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2 1. General Introduction

1.1. Self-Assembly

Order spontaneously emerging from chaos is one of the most fascinating features

of biological and physical systems in nature. Rippled sand dunes, crystallization of

liquids upon freezing, the formation of schools of fish or flocks of birds, the assembly

of virus particles from protein molecules and genetic information encoded in nucleic

acid molecules, and the swirling spirals of chemical reactions (Turing patterns) are

just a few of the compelling systems where order spontaneously emerges from a more

disordered system consisting of small interacting building units. In the above examples,

the building blocks were sand grains, atoms or molecules, a single fish or bird, the

protein and nucleic acid molecules, and the chemical species taking part in the reactions,

respectively. Such systems are called self-organized or self-assembled, depending on

whether energy is required to maintain the order.

Definitions for the processes of self-assembly and self-organization vary across the

sciences, and efforts to extract the common elements that allow to define and distin-

guish these concepts are still ongoing. [1, 2] Halley and Winkler recently suggested to

differentiate the two concepts on thermodynamic grounds, with self-organization being

a nonequilibrium process, and self-assembly implying a spontaneous process that strives

to achieve thermodynamic equilibrium. More detailed, their definition of self-assembly

is:

Self-assembly is a nondissipative structural order on a macroscopic level, because

of collective interactions between multiple (usually microscopic) components that

do not change their character upon integration into the self-assembled structure.

This process is spontaneous because the energy of unassembled components is

higher than the self-assembled structure, which is in static equilibrium persisting

without the need for energy input.” [2]

In contrast, self-organization is a spontaneous dissipative nonequilibrium process requir-

ing constant input of energy to maintain the formed structural order. Order between

multiple components occurs through positive and negative feedbacks and combinations

thereof, often involving fluctuations, bifurcations and multiple stabilities. [2] Example

for self-organized pattern formation are the Rayleigh-Bénard convection cells created

when a thin layer of oil is heated from below. [3, 4], the Turing patterns of chemical

reaction-diffusion systems, or the ripples of sand dunes blown by the wind. However,

some processes that exhibit order spontaneously may be a combination of self-assembly

and self-organization, and hence the distinction is not always straightforward.

This thesis focusses on self-assembling systems, where larger structures are sponta-

neously formed from building blocks while lowering the free energy of the system.
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1.2. Model Systems for Self-Assembly

Many self-assembling processes are taking place on length scales inaccessible to di-

rect in situ observation of the structural changes. Then, information on the type and

strength of the interactions between building blocks, and their assembly dynamics have

to be deduced indirectly, for example by light scattering, electron microscopy, or macro-

scopic observation. Two examples are the assembly of proteins and genetic information

into identical functional virus particles, and the formation of vesicles and micelles from

surfactants dispersed in a solvent. Fully assembled virus particles are roughly between

25 nm (poliovirus) and 300 nm (tobacco mosaic virus), but can extend up to 1 µm

(ebola virus) in length. Their building blocks are proteins that form the virus capsid

and nucleic acid that gets encapsulated in the capsid during the assembly. Both are

much smaller than the overall virus size, typically a few nm. Amphiphilic molecules

such as surfactants or copolymers, which consist of hydrophilic and hydrophobic parts,

readily assemble into larger structures in aqueous solutions driven by their amphiphilic

nature. These structures include micelles, inverse micelles, vesicles, and bilayers, which

range from a few nm to a few µm in size.

Both for the viruses as well as for surfactants, the building blocks are not visible

in techniques such as light or confocal microscopy, and hence their assembly into the

equilibrium structures needs to be deduced indirectly from light scattering or electron

microscopy. Recent advances in cryo-electron microscopy also allow for a direct view of

vitrified solutions. Yet, the technique is (still) time-consuming, and for gaining insights

into assembly dynamics many samples in close need to be prepared. Furthermore,

the interactions between protein molecules of a virus are varied and complex, and

computationally expensive free energy landscape calculations aid in comprehension,

but cannot differentiate which interactions are sufficient for the assembly and which are

redundant. Model systems that capture the main features of the building blocks and the

assembly are hence viable tools for understanding the underlying physical principles of

the assembly. Such models can be theoretical, as well as computational or experimental

when simplified building blocks with few, controlled interactions are used. In this thesis,

all three approaches are employed to gain insights into various self-assembling systems.

Colloids as experimental model systems

In experimental model systems for self-assembly, the challenges present in the natural

systems such as the small scale or complex interactions can be overcome or simplified.

A straightforward choice for building blocks that are both directly visible by techniques

such as light and confocal microscopy, yet are small enough to experience thermal

fluctuations, are colloidal particles. The term colloid refers to particles with at least

one of their dimensions being on the order of 1 nm to 1 µm that are dispersed in a

continuous medium. Their shape and properties, such as the type and strength of their
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interactions, are available in a wide variety, making them the perfect choice for studying

naturally occurring self-assembling systems as well as using them as building blocks for

new, rationally designed self-assembling structures. Due to these tunable properties,

colloidal spheres have also been termed ”artificial atoms”. The challenge for properly

modeling or controlling the assembly lies in finding colloidal particles with compatible

shape and interactions.

Anisotropic colloidal particles with ”patchy” interactions

The simplest colloidal shapes, such as spheres and platelets, are often insufficient to

model the complex building blocks in nature. For example, amphiphilic molecules con-

sist of hydrophobic and hydrophilic moieties, and proteins of tobacco mosaic virus are

wedge shaped. Artificial assemblies of colloidal particles, for example colloidal crystals

with desirable photonic or mechanic properties, have been proven to be prohibitively

difficult to achieve from uniform spheres that commonly crystallize in a face centered

cubic (fcc) or hexagonal close packed (hcp) crystal structure. While the last decades

focused on studying mainly these basic colloid shapes, the prospect of creating nanos-

tructures as well as macroscopic crystals ”made-to-order” as predicted by recent com-

puter simulations,[5, 6, 7, 8, 9, 10] has triggered renewed interest into development

of colloidal particles with controlled anisotropic shapes and interactions.[11, 12]

To extend the possible structures two approaches are conceivable: (1) directional,

site-specific interactions, and (2) anisotropic colloidal particles, or a combination of

both. For crystallization prearranged clusters of colloidal spheres may suffice to achieve

new crystal structures even in the absence of additional interactions. In analogy with

spherical colloids and atoms, such clusters consisting of spherical particles have also been

termed ”colloidal molecules”.[13] For more complex arrangements or crystals build up

of unit cells not easily achievable by present synthesis techniques, site-specific interac-

tions need to be added. As many interactions, such as Van-der-Waals, electrostatic,

and depletion forces are centrosymmetric, site-specificity of the interactions have to be

integrated on the particles level. To break their symmetry, colloidal particles with spe-

cific sites that for example strengthen or weaken the interaction have to be used. These

colloidal particles with discrete, attractive or repulsive sites are also called ”patchy”

particles. [14, 15] The number, size and location of the patches are expected to de-

termine the self-assembled structure. Yet, truly patchy particles with flexible number

and position of patches are still elusive. Two realizations of patchy colloids based on

liquid protrusions (Chapter 2 and 3) and site-specific depletion interaction strengths

(Chapter 6) are presented in this thesis. Furthermore, synthetic methods for making

anisotropic particles that may be employed in self-assembly are presented.
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Theoretical models for self-assembly

Colloidal particles are not only used as a model system for other self-assembling

processes, but they themselves may take part in self-assembly unique to colloidal par-

ticles, which in turn may require a model for a better understanding. Such a system is

presented in Part 2 of this thesis. Here, mixtures of aqueous dispersions of colloidal

particles and a particular oil lead to the spontaneous formation of oil droplets covered

with the solid particles. The intriguing observations of the stability of these emulsions

lead us to investigate the underlying physics of the stability. By systematically vary-

ing the different components, a model for these solid-stabilized emulsions is proposed,

which initiated more advanced theoretical studies.

Where colloidal model systems are yet to be developed, theoretical models can further

understanding of complex forms of self-assembly. Variation of the different parameters

of the theoretical model may help to identify the key components required for the

assembly more easily than with a colloidal model system where each variation of a

parameter requires different particles and experimental conditions. With these basic

requirements extracted from theory, simplified colloidal model systems may be devel-

oped more straightforwardly. One example of a complex, yet fascinating self-assembly

process are virus particles, which spontaneously form from proteins that build up the

virus capsids and nucleic acid that encodes the amino acid sequence of the protein.

The interactions on a molecular level between proteins, and protein and nucleic acid

are so varied that a theoretical model is well-suited to reduce this complexity to the

relevant physical quantities, and unravel this captivating self-assembly process. Yet,

knowledge about the basic physics underlying virus assembly is not only interesting

from a fundamental point of view, but may also allow for the development of a colloidal

model system in the future. The main function of the virus capsid is to protect and

transport genetic information between cells and hosts. Colloidal models of spherical or

elongated virus capsids could be used as small containers that encapsulate and release

substances in a controlled fashion, for example for drug delivery. We develop a model

for self-assembly of the earliest discovered virus, the rod-like tobacco mosaic virus, in

Chapter 10.

1.3. Scope of this Thesis

This thesis is organized in four parts dealing with different models for and aspects of

self-assembly.

Part 1 focuses on synthetic aspects of anisotropic patchy particles and colloidal

molecules. In Chapter 2 and 3, a synthetic method for assembling colloidal spheres

into clusters by making use of liquid patches on the particle surface, so called protru-

sions, is presented. While the synthesis itself is a self-assembling process, the clusters

obtained through it may again be used in self-assembly studies, as building blocks in
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crystallization and in finite sized patchy interactions. The obtained colloidal molecules

are highly symmetric (Chapter 2), or have a well-controlled bond angle (Chapter 3).

By controlling the stability of the liquid protrusions, the number of patches on each

colloidal particle can be influenced. Through adsorption of secondary nucleated parti-

cles at the seed particle surface, roughness anisotropy can be introduced to the colloidal

molecules (Chapter 4). Last, we investigate the long-term assembly of colloids with

liquid protrusions into Pickering emulsions. (Chapter 5).

