutes, the flask was immersed in a 70 ◦C oil
bath to start the polymerization. After 20 hours, a milky-white dispersion was obtained.
Excess reactants were removed by washing by centrifugation (Beckman Coulter Allegra
X-12R). Upon centrifugation, particles settle at the bottom of the sample, while unreacted
chemicals are in the so-called supernatant. Three times, the dispersion is centrifuged at
2.1 × 103 g for about 2 h and the supernatant is replaced by MQ. CPSAA spheres with a
diameter of 271 ± 7 nm are obtained in a virtually identical method.

Cross-linked polystyrene (CPS) spheres with a diameter of 0.41±0.07 µm are prepared
in a similar method. For these particles, 250 ml MQ, 23.5 ml St and 0.7 ml DVB were
added to a 500 ml one-neck round-bottom flask. The flask was constantly and vigorously
stirred with a PTFE coated stir bar, immersed in an 80 ◦C oil bath, and 0.78 g KPS in
37.5 ml MQ was added. After 24 h, a milky-white dispersion was obtained, which was
washed three times by centrifugation and redispersed in MQ. By adding 50 mg NaCl to
the 250 ml MQ, electrostatic repulsion can be reduced, resulting in larger particles with a
diameter of 524 ± 44 nm.

2.2.3. Functionalization Fluoresceinamine is covalently linked to EDC activated car-
boxylic groups on spherical CPSAA particles, a method adapted from Marchand-Brynaert
et al. [67]. In a typical synthesis, a 0.1 M MES buffer (0.49 g in 25 ml MQ), and a 0.2 M
phosphate buffer (0.67 g Na2HPO4 and 0.041 g NaH2PO4 · 2H2O in 25 ml MQ) were pre-
pared. The solid mass fraction, ms, of the dispersion was about 9% and 22 µl was brought
in an Eppendorf tube. The dispersion was centrifuged (6–10 × 103 g, Beckman Coulter
Microfuge 16), and the supernatant was replaced by an EDC/MES solution (1.16 mg EDC
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2. Functionalized and Polymer-grafted Spherical and Snowman-like Colloids

2.2 in 1 ml MES buffer) to activate the AA groups. The dispersion was tumbled for one hour,
and washed by centrifugation with MES buffer and twice with MQ. The dispersion was
again centrifuged and the supernatant was replaced by 0.75 ml FlA/Phosphate (0.53 mg
FlA in 1.5 mL phosphate buffer) to covalently bind FlA to the activated AA groups. The
tube was wrapped in aluminium foil, and after tumbling for 15 h, the dispersion was
washed three times with phosphate buffer, once with MES buffer, and seven times with
MQ. Finally, a milky white dispersion was obtained.

Snowman-like particles are similarly functionalized using 2.5 ml dispersion with
ms ≈ 4%. Dispersions are brought in centrifuge tubes (VWR SuperClear Ultra-High
Performance), and centrifuged using a Beckman Coulter Allegra X-12R at 2.1 × 103 g for
60 min (particles with a core of diameter, dc = 540 nm), at 3.3×103 g for 45 min (dc = 626
and 679 nm), or at 3.3 × 103 g for about 90 min (dc = 353 nm). Typically, 45 mg EDC
in 40 ml MES buffer was used to activate the AA groups, and 10 mg fluoresceinamine in
30 ml phosphate buffer is used to covalently bind FlA.

2.2.4. Snowman-like Particles To form a protrusion, non-functionalized CPSAA
spheres are swollen with St, heated and polymerized, in line with Sheu et al., Mock et
al. and Kraft et al. [13, 14, 15]. In a typical experiment, the solid mass fraction, ms,
was determined by drying, and brought to 3–6% with MQ. About 5 ml dispersion was
magnetically stirred with a PTFE coated stir bar in a glass tube. Styrene was added
with a swelling ratio S ≡ mSt/ms = 3, 5 or 7 where mSt and ms are the mass of added
St, and the solid mass in the dispersion. After one to two days stirring, the tube was
immersed in an 80 ◦C oil bath for two hours under continuous stirring to form a styrene
protrusion. Next, 500 µl of an aqueous hydroquinone solution (45 mg/50 mL) and 5 mg
AIBN in 250 µl St were added, and the tube was immersed in the 80 ◦C oil bath for 24 h
to polymerize the protrusion. Finally, a milky white dispersion was obtained. A mm-sized
solid white aggregate was often found, which could easily be removed.

2.2.5. Characterization Transmission electron microscopy (TEM) images were taken
with a Philips TECNAI 10 at 100 kV. Samples were prepared by drying a diluted dispersion
droplet on a polymer coated copper grid under illumination with a heat lamp. The shape
of the particles was characterized by Hough circle transformation as described in Chapter 3.
To increase contrast, image levels were linearly rescaled using ImageMagick, so that 99.9%
of all values were between the lower and upper level thresholds. The rescaling is indicated
by the vertical bars in each image.

Infrared spectra were measured with a PerkinElmer Frontier FT-IR Spectrometer
equipped with an ATR sampling accessory. A dispersion droplet was dried on an aluminum
cup, and three times, the ATR unit was cleaned, part of the white solid was put on the
crystal, and a spectrum was recorded. The spectra were baseline corrected and normalized
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2.3 Results and Discussion

2.3with the minimum transmittance between 1500 and 1400 cm−1 set to T = 32%. Finally,
the mean for the three spectra was calculated.

Fluorescence and reflected light microscopy images were captured with a Nikon Ti-E
Inverted Microscope. Typically, a sample was prepared by bringing 0.5–2 µl dispersion
between a microscope slide (Menzel-Gläser), and a #1.5 cover slip (Menzel-Gläser)
with two #0 cover glasses (VWR) as spacers. Before use, the slides were cleaned with
MQ, ethanol and Kimtech precision wipes, and cells were sealed with scotch tape. The
microscope is operated with a Nikon TIRF 100×/1.49 objective, intermediate magnification
of 1.5×, and a Hamamatsu ORCA Flash camera. For reflected light microscopy, a Nikon
Intensilight C-HGFl light source was used with a Nikon D-FLE filter block. For fluorescence
microscopy, the same light source was used with a Semrock FITC-3540C filter block.
Image levels were linearly rescaled using ImageMagick from zero to the value of the
brightest pixel.

2.3. Results and Discussion
2.3.1. Spherical Particles Polymerization of styrene, acrylic acid (AA) and di-
vinylbenzene, results in cross-linked poly(styrene-co-acrylic acid) spheres with a
diameter, d = 530± 15 nm (Fig. 2.1a–b). Here, the first value indicates the mean
diameter, while the second value is the standard deviation or polydispersity over
1107 measured particles. The relative polydispersity is 2.8% and the particles
indeed have a fairly uniform size (Fig. 2.1a). The mean sizes of different batches,
however, vary significantly. Under virtually identical conditions, even particles with
d = 271± 7 nm are prepared. More research is necessary to predictively control
the size of the particles by the synthesis conditions. Here, the time that acrylic
acid has been exposed to air seems to be an important variable.

Using infra-red spectroscopy, we verified that acrylic acid is incorporated into
the particles (Fig. 2.1c). Spectra are obtained after washing by centrifugation
to remove excess reactants. The spectrum of CPSAA particles (Fig. 2.1c ) is
compared to the spectrum of cross-linked polystyrene particles that are polymerized
without acrylic acid (Fig. 2.1c ). The two spectra are almost identical except for
the fingerprint region at ν̃ < 1500 cm−1 [68, p407]. At 1705 cm−1, however, an
additional peak is found for CPSAA, that can be attributed to a C−−O stretch
vibration [68, p408]. This indeed indicates the presence of acrylic acid. Furthermore,
a very broad O−H stretch band is expected at 3500–2500 cm−1 [68, p408], but
here only a weak decrease in transmittance is observed.
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Figure 2.1. CPSAA spheres. TEM images of cross-linked
poly(styrene-co-acrylic acid) (CPSAA) spheres with a diameter of
530 nm (a–b), and normalized infra-red transmittance as a function
of the wavenumber, ν̃, for CPSAA spheres (c ) and cross-linked
polystyrene spheres (c ). In a–b, image levels are linearly rescaled
from 0% to 1% as indicated by the vertical bars.

Acrylic acid and styrene are incorporated at different stages in the polymeriza-
tion [65]. Hence, the particles consist of a hydrophobic polystyrene-rich interior
and are grafted with a hydrophilic poly(acrylic acid)-rich (pAA) brush (App. 5.B).
In the electron microscopy images, the colloids also have a dark interior and a more
transparent shell (Fig. 2.1b). This, however, can also be due to the longer distance
electrons have to travel through the centre of the spheres compared to the side.

Finally, the CPSAA spheres are synthesized without any surfactant and stabi-
lized without an external stabilizer. Hence, no surfactants or stabilizers can desorb
into the solvent. Furthermore, water can be used to dilute dispersions without
loosing colloidal stability.

2.3.2. Functionalized Spherical Particles Fluoresceinamine (FlA) is covalently
bound to acrylic acid groups on the CPSAA spheres. First, acrylic acid is activated
with EDC which introduces a good leaving group [69, 70] (Fig. 2.2 1–3). Next,
fluoresceinamine, is covalently linked forming an amide (Fig. 2.2 3–5).

CPSAA spheres that are functionalized as described in Subsection 2.2.3, appear
bright in fluorescence microscopy (Fig. 2.3a,e). The particles have been washed
eleven times by centrifugation to remove excess fluoresceinamine. Still, FlA might
have adsorbed onto the particles instead of being covalently bound. In contrast to
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Figure 2.2. Activation and functionalization of acrylic acid.
Acrylic acid groups in the cross-linked poly(styrene-co-acrylic acid)
chains (AA, 1) are activated with N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC, 2) resulting in an intermediate
with a good leaving group (3). The intermediate reacts with fluores-
ceinamine (FlA, 4) resulting in a functionalized acrylic acid group (5)
and a urea byproduct (6).

the fluorescent dye fluorescein (FITC), however, fluoresceinamine is a self-quenching
dye, and its fluorescence is only restored upon conversion of its amine group to
an amide [71]. Hence, the clear signal in Fig. 2.3a suggests that an amide bond is
formed and that fluoresceinamine is covalently bound.

We verify that fluoresceinamine is indeed covalently bound to acrylic acid
by varying the synthesis method. All images in Fig. 2.3a–d are acquired under
virtually identical illumination, and the fluorescence intensity strongly depends on
the synthesis method. In Fig. 2.3e–f, the fluorescence intensity is given relatively
to the maximum intensity per pixel, the full-well capacity of 30 000 electrons. By
treating particles as described in Subsection 2.2.3, but without addition of FlA, the
fluorescence intensity is not significantly larger than the noise values, indicating
that FlA causes the fluorescence signal (Fig. 2.3d,f ). For particles without AA
(Fig. 2.3b,f ) or for which AA groups are not activated (Fig. 2.3c,f ), the intensity
is about 40 times lower than for particles with activated AA groups (Fig. 2.3a,e ).
The lower intensity indicates that the amine group of FlA was not converted into
an amide or that only a low quantity of FlA molecules is present. The fluorescence
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Figure 2.3. Functionalized CPSAA spheres. Fluorescence mi-
croscopy images for variations on the fluoresceinamine (FlA) coupling
method (a–d), and fluorescence intensity relative to the maximum
intensity per pixel on the horizontal line through the fluorescence
maximum (e–f). Images are obtained for cross-linked poly(styrene-co-
acrylic acid) (CPSAA) spheres activated with EDC and functionalized
with FlA as described in Subsection 2.2.3 (a ), activated and func-
tionalized polystyrene spheres (b ), CPSAA without EDC addition
(c ), and CPSAA without FlA addition (d ). In a–d, image levels
are rescaled from zero to the brightest pixel of each image.

intensity is, however, larger than without addition of FlA (compare Fig. 2.3f and
to ), so FlA probably adsorbed onto the surface in Fig. 2.3b–c. Without AA,

the intensity is higher than with unactivated AA (compare Fig. 2.3f to ). This
is likely because AA groups prevent adsorption of FlA, either due to electrostatic
repulsion or because the AA groups are relatively hydrophilic and FlA is relatively
hydrophobic. Both without AA and with unactivated AA the fluorescence intensity
is much lower than for activated AA (compare Fig. 2.3f and f to e ). Hence, we
conclude that in Fig. 2.3a, fluoresceinamine is not adsorbed, but covalently binds
to activated AA groups.

2.3.3. Snowman-like Particles Upon swelling CPSAA with styrene, heating and
polymerizing, snowman-like particles are obtained (Fig. Abstract). The particles
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2.3a b c d
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θc

Figure 2.4. Snowman-like particles. By swelling, heating and
polymerizing, snowman-like particles with a polymer-grafted ( )
cross-linked poly(styrene-co-acrylic acid) core ( ) and a polystyrene
protrusion ( ) are synthesized with cores of diameters, dc = 353 (a)
540 (b) 626 (c) and 679 nm (d). θc is the contact angle between the
surface of the core and the surface of the protrusion (d).

Table 2.1. Properties of snowman-like particles. Swelling ratio,
S, and mean, µ, and polydispersity, σ, of the diameter of the seed,
d0, diameter of the core, dc, diameter of the protrusion, dp, centre-to-
centre distance rcc, relative volume increase ∆Vr, and contact angle
θc. The first value is the average over seven groups of measurements,
the second value gives the standard deviation, and the value in
brackets gives σ/µ. Finally, the ratio of dc over d0, and the number
of measured particles, Np is given.

S d0/nm dc/nm dp/nm dc/d0
µ σ µ σ µ σ

5 270.9 ± 2.6 6.8 ± 0.7 (2.5%) 353 ± 4 22 ± 5 (6.3%) 445 ± 5 12 ± 3 (2.6%) 1.30
5 530 ± 3 15 ± 4 (2.8%) 540 ± 17 22 ± 6 (4.1%) 435 ± 15 25 ± 5 (5.9%) 1.02
3 530 ± 3 15 ± 4 (2.8%) 626 ± 8 19 ± 3 (3.1%) 519 ± 6 19 ± 5 (3.7%) 1.18
7 530 ± 3 15 ± 4 (2.8%) 679 ± 20 57 ± 26 (8%) 827 ± 26 (5 ± 4) × 101(6%) 1.28

S rcc/nm ∆Vr θc/° Np
µ σ µ σ µ σ

5 157 ± 3 20 ± 3 (12.5%) 4.31 ± 0.15 0.36 ± 0.09 (8.3%) 135.2 ± 1.0 7.1 ± 1.6 (5.3%) 561
5 163 ± 7 23.9 ± 2.8 (14.7%) 0.24 ± 0.10 0.12 ± 0.04 (50%) 142.7 ± 2.9 7.1 ± 0.8 (5.0%) 125
3 279 ± 8 26 ± 4 (9.2%) 1.19 ± 0.08 0.14 ± 0.04 (12%) 122.5 ± 1.3 6.8 ± 0.7 (5.5%) 195
7 360 ± 12 34 ± 21 (9%) 4.0 ± 0.4 0.8 ± 0.6 (20%) 124.0 ± 1.2 3.8 ± 1.7 (3.1%) 32

are studied with electron microscopy and their geometries are characterized as
described in Subsection 3.2.6. By varying the synthesis conditions, particles of
different geometries are obtained (Fig. 2.4 and Table 2.1).

For Fig. 2.4b, CPSAA spheres with a diameter of 530 nm are used as seed
particles and swollen with styrene in a swelling ratio S ≡ mSt/ms = 5, where
mSt and ms are the mass of added styrene, and the solid mass in the dispersion.
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2.3 The resulting snowman-like particles consist of lobes of 540 nm and 435 nm, i.e. a
lobe that is slightly larger than the seed particle, and a lobe that is significantly
smaller (Fig. 2.4b). Hence, the 540 nm lobe corresponds to the CPSAA seed,
which we define as the core, while the small lobe is the polystyrene protrusion
(Table 2.1). Upon using CPSAA seeds with a diameter of 271 nm, however, both
lobes are larger than the original seed particles (Table 2.1). Hence, the identity
of each lobe can not be determined based on the size argument. Close inspection
of transmission electron microscopy images (Fig. 2.4a), however, shows that the
edge of the large lobe is a smooth arc, while the edge of the small lobe has some
bumps. Polystyrene protrusions are formed by polymerizing a styrene droplet
with a smooth surface, while the seed particle is gradually grown by emulsion
polymerization and subsequently swollen and heated. Hence, the smooth large
lobe corresponds to the polystyrene protrusion, while the small lobe is the core
(Table 2.1). For Fig. 2.4c–d, 530 nm CPSAA seeds are used with S = 3 and 7, and
similar arguments are used to determine which lobes correspond to the core and
the protrusion (Table 2.1).

The relative volume increase,

∆Vr ≡
V s − V 0

V 0
, (2.1)

with V s and V 0 the volume of a snowman-like and a seed particle is calculated
using Eq. 3.9. The volume of snowman-like particles is larger than the volume of
seeds due to swelling with styrene. Furthermore, previous experiments have shown
that ∆Vr increases with the swelling ratio, S [64]. The relative volume increase,
however, is slightly smaller than the swelling ratio, as not all added styrene is
incorporated into the particles (Table 2.1). This also explains the solid white
aggregate, that is often found after polymerization. For seeds with d0 = 530 nm
and S = 5, however, ∆Vr is much lower than S (Table 2.1). Here, part of the
styrene might have evaporated before the polymerization or more styrene might
have been incorporated into the aggregate.

In all cases, the cores are significantly larger than the original seeds. Fur-
thermore, the ratio between the diameter of the cores and the protrusions, dc/d0,
increases with the relative volume increase, ∆Vr (Table 2.1). Upon heating, an
equilibrium exist between styrene in the liquid protrusion and styrene in the cross-
linked network [13, 63]. The observations in Table 2.1 suggest that for our particles,
the equilibrium shifts to styrene in the cross-linked network at large ∆Vr.
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2.3 Results and Discussion

2.3The contact angle between the surface of the core and the surface of the protru-
sion, θc (Fig. 2.4d), is determined by the wetting properties of the unpolymerized
styrene droplet on the surface of the cores. Upon increasing the hydrophobicity of
the seed, for example, wetting of the core by the styrene droplet increases, resulting
in a higher contact angle and—after polymerization—a less pronounced protru-
sion [14, 64]. Even though similar seeds are used for each synthesis, the contact
angles are not constant (Table 2.1). We discuss two possible explanations for this
observation. First, as we saw above, the relative size of core, dc/d0, increases with
the relative volume increase, ∆Vr. Hence, upon increasing ∆Vr, more of the acrylic
acid surface groups might be covered with polystyrene, resulting in a more hydro-
phobic surface of the cores and a larger contact angle. However, for d0 = 530 nm,
θc decreases with ∆Vr, suggesting that the surface is less hydrophobic for larger
particles. An alternative explanation arises from the pH dependence of the surface
properties. At high pH, acrylic acid surface groups deprotonate, resulting in a more
negative surface charge (App. 5.B) and a decrease in the hydrophobicity. Synthesis
was performed in Millipore water without controlled pH. Consequently, a decrease
of pH due to dissolution of CO2 from air into water could explain a non-constant
contact angle.

The contact angle and the diameters of the core and the protrusion are well-
defined with polydispersities of about 5% (Table 2.1). The relative volume increase
∆Vr and the distance between the centres of the core and the protrusion, rcc,
however, are less well-defined with higher polydispersities. The parameters are
obtained by fitting each lobe in the microscopy images to a circle (Subsection 3.3.2).
The measurement error in ∆Vr and rcc, are probably relatively large as they depend
on properties of two circles. Furthermore, ∆Vr depends on the cubed value of both
diameters. For particles with dc = 530 nm, the measurement error in ∆Vr is even
higher as the difference between V s and V 0 is relatively low.

By varying the synthesis conditions, we obtain particles with diameters of cores
ranging from 353 to 679 nm, and with varying ratios between the size of the cores
and the protrusions (Fig. 2.4). We thus obtained dispersions of snowman-like
particles that are fairly different, but each well-defined. More systematic studies
are, however, necessary to predictively control the properties of the particles by
the synthesis conditions.

Finally, the dispersions with snowman-like particles of dc = 540 and 626 nm, also
contain particles with three lobes (Fig. 2.5). These particles can be formed when the
liquid protrusions of two snowman-like particles coalesce before polymerization [15].
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2.3 a b

500 nm500 nm

Figure 2.5. Three-lobed particles. Electron microscopy images of
particles with three lobes surrounded by snowman-like particles with
dc = 540 (a) and 626 nm (b). As the number of three-lobed particles
is very low, these images are not representative for the ratio between
the number of three-lobed and snowman-like particles.

As expected, the diameters of the outer lobes of the three-lobed particles, seem
to be similar to the diameter of cores of the snowman-like particle (Fig. 2.5). The
number of three-lobed particles, however, is orders of magnitude lower than the
number of snowman-like particles, so in the remainder of this thesis, three-lobed
particles are ignored.

2.3.4. Functionalized Snowman-like Particles Snowman-like particles are func-
tionalized with fluoresceinamine and studied using fluorescence microscopy. The
method of Subsection 2.2.3 is followed, and the edge of the resulting particles
appears bright in fluorescence microscopy images indicating covalent coupling of
FlA (Fig. 2.6a–d). Furthermore, by comparing fluorescence microscopy images with
reflected light microscopy images, we verify that all particles are functionalized
(compare Fig. 2.6a–d to e–h). Here, immobilized particles are studied to obtain
microscopy images using both techniques. Some particles happened to be immobi-
lized at the microscopy glass which is probably due to Van der Waals forces. Other
particles are immobilized close to the contact line between the dispersion, the air
and the microscopy glass, due to the coffee stain effect as in Fig. 5.6a [72].

The fluorescence intensity decreases upon increasing the ratio between the
diameter of the cores and the diameter of the seed particles, dc/d0 (compare Fig. 2.6a–
d, insets to Table 2.1). All fluorescence microscopy images in Fig. 2.6 are acquired
under identical illumination, and the maximum relative fluorescence intensity
decreases from 38% to 6% when dc/d0 increases from 1.02 when dc = 530 nm to
1.30 when dc = 353 nm. For the snowman-like particles of 353 nm, the core is much
larger than the original seed, and probably, the acrylic acid groups on the surface
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Figure 2.6. Functionalized snowman-like particles. Snowman-
like particles with cores of diameter of a,e) 353 b,f) 540 c,g) 626 and
d,h) 679 nm are functionalized with fluoresceinamine. The particles
are studied with fluorescence microscopy (a–d) and reflected light
microscopy (e–h). Particles are immobilized at the contact line or
on the microscopy glass (insets). Image levels are rescaled from zero
to the brightest pixel as indicated by the vertical bars, where the
numbers give the thresholds as a percentage of the maximum intensity
per pixel.

of the seeds are partly covered by additional polystyrene. Hence, upon increasing
dc/d0, the acrylic acid groups seem to become more difficult to functionalize,
resulting in a lower fluorescence intensity.

For snowman-like particles with dc = 626 and 679 nm, both the core and the
protrusion appear to be fluorescent, while for the other particles, the lobes are to
small to be distinguished. We discuss three possible explanations for this observa-
tion. First, fluoresceinamine might have adsorbed onto the polystyrene protrusion.
As we saw in Fig. 2.3b, fluoresceinamine can adsorb onto polystyrene surfaces,
but the resulting fluorescence intensity is about 40 times lower than for covalent
binding to acrylic acid (compare Fig. 2.3e to f ). Onto the polystyrene protrusion,
however, more fluoresceinamine might adsorb as the protrusion is polymerized
using a non-ionic initiator, while the polystyrene spheres are polymerized using an
anionic initiator. Consequently, the surface of the protrusion contains less charged
groups than the particles in Fig. 2.3f , and decreasing the number of charges seems
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2.5 to increase the fluorescence (compare Fig. 2.3f to f ). However, the brightness of
the protrusion and the core are similar, and it seems unlikely that the quantity of
adsorbed FlA onto the protrusion is equal to the quantity of covalently bound FlA
to the core. A second explanation is that acrylic acid groups might have migrated
to the protrusions allowing for covalent fluoresceinamine binding at both the core
and the protrusion. Even though the polymer network is cross-linked, the particles
are still highly deformable, and acrylic acid groups can expand on the order of
100 nm into the solution as we will see in App. 5.B. To cover the entire protrusion
in Fig. 2.6d, however, the AA groups have to migrate much larger distances of at
least 400 nm. This seems unlikely to result in a homogeneous acrylic acid and FlA
distribution. The third explanation is that the brightness of the protrusion is an
optical effect. The protrusion might, for example, act as a lens. This effect could
possibly be prevented by studying the particles in a medium with a refractive index
similar to that of polystyrene. Furthermore, the size of the particles is close to
the wavelength of the excited and emitted light of about 500 nm. Hence, the exact
location of fluoresceinamine on the particle surface can not be definitely verified
using conventional optical microscopy. However, given the arguments above, it
seems likely that at least more fluoresceinamine is present on the core than on the
protrusion.

2.4. Conclusion
Prior work has shown that functionalization, polymer-grafting and anisotropy

can greatly alter particle interactions. Here, we combine these approaches into
polymer-grafted and functionalized snowman-like particles. First, we synthesize
polymer-grafted spheres; next, we grow a protrusion onto the spheres; and finally,
the polymers are covalently functionalized. Eventually, spherical and snowman-like
particles with a variety of geometries and surface properties are obtained. In
Chapters 5 to 7, we discover the structures into which they self-assembly.
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3
Automated Image Analysis

using Hough Circle Transformations

Abstract
Extracting information about the size, shape and position of parti-
cles in microscopy images can be a laborious task. Here, we describe
an automated method to extract such properties using Hough cir-
cle transformations. The accuracy of this method is verified, and
it is implemented in a graphical user interface. The versatility
of our approach is demonstrated by characterizing spherical and
snowman-like particles, and detecting the position of colloids in a
time series.

500 nm500 nm
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RH = 263 nm 5000 nm5000 nm
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3. Automated Image Analysis using Hough Circle Transformations

3.2
3.1. Introduction

Microscopy techniques, like optical microscopy, electron microscopy and holo-
graphic microscopy, are probably the most used techniques to characterize colloidal
particles. Translating microscopy images into quantitative information about the
morphology and positions of particles, however, is often a time-consuming task.
A common method to measure the diameter of colloidal spheres, for example,
requires visual identification of three edge pixels per sphere. This method is not
only laborious, but also subjective, and the resolution is limited to a single pixel.

The Hough transformation can be used in an automated approach to pattern
recognition. This method is based on a 1962 patent by Hough et al. [73], and
was originally developed to recognize tracks of subatomic particles. The initial
ideas of Hough have been extended to detect curves [74] and finally arbitrary
shapes [75]. Nowadays, this computationally efficient algorithm is likely the most
widely used procedure in computer vision [76]. In colloid sciences, these and
similar transformation have been used to track the positions of particles in optical
microscopy images [77, 78, 79, 80, 81].

In this chapter, we use Hough transformations to measure the size and position
of particles in transmission electron microscopy images. First, we describe the
basics of the method and verify its accuracy for test images. Next, we demonstrate
that this method can be used to characterize the morphology of spherical and
snowman-like colloids from electron microscopy images. Furthermore, we show that
our application can also be used to detect particle positions in optical microscopy.

3.2. Methods
3.2.1. Hough Circle Transformation The basic principle of the Hough circle trans-
formation can be visualized by simple geometry (Fig. 3.1a–b). First, we draw a circle
with radius, R, and we randomly select 10 points at positions, r⃗i on the circle (Fig. 3.1a).
Next, for each point, we draw a so-called Hough circle with radius RH = R and centre r⃗i

(Fig. 3.1b). The centre of the original circle can now be identified as the point where all
Hough circles intersect.

The Hough circle transformation applies this property to transform an image of a circle
into a Hough image. The transformation is demonstrated for a simple 13 px × 13 px test
image of a circle with position of its centre, r⃗c = (7 px, 7 px), and radius, R = 3 px ± 1

2 px
(Fig. 3.1c). Here, an image of a circle with R = 3 px ± 1

2 px is defined as an image where
the brightness of a pixel at position r⃗i is either 1 (white) if it is on the circle or 0 (black)
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Figure 3.1. Hough circle transformation. For random positions,
r⃗i, on a circle with radius, R (a), all Hough circles with centres at
r⃗i and radii RH = R intersect at the centre of the original circle (b).
For an image of a circle with R = 3 px ± 1

2 px and centre position,
r⃗c = (7 px, 7 px) (c), Hough circles are drawn with centres at the
circle pixels and radii, RH = R (d). The number of Hough circles
crossing each pixel (e) gives after normalization the Hough value,
H, which is the brightness in the Hough image (f). The position
for which H is maximum corresponds to the centre of the original
circle. The Hough image can also be obtained by convolving c with a
circle matrix with RH = 3± 1

2 px (g). The number of Hough circles
crossing each pixel at RH = 1.5; 2.0; 2.5; 3.0; 3.5; 4.0 and 4.5 px
(h–n), can be converted into Hough images with these radii (o–u).
The radius of the original circle corresponds to the image with the
highest maximum hough value (r).
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3.2
otherwise,

B(r⃗i) =

⎧⎨⎩1 if R− 1
2 px ≤ |r⃗i − r⃗c| ≤ R+ 1

2 px
0 otherwise .

. (3.1)

The first step in the transformation involves counting the number of Hough circles
crossing each pixel. For each of the centres of the 16 circle pixels, r⃗i, we draw a Hough
circle with RH = 3 px and centre r⃗i (Fig. 3.1d). Next, for all pixels, the number of Hough
circles crossing that pixel gives the Hough value, H (Fig. 3.1e). Zero Hough circles cross
the corner pixels, and H increases towards the centre of the image. The maximum Hough
value is 16 at (7 px,7 px), i.e. the centre of the original circle is crossed by all 16 Hough
circles. Here, we define a pixel at r⃗j to be crossed by a Hough circle with centre r⃗i and
radius RH if,

RH − 1
2 px ≤ |r⃗j − r⃗i| ≤ RH + 1

2 px. (3.2)

In the second step, the Hough values are normalized by the number of pixels per
position r⃗i for which Eq. 3.2 is valid. After normalization, all values lie between 0 and 1.
H = 0 if all pixels in the original image at a distance RH ± 1

2 px are black, and H = 1 if
all these pixels are white. For our test image, the normalization constant is 16, and the
maximum Hough value is indeed 1.

The final Hough image is obtained by converting the matrix of normalized Hough
values into an image (Fig. 3.1f). Here, brightness increases linearly with H from black
at H = 0 to white at H = 1. For our test image, the resulting Hough image has a clear
maximum at (7 px,7 px), that corresponds to the centre of the original circle, r⃗c (Fig. 3.1f).

The transformation is implemented in Mathematica using a convolution algorithm.
Here, the original image is convolved with a matrix whose elements are 1 at a distance
RH − 1

2 px ≤ rij ≤ RH + 1
2 px from the centre and 0 otherwise (Fig. 3.1g).

If the radius of the circle is unknown, Hough images can be calculated for different
radii, RH, (Fig. 3.1o–u). When RH is small, the Hough circles do not reach the centre of
the original circle, while for large values of RH, the Hough circle are to large to cross the
centre (Fig. 3.1h–n). As expected, most circles cross the centre pixel for RH = R = 3 px
(Fig. 3.1k,r).

From the global maximum of all Hough images, both the centre and the radius of the
original circle can be obtained. The radius corresponds to the value of RH for which the
maximum H is the global maximum. The coordinates of the global maximum of H give
the position of the centre of the original circle, r⃗c (Fig. 3.1r).

3.2.2. Detection of a Disk For an image of a disk, the position and the size of the
disk were measured in two steps. First, an image of the edge of the disk was calculated
from the gradient in the brightness. Next, the edge image was transformed into Hough
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3.2
a b c d e f g h

Figure 3.2. Detection of a disk. For a test image of a disk with
radius, R = 4 px, and position r⃗c = (8 px, 8 px) (a), edges are
detected from the gradient in the brightness (b). The edge image is
transformed into Hough images with RH = 2; 3; 4; 5 and 6 px (c–g).
From the global maximum of the Hough images, the radius and the
position of the centre of the original disk are obtained (h ).

images, and the global Hough maximum gave the radius and the position of the centre of
the disk.

This procedure is illustrated for a test image (Fig. 3.2a). An artificial 15 px × 15 px
image of a disk was constructed with brightness at position r⃗i,

B(r⃗i) =

⎧⎨⎩1 if |r⃗i − r⃗c| < R

0 if |r⃗i − r⃗c| ≥ R
, (3.3)

where r⃗c = (8 px, 8 px) was the position of the centre of the disk, and R = 4 px was the
radius of the disk (Fig. 3.2a).

An image of the edge of the disk was obtained by calculating the magnitude of the
gradient in the brightness for each pixel, |∇B|. We refer to |∇B| as the gradient, and
it was calculated using Wolfram Mathematica’s GradientFilter algorithm, using discrete
derivatives of a Gaussian with radius Rgrad = 1 px (Fig. 3.2b).

In the second step, the edge image was Hough circle transformed. Hough images were
calculated with RH = 2; 3; 4; 5 and 6 px (Fig. 3.2c–g). The global maximum Hough value
was obtained for RH = 4 px at (8 px,8 px). These values correspond to the radius and
position of the centre of the original image (Fig. 3.2h).

Using this method, radii and positions were determined with resolution below the
size of a pixel. This was achieved by rescaling the edge image and Hough transforming
the rescaled image. The method is demonstrated for a test image of a R = 15.4 px disk
(Fig. 3.3). To detect a disk at resolution Rres, the size of the edge image was increased
to 1 px/Rres times its original size using Gaussian resampling (Fig. 3.3b). Next, Hough
images were calculated with scaled Hough radii, RH/Rres, at intervals of Rres (Fig. 3.3c–h).
The Hough radius, RH, which results in the global maximum Hough value, corresponded
to the radius of the disk, R (Fig. 3.3e). The coordinates of the global maximum were
multiplied with Rres to obtain the position of the centre of the disk, r⃗c.
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Figure 3.3. Detection of a disk at sub-pixel resolution. For a test
image of a disk with radius, R = 15.4 px (a), the edge image was Gaus-
sian rescaled to 5 times its original size (b). The rescaled edge image
was transformed into Hough images with RH = 15; 15.2...15.8; 16 px
(c–h), and from the global maximum Hough value, the radius and
the position of the original disk were obtained (e ).

3.2.3. Optimized Detection of a Disk The method of the previous subsection was
optimized to increase the calculation speed. Convolving a megapixel image for all possible
radii is computationally expensive. To save computation time, first, a region of interest
was selected, secondly, an estimate of the radius and centre of the disk was obtained,
and thirdly, more accurate values for the position and radius were determined iteratively.
Finally, the output position and radius were obtained by interpolation.

The procedure is demonstrated for a 200 px×200 px image of a random disk (Fig. 3.4a).
The radius of the disk was a pseudorandom real number taken from a normal distribution
of R = 32 ± 4 px. Here, 32 px was the mean of the distribution, and 4 px was the standard
deviation. The coordinates of the centre of the disk, r⃗c, were at pseudorandom numbers
between 32 and 168 px. The pseudorandom numbers were not truly random, as they were
generated by a deterministic Mathematica algorithm; they showed, however, statistical
randomness. To demonstrate the robustness of the circle transformation, noise was added
to the final image. The binary brightness of each pixel was randomly switched with a
probability of 10%, i.e. 10% of the black pixels were turned white, and 10% of the white
pixels were turned black.

In the first step, regions of interest were defined as regions with bright pixels, of
a minimum size, and with a minimum gradient in the brightness. Initial regions were
obtained by binarizing the original image using Otsu’s cluster variance maximization
method, and selecting regions of connected pixels with value 1. The initial guess for the
radius was R0 = 32 px, and the expected maximum deviation was ∆Rmax = 16 px. Hence,
regions with an area smaller than π(R0 − ∆Rmax)2 were ignored. Furthermore, for each
region, the maximum magnitude of the gradient in the brightness, |∇BROI,max|, for radius
Rgrad,ROI = 5 px was calculated, and regions for which |∇BROI,max| < |∇BROI,min| = 0.05
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Figure 3.4. Detection of randomly generated disks. For a noisy
image of a disk with a pseudorandom radius and position (a), the
edge image was calculated and the region of interest was determined
(b ). The region of interest was scaled to 1

4× its original size,
and Hough transformations (c) gave an estimate of the radius and
position of the disk at resolution 4 px (d ). These estimates were
used to iteratively determine the radius and position with resolution,
Rres = 2 px, 1 px, 1

2 px and 1
4 px (e–h). The histograms of the input

radii (i ) and the measured radii ( ), R, were calculated for 1000
images. The differences between the measured and the input value
for the radius, ∆R (j), for the corrected x-position, ∆rx (k), and
for the corrected y-position, ∆ry (l) were mostly less than half the
resolution ( ), while for some images the deviation was larger ( ).
In c, image levels were linearly rescaled from Hough value 0 to the
maximum Hough value at 0.18.

were ignored. Finally, a margin was added to each region of ∆lROI = 8 px, overlapping
regions were merged, and the rectangular area which includes all pixels of the region was
selected (Fig. 3.4b ).

In the second step, the radius and the position of the centre of the disk were measured
with a resolution of Rres,1 = 4 px, where Rres,1 was an integer power of two. First, the
edge image was calculated as previously described with Rgrad = 2 px. The size of the
edge image was increased 1 px/Rres,1 times using Gaussian resampling, and the region
of interest was selected. From the rescaled edge image, Hough images were calculated
with RH = R0 − ∆Rmax to RH = R0 + ∆Rmax with steps Rres,1, where R0 was the initial
estimate for the radius, and ∆Rmax was the expected maximum deviation. The highest
maximum of the Hough images gave a first estimate for the radius, R1, and for the
position of the centre, r⃗c,1 of the disk (Fig. 3.4c–d).
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In the third step, the results from the first set of Hough images were used to iteratively

find the radius and position of the centre with a final resolution of Rres,f = 1
4 px. Each

step, i, resolution Rres,i was multiplied with 1
2 ,

Rres,i = Rres,12−(i−1), (3.4)

until Rres,i = Rres,f. So here, Rres,2 = 2 px, Rres,3 = 1 px, Rres,4 = 1
2 px, Rres,5 = Rres,f =

1
4 px.

Each step, a squared area of the edge image was selected of length 5
2Ri−1 + 1 px

centred at r⃗c,i−1, where Ri−1 and r⃗c,i−1 were the estimates for the radius and the position
of the centre from the previous step. This edge image was rescaled to 1 px/Rres,i times
its original size, and Hough images were calculated for RH = Ri−1 − Rres,i, Ri−1 and
Ri−1 + Rres,i. In the Hough images, the values within a distance RH from the edge of
the region of interest were set to 0. The maximum of the Hough images, gave the next
estimate of the disk radius, Ri, and centre position, r⃗c,i, at resolution Rres,i (Fig. 3.4e–h).
This was continued until Rres,i = Rres,f.

In the last step, the final radius, Rf, and position of the centre, r⃗c,f, were obtained by
interpolation. At resolution Rres,f, Hough images were calculated for RH = Ri−1 −Rres,f,
Ri−1 and Ri−1 +Rres,f, and the maximum Hough value, Hmax(RH), was determined for
each RH. A least-squares fit of a parabola, Hmax(RH) = caRH

2 + cbRH + cc, through the
three points of Hmax(RH) was calculated. The final radius was given by RH for which
Hmax(RH) was maximum, Rf = −cb

2ca
. If ca ≥ 0, no maximum was obtained and Rf was

RH for which the global maximum was obtained. If the value for which the parabola was
maximum was smaller than Ri−1 −Rres,f, Rf = Ri+1 −Rres,f, and if this value was larger
than Ri+1 +Rres,f, Rf = Ri+1 +Rres,f, Similarly, the final position of the centre, r⃗c,f, was
calculated from the neighbours in the Hough image for Rf.

To test this procedure, 1000 noisy images of random disks were analysed. The
histograms of the measured radii and the input radii were very similar (Fig. 3.4i). The
measured mean radius was 31.9 ± 0.6 px, and virtually identical to the mean of the input
radii, 31.9 ± 0.5 px. Here, the error is the standard deviation for ten means of groups of
100 images.

For each image, the error in the radius is defined as the difference between the input
radius, and the measured radius. The histogram of these differences, shows that 993
values are within the measured interval from Rf − 1

2Rres,f to Rf + 1
2Rres,f (Fig. 3.4j).

Furthermore, for all images, the absolute value of the error is smaller than Rres,f. The
mean and standard deviation in the error is 0.00 ± 0.05 px. There is thus no significant
difference between the measured and original radii.

The difference between the measured and input coordinates, is 0.38 ± 0.05 px and
0.38 ± 0.06 px. These relatively high differences, seem to be due to a systematic error, as
the standard deviation is much lower than the mean of the difference. After subtracting
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0.375 px from the measured positions, the differences are 0.00 ± 0.05 px and 0.00 ± 0.06 px.
The histogram of the errors, also shows that most input values lie within the corrected
measured interval (Fig. 3.4k–l). Furthermore, even without this correction, the systematic
error has no effect on interparticle positions as all values are off by the same value. Finally,
this error only seems to occur at resolutions below 1 px. For a resolution of Rres,f = 1 px,
the difference are 0.0 ± 0.3 px and 0.01 ± 0.29 px for the x and y-positions.

We conclude that this method is well-suited to accurately determine the size and
position of disks with a resolution well below the size of a pixel.

3.2.4. Detection of Multiple Disks To analyse images with multiple disks, the
method of the previous subsection was modified so multiple disks could be detected in
each region of interest.

The method is demonstrated for noisy images with multiple randomly generated disks
(Fig. 3.5). The images were 1000 px × 1000 px with 100 random disks each. The radii
and positions of the centres of the disks were generated similarly and with the same
parameters as in the previous subsection. Now however, the coordinates of the disks were
at pseudorandom numbers between 0 and 1000 px.

We prevented disks from overlapping too much. For each newly generated disk, the
centre-to-centre distance to all other disks was calculated. If for any pair, ij, this distance
was less than a threshold value, the disk was not added. Here, a threshold of

√
0.6(Ri +Rj)

was chosen, where Ri and Rj were the radii of disk i and j. This procedure was continued
until the total number of disks is 100. Finally, noise was added as described in the previous
subsection

First, regions of interest were determined (Fig. 3.5a ), and next, scaled Hough
images were obtained for each region. In both steps, the method and parameters as
described in the previous subsection were used. Rgrad, however, was increased to 3 px
to decrease the effect of noise and consequently reduce the number of misfits, and
Rgrad,ROI = ∆lROI = 4 px.

Here, each region could contain multiple disks, so multiple maxima were to be found
in the Hough images. Furthermore, maxima could also be found in the shoulder of
neighbouring disks (Fig. 3.5c ). Such local maxima, that were outside disks, should
not be identified as centres of disks. Hence, the initial transformations were pixel-wise
multiplied with the original images to obtain the final Hough images. Before multiplication,
the original image was Gaussian filtered with radius RGauss = 10 px to reduce the effect
of noise.

The disks in a certain region were detected from the local maxima in the Hough
images. The global maximum for the Hough images gave the first estimate for the position
of the centre, r⃗c,1,1, and for the radius, R1,1, of the first disk (Fig. 3.5d). The input
image did not contain disks that overlap more than a threshold value. Hence, the disk
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Figure 3.5. Detection of multiple disks. Regions of interest were
selected in a randomly generated image of 100 disks (a ). For the
blue region in a, the edge image (b) and scaled Hough images were
calculated. The Hough image with RH = 28 px has a local maximum
outside the disks (c ). Such maxima were masked by multiplying
with the original image, and the global maximum at RH = 28 px gave
the position of the centre of the first disk (d). Each next disk was
given by the global maxima after masking the Hough values in all
previously found disks (e–g), until the global maximum was lower than
Hmin,1. After iteratively finding the circles at resolution Rres,f = 1

4 px,
Hmin,f was determined which separated correctly detected disks (h

), from misfits (h ). Finally, the histogram of the input radii (i )
and measured radii ( ), R, was calculated for ten images. For c–g,
image levels were linearly rescaled from zero to the global maximum
Hough value.
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with centre r⃗c,1,1 and radius xij,minR1,1 was determined, where xij,min was the minimum
relative distance between two disks. Next, for all Hough images, the values of pixels
within this disk were set to 0 (Fig. 3.5e). For our test image we only expected disks with
a centre-to-centre distance larger than

√
0.6(Ri +Rj), and we set xij,min = 1. The global

maximum after masking out the first disk, gave the position and radius of the second disk.
This procedure was repeated until the global maximum was lower than Hmin,1 = 0.05, or
the number of detected disks reached Np,max = 200 (Fig. 3.5e–g).

Misfits can arise as a region of interest sometimes contained only a part of a disk
(Fig. 3.5g). Most of these misfits were removed by ignoring for each pair with a centre-
to-centre distance less than xij,min(Ri,1 +Rj,1)/2, the disk with the lowest Hough value.
Such misfits, however, could also be prevented by selecting the entire image as region of
interest (Fig. 3.9d).

The resulting radii and positions of the centres were used as starting values to iteratively
determine the radii and positions of the centres with Rres,f = 1

4 px. The method of the
previous subsection was followed, but each Hough image was now multiplied with the
Gaussian filtered and scaled original image. The identified disks were sorted based on the
value of the Hough image at the position of their centre, H f. By visual inspection, the
threshold Hough value Hmin,f was determined for which the disks with H f > Hmin,f did
not contain misfits (Fig. 3.5h).

For the example image, 93 disks were identified (Fig. 3.5h). This procedure was
repeated for nine additional random images, and 969 of the 1000 input disks were
identified. Particles which were not correctly detected overlapped with another disk or
were partly outside the image. Both factors resulted in incomplete circles in the edge
image, and hence in a low Hough value. Many disks which overlap with either other disks
or the image boundary, however, were identified.

The histogram of the measured radii agrees well with the original radii (Fig. 3.5i).
The mean radius is 32.2 ± 0.4 px for both the input and detected disks. Here, the error
is the standard deviation for the ten means of each image. The standard deviation for
the radii in each image gives the polydispersity, σ. The polydispersity is 4.04 ± 0.25 px
and 4.0 ± 0.3 px for the input and detected disks. Both the measured mean radius and
polydispersity are nearly identical, and this method is thus well suited to objectively
analyse images with multiple disks.

3.2.5. Detection of a Snowman-like Shape Snowman-like shapes consist of two
partly overlapping disks, that were detected in two steps. First, the largest disk was
iteratively detected using Hough circle transformations as described above. Next, the
edge of the first disk was masked, and the other disk is similarly detected.

This method is illustrated for a noisy test image of 200 px × 200 px (Fig. 3.6). Test
images were generated similarly as for the previously described method. The coordinates
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of the centre of the first disk were pseudorandom numbers between 64 and 136 px, and
the centre of the second disk was at a random position at 32 ± 2 px from the first centre.
The radii of the two disks were pseudorandom numbers taken from a normal distribution
of 32 ± 4 px. The largest radius of the two was defined as Rl, while the smaller radius
was Rs.

The region of interest was selected (Fig. 3.6b) and the large disk was detected iteratively
using the same parameters and method as in the previous subsection. The initial estimates,
R0 and ∆Rmax were now replaced by Rl,0 = 32 px and ∆Rl,max = 16 px.

The final radius, Rl,f, and position of the centre, r⃗c,l,f, of the large disk were used to
mask the pixels of the edge image which were on the edge of the large disk (Fig. 3.6c).
Pixels at r⃗i for which,

Rl,f − ∆rmask/2 < |r⃗c,l,f − r⃗i| ≤ Rl,f + ∆rmask/2, (3.5)

were identified as on the edge of the large disk, where ∆rmask = 2 px was the width of
the mask. In the edge image, these pixels were set to zero.

The position, r⃗c,s,f, and radius, Rs,f, of the small disk were measured iteratively,
using the masked edge image. As region of interest, a squared area centred at the
position of the large disk was selected. The length of the sides of this region were
2(rcc,0 + ∆rcc,max +Rs,0 + ∆Rs,max) + 1 px, where rcc,0 = 32 px was the initial estimate
for the distance between the centre of the large disk and the centre of the small disk,
∆rcc,max = 8 px was the estimated maximum deviation in rcc,0, Rs,0 = 32 px was the
initial estimate for the radius of the small disk, and ∆Rs,max = 16 px was the estimated
maximum deviation in Rs,0. To prevent misfits, the method of the previous subsection
was slightly modified. The input distance between the centre of the small disk and the
centre of the large disk was 32 ± 2 px. The Hough maximum of the small disk was thus
expected on a 32 px ring around the maximum of the large disk. Hence, the Hough image
was masked, with all Hough values at r⃗i which do not fulfil,

rcc,0 − ∆rcc,max ≤ |r⃗c,l,f − r⃗i| ≤ rcc,0 + ∆rcc,max, (3.6)

set to zero (Fig. 3.6e).
Furthermore, we made sure there was no edge between the centres of the large and the

small disk. In the masked edge image, all pixels on the line of thickness 1 px between the
two centres were identified (Fig. 3.7f). If any of these pixels had a value above |∇Bcc,max|,
the detected small disk was rejected; all pixels in the Hough images which were part of
the rejected small disk were masked; and the next maximum was tried. This procedure
was continued until a small disk was found which belonged to the same snowman-like
shape or the total number of tries reached 10. Here, |∇Bcc,max| = 1, because the noise
caused a high gradient in the brightness even inside the image.
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Figure 3.6. Detection of snowman-like shapes. A noisy image of
a snowman-like shape was generated from two randomly generated
overlapping disks (a). The region of interest was selected (b), and
the first disk was detected as before. Next, the edge of the first disk
was masked in the edge image, and the region around the centre
of the first disk was selected as region of interest (c). To prevent
identification of maxima too far from or too close to the centre of
the first disk, the Hough image (d) was masked (e) and its maximum
corresponds to the position and size of the second disk (e ). The
pixels in the masked edge image on the line between the two centres
were identified (f ). And the maximum value of these pixels was
below |∇Bcc,max|. Using the final Hough maximum, the shape was
fully characterized (g). Side view of a snowman-like particle on a
substrate with the positions, r⃗c,l and r⃗c,s, and radii, Rl and Rs, of
the large lobe and the small lobe, the centre-to-centre distance, rcc,
and the contact angle, θc (h). For 1000 images, histograms of the
difference between the measured and input values for the radius of
the large disk, ∆Rl (i), the radius of the small disk, ∆Rs (j) and the
centre-to-centre distance, ∆rcc (k) were calculated. Most values are
within the measured interval ( ), while other values are outside the
measured interval ( ). For c–d, image levels were linearly rescaled
from zero to the global maximum Hough value.
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Usually, the largest disk had the highest Hough value and was thus identified first.

This may seem surprising, as the normalized Hough value does not depend on the radius
of the disk. The Hough value, however, depends on the completeness of the circular edge.
For the edge image of a snowman-like shape, both circles are incomplete, but the fraction
of the circle which is missing is smallest for the largest disk. Hence, the Hough value
of the large disk is highest, and this lobe was identified first. If, however, the second
identified lobe had a larger radius than the first lobe, the second lobe was identified as
the large disk and the first lobe as the small disk.

From the measured radii and positions of the centres, the centre-to-centre distance,

rcc =
√

|r⃗c,l − r⃗c,s|2 + (Rl −Rs)2, (3.7)

was calculated. Here, the last term in the square root corrects for the 2D projection of a
three-dimensional snowman-like particle lying on a flat surface (Fig. 3.6h).

The contact angle between the surface of the two lobes of a snowman-like particle, θc

(Fig. 3.6h), was calculated using the law of cosines [82, p1713],

θc = 180° − cos−1
[
Rl

2 +Rs
2 − rcc

2

2RlRs

]
. (3.8)

Finally, the total volume of a snowman-like particle is the volume of the two spheres
with radii Rl and Rs minus the volume of the intersection of the spheres [82, p2778],

V s =4π(Rl
3 +Rs

2)
3

−
π(Rl +Rs − rcc)2 (rcc

2 + 2Rlrcc − 3Rl
2 + 2Rsrcc + 6RlRs − 3Rs

2)
12rcc

.

(3.9)

Using this method, 1000 randomly generated images were analysed. The differences
between the input value and the measured value for Rl, Rs and rcc are plotted in Fig. 3.6i–k.
Most values lie within the measured interval. For the small disk diameter, however, the
agreement is not as good as for single disks (compare Fig. 3.6j to Fig. 3.4j). This can be
explained as incomplete circles are more difficult to detect. As we have seen before, the
edge of the large disk is a more complete circle than the edge of the small disk. Hence,
the error in the radius of the large disk is smaller than in the radius of the small disk.
The error in the centre-to-centre distance is larger than for the radii (compare Fig. 3.6k to
i–j). This can be explained as errors in the positions of centres as well as in the radii for
each disk contribute to the final error in rcc. For 970 out of 1000 snowman-like shapes,
the errors in Rl, Rs and rcc are all smaller than 1 px, and large errors can easily be
removed by visual inspection. Even without removing the misfits, however, the mean and
polydispersity are very similar for the input and measured values (Table 3.1).
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Table 3.1. Results for single snowman-like shapes. Mean, µ, and
polydispersity, σ, of the radius of the large disk, Rl, the radius of the
small disk, Rs, the centre-to-centre distance, rcc, and the contact
angle, θc, for the input and the detected snowman-like shapes. The
first value is the average over ten means of 100 images, and the
second value gives the standard deviation.

Rl/px Rs/px rcc/px θc/
◦

µ σ µ σ µ σ µ σ
Input 34.3±0.3 3.23±0.23 29.74±0.22 3.26±0.18 32.48±0.29 2.15±0.09 119.1±0.9 7.7±0.6

Detected 34.25±0.29 3.23±0.24 29.5±0.3 3.55±0.29 32.7±0.3 2.47±0.25 118.3±0.8 9.2±1.5

3.2.6. Detection of Multiple Snowman-like Shapes Images with multiple snowman-
like shapes were analysed using a similar method as in the previous subsection. Here,
however, multiple shapes were to be found. This was implemented by masking the edge
of each detected disk.

The method is demonstrated for a randomly generated 1000 px × 1000 px image with
100 snowman-like shapes (Fig. 3.7). Particles were randomly generated with the same
parameters as in the previous subsection, but now positions of the centres of the first
disks are pairs of pseudorandom numbers between 32 and 936 px. New shapes were added
if they do not overlap with existing snowman-like shapes until the total number of shapes
was 100 (Fig. 3.7a).

To demonstrate that multiple shapes can be found in a region, the entire image was
identified as region of interest. Furthermore, this also reduced the number of misfits,
which often arise from shapes which overlap with the edge of a region.

The same parameters and method as in the previous subsection were used to find the
first snowman-like shape. Upon finding the second disk at Rres,f, its edge was masked in
the edge image, and the next shape was detected. This procedure was continued, until
the global maximum of the Hough images for the large disk was lower than Hmin,1 = 0.02
or the number of found shapes reached Np,max = 110.

Next, overlapping snowman-like shapes were removed, and the shapes were sorted
based on the geometric mean of the final Hough value of the large and the small disk
H f =

√
H l,fHs,f. Finally, the threshold Hmin,f was determined above which no clear

misfits were presents (Fig. 3.7a).
For ten randomly generated images, 975 out of 1000 shapes are detected, and the input

and measured histograms of the shape properties overlap (Fig. 3.7b–e). Furthermore, the
properties of the input snowman-like shapes are nearly identical to those for the detected
shapes (Table 3.2).
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Figure 3.7. Detection of multiple snowman-like shapes.
Snowman-like shapes were detected in a randomly generated im-
age with 100 shapes (a). Hmin,f was determined which separates
correctly detected snowman-like shapes (a ) from misfits ( ). For
10 images, the distribution of the measured ( ) and input ( ) values
for the radius of the large disk, Rl (b), the radius of the small disk,
Rs (c), the centre-to-centre distance, rcc (d), and the contact angle,
θc (e), were calculated.

Table 3.2. Results for multiple snowman-like shapes. Mean, µ,
and polydispersity, σ, of the radius of the large disk, Rl, the radius of
the small disk, Rs, the centre-to-centre distance, rcc, and the contact
angle, θc, for the input and the detected snowman-like shapes. The
first value is the average over ten images, and the second value gives
the standard deviation.

Rl/px Rs/px rcc/px θc/
◦

µ σ µ σ µ σ µ σ
Input 33.4±0.3 3.51±0.22 28.8±0.4 3.4±0.3 32.49±0.19 2.01±0.14 116.9±0.7 8.3±0.7

Detected 33.3±0.3 3.48±0.21 28.7±0.4 3.5±0.4 32.55±0.20 2.11±0.18 116.6±0.8 8.8±1.4

3.2.7. Measuring Interparticle Interactions From the positions of particles with
respect to each other, the two-dimensional radial distribution function g(rij) was calculated.
Furthermore, the average of g(rij) was converted into the effective pair potential.

Distributions of interparticle distances should be corrected for the average number of
pixels at a certain distance, rij . For small interparticle distances, the number of pixels
increases with 2πrij . Due to the finite size of a microscopy image, however, the number
of pixels decreases when rij becomes close to the image length (Fig. 3.8).

To correct for these effects the histogram of distances between many random pairs was
calculated (Fig. 3.8). 107 times, two pseudorandom positions, r⃗i and r⃗j on a microscopy
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Figure 3.8. Normalization of interparticle distance histograms.
For 107 randomly generated pairs of positions on a 600 px × 600 px
image, the histogram of the distance between the pairs, rij , was
calculated ( ). The histogram was fitted to a third order polynomial
( ), that was used to normalized histograms of interparticle distances
obtained from equally sized images.

image were chosen, and the distance between the positions, rij = |r⃗i−r⃗j | was calculated. A
polynomial of order three was fitted through the histogram of these distances (Fig. 3.8 ).
For a 600 px × 600 px image, this polynomial was 0.00151rij

3 − 3.668rij
2 + 1734rij + 786.

To obtain the two-dimensional radial distribution function, g(rij), the histogram was
normalized by dividing the counts with the fitted polynomial. Furthermore, g(rij) was
scaled so g(rij) ≈ 1 at large interparticle distances.

Finally, if particles undergo Brownian motion, the effective two-dimensional pair
potential can be calculated using w(rij)/kBT = − ln

⟨
g(rij)

⟩
, where kB is the Boltzmann

constant, T is the temperature, and
⟨
g(rij)

⟩
is the time average or ensemble average of

the radial distribution function.

3.3. Results and Discussion
3.3.1. Characterization of Spherical Particles Using the method of Subsection 3.2.4,
electron microscopy images of cross-linked poly(styrene-co-acrylic acid) (CPSAA)
spheres are analysed (Fig. 3.9).

Cross-linked poly(styrene-co-acrylic acid) spheres are synthesized as described
in Subsection 2.2.2, and electron microscopy images are obtained as described in
Subsection 2.2.5. For images with pixels of length, lpx = 9.73 nm, the image levels
are linearly rescaled so that 99.9% of all values are between the lower and upper
level thresholds, and the entire image is selected as region of interest (Fig. 3.9a).

The edge image is calculated with Rgrad = 5 nm (Fig. 3.9b). Defining the edge
of the particles is non-trivial, and often subjective. Here, we calculate the edge
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Figure 3.9. Characterisation of spherical par-
ticles. Transmission electron microscopy images
of colloidal spheres (a) are transformed into edge
images (b). From these, Hough images are cal-
culated at resolution Rres,1 = 38.9 nm (c). The
maxima in the Hough images give estimates of
the radii and positions of the centres of the particles (c ). These
estimates are used to iteratively determine the radii and positions
of the centres at Rres,f = 2.4 nm (d ), and particles with a Hough
value below a threshold ( ) and misfits ( ) are ignored. Finally, for
five images, a histogram of the radii, R, is calculated. Image values
are linearly rescaled as indicated by the vertical bars. The QR code
links to an interactive demonstration of characterisation of this image
(phd.chrisevers.com/3qr9.html)

image from the magnitude of the gradient in the brightness. Using this method,
the only free parameter is the radius over which the gradient is determined, Rgrad.
Increasing this radius reduces noise, but decreases the magnitude of the gradient.
The location of the maximum in the gradient, however, does not vary strongly with
Rgrad. Unlike methods which depend on cut-off values for the brightness, the edge
position in the gradient image is thus fairly parameter independent.
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Furthermore, in the original image, the brightness is high in the top left corner,

while the bottom right corner is dark (Fig. 3.9a). The edge image, however, depends
only on the gradient of the brightness, and the edges are as bright in each corner.

The radii and positions of the centres are obtained iteratively using the param-
eters in App. Table 3.1, where most parameters are integer multiples of lpx. First,
the Hough image is calculated at resolution Rres,1 = 38.9 nm (Fig. 3.9c). Because
the particles are dark in the original image, the initial Hough image is in this
case multiplied with the negative of the original image. Next, the maxima in the
Hough image give the first estimates for the radii and positions of the centres of the
particles (Fig. 3.9c ). These values are used as input values to iteratively detect
the particles at resolution Rres,f (Fig. 3.9d ). Finally, by visual inspection, the
threshold Hough value Hmin,f is determined to remove most misfits (Fig. 3.9d ).
Remaining clear misfits are manually removed (Fig. 3.9d ).

Using this method, all particles that are completely in the original image are
recognized. Particles which overlap with the border of the image, however, are often
incorrectly detected; although even some of these particles seem to be correctly
identified. Finally, two particles that do not overlap with the border are incorrectly
detected (Fig. 3.9d ). This can be explained by their irregular shape.

For TEM images of dried colloids on a polymer coating, the bottom of each
particle is at the top of the coating. Hence, if the polydispersity of the particles
is low, the centres of all particle are at approximately the same height and in the
same focal plane. Consequently, we can measure the radius of multiple particles
from a single image.

The calculation time increases dramatically with the resolution. For a 1280 px×
1024 px image (Fig. 3.9) the first estimates at Rres,1 = 4 px, are calculated in 19 s
on a Intel Core i5 laptop. Refining the results at Rres = 2, 1, 1

2 , and 1
4 px takes 0.8,

1.7, 5.8 and 18.0 min The total analysis time thus strongly depends on Rres,f and
is 27 min for Rres,f = 1

4 px. Even though we optimized our method as described in
Subsection 3.2.3, smarter algorithms or GPU processing could reduce the calculation
speed even further.

Five images with the same magnification are analysed and 1107 particles are
identified. A sharp histogram of radii of the particles is obtained (Fig. 3.9e). The
mean radius is 264.8 ± 1.7 nm and the polydispersity is 7.4 ± 2.0 nm. Here, the
second values denote the standard deviations over the values for the five images.
Both the radius and polydispersity are thus determined with a resolution well
below lpx = 9.73 nm.
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Figure 3.10. Characterization of snowman-like
particles. Transmission electron microscopy im-
ages of colloidal snowman-like particles (a) are
transformed into edge images (b). From these,
radii and positions of the centres of each lobe are
determined iteratively (c ). Particles with low
Hough values ( ) are ignored and other misfits ( ) are manually
removed. For 58 images, histograms for the radius of the large lobe,
Rl (d), the radius of the small lobe, Rs (e), the centre-to-centre
distance, rcc (f), and the contact angle, θc (g) are plotted. The
QR code links to an interactive demonstration of characterisation of
snowman-like particles (phd.chrisevers.com/3qr10.html)

3.3.2. Characterization of Snowman-like Particles Electron microscopy images
of snowman-like particles are analysed using the method of Subsection 3.2.6
(Fig. 3.10). Snowman-like particles are prepared as described in Subsection 2.2.4,
and transmission electron microscopy images with a pixel length, lpx = 4.9 nm, are
obtained (Fig. 3.10a). The images are analysed with parameters as defined in App.
Table 3.2. The radii and positions of the centres of each lobe of the snowman-like
particles are determined, and particles with low Hough values and other misfits are
ignored (Fig. 3.10a–c). The number of misfits is relatively large, because particles
tend to cluster on the TEM grid due to drying effects (Fig. 3.10c ). Hence,
edges of particles often touch resulting in even more incomplete circles than for
non-touching snowman-like particles (Fig. 3.10b). Many particles that are in close
contact with their neighbours are, however, correctly identified (Fig. 3.10c ).
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Table 3.3. Properties of snowman-like particles. Mean, µ, and
polydispersity, σ, of the radius of the large lobe, Rl, the radius of the
small lobe, Rs, the centre-to-centre distance, rcc, and the contact
angle, θc, for the input and the detected snowman-like particles. The
first value is the average over seven groups of 80 particles each, and
the second value gives the standard deviation.

Rl/nm Rs/nm rcc/nm θc/
◦

µ σ µ σ µ σ µ σ
222.4±2.3 5.8±1.5 176.3±1.8 11.1±2.6 157±3 20±3 135.2±1.0 7.1±1.6

For 58 images, 561 particles are detected, and histograms of the particle
properties are plotted (Fig. 3.10d–g), and the mean and polydispersity are calculated
(Table 3.3).

For dried snowman-like particles, the centres of each lobe are at different
heights. For each lobe, the bottom should be at the top of the polymer coated
grid (Fig. 3.6h). Hence, the centres of the large lobes are at higher positions than
the centres of the small lobes, and the particles are oriented tilted on the surface.
In transmission electron microscopy, however, we observe a 2D projection, and
both the centre-to-centre distance and the contact angle are corrected for the tilted
orientation according to Eq. 3.7 and Eq. 3.8.

Furthermore, the tilted particle orientation could cause a problem in focusing.
For particles with Rl = 222 nm and Rs = 176 nm, the height difference between
the centres of the large lobe and the small lobe is 46 nm. The centres of both lobes
are in focus if this difference is smaller than the depth of field. Here, the depth of
field is the range over which the z-position of an object can be changed, while still
remaining in focus. In contrast to optical microscopy, the depth of field is usually
large for electron microscopy [83]. For the particles in Fig. 3.10a, the edge of each
lobe is sharp, and both lobes are indeed in focus.

Using this method, the shape of individual particles is fully characterized,
resulting in accurate statistics of derived particle properties. The contact angle, θc

for example, depends on Rl, Rs and rcc (Eq. 3.8). In Table 3.3, θc is obtained by
calculating its value for each particle and taking the mean and standard deviation
for all 561 values. Using manual measurements, θc is often calculated using the
means and the standard deviations for Rl, Rs and rcc and the law of propagation of
errors [82, p938]. Using this method, the mean and standard deviation would have
been slightly different at 135.4° and 6.8° instead of 135.2° and 7.1° (Table 3.3). In
this case, the polydispersities of Rl, Rs and rcc are relatively low, and the difference

43



3. Automated Image Analysis using Hough Circle Transformations

3.3
a

1515

7171
%% b

00
1010

%%
c

1 µm1 µm

1515

7171
%%

0 0.5 1 1.5 20

0.5

1

1.5

2

2.5

rij/µm

g
(r

ij
)

0 0.5 1 1.5 2−1

0

1

2

3

4

rij/µm

w
(r

ij
)/

k
B

T

d e

Figure 3.11. Interparticle interaction measure-
ments. An optical microscopy image of diffusing
colloids (a) is converted into its edge image (b),
and the particle positions are determined (c ). Us-
ing 151 images, the time-averaged two-dimensional
radial distribution functions, g(rij), is obtained (d),
which is converted into the effective two-dimensional pair potential,
w(rij) (e). The error bars indicate the width of the bins and the
standard deviation over seven groups of images. The QR code links
to an interactive demonstration of detecting particles in an optical
microscopy image (phd.chrisevers.com/3qr11.html)

between the direct and indirect measurements of θc is negligible. The difference
might, however, become significant if, for example, the polydispersity in the radii
is high, while the polydispersity in the contact angle is low.

3.3.3. Interparticle Interactions Using the method of Subsection 3.2.4, positions
of particles in dispersion are determined to estimate their effective pair potential
(Fig. 3.11).

A time series of reflected light microscopy images of diffusing snowman-like
particles is obtained (Fig. 5.7). For each microscopy image, the edge image is
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calculated and the particle positions are determined using the parameters in App.
Table 3.3 (Fig. 3.11a–c).

For Fig. 3.11c, all particles that are in focus are identified. For particles just
out of focus, the gradient in the brightness is low, and hence the Hough value
is below Hmin,1. By varying Hmin,1, the depth of focus can thus be narrowed or
broadened. In the software, a suitable value for Hmin,1 can be determined by
visually inspection.

For 151 images, 41568 particles are identified, and a histogram of the interparticle
distances, rij = |r⃗c,i − r⃗c,j |, is calculated (Fig. 3.11d). The histogram is corrected
for the finite image size and normalized (Subsection 3.2.7), resulting in the two-
dimensional radial distribution function g(rij). At rij < 0.5 µm, the number of
counts approaches zero, because particles can not penetrate each other. The peak
at 0.3 µm seems to be due to misfits, and arises because a minimum interparticle
distance of xij,minR0 = 0.305 µm is used. At large distances, on the other hand,
g(rij) becomes constant as the particles are uncorrelated at large separation. The
histogram peaks at 0.725±0.015 µm, which indicates an effective mutual attraction.
Here, the width of the bins of the histogram is Rres,f, and the error is estimated at
1
2Rres,f.

The attraction strength can be estimated by translating the radial distribution
function into an effective pair potential, w(rij) (Fig. 3.11e). At rij < 0.5 µm, the
effective pair potential becomes less accurate. This can be explained as these
positions have a high effective pair potential, and are thus less likely to be sampled.
Furthermore, when the interparticle distance is less than the wavelength of light, it
is more difficult to distinguish the particles. At large interparticle distances, the
particles do not interact, and the effective pair potential is zero. The minimum in
the potential gives the effective attraction strength, −0.845± 0.018 kBT , where the
second value is the standard deviation over the minima of seven groups of about 22
images each. Relatively high particle concentrations can cause long-range features
in the effective pair potential. This results in a positive peak at rij ≈ 1.1 µm,
followed by a second minimum at rij ≈ 1.4 µm. The measured effective pair
potential differs from the actual pair potential, due to the high concentration,
because we assume all particles to have the same height, and because we only
measure in a two-dimensional slice. Hence, the error in the measured attraction
strength is much larger than the low standard deviation suggests. Finally, we
verified that optical effects due to close proximity of the particles as described by
Baumgartl and Bechinger [84] do not seem to change our results significantly.
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3.5
3.4. Conclusion

In this chapter, the Hough circle transformation is used to measure sizes and
positions of particles in microscopy images. We verified the accuracy of this
method and optimized it to allow analysis in the order of minutes on a laptop.
Measurements require only a few input parameters. Of these, Hmin is the only
cut-off parameter, which final value is determined by visual inspection. By tuning
the parameters, particle positions in electron and optical microscopy were obtained.
Furthermore, both spherical and snowman-like particles were characterized. Our
method is more objective and less time-consuming than visual inspection, and can
be extended to characterize arbitrary shapes and even 3D objects.
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3.A. Appendix Figures and Tables

The described method is implemented in a graphical user
interface using Wolfram Mathematica (App. Fig. 3.1). This
program is freely available at (phd.chrisevers.com/3qr12.html).

Appendix Figure 3.1. Screenshot of the graphical user interface.
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Appendix Table 3.1. Parameters to detect spherical particles in Fig. 3.9.

Rgrad/nm R0/nm ∆Rmax/nm Rres,1/nm Rres,f/nm
9.7 272.4 116.8 38.9 2.4

xij,min Hmin,1 Np,max RGauss/nm
1.5 0.02 300 48.6

Appendix Table 3.2. Parameters to detect colloidal snowman-like
particles in Fig. 3.10.

Rgrad,ROI/nm |∇BROI,min| ∆lROI/nm Rgrad/nm Rl,0/nm ∆Rl,max/nm
24.5 0.01 49.1 4.9 216.0 58.9

Rs,0/nm ∆Rs,max/nm Rres,1/nm rcc,0/nm ∆rcc,max/nm ∆rmask/nm
157.1 39.3 19.6 157.1 78.6 19.6

|∇Bcc,max| Hmin,1 Np,max xij,min/nm Rres,f/nm RGauss/nm
0.1 0.02 100 1.5 1.2 49.1

Appendix Table 3.3. Parameters to detect interparticle interactions
in Fig. 3.11.

Rgrad/nm R0/nm ∆Rmax/nm Rres,1/nm xij,min Hmin,1 Np,max RGauss/nm
87 203 0 29 1.5 0.024 500 58
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Self-assembly of Deformable Colloids





4
Colloidal Bond Hybridization

in Spherical and Snowman-like Particles

Abstract
In colloidal bond hybridization, anisotropic interactions are induced
for deformable particles. Here, we model deformable particles as
mutually attractive, hard spheres with mobile satellite spheres.
Using this simple model, we show that even for isotropic particles,
anisotropic interactions are induced. Anisotropy arises as satellite
spheres redistribute when the particles bind each other; a process
that is analogous to redistribution of electrons in the formation
of chemical bonds. Furthermore, we show that the valency of the
particles can be tuned by the size and the number of satellite
spheres. Finally, by implementing colloidal bond hybridization
for snowman-like particles, we show that the combination of mu-
tual attraction, anisotropy and deformability can stabilize curved
monolayers. ×

×
×

×
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4.2

4.1. Introduction
Particles with anisotropic or directional interactions are promising building

blocks for new functional materials and models for biological structures [24, 27, 85].
One way of inducing anisotropic interactions is by functionalizing part of the surface
of particles with mutually attractive groups. The resulting particles are anisotropic
or patchy, and can self-assemble into open lattices and colloidal equivalents of
molecules and micelles [26, 28, 29]. Another approach is to anchor flexible surface
groups onto the surface of the particles. The resulting particles are deformable;
their overall shape changes when the surface groups alter their conformation.
Mutually attractive, deformable particles self-assemble into more complex structures
than expected for similar non-deformable particles. Upon grafting polymers onto
the surface of spherical nanoparticles, for example, finite-size, isotropic clusters
can be obtained [35]. Moreover, polymer-grafting can even induce anisotropic
interactions resulting in self-assembled strings, sheets, and large vesicles [36, 37].
The combination of anisotropy and deformability, however, has–to the best of our
knowledge–not been studied yet.

In this chapter, we develop a simple model for deformable particles and demon-
strate that combining mutual attraction, anisotropy and deformability induces
the stabilization of curved structures. We model deformable particles as mutu-
ally attractive central spheres with penetrable hard satellite spheres. We expect
anisotropic interactions to arise as the satellite spheres redistribute upon binding.
This process is analogous to bond hybridization in quantum chemistry. When two
hydrogen atoms bind and form H2, for example, the electrons around each atom
redistribute, i.e. two isotropic orbitals hybridize into the molecular orbitals of H2.
Similarly, when mutually attractive, deformable particles bind, flexible surface
groups redistribute, resulting in anisotropic interactions. We refer to this process
as colloidal bond hybridization.

Using Monte Carlo simulations, we verify this mechanism. In the first part of
this chapter, we study mutually attractive, isotropic, deformable (MID) particles.
We show that the valency of MID particles, that we measure as the average number
of bonds, can be tuned by the size and the number of satellite spheres. Next, we
combine these two parameters into the covered surface fraction, that—with the
initial configuration—dictates both the valency as well as the morphology of the
observed structures. In the second part, we study mutually attractive, anisotropic,
deformable (MAD) particles. Here, colloidal bond hybridization is combined with
anisotropy, resulting in mechanically stable, curved monolayers.
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Figure 4.1. Deformable particles. Schematic diagrams of spherical
and snowman-like, deformable particles. Mutually attractive, isotropic,
deformable (MID) particles (a) are modelled as mutually attractive,
hard central spheres with diameter dc ( ) and penetrable hard satellite
spheres with diameter ds ( ). The satellite spheres can move at
a distance (dc + ds)/2 from the centre of the central sphere ( ).
Mutually attractive, anisotropic, deformable (MAD) particles (b) are
modelled as MID particles with a rigid protrusion ( ). Due to the
protrusion, part of the surface of the central sphere is inaccessible for
satellite spheres ( ).

4.2. Methods
4.2.1. Deformable Particles We develop simple models for spherical and snowman-
like particles. Mutually attractive, isotropic, deformable (MID) spheres are modelled as
central hard spheres with Ns satellite spheres each (Fig. 4.1a). The central spheres have
diameter dc, and are mutually attractive, which can be due to for example hydrophobic
effects in an experimental system. The satellite spheres model flexible surface groups like
solvophilic polymers. These spheres have diameter ds, and can move at a distance ds/2
from the surface of the central sphere. The mobile spheres are penetrable hard spheres
that can interpenetrate each other, but have excluded volume interactions with other
particles. Penetrable hard spheres are frequently used to model polymers [86, 87, 88].