In Part 2, we use the roughness anisotropic colloidal particles introduced in Part 1

to make patchy particles for self-assembly. Here, we show that depletion interaction is

surface roughness dependent and for particles with one patch leads to the spontaneous

formation of clusters reminding of surfactant micelles. The similarities between the

observed colloidal clusters and surfactant micelles are discussed and quantified by a

theoretical model, and the experimental results are compared to computer simulations

(Chapter 6).

Part 3 is dealing with self-assembling, thermodynamically stable Pickering emul-

sions. In Chapter 7 the requirements for their formation and stability are investi-

gated, and a model containing the minimally required components and conditions is

developed. We find an intricate dynamic equilibrium to be present in these emulsions

due to a chemical process taking place on a distinctly different timescale than the for-

mation of the emulsions (Chapter 8). At last, we apply the knowledge obtained in

Chapter 7 to create particle stabilized emulsions from fatty acids (Chapter 9).

In Part 4, a theoretical model for the self-assembly of tobacco mosaic virus (TMV)

particles from protein subunits and TMV RNA is developed. The model is solved ana-

lytically for equilibrium conditions, and numerically for the assembly and disassembly

dynamics. The results from the model are compared with experimental data available

in literature (Chapter 10).



Part 1

Synthesis of Colloidal Molecules





2
Synthesis of Highly Symmetric Colloidal

Molecules via Self-Assembly of Colloids with

Liquid Protrusions

Abstract
A facile and flexible synthesis for colloidal molecules with well-controlled shape
and tunable patchiness is presented. Cross-linked polystyrene spheres with a
liquid protrusion were found to assemble into colloidal molecules by coales-
cence of the liquid protrusions. Similarly, cross-linked polymethylmethacry-
late particles carrying a wetting layer assembled into colloidal molecules by
coalescence of the wetting layer. Driven by surface energy a liquid droplet on
which the solid spheres are attached is formed. Subsequent polymerization of
the liquid yields a wide variety of colloidal molecules with tunable patchiness.
Precise control over the topology of the particles has been achieved by chang-
ing the amount and nature of the swelling monomer as well as the wetting
angle between the liquid and the seed particles. The overall cluster size can be
controlled by the seed size as well as the swelling ratio. Use of different swelling
monomers and/or particles allows for chemical diversity of the patches and the
center. For low swelling ratios assemblies of small numbers of seeds resemble
clusters that minimize the second moment of the mass distribution.

9
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2.1. Introduction

Anisotropic particles that resemble molecules or have an integrated patchiness are of

great interest in the field of colloid and material science [14, 15, 11, 13]. They may

be used as basic building blocks for hierarchical self-assembly [16], which is expected to

facilitate and expand the range of possible colloidal structures such as clusters,[14, 17,

7, 8] liquid [18] and crystal phases. [19] They are likely candidates to succeed in the

search for new materials with custom made properties as they may mimic molecular

self-assembly through shape and directional interactions. [7, 20, 21]

Different methods are known to create colloidal molecules as well as patchy particles.

Colloidal clusters can be made in a controlled way by evaporating toluene droplets in

water containing colloids in the oil phase. [22] Upon evaporation, the capillary forces

pack the colloids into clusters whose topology only depends on the number of spheres

they contain. The cluster structures were found to minimize the second moment of the

mass distribution. [23] Addition of a second type of smaller colloids to the droplets

created binary colloidal clusters. The surrounding smaller colloids did not affect the

configurations of the larger colloids. [24] However, the number of small colloidal parti-

cles per cluster cannot be controlled in the emulsification step, resulting in polydisperse

particles. Sonicating UV-curable oil drops with adsorbed colloidal particles lead to

similar clusters with a central body comprised not of colloids but of polymerizable oil.

[25] Again, due to the emulsification step this approach does not provide control over

the size of the center. The polydisperse shapes are a major drawback for model sys-

tems where monodisperse colloids with controlled shape and patchiness are required.

Here, we take a different approach to make colloidal molecules by starting from colloidal

particles with liquid protrusions. This new method provides unique control over the

obtained colloidal shapes.

Sheu et al. [26, 27] found that heating monomer-swollen cross-linked polystyrene

spheres of a few micrometer causes phase-separation of the monomer from the seed

particle in form of an aspherical protrusion from the particle. Covering the seed particle

surface with a hydrophilic layer of vinyl acetate or acrylic acid allowed Mock et al. [28]

to extend this technique to smaller colloids of about 250 nm.

Here, we show that delaying the polymerization of the liquid protrusions leads to

coalescence of the droplets upon collision, thereby creating colloidal molecules in a sim-

ple one-step synthesis. Our new technique allows for tuning the topology from colloidal

clusters to patchy particles via adjustment of the swelling ratio and hydrophilicity of the

particle surface. This uniquely provides precise control over the shape and patchiness

of the resulting particles. We demonstrate the generality of the method by conducting

the synthesis both for polystyrene and polymethylmethacrylate and by using different

swelling monomers.
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2.2. Experimental

2.2.1. Colloidal particles

Synthesis of monodisperse cross-linked polystyrene spheres Monodisperse

cross-linked polystyrene spheres (CPS) were prepared using an emulsion polymerization

procedure described previously [28]. All components were used as received.

A 1 liter round bottom flask equipped with a PTFE stir bar was placed in an 80◦C oil

bath. 400 mL deionized water was charged into the reactor and allowed to reach bath

temperature. Then 47 mL (42.3 g) styrene (99% purity, Merck) and 0.500 g sodium

dodecylsulfate (BDH) dissolved in 50.0 mL of deionized water were added, followed by

50 mL of rinse water. To cross-link the latex colloids 1.39 mL (1.27 g) of divinylbenzene

(DVB, 55% mixture of isomers, tech. grade) was added yielding a cross-linking density

of 3% w/w. The ingredients were allowed to mix and reach the temperature of the

oil bath for one hour. Addition of 1.55 g potassium persulfate dissolved in 75.0 mL

deionized water initiated the reaction. Polymerization was allowed to continue for 24

hours. The resulting colloidal CPS suspension had a weight fraction of 7% w/w. The

sphere radius was determined by TEM to 113 nm with a polydispersity of 3.4%.

Vinyl-acetate coating of cross-linked polystyrene spheres A part of the CPS

suspension was consequently coated with vinyl acetate (surface coverage 3.56·10−21g/nm2

in order to increase the hydrophilicity of the surface. For this a round bottom flask

equipped with a PTFE stir bar was immersed in an oil bath at 80◦ C. It was charged

with 200 mL of the colloidal polystyrene solution and allowed to reach bath tempera-

ture for 1 hour. Addition of vinyl acetate took place in four steps spaced by 15 minutes,

each containing 25% of the total mass of 135 mg of vinyl acetate. With the first ad-

dition of vinyl acetate 5.05 mL potassium persulfate (1 g/150 g Millipore water) were

charged to the reaction vessel for initiation. Polymerization was allowed to continue

for 24 hours after the last addition. The sample was purified by washing it three times

with Millipore water and redispersed by addition of 1.33 g sodiumdodecylsulfate (SDS)

in 80 mL water. The final suspension of about 400 mL contained 2.6% w/w polystyrene

spheres by weight measurement of 1 mL. The radius was determined to 111.1 nm with

a polydispersity of 2.5% by TEM.

Synthesis of monodisperse cross-linked PMMA spheres Monodisperse cross-

linked polymethylmethacrylate (PMMA) spheres were prepared using a surfactant free

emulsion polymerization procedure according to a modified procedure of Paquet et al.

[29]. A 250 mL round bottom flask equipped with a reflux cooler was filled with 90

mL of deionized water and 0.24 g of potassium persulphate (0.01 M KPS) and mag-

netically stirred. The flask was put in a thermostatted oil bath at 80.0◦C and kept
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at that temperature for 30 minutes to allow for radical formation of the KPS. A sep-

arate vial was filled with 10.0 g of monomer, which consisted of a mixture of methyl

methacrylate (MM) and methacrylic acid (MA) in a weight ratio of 90:10, 0.1 g (1%

w/w) cross-linking agent ethylene glycol dimethacrylate (EGDMA), and 47.4 µL of 1-

dodecanethiol (DDM). The content of the vial with the monomer mixture was added

to the round bottom flask under vigorous stirring. The polymerization was allowed to

proceed for 2 hours. The resulting seed particles measured 220 nm in radius by scanning

electron microscopy (SEM).

Commercial cross-linked polystyrene spheres Sulfated 1.88 µm polystyrene

spheres, cross-linked with 5% divinylbenzene were ordered from Magsphere Company

and used at 3% w/w concentrations for synthesis of colloidal molecules.

2.2.2. Characterization

Density Gradient Centrifugation Colloidal molecules could be separated into

distinct bands by use of density gradient centrifugation. After separation, each band

was washed three times by centrifugation and redispersation in deionized water.

Microscopy Polymerized samples were imaged using a scanning electron microscope

(SEM XL FEG 30). The PS and PMMA particles were sputter coated with 4 nm

platinum/paladium and gold, respectively, prior to imaging. Light microscopy was

performed with a Zeiss Axioplan microscope using an oil immersion lens (NA=1.4,

100x magnification). Pictures were captured with a Basler scout camera.

2.2.3. Synthesis of Colloidal Molecules

For each of the experiments with CPS seeds varying volumes of the seed suspensions

were added to a glass flask equipped with a magnetic PTFE-coated stir bar. We define

the amount of monomer mmonomer added to the suspension divided by the polymer mass

present in the seed solution as the swelling ratio

S =
mmonomer

mseed polymer

. (2.1)

Additionally, 1% w/w SDS was added to the 1.88 µm CPS samples. All samples were

stirred vigorously during swelling for about 1-2 days and subsequently placed in an

80◦C oil bath. Heating causes phase separation of the monomer taken up by the cross-

linked polymer network resulting in the formation of a droplet on the colloidal surface

[28, 30, 31]. The hydrophilicity of the surface determines the wetting angle between

the monomer and the colloidal surface. The less favorable it is for the monomer to wet

the surface, the more aspherical the protrusion is to the extent of forming a separate

droplet.
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Figure 2.1. Yield of clusters of N seed particles for swelling ratio (S = 3.4),
such as shown in Figure 2.3A.

For CPS seed particles 222 nm in size we have never observed more than one protru-

sion on the particles. For the larger colloidal particles of 1.88 µm we sometimes found

secondary protrusions, which are significantly smaller than the primary protrusion.

However, they were only present if polymerization was induced after short coalescence

times. The formation of more than one protrusion is an unfavorable state in terms of

surface energy, and protrusions on the surface of one seed particle coalesce over time.

Yet, if stabilized sufficiently multiple protrusions obtained in a controlled fashion can

be utilized to make anisotropic particles as well, see Chapter 4. We expect that coales-

cence of protrusions on larger seed particles takes place on a longer time scale compared

to that on the smaller particles due to their larger diameter.

After the formation of a droplet on the colloid surface the samples were taken out

of the oil bath and left stirring for several days. During this period colloidal molecules

were formed. Subsequent polymerization was carried out at 80◦C by addition of hy-

droquinone (0.75 mM, 99% purity, Riedel), a water soluble inhibitor, and azobisisobu-

tyronitrile (0.94 mg AIBN dissolved in 0.046 mL styrene per mL of seed suspension)

after heating for about one hour. Polymerization was allowed to continue for 24h. The

syntheses typically yielded about 10% dimers and another 12% of higher multimers

after a coalescence time of 24h (see Figure 2.1.

For the formation of PMMA colloidal molecules a similar procedure was followed with

a shorter clustering time. A 250 mL round bottom flask equipped with a PTFE-coated

stir bar and a reflux condenser was used. 60 mL of a diluted (2.5% v/v) and washed

seed dispersion in water was added to the flask along with 0.01 g of AIBN. The flask

was put in a thermostatted oil bath at 80◦C and allowed to reach bath temperature

in 30 minutes. Then a 24.44 g MM/MA mixture (10 % w/w MA), 0.1123 g EGDMA,

71.1 µL DDM and 0.1805 g AIBN were added dropwise at a rate of 1 drop every 3
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Figure 2.2. Schematic of merging of (A) liquid protrusions or (B) wetting
layers yielding colloidal molecules.

seconds under vigorous stirring. When the monomer addition was complete (typically

30 minutes) the reaction was allowed to proceed for another 2 hours. The coagulum

that formed was removed and the remaining particles were cleaned by centrifugation

and redispersion in deionized water.

In the case of PMMA seed particle protrusions were not observed, but the particles

grew from a 220 nm to 335 nm radius. Small clusters formed if the monomer was a

mixture of MM and MA containing at least 5% MA. The number as well as the size

of clusters increased with the MA percentage. Also, a higher percentage of MA in the

seed particles favored cluster formation. We found that 10% MA in both the seed and

the swelling monomer was a suitable value to obtain clusters in good yield: about 16%

dimers and 16% of higher multimers were found.

From the formation mechanism it is expected that the distribution of multimers shifts

to higher cluster sizes N the longer the coalescence is allowed to continue. This means

that there is no unique distribution of clusters as it depends on the rate of formation.

In the beginning mainly monomers, dimers and trimers are expected, whereas at later

stages larger clusters should prevail.

2.3. Results and Discussion

2.3.1. Topology of clusters

Each batch of colloidal particles made by this method contained a distinct variety

of colloidal molecules comprised of different numbers of seed spheres. They are formed

by merging of the liquid droplet upon collision as is shown schematically in Figure 2.2.

The size of the protrusion can be chosen by the wetting properties of the seeds and by
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Figure 2.3. Scanning electron micrographs of colloidal molecules for N=1
to N=9 created by merging of liquid protrusions. A) Vinyl acetate coated
polystyrene spheres with Rseed = 111 nm used as seed particles, swelling ratio
3.4. B) PMMA seed particles of radius Rseed = 220 nm with a wetting layer
consisting of methacrylic acid/methyl methacrylate.
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the swelling ratio, yielding colloidal molecules that ranged from cluster-like particles

up to patchy spheres. A representative example of colloidal molecules (N = 1 − 9)

made from vinyl acetate coated CPS spheres swollen with styrene (S = 3.4) is shown in

Figure 2.3A. In this case a distinct protrusion was present as can be seen for the case

N = 1. Also, each cluster of N seeds has a unique central body with a volume roughly

equal to N times the protrusion volume. In the case of PMMA seeds a protrusion or a

central droplet were not observed, while the particles had grown significantly. Clusters

were formed nonetheless as is shown in Figure 2.3B for N = 1− 9. From these images

it is apparent that clusters have become enveloped in an outer skin. Thus, we conclude

that the PMMA seeds cluster due to merging of a wetting layer of monomer covering

the whole seed surface.

Interestingly, all colloids with a given number of seed particles have identical geome-

try, supporting the idea of minimization of the second moment of the mass distribution,

as will be discussed in the next section. The particles could be separated according to

their weight by density gradient centrifugation (Figure 2.4).Within each band, only a

single type of colloidal molecule with unique topology was found. In the top band,

colloids with one protrusion were found. In the second, third and subsequent bands,

colloidal molecules with two, three and many seed particles were present, respectively.

Spherical clusters containing a large number of spheres on the surface (N ≈ 102 − 104)

are known as colloidosomes and were found up to a size of 14µm for high swelling ratios

(see Chapter 5). The unpolymerized clusters could be observed by light microscopy

using larger, 1.88µm, styrene swollen (S=3) and heated polystyrene spheres as shown

in Figure 2.5. They exhibit the same colloidal clusters as CPS seeds 222 nm in size

(Figure 2.3). This further shows that the technique is not restricted to a specific seed

size, nor is induced by polymerization of the sample.

2.3.2. Control of Particle Anisotropy via Swelling Ratio

A facile way to influence the topology of the resulting colloids is the swelling ratio.

A higher swelling ratio results in a larger liquid protrusion after heating as can be

seen from the SEM pictures of polymerized colloids for N = 1 in Figure 2.6. Note

that for swelling ratios S = 1.1 and S = 3.4 (Figure 2.6A, B) the seed particle is

larger than the protrusion, whereas for S = 5.6 (Figure 2.6 C) the protrusion is larger

than the seed sphere. After merging the protrusion volume determines the size of the

liquid center of the resulting colloids (Figure 2.6, N = 2 and 3). With an increasing

swelling ratio the relative size of the seed particle compared to the droplet shrinks

gradually changing the shape of the colloidal molecules from cluster-like to spheres with

patches. Manoharan et al. created colloidal clusters by evaporating toluene droplets in

water with colloids adsorbed to the oil-water interface. [22, 32] Upon evaporation the

capillary forces pack the colloids into clusters identical for a given number of spheres and
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Figure 2.4. A) Density gradient centrifugation in a 3%-9% wt/wt Ficoll 400
gradient in 1% wt/wt Pluronic F127/millipore water yields bands that each
contain one type of colloidal molecules each. From top to bottom we find (B)
monomers, (C) dimers, (D) trimers, (E) tetramers etc. as shown in the SEM

pictures.
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Figure 2.5. Light microscope images of colloidal molecules for N=1 to N=6;
CPS seeds with a diameter of 1.88 µm, swelling monomer was styrene (S =
3.2). Scalebar is 5 µm.
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Figure 2.6. Swelling vinyl acetate coated polystyrene spheres of Rseed = 111
nm with different amounts of styrene changes the geometry of the resulting
multimers. SEM pictures show clusters of N=1-3 polystyrene spheres with
swelling ratios 1.1, 3.4, 5.6.

that minimize the second moment of the mass distribution, M2 =
∑N
i=1 |~ri−~r0|2, where

~ri is the center coordinate of the ith sphere and ~r0 is the center of mass of the cluster.

[23] In our colloidal system spheres are attached to an oil-water interface as well. At

low swelling ratios interfacial tension compresses the spheres to form clusters partially

immersed in a liquid droplet. This may be comparable to the late stage of droplet

evaporation. Despite the extra oil contained in the center this explains why we still

find the same arrangement of seed spheres inside the liquid center as Manoharan et al..

[22] Defining the center of the sphere as a vertex of a polyhedron we find for the lowest

order configurations (Figure 2.3): line segment (N = 2), triangle (N = 3), tetrahedron

(N = 4), triangular dipyramid (N = 5), octahedron (N = 6), pentagonal dipyramid

(N = 7), snub disphenoid (N = 8) and triaugmented triangular prism (N = 9) (Figure

2.3).

2.3.3. Control of Particle Anisotropy via the Wetting Angle

The seed particles determine the resulting patch size both by their own diameter

as well as by the wetting angle between the liquid protrusion, the aqueous phase and

the polymer seed particle. Adjustment of either the liquid or the polymer wetting
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Figure 2.7. A larger wetting angle creates colloidal molecules with a more
pronounced delineation between the liquid center and the seed particles. The
wetting angle increases from top to bottom, using a hydrophilic monomer,
methyl methacrylate (S = 3.3), and styrene on uncoated and vinyl acetate
coated polystyrene spheres (S = 1.1).

properties therefore affects the shape of the colloidal molecules. This can be done

by use of different seed particles, coatings, swelling monomers and different amounts of

surfactant. Both acrylic acid and vinyl acetate coatings are known to render polystyrene

seeds more hydrophilic leading to more pronounced protrusions [28]. The same can

be observed for the synthesis of colloidal molecules. Uncoated polystyrene spheres

exhibit a smaller wetting angle of θ = (17± 3)◦(Figure 2.7B) than vinyl acetate coated

polystyrene spheres when swollen with styrene (Figure 2.7C), which have a wetting angle

of θ = (23±2)◦. Even this small difference in wetting angle leads to a clear influence on

the shape of the resulting colloidal particles. Different swelling monomers also lead to

different wetting angles between the droplet, seed particle and aqueous phase, as can be

seen in Figure 2.7. Complete wetting, i.e. θ = 0◦, of vinyl acetate coated polystyrene

spheres can be achieved by swelling the seeds with a more hydrophilic monomer, methyl

methacrylate, leading to polymethylmethacrylate covered CPS clusters (Figure 2.7A).