Mutually attractive, anisotropic, deformable (MAD) snowman-like particles are mod-
elled by adding a rigid, hydrophobic sphere to a MID particle (Fig. 4.1b). The second sphere
is a so-called protrusion with diameter dp, and its presence makes the deformable particle
anisotropic. The protrusion has a short-range attraction with other protrusions and
central spheres that corresponds to for example hydrophobic effects of non-functionalized
polystyrene. Finally, the relative sizes of the satellite spheres and the protrusion are
xs = ds/dc and xp = dp/dc.
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4.2

4.2.2. Monte Carlo Simulations The models of deformable spherical and snowman-
like particles are implemented in Monte Carlo computer simulations. The central spheres
have a square well interaction potential,

wcc(rij) =

⎧⎪⎪⎨⎪⎪⎩
∞ if rij ≤ dc,

−εcc if dc < rij ≤ dc + ξ,

0 if rij > dc + ξ,

(4.1)

where rij is the distance between the centres of the spheres, and ξ is the width of the
square well.

The satellite spheres can move at a fixed distance (dc + ds)/2, from the centre of the
particle, and have penetrable hard sphere interactions: satellite spheres are free to overlap
each other, i.e. wss = 0, but they have hard sphere interactions with the central spheres,

wcs(rij) =

⎧⎨⎩∞ if rij ≤ (dc + ds)/2,
0 if rij > (dc + ds)/2.

(4.2)

Snowman-like particles have one protrusion each and the hydrophobicity of the
protrusions is captured by a weak square-well mutual attraction with strength wpp = −εpp

over the range dp < rij ≤ dp + ξ. The central spheres and protrusions interact through
a square-well potential with depth wcp = −√

εccεpp over the range (dc + dp)/2 < rij ≤
(dc + dp)/2 + ξ. Finally, the protrusions have hard-sphere interactions with the satellite
spheres,

wps(rij) =

⎧⎨⎩∞ if rij ≤ (dp + ds)/2,
0 if rij > (dp + ds)/2.

(4.3)

The model is used in Monte Carlo simulations in the canonical ensemble. Two different
initial configurations are used: 1) unbound particles with increasing interaction strength
from εcc = 3 to 9kBT in steps of 1kBT , and 2) a square monolayer in a hexagonal packing
arrangement with fixed interaction strength εcc = 9kBT . In the latter initial configuration,
the protrusions are randomly oriented below and above the midplane of the monolayer
and the distance between the centres of neighbouring central spheres is dc + ξ/2. The
number of deformable particles is 98, the box length is set such that the total volume
fraction of the central spheres equals 0.001, and periodic boundary conditions apply in
all directions. The protrusions have a diameter dp = 0.7dc, a weak attraction strength
εpp = εcc/5, and their centres are at a distance dc/2 from the centre of the central sphere.
Finally, the square well width is set to ξ = 0.1dc.

For each particle shape and initial configuration, we perform simulations for every
combination of number of satellite spheres, Ns ∈ {2, 4, 6, 8, 10, 12}, and satellite sphere
size, xs = ds/dc ∈ {0.20, 0.25, ..., 0.70}. The simulations that had a hexagonal monolayer
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Figure 4.2. Covered surface fraction. The covered surface frac-
tion, xcs (Eq. 4.4), is the number of satellite spheres, Ns, times
the covered area per satellite spheres, As ( ), divided by the total
available area in the absence of a protrusion, A0 ( ), minus the area
excluded by a protrusion, Aex,p ( ).

as the initial configuration are repeated an additional four times, and all resulting data
plots and morphologies are averages over these runs. To measure the valency, we calculate
the average number of bonds per particle, ⟨Nb⟩, where we define particles to be bound
when the centre-centre distance between their central spheres, rcc, is less than dc + ξ.

4.2.3. Covered Surface Fraction The number of satellite spheres, Ns, and the relative
size of the satellite spheres, xs, can be combined into the covered surface fraction, xcs.
The covered surface fraction is defined as the surface area covered by satellite spheres,
divided by the total available surface area in the absence of neighbouring particles,

xcs = NsAs

A0 −Aex,p
, (4.4)

where As is the surface area that is covered by each satellite sphere (Fig. 4.2 ), A0 is the
surface area over which satellite spheres can move in the absence of a protrusion or any
neighbouring particles (Fig. 4.2 ), and Aex,p is the area that is excluded by a protrusion
(Fig. 4.2 ). xcs is thus a single particle property and overlap between covered surface
areas of satellite spheres is ignored.

The available area over which a satellite sphere can move in the absence of a protrusion
and any neighbouring particles (Fig. 4.2 ) is the surface area of a sphere with diameter
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dc + ds,

A0 = π (dc + ds)2 . (4.5)

The area covered by a satellite sphere (Fig. 4.2 ) is the spherical cap with radius,
Rcap = AB = (dc + ds)/2, and height, hcap = BD, where AB and BD denote the lengths
of the line segments from point A to B and B to D in Fig. 4.2. The height of the cap can
be found using basic geometry and the law of cosines [82, p1713],

hcap = AB −AC cos∡BAC = BC2

2AB = ds
2

4(dc + ds)
, (4.6)

where ∡BAC is the angle between B, A and C in Fig. 4.2. The resulting area per satellite
sphere is [82, p2794],

As = 2πRcaphcap = π
ds

2

4 . (4.7)

Similarly, the excluded area by the protrusion (Fig. 4.2 ) is the spherical cap with
radius Rcap = AI = (dc + ds)/2 and height,

hcap = AI −AG cos∡GAF = FG2 − (AG−AF )2

2AF = dp(dp + 2ds)
4dc

. (4.8)

Consequently, the excluded surface area is,

Aex,p = π
dp(dp + 2ds)(dc + ds)

4dc
. (4.9)

The expressions for the different surface areas are used to obtain the covered surface
fraction by inserting Eq. 4.5, 4.7 and 4.9 into Eq. 4.4,

xcs = Nsdcds
2

(dc + ds)(2dc − dp)(2dc + dp + 2ds)
(4.10)

= Nsxs
2

(1 + xs)(2 − xp)(2 + xp + 2xs)
, (4.11)

where we inserted the dimensionless satellite sphere diameter, xs = ds/dc, and protrusion
diameter, xp = dp/dc in the second equation. For spherical particles, dp = 0, and the
covered surface fraction reduces to,

xcs = Nsds
2

4(dc + ds)2 = Nsxs
2

4(1 + xs)2 . (4.12)

The covered surface fraction increases thus with both the number and the size of the
satellite spheres.
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4.3

4.3. Results and Discussion
4.3.1. Mutually Attractive, Isotropic, Deformable Particles The clusters of mu-
tually attractive, isotropic, deformable (MID) particles, are studied using Monte
Carlo simulations. MID particles are modelled as central spheres with Ns satellite
spheres that model flexible surface groups (Fig. 4.1a). The particles are mutually
attractive due to a square well potential between their central spheres. Further-
more, the particles as a whole are deformable; their shape can change as a result
of migration of the satellite spheres over the surface of the central sphere. In the
simulations, two different initial configurations are used, 1) unbound particles and
2) particles in a hexagonal monolayer. In the first case, the mutual attraction
between the central spheres, εcc, is stepwise increased to 9kBT , while in the latter
case εcc is constant at 9kBT .

Using computer simulations, we determine the average number of bonds per
particle, ⟨Nb⟩, that we take as measure for the valency (Fig. 4.3). Here, the number
of bonds per particle is defined as the number of neighbours within the range of the
mutual attraction. The value of the valency results from a competition between
attractive interactions and excluded volume effects. Attraction between the central
spheres promotes the formation of bonds, until the number of bonds reaches the
so-called kissing number, that is the maximum number of twelve spheres that can
be placed in contact with a central sphere [89]. When bonds are formed, however,
part of the surface becomes inaccessible for the satellite spheres due to hard
sphere interactions between satellite spheres and central spheres of neighbouring
particles (Fig. 4.4a ). Hence, the entropy of the satellite spheres decreases with
the number of bonds, and these excluded volume effects favour unbound particles.
To accommodate both effects, we expect the satellite spheres to rearrange when
particles bind each other. Consequently, bonds are formed in plane, while satellite
spheres move out of plane (Fig. 4.4a). As a consequence, even isotropic particles,
i.e. spheres without patches or shape-anisotropy, form anisotropic bonds, and the
valency is greater than zero, but smaller than twelve (Fig. 4.3).

This process is analogous to bond hybridization in quantum chemistry. When
two hydrogen atoms bind and form the hydrogen molecule H2, for example, the
electrons around each atom redistribute, i.e. two isotropic orbitals hybridize into
the molecular bonding orbital of H2 (Fig. 4.4b ). Similarly, in colloidal bond
hybridization, the redistribution of satellite spheres induces anisotropic bonds.

The valency decreases with the relative size of the satellite spheres, xs, and the
number of satellite spheres, Ns (Fig. 4.3). Increasing the size of the satellite spheres
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Figure 4.3. Valency of MID particles. The average number of
bonds, ⟨Nb⟩, per mutually attractive, isotropic, deformable (MID)
particle is determined using Monte Carlo simulations. The initial con-
figurations of the simulations are unbound particles (a) and hexagonal
monolayers (b). ⟨Nb⟩ decreases with the dimensionless diameter of
the satellite spheres, xs, and the number of satellite spheres, Ns. The
symbols correspond to the in Fig. 4.6 defined morphologies. Note the
different ⟨Nb⟩-range in a and b.

results in an increase in the fraction of the surface that becomes excluded when a
bond is formed (App. 4.A and compare Fig. 4.5a to b). Consequently, the loss of
entropy upon forming a bond increases with xs, and the valency decreases with xs

(Fig. 4.3). Increasing the number of satellite spheres, Ns, results in more satellite
particles that each lose entropy when a bond is formed. Hence, the valency also
decreases with Ns (Fig. 4.3). We conclude that the valency can be tuned by the
size and the number of satellite spheres.

Many-body interactions are expected to have a strong influence on the valency.
For example, if three deformable particles bind, the particles might arrange in
a way that creates overlap between their excluded surface areas (Fig. 4.5c). In
this arrangement, the available surface area for the satellite spheres increases, and
the total entropy might be higher than without overlap. Another many-body
phenomenon is that no more than twelve spheres can be placed in contact with
a central thirteenth sphere as we discussed above. Many-body interactions are
difficult to incorporate in analytical models, and at this point, we have not been
able to formulate an analytical theory to compare with the results from simulations.

The valency strongly depends on the initial configuration if the number and the
size of the satellite spheres is large (compare Fig. 4.3a to b). For simulations with
unbound particles as the initial configuration, the valency decreases from 8.8 for a
few, small satellite spheres to 0.2 for many, large satellite spheres (Fig. 4.3a). When
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Figure 4.4. Bond hybridization. In colloidal bond hybridization
(a) anisotropic interactions can be induced for mutually attractive,
isotropic, deformable particles. Upon binding, satellite spheres ( )
redistribute ( ). Consequently, mutually attractive central spheres
( ) interact in plane, while satellite spheres move out of plane,
resulting in anisotropic interactions ( ). This process is analogous
to bond hybridization in quantum chemistry (b) where the electrons
redistributes upon binding, and atomic orbitals of hydrogen atoms
(left) hybridize into bonding ( ) and antibonding ( ) molecular
orbitals of the hydrogen molecule, H2 (right). Here, the lines give the
electron density, |Ψ|2, as a function of the position in the z-direction,
rz, and the background gives a two-dimensional plot of the electron
density as calculated in App. 4.B.

the initial configuration is a hexagonal monolayer, on the other hand, the valency
has a similar value of 8.2 for a few, small satellite spheres. The decrease in the
valency upon increasing the size and the number of satellite spheres, however, is
much smaller, and the minimum valency is 6.7 (Fig. 4.3b). To understand why the
valency depends on the initial configuration, we take a look at the morphologies of
the clusters.

When unbound particles are used as the initial configuration, a large variation
in morphologies of clusters (Fig. 4.6a,c–h) is observed. This is in agreement with
the large variation in the valency in Fig. 4.3a. Furthermore, we compare our
results with results for a more detailed model. Akcora et al. [36] have simulated
nanoparticles with flexible polymers anchored onto their surface. Their model of
MID particles also consists of mutually attractive central spheres. The flexible
surface groups, however, are modelled as tethered chains of hard spheres, instead

59



4. Colloidal Bond Hybridization in Spherical and Snowman-like Particles

4.3

a

b
c

Figure 4.5. Excluded surface area. The excluded surface area ( )
depends on both the size of the satellite spheres, xs, and the number
of bonds, Nb. For small satellite spheres (a) the fraction of the
surface area that becomes excluded when a bond is formed is smaller
than for large satellite spheres at the same centre-to-centre distance
(b). If three particles are in contact (c), the particles can arrange in
such a way that their excluded surface areas overlap.

of mobile, penetrable hard satellite spheres [36]. For both models, the particles
reorganize into compact aggregates when the number and the size of the tethered
chains or satellite spheres is small (Fig. 4.6c). This configuration maximizes
the potential energy due to attractive interactions between the central spheres.
Excluded volume effects become more important for more or larger chains or satellite
spheres. Consequently, we expect the satellite spheres to redistribute upon binding,
and snapshots of the simulations show that satellite spheres indeed move to the
outside of the clusters (Fig. 4.6d–g ). Excluded volume effects induce more complex
structures and a decrease in the dimensionality. Hence, for both models, flattened
and elongated clusters, and finally unbound particles are observed (Fig. 4.6d–h).
Our model thus qualitatively reproduces the more detailed model, which justifies
that anchored flexible surface groups can be modelled as mobile penetrable hard
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spheres. Furthermore, this suggests that also for the more detailed model, the
main ingredients that induce anisotropic interactions are mutual attraction and
deformability. As our model does not contain any molecular details, we expect
this behaviour to be generic for mutually attractive, deformable particles. This
expectation is in line with experimental results for polymer-grafted nanoparticles,
where both mutual attraction and deformability can be identified and anisotropic
interactions are induced [36, 37].

The behaviour is remarkably different when the initial configuration is a hexag-
onal monolayer. Similar to simulations where the initial configuration consists of
unbound particles, the particles reorganize into compact aggregates if the number
and the size of satellite spheres is small (Fig. 4.6b,i). Upon increasing these two
quantities, however, the satellite spheres redistribute out of plane and mechanically
stable bilayers and monolayers are observed (Fig. 4.6b,j–k). For many and large
satellite spheres, the observed morphologies thus strongly depend on the initial
configuration. Only unbound particles are found when unbound particles are used
as the initial configuration, whereas monolayers are observed when monolayers are
used as the initial configuration for xs ≳ 0.55 and Ns ≳ 8 (compare Fig. 4.6h to k).
This suggests that at least one of the initial configurations results in kinetically
trapped structures. Sampling the disintegration from a monolayer into unbound
particles should be easier than the formation of a monolayer from unbound particles.
This becomes clear as many translations of particles at the edge of a monolayer
result in an unbound particle. The formation of a new bond, however, requires
the redistribution of many satellite spheres, and even more so if the number and
the size of the satellite spheres is large (Fig. 4.4a). For a monolayer as the initial
configuration, on the other hand, breaking the bonds between the central spheres is
difficult as the interaction strength is 9kBT . Hence, both morphologies are mechan-
ically stable, and free energy calculations are necessary to verify which morphology
corresponds to the free energy minimum. Moreover, when xs = 0.7, the diameter
of the satellite spheres, ds = 0.7dc, is much larger than the range of the square
well attraction between the central spheres, ξ = 0.1dc. Accordingly, rearrangement
of satellite spheres is already necessary at distances much larger than the range
of the attraction. Hence, a smoother attractive potential could perhaps prevent
kinetic trapping. In experimental systems, potentials are by definition smoother
than a square well potential, but kinetic trapping might still occur. Hence, external
potentials could possibly be necessary to guide assembly into monolayers.
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Figure 4.6. Clusters of MID particles. Morphology diagrams of
clusters of mutually attractive, isotropic, deformable (MID) particles
as a function of the dimensionless diameter of the satellite spheres,
xs, and the number of satellite spheres, Ns (a–b), and representative
snapshots with central spheres (c–k ) and satellite spheres ( ).
When unbound particles are used as the initial configuration (a) and
xs and Ns are increased, compact (c ), cylindrical (d ), flattened
(e ), rod-like (f ) and finite-size (g ) clusters as well as unbound
particles (h ) are found. When the initial configuration is a hexagonal
monolayer (b), compact clusters (i ), bilayers (j ) and monolayers
(k ) are observed. The dashed lines indicate where the covered
surface fraction, xcs, is 0.1, 0.2, 0.3, 0.4 and 0.5.

As expected, a strong correlation between the valency and the morphology
of the clusters is observed (compare symbols to surface plots in Fig. 4.3). Hence,
kinetic trapping can also explain the difference in the valency upon starting with
unbound particles or hexagonal monolayers. For unbound particles with large and
many satellite spheres, bond formation is prevented and the valency is close to
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Figure 4.7. Valency versus covered surface fraction for MID
particles. The average number of bonds per mutually attractive,
isotropic, deformable (MID) particle, ⟨Nb⟩, is given as a function of the
covered surface fraction, xcs. ⟨Nb⟩ is determined using Monte Carlo
simulations with unbound particles (a) and hexagonal monolayers (b)
as initial configurations. The symbols correspond to the in Fig. 4.6
defined morphologies. Note the different ⟨Nb⟩-range in a and b.

zero. Upon starting with monolayers for such particles, however, the monolayers
do not disintegrate resulting in a higher average number of bonds.

The covered surface fraction, xcs, incorporates both the size and the number
of satellite spheres in a single quantity (Eq. 4.12), and we expect this quantity
to correlate with the valency and the morphology of the structures. Indeed, the
contour lines of xcs are virtually parallel to the transitions in the morphology
diagrams (Fig. 4.6a–b). Furthermore, the morphologies also strongly correlate with
the covered surface fraction (Fig. 4.7, symbols). Finally, upon plotting the valency
as a function of xcs, all curves collapse onto single curves that depend on the initial
configuration (Fig. 4.7). Hence, we conclude that the covered surface fraction and
the initial configuration dictate the morphology and the valency.

4.3.2. Mutually Attractive, Anisotropic, Deformable Particles We study the
combination of colloidal bond hybridization and anisotropy, by adding rigid spheres
or protrusions to the deformable spheres of the previous subsection (Fig. 4.1b).
The resulting snowman-like particles are mutually attractive, anisotropic and
deformable (MAD), and consist of mutually attractive, deformable cores, and
slightly attractive, rigid protrusions (Fig. 4.1b). The core corresponds to a lobe with
flexible surface groups as in the previous subsection. The protrusion, on the other
hand, corresponds to a non-functionalized lobe in experiments. Non-functionalized
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surfaces are typically hydrophobic, and this is captured by a short-range attraction
with other protrusions or central spheres.

The dependence of the valency on the size and the number of satellite spheres
for MAD particles mimics the behaviour for MID particles (compare Fig. 4.3 to
Fig. 4.8a–b). For MAD particles, we measure the valency as the average number of
bonds for the central spheres with other central spheres. Furthermore, similar to
MID particles, the values for the valency collapse onto a single curve as a function
of the covered surface fraction (Fig. 4.8c–d). For MAD particles, the valency is
thus also dictated by the covered surface fraction. The central spheres of the MAD
particles, however, form on average about one bond less than for MID particles
(compare Fig. 4.8c–d to Fig. 4.7). This can be explained as the protrusion covers
a section of the surface of the central sphere making that section inaccessible for
other central spheres (Fig. 4.1b ).

Using unbound particles as the initial configuration, the morphologies for MAD
particles are similar to those for MID particles (compare Fig. 4.9a,c–h to Fig. 4.6a,c–
h). The morphology diagram, however, is shifted to the lower left corner for MAD
particles. For anisotropic particles, each structure is thus found for smaller and
fewer satellite spheres than for MID particles. This can be understood as the
addition of a protrusion reduces the available surface area for the satellite spheres
(Fig. 4.1b ). Consequently, the covered surface fraction increases (Eq. 4.11), and
its isolines are shifted to the lower left corner of the morphology diagram (compare
Fig. 4.6a to Fig. 4.9a ). Hence, the transitions between morphologies occur at
similar xcs-values for both MID and MAD particles.

Using hexagonal monolayers as the initial configuration, different morphologies
are obtained for MAD particles than for isotropic particles (compare Fig. 4.9b,i–n
to Fig. 4.6b,i–k). Similar to MID particles, compact clusters are observed for MAD
particles with a few small satellite spheres, and bilayers and flat monolayers are
obtained upon increasing the size or the number of satellite spheres (Fig. 4.9i–
k). Upon increasing these parameters further, however, curved monolayers with
protrusions pointing in plane (Fig. 4.9l,QR) are observed. Moreover, for even
larger and more satellite spheres, we obtain curved monolayers with all protrusions
pointing inwards (Fig. 4.9m–n). Furthermore, for non-attractive protrusions, we
also obtain curved monolayers, but now, for all sizes and numbers of satellite
spheres, protrusions are pointing inwards (data not shown). The difference between
the two initial configurations is again striking. When the initial configuration is
a monolayer, curved structures are obtained for many and large satellite spheres,
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Figure 4.8. Valency of MAD particles. The average number of
bonds, ⟨Nb⟩, per mutually attractive, anisotropic, deformable (MAD)
particle is determined using Monte Carlo simulations with unbound
particles (a,c) and hexagonal monolayers (b,d) as the initial configura-
tions. ⟨Nb⟩ decreases with the dimensionless diameter of the satellite
spheres, xs, the number of satellite spheres, Ns, and the covered
surface fraction, xcs. The symbols correspond to the in Fig. 4.9
defined morphologies. Note the different ⟨Nb⟩-range in a,c and b,d.

whereas particles remain unbound when the initial configuration consists of unbound
particles (compare Fig. 4.9l–n to h). Following the same reasoning as in the
previous subsection, both morphologies could be kinetically trapped, but could
be mechanically stable in experiments as well. For simulations of MID particles,
no curved structures are observed (Fig. 4.6). The introduction of a protrusion
breaks the symmetry of the building blocks and this induces a shift from flat to
curved structures. The transition between flat and curved monolayers occurs at a
less well-defined value for the covered surface fraction than for other transitions
(Fig. 4.8d ). This is most likely the result of the small difference between these
morphologies. Nevertheless, a strong correlation between the morphologies of the
clusters and the covered surface fraction is observed (Fig. 4.8c–d). Similar to MID
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Figure 4.9. Clusters of MAD particles. Mor-
phology diagrams of clusters of mutually attractive,
anisotropic, deformable (MAD) particles as a func-
tion of the dimensionless diameter of the satellite
spheres, xs, and the number of satellite spheres, Ns
(a–b), and representative snapshots with central
spheres (c–n ), protrusions ( ) and satellite spheres ( ). When
unbound particles are used as the initial configuration (a), increas-
ing xs and Ns results in compact (c ), cylindrical (d ), rod-like
(e ), flattened (f ) and finite-size (g ) clusters as well as unbound
particles (h ). When the initial configuration is a hexagonal mono-
layer (b), compact clusters (i ), bilayers (j ), flat monolayers (k

), curved monolayers with in plane protrusions (l ) and curved
monolayers with out of plane protrusions (m–n ) are found. The
dashed lines indicate where the covered surface fraction, xcs, is 0.1
to 0.7 and the QR code links to a movie where a curved monolayer
at xs = 0.6 and Ns = 8 is rotated (phd.chrisevers.com/4qr9.mp4).
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particles, the covered surface fraction and the initial configuration thus dictate the
morphology of the obtained clusters.

4.4. Conclusion
In this chapter, we developed a simple model for attractive, deformable particles:

mutually attractive hard spheres with mobile satellite spheres. The satellite spheres
cause an effective repulsion that competes with a short-range attraction between
the hard spheres. Consequently, the satellite spheres redistribute upon binding.
This process is analogous to the formation of the simplest chemical bond, where
two isotropic orbitals hybridize into the molecular orbital of H2. Using Monte
Carlo simulations, we demonstrate that in colloidal bond hybridization, anisotropic
interactions are induced for isotropic particles. The valency can be tuned by both
the size and the number of the satellite spheres, resulting in a variety of different
structures. For mutually attractive, isotropic, deformable (MID) particles, these
results are in qualitative agreement with simulations using a more detailed model,
justifying our simple model. Moreover, we show that the fraction of the surface of the
central sphere that is covered by satellite spheres determines both the morphology
of the clusters as well as the valency of the particles. Furthermore, extending
our model to mutually attractive, anisotropic, deformable (MAD) particles shows
that even curved monolayers can be stabilized by a combination of colloidal bond
hybridization and anisotropy. Translating properties of experimental particles
into the parameters used in our simulations is challenging, and sampling all
configurations is troublesome. Hence, to predict self-assembled structures from
experimentally determined properties, more theoretical work is needed for which
work of Asai et al. [90] could be extended.
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4.A. Excluded Surface Fraction
We calculate the fraction of the available surface area that is excluded upon

the formation of a bond. Surface area is excluded if the surface-to-surface distance,
rss, is smaller than the diameter of a satellite sphere, ds (Fig. 4.5). The excluded
area is the area of the spherical cap with radius, Rcap = (dc + ds)/2, and height,
hcap = (dc + ds)/2− (dc + rss)/2 (Fig. 4.5 ) [82, p2794],

Aex =

⎧⎨⎩2πRcaphcap = π
2 (dc + ds)(ds − rss) if rss < ds

0 if rss ≥ ds,
(4.13)

where dc is the diameter of the central sphere.
The excluded surface fraction is,

Aex

A0
=

⎧⎨⎩ ds−rss
2(dc+ds) = xs−xss

2(1+xs) if xss < xs

0 if xss ≥ xs,
(4.14)

where xss = rss/dc is the dimensionless surface-to-surface distance, and xs is the
dimensionless diameter of a satellite sphere.

Finally,
∂Aex/A0

∂xs
= 1 + xss

2 (1 + xs)2 > 0 if xss < xs, (4.15)

and the excluded surface fraction thus increases with the relative size of the satellite
spheres, xs.

4.B. Calculation of Electron Densities
The electron density, |Ψ(r⃗)|2, at a volume element at position r⃗ is plotted for

hydrogen atoms and the hydrogen molecule, H2, in Fig. 4.4b. For the hydrogen
atom, we take the electron density as the squared radial wave function of the 1s
orbital [91, p88],

|Ψ(r⃗)|2 =
[
c exp

(
−|r⃗ − r⃗n|/RB

)]2
, (4.16)

where c is a normalization constant, r⃗n is the position of the nucleus, and RB =
52.9 pm is the Bohr radius, where little error is introduced as the mass of the
electron is used instead of the reduced mass of the electron.

For the hydrogen molecule, we ignore interactions between the electrons and
assume that the bonding and antibonding orbitals are linear combinations of atomic
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1s orbitals of the hydrogen atom [91, p258-259]. The resulting probability density
for each electron is,

|Ψ(r⃗)|2 =
[
c exp

(
−|r⃗ − r⃗n,1|/RB

)
± c exp

(
−|r⃗ − r⃗n,2|/RB

)]2
, (4.17)

where the two terms are summed for a bonding orbital, and subtracted for an
antibonding orbital, and the two nuclei are at r⃗n,1 and r⃗n,2, and |r⃗n,1 − r⃗n,2| =
1.4RB [91, p259]. Finally, as the hydrogen atom has two electrons, the total electron
density is obtained by multiplying the result in Eq. 4.17 with 2.
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5
Self-Assembly into Microcapsules

via Colloidal Bond Hybridization and Anisotropy

Abstract
In material sciences, anisotropic interactions have been induced by
distributing mutually attractive domains anisotropically over the
surface of colloids, or by making mutually attractive nanoparticles
deformable. In biology, however, proteins incorporate mutual at-
traction, anisotropy as well as deformability, and self-assemble,
for example, into virus microcapsules. Here, we combine these
three characteristics into model particles that self-assemble into
colloidal microcapsules. In the previous chapter, we showed that
mutual attraction and deformability induce anisotropic interactions
via colloidal bond hybridization. Here, this mechanism induces
self-assembly of isotropic spheres into planar monolayers, while
anisotropic snowman-like particles self-assemble into monolayer
microcapsules. A modest change of the building blocks thus re-
sults in a significant leap in the complexity of the self-assembled
structures.

−−→

500 nm500 nm
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5.1

5.1. Introduction
In protein self-assembly, biomolecules spontaneously form structures ranging

from simple dimers to icosahedral microcapsules enclosing viral DNA [92, p63-64].
Self-assembling proteins are mutually attractive, anisotropic and deformable, and
we abbreviate these three characteristics as MAD. Mutual attraction is commonly
induced via hydrophobic interactions. Anisotropy is the second characteristic, and
can, for example, be recognized in proteins that form complexes. These proteins
contain hydrophobic parts that are in contact with other proteins, and hydrophilic
parts that are exposed to the solution [33, p43]. Finally, deformability or floppiness
is the result of structural rearrangements during self-assembly [32]. The hepatitis
B core protein, for example, changes its conformation upon assembly into a virus
monolayer microcapsule [34].

For micrometer-sized colloidal particles, mutual attraction and anisotropy have
recently been combined using attractive domains or patches. The resulting patchy
particles self-assemble, for instance, into open lattices and colloidal equivalents
of molecules and micelles [26, 28, 29]. In self-assembly of nanoparticles, on the
other hand, mutual attraction and deformability have recently been coupled by
grafting flexible polymers onto the surface of mutually attractive particles. This
results in isotropic clusters [35], and self-assembled strings, sheets, and large
vesicles [36, 37]. To the best of our knowledge, anisotropy and deformability have
not been combined in a colloidal model systems. Furthermore, self-assembly into
monolayer microcapsules has not been experimentally observed by applying either
anisotropy or deformability. Such structures have been predicted for cone-shaped
particles with four orthogonally attractive patches [31] (Fig. 1.1f). Unfortunately,
these building blocks are challenging to synthesize and have not been experimentally
realized yet.

In this chapter, we show that colloidal particles that are relatively easy to
synthesize can also self-assemble into microcapsules. The design of these particles
is inspired by MAD proteins, i.e. particles that are mutually attractive, anisotropic,
as well as deformable. We discuss our results in four parts. First, we study particles
with two of the three characteristics: mutually attraction and deformability. In the
previous chapter, we introduced colloidal bond hybridization, a mechanism that
induces anisotropic interactions for mutually attractive and deformable particles.
Here, we implement colloidal bond hybridization in an experimental model system
and observe planar monolayers for chemically and geometrically isotropic particles.
In the second part, we combine colloidal bond hybridization with anisotropy, using
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MAD particles, with all previously mentioned characteristics. We achieve this
combination using snowman-like particles that consist of a deformable core and
a non-deformable second lobe or protrusion. These relatively simple particles
self-assemble into microcapsules and we discuss their similarities with the structure
of viruses. Furthermore, they also form spherical cavities at high particle concen-
trations, as discussed in the third part. In the last part, we propose a mechanism
for the formation of microcapsules with cavities as intermediates.

5.2. Methods
5.2.1. Chemicals and Colloidal Particles Unless stated otherwise, the following
chemicals were used as received: tert-butylamine (tBA, 391433, ≥99.5%), fluoresceinamine
(FlA, mixture of isomers, 46930, ≥75%), and fluorescein sodium salt (Fl, F6377), were
obtained from Sigma-Aldrich or its subsidiaries; potassium chloride (KCl, 196770010,
p.a.) was obtained from Acros; potassium hydroxide (KOH, 1.05033), sodium hydroxide
(NaOH, 1.06498), and hydrochloric acid (HCl, 1.00317 37%) were obtained from Merck;
glycerol (262447, Ph. Eur.) was obtained from Bufa; ethanol (100%) was obtained from
Interchema; and Millipore water (MQ) was obtained with a Synergy water purification
system. Salt solutions were prepared by mixing weight amounts of salt with MQ.

Mutually attractive, isotropic, deformable (MID) cross-linked poly(styrene-co-acrylic
acid) particles with a diameter of 530 nm were synthesized as described in Subsection 2.2.2.
Mutually attractive, anisotropic, deformable (MAD) snowman-like particles with a cross-
linked poly(styrene-co-acrylic acid) core, a polystyrene protrusion, and core diameters
of 353, 540, 626 and 679 nm are synthesized and functionalized with fluoresceinamine as
described in Subsections 2.2.3 and 2.2.4. For Fig. 5.5h,m,r, we modified the latter synthesis
method and added the same molar amount of tert-butylamine instead of fluoresceinamine.
Furthermore, particles similar to MAD particles that are isotropic were synthesized by
functionalizing MID particles with fluoresceinamine as described in Subsection 2.2.3.
The synthesis of fluoresceinamine functionalized, polystyrene snowman-like particles, i.e.
mutually attractive, anisotrotropic, non-deformable particles, is previously described by
van Ravensteijn et al. [11]. Cross-linked polystyrene (CPS) particles with a diameter of
0.41 µm were prepared as described in Subsection 2.2.2.

5.2.2. Optical Microscopy Typically, a sample was prepared by bringing 0.5–2 µl
dispersion between a microscope slide (Menzel-Gläser), and a #1.5 cover slip (Menzel-
Gläser) with two #0 cover glasses (VWR) as spacers. Before use, the slides were cleaned
with MQ, ethanol and Kimtech precision wipes, and the dispersions of colloids in water
were washed as described in Section 2.2, and diluted with MQ. Furthermore, cells were
sealed with glue (Norland NOA81, cured with a UVP UVGL-58 lamp) or adhesive tape.
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Evaporating droplets between two glass slides (Fig. 5.6h–l) were studied in similar cells,
but without sealing the sides of the cell. Evaporating droplets on a glass slide (Fig. 5.6b–f,
5.9a–d and App. Fig. 5.4), on the other hand, were studied by bringing 0.5 µl dispersion on
a similarly cleaned #1.5 cover slip (Menzel-Gläser). Droplets evaporated spontaneously
and for each dispersion four times (twice for non-deformable particles) a time series was
obtained of a 89 × 89 µm area. Samples with a high concentration of colloids (Fig. 5.7)
were obtained by preparing a cell as described above and subsequent sedimentation in
the earth gravitational field. Thin cells as in Fig. 5.8, Fig. 5.9e–r and App. Fig. 5.3
were prepared in a capillary and sealed with glue, while preventing contact between
uncured glue and the dispersion. For this aim, a 0.02 × 0.2 × 50 mm3 capillary (VitroCom
5002-050) was filled half with dispersion. Next, the cell was pressed on a microscopy slide
(Menzel-Gläser) with tweezers and a foam cushion, and nitrogen gas was blown from the
filling side to push the dispersion to the middle of the cell. While blowing, the other side
was sealed and fixated on the microscopy slide with a glue droplet (Norrland NOA81) to
prevent the dispersion from flowing back. Finally, the other side was sealed with glue, the
glue was cured with UV light (UVP UVGL-58), and the cells were centrifuged (Beckman
Coulter Allegra X-12R) in centrifuge tubes (VWR SuperClear Ultra-High Performance).
Fig. 5.8e–f and Fig. 5.9e–l are obtained after centrifugation at 2.1 × 103 g.

Bright field, fluorescence and reflected light microscopy images were captured with a
Nikon Ti-E Inverted Microscope unless stated otherwise. The Nikon Ti-E is operated with
a Nikon TIRF 100×/1.49 objective, intermediate magnification of 1.5×, and a Hamamatsu
ORCA Flash camera. For reflected light microscopy, a Nikon Intensilight C-HGFl light
source was used with a Nikon D-FLE filter block. For fluorescence microscopy, the same
light source was used with a Semrock FITC-3540C filter block. The microscopy images
in Fig. 5.7 and App. Fig. 5.2 were obtained with a Nikon Ti-U inverted Microscope
with a Nikon Plan Apo VC 100×/1.40 objective, intermediate magnification of 1.5×,
and a Lumenera Infinity X camera. The images in App. Fig. 5.1 were obtained with
the same set-up with an intermediate magnification of 1×. The bright field microscopy
images in Fig. 5.8, Fig. 5.9e–r and App. Fig. 5.3 were obtained with a Nikon Eclipse
LV100POL microscope with its focal plane parallel to the gravitational field, a Nikon Plan
Fluor ELWD 40×/0.6 objective, and a QImaging MicroPublisher 5.0 camera. Finally,
confocal microscopy images were captured with a Nikon TE2000-U, with a Nikon Plan Apo
100×/1.40 objective and a 488 nm laser. For confocal fluorescence microscopy (Fig. 5.2i–k),
a detector at 590 nm was used and fluorescein sodium salt was added to the dispersion,
while for confocal reflected light microscopy (Fig. 5.2l), a detector at 515 nm was used.

To increase contrast, image levels were linearly rescaled using ImageMagick and the
rescaling is indicated by the vertical bars in each image. For bright field, fluorescence and
confocal microscopy, image levels were rescaled from zero to the value of the brightest
pixel unless stated otherwise. For reflected light microscopy and the bright field images in
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Fig. 5.8c,f,i and Fig. 5.9i–k,p–r however, contrast was increased further by linearly rescaling
with a lower threshold at the value of the darkest pixel instead of at zero. Finally, for
Fig. 5.8b,e,h, Fig. 5.9e–g,m–o and App. Fig. 5.3, the threshold values for the cropped
versions in Fig. 5.8c,f,i and Fig. 5.9i–k,p–r were used.

The effective two-dimensional radial distribution function, g(rij), and the effective
pair potential (Fig. 5.7f–g) were obtained by analysing reflected light microscopy time
series as explained in Subsection 3.3.3. For particles in a microcapsule (Fig. 5.2n), the
positions of the particles are similarly determined and the number of counts was plotted
as a function of the interparticle distance with its maximum normalized to 1.

5.2.3. Electron Microscopy After freeze-drying or sintering, self-assembled structures
could be studied using scanning electron microscopy. For freeze-drying, 1 µl dispersion
was brought on a polymer coated copper grid. The grid was vitrified in liquid nitrogen
and mounted on a cryo transfer unit which was brought under vacuum of about 10−4 Pa.
Temperature was increased to −90 ◦C at 5 ◦C/min and kept constant for about six hours
to allow the water to sublimate.

For sintering, the sample was heated above the glass transition temperature of
polystyrene at about 100 ◦C [6, p13-13]. First, the dispersion was centrifuged and
redispersed in 1:1 glycerol:water. Next, the dispersion was immersed in a 105 ◦C oil bath
for 30 minutes. Additional MQ was added to decrease the viscosity, and the dispersion
was washed three times with MQ by centrifugation. Finally, 1 µl washed dispersion was
brought on a polymer coated copper grid, and after drying, the sample was coated with a
∼6 nm platinum layer.

Both samples were studied with a FEI XL30 FEG scanning electron microscope
operated at 5–10 kV. Image levels were linearly rescaled using ImageMagick, from the
value of the darkest pixel to the brightest pixel.

Finally, transmission electron microscopy images were obtained as described in Sub-
section 2.2.5, and characterised following Subsection 3.2.6. Unless stated otherwise, the
size of the particles refers to the in this way obtained diameters.