The latter case leads to identical looking clusters as the one made from PMMA seeds

(Figure 2.3B), where no protrusions were formed because of a complete wetting of the

MM/MA mixture on the PMMA particle.
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An advantage of using PMMA as seeds is that those particles can be both refractive

index and density matched which makes them suitable for confocal microscopy studies

on concentrated suspensions. Use of different monomers to swell the seed particles may

also give rise to different chemical properties of the colloidal body and the patches.

This could be used to create spheres with sticky patches. [31]

2.4. Conclusions

We have shown that colloids with liquid protrusions spontaneously merge forming

colloidal molecules that range from cluster-like particles up to the size of colloidosomes.

The presented technique uniquely allows for tuning of the colloidal shape via the size of

the seed particles, swelling ratio and hydrophilicity of the polystyrene or polymethyl-

methacrylate surface. Chemical properties can be altered by use of different monomers

and subsequent modification. Combining all of the above a wide variety of colloidal

molecules with varying patchiness was obtained.
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Appendix - Density gradient centrifuation

A 12 mL linear gradient ranging from 3% to 9% w/w Ficoll 400 in 1% w/w Pluronic

F127/millipore water was prepared with a gradient mixer. For this, two solutions of 3%

and 9% w/w Ficoll 400 and 1 % w/w Pluronic F127 in millipore water were filled in the

two compartments of the gradient mixer (see Figure 2.8B). The solution with higher

density is layered in the compartment with the outlet and continuously stirred. The

outlet is connected to a tube that via a peristaltic pump transfers the Ficoll solution to

the centrifugation tube. To carefully layer the solutions on top of each other without

disturbing the gradient a pipette with a slightly bend tip was used. For a picture of

the setup, see Figure 2.8. Samples were carefully layered on top and centrifuged for 12

minutes at 116,000g and 20◦C with a Beckmann Optima L60 Ultracentrifuge yielding

up to 10 clearly separated bands. The bands were taken out with a pipette with a bent

tip connected to a peristaltic pump.

Figure 2.8. (A) Setup for preparation of the Ficoll density gradient for cluster
separation according to their weight. (B) Enlarged view of the density mixer

of (A).
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3
Asymmetric Colloidal Molecules by Fusion

of Colloids with Liquid Protrusions

Abstract
We present a straightforward technique to synthesize asymmetric colloidal
molecules with uniform and well-controlled bond angles. The new method
makes use of coalescence of liquid protrusions on polystyrene spheres. The
bond angle between the seed particles and central sphere can be chosen as
desired by adjusting the size of the liquid protrusion. The surprising unifor-
mity of the colloidal molecules comprised of small numbers of seed particles is
proven by comparison with 3D models. Considering different origins for this
uniformity we conclude that the asymmetric and unique shape is induced by
aggregation inside the liquid droplets upon polymerization. This technique
offers a new and simple way to make a wide variety of asymmetric colloidal
molecules in a reproducible and controlled fashion.

23
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3.1. Introduction

The prospect of using colloidal particles as building blocks for colloid and material

science has been a driving force to extend colloidal syntheses to a variety of shapes

and materials.[11, 34, 16] Colloidal particles with rationally designed topologies may

lead to precise control over the macroscopic assemblies of the particles.[15] Specifically,

colloidal particles with shapes resembling space-filling models of molecules are expected

to exhibit complex behavior similarly to molecules or even beyond. Taking the anal-

ogy between colloidal spheres and atoms further, such colloids are termed colloidal

molecules.[15, 13] Simulations have predicted that these are likely candidates to form

intriguing new fluid and crystal phases[35, 18, 36, 19] as well as finite superstructures

such as rings, shells, chains and clusters. [14, 20, 7, 8] These crystals may form a new

category of materials with novel properties, such as optical band gaps.[21]

Several methods have been proposed to create highly symmetric colloidal molecules

[22, 37, 24, 38, 39, 40, 33] as well as simple asymmetric shapes such as snow-

man particles,[26, 27, 30, 31, 41, 42] or confetti-like particles[43]. To date only

few methods either based on emulsification[44] or controlled aggregation[45] have been

reported to produce more complex asymmetric arrangements. Due to the lack in con-

trol over the size and composition of particle containing emulsion droplets, it is still

prohibitively difficult to obtain uniform clusters from emulsification methods. Snyder

et al.[45] recently obtained colloidal trimers from different materials by a multi-step

method of aggregation and partial polymer coating. Here, we introduce a new one-step

technique to produce uniform, asymmetric colloidal molecules such as colloidal water

and ammonia by coalescence of liquid protrusions attached to polystyrene particles.

3.2. Experimental

3.2.1. Colloidal seed particles

Polystyrene spheres of 220 nm diameter Cross-linked polystyrene spheres (CPS)

of 111 nm radius (polydispersity of 2.5%) and cross-link density of 3% were synthe-

sized via an emulsion polymerization as described in Chapter 2.2.1. Two samples

of the CPS suspension were consequently coated with vinyl acetate (surface coverage

σ = 3.56 · 10−21g/nm2) to render the surface more hydrophilic. Despite using the same

coating procedure two batches with different wetting angles between the CPS seeds and

the swelling styrene were obtained, namely θ = 23◦ and θ = 30◦. The final colloidal

suspensions had a weight fraction of 2.6% w/w in aqueous solution.

Polystyrene spheres of 2.2 µm Polystyrene spheres with cross-link density of 1.5%

w/w were synthesized as described in Chapter 6.2.
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3.2.2. Synthesis of Colloidal Molecules

In a typical experiment 5 mL of CPS seed suspensions and varying volumes of the

swelling monomer were added to a glass flask equipped with a magnetic PTFE-coated

stir bar. During swelling all samples were stirred vigorously for about 2-3 days and sub-

sequently placed in an 80◦C oil bath. Heating causes the cross-linked polymer network

to shrink resulting in the formation of a droplet of the swelling monomer on the colloidal

surface.[26, 27, 28, 33] Surface energy between the monomer and the water phase as

well as hydrophobicity of the seed particles favors the formation of one single protrusion

(see also Chapter 4 on colloids with multiple protrusions). The hydrophilicity of the

seed particle surface as well as the surfactant determines the wetting angle between the

monomer and the colloidal surface. The less favorable it is for the monomer to wet

the surface, the more aspherical the protrusion is to the extent of forming a separate

droplet. The samples were left stirring in the oil bath for several days for increasing

the number of coalesced colloids. Subsequent polymerization was carried out at 80◦C

by addition of a water soluble inhibitor, hydroquinone (0.75 mM, 99% purity, Riedel),

and initiated with azobisisobutyronitrile (0.94 mg AIBN dissolved in 0.046 mL styrene

per mL of seed suspension). Polymerization was allowed to continue for 24 h.

The samples containing micron-sized polystyrene colloids were prepared slightly differ-

ent (see also Chapter 6.2. A swelling emulsion containing styrene, divinylbenzene, V65B

(2,2’-azodi (2,4’-dimethylvaleronitrile), initiator) and TMSPA (3-(trimethoxysilyl)

propyl acrylate, Sigma Aldrich) was emulsified with 1% w/w aqueous polyvinylalcohol

solution and added to the seed dispersion. Protrusion formation occurs instantaneously

after mixing with the seed dispersion. Polymerization in an 75◦C oil bath was allowed

to continue for 20 h.

3.2.3. Transfer of colloidal particles from aqueous solution to styrene

An aliquot of the polystyrene seed suspension was centrifuged and redispersed in

ethanol twice, then centrifuged and redispersed in styrene to test for colloidal stability

in styrene.

3.2.4. Characterization

Density Gradient Centrifugation For separation of colloidal molecules of differ-

ent mass density gradient centrifugation was employed in a 3 to 9% w/w Ficoll 400 in

1% w/w Pluronic F127 in MilliQ water gradient. Centrifugation was performed for 12

mins at 20,000 rpm in a Beckmann Optima L60 ultracentrifuge. After having taken

out the bands with a pipette with bend tip we washed them three times with MilliQ

water to remove remains from the density gradient.
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Figure 3.1. (A) Crosslinked polystyrene colloids (CPS) with liquid protru-
sions self-assemble into colloidal molecules by fusion of the liquid protrusion.
The process is driven by minimization of the surface energy between the pro-
trusions and the water phase. If the seed particles are not restricted inside
the fused protrusions, they are expected to be randomly distributed over the
surface. (B) After polymerization we observe colloidal molecules with a con-
trolled bond angle by scanning electron microscopy. Assemblies consisting of
two and three seed particles resemble water (N = 2) and ammonia-like (N = 3)
molecules, respectively.

Microscopy Polymerized samples were imaged using a scanning electron micro-

scope (SEM XL FEG 30, Philips). The PS particles were sputter coated with plat-

inum/palladium prior to imaging. Electron micrographs were digitally post-processed

to optimize brightness and contrast for print. Seed particles in styrene were imaged

with a transmission electron microscope (Tecnai 10, Philips) after drying on a polymer

coated copper grid.

Dynamic Light Scattering Dynamic Light Scattering measurements were done by

a Malvern Zetasizer Nano NS at 173◦ and 13◦ (wavelength: 620 nm).
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1µm
Figure 3.2. A) Scanning electron micrograph of water-like colloids in the
second band after density gradient centrifugation. B) Turning a 3D model
constructed from the EM image reproduces all observed views of the colloidal
particles in the SEM image indicating that the assembly produces uniform
colloidal particles with a fixed bond angle of 139◦.
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3.3. Results and Discussion

3.3.1. Formation of Asymmetric Colloidal Molecules

Raising the temperature of monomer-swollen cross-linked polymer particles causes

phase separation of the monomer from the polymer seed in form of liquid protrusions.[26,

27, 28] Subsequently, the seed colloids can bind by fusion of the attached liquid protru-

sions to form colloidal molecules (Figure 3.1A).[33] The wetting angle between the seed

particles and the monomer phase as well as the extent of the swelling provides precise

control over the shape and size of the protrusions and hence, the final topologies of the

colloidal molecules. In previous experiments[33] the volume of the liquid protrusions

was small, restricting the movement of the seed particles inside the fused protrusions.

This resulted in highly symmetric clusters as well as large droplets with many attached

seed particles (Chapter 2 and 5).

Here, we chose a high degree of swelling, which induced liquid protrusions larger than

the original seed particles (see N = 1, Figure 3.1B). Fusion of such protrusions leads

to large droplets with attached seed particles that are expected to move freely over the

surface. Surprisingly, we observed well-defined seed particle positions for assemblies

of small numbers of seed particles after polymerization. For each assembly of N seed

particles we found one type of asymmetric colloidal molecule with a unique bond angle.

Representative examples of the obtained colloids from cross-linked polystyrene spheres

(CPS) are shown in Figure 3.1B. Clusters comprised of two CPS seed particles resem-

bled water molecules, whereas three seed particles formed colloids resembling ammonia

molecules.

3.3.2. Proof of Uniformity in Shape by Use of 3D Models

To elucidate that the obtained colloidal particles are exhibiting a single, unique shape

we employed separation of the assemblies by density gradient centrifugation (DGC) and

imaged the obtained fractions by scanning electron microscopy (SEM). The fraction

containing dimers, trimers and tetramers are shown in Figure 3.2, Figure 3.3 and Figure

3.4, respectively. We modeled the shape of the water-like arrangements (N = 2) as

shown in Figure 3.5 A. By only rotating this model, that means changing the view

point, we could reproduce all colloids observed within one DGC band, convincing us

that the obtained colloidal particles are exhibiting an unique shape (Figure 3.2 B).

The 3D models were constructed according to the wetting angle, α, and the radius of

the seed particles, r, and the droplet, R, as shown in Figure 3.5 C. Agreement between

model and experiment required slightly interpenetrating seed particles. Similarly, for

trimer clusters the seed particles partially overlapped inside the center (Figure 3.5

B) forming a unilateral triangle immersed in the protrusion body. In both cases the

particles interpenetrated by about 18% of their original size. This ’soft’ behavior can

be understood considering that the polymer network of the seeds was only cross-linked
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by 3% w/w divinylbenzene, and that the swelling monomer inherently is a good solvent

for the polymer. The bond angle α of a particle with two seeds can be calculated as

seen in Figure 3.5 C, via

α = sin−1(r′/c) (3.1)

= sin−1(r′/
√

(r2 +R2 − 2rR cos θ)). (3.2)

r′ is half the distance between two seed centers. In analogy, we define a bond angle β

for colloidal molecules with three seeds as the angle between the center of the coalesced

protrusions and any two seed particles. As shown in Figure 3.2 and Figure 3.3 all

colloidal arrangements consisting of two and three seed particles could be described

well with those models.

3.3.3. Control over Bond Angle

Variation of the amount of styrene allows for adjustment of the volume of the protru-

sions and therefore the radius of the central body of the colloidal molecules. We define

the swelling ratio as the volume of the fused protrusions over the volume of one seed

particle. Since the particles were always found to be overlapping inside the center an

increased liquid volume changes the angle α (Figure 3.5C) between the centers of the

seed particles and the center of the liquid droplet. As shown in Figure 3.6, increasing

the actual swelling ratio, S, (volume of the protrusion per volume of seed particle) from

S = 0.52 (top row) to S = 1.70 (bottom row) changes the dimer angle from α = 180◦

to α = 100◦. Similarly, for trimer particles the angle between any two seed particles

and the liquid center changes from β = 180◦ to β = 80◦ (Figure 3.6, right columns).

As only one unique angle is found within each batch of particles this procedure pro-

vides a unique opportunity to create colloidal ”water” (dimer) and colloidal ”ammonia”

(trimer) at any desired angle. The smallest obtainable angle is only restricted by the

maximum volume of monomer that can be taken up by the seed particles.

To demonstrate that the shape can further be influenced by the wetting angle between

the seeds and the fused protrusions,[33] we used CPS with a wetting angle of θ = 30◦ as

shown in the last row of Figure 3.6. All other pictures show CPS seeds with a wetting

angle of θ = 23◦. The larger wetting angle clearly increases the extent to which the seed

particles protrude from the droplet, yielding an even richer variety in shapes. At larger

wetting angles, asymmetric assemblies can be obtained even with small protrusions, as

long as the seed particles are not restricted to move inside the droplet. The particles

with a higher wetting angle were interpenetrating by only 11% compared to 18% for

the ones with a low wetting angle.

As exemplified in Chapter 2, the synthesis is independent of the seed particle size.

In Figure 3.7 some examples of asymmetric colloidal molecules from polystyrene are
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200nm

Figure 3.3. Colloidal polystyrene particles with three patches resembling am-
monia molecules and their respective view of the 3D model. The angle between
any two seed particles (white) and the center (grey) is 101◦. The wetting angle
between seed particles and the center is 23◦

Figure 3.4. Colloidal molecules with four integrated seed particles also show
uniform shapes.

shown. Again, the bond angle is determined by the wetting angle between the seed

particle, the aqueous phase and the protrusion, as well as the size of the protrusions.

3.3.4. Origin of Uniformity in Shape

To elucidate the underlying physical mechanism of local attraction between the seed

particles we consider different possible contributions. Charged polystyrene particles

adsorbed at a styrene water interface are accompanied by an asymmetric ion cloud that

forms a dipole moment perpendicular to the interface.[46, 47]
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Figure 3.5. Transparent 3D models of the A) dimers and B) trimers showing
that the white seed particles are interpenetrating each other by 18% inside the
protrusion body (depicted in grey). C) Schematic representation of a dimer.
The bond angle α can be calculated from the wetting angle θ and the seed and
center radius, r and R, respectively.
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Figure 3.6. Increasing the volume of the liquid protrusions with respect to
the seed volume in the system decreases the bond angle between the seed
particles and the center. For a swelling ratio of 0.52 (top row) we find bond
angles of α = 180◦ and β = 180◦ for assemblies comprising two and three seed
particles, respectively. For a swelling ratio of 1.7 (bottom row) the bond angles
change to α = 100◦ for assemblies of two and β = 80◦ for assemblies of three
seed particles.



32 3. Asymmetric Colloidal Molecules

Figure 3.7. Scanning electron micrographs of asymmetric colloidal molecules
made from rough polystyrene seeds (see Chapter 6 at swelling ratio 4 (A-C),
2 (D,E) and 3.5 (F).

Dipole-Dipole interactions

Straightforward calculations reveal that two dipoles attached to a spherical surface have

minimum repulsive interaction energy at maximum separation. That is, the seed par-

ticles should be placed on opposite ends of the droplets. Experimental observations

do not agree with this seed arrangement and we therefore conclude that dipole-dipole

interactions are not playing a major role.

Van-der Waals forces

If van der Waals forces caused attraction between the particles, aggregation is expected

to occur upon transfer from water to styrene. We washed a small quantity of vinyl-

acetate coated polystyrene particles twice with ethanol and styrene. Immediately after

preparation the sample looked macroscopically stable and remained so for over three

months without precipitation. Transmission electron micrographs of dried samples do

not show aggregation in three dimensions but two-dimensional layers of seed particles

(Figure 3.8). Dynamic Light Scattering measurements yielded a size of R = 195 ± 32

nm, and proved furthermore that only swelling, but not aggregation occurred in styrene.

Steric stabilization provided by vinyl-acetate polymers grafted to the interface could

explain this behavior. Van der Waals forces are thus not responsible for the observed

attraction between seed particles.

Depletion interaction

Another possible candidate is depletion interaction. Upon polymerization polymers are

formed inside the droplet which could induce attractive interactions by depletion forces.
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Figure 3.8. Transmission electron micrograph of cross-linked polystyrene
seed particles in styrene. The particles form 2D layers indicating that no
3D aggregation takes place upon transfer to styrene.

This mechanism has been seen in other systems such as Pickering emulsions[48] and

requires that diffusion of colloids on the droplet surface happens on a much faster time

scale than polymerization of the whole droplet. To get an estimate of the time it takes

a particle to diffuse from one side of the droplet to the other, we simplify the system in

the following way: the seed particle can diffuse on a two dimensional spherical surface

of radius R with a diffusion coefficient assumed to be given by D = kBT/(6πηr).[49]

Here, η = 3.75 ·10−4Pa ·s is the viscosity of styrene at 80◦C [50] as the seeds are mainly

immersed into styrene. kB is the Boltzmann constant and T the temperature during

synthesis. We then obtain for the diffusion time from one side of the sphere to the other

td =
〈x2〉
4D

=
3(πR)2πηr

2kBT
. (3.3)

For dimer and trimer particles as shown in the third row of Figure 3.6, this yields

diffusion times of td(R = 250 nm) = 68 ms, and td(R = 320 nm) = 0.11 s, respectively.

However, for large droplets with hundreds of adsorbed seed particles, we find that the

seed particles aggregate locally, but do not maximize the number of contacts on a global

length scale (Figure 3.9). This indicates that the seed particles can indeed move freely

over the droplet surface before polymerization. However, diffusion across such a droplet

takes an estimated td(R = 2µm) = 4.36 s and may explain why it is not possible for

the seed particles to rearrange quickly enough upon polymerization. Assemblies of seed

particles intermediate in size between this assembly and the colloidal molecules show

a transition of global to local aggregation of the seed particles on the surface (Figure

3.10). Polymerization thus happens on the timescale on the order of seconds: too fast

for rearrangement of the spheres on large droplets, but slow enough for the seeds in



34 3. Asymmetric Colloidal Molecules

Figure 3.9. Large droplet consisting of several hundreds of fused protrusions
with seed particles attached to the interface. The seed particles aggregate
locally on the surface. Globally, however, the number of contacts between the
seeds is not maximized indicating that polymerization is taking place on a
shorter time scale than the rearrangement of the seed particles due to depletion

attraction.

small assemblies to respond to depletion attraction induced by the formation of poly-

mers.