5.2.4. Dynamic Light Scattering and Laser Doppler Electrophoresis The hydro-
dynamic radius and the zeta potential were measured with a Malvern Zetasizer Nano ZS
using dynamic light scattering and laser doppler electrophoresis. 5 µl washed dispersion
with a solid content, ms, of about 10%, was added to 8 ml salt solution resulting in a
solid content of about 0.006%. The diluted dispersion was immediately equilibrated
at 25 ◦C for five minutes in a folded capillary cell (Malvern DTS1060). The mean, µ,
and the standard deviation or polydispersity, σ, in the hydrodynamic diameter, dhd,
were measured seven consecutive times by dynamic light scattering. Measurements were
performed at a scattering angle of 173° and data was analysed using the cumulant method
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of the Zetasizer software. Next, seven consecutive times, µ and σ were determined for
the zeta potential, ζ, by laser Doppler electrophoresis at 173° using the general purpose
mode. The radii of the particles, R, were about 250 nm, while the Debye screening length,
κ−1 was about 10 nm. Hence, Rκ ≫ 1 and the Smoluchowski model was used to analyse
the data [7, p430-432]. For each value, the trend was calculated as the slope of a least
squares linear fit normalized by the mean value.

To measure the hydrodynamic diameter at small pH intervals, a Malvern MPT-2
autotitrator was used with the Zetasizer. In a typical experiment, 5 µl washed dispersion
was added to 8 ml 1 mM KOH, and 1 mM HCl was used as titrant. For App. Fig. 5.6 ,
1 mM NaOH was used instead of KOH, and for App. Fig. 5.6 , 9 mM KCl was added to
both the dispersion and the titrant. The autotitrator tubes, titrant vial and capillary
cell were thoroughly flushed with MQ and salt solution and pumped dry. The diluted
dispersion was magnetically stirred with a PTFE coated stir bar and circulated through
the autotitrator and the capillary cell. Next, the hydrodynamic diameter was determined
seven consecutive times as described above. Now, however, the dispersion was circulated
through the autotitrator between each measurement, and pH was measured using an
electrode. After each series of seven measurements, titrant was added, the dispersion was
stirred and recirculated and a new series was measured until pH was below 3.7.

5.3. Results and Discussion
5.3.1. Planar Monolayers We create isotropic as well as anisotropic building
blocks that are mutually attractive and deformable. Before discussing the more
complex anisotropic particles, we consider a basic implementation of colloidal bond
hybridization using mutually attractive, isotropic, deformable (MID) particles.
These poly(styrene-co-acrylic acid) spheres are synthesized by copolymerizing
acrylic acid and styrene in water (Fig. 5.1a–b, Subsection 2.2.2), and their deformable
nature arises as acrylic acid and styrene are incorporated at different stages in
the polymerization process [65, 66] (App. 5.B). Hence, the particles consist of
a hydrophobic styrene-rich core and a hydrophilic acrylic acid-rich brush. The
particles are mutually attractive as hydrophobic polystyrene groups are present both
in the interior of the particles as well as in the acrylic acid-rich brush. Furthermore,
dynamic light scattering shows that the brush can rearrange on the order of 0.1 µm,
rendering the particles deformable (App. 5.B).

Mutually attractive, isotropic, deformable (MID) particles self-assemble into
planar monolayers in water (Fig. 5.1c–d). These clusters translate and rotate
randomly in the solution (Fig. 5.1QR). When clusters are oriented horizontally, the
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Figure 5.1. Self-assembled planar monolayers.
Mutually attractive, isotropic, deformable (MID)
particles (a–b, transmission electron microscopy)
consist of a styrene-rich core ( ), a deformable
acrylic acid-rich brush ( ) and mutually attractive
moieties ( ). In water, the particles self-assemble
into planar hexagonal monolayers (c–d, top and side view, reflected
light microscopy). In colloidal bond hybridization (e), surface groups
of deformable particles redistribute upon binding: mutually attractive
moieties ( ) move towards the contact area, while hydrophilic chains
( ) move into the solution. The direction of the gravitational field
is indicated by ĝ and image levels are rescaled as indicated by the
vertical bars. The QR code links to a movie of a bright field microscopy
time series of a randomly translating and rotating planar monolayer
(phd.chrisevers.com/5qr1.mp4).

hexagonal orientation of the particles can be observed (Fig. 5.1c), while a vertically
oriented cluster shows that it is indeed only one layer thick (Fig. 5.1d).

We propose that a colloidal equivalent of quantum chemical bond hybridization
drives the formation of monolayers. In Subsection 4.3.1, we saw that anisotropic
interactions can be induced for MID particles, as surface groups redistribute upon
binding. The poly(styrene-co-acrylic acid) spheres also incorporate the three MID
characteristics, and can also change their configuration upon binding. The polymer
brush contains mutually attractive styrene groups as well as hydrophilic acrylic acid
groups (Fig. 5.1e and ). Attraction between the hydrophobic groups promotes
compact structures, while excluded volume effects of the hydrophilic parts favour
unbound particles. To accommodate both effects, the polymer brush rearranges
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upon binding: hydrophobic parts interact in plane, while hydrophilic parts expand
out of plane. Consequently, anisotropic interactions are induced for chemically and
geometrically isotropic particles and planar monolayers are formed (Fig. 5.1e).

The planar monolayers have a similar morphology as the structures that are
found in computer simulations of MID particles (compare Fig. 5.1c–d to Fig. 4.6k)
Our observations are also in line with results for polymer-grafted nanoparticles that
are mutually attractive, isotropic and deformable [36, 37, 90, 93]. In our system,
however, anisotropic interactions are induced for particles that are two orders
of magnitude larger than in previous work. Furthermore, these larger particles
allow visualization of self-assembled structures in solution using optical microscopy
without freezing in liquid nitrogen or drying. Additionally, DNA coated colloids
can also form crystalline monolayers [94], but for these particles, a functionalized
surface induces anisotropic interactions.

Finally, the segregation of hydrophobic and hydrophilic moieties in the polymer
brush (Fig. 5.1e) is similar to phase segregation in self-assembly of block copoly-
mers [95]. In our system, however, copolymers are anchored to the surface of
µm-sized particles. Consequently, molecular segregation of the polymers induces
anisotropic interactions on the colloidal length scale.

5.3.2. Monolayer Microcapsules In the remainder of this chapter, we combine
colloidal bond hybridization with anisotropy, which results in fundamentally new
behaviour. Anisotropic building blocks are synthesized by growing a rigid protrusion
onto the MID particles of Fig. 5.1a–b. The protrusion is grown by swelling with
additional styrene [13, 14, 15] (Subsection 2.2.4). Furthermore, we increase the
attraction between the deformable cores by functionalizing the acrylic acid-rich
brush with hydrophobic groups [67] (Subsection 2.2.3). Next, the particles are
washed by centrifugation, which is a crucial step as we will see in Subsection 5.3.4.
Finally, we obtain mutually attractive, anisotropic, deformable (MAD) particles
that consist of a deformable core (Fig. 5.2a ) and a non-deformable protrusion
(Fig. 5.2a ).

The MAD particles self-assemble into monolayer microcapsules (Fig. 5.2c–m).
In Fig. 5.2, we study particles with a diameter of the core of 540 nm and a diameter
of the protrusion of 435 nm. As the size of the particles is similar to the wavelength
of light, we can study self-assembled structures in solution using optical microscopy.
The microcapsules randomly translate and rotate over the glass substrate due to
Brownian motion (Fig. 5.2QR1). As their gravitational length is about 0.5 µm
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Figure 5.2. Self-assembled microcapsules.
Mutually attractive, anisotropic, deformable
(MAD) particles (a–b, transmission electron mi-
croscopy) consist of a core (a ) with hydrophilic
( ) and hydrophobic ( ) moieties and a rigid
protrusion ( ). These particles self-assemble into
monolayer microcapsules in water (c–h, bright
field microscopy) where each particle has six (c) or
five nearest neighbours (d), and cross-sections can
be obtained at different heights, rz (e–h). In c–h,
the height of the focal plane ( ) is schematically
indicated with respect to the MAD particles ( ).
Adding a water-soluble dye, shows that microcapsules are water-filled
(i–k, confocal fluorescence microscopy, l, confocal reflected light
microscopy) where the white lines indicate the positions of the
orthogonal slices through the three-dimensional image. Using
reflected light microscopy, the orientation of the particles is observed
(m), and a histogram of the interparticle distances, rij , is obtained
with a maximum at 0.63 µm (n). Image levels are rescaled as
indicated by the vertical bars, and the gravitational field is indicated
by ĝ. The QR codes link to a movie of the time series at the bottom
of the microcapsule of c–d (phd.chrisevers.com/5qr2a.mp4) and the
height series of e–h (phd.chrisevers.com/5qr2b.mp4).
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(App. 5.C), they can even move about one particle diameter in the vertical direction.
Consequently, different slices of the microcapsule come into focus in Fig. 5.2QR1,
even though the focal plane of the microscope remains at the same height. When
the bottom of the microcapsule is just below the focal plane, we observe particles
that are either darker or brighter than the background (Fig. 5.2c–d). The dark
particles are just below focus, and form the bottom of the microcapsule. We observe
that most particles have six nearest neighbours (Fig. 5.2c). Pentagons, however,
occur frequently as expected from the Euler characteristic of a sphere (Fig. 5.2d).
The bright particles, on the other hand, are just above the focal plane. A ring with
a thickness of one particle diameter is observed, that corresponds to a slice above
the bottom of the microcapsule. The distance between the dark and the bright
particles is estimated from a height series of a microcapsule (Fig. 5.2e–h,QR2).
The bottom most particle of this microcapsule happened to be stuck on the glass
slide. Hence, particles remain at the same position, and we can measure the
distance between focal planes where the particles are dark and bright, which is
1 µm (compare Fig. 5.2g to h). As expected, this distance is comparable to the
theoretical axial resolution, 2λnD/NA2 = 0.7 µm [96, p207], where λ = 5× 102 nm
is the wavelength of light, nD = 1.515 is the refractive index of the immersion oil,
and NA = 1.49 is the numerical aperture of the objective. Upon increasing the
focal plane further, the centre and the top of the microcapsule can be observed
(Fig. 5.2f,e). The centre shows a monolayer ring of particles, while the top of the
microcapsule consists of particles with again five or six neighbours. Furthermore,
the distance between the top and the bottom layer is comparable to the horizontal
diameter of the monolayer rings. From these observations, we conclude that the
structures are spherical monolayers microcapsules.

We verify that the microcapsules are water-filled. Bright field microscopy shows
that most microcapsules do not contain other particles (Fig. 5.2f). In the interior
of some microcapsules, however, other particles are found. Furthermore, in the
rare occasion that microcapsules have vacancies, particles can freely move into and
out of the microcapsule (App. Fig. 5.2d–m). This suggests that the interior and
the exterior of the microcapsule consist of the same solvent, water. Next, we study
the microcapsules after adding a water-soluble dye to the dispersion. In confocal
fluorescence microscopy, the particle monolayer can be distinguished as a dark
region due to the absence of dye in the interior of the particles (Fig. 5.2i–k). In
confocal reflected light microscopy, on the other hand, the monolayer appears bright
as light is reflected due to the difference in the refractive index between the particles
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and water (Fig. 5.2l). Fluorescence is observed with a similar intensity both inside
and outside the microcapsule. Hence, we conclude that the microcapsules indeed are
water-filled. Furthermore, fluorescence inside the microcapsules also demonstrates
that molecules can freely diffuse into the microcapsules. From the geometry of the
particles, we expect that interstitial space is present between the self-assembled
particles, and the microcapsules are thus not molecularly impenetrable.

In contrast to previously obtained microcapsules of colloidal particles, so-called
colloidosomes [97], the microcapsules observed here are self-assembled without a
template. Colloidosomes are formed by adsorbing particles onto a template of
emulsion droplets. In the previous paragraph, we verified that no emulsion droplet
is present when we study the microcapsules. One might, however, suggest that such
a droplet was present during the formation of the microcapsules. The synthesis of
the particles involves polymerization of styrene. Consequently, small droplets of
unreacted styrene could have served as a template for spherical structures. However,
microcapsules are only observed after covalently linking fluoresceinamine onto the
particles, and the particles are washed five times by centrifugation before addition
of fluoresceinamine. Hence, excess styrene is removed, and when microcapsules are
formed, no droplets are present that could serve as a template.

The histogram of the interparticle distances in a microcapsule, shows a maximum
at r∗

ij = 0.63 µm (Fig. 5.2n). As expected, r∗
ij is between the diameter of the core of

the snowman-like particles of 540 nm and their total length of 651 nm. Furthermore,
an additional broad peak is observed at 1.9r∗

ij , and another peak at 2.7r∗
ij . These

values correspond well to the hexagonally dominated orientation of the particles
where peaks are expected at 1, 1.7, 2, and 2.6r∗

ij . The decrease of the height of the
peaks can be ascribed to the curvature of the microcapsules. The curvature makes
it less likely that pairs with a large interparticle distance are both in focus.

We estimate the number of particles in our microcapsules from optical mi-
croscopy images. We measure the outer diameter of the monolayer ring (Fig. 5.2f),
resulting in a diameter of the microcapsules dm = 3.7± 0.8 µm, where 0.8 is the
standard deviation over thirty microcapsules. With an interparticle distance of
0.63 µm, this results in about 1.3× 102 particles per microcapsule (App. 5.D). One
might expect the protrusions to point into the microcapsules, and that consequently,
the shape of the particles determines the diameter of the microcapsules, dm (App.
Fig. 5.7). This would result in dm ≈ 2.2 µm (App. 5.D). The expected diameter for
this configuration is thus much smaller than the measured diameter. Moreover,
in App. 5.D, we assumed the hydrophilic brush to be fully collapsed, and dm is
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even smaller if the diameter of the core increases due to swelling of the brush.
The protrusions are, however, not necessarily pointing into the interior of the
microcapsules, as can be observed using reflected light microscopy. We observe
that protrusions do not point inwards, but most MAD particles align tangentially
to the surface of the microcapsules (Fig. 5.2m).

In order to observe the self-assembled particles in greater detail, the water
medium has to be removed as required for scanning electron microscopy. Removing
the medium is non-trivial as the microcapsules collapse upon evaporating water
(App. Fig. 5.1). This can be explained by the large interfacial tension of water,
γ = 72 mN/m = 1.8×107kBT/µm2, where kBT is the thermal energy. The collapse
of the structures can be prevented by either sintering or freeze drying. By sintering,
we follow Dinsmore et al. [97] by heating particles above the glass transition
temperature of polystyrene, Tg = 100 ◦C [6, p13-13] (Fig. 5.3a–b). As a result,
neighbouring particles partly merge, and the structure strengthens. Alternatively,
water can be removed as a vitrified solid. First, we quench a sample in liquid
nitrogen, and next, increase the temperature to −90 ◦C under vacuum so that water
sublimates (Fig. 5.3k–l). Microcapsules withstand drying using either method.

The orientation of the particles in the dried samples is studied using scanning
electron microscopy. Again, most particles are surrounded by six neighbours, while
some particles have five neighbours (compare Fig. 5.3d,n to ). We define a face
as a group of particles with a common neighbour. By distinguishing hexagonal
and pentagonal faces, we see similarities with a truncated icosahedron (compare
Fig. 5.3f to g). A truncated icosahedron has 12 pentagonal faces and 20 hexagonal
faces, and is the structure of buckminsterfullerene, soccer balls and many viruses.

The monolayer microcapsules thus resemble microcapsules or capsids of icosahe-
dral viruses, but important details are different. Most viruses have an icosahedral
symmetry, while helical structures are also common [33, p667]. Similar to our
structures, most icosahedral virus capsids consist of identical building blocks that
self-assemble into hollow, monolayer microcapsules with pentagonal and hexagonal
faces [98]. Unlike virus microcapsules, however, the colloidal microcapsules show
no overall icosahedral symmetry. The red hexagons in Fig. 5.3f, for example, should
have been pentagons in a perfect truncated icosahedron. Furthermore, in a virus
microcapsules, all subunits are in equivalent, or at least similar or quasi-equivalent
environments [99, 100, p122]. Consequently, each subunit of a virus has a sim-
ilar number of neighbours. In Fig. 5.3f, however, both particles with five and
six neighbours are found. Furthermore, in order for all subunits to have similar
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Figure 5.3. Scanning electron microscopy images of self-
assembled microcapsules. To prevent disintegration upon drying,
microcapsules are studied after sintering (a–j) or freeze-drying (k–o).
Upon sintering, the solvent ( ) is heated in order to partly merge
the particles ( ) (a–b). Upon freeze-drying, vitrified water ( )
is sublimated on a polymer coated copper grid ( ) under vacuum
(k–l). Particles in the microcapsules have six (d,n ) or five ( )
neighbours, and interstitial spaces are found between the particles
( ). Furthermore, both protrusions that point slightly inwards ( )
and outwards ( ) are found. The structure of c is compared with
a truncated icosahedron (f–g). Centres of particles are connected
(f ), and local pentagonal ( ), hexagonal ( ), hexagonal instead
of pentagonal ( ) and pentagonal instead of hexagonal ( ) ordering
is indicated. Besides microcapsules, also planar monolayers (j) are
observed. Image levels are rescaled as indicated by the vertical bars.
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environments, the number of subunits per microcapsule should fulfil Np = 60T ,
where T = 1, 3, 4, 7, ... is the triangulation number [99, 100, p122]. We estimated
the number of particles in the colloidal microcapsules, Np ≈ 1.3× 102 (App. 5.D).
This could correspond to a structure with similar local environments if the number
of quasi-equivalent subunits is 60, i.e. T = 1, as T = 2 is forbidden. A number
of subunits of 60 could be achieved if the snowman-like particles self-assemble
as dimers. Fig. 5.3f, however, does not give any indications for the formation of
dimers. Furthermore, the large standard deviation of the measured diameters,
dm = 3.7 ± 0.8 µm, suggests that—unlike virus capsids—microcapsules have no
well-defined number of subunits.

Using scanning electron microscopy, we can easily distinguish the cores and the
protrusions of the particles. As already observed using reflected light microscopy
(Fig. 5.2m), the particles align tangentially to the surface of the microcapsules
(Fig. 5.3). The polystyrene protrusions are thus in contact with neighbouring
particles, which suggests that they are attracted to other protrusions and cores.
The protrusions are polymerized with a non-ionic initiator, and should thus have a
hydrophobic surface which explains the attraction. Furthermore, most protrusions
point slightly towards the interior or towards the exterior of the microcapsules
(compare Fig. 5.3d,n to ).

As discussed before, the particles do not form an impenetrable microcapsule,
and indeed, interstitial space is observed between the particles (Fig. 5.3d–n ).
The interstitial space in the sintered microcapsules, however, seems to be slightly
smaller than in the freeze-dried structures, as the particles partly fill the holes
upon heating (compare Fig. 5.3d to n) [97]. By sintering even longer, the interstitial
space is expected to decrease further, and the microcapsules might become suitable
for molecular encapsulation. Aside from the difference in the size of the interstitial
space, the geometry of microcapsules that have been sintered and freeze-dried is
similar. This suggests that sintering and freeze-drying do not alter the structure of
the microcapsules. The resolution for the freeze-dried images, however, is lower as
this sample was not coated with platinum, and consequently became charged.

Particles that self-assemble into microcapsules have three characteristics that
we abbreviate as MAD, they are 1) mutually attractive as they are functionalized
with hydrophobic moieties, 2) anisotropic due to the presence of a protrusion, and
3) deformable as the hydrophilic brush can change its conformation (Fig. 5.4a).
By systematically varying the complexity of the particles, we identify that in our
system, these three characteristics are required for self-assembly into microcapsules
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Figure 5.4. Microcapsule formation upon varying the complex-
ity of the particles. The synthesis of MAD particles (a) that are
functionalized with mutually attractive groups ( ), anisotropic ( )
and deformable ( ) is modified resulting in non-functionalized parti-
cles (b,f), isotropic particles (c,g) and non-deformable particles (d,h).
Microcapsules are only found in the first case (e). The direction of
the gravitational field is indicated by ĝ and image levels are rescaled
as indicated by the vertical bars.

(Fig. 5.4). First, before functionalization with mutually attractive groups, no
microcapsules are found for any of the anisotropic, deformable particles in Fig. 5.5a–
c, indicating that mutual attraction is essential in the formation of microcapsules
(Fig. 5.4b,f). Second, for similar particles that are functionalized with mutually
attractive groups and deformable, but lack a protrusion, also no microcapsules
are found (Fig. 5.4c,g). Finally, we study non-deformable particles with a similar
geometry as the MAD particles and functionalized with identical hydrophobic
moieties. For these non-deformable particles, no microcapsules are observed either
(Fig. 5.4d,h), showing that deformability is another requirement. These three
characteristics seem sufficient to induce self-assembly into monolayer microcapsules,
and are relatively easy to experimentally implement. In contrast, particles with
four orthogonally attractive patches, that have previously been predicted to form
microcapsules, have not been experimentally realized yet [31] (Fig. 1.1f).

The self-assembling tendency is robust, as microcapsules are found for particles
with different sizes and functional groups (Fig. 5.5). We prepare MAD particles
with diameters of the cores ranging from dc = 353 to 679 nm (Subsection 2.3.3).
Even though the size ratio between the lobes is very different (compare schematics
in Fig. 5.5a–d), microcapsules are observed for particles with cores of 353, 540
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and 626 nm (Fig. 5.5a–c,j–l). For particles with cores of 679 nm, however, no
microcapsules are observed. This can be understood as the particles with dc = 540,
626 and 679 nm are all obtained by swelling deformable spheres with a diameter of
530 nm with additional styrene (Subsection 2.2.4). Consequently, for the largest
snowman-like particles, the about 0.1 µm long deformable brush might be covered
by polystyrene. Hence, these particles might not be deformable enough to induce
self-assembly into microcapsules. Another difference compared to the particles with
dc = 540 and 626 nm, is that the rigid protrusion of the particles with dc = 679 nm
is much larger than the deformable core (compare schematics in Fig. 5.5b–c to d).
Particles with dc = 353 nm, however, have a similar size ratio, and do self-assemble
into microcapsules (compare Fig. 5.5a,j to d,n). Additionally, we functionalize
snowman-like particles using both fluoresceinamine and tert-butylamine. These
molecules have very different molecular structures, but the solubility in water is
0.05 g/kg for both fluorescein and isobutane [6, p5-171], where we ignored the
amine groups as these react to form covalent bonds. Hence, both moieties have
a similar hydrophobicity, and functionalization with either moiety is expected to
result in a similar mutual attraction strength. Indeed, coupling fluoresceinamine
and tert-butylamine both induce the formation of microcapsules (Fig. 5.5l–m).

Besides microcapsules, we also observe other structures and unbound particles.
Other well-defined structures we found are planar hexagonal monolayers (Fig. 5.5o–r
and Fig. 5.3j), that are very similar to the structures in the previous subsection.
The total yield of microcapsules is very low, as only 1 in every 104 MAD particles
is found in such a structure. The low yield is probably due to the formation
mechanism of the microcapsules to be discussed in Subsection 5.3.4.

5.3.3. Cavities At high particle concentrations, MAD particles form curved hollow
structures or cavities, and presumably, these are intermediates in the formation
of microcapsules. The tendency to form cavities is robust, as similar structures
are observed at five different experimental conditions. In this subsection we first
describe the observations for each experimental condition, before discussing the
relation between cavities and microcapsules in Subsection 5.3.4.

The first experimental condition where cavities are found is at the edge of
an evaporating droplet on a glass slide (Fig. 5.6a–f). Evaporation of a droplet of
particles in water causes a flow of particles towards the glass/water/air contact
line that is known as the coffee stain effect [72] (Fig. 5.6a). Consequently, a
dense three-dimensional layer is formed near the contact line. For MAD particles,
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Figure 5.5. Varying the size and functionalization of the build-
ing blocks. Transmission electron microscopy images of mutually
attractive ( ), anisotropic, deformable ( ) (MAD) particles with
diameters of the core ( ) and the protrusion ( ) of 353 and 445 nm
(a,e), 540 and 435 nm (b,f), 626 and 519 nm (c,g–h) and 679 and
827 nm (d,i). For particles with core diameters of 353, 540 and
626 nm, and upon functionalization with both fluoresceinamine (j–
l,o–q) and tert-butylamine (m,r), self-assembled microcapsules (j–m)
and monolayers (o–r) are observed using bright field microscopy. The
direction of the gravitational field is indicated by ĝ and image levels
are rescaled as indicated by the vertical bars.

hemispherical regions with almost no particles, i.e. cavities, are spontaneously
formed inside this layer (Fig. 5.6b–f). The second experimental condition where we
observe cavities is in an evaporating droplet that is confined between two parallel
glass slides (Fig. 5.6g–l). Again, flow is induced towards the contact line, but now a
two-dimensional monolayer is formed in which circular cavities are found. Initially,
reversible bonds are formed, as we see both the formation and breaking of bonds
(compare Fig. 5.6i–j to k). Furthermore, a movie of the time series shows that
bound particles at the edge of the layer can still wiggle and rotate their protrusions
(Fig. 5.6QR). Further away from the edge of the layer, however, no bonds are broken
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Figure 5.6. Cavity formation near the contact
line. At the edge of an evaporating droplet (a

) on a glass slide ( ), a flow of particles ( )
towards the contact line between the glass, the
water and the air ( ) is induced that results in
a dense three dimensional layer (a). For MAD
particles, hemispherical regions with almost no particles, so-called
cavities, are formed inside this layer (b–f, bright field microscopy).
For an evaporating droplet that is confined between two glass slides, a
monolayer is formed near the contact line (g). Inside this monolayer,
circular cavities are formed (h–l, reflected light microscopy). The
direction of the particle flow is indicated by v⃗ and the gravitational
field by ĝ. The QR code links to a movie of the time series of h–l
(phd.chrisevers.com/5qr6.mp4).

and less translations and rotations are observed. This can be explained as such
translations would require the movement of more particles.

The third experimental condition is at high particle volume fractions, ϕ ≈ 0.2,
where a cavity phase is formed (Fig. 5.7). In this phase, we observe coexisting
regions on the order of 1–10 µm with either high particle concentrations or virtually
no particles, i.e. dense curved structures around cavities (Fig. 5.7a). Furthermore,
the particles are very mobile, reversible bonds between the particles are formed and
break, and consequently cavities form and disappear (Fig. 5.7b–e,QR). We translate
the positions of the particles into an effective two-dimensional radial distribution
function, g(rij), which we use to estimate the effective interparticle potential,
w(rij) (Fig. 5.7f–g). The minimum of the potential corresponds to the strength
of the attraction which is about −0.8kBT (Fig. 5.7g). This strength corresponds
to the formation of reversible bonds, and agrees well with the observations in
Fig. 5.7b–e,QR.
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⊗ĝ t = 0.0 s

b

⊗ 0.0 s

c

⊗ 0.2 s
d

⊗ 0.4 s

e

1 µm1 µm⊗ 0.6 s

0.5 20

1

2

g
(r

ij
)

rij/µm

f

0.5 2−1
0
1
2
3

w
(r

ij
)/

k
B

T

rij/µm

g

Figure 5.7. Cavity formation at high volume
fractions. For MAD particles at a volume frac-
tion of about 0.2, regions with almost no particles,
or cavities, are observed (a–e, reflected light mi-
croscopy). The effective two-dimensional radial
distribution function of this cavity phase, g(rij) (f),
peaks at an interparticle distance, rij = 0.73 µm, and the correspond-
ing effective pair potential, w(rij) (g), has a minimum of −0.8kBT .
The gravitational field is indicated by ĝ and the QR code links to a
movie of the time series of a–e (phd.chrisevers.com/5qr7.mp4).

The fourth experimental condition in which cavities are observed is upon
sedimentation (Fig. 5.8a–f). MAD particles in water are brought in a cell with a
height of 5 cm, that was glued on both sides (Fig. 5.8a). We carefully prevented
contact between the dispersion and uncured glue, to avoid interactions between
monomers in the glue and the MAD particles. Upon leaving the cell undisturbed
for a few days, particles sedimented to the bottom of the cell as their gravitational
length, lg ≈ 50 µm, is much smaller than the height of the cell (App. 5.C). By
using a cell with a thickness of 20 µm, we can study the concentrated sample using
bright field microscopy. In the sediment, we observe bright regions, in a dark
background (Fig. 5.8b–c). A high brightness indicates a low particle concentration,
and the bright regions corresponds thus to cavities. The cavities have a diameter
on the order of 1 µm–10 µm, and are thus smaller than the thickness of the cell.
Consequently, dense regions are still present behind or in front of the cavities,
and the contrast is poor. To compensate this, we change both the upper and the
lower image level thresholds, as indicated by the vertical bars in Fig. 5.8. After
centrifugation at 2.1 × 103 g, the same position is studied again. The cavities
withstand the large centrifugal force (Fig. 5.8d–f and App. Fig. 5.3a). Moreover,
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Figure 5.8. Cavity formation upon densifica-
tion. MAD particles ( ) in water ( ) are studied
using bright field microscopy in a thin cell ( ) that
is glued on both sides ( ). In the earth gravita-
tional field, a sediment is formed in which cavities
are observed (a–c, bright regions), and these cavi-
ties become more spherical after centrifugation (d–f). Upon turning
the cell upside down (g–i), cavities are observed in the diluting sed-
iment. A magnification of e can be found in App. Fig. 5.3a, the
gravitational field is indicated by ĝ, and the QR code links to a movie
of the time series of h–i (phd.chrisevers.com/5qr8.mp4). Both the
upper and the lower image level thresholds are changed as indicated
by the vertical bars.

they became more spherical and their edges became more well-defined (compare
Fig. 5.8c to f). The final experimental condition where cavities are observed is upon
diluting the sediment (Fig. 5.8g–i). After turning the cell upside-down, particles
move to the bottom of the cell and the density of the sediment decreases. In the
diluting sediment, again bright spherical regions are observed that correspond to
cavities (Fig. 5.8g–i,QR).

We study the formation of cavities upon varying the complexity of the building
blocks, similarly as for the formation of microcapsules in Fig. 5.4. As discussed
above, MAD particles are mutually attractive, anisotropic and deformable, and
form spherical cavities at the edge of an evaporating droplet, upon centrifugation,
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and upon diluting a sediment (Fig. 5.9a,e,i,m,p). Similar particles that are non-
deformable or non-functionalized, however, show no cavities (Fig. 5.9b,d,f,h,j,l,n,q),
while isotropic particles show fewer cavities (Fig. 5.9c,g,k,o,r). Non-deformable par-
ticles lack a hydrophilic brush, and hence stick to the edge of the cell. Consequently,
no sediment is obtained (Fig. 5.9h,l), that can be diluted. We conclude that—as for
the formation of microcapsules—mutual attraction, anisotropy and deformability
all strongly influence the formation of cavities. Furthermore, we observe that
both the size of the cavities, as well as their dependence on the complexity of the
particles are independent of the experimental conditions (compare rows in Fig. 5.9).
Hence, the formation of cavities seems to be driven by densification, while the
influence of other effects—such as flow near the contact line in Fig. 5.6—should be
small.

5.3.4. Formation Mechanism of Microcapsules We have strong indications that
microcapsules do not spontaneously form at low particle concentrations. First of
all, the minimum in the effective pair potential between unbound MAD particles
is similar to the thermal energy, kBT (Fig. 5.7g), and unbound particles do not
form lasting bonds upon collision (Fig. 5.7QR). Particles that self-assembled into
a microcapsule, on the other hand, are irreversible bounded as no exchange is
observed. In the rare occasion that a microcapsule has some vacancies, these
vacancies are stable for days (App. Fig. 5.2a–c). Even bonds at the edge of the
vacancy, where particles have only two or three neighbours, do not break, and each
bond is thus much stronger than kBT . Additionally, even after days, no vacancy
has been filled by an unbound particle (App. Fig. 5.2c). Hence, it seems that a
kinetic barrier prevents the formation of irreversible bonds, and thus self-assembly
into microcapsules.

More evidence for a kinetic barrier is obtained by taking a closer look at the
interparticle distance distribution. For self-assembled particles, this distribution
peaks at a 0.1 µm shorter distance than for particles that form reversible bonds
(compare Fig. 5.2n to Fig. 5.7f). The difference in the interparticle distance is
comparable to the estimated size of the hydrophilic brush which is also about
0.1 µm (App. Table 5.1, App. Fig. 5.6). Hence, it seems plausible that the brush
prevents the formation of strong bonds, as it needs to move out of the binding site
upon bond formation (Fig. 5.1e). In the microcapsules, the brush seems to have
moved out of the way, as the interparticle distance is between the diameter of the
core and the total length of the snowman-like particles. Hence, the styrene-rich

91



5. Microcapsules via Colloidal Bond Hybridization and Anisotropy

5.3

a

⊗ĝ
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Figure 5.9. Cavity formation upon varying the complexity of
the particles. We study mutually attractive, anisotropic, deformable
(MAD) particles (a,e,i,m,p) and similar non-functionalized (b,f,j,n,q),
isotropic (c,g,k,o,r) and non-deformable particles (d,h,l) using bright
field microscopy at the edge of an evaporating droplet (a–d), in a
sediment after centrifugation (e–l), and upon diluting the sediment
(m–r). The entire images of a–d can be found in App. Fig. 5.4
and magnifications of e–g can be found in App. Fig. 5.3b–d. The
direction of the particle flow is indicated by v⃗, and the gravitational
field by ĝ. For e–g,i–k,m–r, both the upper and the lower image
level thresholds are changed as indicated by the vertical bars.
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cores of the MAD particles are in close proximity and the irreversible bonds are
probably the result of hydrophobic or van der Waals forces between the styrene-rich
cores.

A kinetic barrier due to the rearrangement of surface groups was previously
discussed for Monte Carlo simulations of deformable particles (Fig. 4.6 and 4.9).
The simulations also showed that unbound particles do not spontaneously form
curved monolayers, even though these monolayers are mechanically stable. In the
simulations, many satellite spheres need to reorganize upon bond formation, and
that seemed to prevent the formation of new bonds. Similarly, in the experiments,
the hydrophilic brush needs to rearrange, and that could prevent the formation of
irreversible bonds. The formation of microcapsules requires, besides strong bonds,
a specific orientation of many particles. This could be another factor that hinders
the formation of microcapsules.

Several observations suggest that the formation of microcapsules and cavities
are closely related. First of all, the structures of the cavities and the microcapsules
are similar: regions with almost no particles surrounded by a curved region with
a high particle concentration. Second, at all five experimental conditions, the
diameters of the cavities are comparable to the diameters of the microcapsules.
Finally, mutual attraction, anisotropy and deformability all strongly influence the
formation of both microcapsules and cavities.

Hence, we propose that microcapsules are formed at high particle concentrations
with cavities as intermediates. After coupling mutually attractive moieties onto the
brush, the particles are washed by centrifugation to remove unreacted chemicals.
Microscopy images show that upon centrifugation, spherical cavities are formed
with a similar size and shape as the microcapsules (compare Fig. 5.8f to Fig. 5.2f).
Centrifugation thus aligns the particles in a specific microcapsule-like orientation.
The second step in the assembly of microcapsules is the formation of irreversible
bonds. Centrifugation pushes the particles close together. Consequently, a constant
force is present that prefers the hydrophilic brush to move out of the binding
site. In the cavity phase of Fig. 5.7, the hydrophilic brush does not have time
to rearrange upon collision of two particles. Each centrifugation step, on the
other hand, takes about one hour (Subsection 2.2.3), and during this time, the
brush should have a significantly greater opportunity to rearrange. Consequently,
particles that surround the cavities could form irreversible bonds, and are observed
as microcapsules after shaking the sediment to redisperse the particles. Regions
with local hexagonal order, on the other hand, are thought to form monolayers,
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Figure 5.10. Formation mechanism of microcapsules. We pro-
pose the following formation mechanism for the microcapsules: un-
bound MAD particles (a) with a core ( ) with mutually attractive
and deformable surface groups ( ) and a rigid protrusion ( ) form a
cavity phase upon densification (b). Upon centrifugation, the particles
are pushed into close contact, and irreversible bonds are formed (c).
Finally, after redispersion, particles that surrounded cavities are found
as microcapsules (d). The gravitational field is indicated by ĝ.

whereas randomly oriented regions could form compact clusters. This mechanism
also explains the low yield of the microcapsules, as only a few cavities are formed
in the sediment (App. Fig. 5.3a). Microcapsules could thus be formed as follows: 1)
particles form a dense sediment with cavities (Fig. 5.10b), 2) centrifugation pushes
particles closer together and irreversible bonds are formed (Fig. 5.10c), 3) after
shaking, particles that surrounded cavities are found as microcapsules (Fig. 5.10d).
Additional experiments are, however, necessary to obtain real-space proof of this
formation mechanism.

Finally, we compare the observations in this chapter with the results using
computer simulations of the previous chapter. For isotropic particles, Monte
Carlo simulations showed that mutual attraction and deformability stabilize planar
monolayers by colloidal bond hybridization, which agrees well with the observations
in Subsection 5.3.1 (compare Fig. 4.6k to Fig. 5.1c–d). Furthermore, simulations
showed that adding a protrusion induces a shift from planar to curved structures
(Fig. 4.9l–n) that correspond to the microcapsules and the cavities in Fig. 5.3 and
Fig. 5.9. Moreover, the hemispherical monolayers with in plane protrusions resemble
segments of the experimentally observed microcapsules (compare Fig. 4.9l,QR to
Fig. 5.3). At relatively low particle concentrations, we observe in neither simulations
nor experiments the formation of monolayers from unbound particles. In both cases,
this can be ascribed to the rearrangement of many surface groups that is required
to make irreversible bonds. In the simulations, we overcome this barrier by pre-
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aligning the MAD particles before we start the simulations, and observe that curved
monolayers are mechanically stable. Similarly, in the experiments, the particles
are pre-aligned in cavities at high particle concentrations. The formation of the
cavities seems a combined effect of mutual attraction, anisotropy and deformability
(Fig. 5.9). Here, the protrusion breaks the symmetry of the building blocks, which
is probably key in the formation of these structures. This hypothesis agrees well
with the curving of initially planar monolayers in simulations of snowman-like
particles (Fig. 4.9l–n). In the experiments, cavities are formed at high particle
concentrations with a relatively low yield (App. Fig. 5.3a). To verify that mutual
attraction, anisotropy and deformability also induces the formation of cavities in
simulations would require many particles at a very high concentration, which is
computationally quite challenging.