3.3.5. Variation of the Synthesis - Colloidal Molecules with a Cavity

During polymerization of the liquid protrusions, a variation of the outcome can be

achieved: after radical initiation polymerization of the liquid protrusions gradually pro-

gressing from the outside inwards. That way, a polymerized shell and a liquid core is

formed. Dropping the temperature to room temperature polymerization ceases and the

liquid core is preserved. Leaching out the inner styrene core, for example by evapo-

ration, yields dimples in the protrusions, both with singgle protrusions as well as for

fused protrusions (Figure 3.11). The colloidal molecules obtained may be employed

in controlled self-assembly processes, for example in lock-key colloids organized by de-

pletion interaction[51], as a branching piece (Figure 3.11C). The branching angle can

be controlled via the bond angle of the colloidal molecules. The cavity size is tunable

by the degree of polymerization of the shell [51, 52] and the overall protrusion size.

Integrating roughness on the round site of dimers with cavity renders them also useful

as terminating particles in lock-key chains.
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Figure 3.10. Assemblies of seed particles intermediate in size between the
colloidal molecules (consisting of only few seeds) and the large assembly shown
in Figure 3.9. On the surface of the droplets consisting of the fused protrusions
seed particles aggregate due to polymerization. With an increase in droplet
size, particle aggregation at the surface gradually changes from a global to a
local optimization.

3.4. Conclusions

In conclusion, we have presented a new and facile synthesis method for preparing

colloidal molecules with well-controlled bond angles. The choice of the size of the liquid

protrusion and the wetting angle allows for uniform particles with a bond-angle ”made

to order”. Utilizing polymerization induced depletion interaction we find reproducible

shapes for small assemblies. The technique can be easily extended to other seed poly-

mers or swelling monomers due to its underlying generality[31, 33] providing a simple

method to produce asymmetric colloidal molecules for studying collective behavior as

well as self-assembly. Further modification is possible by introducing cavities in the

protrusions, leading to new building blocks for self-assembly.
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Figure 3.11. A) and B) SEM images of colloidal molecules with a cavity
prepared by partial polymerization of the protrusions and removal of the re-
maining liquid core. The resulting colloids have a cavity that can be used as
a ”key” site in lock-key recognition systems. C) With one rough side these
colloids can be used as starting points of colloidal chains (refer also to Chapter
6), and, B) colloidal molecules with cavity and multiple seed particles may be
employed for branching of the depletion induced assembly.
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4
Patchy Polymer Particles with Tunable

Anisotropy Dimensions

Abstract
We present the synthesis of polymer colloids with continuously tunable anisot-
ropy dimensions: patchiness, roughness, and branching. Our method makes
use of controlled fusion of multiple protrusions on highly cross-linked polymer
particles produced by seeded emulsion polymerization. Carefully changing the
synthesis conditions we can tune the number of protrusions, or branching, of
the obtained particles from spheres with one to three patches to raspberry-like
particles with multiple protrusions. In addition to that, roughness is gener-
ated on the seed particles by adsorption of secondary nucleated particles during
synthesis. The size of the roughness relative to the smooth patches can be con-
tinuously tuned by the initiator, surfactant, and styrene concentrations. Seed
colloids chemically different from the protrusions induce patches of different
chemical nature. The underlying generality of the synthesis procedure allows
for application to a variety of seed particle sizes and materials. We demon-
strate the use of different sized polyNIPAM (poly-N-isopropylacrylamide), as
well as polystyrene and magnetite filled polyNIPAM seed particles, the latter
giving rise to magnetically anisotropic colloids. The high yield together with
the uniform, anisotropic shape make them interesting candidates for use as
smart building blocks in self-assembling systems.

37
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4.1. Introduction

Anisometric colloids with site-specific properties, so called patchy particles, are promis-

ing candidates for building blocks intended for bottom-up assembly of functional materi-

als. [14, 16, 54] Patchy particles offer unique control over the assembled structures due

to their locally confined interactions between specific patches. Because most colloidal

pair interactions by themselves are isotropic and centrosymmetric, directionality in the

attraction is implemented most easily on the particle level, for example, by anisotropic

shapes and/or patterning. By introducing sites on the colloids that site-specifically

attract or repel, patchy interactions can be obtained.[55, 56, 57, 58, 59]

To categorize particle anisotropy, Glotzer and Solomon recently suggested a con-

ceptual framework of key anisotropy dimensions,[11] such as aspect ratio, branching,

roughness and patchiness. Along each dimensionality axis the extent of the anisotropy

gradually increases. In self-assembly it is desirable to be able to tune the key anisotropy

dimensions of colloidal building blocks continuously, for example by a simple adjust-

ment of the synthesis parameters. Despite the wide variety of patchy particles available

today, the particle fabrication techniques for synthesis of complex colloids are limited

either in their variability and uniformity of shapes and patchiness, the yields of uniform

particles or the separation of particles from the templates.[12] The yield is usually re-

stricted by either the batch volume or the time consuming separation of different patchy

particles. Here, we present a simple, straightforward technique for making anisotropic,

patchy polymer particles that resemble colloidal molecules.[13] The synthesis allows

for continuously variable anisotropy dimensions: branching, roughness and patchiness,

while maintaining a high yield of the desired colloidal particle type and being scalable

in overall particle size.

Seeded emulsion polymerization techniques have successfully been employed in the

fabrication of various anisotropic polymer particles.[26, 27, 28, 31, 40, 60] Typically,

cross-linked polymer spheres suspended in an aqueous environment are swollen with

hydrophobic monomers, such as methyl methacrylate or styrene. Upon relaxation of

the stretched polymer network the swollen polymer spheres phase separate, yielding

a liquid protrusion consisting of monomer. This relaxation can be induced by tem-

perature elevation as well as long swelling times. The obtained particles were mainly

reported to be dimers,[26, 27, 28, 31, 60, 61] but also popcorn-like [43] and, after

merging of liquid protrusions on different seed particles, colloidal molecules.[33, 53]

Yet, it remains cumbersome to obtain complex particle shapes due to the requirement

of multiple fabrication steps [40, 62], and patchiness is generally not straightforwardly

integrated. Moreover, systematic approaches to fabricate complex patchy particles in

high yields are desirable.
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In this chapter, we employ the controlled formation of multiple protrusions on highly

cross-linked polymer spheres for making uniform anisotropic colloidal particles with

patches in high yields. By increasing the stabilization of the protrusions with sur-

factants, intra- and inter-particle merging of the liquid protrusions is controlled, and

gradually one, two, three or multiple protrusions are obtained. Adsorption of sec-

ondary nucleated particles on the seed particle surface adds ”roughness” to the ob-

tained particles in contrast to the smooth protrusions. Employing depletion interac-

tions may lead to site-specific attraction between the patches, as was explored for flat

surfaces.[63, 64, 65, 66] We address the following anisotropies that can be continu-

ously tuned: (1) Branching, or, the number of protrusions on the particle surface. (2)

Patchiness, which can be induced in two ways: (a) chemically different materials for

the seed particles and the protrusions, and, (b) roughness, that is the relative size of

the adsorbed secondary particles to the smooth protrusions. (3) Size and material:

the generality of our synthesis method is demonstrated by use of polyNIPAM (poly-

N-Isopropylacrylamide), polystyrene and magnetite filled polyNIPAM seed particles of

different sizes. PolyNIPAM particles are temperature sensitive microgels that decrease

in size above a specific volume phase transition temperature.

4.2. Materials and Methods

4.2.1. Seed Particle Synthesis

polyNIPAM spheres

We synthesized several batches of cross-linked polyNIPAM spheres for use as seed par-

ticles. PolyNIPAM spheres of 581 and 945 nm (at 25◦C) were made according to

the method described by Pelton and Chibante. [67] In a typical synthesis, 1.4 g of N-

Isopropylacrylamide (NIPAm, Aldrich, 97%) and 40 mg of N,N′-Methylenebisacrylamide

(BIS, Sigma, for electrophoresis >98%, corresponding to a cross-linking density of 2.9

% w/w) were dissolved in 100 mL of water (Millipore) in a 250 mL three necked flask.

This mixture was heated to 70◦C under nitrogen flow and left to stir for 1 hour before

adding 40 mg of Potassium persulfate (KPS, Acros Organics, 99+%) to initiate the

reaction. The mixture was left to react for 3 hours. The resulting dispersion was cen-

trifuged and redispersed in water at least three times before use. polyNIPAM particles

of 256 nm (3% w/w cross-linking density) and 327 nm (2.5% w/w cross-linking density)

were grown by adding sodium dodecyl sulphate (SDS, Brunswig) to an otherwise similar

reaction mixture.[68] The resulting dispersions were dialyzed against Millipore water

for four days, during which the dialysate was exchanged four times. The diameter of

the final polyNIPAM spheres as a function of temperature as measured by Dynamic

Light Scattering is shown in Figure 4.1.
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Figure 4.1. Dynamic Light Scattering measurement of polyNIPAM colloidal
size as a function of temperature for different polyNIPAM spheres.

Magnetite filled polyNIPAM spheres

Magnetite filled polyNIPAM particles were prepared using the method described by

Zhang et al. with minor modifications.[69] In the first step, polyNIPAM particles were

prepared by dissolving 1.0 g of NIPAM, 14 mg of BIS, 32 mg of SDS and 0.3 mL of

acrylic acid (AA, Sigma-Aldrich, 99%) in 95 mL of water. This mixture was heated to

70C under nitrogen flow and left to stir for 1 hour before adding a solution of 22 mg of

KPS in 5 mL water (8 mM in reaction mixture) to initiate polymerization. The mixture

was left to react for 3 hours and subsequently purified by dialysis overnight. 13 mL of

the resulting dispersion was diluted to 200 mL with water and the pH was increased by

addition of 1 M potassium hydroxide solution (KOH, Merck, p.a.) solution, until the

pH was 7. Then, 1.05 g of iron sulphate (FeSO4 · 7 H2O, Merck, p.a.) was added and the

mixture was left to stir overnight. The resulting mixture was dialyzed under a nitrogen

atmosphere, and added to a round bottom flask equipped with a mechanical stirrer.

0.109 g of sodium nitrite (NaNO2, Sigma-Aldrich) was added, and subsequently 12.5

mL of 25% ammonia solution (Acros Organics, p.a.) was quickly added under vigorous

stirring. This mixture was stirred for 3 hours, after which the particles were rinsed

by repeated centrifugation and redispersion in water. The final particle suspension

consisted of 597±61 nm diameter polyNIPAM spheres with magnetite particles. For a

transmission electron micrograph of the seed spheres, see Figure 4.2.

Cross-linked polystyrene spheres with different vinyl acetate coating den-

sities

Polystyrene particles cross-linked with 18% w/w divinylbenzene (DVB, Aldrich, 55%

mixture of isomers, undistilled) were synthesized as described in Chapter 2 according

to Mock et al. [28]. The polystyrene spheres were 226.5 nm ±7.9% in diameter as
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1µm

Figure 4.2. Transmission electron micrograph of magnetite filled polyNIPAM
seed particles. Due to the large contrast difference between polyNIPAM and
magnetite, the polyNIPAM is hardly visible compared to the magnetite col-
loidal particles.

measured by TEM. After synthesis, dialysis against demiwater was performed for 5

days during which the dialysate was changed 6 times.

A hydrophilic coating of vinyl acetate was applied to aliquots of this cross-linked

polystyrene dispersion at different coating densities as described in Chapter 2 and ref.

[28]. We applied a nominal surface coating density, σ = V A · 3.610−21 g/nm2, with V A

varying between 1 and 10. After coating, the particle suspensions were dialyzed against

demi-water for 24 h with the dialysate being changed 4 times.

4.2.2. Synthesis of Anisotropic Patchy Particles

polyNIPAM seed particles

Typically, 5 mL of a 1% w/w solution of colloidal polymer spheres was swollen with 143

µL distilled styrene and 129 µL aqueous sodium dodecyl sulfate (SDS, 32 mg/mL water)

at 25 or 32◦C (polystyrene and polyNIPAM, respectively) for 24 h. For polyNIPAM,

the swelling temperature was chosen around the volume phase transition temperature

[67] to enhance swelling with the hydrophobic monomer. For polyNIPAM sizes as a

function of temperature, see Figure 4.1. After heating to 80◦C for 30 minutes, initiation

was induced by addition of 460 µL of 20 mg/mL azobisisobutyronitrile (AIBN, Aldrich)

in styrene, and allowed to continue for 24 h. Variations to the synthesis were carried

out as described in the text. Before imaging, the colloidal samples were washed by

repeated centrifugation to remove secondary particles nucleated during synthesis.

Polystyrene seed particles

Typically, 2 mL of a 1% w/w suspension of vinyl-acetate coated polystyrene seeds was

swollen with varying amounts of styrene in the presence of SDS for 24 h. We define the
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Figure 4.3. Schematic of the synthesis technique and systematic influence of
several factors on the resulting patchy particles.

relative amount of styrene with the swelling ratio, S = mstyrene/mpolymer, and the SDS

concentration in multiples of the cmc, that is, ccmc = 2.6 mg/mL. Then, 0.88 mL of a

0.32 g/mL aqueous hydroquinone suspension was added and the vial was immersed in

a constant temperature bath at 80◦C. Initiation was induced by addition of 0.12 mL of

a 2% w/v AIBN in in styrene, and allowed to continue for 24 h.

4.2.3. Characterization

Diluted samples of colloidal dispersions were imaged using a scanning electron mi-

croscope (SEM XL FEG 30) or a transmission electron microscope (TEM, Technai

12, Philips). For SEM the colloidal particles were sputter coated with 4 nm plat-

inum/palladium prior to imaging.

4.3. Results and Discussion

4.3.1. Branching Anisotropy

A schematic illustration of our synthesis technique is depicted in Figure 4.3. The

cross-linked polymer seed particles suspended in an aqueous environment are swollen

for 24 hours with a hydrophobic monomer, styrene, in the presence of sodium dode-

cyl sulfate (SDS). We define the swelling ratio to be the monomer mass added to the

unswollen seed particle mass, or, S = mmonomer/mpolymer. The swelling of the poly-

mer sphere creates a visco-elastic stress on the polymer network, which can be released

by phase separation of the previously taken up monomer into one or more liquid pro-

trusions attached to the seed particles. The liquid protrusions can be prevented from

merging by employing surfactants, which decrease the driving force for fusion by low-

ering the interfacial tension. Relaxation of the polymer chains strongly depends on the

temperature as well as the swelling time [26, 30], but also on the internal seed particle

morphology. A higher cross-linking density in the seed particle network was shown to
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lead to the formation of multiple protrusions after network relaxation. [26, 27] This

was attributed by Sheu et al. to inhomogeneities in the network, which tend to localize

the contraction force during swelling. [26] Until now, the number and position of the

multiple protrusions was rather uncontrolled and the formation of more than one pro-

trusion therefore undesirable. Here, we demonstrate how we can control the number

of protrusions by controlling their stability against fusion with the concentration of

anionic surfactant.

After formation of multiple protrusions on the surface, the interfacial tension between

the droplets and the aqueous phase determines the driving force for merging. The larger

the interfacial tensions, the larger the surface free energy and the stronger the driving

force to minimize the total interfacial area (Figure 4.3). High surfactant concentrations

prevent the droplets from coalescing, thus yielding raspberry- or popcorn-like parti-

cles. At lower surfactant concentrations, first, multiple protrusion appear during phase

separation as well, but subsequently fuse into less droplets driven by interfacial energy

(Figure 4.3). For very low surfactant concentrations, a single protrusion is formed even-

tually. At slightly higher surfactant concentrations, the polymer particles develop two

protrusions, and with increasing surfactant concentration a gradual transition from sin-

gle, to double, triple and multiple protrusions occurs. Scanning electron micrographs

of polyNIPAM particles exhibiting one, two, three, or multiple protrusions are shown

in Figure 4.4A-D. Note, that the smaller spherical particles visible in the electron mi-

crographs are not due to unfused protrusions, [70] but originate from adsorption of

secondary particles nucleated during polymerization onto the seed particles as proven

below. Thereby, the seed particles can easily be distinguished from the larger protru-

sions. The assignment of ”seed” and ”protrusions” to the respective parts of the particle

will be explained later.

The gradual change of the fractions of monomers, dimers and trimers with the sur-

factant concentration, independent of the seed particle size, is shown in Figure 4.4F.

The different number of protrusions at equal surfactant concentrations can be ascribed

to the higher cross-linking density of the smaller 256 nm polyNIPAM particles. At

a SDS concentration of 0.83 mg/mL formation of multiple protrusions was observed.

Similar observations of a gradual transition from one to multiple protrusions were made

for larger polyNIPAM seed particles, and polystyrene spheres (Figure 4.5). Figure 4.5

shows that the transition from no clearly discernible (Figure 4.5A) or one (Figure 4.5B)

to multiple protrusions occurs with increasing surfactant concentrations. The differ-

ence between Figure 4.5 A and B lies in the coating density of the seed particles. The

seed particles displayed in Figure 4.5A has a nominal vinyl acetate coating of V A = 2

(where V A is defined through the surface coating density σ = V A×3.6·10(−21)g/nm2),

whereas in Figure 4.5B a coating of V A = 6 was applied. Clearly, the number of pro-

trusions on polystyrene seed particles is increasing with a higher coating density of the
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seed particle surface with vinyl acetate. Most likely, the polyvinyl acetate polymers

grafted to the seed particle surface are stabilizing the liquid protrusions, analogous to

the surfactant SDS, and therefore, a higher coating density has a similar effect on the

number of protrusions as an increased SDS concentration. Again, the transition from

single to multiple protrusions occurs gradually with an increasing vinyl acetate coating

density, see Figure 4.6D.

By careful adjustment of the synthesis conditions, the number of protrusions, or the

degree of branching, and therefore, the particle shape can be selectively chosen to be

uniform. The anisotropy dimension ”particle branching” can be smoothly tuned ”to-

order” by the surfactant concentration, while still maintaining high particle yields of

over 90% selectivity in shape (Figure 4.4).

4.3.2. Chemical Anisotropy

On top of the branching anisometry of the particles, patchiness is induced in two ways:

firstly, by a different chemical composition of the protrusions, namely polystyrene, and

the seed polyNIPAM particle. Transmission electron micrographs of double protruded

particles of 945 nm show a clear contrast between the center and the protrusions (Fig-

ure 4.7A), indicating chemically different compounds. Yet, the contrast of the center is

darker than what is commonly observed for polyNIPAM particles, indicating the pres-

ence of linear, non cross-linked polystyrene molecules. Before polymerization of the pro-

trusions, we infrequently observe fusion of protrusions of different seed particles[33, 53]

yielding intriguing angled colloidal particles such as shown in Figure 4.7B and C. The

contrast difference in electron microscopy together with the observation of inter-particle

fused protrusions corroborates our assignment of ”protrusions” and ”seed particle” to

the respective parts of the anisotropic particles.