5.4. Conclusion
In this chapter, we translate the mutually attractive, anisotropic and deformable

(MAD) nature of self-assembling proteins into colloidal MAD particles. On the one
hand, mutual attraction and deformability cause surface groups to rearrange upon
binding, which is a colloidal equivalent of bond hybridization; anisotropy, on the
other hand, induces curvature. These three characteristics are most likely sufficient
to induce self-assembly into monolayer microcapsules, a process that—to the best
of our knowledge—had not been realized before in a colloidal model system. This
suggests that, while details are different, these properties could be important in the
assembly of virus microcapsules as well. Furthermore, the relatively simple MAD
particles self-assemble into dramatically more complex structures than similar par-
ticles that are isotropic or non-deformable, and the mechanism of the self-assembly
is fundamentally different from previous work where anisotropic interactions are
induced by rigid patches [26, 28, 29], structural rearrangements upon changing
the solvent [101], or electric fields [102]. Quantification of attraction strength,
anisotropy, number of particle lobes and deformability lead to a large parameter
space that remains to be systematically explored. Independently controlling these
properties, however, seems impossible for proteins; colloidal particles, on the other
hand, are promising building blocks to address this challenge.
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Appendix Figure 5.1. Microcapsules collapse upon evaporation.
A microcapsule of MAD particles (a ) near a microscopy slide ( )
is observed in an evaporation dispersion droplet with an advancing
interface between the water phase ( ) and the air ( ). Bright field
microscopy images (b–f) show that the microcapsule collapses (c–e)
just before the remaining water evaporated as indicated by the change
of the brightness of the particles from bright to dark (e–f). The
gravitational field is indicated by ĝ and the direction of the water/air
interface by v⃗.
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Appendix Figure 5.2. Microcapsule with vacancies. Bright field
microscopy images of a microcapsule of MAD particles with vacancies.
The positions of the vacancies are identical for days (a–c), and an
unbound MAD particle ( ) in the interior of the microcapsule escapes
through the vacancy (d–m). The gravitational field is indicated by ĝ.
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Appendix Figure 5.3. Centrifuged sediments. Magnifications of
the bright field microscopy images Fig. 5.8e and Fig. 5.9e–g. For
MAD particles, spherical cavities are observed in the sediment (a–b,
bright regions), while the sediments of similar isotropic and non-
functionalized particles show less (c) and no (d) cavities. The gravi-
tational field is indicated by ĝ.
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Appendix Figure 5.4. Formation of cavities at the contact line.
Evaporating droplets with MAD particles (a–d) and similar non-
functionalized (e–h), isotropic (i–l) and non-deformable particles (m–
n) are studied. For each type, four times (twice for non-deformable
particles) a part of the contact line is imaged. Many cavities are
found for MAD particles(a–d ), while for isotropic particles the
number of cavities is significantly lower (i–l), and the other particles
did not show any cavities (e–h,m–n). Crops of these images can be
found in Fig. 5.9a–d. The direction of the particle flow is indicated
by v⃗, and the gravitational field by ĝ.

99



5. Microcapsules via Colloidal Bond Hybridization and Anisotropy

5.B

5.B. Size and Electrostatic Potential of MID particles
The hydrodynamic diameter, dhd, and the zeta potential, ζ, of the particles in

Fig. 5.1 are measured and their dependence on the composition of the particles
and the medium is studied. We use dynamic light scattering and laser doppler
electrophoresis and the results are summarized in App. Table 5.1, while more details
can be found in App. Table 5.2.

For cross-linked poly(styrene-co-acrylic acid) (CPSAA) spheres, the strength of
the mean zeta potential increase from −40.3 mV to −52.2 mV upon exchanging an
acidic 1 mM HCl medium for a basic 1 mM KOH solution (App. Table 5.1). Upon
replacing HCl with KOH the H3O+ concentration decreases. Consequently, the
dissociation equilibrium between acrylic acid and acrylate groups,

R−COOH + H2O −−⇀↽−− R−COO− + H3O+, (5.1)

shifts to the right. Hence, the number of negatively charged groups on the particles
increases upon replacing HCL with KOH, which explains that a more negative zeta
potential is measured.

Appendix Table 5.1. Hydrodynamic diameter and zeta poten-
tial measurements. The mean, µ, and the polydispersity, σ, in the
hydrodynamic diameter, dhd, and the zeta potential, ζ, are measured
using dynamic light scattering and laser Doppler electrophoresis. The
first value is the average over seven consecutive measurements, and
the second value gives the standard deviation. Both cross-linked
poly(styrene-co-acrylic acid) (CPSAA) and cross-linked polystyrene
(CPS) particles are measured in different media.

Particles Medium dhd/nm ζ/mV
µ σ µ σ

CPSAA 1 mM HCl 573±6 (15±4)×101 -40.3±2.5 4.72±0.20
CPSAA 1 mM KOH 807±10 (21±4)×101 -52.2±0.4 5.81±0.18
CPSAA 1 mM HCl/9 mM KCl 578±6 194±17 -25±4 8.2±1.6
CPSAA 1 mM KOH/9 mM KCl 720±12 (23±8)×101 -54.9±2.0 9±4

CPS 1 mM HCl 495±13 232±21 -46.8±2.6 5.22±0.26
CPS 1 mM KOH 488±7 205±14 -78.4±0.4 7.42±0.17
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We take a closer look at the equilibrium in Eq. 5.1 by defining the acid dissoci-
ation constant at logarithmic scale [6, p5-94, 103, p136, 68, p45],

pKa ≡ − log
(

[H3O+][R−COO−]
[R−COOH]mol l−1

)
⇐⇒ [R−COO−]

[R−COOH] = 10pH−pKa , (5.2)

where [H3O+], [R−COO– ] and [R−COOH] are the concentrations of H3O+, of
protonated sites, and of deprotonated sites in mol l−1, and the concentration and
activity of H3O+ are assumed to be equal. From the second equation it follows that
at pH = pKa, half of the protonatable sites are deprotonated while the other half
is protonated. Furthermore, at pH≫ pKa almost all acid groups are deprotonated
and negatively charged, while at pH ≪ pKa almost no groups are charged. For
acrylic acid, pKa = 4.25 [6, p5-95], which is between the pH values of the HCl and
KOH media at pH ≈ 3 and 11. Hence, in 1 mM HCl, most acrylic acid groups are
expected to be uncharged, while in 1 mM KOH, most acrylic acid groups should
be charged. This agrees well with the observation that the zeta potential becomes
more negative upon replacing HCl with KOH. Finally, the negative zeta potential
for particles in 1 mM HCl arises from sulphonate groups. These are residues of
the polymerization initiator and have a pKa of about 2 [6, p5-93]. Hence, the
sulphonate groups are negatively charged in both 1 mM HCl and KOH.

Before discussing the dependence of the hydrodynamic diameter on the medium,
we take a closer look at the composition of the particles. The particles are
synthesized by polymerization of 89 mol-% styrene, 10 mol-% acrylic acid and
0.4 mol-% divinylbenzene, and the polymerization is initiated in the water phase
by 0.2 mol-% potassium persulphate (Subsection 2.2.2). Styrene has a solubility of
0.003 M in water, while acrylic acid is miscible with water, and its concentration
is 0.11 M [6, p5-185,p3-8]. Hence, initially, mainly acrylic acid is expected to be
incorporated in the polymer chains. Once the polymer chains grow longer and
become cross-linked by divinylbenzene groups, however, they nucleate and the
nucleus swells with styrene. Consequently, in the second step, mainly styrene
should be incorporated. Finally, when most styrene has been polymerized, the
remaining acrylic acid should be incorporated. The polymers should thus consist
of 1) an acrylic acid-rich part 2) a styrene-rich part, and 3) an acrylic acid-rich
part. These expectations are in line with infra-red spectroscopy measurements by
Wang and Pan [65]. They show that the ratio between the acrylic acid peak and
the styrene peak first decreases and subsequently increases as a function of the
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reaction time. As acrylic acid-rich parts are more hydrophilic than styrene-rich
parts, we expect the acrylic acid-rich parts to form a hydrophilic brush around the
styrene-rich core. Finally, the length of the polymer chains is estimated from the
molar ratios of the monomers and the initiator, where each initiator molecule is
assumed to induce the formation of two polymer chains. This results in about 259
styrene, 30 acrylic acid, and one divinylbenzene groups per chain.

We propose that an expansion of the hydrophilic, acrylic acid-rich brush causes
an increase of the hydrodynamic diameter with pH. In 1 mM HCl, the hydrodynamic
diameter is 573 nm and slightly larger than the dried diameter of 530 nm (App.
Table 5.1). This can be explained because in solution, the hydrophilic brush
is swollen with water, and because of the relatively high polydispersity as will
be discussed later. Upon exchanging HCl with KOH, pH becomes higher, and
the number of charged acrylic acid groups in the hydrophilic brush increases.
Consequently, more electrostatic repulsion between charged groups in the brush is
induced, the brush swells, and the hydrodynamic diameter increases from 573 nm
to 807 nm (App. Table 5.1). The maximum end-to-end distance of a polymer that
consists of 30 acrylic acid groups is estimated to be about 60 times the length
of a C−C-bond, 9 nm [6, p9-48], where we ignore the influence of bond angles.
The extension of a single polymer chain is thus much smaller than the increase in
the hydrodynamic radius from 287 to 404 nm. The polymer chains are, however,
cross-linked, and the extension of the network is expected to be much larger than
the extension of a single chain. Here, the extension of the network should thus be
on the order of 102 nm.

By increasing the salt concentration, and measuring particles without acrylic
acid, we verify that the increase of the size is indeed induced by electrostatic
repulsion of acrylic acid groups. Upon adding 9 mM KCl, the total salt concentration
or ionic strength, I, increases from 1 mM to 10 mM, and the Debye screening
length, κ−1, decreases from 10 nm to 3 nm [7, p134]. Hence, the range of the
electrostatic repulsion decreases, and we expect the expansion of the brush to
decrease. Indeed, the measured hydrodynamic radius decreases from 807 nm to
720 nm upon increasing I from 1 mM to 10 mM in 1 mM KOH (App. Table 5.1).
The increase of the size is thus induced by electrostatic interactions. In 1 mM HCl,
on the other hand, the acrylic acid groups are deprotonated, and the hydrodynamic
diameter remains virtually constant at 573 nm and 578 nm upon increasing I

(App. Table 5.1). Furthermore, for similar cross-linked polystyrene (CPS) particles
without acrylic acid, the hydrodynamic diameter remains virtually constant at
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495 nm and 488 nm upon exchanging 1 mM HCl with KOH (App. Table 5.1). This
indicates that, indeed, acrylic acid groups cause the increase of the size. Hence,
we conclude that electrostatic repulsion in the cross-linked, acrylic acid-rich brush
causes the increase in the hydrodynamic radius. In other words, the hydrophilic
brush can undergo structural rearrangements on the order of 102 nm, rendering
the particles deformable.

Next, we take a closer look at the zeta potential. With other parameters held
constant, the zeta potential of CPSAA is invariably weaker in HCl than in KOH,
−40.3 mV and −52.2 mV at I = 1 mM and −25 mV and −54.9 mV at I = 10 mM
(App. Table 5.1). This can be explained as the acrylic acid groups have a higher
charge in a basic environment than in an acidic environment as we discussed
before. Furthermore, increasing the ionic strength for CPSAA in HCl results in a
decrease of the strength of the zeta potential from −40.3 mV to −25 mV, whereas
the hydrodynamic diameter does not significantly change (App. Table 5.1). This
can be explained by taking a closer look at the definition of the zeta potential. The
zeta potential is the potential at the so-called slip plane, which is some distance,
rslip, from the surface of the particle (App. Fig. 5.5) [7, p429]. Here, the slip
plane is defined such that at a distance from the surface rs < rslip, the fluid flows
with the particle, while at rs > rslip, the fluid does not move with the particle.
Upon increasing the ionic strength, the Debye length decreases, and more counter
ions are found between the slip plane and the surface of the particle. Hence, the
electrostatic potential at the slip plane decreases (compare App. Fig. 5.5 to

), and the strength of the measured zeta potential decreases from −40.3 mV
to −25 mV upon increasing I (App. Table 5.1). Increasing the ionic strength for
CPSAA in KOH, on the other hand, results in a slightly stronger zeta potential,
i.e. ζ decreases from −52.2 mV to −54.9 mV (App. Table 5.1). In KOH, the
hydrophilic brush is significantly expanded, and the expansion decreases upon
increasing the ionic strength. Consequently, the position of the slip plane changes
with I. Furthermore, the number of charged groups in the brush also depends on
the ionic strength. In the polymer brush, the protonatable sites are close together.
Consequently, there is an additional electrostatic energy cost to deprotonated a
group close to an already deprotonated group, an effect that is known as charge
regulation [104, 105]. Upon increasing the ionic strengths, electrostatic interactions
are screened, and it becomes easier for protonated groups to become charged
close to already deprotonated groups. The surface potential is thus expected to
become more negative upon increasing I. Hence, the Debye length, the position
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Appendix Figure 5.5. Zeta potential. Schematic representation
of the electrostatic potential, Φ, as a function of the distance from
the particle surface, rs. Φ is normalized by the surface potential,
Φ0, and calculated using the Gouy–Chapman theory [7, p138]. The
potential at the slip plane, which is at a distance rslip from the surface,
is the zeta potential, ζ. At low salt concentrations ( ), the Debye
length, κ−1, is large and the zeta potential is strong; at high salt
concentrations ( ), κ−1 is small, and ζ is weak.

of the slip plane and the surface potential all change with I. As the measured
zeta potential remains almost constant, it seems that these three effects cancel.
Finally, for CPS particles, the zeta potential also becomes more negative upon
replacing HCl with KOH, and decreases from −46.8 nm to −78.4 nm. Similarly
as for acrylic acid groups in the brush, deprotonation of sulphonate groups close
to already deprotonated groups is energetically expensive, and not all sulphonate
groups are expected to be deprotonated in 1 mM HCl. Upon replacing HCl with
KOH, however, the dissociation equilibrium (similar as in Eq. 5.1) shifts further to
the right, and the number of deprotonated sulphonate groups increases. This could
thus explain the more negative zeta potential upon replacing HCl with KOH.

Finally, the polydispersity, σ, in the hydrodynamic diameter is about 2× 102 nm
in all media (App. Table 5.1) and much larger than the polydispersity measured
from transmission electron microscopy images, σ = 15 nm (Subsection 2.3.1). This is
probably due to cluster formation, which is observed without added salt in Fig. 5.1.
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Upon adding salt, even more clustering is expected, as the electrostatic repulsion
is more screened. The measured hydrodynamic diameter is expected to increase
when clusters are formed. In 1 mM HCl, however, dhd is only 50 nm larger than the
dried diameter, which is partly due to swelling of the hydrophilic brush of water.
The effect of clusters on the mean values should thus be low. For CPSAA, σ is
higher in KOH than in HCl. The dimensionless polydispersity index, PdI = (σ/µ)2

(App. Table 5.2), however, does not significantly change upon replacing KOH with
HCl. The polydispersity increases thus because the particles become larger, and
not because of an increase in the number of clusters. Upon increasing the ionic
strength, however, PdI increases. This can be explained, as electrostatic repulsions
become more screened, resulting in a decrease of the stabilization of the particles.
The mean hydrodynamic radius, however, does not significantly increase with I in
1 mM HCl, and decreases with I in 1 mM KOH due to the decrease of the size of
the brush (App. Table 5.1). Consequently, the influence of the formation of clusters
is much smaller than the influence of the swelling of the brush. Furthermore, the
formation of clusters resists the observed trends in the hydrodynamic diameter, and
the actual increase of the size of the brush might thus be even larger. Additionally,
the trends in the measured values are low (App. Table 5.2), which also suggests
that the influence of the formation of cluster is small. For some zeta potential
measurements, the trends in both the mean zeta potential, and the count range
are larger than 1% (App. Table 5.2). Probably, the electric field, that needs to
be applied in laser Doppler electrophoresis measurements, affects the particles,
resulting in trends in the measured zeta potential. For cross-linked poly(styrene-co-
acrylic acid) (CPSAA) spheres in 1 mM KOH/9 mM KCl, the dispersion contained
gas bubbles after analysis and the last two zeta potential measurements clearly
deviated. The reported values are thus obtained from the first five measurements.

To study the pH dependence in more detail, samples are prepared at 1 mM
KOH, and measured while 1 mM HCl is added stepwise. Consequently, [K+],
decreases with the same rate as [Cl– ] increases. Added H+, however, reacts with
OH– into H2O with [68, p46],

[H+][OH−] = 1.0× 10−14 (mol/l)2. (5.3)

Hence, without any other added salt, the initial ionic strength, I0 is 1 mM, I
goes through a minimum of 0.5 mM at pH 7 and finally I increases again. The
corresponding Debye lengths are 10 nm and 14 nm [7, p134]. Upon adding KCl,
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however, initially I0 = 10 mM, while the minimum is I = 9.5 mM and the Debye
length is about 3 nm in both cases. In the previous measurements we noted that
the applied electric field required for zeta potential measurements eventually seems
to disturb the sample. Hence, only the hydrodynamic radius is measured as a
function of pH.

For CPSAA spheres with I0 = 1 mM, the mean hydrodynamic diameter de-
creases from 787 nm at pH 9.75 to 568 nm at pH 3.80 (App. Fig. 5.6 ), which
agrees well to the results in App. Table 5.1. The hydrodynamic diameter decreases
gradually with pH. The steepest decrease is at pH ≈ 8, while the diameter is more
or less stable at pH < 6. This might seem surprising as pKa of acrylic acid is
4.25. As discussed before, however, electrostatic repulsion prevents deprotonation
of all groups in the charged brush. Hence, already at pH ≈ 10, a decrease of
pH results in less protonated groups, which explains the observed decrease of the
hydrodynamic radius (App. Fig. 5.6 ). Upon decreasing pH further, the number
of charged groups becomes gradually lower, and the distance between the charges
increases. Finally, at pH < 6, the distance between the charged groups seems
to be so large, that electrostatic repulsion does not expand the brush any more
(App. Fig. 5.6 ). The salt concentration decreases upon decreasing pH from 10 to
7 (Eq. 5.3), and a decrease in the salt concentration results in an increase in the
hydrodynamic diameter (App. Table 5.1). If the salt concentration would have been
constant at all pH values, the decrease of the measured hydrodynamic diameter
with pH (App. Fig. 5.6 ), might thus have been steeper.

Finally, upon increasing the ionic strength, the dependence of the hydrodynamic
diameter on pH is much smaller (App. Fig. 5.6 ), and for CPS spheres, dhd is
virtually constant (App. Fig. 5.6 ). Both observations agree well with results in
App. Table 5.1. The polydispersity index, PdI, on the other hand, is—excluding a
few outliers—constant with pH for all three cases, indicating that the influence of
cluster formation is again low.

In this appendix, we measured the hydrodynamic diameter and the zeta potential
of spherical particles upon varying the composition of the particles and the medium,
and explained our observations using physical chemical theory. Based on these
observations, we conclude that the cross-linked poly(styrene-co-acrylic acid) spheres
of Fig. 5.1 have an acrylic acid-rich brush, that can expand on the order of 0.1 µm
into the solution.
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Appendix Figure 5.6. pH dependence of the hydrodynamic di-
ameter. For cross-linked poly(styrene-co-acrylic acid) (CPSAA) and
cross-linked polystyrene (CPS) spheres, the hydrodynamic diameter,
dhd (a), and the polydispersity index, PdI (b), are measured as a
function of pH. CPSAA spheres are dispersed in a 1 mM ( ) and a
10 mM ( ) salt solution, while CPS spheres are measured in a 1 mM
salt solution ( ).

5.C. Gravitational Length
The competition between Brownian motion and gravity can be expressed using

the gravitational length [88, p1],

lg = kBT

Npmg
= kBT

Np(ρp − ρm)V g , (5.4)

where kBT is the thermal energy, Np is the number of particles in a cluster, m is
the effective mass of a particle, g is the gravitational acceleration, ρp and ρm are
the densities of the particles and the medium, and V is the volume of a particle.
Furthermore, if ρp > ρm, lg > 0 and the particles sediment, while if ρp < ρm,
the particles cream. The density of polystyrene is 1.06–1.12 g cm−3 [6, p15-93],
while the density of water is 1.00 g cm−3 [6, p4-98]. The volume of a snowman-like
particles with dc = 540 nm, dp = 435 nm and rcc = 163 nm is V = 0.096 µm3

(Eq. 3.9). Hence, for a single particle, lg ≈ 49 µm, while for a microcapsule of about
100 particles (App. 5.D), lg ≈ 0.5 µm.

5.D. Number of Particles per Microcapsule
We estimate the number of particles per microcapsule using two methods: 1)

using optical microscopy measurements and 2) from the geometry of the particles.
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dm/2

Appendix Figure 5.7. Predicting the size of a microcapsule
from the geometry of its building blocks. The diameter of a
microcapsule, dm, with close contact between neighbouring cores ( )
and between neighbouring protrusions ( ), is determined from the
intercept of the common tangents of the core and the protrusion.

Using the first method, the number of particles per microcapsule is estimated
from the distance between particles in microcapsules and the diameter of the
microcapsules. We take the distance between neighbouring particles from the
first peak in the interparticle distance histogram for particles in a microcapsule,
r∗
ij = 0.63 nm (Fig. 5.2n). The mean diameter of the microcapsules is obtained

from Hough circle transformations of 30 microcapsules following Subsection 3.2.3,
dm = 3.7± 0.8 µm. If we assume that the particles are oriented hexagonally and
cover the entire surface of the microcapsules, we obtain for the number of particles
per microcapsule [82, p1366],

Np = πdm
2

(
√

3/2)r∗
ij

2 ≈ 125, (5.5)

where we divided the estimated surface area of a microcapsule by the surface area
per particle.

Using the second method, we assume that the shape of the snowman-like
particles determines the size of the microcapsules (App. Fig. 5.7). For a particle
with a core of diameter, dc = 540 nm, a protrusion with diameter, dp = 435 nm,
and distance between the centres of the core and the protrusion, rcc = 163 nm, the
intercept of the common tangents of the protrusion and the core gives dm = 2.2 µm.
We obtain the number of particles for a microcapsule with this geometry by inserting
this value and rij = dc = 540 nm into Eq. 5.5, resulting in Np = 61.
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Appendix Table 5.2. Hydrodynamic diameter and zeta poten-
tial. The mean, µ, and the polydispersity, σ, in the hydrodynamic
diameter, dhd, and the zeta potential, ζ, are measured using dynamic
light scattering and laser Doppler electrophoresis. The polydispersity
index, PdI, is calculated from µ and σ in the hydrodynamic diam-
eter and for each measurement, the derived count rate is given in
thousand counts per seconds. The first value is the average over
seven consecutive measurements, the second value gives the standard
deviation and the value in brackets is the trend. Both cross-linked
poly(styrene-co-acrylic acid) (CPSAA) and cross-linked polystyrene
(CPS) particles are measured in different media.

Particles Medium dhd/nm
µ σ

CPSAA 1 mM HCl 573±6 (+0.25%) (15±4)×101 (+1.7%)
CPSAA 1 mM KOH 807±10 (+0.10%) (21±4)×101 (+2.7%)
CPSAA 1 mM HCl/9 mM KCl 578±6 (-0.08%) 194±17 (+3%)
CPSAA 1 mM KOH/9 mM KCl 720±12 (-0.23%) (23±8)×101 (+4%)

CPS 1 mM HCl 495±13 (+0.25%) 232±21 (+1.6%)
CPS 1 mM KOH 488±7 (-0.4%) 205±14 (+0.4%)

Particles Medium PdI Derived count rate (kcps)
CPSAA 1 mM HCl 0.07±0 .04 (+3%) (63.7±1 .0)×103 (+0.7%)
CPSAA 1 mM KOH 0.073±0 .025 (+5%) (58.7±1 .2)×103 (-0.19%)
CPSAA 1 mM HCl/9 mM KCl 0.114±0 .021 (+6%) (627±6)×102 (+0.03%)
CPSAA 1 mM KOH/9 mM KCl 0.12±0 .06 (+8%) (577±4)×102 (+0.21%)

CPS 1 mM HCl 0.220±0 .028 (+2.7%) (277±4)×102 (+0.4%)
CPS 1 mM KOH 0.177±0 .024 (+1.6%) (54.7±1 .5)×103 (-1.0%)

Particles Medium ζ/mV
µ σ

CPSAA 1 mM HCl -40.3±2.5 (+2.8%) 4.72±0.20 (+0.17%)
CPSAA 1 mM KOH -52.2±0.4 (+0.12%) 5.81±0.18 (-0.8%)
CPSAA 1 mM HCl/9 mM KCl -25±4 (+4%) 8.2±1.6 (-0.7%)
CPSAA 1 mM KOH/9 mM KCl -54.9±2.0 (+0.11%) 9±4 (+20%)

CPS 1 mM HCl -46.8±2.6 (+2.2%) 5.22±0.26 (-0.7%)
CPS 1 mM KOH -78.4±0.4 (+0.10%) 7.42±0.17 (-0.3%)

Particles Medium Derived count rate (kcps)
CPSAA 1 mM HCl (19.7±2 .5)×104 (+1.1%)
CPSAA 1 mM KOH (17±5)×104 (+10%)
CPSAA 1 mM HCl/9 mM KCl (15.2±2 .9)×104 (-1.9%)
CPSAA 1 mM KOH/9 mM KCl (15±6)×104 (+14%)

CPS 1 mM HCl (8.0±1 .1)×104 (-1.2%)
CPS 1 mM KOH (11.8±2 .5)×104 (-0.3%)
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6
Pickering-like Emulsions by Thermoreversible

Attachment of Colloids onto Near-Critical Interfaces

Abstract
Emulsions are ubiquitous in consumer and industrial products.
Their formation usually requires high shear and tuning their sta-
bility commonly involves changing particles or adding chemicals.
Here, we use temperature to induce emulsification and control
stability. We study near-critical mixtures of liquids with lower
phase-separation temperatures. Below these temperatures, the
liquids are fully miscible, while above these temperatures, two
coexisting phases with temperature-dependent compositions are
formed. Hence, the properties of this system are easily tunable, and
as a consequence, colloidal particles thermoreversibly attach onto
the interface between the phases. We make use of this property
to create and destabilize Pickering-like emulsions by changing the
temperature. Finally, we prepare hollow shells by simply heating
followed by cooling.
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↓ĝ

113



6. Pickering-like Emulsions by Thermoreversible Attachment of Colloids

6.1

6.1. Introduction
An emulsion is a mixture of two immiscible liquids that is kinetically stabilized by

an emulsifier. Emulsions are found in many foods, cosmetics and pharmaceuticals,
and usually, droplets of oil are dispersed in water or the other way around [56, 106].
Merging or coalescence of droplets is commonly prevented by surfactants, polymers
or solid particles [7, p539]. In the latter case, a so-called Pickering emulsion is
formed [53, 54]. These emulsion are kinetically stable as particles attach onto
the surface of droplets, and hence molecular contact between the droplets is
prevented [7, p577]. The stability of a Pickering emulsion depends strongly on
the attachment energy of particles onto the interface and is generally tuned by
changing either the size and surface properties of the particles, or by adding salt
or surfactants to the liquids [55, 56, 57, 58]. The preparation of an emulsion
requires the formation of interfacial areas, for which energy is typically provided
by turbulent flow-induced shear [7, p569-575]. Other emulsification techniques
require a chemical non-equilibrium state, and even spontaneous formation of
thermodynamically stable Pickering emulsions and so-called microemulsions has
been described [7, p550, p573-574, 107].

In this chapter, we create emulsion droplets by temperature-induced phase
separation, and stabilize the droplets by thermoreversible attachment of particles
onto their surface. For this purpose, we use partially miscible liquids with lower
and upper phase separation temperatures. Between these temperatures, phase
separation occurs, while below the lower and above the upper phase separation
temperature, the liquids are fully miscible. The phase separation temperatures
depend on the composition of the liquid and were previously determined for the
mixtures used in this chapter (Fig. 6.1a). The phase separation temperatures form
a closed loop in which the two components phase separate. Furthermore, at the
top and the bottom of each loop, critical points are found (Fig. 6.1b ). Close
to a critical point, a temperature change of a few degrees results in a significant
change in the compositions of the coexisting phases (compare Fig. 6.1b to ).
Similar mixtures have previously been used to induce the formation of bicontinuous
Pickering emulsions, so-called bijels [108, 109]. In bijel formation, quenching deep
into the closed loop results in spinodal decomposition. At the bottom of the closed
loop, however, near-critical phenomena occur. To the best of our knowledge, the
effect of near-critical behaviour on Pickering emulsions, and more specifically, on
the attachment of particles onto interfaces has not been studied yet.
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Figure 6.1. Phase separation of partially miscible mixtures.
Phase separation temperatures, Tps, as a function of the mass fraction
of heavy or normal water, mw, for mixtures of 3-methylpyridine and
heavy water (3MP/D2O Cox [110]) and 1-propoxy-2-propanol and
normal water (PnP/H2O Cox et al. [111]). The mixtures have both
lower and upper phase separation temperatures (a), between which
the liquids phase separate into a water-poor and a water-rich phase.
Outside this closed loop, on the other hand, the liquids are fully misci-
ble. Close to the lower critical points (b ), the composition of each
phase depends strongly on the temperature. This is illustrated for
3MP/D2O at mw = 0.69. At the lower phase separation temperature,
the mixture phase separates into phases with similar compositions
( ), while at higher temperatures, the difference in the composition
increases ( ). The dashed lines are fits to fourth ( ) and sixth
( ) order polynomials resulting in critical points at mw = 0.71 and
T ∗ = 39.1 ◦C, and mw = 0.64 and T ∗ = 34.5 ◦C ( ).

This chapter consist of three parts. First, we verify that close to the critical
point, the interfacial properties of phase-separated droplets can be tuned by the
temperature. Next, we add colloidal particles and observe thermoreversible attach-
ment of colloids onto the surface of the droplets. We propose two explanations for
this behaviour, that are discussed using theory on near-critical phenomena. Finally,
when the surface of the droplets is covered by colloids, coalescence is prevented.
Consequently, Pickering-like emulsion form upon increasing the temperature, and
are destabilized when the particles detach from the surface upon decreasing the
temperature. In contrast to conventional methods, that create emulsions by shear
and control their stability by exchanging particles or adding chemicals, we simply
change the temperature to create and control Pickering-like emulsions. Finally, we
demonstrate that this approach can also be used to form hollow shells through
merely heating and cooling particles in a near-critical mixture.
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6.2. Methods
6.2.1. Chemicals The following chemicals were used as received: fluorescein sodium
salt (F6377), 3-methylpyridine (3MP, 236276, ≥99.5%), 1-propoxy-2-propanol (PnP,
424927, 99%), and rhodamine B (R6626, ≥95%) were obtained from Sigma-Aldrich or its
subsidiaries; deuterium oxide (heavy water, D2O, DLM-4-1000. 99.9%) was obtained from
Cambridge Isotope Laboratories; Millipore water (H2O) was obtained with a Synergy
water purification system.

6.2.2. Sample Preparation Samples of colloidal particles in near-critical mixtures
were prepared in thin glass cells. Cross-linked polystyrene particles with a diameter of
524 ± 44 nm were prepared as described in Subsection 2.2.2 and washed by centrifugation.
Dispersions were obtained by mixing weighed amounts of either 3MP, D2O and colloids
washed in D2O; or PnP, H2O and colloids washed in H2O. After vortexing the dispersions
(Labotech TMO1), 0.05 × 0.5 × 50 mm3 glass tubes (VitroCom 5005-050) were filled by
capillary action. Next, both ends of the tubes were sealed first in a flame (Prodont
Holliger Microtorch II) and next with glue droplets (Norland NOA81) that were cured
with a UV lamp (UVP UVGL-58).

6.2.3. Microscopy Unless stated otherwise, samples were studied with a Nikon Ti-U
inverted optical microscope in bright field mode. The microscope was operated with Plan
Fluor ELWD 40×/0.60 (Fig. 6.2, 6.3 and 6.6a–i) and CFI Plan Fluor 60×/0.70 (App.
Fig. 6.4) objectives, no intermediate magnification, and a Lumenera Infinity X camera.
Samples were fixated with adhesive tape on a Linkam THMS600 heating stage that was
operated with a Linkam TP 93 controller. We report the temperature of the heating
stage relative to the temperature at which phase separation is observed, ∆Tps = T − Tps.

App. Fig. 6.4 is obtained using snowman-like particles with a core of diameter 679 nm
(Subsection 2.3.3) and a Linkam FTIR 600 heating stage. Fig. 6.6k is obtained using a
purpose-built heating stage that caused no temperature gradient in the imaging plane
(App. Fig. 6.1c–d). A Peltier element (Quick-Cool, QC-18-0.6-1.2M) was mounted on a
2.2 × 3.0 × 1.3 cm3 metal block that acted as a heat reservoir. Temperature was controlled
by a stepwise variable resistor (Dr. C.E. Bleeker NV) between the power source (Delta
Elektronika E 018-0.6 D) and the Peltier element. The Peltier controller (Quick-Cool,
QC-PC-CO-CH1 with a Altai HEP-613 power source) was set to 100% and used to
measure the temperature at the heat reservoir. A Nikon Ti-E inverted optical microscope
with a Nikon CFI Plan Fluor 40×/0.75 objective, no intermediate magnification, and
a Hamamatsu ORCA Flash camera was used for imaging. As the absence of a hole in
the heating stage made bright field microscopy impossible, samples were studied using
reflected light microscopy, with a Nikon Intensilight C-HGFl light source and a Nikon
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D-FLE filter block. Finally, transmission electron microscopy images were obtained as
described in Subsection 2.2.5.

6.2.4. Contact Angle Measurements The contact angle, θc, is the angle between
two interfaces at the three-phase contact line (Fig. 6.2d). If one of the phases is a solid,
the Young equation gives the contact angle between 1) the interface of the solid and
the dispersed phase, and 2) the interface of the continuous and the dispersed phase [7,
p.53-55],

θc = cos−1
(
γsc − γsd

γcd

)
, (6.1)

where the interfacial tensions are between a) the solid and the continuous phase, γsc, b)
the solid and the dispersed phase, γsd, and c) the continuous phase and the dispersed
phase, γcd.

The contact angles of droplets that attach to the edge of a cell were determined by
optical microscopy. We studied the droplets in bright field mode, where light passes
through the entire thickness of the sample, and for each droplet, two concentric circles
were observed (Fig. 6.2a–c). The radius of the outer circle corresponds to the radius
of the droplet, Rd, while the radius of the inner circle corresponds to the radius of the
circular three-phase contact line, Rc (Fig. 6.2d). These radii were measured using Olympus
analySIS FIVE, and the contact angle, θc, between the glass, the continuous phase and
the dispersed phase was calculated (Fig. 6.2d),

θc = cos−1
(
Rd

Rc

)
+ 90°. (6.2)

6.3. Results and Discussion
6.3.1. Near-Critical Phase-Separated Mixtures We study phase-separated mix-
tures of 3-methylpyridine and heavy water (3MP/D2O) using optical microscopy.
3MP and D2O are partially miscible: they mix at room temperature, and phase
separate above the lower phase separation temperature, Tps. The phase separation
temperature depends on the mass fraction of water, mw, and above Tps, droplets
nucleate, and subsequently grow by coalescence and presumably Ostwald ripening.
We measure the temperature of the heating stage at which phase separation is
observed, Tps = 40.0 ◦C, for a mass fraction of heavy water, mw = 0.69. Fitting the
previously measured phase separation temperatures (Fig. 6.1b ), however, shows
that Tps = 39.1 ◦C at mw = 0.69. The temperature of the heating stage is generally
slightly higher than the temperature inside the measurement cell due to cooling by
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Figure 6.2. Near-critical phase-separated mixtures. Microscopy
images of a 3MP/D2O mixture with mass fractions of water of 0.69
(a–c). At or above the lower phase separation temperature, ∆Tps ≥ 0,
droplets are formed that attach to the glass wall of the cell. The
contact angle, θc, depends on the interfacial tensions between 1) the
solid glass (d ) and the continuous phase ( ), γsc, 2) the solid glass
and the dispersed phase ( ), γsd, and 3) the continuous phase and
the dispersed phase, γcd. θc can be obtained from the radius of the
droplet, Rd (a–c ), and the radius of the contact circle, Rc (a–c

). The contact angle decreases upon increasing ∆Tps (e ), and
increases upon decreasing ∆Tps again (e ). The absolute value of the
cosine of the contact angle | cos θc| is fitted as an exponential function
of the temperature relative to the critical temperature, ∆T ∗ = T−T ∗

(f ), and for a fixed exponent of −1 ( ) and −0.61 ( ). Finally, a
fit through 164° at ∆T ∗ = 2 ◦C ( ) with the same exponent as is
given ( ). To increase contrast, image levels are rescaled as indicated
by the vertical bars and rhodamine B is added. The direction of the
gravitational field is indicated by ĝ.

surrounding air. To minimize the deviation between the temperature of the heating
stage and the temperature of the sample, we report the measured temperature
relative to the temperature at which phase separation is observed, ∆Tps = T − Tps.

The contact angle of phase-separated droplets is determined from the microscopy
images. Droplets are observed in a thin glass cell and attach to the edge of the
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cell (Fig. 6.2a–c). The contact angle between a) the interface of the dispersed
phase and the glass wall of the cell and b) the interface of the dispersed phase
and the continuous phase, θc (Fig. 6.2d), is determined from the radii of circles in
microscopy images as described in Subsection 6.2.4.

The contact angle increases upon decreasing the temperature relative to the
lower phase separation temperature, ∆Tps (Fig. 6.2e). The value of the contact angle
is the result of the force balance between the three interfacial tensions at the contact
line (Fig. 6.2d, Eq. 6.1), and the interfacial tensions depend on the compositions
of each phase. These compositions can be estimated from the phase diagram. At
∆Tps = 2.9 ◦C, the compositions of the coexisting phases are given by the intersects
of the horizontal tie line at ∆Tps = 2.9 ◦C with the phase separation temperature,
mw = 0.59 and 0.82 (Fig. 6.1b ). At the phase separation temperature, however,
the composition of the two phases are mw = 0.69 and 0.73 (Fig. 6.1b ). In other
words, upon decreasing the temperature, the system approaches the lower critical
point, and the difference in the composition between the phases diminishes. Hence,
we expect the difference in the interfacial tensions between a) the glass and the
continuous phase and b) the glass and the dispersed phase, γsc − γsd, to approach
zero. The interfacial tension between the continuous and the dispersed phase, γcd,
however, is also expected to approach zero. Hence, both the numerator as well as
the denominator in Eq. 6.1 vanish. We observe that the contact angle deviates
from 90°. This suggests that γcd approaches zero more rapidly than γsc− γsd. This
results in the counter-intuitive behaviour that close to the critical point—where
the two phases are most similar—the contact angle deviates from 90°.

We compare these observation to work by Cahn [112] on the contact angle
near the critical point. At the critical concentration, previous experiments and
theory show that γcd approaches zero as |∆T ∗|µ where ∆T ∗ is the temperature
relative to the lower critical solution temperature, i.e. the temperature at the
critical point, T − T ∗, and µ = 1.3 is the critical exponent of the interfacial tension
[113, 114, 114, 115, 116, 117, p33]. γsc − γsd, on the other hand, should approach
zero as the difference in the composition and thus as |∆T ∗|0.33 [112, 113, 118, 119].
Cahn inserted these relations into Eq. 6.1 and showed that | cos θc| should diverge
as ∆T ∗−1.0 [112]. If the temperature approaches the lower phase separation
temperature, | cos θc| increases, and the contact angle should thus deviate from 90°
which is in qualitative agreement with our measurements.

Next, we quantitatively compare our measurements to the prediction by
Cahn [112]. The fit in Fig. 6.1b shows that the phase separation tempera-
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ture, Tps, at mw = 0.69 is 0.06 ◦C above the critical temperature, T ∗. Using
∆T ∗ = ∆Tps + 0.06 ◦C, we fit our data to an exponential function resulting in
(Fig. 6.2f ),

| cos θc| = 0.45|∆T ∗/◦C|−0.42. (6.3)

We only measured over a small temperature-range, but the critical exponent of−0.42
deviates significantly from the value of −1.0 as predicted by Cahn (Fig. 6.2f ).
The value at ∆Tps = 0.0 ◦C corresponds to ∆T ∗ = 0.06 ◦C, and is ignored in
the fit, as the resolution of the heating stage is only 0.1 ◦C. The uncertainty in
log ∆T ∗ is thus relatively large at ∆T ∗ = 0.06 ◦C. Furthermore, at ∆T ∗ < 0.15 ◦C,
| cos θc| > 1. This corresponds to a wetting transition, i.e. below this temperature
one phase completely wets the solid surface as previously predicted and observed
by Cahn [112] and Moldover and Cahn [120]. The temperature difference between
the wetting transition temperature, and the phase separation temperature is only
0.1 ◦C, and comparable to the resolution of the heating stage. Hence, no wetting
transition has been experimentally observed.

The deviation between the measured and theorical exponent becomes less
alarming by considering data on mixtures of 2,6-lutidine and water. These mixtures
also have a closed-loop phase diagram, and a similar molecular structure. Grattoni
et al. [121] interpolated measurements of the interfacial tension in these mixtures
resulting in,

γcd/mN m−1 = 0.043(∆T ∗/◦C)0.88. (6.4)

We note that the measured critical exponent, µ = 0.88, deviates from the critical
exponent for the interfacial tension as measured and predicted for other systems at
µ = 1.3. The critical exponent of the difference in the composition, on the other
hand, is 0.27 and similar to the previously reported value of 0.33 (App. Fig. 6.2).
Furthermore, these critical exponents should result in a critical exponent for the
contact angle of−0.61, which is in much better agreement with our data (Fig. 6.2f ).
We speculate that a lower value of µ could possibly be due to hydrogen bonding or
the amphiphilic character of 2,6-lutidine, resulting in adsorption of these molecules
onto the interface. These effects might also occur in 3MP/D2O, and measurements
of the interfacial tension would verify if µ is about 0.9 in our system as well. We
may safely conclude, however, that the interfacial properties of 3MP/D2O depend
strongly on the temperature. More specifically, in a phase-separated, near-critical
mixture, the contact angle deviates from 90° upon approaching the phase separation
temperature, while the interfacial tension decreases.
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The contact angle is measured upon first increasing the temperature, and then
decreasing the temperature again (Fig. 6.2e). The observed hysteresis in the contact
angle is probably due to pinning of the droplet on the glass. By allowing more time
for the droplets to equilibrate, the equilibrium contact angle should be reached,
and the hysteresis could presumably be reduced. The number of droplets, however,
decreases with time due to coalescence and possibly Ostwald ripening. Hence, even
for these measurements, only a few small droplets were left at the final temperature.
Increasing the equilibration time even further, while still retaining good statistics
is therefore challenging. Furthermore, droplets attach both to the bottom and the
top of the cell, and in the latter case, lensing effects could result in measurement
errors. Additionally, in the studied temperature regime, deformation of the shape
of the droplets by gravity should be small (App. 6.B). Finally, a horizontal gradient
in the temperature is due to the hole in the heating stage that allowed bright field
microscopy (App. Fig. 6.1a–b). Using a purpose build set-up (App. Fig. 6.1c–d),
uniform heating in the imaging plane could be achieved. That set-up resulted in
similar behaviour, but did not allow bright field microscopy. Hence, unless stated
otherwise, the set-up with a gradient in the imaging plane is used.

6.3.2. Thermoreversible Interfacial Attachment Cross-linked polystyrene col-
loids are added to the near-critical mixtures and their attachment onto phase-
separated droplets is studied (Fig. 6.3). We study colloidal particles in 3MP/D2O
as well as in PnP/H2O. The colloids have a diameter of 524 ± 44 nm, and cru-
cially, they are synthesized without addition of surfactants or stabilizers to prevent
interactions between surface-active molecules and the mixtures (Subsection 2.2.2).

After the addition of colloids, 3MP/D2O and PNP/H2O phase-separate at Tps =
39.0 ◦C and 32.2 ◦C. Remarkably, for PNP/H2O, the observed phase separation
temperature is well below the interpolated value using previous measurements by
Cox et al. [111], Tps = 34.6 ◦C at mw = 0.60 (Fig. 6.1b). The lower temperature
we measure, might be due to the presence of the particles or a deviation in the
temperature sensor. Just above the phase separation temperature, particles are
found in the continuous phase (Fig. 6.3a,f). Occasionally, particles reside for some
seconds at the interface but no durable attachment is observed. Remarkably
different behaviour is observed upon increasing the temperature further to more
than 2 ◦C above the lower phase separation temperature. These temperatures are
deeper in the phase separation region (Fig. 6.1), and particles permanently attach
onto the interface (Fig. 6.3b,g). Upon decreasing the temperature again below the
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Figure 6.3. Thermoreversible interfacial attachment. Mi-
croscopy images of cross-linked polystyrene particles in a 3MP/D2O
mixture with mw = 0.71 (a–e), and a PnP/H2O mixture with
mw = 0.60 (f–i). Above the lower phase separation temperature,
∆Tps > 0 (a,f), the mixtures phase separate and particles are found
in the continuous phase. Upon increasing the temperature (b,g),
particles attach to the interface in a ring-like (b) or island-like (g)
configuration. These configurations are sketched (c,h) at the edge of
the cell ( ) with the particles ( ) creaming at the interface between
the continuous ( ) and the dispersed ( ) phase. Upon decreasing
the temperature again (d,i), particles detach from the interface, and
eventually (e) are homogeneously dispersed in the continuous phase.
To both mixtures, a rhodamine dye was added to increase contrast
and the direction of the gravitational field is indicated by ĝ.

attachment temperature at 2 ◦C, the particles leave the interface and move back
into the continuous phase (Fig. 6.3d–e,i).

To explain thermoreversible attachment, we consider the free energy change
upon adsorption of particles onto the interface, ∆Gad. We hypothesize that ∆Gad

is too small for particles to attach just above Tps, while ∆Gad should be large
enough for attachment at ∆Tps ≥ 2 ◦C. For spherical particles, the free energy
change upon adsorption is [122, p8],

∆Gad = −πRp
2γcd(T )

[
1−

⏐⏐⏐cos
(
θc(T )

)⏐⏐⏐]2
, (6.5)
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where Rp is the radius of the particle, γcd is the interfacial tension between
the continuous and the dispersed phase, θc is the contact angle between a) the
interface of the particle and the dispersed phase and b) the interface of the
continuous and the dispersed phase, and we explicitly state that both γcd and
θc are temperature-dependent. In the previous subsection, we saw that upon
approaching Tps, γcd decreases (Eq. 6.4), while | cos θc| increases (Fig. 6.2f). Even
though we measured the contact angle at a glass surface, an increase of | cos θc| upon
approaching the phase separation temperature should be general as discussed before.
Hence, upon approaching the phase separation temperature, a decrease of the
adsorption energy is expected (Eq. 6.5). Consequently, just above the lower phase
separation temperature, the adsorption strength, |∆Gad|, might be comparable
to the thermal energy, kBT , and thus too small for permanent attachment; while
at higher temperatures, ∆Gad becomes stronger, and might be about −6kBT ,
resulting in permanent attachment.

We estimate the adsorption energy as a function of the contact angle for the
experimental system in Fig. 6.3b and d (compare Fig. 6.4a–b to ). The particles
have a radius of 262 nm and are immersed in 3MP/D2O at mw = 0.71. We
calculate the adsorption energy at ∆Tps = 2 ◦C, where particles attach, and at
∆Tps = 1 ◦C where no permanent attachment is observed. The mass fraction of
water, mw = 0.71, is virtually identical to the critical mass fraction (Fig. 6.1b), and
hence, Tps ≈ T ∗, and ∆Tps ≈ ∆T ∗. We take values for the interfacial tensions
using the previously mentioned interpolation for mixtures of 2,6-lutidine and water
(Eq. 6.4). Even though the components in our system are different, we expect the
difference in the interfacial tension for both systems to be smaller than a factor of
two as the mixtures have similar phase behaviour and molecular structures. At
∆Tps = 1 ◦C, the resulting adsorption energy is weaker than the thermal energy,
kBT , if θc ≥ 168° (Fig. 6.4b ). Hence, if the contact angle at ∆Tps = 1 ◦C is about
168°, no attachment of particles onto the interface is expected. At ∆Tps = 2 ◦C,
the adsorption is stronger than 6 kBT if θc ≤ 164° (Fig. 6.4b ). Hence, if the
contact angle at ∆Tps = 2 ◦C is about 164°, we expect particles to attach onto the
interface. At the glass surface, we observe a decrease in the contact angle of about
10 °/◦C (Fig. 6.2e). A similar decrease in the contact angle at the surface of the
particles from about 168° at 1 ◦C to 164° at 2 ◦C could thus explain a transition
from no attachment to permanent attachment.

The critical exponent of the contact angle is used to obtain an expression of
the adsorption energy as a function of the temperature (Fig. 6.4c). In Fig. 6.2f ,
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Figure 6.4. Adsorption energy of a particle onto an interface.
The change in the free energy upon adsorption of a sphere with radius
262 nm onto an interface, ∆Gad, is estimated for an interface of
phase-separated 3MP/D2O. ∆Gad is calculated using Eq. 6.5 (a–b)
as a function of the contact angle between the interface and the
surface of the particle, θc. The interfacial tensions are estimated at
1 ◦C above the critical temperature ( ) and at ∆T ∗ = 2 ◦C ( )
using Eq. 6.4. We plot both the entire range of θc (a), as well
as the regime where a transition from reversible (∆Gad ≈ −kBT )
to irreversible adsorption (∆Gad ≪ −kBT ) is observed (b). The
adsorption energy as a function of the temperature relative to the
critical temperature, ∆T ∗, is calculated by inserting Eq. 6.4 and
Eq. 6.6 into Eq. 6.5 (c ), and by assuming a critical exponent of
the contact angle of −1 ( ).

we determined a relation between the temperature and the absolute value of the
cosine of the contact angle on the glass. To obtain a similar expression for the
contact angle on the particles, we assume 1) that the contact angle is 164° at
∆Tps = 2 ◦C, so ∆Gad(∆Tps = 2 ◦C) = −6kBT , and 2) | cos(θc)| increases with a
critical exponent of −0.42 as in Eq. 6.3 (Fig. 6.2f ),

| cos(θc)| =

⎧⎨⎩1.3(∆T ∗/◦C)−0.42 if ∆T ∗ ≥ 1.8 ◦C
1 if ∆T ∗ < 1.8 ◦C,

(6.6)

where a wetting transition is predicted at ∆T ∗ = 1.8 ◦C. Inserting Eq. 6.4 and 6.6
into Eq. 6.5 gives a very steep increase of the strength of the adsorption energy
from −1.2 to −6 and −14kBT upon increasing the temperature from ∆Tps = 1.9
to 2.0 and 2.1 ◦C (Fig. 6.4c ). These predictions are in good agreement with the
sharp transition from no attachment to permanent attachment upon changing the
temperature with 0.1 ◦C as we will see in Fig. 6.6h–j. Furthermore, the increase in
the adsorption strength would have been even steeper for a critical exponent of
| cos(θc)| of −1 (Fig. 6.4c ).
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For a transition from adsorption to desorption, the values of the contact angle at
the particles should be larger than those measured at the glass substrate (compare
Fig. 6.2f to ). Using the interpolation in Fig. 6.2f , we estimate that at
∆T ∗ = 1 ◦C, θc at the glass substrate is only about 117°, which would result in an
adsorption energy of about −6.5× 102kBT (Eq. 6.5 and Fig. 6.4a ). Additional
measurements should verify if the contact angles of the near-critical mixtures on
sulphonated polystyrene surfaces are indeed larger than on a glass substrate. These
measurements, however, are challenging as the radius of the particles is smaller than
the wavelength of light. Larger particles or particles adsorbed onto an interface as
in [123] could perhaps resolve this issue.

A relatively large contact angle, could also be due to pinning of the interface
on the particle surface. The surface of the cross-linked polystyrene particles is
irregular (App. Fig. 6.3). Hence, upon adsorption onto the interface between the
continuous and the dispersed phase, the particles can get trapped before reaching
their equilibrium position. This results in a so-called pinned contact angle. As the
particles approach the interface from the continuous phase, pinning should result
in a higher value of θc than the equilibrium contact angle. If the pinned angle at
∆Tps = 2 ◦C is about 164°, particles attach to the interface. As the contact angle
should be pinned at a higher value than the equilibrium value, a small decrease in
the temperature should not result in an increase of the contact angle. Hence, for a
pinned contact angle, the adsorption energy only decreases with the temperature
due to a decrease of the interfacial tension. At a fixed contact angle, the decrease
in the adsorption energy with the temperature, however, might only result in
an attachment transition if θc ≈ 165°, where ∆Gad ≈ 4.6kBT at ∆Tps = 2 ◦C,
and ∆Gad ≈ 2.5kBT at ∆Tps = 1 ◦C (Fig. 6.4b). It seems unlikely that pinning
results in such a well-defined contact angle for all particles. Hence, pinning can
not explain the transition from attachment to no attachment. The flattened edges
of the particles (App. Fig. 6.3), on the other hand, could result in a smaller or
larger interfacial area that is covered by particles compared to perfect spheres at
the same contact angle. This effect changes the adsorption energy with respect to
the estimate for perfect spheres, and makes desorption either more or less likely.

We observe that attached particles cluster at the interface. At droplets that
attach to the top of the cell, the colloids assemble into ring-like structures (Fig. 6.3b–
c), while at the bottom of the cell, island are formed (Fig. 6.3g–h). Polystyrene
particles, however, have a density above the densities of the mixtures (App. Ta-
ble 6.1). Buoyancy of the particles seems thus unlikely to explain creaming to the
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top of the droplets. Another explanation is thermophoresis or the Soret effect. In a
temperature gradient, bombardment of colloids with relatively hot, fast molecules
on one side, and cold, slow molecules on the other side can result in a net force
towards the cold side [124, 125, 126]. In our sample cell, a temperature gradient is
also expected as the cell is only heated from above (App. Fig. 6.1b). The particles,
however, cluster at the top of the cell, where the temperature is highest, while a
temperature gradient is expected to result in a net force towards the bottom of
the cell. Examples of thermophoresis in the opposite direction, however, have been
previously described [127, 128], and preliminary results show that for a temperature
gradient in the horizontal direction, particles also move to the hot side of a cell
(App. Fig. 6.4). A final explanation is that the hydrophobic polymer network
inside the particles is swollen by the more hydrophobic component of the mixture.
The densities of the relatively hydrophobic 3MP and PnP are well below those
for D2O and H2O (App. Table 6.1). We estimate that in PnP/H2O at mw = 0.60,
each particle should be swollen with PnP to more than 3× its original mass for
the densities of the particles to be lower than the density of the liquid. Here, we
assumed the density of the liquid to be the mass weighed average of the densities
of the pure components. Additional experiments should verify if the particles are
indeed swollen with PnP or 3MP.

Only particles that are attached to an interface cream, while unattached particles
are found over the entire thickness of the cell. Hence, creaming is most likely a
two-step process. First, particles form clusters at the interface, next, clusters cream
to the top of the cell as an upward gravitational or Soret force is higher for clusters
than for single particles. Formation of clusters could be induced due to so-called
capillary attraction. Capillary attraction is induced if the surface of the particles
is irregular and distorts the interface (App. Fig. 6.3) [129, 130]. We estimate the
capillary attraction in our system, and due to the high contact angle and low
interfacial tension, the attraction might be too small to induce the formation of
clusters (App. 6.D).

Alternatively, thermoreversible attachment and formation of clusters might be
explained by contactless attachment of particles, i.e. without touching the interface.
Competition between repulsive and attractive forces has been shown to induce
contactless attachment of particles onto oil/water interfaces [131, 132, 133]. In
our system, particles are negatively charged due to sulphate surface groups. If the
particles are dispersed in the water-rich phase, that could result in a negative image
charge in the dispersed phase (Fig. 6.5a). Consequently, repulsion by the image
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charge could prevent interfacial adsorption. An unequal distribution of potassium
counter-ions over both phases, on the other hand, could generate a positive charge
or Donnan potential over the interface (Fig. 6.5a). As a consequence, an attraction
between the positively charged interface and the negatively charged particles could
be generated. Experiments by Wang et al. [132] suggest that competition between
repulsion by an image charge and attraction to a charged interface could result in
an attractive secondary minimum, and a repulsive barrier that prevents adsorption.
In Fig. 6.5b and App. 6.C, we estimate the resulting interaction potential for our
system upon varying the interfacial potential. These estimates show that the image
charge repulsion is too weak to explain our observations. In Fig. 6.5, the interface
between the continuous and the dispersed phase is assumed to be flat. As the
interfacial tension is only about 0.1 mN/m, the interface might, however, deform.
A deformation of the interface could increase both the attraction to the charged
interface and the repulsion by the image charge. Further calculations should indicate
if for a deformed interface, the attraction is strong enough for attachment, while the
repulsion is sufficient to prevent adsorption. Additionally, these calculations should
also take van der Waals interactions into account. Furthermore, we speculate
that a deformation of the interface should also result in capillary attraction, and
might explain the formation of clusters. Finally, the contactless attachment energy
seems to be much less sensitive to temperature changes than the adsorption energy
(compare App. Fig. 6.5 and Fig. 6.4c). Hence, even with deformability taken into
account, contactless attachment does not seem to explain the sharp transition from
attachment to detachment in Fig. 6.6h–j.

Finally, similar behaviour is observed for both 3MP/D2O and PnP/H2O, and
both attachment transitions are observed at ∆T ∗ = 2 ◦C. This suggests that
thermoreversible attachment could be generically induced for near-critical, partially
miscible liquids. In 3MP/D2O, however, all particles are found at the interface,
while in PnP/H2O, particles are also found in the continuous phase. We have
not found an explanation for this difference yet, but measurements of the charge
of particles in either mixture might help to understand these observations. At
∆T ∗ > 2 ◦C, however, attached particles have not been observed to leave the
interface for all studied compositions.

6.3.3. Temperature-Controlled Pickering-like Emulsions At a high particle con-
centration, increasing the temperature of near-critical mixtures induces the forma-
tion of particle-stabilized droplets (Fig. 6.6). Similarly as in the previous subsection,
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Figure 6.5. Contactless attachment. a) A negatively charged
particle ( ) is attracted to a positively charged interface and repelled
by its image charge ( ) if the dielectric constant of the host medium
( ) is higher than that of the medium on the other side of the
interface at a distance rss ( ). b) The interaction potential, w, for
3MP/D2O at a mass fraction of water of mw = 0.71 is estimated as a
function of the ratio of the surface-to-surface distance of the particle
from the interface, rss, and the Debye length, κ−1. At 2 degrees
above the phase separation temperature, the maximum attraction is
−6kBT , if the potential at the interface, ψint, is 1.3 mV ( ), while
the maximum repulsion is 6kBT at ψint = 0.4 mV ( ). The strength
of the maximum attraction is equal to the maximum repulsion if
ψint = 0.7 mV at 1.8kBT ( ).

we observe 1) phase separation at Tps ≈ 32 ◦C, 2) attachment of particles onto the
interface at ∆Tps ≈ ∆T ∗ ≥ 2 ◦C, and 3) coalescence of droplets that are in contact
(Fig. 6.6a–e). In this case, however, large droplets in contact do not coalesce and are
kinetically stable for minutes (Fig. 6.6f–h). This can be understood as the coverage
by particles increases with the size of the droplets. With each coalescence event,
the interfacial area to volume ratio of the droplets decreases, and consequently, the
density of particles on the interface increases. Hence, whereas for relatively small
droplets, only the top of the droplets is covered by a ring of particles, for large
droplets, a larger part of the surface is covered by particles (compare Fig. 6.6d to
g). Apparently, for the Pickering-like emulsion in Fig. 6.6f–h, the ring of particles
extends down to the middle of the droplets, and coalescence is prevented. Unlike
conventional Pickering emulsions, only part of the surface of the droplets thus needs
to be covered by particles to prevent coalescence. In a much larger cell, however,
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Figure 6.6. Pickering-like emulsion with
temperature-controlled stability. Microscopy
images of cross-linked polystyrene particles in a
PnP/H2O mixture with mw = 0.68. Below the
lower phase separation temperature, ∆Tps < 0,
particles are dispersed in the mixture (a). At
∆Tps ≥ 0, droplets are formed, and particles are found in the
continuous phase (b). Upon increasing the temperature further,
particles attach onto the surface of the droplets (c), but droplets
still coalesce (c–e) as probably, particles (d ) do not fully cover
the interface between the continuous ( ) and dispersed ( ) phase.
After more coalescence events, droplets that are in contact do not
coalesce for minutes (f–h), until the relative temperature is decreased
below 1.9 ◦C (i–j, artist impression). Finally, after cooling down to
∆Tps < 0 (h), hollow spherical shells are found. The last image is
obtained for a sample with mw = 0.60, and for the other images,
fluorescein is added to increase contrast. The QR code links to a
movie of the time series of a–i (phd.chrisevers.com/6qr6.mp4).

relatively less droplets attach to the wall, and we expect coalescence to continue
until droplets are fully covered and a real Pickering emulsion should be obtained.

Upon decreasing the temperature, particles detach from the interface and
droplets that are in contact coalesce (Fig. 6.6h–j). In the previous subsection, we
observed a threshold temperature for particle attachment at ∆T ∗ = 2 ◦C. Here,
we again observe a transition at this temperature. Above 2 ◦C, kinetically stable
droplets are observed, whereas droplets coalesce upon decreasing the temperature
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only 0.1 ◦C (compare Fig. 6.6h to i). Close inspection of the time series (Fig. 6.6QR)
reveals that just before coalescence, many particles detach from the interface and
move back into the continuous phase. Detachment of the particles thus seems to
destabilizes the droplets. This strongly supports the idea that the emulsion is
stabilized by thermoreversible attachment of particles. Consequently, the stability
of the emulsions can be controlled by temperature.

The emulsification is not fully thermoreversible. After decreasing the tem-
perature of a Pickering-like emulsion below the phase separation temperature,
a continuous phase is obtained with many aggregates of colloidal particles. We
hypothesize that these aggregates are formed when particles are pushed together
at the surface of shrinking droplets. We verify that droplets indeed shrink upon
decreasing the temperature. Using the lever rule, the mass ratio between the
coexisting phases can be estimated from the phase diagram (App. 6.E). From the
estimated mass ratios, we conclude that upon decreasing the temperature from
∆Tps = 4 ◦C to 2 ◦C, the volume of the continuous phase increases, while the
droplets shrink. During the shrinking of the droplets, the particles are still attached
onto the interface. As we saw before, the coverage of the interface by particles
is high, and the particles are pushed even closer together as the droplets shrink.
Consequently, the electrostatic repulsive barrier between neighbouring particles
might be overcome, leading to the formation of irreversible van der Waals bonds
and eventually aggregates. For droplets at lower particle concentrations and lower
maximum temperatures, particles leave the interface unclustered (Fig. 6.3d–e,i),
and no large aggregates are found. These observation can be explained as the
number of attached particles in Fig. 6.3 is lower than in Fig. 6.6. Consequently,
the particles might be able to redistribute on the surface of the shrinking droplet,
instead of being pushed through their repulsive barrier. Furthermore, in Fig. 6.3,
the temperature is increased to only ∆T ∗ ≈ 2 ◦C instead of 4 ◦C in Fig. 6.6, Hence,
the volume decrease of the droplets before the particles leave the interface is low,
and the force that pushes the particles together cannot overcome the electrostatic
repulsion. By keeping Pickering-like droplets at temperatures just above 2 ◦C, fully
thermoreversible emulsions might thus be created. Another approach is to increase
the interparticle repulsion. A common method to increase the repulsion is to adsorb
surfactants or polymers onto the surface of the particles. These could, however,
detach from the interface and influence the phase behaviour. To prevent this effect,
chemically grafting hydrophilic polymers onto the surface of particles seems the
most promising route towards fully thermoreversible Pickering emulsions.
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Aggregation of particles on the interface of shrinking droplets, results—besides
ill-defined clusters—also in hollow shells (Fig. 6.6k). These shells are probably
formed upon shrinking small, fully covered droplets. This is similar to the formation
of colloidosomes where 1) an emulsion is created by shear and particles adsorb
onto the interface of emulsion droplets, 2) irreversible bonds between particles are
formed by addition of salt or by sintering, and 3) the continuous phase is replaced
by the same phase as the dispersed phase [97]. In our method, similar structures
are obtained by merely increasing and subsequently decreasing the temperature.
As discussed before, the interface of most droplets is not fully covered by particles.
Hence, the yield of colloidosomes is low. In a larger container, the number of
droplets at the wall of the cell decreases, and a higher yield is expected. To obtain
shells with a small polydispersity in their size, however, uniform heating is probably
required, which might be challenging at a larger scale.

As an outlook, we note that the temperature dependence of the size of near-
critical droplets has the potential to induce more complex structures. Buckled
structures have been shown to form upon either shrinking shells, shrinking a microgel
onto which particles are adsorbed, or shrinking Pickering emulsion droplets [134,
135, 136, 137]. Using our system, similar buckled structures might be formed by a
mere temperature change. At temperatures far above the lower phase separation
temperature, colloids attach onto the interface of phase-separated droplets. In
a large container, this should result in fully covered droplets. Upon decreasing
the temperature again, while remaining above the temperature at which particles
detach, the droplets shrink, while the particles remain attached onto the interface.
A decrease of the temperature should thus result in a decrease of the volume of the
droplets, whereas the particles prevent a decrease of the surface area of the droplets.
Hence, we expect the droplets to buckle, and hollow buckled structures could in
principle thus be obtained by simply increasing and decreasing the temperature.

Furthermore, by applying a temperature gradient in the imaging plane, more
complex behaviour is observed. At a constant gradient, some preliminary results
simultaneously show nucleation of droplets, attachment of particles onto the inter-
face, directed flow, and bursting of droplets (App. Fig. 6.4). We expect that these
observations are the result of an interplay between phase separation, thermophoresis
and thermoreversible attachment, but more research is needed to fully understand
this behaviour.

Most observations in this chapter have been explained using existing theories
on near-critical phenomena. A number of open questions, however, remain. First
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of all, additional experiments on the near-critical behaviour of the interface and the
contact angle of our mixtures are necessary. These should verify 1) if the critical
exponent of the interfacial tension, µ, is about 0.9, instead of 1.3 as expected
from theory, 2) if our preliminary results for the critical exponent of the contact
angle can be reproduced over a larger temperature range, and 3) if the contact
angle on the surface of the particles is indeed much larger than on a glass surface.
Second, we propose two explanations for thermoreversible attachment, adsorption
and contactless attachment. The plausibility of the first explanation can be
verified using the results of above mentioned experiments. To asses the contactless
attachment, deformation of the interface and van der Waals forces should be taken
into account to estimate the interaction energy, and the phase in which the particles
preferentially reside needs to be identified. Furthermore, the creaming behaviour
of particles needs to be systematically investigated using particles that are less
irregular, and additional experiments should elucidate why above the attachment
temperature, many particles in PNP/H2O are still found in the continuous phase.
Finally, we made progress towards thermoreversible Pickering emulsions. We expect
that by using a larger container and either a smaller temperature increase or more
repulsive particles, in principal, truly thermoreversible Pickering emulsification
could be achieved.

6.4. Conclusion
We study colloids in near-critical, partially miscible liquids with lower and upper

phase separation temperatures. Above the lower phase separation temperature,
two coexisting phases are found and their composition changes sensitively with the
temperature. Hence, interfacial properties can easily be controlled, and particles
thermoreversibly attach onto the surface of phase-separated droplets. We make
use of this property to create and control the stability of Pickering-like emulsions
and create colloidosomes by simply changing the temperature. Increasing the
temperature results in an increase in the interfacial tension between the phases,
and a contact angle closer to 90°. Hence, an increase in the adsorption energy
with the temperature could explain these effects. The formation of clusters on
the interface, however, is not explained. Consequently, an alternative mechanism
involving contactless attachment needs to be further investigated.

Our Pickering-like emulsions are conveniently prepared by increasing the tem-
perature without the need of high shear. Furthermore, thermoreversible attachment
is demonstrated for two different near-critical mixtures with a lower phase sepa-

132



6.5 Acknowledgement

6.5

ration temperature. We expect that thermoreversible attachment, however, can
be employed in more common partially miscible liquids with only an upper phase
separation temperature as well. In fact, those mixtures might be even more straight-
forwardly applicable, as—in the presence of colloids—merely heating above the
upper phase separation temperature and cooling back to room temperature, should
already result in a Pickering emulsion.
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Name ρ/gcm−3 Reference
H2O 1.00 [6,p4–98]
D2O 1.10 [6,p4–98]
PnP 0.89 [6,p3–468]
3MP 0.96 [6,p3–394]

poflystyrene 1.06–1.12 [6,p15–93]
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Appendix Figure 6.2. Composition difference. The difference in
the mass fractions of water, ∆mw, for phase-separated 2,6-lutidine
and water are plotted as a function of the temperature, T , using
composition measurements of Grattoni et al. [121] ( ). The values
are fitted to an exponential function, 0.27(∆T ∗/◦C)0.27, with T ∗ =
34.0 ◦C ( ).
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Appendix Figure 6.3. Cross-linked polystyrene particles. Trans-
mission electron microscopy images of cross-linked polystyrene parti-
cles with a diameter of 524± 44 nm.
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Appendix Figure 6.4. Attachment of particles
and bursting of droplets in a temperature gra-
dient. Colloidal snowman-like particles are stud-
ied in 3MP/D2O with a mass fraction of water,
mw = 0.66. The sample is heated from the direc-
tion of the bottom of the images, resulting in a
temperature gradient in the y-direction. At the bottom of the images,
where the temperature is highest, phase-separated droplets nucleate.
Particles attach onto the interface of the droplets and cluster at the
bottom of the droplets. Furthermore, unattached particles move
towards the bottom of the image, while droplets move in the opposite
direction. Once the droplets reach the top of the image, where the
temperature is lowest, the droplets burst and the attached particles
are released (b–c). Image levels are rescaled as indicated by the grey
vertical bars, the temperature gradient is indicated by the coloured
vertical bar, and the direction of the gravitational field is indicated
by ĝ. The QR code links to a movie of the complete time series
(phd.chrisevers.com/6qrA4.mp4).
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6.B. Deformation of Droplets by Gravity
In the earth gravitational field, a competition is expected between gravity that

flattens droplets and interfacial tension that prefers a spherical geometry. The
gravitational energy depends on the difference in the density of the continuous and
the dispersed phase, ∆ρcd, while the interfacial energy depends on the interfacial
tension between these phases, γcd. The capillary length denotes above which length
scale gravity becomes important [138, p33],

lc =
√

γcd

∆ρcdg
, (6.7)

where g = 9.8 m s−2 is the gravitational acceleration in the earth gravitational field.
Close to the critical point, both γcd and ∆ρcd approach zero.

We estimate the capillary length in Fig. 6.2 at 0.05 ◦C and 3 ◦C above the
critical point. We assume values for γcd and ∆ρcd using interpolations of previous
measurements of 2,6-lutidine and water [121]; Eq. 6.4 and,

∆ρcd/kg m−3 = 7.3(∆T ∗/◦C)0.47, (6.8)

where ∆T ∗ is the temperature relative to the critical temperature. At ∆T ∗ =
0.05 ◦C, γcd = 0.0031 mN/m and ∆ρcd = 1.8 kg m−3, while at ∆T ∗ = 3 ◦C, γcd =
0.11 mN/m and ∆ρcd = 12 kg m−3. The resulting capillary lengths are 420 µm at
∆Tps = 0.05 ◦C and 971 µm at ∆Tps = 3 ◦C. Even for droplets with a diameter
equal to the thickness of the cell, 50 µm, the effect of gravity is thus expected to
be small. Finally, by inserting Eq. 6.4 and 6.8 into Eq. 6.7, we expect that the
capillary length approaches zero upon approaching the critical temperature as
∆T ∗0.2. Gravity becomes thus more important near the critical point.

We estimate the geometry of the droplets from the interfacial and the gravita-
tional energy. The interfacial energy is the product of the interfacial tension and
the interfacial area, A,

Us = γcdA. (6.9)

We assume that gravity deforms a droplet into an oblate spheroid, that has a
interfacial area [82, p2052],

A = 2πRe
2 + πRp

2

e
ln
(

1 + e

1− e

)
, (6.10)
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where Re is the equatorial radius, Rp is the polar radius, and e is the ellipticity,

e ≡
√

1−Rp2/Re2. (6.11)

The gravitational energy is obtained by integrating the gravitational energy of
an infinitesimal thin disk with mass m at height h from the bottom of the spheroid
to the top of the spheroid,

Ug =
∫ 2Rp

h=0
mgh dh =

∫ 2Rp

h=0
∆ρcdπ[R(h)]2gh dh = 4

3πRp
2Re

2∆ρcdg, (6.12)

where the radius is [82, p2052],

R(h) = Re

√1−
(
h−Rp

Rp

)2

. (6.13)

The volume of an oblate spheroid is [82, p2052],

V = 4
3πRe

2Rp. (6.14)

Upon deformation, the volume should be conserved, and hence, Rp can be expressed
in terms of Re and V ,

Rp = 3V
4πRe2 . (6.15)

Furthermore, we define the relative equatorial radius,

xe = Re

R
= 3

√
4π
3V Re, (6.16)

where R is the radius of sphere with volume V .
Finally, the total energy is given by the sum of the interfacial energy (Eq. 6.9)

and the gravitational energy (Eq. 6.12),

Utot = Us + Ug. (6.17)

Using these equations, we calculate the shape of droplets at 0.05 ◦C and 3 ◦C
above the critical point. We take values for the interfacial tension and the difference
in the density as defined above, the volume is the volume of a sphere with a diameter
of 50 µm, i.e. equal to the thickness of the measurement cells. Inserting these
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values and Eq. 6.9 to 6.12 and 6.15 to 6.16 into Eq. 6.17, and minimizing the
sum numerically for xe using Wolfram Mathematica 10, gives xe = 1.00074 at
∆Tps = 0.05 ◦C and xe = 1.00014 at ∆Tps = 3 ◦C. Even close to the critical
point and for droplets as big as the diameter of the cell, the equatorial radius is
thus virtually identical to the radius of a sphere with the same volume. Hence,
deformation of droplets due to gravity can be neglected.

6.C. Contactless Attachment Energy on a Flat Interface
Similar to Wang et al. [132], the free energy of a spherical particle near a flat

charged interface is estimated as the sum of 1) attraction to an interfacial charge
and 2) repulsion by an image charge (Fig. 6.5a).

For the attraction to an interfacial charge, we use the electrostatic double layer
interaction potential for a spherical particle at a surface-to-surface distance, rss,
from a flat interface in the so-called linear superposition approximation [139, p317],

wint(rss, ψp, ψint) = RpZ(ψp, ψint)e−κrss , (6.18)

where ψp is the surface potential of the particle, ψint is the potential over the
interface, Rp is the radius of the particle, κ is the inverse Debye length, rss ≪ Rp,
and Z is the electrostatic double layer interaction constant [7, p238, 139, p316],

Z(ψ1, ψ2) = 64πkB
2T 2

e2 ε0εr tanh
(
eψ1

4kBT

)
tanh

(
eψ2

4kBT

)
, (6.19)

where kB is the Boltzmann constant, T is the temperature, e is the electron charge,
ε0 is the vacuum permittivity, εr is the relative permittivity, and ψ1 and ψ2 are
surface potentials. Here, we assumed monovalent salt and as the radius of the
droplets is much larger than the radius of the particles, we assumed the interface
to be flat. As expected, the interaction potential is positive and thus repulsive if
the potentials have the same sign, and the potential is attractive for an oppositely
charged particle and surface.

Next, we calculate the interaction with an image charge. A charge density, σ,
at a distance rss from an interface experiences an interaction as if there was an
image charge density [139, p258],

σimg = σ
εr,c − εr,d

εr,c + εr,d
, (6.20)
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at a distance rss on the other side of the interface. Here, εr,c is the relative
permittivity of the continuous phase in which the charge resides and εr,d is the
relative permittivity of the dispersed phase. If εr,c > εr,d, the sign of the image
charge is equal to the sign of the original charge, and repulsion is induced, while
for εr,c < εr,d, the interaction is attractive. The Grahame equation relates a charge
density to the surface potential [7, p135, 139, p308],

σ(ψ1) =
√

8ε0εrkBTI sinh
(
eψ1

2kBT

)
, (6.21)

where I is the ionic strength, ψ1 is the original surface potential, and we again
assume monovalent salt. The image charge potential can be calculated by solving
Eq. 6.21 for the surface potential and inserting Eq. 6.20 and 6.21,

ψimg(ψ1) = 2kBT

e
sinh−1

(
σimg(ψ1)√
8ε0εrkBTI

)
(6.22)

= 2kBT

e
sinh−1

(
εr,c − εr,d

εr,c + εr,d
sinh

(
eψ1

2kBT

))
. (6.23)

Next, the electrostatic interaction of a charged flat surface with an image charged
surface at a surface-to-surface distance, 2rij , from the original surface is given
by [139, p317],

wimg(rij , ψ1)
A

= κ

2πZ(ψ1, ψimg(ψ1))e−2κrij . (6.24)

where A is the area of the surfaces. To obtain the interaction potential for a sphere
with its image sphere, we use the Derjaguin approximation for two interaction
spheres, and integrate the result with integration boundaries that result in zero
potential at infinite separation [139, p216],

wimg(rss, ψp) =
∫ ∞

rij=rss

πRp
wimg(rij , ψp)

A
drij = 1

4RpZ(ψp, ψimg(ψp))e−2κrss ,

(6.25)

where we inserted Eq. 6.24, and ψ1 = ψp.
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Finally, we take the total interaction potential as the sum of Eq. 6.18 and
Eq. 6.25,

w(rss, ψp, ψint) = wint(rss, ψp, ψint) + wimg(rss, ψp) (6.26)

= Rp

[
Z(ψp, ψint)e−κrss + 1

4Z(ψp, ψimg(ψp))e−2κrss
]

(6.27)

The surface-to-surface distance at which the interaction potential has the
strongest attraction, r∗

ss, is found by taking the derivative of Eq. 6.27 with respect
to rss,

∂w(rss,ψp,ψint)
∂rss

= 0 ⇐⇒ κrss = ln
(
−Z(ψp, ψimg(ψp))

2Z(ψp, ψint)

)
, (6.28)

where the signs of ψp and ψimg should be opposite to the sign of ψint. Furthermore,
the interaction potential at r∗

ss is,

w(r∗
ss, ψp, ψint) = −Rp

Z(ψp, ψint)2

Z(ψp, ψimg(ψp)) , (6.29)

while the interaction potential at contact is,

w(rss = 0, ψp, ψint) = Rp
[
Z(ψp, ψint) + 1

4Z(ψp, ψimg(ψp))
]
. (6.30)

We qualitatively estimate the shape of the total interaction potential. The
surface potential of the particles, ψp, should be negative due to sulphate groups at
the particle surface. We did not add additional salt, so the surface potential on
the interface should be mainly due to positively charged counterions. These could
have a preference for the dispersed phase, resulting in a positive potential over the
interface, ψint. Hence, we expect the electrostatic double layer interaction constant,
Z(ψp, ψint), to be negative (Eq. 6.19). The first term in the square brackets of
Eq. 6.27, describes the particle-interface interaction, and is thus expected to result
in attraction. For contact-less adsorption, the attraction should be counter-acted
by a strong short-range repulsion to prevent adsorption onto the interface. The
range of the second term, that describes the image charge interaction, 1/2κ, is
indeed shorter than for the interface interaction, 1/κ. Furthermore, the image
charge interaction is repulsive if the image charge potential, ψimg, has the same
sign as the potential of the particle, that is, if εr,c > εr,d (Eq. 6.23). Hence, if the
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interfacial attraction and image charge repulsion are strong enough, the potential
of Eq. 6.27 could induce contactless attachment.

We estimate the values for the parameters in above equations for the experiment
in Fig. 6.3b. The mean radius of the particles is 262 nm. For 3MP/D2O at
mw = 0.71, the attachment transition is observed at 2 ◦C above the critical point,
i.e. at 41.1 ◦C. The mass fractions of water at 41.1 ◦C are 0.61 and 0.81 (Fig. 6.1b ),
and we assume the relative permittivities to be the mass weighed averages of the
permittivities of 3MP and D2O. Hence, εr = εr,c = 61 and εr,d = 48, where we used
temperature dependent permittivities for 3MP and normal water [6, p6-188,p6-196].
We assumed the continuous phase to be the water-rich phase, so that εr,c > εr,d,
and the image charge interaction is repulsive (Eq. 6.20). We take the zeta potential
as a measure for the surface potential. In water in 1 mM salt, the zeta potential of
similar cross-linked polystyrene particles is about −50 to −80 mV (App. Table 5.1).
In a 3MP/D2O medium, the zeta potential is expected to be lower as 3MP is
less polar. It is, however, sufficiently high to prevent aggregation, and, hence, we
estimate ψp = −30 mV. Substituting these values into Eq. 6.23 and Eq. 6.19 gives
ψimg(ψp) = −3.5 mV and Z(ψp, ψimg(ψp)) = 0.16kBT/nm.

Using these parameters, we estimate if contactless attachment can explain the
attachment of particles in Fig. 6.3b. We expect contactless attachment if both the
depth of the interaction potential as well as the strength of the repulsion at contact
are sufficiently strong, say w(r∗

ss, ψp, ψint) ≤ −6kBT and w(rss = 0, ψp, ψint) ≥
6kBT . Inserting the estimated values of the previous paragraph into Eq. 6.29 and
solving for the potential at the interface gives ψint ≥ 1.3 mV for the first condition
(Fig. 6.5b ). For the second condition, however, ψint ≤ 0.4 mV (Fig. 6.5b ).
Clearly, both conditions can not be fulfilled at the same time.

The interfacial potential at which the strength of the attraction and the repulsion
are equal is obtained using Eq. 6.29 and Eq. 6.30,

w(r∗
ss, ψp, ψint) = −w(rss = 0, ψp, ψint) (6.31)

Z(ψp, ψint) = −
√

2− 1
2 Z(ψp, ψimg(ψp)), (6.32)

where the interaction constants have opposite sign. Inserting this result into
Eq. 6.29 gives an attraction strength of,

w(r∗
ss, ψp, ψint) = −3− 2

√
2

4 RpZ(ψp, ψimg(ψp)). (6.33)
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Inserting the estimated values for 3MP/D2O at ∆T ∗ = 2 ◦C shows that the strength
of the attraction and the repulsion are equal at −1.8kBT and 1.8kBT respectively if
the surface potential is ψint = 0.7 mV (Fig. 6.5b ). These interaction strengths are
not nearly enough for permanent attachment. The image charge repulsion is thus
too weak to compensate an interfacial attraction that is sufficient for attachment
of particles. Hence, we conclude that contactless attachment on a flat interface can
not explain the observations in Fig. 6.3.

Next, we study the critical behaviour of the extremes in the interaction potential.
As the surface potentials are relatively small, |ψi| < 4kBT/e, we can assume
tanh x = x in Eq. 6.19, resulting in,

w(r∗
ss, ψp, ψint) = −4πRpε0εrψpψint

2

ψimg(ψp) = −c1(∆T ∗0.3)2

∆T ∗0.3 = −c1∆T ∗0.3, (6.34)

w(rss = 0, ψp, ψint) = 4πRpε0εrψp
[
ψint + 1

4ψimg(ψp)
]

= c2∆T ∗0.3, (6.35)

where we inserted Eq. 6.19 into Eq. 6.29 and Eq. 6.30, assumed the interfacial
potential and the potential of the image charge to approach the critical point
as the difference in the composition (App. Fig. 6.2), assumed all other variables,
including εr and ψp to be constant, and gathered the constants in c1 and c2.
The minimum attraction strength as well as the maximum repulsion approach the
critical point with the same exponent, and are zero at the critical point, as expected.
Furthermore, if we assume the attraction and the repulsion to be −1.8kBT and
1.8kBT at 2 ◦C, we obtain the temperature dependent attachment energy (App.
Fig. 6.5). The contactless attachment energy is less sensitive to the temperature
than the adsorption energy (compare App. Fig. 6.5 to Fig. 6.4c). This seems to be
in contrast with a transition from attachment to no attachment upon increasing
the temperature with 0.1 ◦C (Fig. 6.6h–j).

Finally, we check if our approximations are valid. For the Derjaguin approxima-
tion, rss should be much smaller than Rp. The range of interest is from rss = 0 to
2/κ (Fig. 6.5b), so this condition is fulfilled if κ−1 ≪ 130 nm which even without
added salt should be the case. Furthermore, in the linear superposition approxi-
mation, we assumed the midplane potentials to be small. As both ψimg and ψint

are small, this condition should also be met. Finally, we assumed the interface to
be flat. As the interfacial tension is very low, we expect the interface to deform
upon attachment to increase the attractive interaction with the particles. Hence,
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Appendix Figure 6.5. Contactless attachment energy. The con-
tactless maximum attraction strength, w(r∗

ss) (negative values), and
maximum repulsion, w(rss = 0)/kBT , (postive values) are given as a
function of the temperature above the critical temperature, ∆T ∗, for
ψint = 0.7 mV.

the attraction and repulsion are expected to be stronger, and further work should
verify if they are strong enough for permanent attachment onto the interface.

6.D. Capillary Attraction Energy
We estimate the strength of the attraction between the particles in Fig. 6.3b.

We assume that the particles are adsorbed onto the interface with contact angle,
θc = 164°, at which the adsorption energy is −6kBT . Capillary attraction arises
due to deformation of the interface by the irregular surface of the particles. For
spherical particles with irregularities of size hc, the interaction potential between
two particles is [129, 130],

w(rij) = −12πγcdhc
2Rc

4

rij4 , (6.36)

where rij is the distance between the centres of the two particles, γcd is the
interfacial tension between the continuous and the dispersed phase, and Rc is the
radius of the contact line. Here, the particles are assumed to be oriented in such
a way that their attraction is maximized. To derive Eq. 6.36, Stamou et al. [129]
only take the second order, or quadrupole term of the height of the interface into
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account,

h
(2)
int(r, θ) = hc cos

[
2(θ − θ0)

](Rc

r

)2
, (6.37)

where r and θ are polar coordinates with the origin at the centre of the particle,
θ0 is the angle at which the contact line has its maximum height, and hc is the
height of the undulations of the contact line, i.e. the size of the irregularities. This
assumption is valid if rij is much larger than Rc as lower order terms are not
allowed, and the terms decay with the inverse power of their multipole order, i.e.
higher order terms decay more rapidly.

For phase-separated 3MP/D2O, at ∆T ∗ = 2 ◦C, we estimate the interfacial
tension using Eq. 6.4, resulting in γcd = 0.079 mN/m. Furthermore, the radius
of the contact line, Rc = Rp cos(θc − 90°) = 72 nm, is determined similar as in
Fig. 6.2d and Eq. 6.2, but now for θc = 164° and a particle with radius Rp = 262 nm
instead of a droplet with radius Rd. Finally, we calculate the energy at close
contact between the particles, rij = 2Rp.

We insert these values into Eq. 6.36, and find that the strength of the interaction
energy is larger than the thermal energy, kBT , if hc ≥ 6 × 10 nm. This value is
relatively large, but comparable to the height of the irregularities in App. Fig. 6.3.
An interaction strength of about −kBT might result in the formation of clusters,
as the particles are confined to a relatively small two-dimensional surface, and can
make six bonds each.

The size of the irregularities, however, is comparable to the contact radius
Rc, and the theory is probably not valid in this limit. Furthermore, close to
the critical point, the thickness of the interface increases as ∆T ∗−0.6 [113], and
this could also influence the capillary attraction potential. Finally, we check the
assumption that only the quadrupole term of the height of the interface is taken
into account (Eq. 6.37). Due to the large contact angle, the contact radius is an
order of magnitude lower than the interparticle distance at contact and Rp ≫ Rc.
Hence, for a crude estimation, it seems valid to only take this term into account, as
other terms decay more rapidly. We conclude, however, that more work is needed
to more accurately estimate the capillary interaction potential.

6.E. Phase Diagram Analysis
For a phase separating system, the fraction between the total masses of each

phase can be determined using the lever rule. This rule relates the total mass of
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each phase, mi, with the distances along the horizontal tie line, li [140, p.178],

mclc = mdld, (6.38)

where the indexes refer to the continuous and dispersed phase, and we rewrote the
equation for masses instead of molar amounts. For our mixtures, the tie line length
is the difference in the mass fraction of water before and after phase separation,
li = |mw,i − mw,0|.

The relative amount of each phase can be estimated for a given temperature and
initial mole fraction by fitting the lower phase separation temperatures (Fig. 6.1b ).
For the PnP/H2O mixture at mw = 0.68 in Fig. 6.6, the phase separation temper-
ature is estimated to be 34.6 ◦C. At ∆Tps = 4 ◦C, the estimated compositions of
each phase are mw,c = 0.79 and mw,d = 0.40, resulting in an estimated total mass
ratio of md/mc = 0.41. At ∆Tps = 2 ◦C, however, mw,c = 0.77 and mw,d = 0.46,
resulting in an estimated total mass ratio of md/mc = 0.39, where we assumed the
phase with the lowest mass to be the dispersed phase. Neglecting the change in
the density of each phase, the volume of the droplets thus shrinks upon decreasing
the temperature.
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7
Thermoreversible Self-Assembly

into Micelle-like Structures in Near-Critical Mixtures

Abstract
Particles with directional interactions can self-assemble into new
materials and are used to model interactions between biomolecules.
Here, we use near-critical-solvent-mediated interactions to induce
thermoreversible directional bonds between snowman-like parti-
cles. We demonstrate that in a water poor, near-critical mixture,
hydrophilic spheres aggregate with an externally tunable attrac-
tion strength. Similar hydrophobic spheres, on the other hand,
are only slightly attractive. Consequently, snowman-like particles
that consist of a hydrophilic core and a hydrophobic protrusion
have externally tunable, directional interactions. Furthermore, by
changing the composition of the mixture, thermoreversible self-
assembly into either oblate spheroidal or cylindrical micelle-like
structures is induced.

5 µm5 µm

T−−→←−−
T−−→←−−

mw = 0.62 mw = 0.68
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7.1. Introduction
Patchy particles have distinct surface regions with specific properties. Using

mutually attractive patches, directional interactions can be induced, resulting in
self-assembling materials and candidate models for biological structures [24, 27, 85].
Patchy attraction has previously been induced using depletion interaction, hydro-
phobic attraction, and complementary DNA hybridization [26, 28, 29]. Attraction
between DNA functionalized patchy particles can be externally switched on and
off with temperature [8, 29]. These particles are, however, challenging to syn-
thesize, and tuning the experimental conditions to obtain kinetically accessible,
thermodynamically stable clusters is still challenging.

Thermoreversible attractions can also be induced by near-critical-solvent-
mediated interactions that are often referred to as critical Casimir forces [47, 48, 49].
The resulting attraction between solids in near-critical mixtures is explained as a
result of either solvent fluctuations or a wetting transition [112, 141]. Even though
the origin of the interaction is debated, attraction has been observed in both
experiments [50, 51, 142] and explicit computer simulations [143]. Furthermore,
the degree of the hydrophobicity of the surface strongly influences the strength
and even the sign of the interaction, and attraction strengths of several times
the thermal energy, kBT , can be obtained [50, 144]. Hence, thermo-reversible
directional interactions can be induced for anisotropically functionalized Janus
particles [145]. For shape-anisotropic particles, however, only preliminary results
of self-assembly into colloidal strings have been published [146].

Here, we use near-critical-solvent-mediated interactions to induce thermo-
reversible self-assembly of snowman-like particles into micelle-like structures. In
the first part of this chapter, we immerse isotropic particles in a water-poor, near-
critical mixture. Colloidal spheres with a hydrophilic brush have externally tunable
attractions with a strength of about −4 kBT . Similar spheres without a brush, on
the other hand, have much weaker mutual attractions in this mixture. In the second
part of this chapter, we study anisotropic particles. For snowman-like particles
that consist of a core with a hydrophilic brush and a non-functionalized protrusion,
we expect attraction between the cores. Consequently, these anisotropic particles
form structures with a reduced dimensionality, and thermoreversible self-assembly
into cylindrical and oblate spheroidal micelle-like structures is observed.

148



7.2 Methods

7.3

7.2. Methods
7.2.1. Chemicals and Synthesis The components of the binary mixture where used
as received. 3-methylpyridine (3MP, 236276, ≥ 99.5%), was obtained from Aldrich; and
deuterium oxide (heavy water, D2O, DLM-4-1000. 99.9%) was obtained from Cambridge
Isotope Laboratories. Cross-linked poly(styrene-co-acrylic acid) (CPSAA) spheres, cross-
linked polystyrene (CPS) spheres and snowman-like particles that consist of a CPSAA
core and a polystyrene protrusion were used. CPSAA spheres with a diameter of 530 nm
(Fig. 2.1), and CPS spheres with a diameter of 524 nm (App. Fig. 6.3), were synthesized as
described in Subsection 2.2.2. For the synthesis of snowman-like particles with a diameter
of the core of 771 nm (App. Fig. 7.2), Subsection 2.2.4 was followed with swelling ratio,
S = 6.7, and by rotating the tube at 80 rpm instead of stirring with a stir bar.

7.2.2. Sample Preparation Samples of colloidal particles in binary mixtures were
prepared in thin glass cells. Dispersions were obtained by mixing weighed amounts
of 3MP, D2O and colloids washed in D2O. After vortexing the dispersions (Labotech
TMO1), 0.05 × 1 × 50 mm3 (Fig. 7.1 and Fig. 7.2) or 0.2 × 4 × 50 mm3 (Fig. 7.3) glass
tubes (VitroCom W5005-050 or W3520-050) were filled by capillary action. Next, both
ends of the tubes were sealed in a flame (Prodont Holliger Microtorch II), and the samples
were sonicated before each measurement.

7.2.3. Microscopy Samples were studied with an optical microscope and heated with
a heating stage. A Nikon Ti-U inverted optical microscope was used in bright field mode
with a Lumenera Infinity X camera. Fig. 7.1a–h and Fig. 7.3 were obtained with a CFI
Plan Fluor 60×/0.70 objective with 1.5× intermediate magnification, and Fig. 7.1i–k were
obtained with the same objective with no intermediate magnification, while Fig. 7.2 was
obtained with a Plan Apo VC 100×/1.40 objective with no intermediate magnification.
Samples were fixated with adhesive tape on a Linkam THMS600 heating stage that was
operated with a Linkam TP 93 controller. We report the temperature relative to the
lower phase separation temperature, ∆Tps = T − Tps where T is the temperature of the
heating stage, and Tps is the temperature at which phase separation is observed.

Finally, transmission electron microscopy images were obtained as described in Sub-
section 2.2.5.

7.3. Results and Discussion
7.3.1. Spherical Particles Near-critical-solvent-mediated attraction between spher-
ical colloids is induced in a mixture of 3-methylpyridine and heavy water (3MP/D2O)
(Fig. 7.1). We study particles both with and without a hydrophilic brush, and
immerse the particles in mixtures with a mass fraction of water, mw, of 0.67
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and 0.66. These compositions are at the water-poor side of the critical point at
mw = 0.71 [110] (Fig. 6.1b ). Phase separation is observed at the lower phase sepa-
ration temperature, Tps, where the temperature of the heating stage is 38.8 ◦C and
38.5 ◦C for mw = 0.67 and 0.66. Interpolating previously measured values, however,
results in Tps = 39.3 ◦C and 39.5 ◦C at these compositions [110] (Fig. 6.1b ). The
slightly lower temperatures we measure, might be due to the presence of the parti-
cles, contamination by for example oligomers, or a deviation in the temperature
sensor. By reporting the relative temperature, ∆Tps = T − Tps, we minimize the
influence of these effects.

Just below the lower phase separation temperature, i.e. near the lower critical
point, poly(styrene-co-acrylic acid) spheres with a hydrophilic acrylic acid-rich brush
(Subsection 2.3.1) are mutually attractive and form clusters (Fig. 7.1a). As expected,
the interaction strength depends strongly on the temperature. Clusters are formed
upon approaching the phase separation temperature, i.e. when |∆Tps| ≤ 0.7 ◦C,
and fall apart upon increasing |∆Tps| (Fig. 7.1a–d). Furthermore, the assembly and
disassembly can be repeated (Fig. 7.1e–h). At ∆Tps = −0.7 ◦C, clusters grow by
incorporating unbound particles and by merging with other clusters (Fig. 7.1f–g).
After about one hour, only a few unbound particles are left, and large, slowly
moving clusters remain. We define the width of a cluster as the size of its smallest
horizontal dimension. Here, the width is about 3 µm (Fig. 7.1g), and thus much
larger than the diameter of the particles of 0.53 µm. By changing the focal plane,
we estimate that the thickness of the clusters, i.e. the size in the vertical direction,
should also be multiple particle diameters. Consequently, we estimate that about
half of the particles is at the interface of the clusters, while the other half should
be fully surrounded by other particles (Fig. 7.1i).

Whereas unbound particles move in three dimensions, the clusters sediment
and move in two dimensions over the bottom of the cell. This could be explained
by buoyancy, as the density of polystyrene is slightly higher than the density of
3MP/D2O (App. Table 6.1). Consequently, a single particle has a gravitational
length of 1.5 × 102 µm and can thus diffuse over the entire 50 µm thickness of
the cell (App. 7.B). A cluster of 1000 particles, however, has a gravitational
length of 0.15 µm and can only move over the bottom of the cell. The variation
in the tabulated density of polystyrene however, is 0.06 g cm−3, and thus larger
than the estimated difference between the density of polystyrene and the solvent,
ρp − ρm ≈ 0.03. Furthermore, our particles do not consist of pure polystyrene, but
are cross-linked, have an acrylic acid brush, and the core might be swollen with
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Figure 7.1. Thermoreversible self-assembly
into random aggregates. Bright field mi-
croscopy images of spherical particles in near-
critical 3MP/D2O at temperatures below the phase
separation temperature ∆Tps < 0 ◦C. Poly(styrene-
co-acrylic acid) spheres are studied in a mixture
with a mass fraction of water, mw = 0.67 (a–h). The spheres consist
of a styrene-rich core (a ) and an acrylic acid-rich brush (a ).
Close to the lower phase separation temperature, |∆Tps| ≤ 0.7 ◦C,
these particles self-assemble into randomly shaped structures (a),
and the clusters disassemble further away from Tps (b–d). Upon
increasing the temperature again, small clusters are formed (e) that
subsequently grow into larger structures with a width of about 3 µm
(f–g) and disassemble again upon cooling (h). The size and shape
of the structures suggest that they are random aggregates (i) that
sediment on the glass (i ). Polystyrene spheres (j ) in a mixture
with mw = 0.66, on the other hand, already form a few clusters well
below the lower phase separation temperature (j) and the number
of clusters increases only slightly (k) just before the medium phase
separates (l). The direction of the gravitational field is indicated by ĝ
and the QR code links to a time series of a–h
(phd.chrisevers.com/7qr1.mp4).
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relatively hydrophobic 3MP, while the brush might be swollen with heavy water.
Hence, the actual gravitational length could be very different, and one might suggest
that clusters are found at the wall due to solvent-mediated attraction between
particles and glass. In the second part of Fig. 7.1QR, single particles translate in
two dimensions over the glass, before moving out of focus, whereas clusters remain
at the glass. This suggests that a weak solvent-mediated attraction between the
particles and the glass wall is present. For clusters, the solvent-mediated attraction
is expected to be larger, as the contact area is larger than for a single particle.
Hence, a combination of gravity and solvent-mediated attraction could explain the
two dimensional movement of the clusters. To prevent effects of the wall in future
experiments, the difference in the density between the particles and the medium
could be brought to zero by using a mixture of 3MP/D2O/H2O. This, however, is
challenging as the density of the mixture is temperature-dependent.

Thermoreversible aggregation in a near-critical mixture is in line with previous
results for particles in bulk and near surfaces [48, 50, 51, 145]. We use near-
critical mixtures with mass fractions of water of 0.67 and 0.66, while the critical
mass fraction is 0.71 (Fig. 6.1b ), i.e. these mixtures are water-poor. For such
mixtures, both theory and experiments have shown that attraction is induced
between surfaces onto which the poor component preferentially adsorbs [48, 50].
On the water-poor side of the critical point, for example, attraction between
hydrophilic surfaces and hydrophilic particles can be induced, while no attraction
is observed between hydrophobic particles and hydrophobic surfaces [50]. Our
mixture is also water-poor, and indeed, we observe attraction between hydrophilic
particles. Furthermore, the attraction is very temperature sensitive. The first
frame of Fig. 7.1QR, is obtained after equilibrating at ∆Tps = −0.5 ◦C for 12 min
and shows only one single particle, that happened to be stuck on the glass (App.
Fig. 7.1a ). All other particles are aggregated, suggesting an interaction strength
of at least −4 kBT (App. 7.C). At ∆Tps = −0.7 ◦C, on the other hand, freely
moving, unbound particles are found (App. Fig. 7.1b ), suggesting an interaction
strength of about −4 kBT (App. 7.C). These interaction strengths agree well with
measurements by Hertlein et al. [50]. Furthermore, at −4 kBT , bonds are expected
to break once in a while. Consequently, equilibration to the lowest free energy state
should be possible. At ∆Tps = −0.7 ◦C, the clusters fall apart upon decreasing
the temperature less than 0.1 ◦C, which is the resolution of the heating stage
(Fig. 7.1a–b). The interaction strength decreases thus significantly with only a
small temperature change. Previous experiments have shown a similar transition
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for particle–surface attractions. Upon decreasing the temperature with just 0.02 ◦C,
Hertlein et al. [50] observed a transition from an attraction with a strength of
−3kBT , to no attraction.

Hydrophobic particles, on the other hand, are expected to be non-attractive in
a water-poor solvent. Indeed, cross-linked polystyrene spheres show remarkably
different behaviour than particles with a hydrophilic brush (compare Fig. 7.1j–l to
a–h). At temperatures well below the lower phase separation temperature, already
some clusters are found (Fig. 7.1j). The polystyrene particles are charge-stabilized
by sulphate groups, but the electrostatic repulsion appears to be insufficient to
prevent some bond formation. Most particles, however, are still unbound, so the
attraction energy is only a few kBT . Very close to the lower phase separation
temperature, some additional clusters are formed (Fig. 7.1k), but still, most particles
are unbound, suggesting an attraction strength slightly stronger than the thermal
energy. As expected, the preferential adsorption of water onto these particles is
thus much less than for spheres with a poly(acrylic acid) brush. The presence of
sulphate groups on the particle surface, might result in some preferential adsorption
of water, and thus a very weak solvent-mediated attraction upon approaching Tps.
We conclude that, in a water-poor, near-critical mixture, adding a hydrophilic brush
results in a transition from very weak to relatively strong interparticle attractions.

7.3.2. Anisotropic Particles We induce directional interactions by growing a
polystyrene protrusion onto the poly(styrene-co-acrylic acid) spheres (App. Fig. 7.2),
and immersing these snowman-like particles in a near-critical mixture (Fig. 7.2).
Each snowman-like particle consists of a core that corresponds to the relatively
strongly attractive particles of the previous subsection, and a protrusion that
corresponds to the weakly attractive particles. In contrast to the latter particles,
the protrusions do not contain sulphate groups, which increases the hydrophobicity.
On the other hand, the protrusions might contain some acrylic acid groups, which
decrease the hydrophobicity. Hence, we expect the hydrophobicity of the protrusions
and the polystyrene spheres in the previous subsection to be comparable, and their
mutual attraction to be weak.

Phase separation is observed at Tps = 38.8 ◦C, which is again about 0.5 ◦C
lower than the value obtained by interpolating previous measurements (Fig. 6.1b ).
Just below the lower phase separation temperature, snowman-like particles self-
assemble into cylindrical structures (Fig. 7.2a). Analogous to the spherical particles,
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Figure 7.2. Thermoreversible self-assembly
into cylindrical micelle-like structures. Bright
field microscopy images of snowman-like particles
in a 3MP/D2O mixture with mw = 0.68. The
particles consist of a polystyrene-rich core (a )
with an poly(acrylic acid)-rich brush (a ), and a
polystyrene protrusion (a ). Close to the lower phase separation
temperature, |∆Tps| ≲ 1.4 ◦C, snowman-like particles self-assemble
into cylindrical structures (a) that merge head to tail into larger struc-
tures (b–d ). Upon decreasing the temperature, the structures
fall apart (e–f) and only single particles are found (g). Increasing
the temperature again results in small clusters (h) that merge into
cylindrical structures (i). This process is repeated an additional time
(j–k). Their size and shape suggest that the structures are cylindrical
micelles (l) that cream to the glass (l ). One day later, the cylindri-
cal clusters reorganized into flat crystalline structures (m–n) which
might be due to adsorption on a thin water-rich layer (o ). The
direction of the gravitational field is indicated by ĝ, and the QR code
links to a time series of a–k and m–n (phd.chrisevers.com/7qr2.mp4).
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the formation of clusters is thermoreversible, and a sharp transition between an
attractive and a non-attractive regime is observed at ∆Tps ≈ −1.4 ◦C (Fig. 7.2e–f).

We find strong indications that the snowman-like particles have directional
interactions. In the previous subsection, we observed that spherical particles with a
hydrophilic brush are strongly mutually attractive, while similar particles without
a brush are only weakly attractive. Hence, the cores with the hydrophilic brush are
expected to be attractive, and should be oriented to the inside of the structures,
while the protrusion should point to the outside (Fig. 7.2l). The radii of the core
and the protrusion are comparable to the wavelength of light. Hence, we cannot
directly observe the orientation of the particles in the microscopy images. We
recognize, however, three indirect indications for this configuration. First of all,
the width of the cylindrical structures is about 2.8 µm (Fig. 7.2i) and is slightly
larger than twice the length of dried snowman-like particles, l = 1.2 µm (App.
Fig. 7.2). In solution, the hydrophilic brushes are expected to expand on the order
of 0.1 µm (App. 5.B), and water-poor near-critical-solvent-mediated interactions
have a typical range of about 0.02 µm [50], so the measured width is very close
to the expected width for a core-to-core configuration of about 2.5 µm (Fig. 7.2l).
Consequently, all particles seem to be at the surface of the clusters. At first sight,
the structures of the clusters look rather similar for spherical and snowman-like
particles (compare Fig. 7.1g to Fig. 7.2e). For spherical particles, however, the width
of the clusters is about six times larger than the particle size, and only about half
of the particles is at the surface of the clusters (Fig. 7.1g,i). Second, for snowman-
like particles, the number of side branches is low, while for spherical particles,
the structures can be very branched (compare Fig. 7.1a to Fig. 7.2e). Finally, in
Fig. 7.2a–d, the merger of two clusters seems to induce large conformational changes.
In these images, no unbound particles are observed and the attraction strength
is thus strong. Consequently, the geometry of the clusters remains constant for
minutes (Fig. 7.2a–c ), i.e. clustered particles do not wiggle or change the relative
positions to their neighbours (Fig. 7.2QR). In Fig. 7.2c–d, however, a large structural
rearrangement is observed (Fig. 7.2c–d ) exactly at the moment that two clusters
merge (Fig. 7.2c–d ). This could be due to chance or an increase of the attraction
strength with the temperature, but might also suggest a long-range periodicity in
the structures of the clusters, i.e. that the orientation of particles inside the clusters
is well-defined. These three observations all indicate that the snowman-like particles
have directional interactions, resulting in cylindrical micelle-like structures.
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The observed structures resemble cylindrical micelles comparable to those
observed in molecular surfactants. For molecular amphiphiles, the surfactant
packing parameter relates the geometry of the molecule to the structure of the
micelles [147, 7, p14],

Nsp = V att

lattA0
, (7.1)

where V att and latt are the volume and the length of the mutually attractive part
of the surfactant, and A0 is the effective area of the non-attractive head group. The
curvature of the self-assembled structures decreases with the surfactant number:
for spherical micelles, Nsp ≈ 0.33, while for cylindrical micelles, Nsp ≈ 0.5, and
for bilayers, Nsp ≈ 1 [7, p14]. We use the geometry of our colloidal particles, to
calculate their surfactant parameter, Nsp = 0.65 (App. 7.D). This value indeed
corresponds best to cylindrical micelles.

After about one day, the cylindrical micelle-like structures had reorganized into
crystalline monolayers (Fig. 7.2m–n). We speculate that this redistribution could
be due to temperature fluctuations and subsequent adsorption of particles onto a
thin water-rich layer (Fig. 7.2o). In the previous chapter, we saw that above the
phase separation temperature, particles attach to the interface of phase separated
droplets. The temperature of the heating stage was set to ∆Tps = −0.9 ◦C, but
overnight, a temperature fluctuation of about 1 ◦C could have induced such a
transition. Previous experiments by Yu et al. [145], showed that when particles
adsorb to a phase separated droplet, a thin water-rich layer on a glass surface
could remain stable well below the phase separation temperature, and induce
the formation of crystalline monolayers. Hence, when the temperature stabilized
again, the particles are in a two dimensional crystal and orient parallel to the
edge of the cell to cover the interfacial area (Fig. 7.2o). This suggests that unlike
the relatively small and hydrophobic spheres in the previous chapter, the larger
more hydrophilic snowman-like particles do not detach from the interface close
to the critical point. Furthermore, the large crystalline structure is stable until
∆Tps = −1.7 ◦C (Fig. 7.2m–n). This structure thus seems to be more stable than the
cylindrical micelles, that fall apart below ∆Tps = −1.4 ◦C. Additional experiments
should verify if crystalline structures indeed form upon increasing and decreasing
the temperature, and if the observed increase in the stability can be reproduced.

The structure of the clusters can be changed by reducing the mass fraction
of water. Whereas at mw = 0.68, cylindrical micelle-like structures are observed,
similar particles form spheroidal structures at mw = 0.62 (Fig. 7.3). As before, the
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Figure 7.3. Thermoreversible self-assembly into oblate
spheroidal micelle-like structures. Bright field microscopy images
of snowman-like particles in a 3MP/D2O mixture with mw = 0.62.
Close to the lower phase separation temperature, |∆Tps| ≤ 1.0 ◦C,
snowman-like particles self-assemble into spheroidal structures (a),
and the clusters disassemble upon cooling (b). Upon increasing the
temperature again, first, random aggregates are formed (c) that
subsequently rearrange into spheroidal structures that are stable
overnight (d–e). The size and shape of the structures suggest that
the structures are oblate spheroidal micelles (f) that sediment to the
glass (f ). The direction of the gravitational field is indicated by ĝ.

formation of micelles is thermoreversible and at ∆Tps = −1.0 ◦C, a sharp transition
between an attractive and a non-attractive regime is observed. Above this threshold
temperature, first, randomly shaped structures are formed, that after some minutes
reorganize into spheroidal structures that are stable for many hours (Fig. 7.3c–e).
The horizontal diameter of the structures is 3–5 µm and thus significantly larger
than twice the length of the snowman-like particles, l = 1.2 µm. By changing the
position of the focal plane, the height of the clusters was estimated to be smaller
than the width of the structures, but larger than the length of the particles. Hence,
it seems plausible that the structures are oblate spheroidal micelle-like structures
(Fig. 7.3f).

We hypothesize that a change in the interaction range could explain the dif-
ference in the morphology of the clusters upon changing the composition of the
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solvent. Upon decreasing the mass fraction of water from mw = 0.68 to 0.62, the
distance to the critical point increases, and a transition from cylindrical to oblate
spheroidal structures is observed (compare Fig. 7.2d to Fig. 7.3e). Oblate spheroidal
structures are less curved than cylindrical structures. As the surfactant number,
Nsp, decreases with the curvature of the clusters, we thus expect Nsp to increase
upon decreasing mw. Consequently, either the ratio of V att over latt increases, or
A0 decreases (Eq. 7.1). The polystyrene protrusion is rigid, and its interactions
are dominated by excluded volume interactions with other particles, hence, A0

is expected to be constant. For the poly(styrene-co-acrylic acid) core, however,
the effective size depends on the range of the attractive potential between the
cores. For a short-range attraction, the cores have to be close together, and the
effective V att over latt ratio should be low, resulting in more curved structures.
For a long-range attraction, on the other hand, V att/latt is larger, and structures
are expected to be less curved. Hence, a change from short-range to long-range
attraction upon decreasing mw could explain the observed transition. More experi-
ments are necessary to verify if the range of the interaction indeed increases upon
decreasing mw. Additionally, the effective size of the cores also depends on the
size of the brush. The hydrophilic brush can change its configuration on the order
of 0.1 µm depending on the solvent properties (App. 5.B). A decrease of the mass
fraction of water is expected to result in a decrease of the size of the hydrophilic
brush. Consequently, V att/latt, and the surfactant parameter should decrease upon
decreasing mw promoting a higher curvature. A change in the swelling of the
brush is thus expected to resist the observed transition from cylindrical to oblate
spheroidal structures. Measurements of the size of poly(styrene-co-acrylic acid)
spheres as a function of mw, however, are necessary to verify if the size of the core
indeed decreases upon decreasing mw.

The structures in Fig. 7.3d–e might, however, be small Pickering emulsion
droplets. The resolution of the temperature sensor is 0.1 ◦C, so in Fig. 7.3d–e, the
phase separation temperature might already have been reached. Consequently,
phase-separated droplets could have formed and the particles could be attached
onto the surface of these droplets. Additional experiments are necessary to verify if
spheroidal micelle-like structures can also be formed further away from the phase
separation temperature.

Furthermore, at mw = 0.62 and 0.67, clusters of particles sediment to the
bottom of the cell, while at mw = 0.68, clusters cream to the top of the cell
(compare Fig. 7.3f and 7.1i to Fig. 7.2l). This could be the result of buoyancy, if
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the density of the medium, ρm, becomes greater than the density of the particles,
ρp, upon increasing the heavy water concentration from 0.62 to 0.68 (Eq. 5.4).
The density of the medium increase with mw. The estimated density difference,
however, ρp − ρm = 0.04 g cm−3 at mw = 0.62, and 0.03 g cm−3 at mw = 0.68
(App. 7.B). The increase in ρm thus seems to be too small to explain a transition
from sedimentation to creaming. As discussed in the previous chapter, the density
of the particles might be influenced by preferential swelling. Upon increasing
the mass fraction of water, swelling of the polystyrene core by 3MP is expected
to decrease, resulting in an increase in ρp, and a stronger tendency to sediment
(Eq. 5.4). Similarly, swelling of the hydrophilic brush by D2O is also expected to
increase the tendency to sediment. Hence, the expected swelling behaviour resists a
shift from sedimentation to creaming upon increasing mw. Finally, thermophoresis
could also effect the sedimentation behaviour. As explained in Subsection 6.3.2,
a temperature gradient can result in a net force towards the hot or the cold side
of the sample (App. Fig. 6.1a). In Fig. 7.2, an oil immersion objective is used,
while the other figures are obtained with a conventional objective. Direct contact
between immersion oil and the bottom of the glass cell is expected to result in a
larger temperature gradient than for contact with air. Consequently, the gradient
induced force should be larger in Fig. 7.2 than in the other figures. This might
explain that particles cream in Fig. 7.2, and sediment in Fig. 7.1 and 7.3. Further
experiments are, however, necessary to fully understand the sedimentation and
creaming behaviour.

Most observations in this chapter have been explained using existing theory
on near-critical-solvent-mediated attraction and surfactant assembly. Additional
experiments are, however, required to study the reproducibility of our observations.
Furthermore, three main questions remain to be answered: 1) what causes the
formation of crystalline monolayers, 2) what induces the transition from cylindrical
to oblate spheroidal micelles, and 3) what causes the transition from sedimentation
to creaming? In the previous discussion a number of explanations has been
suggested, but further experiments are necessary to verify if these explanations are
sufficient, or if new concepts are necessary to explain our results.

7.4. Conclusion
In a near-critical mixture, solvent-mediated attraction between particles is

induced that strongly depends on the temperature and the hydrophobicity of the
surface of the particles. Consequently, on the water-poor side of the critical point,
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particles with a hydrophilic brush aggregate, while similar particles without a brush
are only slightly attractive. Furthermore, the aggregation is thermoreversible, and
the attraction strength is only several kBT . We use these properties to induce
externally tunable, directional interactions for amphiphilic snowman-like particles.
In a near-critical solvent, these particles have hydrophilic mutually attractive
cores and hydrophobic, weakly attractive protrusions. Hence, these snowman-like
particles self-assemble into micelle-like structures. Using concepts from surfactant
self-assembly, we explain the formation of cylindrical structures. By decreasing the
mass fraction of water, also oblate spheroidal clusters are formed. This suggests
that the effective size of the hydrophilic core can be tuned by the composition of the
liquid. However, further experiments are necessary to understand 1) the formation
of oblate spheroidal micelles, 2) creaming and sedimentation of the particles, and
3) the formation of crystalline monolayers at a glass surface.

Externally tunable attraction of only several kBT could facilitate self-assembly
into structures that are up till now kinetically inaccessible. Snowman-like particles
that self-assemble into micelle-like structures via anisotropic depletion interaction,
for example, self-assemble into smaller structures than free energy calculations
predict [28]. Finally, by exploring a larger range of compositions of the mixture,
changing the size ratio between the core and the protrusion, and increasing the num-
ber of attractive cores, one might expect thermoreversible self-assembly into even
more morphologies such as colloidal equivalents of surfactant bilayers, bicontinuous
phases, and photonic crystals.
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7.A. Appendix Figures
a

⊗ĝ,t = 0.0 min
∆Tps = −0.5 ◦C

b

5 µm5 µm⊗,74.6 min
−0.7 ◦C

Appendix Figure 7.1. Self-assembled random aggregates.
Bright field microscopy image of poly(styrene-co-acrylic acid) spheres
in near-critical 3MP/D2O at mw = 0.67. After equilibration at
−0.5 ◦C below the phase separation temperature for 12 min (a),
one single particle is found ( ) that was attached to the glass,
whereas all other particles have aggregated. After equilibration at
∆Tps = −0.7 ◦C for 60 min (b), twelve unbound particles ( ) and
one single particle attached to the glass ( ) were found. The spheres
consist of a styrene-rich core (a ) and an acrylic acid-rich brush
( ). These images are part of the time series in Fig. 7.1QR.
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Appendix Figure 7.2. Snowman-like particles. Transmission elec-
tron microscopy images (a–b) and a schematic diagram (c) of
snowman-like particles with a poly(styrene-co-acrylic acid) core ( )
with diameter, dc = 771± 26 nm, a polystyrene protrusion ( ) with
diameter, dp = 823± 14 nm, and a total length, l = 1175± 26 nm.
The second values give the standard deviations over 79 particles, and
the image levels are rescaled as indicated by the vertical bars.
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7.B. Gravitational Length
We estimate the gravitational length following App. 5.C. The density of polystyrene

is 1.06–1.12 g cm−3 [6, p15-93], while the density of 3MP/D2O has previously been
measured as a function of the composition at T = 35 ◦C [148]. By fitting these values
to a second order polynomial, we estimate ρp−ρm ≈ 0.038, 0.031 and 0.030 g cm−3

at mw = 0.62, 0.67 and 0.68. Furthermore, the volume of the poly(styrene-co-acrylic
acid) spheres is 4

3πR
3, where R = 265 nm is the radius of the particles. Hence,

for a single particle at mw = 0.67 and T = 38.1 ◦C, lg ≈ 1.5× 102 µm, while for a
cluster of 1000 particles, lg ≈ 0.15 µm.

7.C. Interaction Strength
The interaction strength can be estimated from the number of free particles

following Kraft et al. [28]. Analogues to the critical micelle concentration for
molecular surfactants, the number of unbound particles, N1, per volume, V , is
given by [28],

N1/V = 1
ξ3 exp

( ⟨Nb⟩
2

ε

kBT

)
, (7.2)

where ξ is the range of the interaction, ⟨Nb⟩ is the average number of bonds per
particle, ε is the interaction strength, kB is the Boltzmann constant, and T is the
temperature.

We estimate the attraction energy for poly(styrene-co-acrylic acid) spheres in
near-critical 3MP/D2O at mw = 0.67 and −0.5 ◦C below the phase separation
temperature (App. Fig. 7.1a). The interaction range is estimated from previous
colloid-interface measurement for polystyrene particles in near-critical water-poor
water/lutidine mixture, ξ ≈ 0.02 µm [50]. As about half of the particles is in
the interior of the clusters, and the other half is at the surface of the clusters
(Fig. 7.1i), we estimate for the average number of bonds, ⟨Nb⟩ ≈ 10. Furthermore,
after equilibrating for 12 min, no freely moving, unbound particles are found in
the 4.7× 103 µm2 area of the microscopy image, N1 < 1. The axial resolution is
2λnD/NA2 = 2 µm [96, p207], where λ = 5 × 102 nm is the wavelength of light,
nD = 1 is the refractive index of air, and NA = 0.70 is the numerical aperture of
the objective. Hence, the imaged volume is about V = 2× 104 µm3. Inserting these
values into Eq. 7.2, and solving for the interaction strength gives ε ≲ −4.3kBT .

For the same system at ∆Tps = −0.7 ◦C, the number of unbound particles,
Np = 12, after equilibrating for 60 minutes (App. Fig. 7.1b). Hence, at ∆Tps =
−0.7 ◦C, the interaction strength is about ε ≈ −3.8kBT .
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7.D. Surfactant Number
To predict the morphology of self-assembled clusters, we calculate the surfactant

parameter (Eq. 7.1) for the snowman-like particles in App. Fig. 7.2. In the electron
microscopy images, the polystyrene protrusions can be recognized from their smooth
surfaces, while the poly(styrene-co-acrylic acid) cores are relatively rough (App.
Fig. 7.2). The size of both lobes is detected as described in Subsection 3.2.5. For
our particles, the protrusions have a diameter, dp = 823 nm, and correspond to the
non-attractive part of a surfactant, resulting in A0 = π(dp/2)2 = 5.3× 105 nm2.
The poly(styrene-co-acrylic acid) cores are mutually attractive and correspond to
the attractive part of a surfactant. The diameter of the core is dc = 771 nm, and
the centre-to-centre distance to the protrusion is rcc = 378 nm. The length of the
attractive part is DE, the length of the line segment from point D to E in App.
Fig. 7.2c. This length can be obtained from Pythagoras’s theorem, and the altitude
DC of the triangle with corners ABC [82, p66],

latt = AE +
√
AC2 − CD2 (7.3)

= AE +
√
AC2 − (2

√
s(s−AB)(s−BC)(s−AC)/AB)2 (7.4)

= dc/2 +
√
dc2/4− 4s(s− rcc)(s− dp/2)(s− dc/2)/rcc2 (7.5)

= 547 nm, (7.6)

where s is the semiperimeter of the triangle ABC,

s = (rcc + dc/2 + dp/2)/2 = 588 nm. (7.7)

Finally, the hydrophobic volume is given by the volume of the spherical cap with
height, hcap = DE = latt, and radius AC = dc/2 [82, p2780],

V att = 1
3πl

2
att( 3

2dc − latt) = 1.9× 108 nm3. (7.8)

Inserting these values into Eq. 7.1 gives Nsp = 0.65.
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rslip distance between the slip plane and the surface. 103, 104
∆Rs,max estimated maximum difference in the radius of the small lobe. 34, 48
rss surface-to-surface distance. 68, 128, 139–144
r∗

ss surface-to-surface distance with maximum attraction energy. 141–144
rx position along the x-axis. 16, 29
ry position along the y-axis. 29
rz position along the z-axis. 59, 79
S swelling ratio. 12, 17, 18, 149
s semiperimeter. 163
T temperature. 39, 44, 45, 54, 57, 61, 82–84, 88, 89, 91, 107, 113, 116, 118, 119, 122–125,

128, 135, 139, 140, 142–145, 147–150, 152, 153, 159, 160, 162, 182, 189, 201
t time. 88–90, 97, 122, 129, 136, 151, 154, 157, 161
Tg glass transition temperature. 82
Tps phase separation temperature. 115–119, 121–123, 128, 149–151, 153
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∆Tps temperature relative to phase separation temperature. 116, 118–120, 122–125,
128–130, 137, 139, 146, 149–154, 156, 157, 161, 162

T ∗ critical temperature. 115, 118–120, 123, 135
∆T ∗ temperature relative to the critical temperature. 118–120, 123–125, 127–130, 135,

137, 143–145
Ug gravitational energy. 138
Us surface energy. 137, 138
Utot total energy. 138
V volume. 18, 19, 36, 107, 138, 156, 158, 162, 163
v⃗ velocity. 88, 92, 97, 99
∆Vr relative volume increase. 17–19
w interaction potential. 88, 89, 128, 141–144
wcc interaction potential between central spheres. 54
wcp interaction potential between central spheres and protrusions. 54
wcs interaction potential between central and satellite spheres. 54
wimg interaction potential to an image charge. 140, 141
wint interaction potential to an interfacial charge. 139, 141
wpp interaction potential between protrusions. 54
wps interaction potential between protrusions and satellite spheres. 54
w(rij) pair potential. 39, 44, 45
wss interaction potential between satellite spheres. 54
xcs covered surface fraction. 55, 56, 62–66
xe relative equatorial radius of an oblate ellipsoid. 138, 139
xij,min minimum relative distance between two particles. 33, 45, 48
xp dimensionless diameter of a protrusion. 53, 56
xs dimensionless diameter of a satellite sphere. 53–58, 60–62, 65, 66, 68
xss dimensionless surface-to-surface binding distance. 68
Z electrostatic double layer interaction constant. 139–142
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Summary

The main goal of this thesis is to increase our understanding of self-assembly
and to study new mechanisms that direct the formation of well-defined materials.
Self-assembly is the spontaneous formation of patterns or structures without human
intervention. In self-assembly of proteins, the building blocks have a size of about
1 nm and are complex. Consequently, grasping the basic principles that drive the
formation of, for example, viruses is challenging. Colloidal particles, on the other
hand, have a typical size up to 1000 nm, and can be used as relatively simple model
particles. In this thesis, we use such particles to investigate how deformability and
near-critical phenomena can direct self-assembly.

In Part I, we synthesize and characterise colloidal model particles. Chapter 2
describes the synthesis of spherical and snowman-like particles with increasing
complexity. First, we synthesize spherical particles with a polystyrene-rich interior
and a poly(acrylic acid)-rich brush. Next, a polystyrene protrusion is formed on
the spheres, and finally, a fluorescent dye is covalently linked to the poly(acrylic
acid) brush. The resulting mutually attractive, anisotropic, deformable (MAD)
particles consist of a polymer-grafted, functionalized core and a bare polystyrene
protrusion (Fig. S.1a).

The geometry of these particles is determined from transmission electron mi-
croscopy images as described in Chapter 3. The so-called Hough circle transforma-
tion can be used to detect the radii and positions of disks in images. This method
is optimised to automatically analyse the geometry of spherical and snowman-like
particles (Fig. S.1b), and to detect the positions of particles in optical microscopy
images.

In Part II, we study the influence of deformability on self-assembly. Proteins,
for example, are deformable as they can undergo conformational changes upon
binding with other (macro)molecules. Chapter 4 describes a simple model that
treats deformable particles as mutually attractive spheres with non-attractive
satellite spheres. Computer simulations show that anisotropic interactions are
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Figure S.1. Graphical summary. Mutually at-
tractive, anisotropic, deformable (MAD) particles
(a) with a polymer-grafted ( ), functionalized ( )
core ( ) and a rigid protrusion ( ) are synthesized.
The size and positions of the cores (b ) and pro-
trusions (b ) are automatically determined from
microscopy images. Computer simulations of MAD particles (c) show
that redistribution of satellite spheres ( ) stabilizes curved mono-
layers. In experiments, MAD particles self-assemble into monolayer
microcapsules (d) with pentagonal ( ) and hexagonal ( ) faces.
In a near-critical mixture, thermoreversible attachment of particles
onto interfaces results in temperature-controlled stability of emulsion
droplets (e–f). Near-critical phenomena also induce thermoreversible
self-assembly into micelle-like structures (g–h). The QR code links
to a movie of a height series through a microcapsule
(phd.chrisevers.com/5qr2b.mp4).

induced as the satellite spheres redistribute upon binding. We refer to this process
as colloidal bond hybridization, analogous to the redistribution of electrons that
induces anisotropic bonds in quantum chemistry. The fraction of the surface of
the particles that is covered by satellite spheres dictates the number of bonds each
particle makes, i.e. the valency. Furthermore, mutual attraction and deformability
are shown to stabilize planar monolayers, while adding a protrusion induces a shift
to curved monolayers (Fig. S.1c).
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Next, we experimentally study self-assembly of deformable particles (Chapter 5).
Mutually attractive, isotropic, deformable (MID) particles self-assemble into planar
monolayers. The hydrophilic polymer brush of MID particles is thought to rearrange
upon binding, resulting in anisotropic interactions for chemically and geometrically
isotropic particles. Mutually attractive, anisotropic, deformable (MAD) particles
(Fig. S.1a), on the other hand, form monolayer microcapsules (Fig. S.1d). Similar
as in the computer simulations (Fig. S.1c), the addition of a protrusion induces
curvature. Consequently, the MAD particles self-assemble into dramatically more
complex structures than similar isotropic or non-deformable particles. Finally,
we propose that microcapsules are formed at high concentrations with cavities as
intermediates.

In Part III, we investigate the influence of near-critical phenomena on colloidal
interactions. We study partially miscible liquids with a lower critical point. These
liquids are miscible at room temperature. Above the lower phase separation
temperature, however, two coexisting phases are formed. Near the critical point,
the compositions and interfacial properties of these phases strongly depend on the
temperature. In Chapter 6, we observe that polystyrene spheres thermoreversibly
attach onto the surface of phase-separated, near-critical droplets. We discuss two
explanations for these observations. First, we estimate the contact angle and the
interfacial tension as a function of the temperature, resulting in an adsorption
energy of zero just above the critical temperature, and a steep increase in the
adsorption energy at higher temperatures. Alternatively, we discuss contactless
attachment of particles onto the interface. Next, thermoreversible attachment is
applied to prepare and destabilize emulsions by simply changing the temperature
(Fig. S.1e–f). Furthermore, we demonstrate that heating followed by cooling can
also induce the formation of colloidal microcapsules.

In Chapter 7, we study particles in mixtures just below the lower critical point.
At these conditions, near-critical-solvent-mediated interactions or critical Casimir
forces are induced. Attraction between spherical particles with a hydrophilic
poly(acrylic acid)-rich brush is induced at a mass fraction of water just below
the critical composition. Furthermore, the attraction strength can be externally
tuned with temperature to be several times stronger than the thermal energy, and
thermoreversible aggregation is observed. Particles without a brush, on the other
hand, are only slightly attractive. Next, we study non-functionalized, anisotropic,
deformable (NAD) particles, that consist of a core with a hydrophilic brush and
a polystyrene protrusion. These particles have interactions that are externally
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tunable as well as anisotropic. Consequently, they thermoreversibly self-assemble
into structures that resemble micelles of molecular surfactants (Fig. S.1g–h). Finally,
the morphology of the structures is related to the geometry of the particles using
theory for molecular surfactants.

The results in this thesis show that deformability and near-critical phenomena
can take colloidal self-assembly a significant step further. Deformability allows
relatively simple building blocks to self-assemble into complex structures. This
enabled the first colloidal realisation of self-assembly into microcapsules without
a template. Systematically varying the mutual attraction strength, anisotropy
and deformability of particles is expected to result in additional novel materials.
Furthermore, while details are different, the MAD characteristics can also be
recognized in proteins, suggesting that these properties could be important in the
self-assembly of virus microcapsules as well. Near-critical phenomena, on the other
hand, allow for externally tunable, directional interactions. These properties could
facilitate self-assembly into structures that are up till now kinetically inaccessible.
Finally, creating and destabilizing emulsions by simply changing the temperature
could make the preparation of industrial and food products more straightforward.
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Zelfassemblage
Orde ontstaat vaak spontaan uit wanorde. Zo organiseren de sterren in ster-

renstelsels zich vaak in spiralen die draaien rondom een centraal punt. Maar ook
koeien ordenen zich spontaan: ze komen spontaan samen om in kuddes te grazen
(Fig. S.2a–b). Zelfs minuscule watermoleculen ordenen zich spontaan wanneer
ze ijskristallen vormen beneden het vriespunt. In deze drie processen vormen
bestaande bouwstenen (sterren, koeien en watermoleculen) spontaan geordende
structuren (sterrenstelsels, kuddes en ijskristallen) zonder dat de mens er aan te
pas komt. Dat noemen we zelfassemblage of zelforganisatie.

Zelfassemblage komt ook voor bij virussen. Virussen dringen de cellen van
mensen, dieren of andere organismen binnen. Daar kapen ze het controle-centrum
van de cel, zodat de cel bouwstenen voor nog meer virussen gaat produceren.
Deze bouwstenen vormen vervolgens spontaan nieuwe virussen. Als je de losse
bouwstenen in water met een beetje zout gooit, vormen ze vaak uit zichzelf holle,
bolvormige capsules met een specifieke grootte (Fig. S.2c–d). Deze capsules vormen
een beschermende mantel rondom het DNA of RNA van het virus. Zo kan het
genetisch materiaal dat je ziek maakt, van de ene cel naar de andere cel en van de
ene mens naar de andere mens reizen. Onder andere het griepvirus, het humaan
immunodeficiëntievirus (HIV), het zikavirus en het hepatitis B-virus verspreiden
zich volgens dit principe. Meer begrip van de zelfassemblage van deze virussen kan
helpen bij de bestrijding van virusziektes.

Sterrenstelsel, kuddes, ijskristallen en virussen worden dus vanzelf gevormd
uit hun bouwstenen. Bijna alle niet-natuurlijke producten worden echter nog met
de hand of met machines in elkaar gezet. Helaas vormen de losse onderdelen uit
een IKEA-pakket niet spontaan een garderobekast, maar moet deze met de hand
worden opgebouwd (Fig. S.2e–f). Voor de productie van bijvoorbeeld zonnepanelen
en processoren in computers en telefoons zijn dure machines nodig om deze precieze
materialen in elkaar te zetten. Opgooitentjes komen al meer in de buurt van
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Figuur S.2. Assemblage en zelfassemblage.
Bij zelfassemblage vormen bouwstenen spontaan
geordende structuren. Zo vormen koeien uit zich-
zelf kuddes (a–b) en vormen virusbouwstenen spon-
taan holle bollen (c–d, protein data bank 1QGT).
Schroeven en planken vormen niet spontaan een
kast (e–f), maar een opgooitentje klapt vanzelf uit (g–h). De QR-
code verwijst naar een filmpje van bouwstenen die zelfassembleren in
een virusachtige structuur (phd.chrisevers.com/sqr2.mp4).

zelfassemblage. Als je een opgevouwen opgooitent loslaat zet deze zich vanzelf op
(Fig. S.2g–h). De QR-code bij Fig. S.2 verwijst naar een filmpje van bouwstenen met
magneetjes aan de zijkanten die zich spontaan in elkaar zetten tot een virusachtige
structuur. Meer begrip van zelfassemblage kan helpen om een opgooivariant van
zonnepanelen en processoren te ontwikkelen. Losse bouwstenen zouden zichzelf
dan spontaan in elkaar kunnen zetten tot een zonnepaneel of een processor.

Om virussen te bestrijden en zelfassemblerende zonnepanelen te maken, moeten
we de scheikunde en natuurkunde die voor zelfassemblage zorgen beter begrijpen.
Bestuderen hoe virussen zichzelf in elkaar zetten is helaas erg ingewikkeld. De
bouwstenen van een virus zijn nogal complex, waardoor het lastig is te onderscheiden
welke onderdelen belangrijk zijn en welke niet. Bovendien zijn de bouwstenen zo
klein dat ze niet direct kunnen worden bekeken met een microscoop. Daarom zijn
modelbouwstenen nodig die simpeler en groter zijn.
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a

0.01 mm0.01 mm

b

0.01 mm0.01 mm

Figuur S.3. Colloïden. a) Microscopiefoto van
een gedeelte van een haar van de auteur van dit
proefschrift (donkere vlak), colloïden (lichte en don-
kere puntjes ( ) en colloïden die zijn gezelfassem-
bleerd in een bolvormige capsule ( ). b) Micro-
scopiefoto van Campina halfvolle melk met daarin
colloïdale vetdruppeltjes ( ). De QR-code linkt naar een filmpje van
b (phd.chrisevers.com/sqr3.mp4).

Colloïden
In dit proefschrift gebruiken we colloïden als modelbouwstenen voor zelfassem-

blage. Colloïden zijn deeltjes met een grootte tussen de 0.000001 millimeter en
0.001 millimeter. De colloïden in ons onderzoek zijn ongeveer 0.001 millimeter
oftewel 1 micrometer groot, en daarmee ongeveer honderd keer kleiner dan de dikte
van een haar (Fig. S.3a) en een miljoen keer kleiner dan wijzelf. Daarmee zijn
deze modelbouwstenen ongeveer net zoveel kleiner dan een mens, als dat een mens
kleiner is dan de maan. Colloïden zijn dus superklein.

Maar om zelfassemblage te begrijpen hadden we toch juist bouwstenen nodig die
relatief groot waren? Dat zijn colloïden ook. Hoewel ze een miljoen keer kleiner zijn
dan wijzelf, zijn ze ruim honderd keer groter dan de bouwstenen van virussen, en
tienduizend keer groter dan watermoleculen. In tegenstelling tot virusbouwstenen
en watermoleculen kunnen we colloïden daardoor zien met een lichtmicroscoop.
Hierdoor kunnen we direct bestuderen hoe colloïden zichzelf ordenen.

Doordat colloïden tegelijkertijd erg klein zijn, bewegen ze uit zichzelf. Dat
doen alle superkleine deeltjes. Doordat bijvoorbeeld moleculen in de lucht spon-
taan bewegen, verspreiden geurtjes zich bijvoorbeeld door een klaslokaal. Ook
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watermoleculen zijn voortdurend in beweging. Als je bijvoorbeeld een scheut
aanmaaklimonade toevoegt aan een ogenschijnlijk stilstaand glas met water, zie je
dat de kleur zich langzaam over het hele glas verspreidt. Een laatste voorbeeld
van spontane beweging in het dagelijks leven is vet in melk. Vet lost niet op in
water, maar om zuigelingen toch van vet te voorzien zitten er minuscule bolletjes
vet in melk (Fig. S.3b). Deze bolletjes zijn ongeveer een micrometer groot en dus
colloïden. Ze zijn veel groter dan moleculen, zodat we ze kunnen zien met een
lichtmicroscoop. Tegelijkertijd zijn ze nog klein genoeg om spontaan te bewegen.
De QR-code bij figuur Fig. S.3 verwijst naar een filmpje van uit zichzelf bewegende
vetdruppeltjes in halfvolle melk. De richting en de snelheid van de vetdruppeltjes
zijn willekeurig. Hun beweging wordt dan ook een dronkemanswandeling genoemd.
De dronkemanswandeling wordt alleen veroorzaakt doordat de vetdruppeltjes erg
klein zijn, ze leven dus niet!

Doordat colloïden uit zichzelf bewegen en zichtbaar zijn met de microscoop
zijn ze ideale modelsystemen voor zelfassemblage. De dronkemanswandeling zorgt
ervoor dat de colloïden geregeld met andere colloïden botsen. Als colloïden elkaar
aantrekken kan zo’n botsing voor de vorming van een binding zorgen. Twee
colloïden die elkaar ‘leuk’ vinden vormen dan een paar en laten elkaar niet meer
los. Op die manier kunnen steeds grotere structuren ontstaan. In tegenstelling tot
de bouwstenen in Fig. S.2QR hoeven colloïden dus niet geschud te worden om ze
te laten zelfassembleren. Omdat de colloïden groot genoeg zijn om te zien met de
lichtmicroscoop kunnen we deze zelfgeassembleerde structuren vervolgens direct
bestuderen.

De vorm van de structuren die gevormd worden hangt af van de eigenschappen
van de bouwstenen. Door bijvoorbeeld de vorm van de bouwstenen of de aan-
trekkingskracht tussen de bouwstenen te veranderen, worden andere structuren
gemaakt. De vetdruppeltjes in melk zijn rond, maar in het lab kunnen we colloïden
met allerlei verschillende vormen maken. In dit proefschrift bestuderen we bijvoor-
beeld sneeuwpopachtige colloïden (Fig. S.4a). Zoals een sneeuwpop uit meerdere
sneeuwballen bestaat, betaan onze colloïden uit een grote bol en een kleine bol.
In Hoofdstuk 2 wordt beschreven hoe sneeuwpopcolloïden gemaakt worden. We
beginnen met kleine ronde plastic bolletjes van ongeveer een halve micrometer
(0.0005 millimeter) groot. Deze ronde bollen lijken op sponzen, ze kunnen zich
volzuigen met een vloeistof. De minuscule sponsjes kunnen leeggeknepen worden
door ze te verhitten. De vloeistof wordt dan uit de bol gedrukt en er ontstaat een

188



Samenvatting voor een breed publiek

a b

0.001 mm0.001 mm

c

d

500 nm500 nm

e

T = 33.7 ◦C
f

0.02 mm0.02 mmT = 33.6 ◦C

g

T = 38.0 ◦C
h

0.005 mm0.005 mmT = 37.9 ◦C

Figuur S.4. Grafische samenvatting. We heb-
ben sneeuwpopcolloïden (a) met een kale bol ( )
en een harige ( ) bol ( ) met daaraan elkaar aan-
trekkende moleculen ( ) gemaakt. Deze colloïden
hebben we bekeken met een microscoop (b) en de
grootte en de positie van de harige bollen ( ) en de
kale bollen ( ) zijn automatisch bepaald. De haren kunnen bewegen
en zorgen ervoor dat de colloïden vervormbaar zijn. Computersimula-
ties laten zien dat hierdoor gekromde structuren worden gevormd (c).
De vervormbare sneeuwpopcolloïden vormen spontaan bolvormige
capsules (d) met vijfvlakken ( ) en zesvlakken ( ). Colloïden kunnen
aan het oppervlak van druppels hechten en zo voorkomen dat druppels
fuseren (e). Nabij het kritisch punt kan een kleine temperatuursveran-
dering er voor zorgen dat colloïden het oppervlak loslaten en druppels
fuseren (f). Nabij-kritische fenomenen kunnen ook voor aantrekking
tussen sneeuwpopcolloïden zorgen (g). De aantrekkingskracht wordt
veel minder sterk wanneer de temperatuur een klein beetje daalt (h).
De QR-code verwijst naar een filmpje van dwarsdoorsnedes door een
bolvormige capsule (phd.chrisevers.com/5qr2b.mp4).

druppel op het oppervlak van de bol. Deze druppel kunnen we vervolgens omzetten
in een vaste stof en het resultaat is een sneeuwpopachtige deeltje (Fig. S.4a).

De aantrekkingskracht kan bijvoorbeeld veranderd worden door verschillende
moleculen aan het oppervlak van de colloïden te hangen. Als deze moleculen elkaar
aantrekken, trekken de bouwstenen elkaar ook aan en kunnen bindingen worden
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gemaakt. Stoten de moleculen aan het oppervlak elkaar af, dan worden juist minder
bindingen gemaakt. Door verschillende moleculen aan verschillende kanten van een
bouwsteen te hangen, kunnen steeds gecompliceerdere structuren worden gemaakt
(Fig. 1.1). In Hoofdstuk 2 hangen we bijvoorbeeld elkaar aantrekkende moleculen
aan een kant van de sneeuwpopcolloïden (Fig. S.4a ).

We kunnen de sneeuwpopcolloïden dus bekijken met de microscoop. Om
de colloïden goed te beschrijven moeten we de grootte en de positie van beide
bollen bepalen. Dit kan met de hand, maar dat is erg veel werk. In Hoofdstuk 3
beschrijven we een methode om de computer automatisch de beide kanten van een
sneeuwpopdeeltje te laten herkennen in microscopiefoto’s (Fig. S.4b).

Vervormbaarheid
Virusbouwstenen kunnen van vorm veranderen als ze zichzelf in elkaar zetten

tot een virus. Ze lijken dus een beetje op Barbapapa, die zijn gedaante ook kan
veranderen. In Hoofdstuk 4 bestuderen we de invloed van vervormbaarheid van de
bouwstenen op zelfassemblage. We maken een simpel computermodel van colloïden
die elkaar aantrekken en vervormbaar zijn. Doordat de colloïden elkaar aantrekken,
vormen ze bindingen en dus grotere structuren. De vervormbaarheid zorgt ervoor
dat colloïden van gedaante veranderen als ze een binding aangaan. Hierdoor vormen
relatief simpele bouwstenen complexere structuren dan onvervormbare colloïden.
Ten slotte bestuderen we sneeuwpopcolloïden. Deze colloïden zijn behalve elkaar
aantrekkend en vervormbaar ook een beetje asymmetrisch doordat ze uit twee
bollen bestaan. In computersimulaties vormen deze colloïden gekromde structuren
(Fig. S.4c).

In Hoofdstuk 5 bestuderen we zelfassemblage van vervormbare colloïden in het
lab. We gebruiken hiervoor de sneeuwpopachtige bouwstenen die we in Hoofdstuk 2
hebben gemaakt. Deze bouwstenen zijn vervormbaar omdat ze haren aan het
oppervlak hebben (Fig. S.4a ). Zoals je de haren op je hoofd naar een kant kunt
kammen of juist rechtop kunt zetten door er gel in te smeren, kunnen de haren op
de colloïden ook plat liggen of zich juist uitstrekken. De haren op de bouwstenen
zijn zo lang, dat de vorm van de bouwstenen verandert als de haren bijvoorbeeld
plat liggen of naar een kant uitsteken. Bovendien bestaan de haren uit verschillende
delen die elkaar aantrekken of juist afstoten. Wanneer twee bouwstenen dicht
bij elkaar komen passen ze hun kapsel aan zodat de aantrekkende delen dicht bij
elkaar zijn en de afstotende delen juist ver van elkaar zijn. Het resultaat is dat de
bouwstenen uit zichzelf holle, bolvormige capsules vormen (Fig. S.4d). Net als een
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voetbal hebben de capsules vijfvlakken en zesvlakken op het oppervlak. De capsules
van onze bouwstenen lijken ook op de capsules rondom virussen (Fig. S.2d).

Nabij-kritische fenomenen
Sommige vloeistoffen mengen met elkaar, terwijl andere vloeistoffen onmeng-

baar zijn. Water en alcohol vormen bijvoorbeeld een heldere, homogene oplossing.
Water en olijfolie zijn echter onmengbaar en olijfolie blijft drijven bovenop wa-
ter. Een tussenweg bestaat ook, dat zijn combinaties van vloeistoffen die bij
bepaalde verhoudingen en temperaturen mengen, maar bij andere verhoudingen
en temperaturen onmengbaar zijn. Een voorbeeld is water en 3-methylpyridine
(3MP). Bij kamertemperatuur zijn water en 3MP mengbaar in alle verhoudingen.
Boven de zogenaamde lagere kritische temperatuur zijn er echter verhoudingen
waarbij water en 3MP ontmengen. Er ontstaan dan druppels met een bepaalde
verhouding 3MP/water in 3MP/water met een andere verhouding. De verhouding
3MP/water waarbij druppels worden gevormd op de kritische temperatuur is de
kritische verhouding. Als de temperatuur dicht bij de kritische temperatuur is, en
de 3MP/water verhouding dicht bij de kritische verhouding, treden nabij-kritische
fenomenen op. De invloed van deze fenomenen op zelfassemblage bestuderen we in
Hoofdstuk 6 en Hoofdstuk 7.

Colloïden worden niet alleen gebruikt als modelsysteem, ze komen ook voor
in verf op de muur en slagroom op de taart. Ook in mist, bloed, e-readers, melk,
crèmes en mayonaise zitten deeltjes met een typische grootte tussen de 0.000001
millimeter en 0.001 millimeter. De laatste drie voorbeelden zijn emulsies. Dat zijn
vloeistoffen waarin minuscule druppeltjes zitten die worden gestabiliseerd door een
emulgator. Mayonaise wordt bijvoorbeeld gemaakt door een eidooier, mosterd en
citroensap te mengen en al roerende druppelsgewijs olie toe te voegen. Hierbij
hechten moleculen uit de eidooier aan het oppervlak van oliedruppeltjes. Op die
manier voorkomen ze dat de oliedruppeltjes samenvloeien tot een olielaag bovenop
de saus. De moleculen in de eidooier zijn dus een emulgator en stabiliseren de
mayonaise. Colloïden kunnen zelf ook als emulgator worden gebruikt. Ze hechten
dan aan het oppervlak van bijvoorbeeld oliedruppeltjes. Doordat het oppervlak
van de druppels vol met colloïden zit, kunnen ze niet meer samenvloeien en blijft
de emulsie stabiel.

In Hoofdstuk 6 bestuderen we de invloed van nabij-kritische fenomenen op door
colloïden gestabiliseerde emulsies. We voegen colloïden toe aan vloeistoffen die
bij kamertemperatuur mengen, maar boven de kritische temperatuur ontmengen.
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Boven de kritische temperatuur ontstaan dus kleine druppeltjes. Als we de tem-
peratuur nog verder verhogen, hechten de colloïden aan het oppervlak van die
druppeltjes. Hierdoor kunnen de druppels niet meer samenvloeien en hebben we
een emulsie gemaakt (Fig. S.4e). Door simpelweg de temperatuur te verhogen is
een vloeistof met colloïden dus verandert in een stabiele emulsie. Deze manier
van emulsiebereiding is een stuk makkelijker dan druppelsgewijs toevoegen onder
roeren zoals bij mayonaise in de keuken. Dicht bij het kritische punt veranderen de
eigenschappen van de vloeistoffen sterk met de temperatuur. Ver boven de kritische
temperatuur hechten de colloïden aan het oppervlak van de druppels, terwijl ze
een paar graden lager het oppervlak loslaten. Hierdoor kunnen we de stabiliteit
van de emulsie controleren met de temperatuur. Bij relatief hoge temperaturen
is het oppervlak van de druppels bedekt met colloïden en is de emulsie stabiel.
Daalt de temperatuur, dan laten de colloïden los en vloeien de druppels samen
(Fig. S.4f). Door de temperatuur te veranderen kunnen we dus zowel emulsies
creëren als destabiliseren.

In Hoofdstuk 7 zorgen nabij-kritische fenomenen voor aantrekking tussen col-
loïden. We zetten de thermostaat een paar graden lager dan hierboven, zodat de
temperatuur net beneden de kritische temperatuur is. Bij deze temperatuur zijn
de twee vloeistoffen dus nog net mengbaar. Afhankelijk van hun oppervlak en
de verhouding van de vloeistoffen, trekken de colloïden elkaar dan aan of stoten
ze elkaar af. Over de oorzaak van de aantrekking tussen colloïden discussiëren
wetenschappers nog, maar deze is voor ons onderzoek van ondergeschikt belang.
Wij gebruiken de aantrekking om colloïden te laten zelfassembleren. We bestuderen
zowel harige colloïden als vergelijkbare haarloze colloïden. Als er relatief weinig
water in de mengsels zit, trekken de harige colloïden elkaar aan, terwijl de haarloze
colloïden elkaar niet aantrekken. De aantrekkingskracht tussen de harige colloïden
verandert sterk met de temperatuur. Door de temperatuur met een fractie van een
graad te laten stijgen zien we een overgang van vrijwel geen aantrekkingskracht
naar een redelijk sterke aantrekking tussen de colloïden. Ook bestuderen we sneeuw-
popcolloïden die bestaan uit een harige bol en een haarloze bol. Deze colloïden
zelfassembleren in structuren waarbij de harige bollen aan de binnenkant lijken
te zitten, terwijl de haarloze bollen aan de buitenkant lijken te zitten (Fig. S.4g).
Deze structuren zijn vergelijkbaar met de structuren die zeepmoleculen maken in
water. Net als de sneeuwpopcolloïden bestaan zeepmoleculen uit twee verschillende
delen, die we bij zeep de kop en de staart noemen. De koppen stoten elkaar af,
terwijl de staarten elkaar aantrekken. In tegenstelling tot zeepmoleculen kunnen
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we de sterkte van de aantrekkingskracht tussen de sneeuwpopcolloïden gemakkelijk
veranderen met de temperatuur. Door de temperatuur met een fractie van een
graad te veranderen, vallen de gezelfassembleerde structuren bijvoorbeeld weer uit
elkaar (Fig. S.4h).

Wat leren we hiervan?
Het doel van dit proefschrift is ons begrip van zelfassemblage te vergroten en

nieuwe mechanisme te bestuderen om goed gedefinieerde materialen te vormen. De
resultaten laten zien dat vervormbaarheid en nabij-kritische fenomenen zelfassem-
blage een significante stap verder kunnen helpen. Vervormbaarheid zorgt ervoor dat
simpele colloïden kunnen zelfassembleren in complexe structuren. Hierdoor kun-
nen we voor het eerst bouwstenen maken die zelfassembleren in holle, bolvormige
capsules. Door de eigenschappen van de bouwstenen systematisch te veranderen
verwachten we dat nog meer nieuwe materialen gevormd kunnen worden. Verder
zijn zowel de colloïden als virusbouwstenen elkaar aantrekkend, vervormbaar en
net niet helemaal rond. Virusbouwstenen zijn echter een stuk ingewikkelder en
hebben nog veel meer eigenschappen (vergelijk Fig. S.2c en Fig. S.4a). De drie
eigenschappen die onze colloïden delen met virusbouwstenen zouden ook belangrijk
in de zelfassemblage van virussen kunnen zijn.

Nabij-kritische fenomenen, aan de andere kant, kunnen voor meer controle over
de aantrekking tussen colloïden zorgen. In de toekomst zou dit gebruikt kunnen
worden voor zelfassemblage van structuren die nu nog te ingewikkeld zijn om
spontaan te vormen. Tot slot hebben we een manier laten zien om emulsies te
bereiden en te destabiliseren door simpelweg de temperatuur te veranderen. Deze
methode zou de productie van industriële, farmaceutische en voedingsproducten
gemakkelijker kunnen maken.
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