4.3.3. Patchiness through Roughness Anisotropy

Secondly, patchiness can also be integrated into the surface properties of the parti-

cles: in excess of surfactant, secondary particles nucleate in the aqueous phase during

polymerization, and subsequently adsorb at the polyNIPAM seed surface uncovered

by the protrusions. The adsorbed smaller secondary particles render the center of the

anisometric particles rough, in contrast to the smooth protrusions (Figure 4.4 and Fig-

ure 4.9). Adsorption of secondary particles in contrast to, for example, formation of

smaller protrusions is convincingly supported by electron micrographs of unwashed col-

loidal dispersions (Figure 4.11F). The size ratio of the roughness and the protrusions

can be altered by the initiator and the surfactant concentration, as well as the amount

of swelling monomer. Higher initiator concentrations induce more radicals upon heat-

ing, and therefore smaller secondary particles, that is, less roughness (Figure 4.9B).

Similarly, higher surfactant concentrations lead to smaller secondary particles.
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Polystyrene seed particles

PolyNIPAM seed particles

500nm 500nm

C D
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Figure 4.4. The number of protrusions, or patches, can be systematically
changed from A) one to B) two, C) three or D) multiple by increasing the sur-
factant sodium dodecyl sulfate (SDS) concentration. Here, 7.5 µL styrene per
mg polyNIPAM was used. Note that the seed particles are covered with sec-
ondary nucleated particles, whereas the protrusions are smooth larger spheres.
E) If only 2.5 µL styrene per mg polyNIPAM is used for swelling, many more
small protrusions occur at the same surfactant concentration as in B). F) Sta-
tistics for gradual transition from single to triple protrusions with surfactant
concentration. Two different seed particles of 327 and 256 nm have been em-
ployed as indicated. Scalebars in the insets are 100 nm.
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Figure 4.5. The number of protrusions, or patches, on highly cross-linked PS
spheres is influenced by the SDS concentration during synthesis. A) PS seed
particles with vinyl acetate coating V A = 2, and B) V A = 6, and swelling
ratio S = 7. Scale bars are 300 nm.

Integration of roughness in the particles is an option: by reducing the surfactant

concentration nucleation of secondary particles can be suppressed as shown exemplarily

for polyNIPAM seed particles of 945 nm in 4.12D. Equivalently, addition of an inhibitor

in the aqueous phase may be employed.

The larger the volume of the swelling monomer is compared to the volume of the

polymer particles, the larger the protrusions after phase separation are, limited by the

maximum swelling volume of the seed particles. When polyNIPAM spheres of 256 nm

diameter are swollen with 2.5 µL styrene per mg particles, they exhibit multiple, on

average 5.7±1.4, small protrusions (Figure 4.4E) after phase separation. Increasing the

swelling volume leads to fusion of the protrusions on the surface during phase separation,

possibly due to steric hindrance at the interface. Interestingly, larger swelling volumes

(≥ 5 µL) lead to two protrusions at these synthesis conditions, independent of the exact

swelling amount (Figure 4.4C and 4.11).

Polystyrene seeds show this effect of fusion of the protrusions of one seed particle even

more clearly. Figure 4.6 A and B show colloids obtained for A) swelling ratio S = 2,

and B) S = 7 at different vinyl acetate coating densities. Especially for higher coating

densities (V A = 6, 8), the number of protrusions decreases for higher swelling ratios.

The decrease is due to fusion of the initially multiple protrusions on the surface, because

they cannot all be accommodated on the seed particle surface at a larger protrusion

size.

When increasing the swelling of 327 nm polyNIPAM seeds from 2.4 µL to 21.45 µL

styrene per mg seed particles the size of the single and double protrusions increases

from 240 ± 11 nm to 314 ± 11, and from 205 ± 14 nm to 267 ± 15 nm, respectively.
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Figure 4.6. SEM images of colloids obtained by variation of the coating
density of the seed particles with vinyl acetate, and swelling ratio A) S=2
(SDS concentration cSDS = 1.1× cmc, where ccmc=2.36 g/L) , B) S = 7
(cSDS = 1.1×cmc) and C) S = 7 (cSDS = 2.0×cmc). D) The fractions of
colloidal particles with N protrusions are continuously tunable by the coating
density (S = 2, cSDS = 1.1×cmc).

Despite the ninefold increase in swelling volume, the protrusion volume only doubles,

indicating a maximum swelling volume of the seed particles. Excess styrene is converted

into secondary nucleated particles, whose average size depends on the amount of styrene

present in the system (Figure 4.9C and 4.11). At very large styrene volumes popcorn-

like colloidal particles are obtained again, though two main protrusions may still be
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Figure 4.7. A) TEM reveals that polyNIPAM spheres of 945 nm with two
polystyrene protrusions consist of chemically different seeds (center) and pro-
trusions. The lower contrasts is evidence of polyNIPAM, whereas the higher
contrast indicates polystyrene. B) Before polymerization, the still liquid
styrene protrusions may undergo interparticle fusion, into complex angled col-
loidal molecules. C) SEM micrograph of two fused double protruded particles.

discerned. Note also that the volume of two double protrusions is 1.07 times the volume

of a single protrusion, corroborating the formation of one or multiple protrusions from

the same swelling volume per seed particle. For calculating these numbers we assumed

spheres for single protrusions, and spherical caps for double protrusions.

Therefore, the anisotropy dimension ”surface roughness” is continuously tunable with

the initiator and surfactant concentration, and yield particle patchiness together with

the smooth protrusions. In combination with depletion interaction induced by polymers

smaller than the roughness dimension, site-specific interactions can be induced, see also

Chapter 6.[65, 66, 63, 64]

Highly cross-linked polystyrene seeds turned rough during the synthesis of the multi-

ple protrusions without adsorption of secondary nucleated particles. A possible reason

for this may be unreacted cross-linkers in the seed particles that lead to local crimp-

ing of the seed particles after the protrusion synthesis. We can utilize this by making

colloidal molecules with rough seed particles and smooth protrusions, as depicted in

Figure 4.8. Roughness can also be introduced by employing rough seed particles in the

synthesis (see Chapter 6).

4.3.4. Versatility of the method

Due to its underlying generality the technique can be applied to a wide variety of

seed sizes and materials given significant cross-linking of the polymer network to induce

multiple protrusions. To demonstrate the versatility of our fabrication method, we

used 256, 327, 581, and 945 nm polyNIPAM spheres, as shown in Figures 4.9 and 4.12.

The anisotropic colloids obtained for all seed sizes exhibited the smoothly changeable

anisotropies upon variation of the synthesis conditions as described above. An overview

of representative shapes obtained for different seed particles can be found in Figure

4.12. First experiments on magnetite filled polyNIPAM seed particles show that also
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Figure 4.8. By fusion of their liquid protrusions, the highly crosslinked
polystyrene seeds can also form colloidal molecules. SEM images show col-
loidal molecules from N = 1−4 fused protrusions with the rough seed particles
arranged symmetrically at the outside (S=7, V A=4, cSDS = 4×cmc). Scale
bar is 300 nm.

100nm

Roughness (Styrene increase)

Branching (SDS increase)

Roughness (AIBN decrease)

200nm

100nm

A

B

C

Figure 4.9. Continuously changeable anisotropy dimensions: A) Branching
of the particles, or the number of protrusions, by increasing the SDS concen-
tration (256 nm pNIPAM seeds, see also Figure 4.4 for SEM images). Scale
bar is 100 nm. B) Site specific roughness induced by adsorption of secondary
particles onto the center: variable by the AIBN concentration (20 mg/mL left
to 4 mg/mL right; 327 nm pNIPAM seeds) or C) styrene concentration (2.5,
5, 10 and 15 µL styrene per mg pNIPAM; 256 nm pNIPAM seeds).
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Figure 4.10. TEM micrographs of magnetite containing polyNIPAM seed
particles with A) one polystyrene and B) multiple polystyrene protrusions.
C)TEM micrograph of magnetite filled polyNIPAM colloids with multiple
styrene protrusions dried in the presence of a magnet. Arrow indicates di-
rection of the magnetic field.

magnetic anisotropy can be integrated (Figure 4.10A and B). The polyNIPAM cores

contain significantly more magnetite particles compared to the protrusions. Note that

again the polystyrene protrusions (grey spheres in Figure 4.10 A and B) have a much

stronger contrast than the polyNIPAM seed particles, making them in fact invisible

except for the magnetite particles located inside them. Hence, in Figure 4.10A the

lower grey sphere is associated with the polystyrene protrusion, whereas the sphere

consisting of small magnetite particles is associated with the polyNIPAM seed particle.

In Figure 4.10 B, multiple polystyrene protrusions are located around the polyNIPAM

seed particle, which again is not visible due to the low contrast. The magnetite particles

at the center of the colloid allow for assignment of the center as the polyNIPAM seed

particle.

When a diluted sample is dried on top of a magnet, the particles align centered along

the field direction (Figure 4.10C). Magnetic anisotropy opens up the possibility to guide

assembly of the particles by combining magnetic fields as well as patchy interactions.

We are confident that the synthesis can easily be extended to other polymer particles

and sizes.

4.4. Conclusions

In summary, we presented a new method to make anisotropic polymer particles in

a simple one step synthesis based on the formation of multiple protrusions by seeded

emulsion polymerization. Changing the stabilization of the protrusions by the amount

of surfactant allows for control over the final number of protrusions, or branching anisot-

ropy of the particles. The adsorption of smaller polymer particles during polymerization

onto the uncovered polyNIPAM cores adds roughness to the complexity of the obtained

colloidal particles. The relative roughness can be continuously altered by the initiator
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Figure 4.11. TEM and SEM pictures of anisotropic colloids obtained from
256 nm polyNIPAM seed spheres at increasing styrene volume (A-E). Swelling
concentrations in µL styrene per mg polyNIPAM used were A) 2.5, B) 5, C)
and F) 10, D) 15 and E) 25. For low swelling ratios multiple small protrusions
are observed. Upon growth of the protrusions at larger styrene volumes, the
number of protrusions remains two independent of the styrene volume, while
the secondary nucleated particles that attach at the pNIPAM center grow in
size. F) TEM micrograph of sample as obtained from solution. Secondary
nucleated polystyrene particles visible in the left bottom corner of the image
agree in size with the smaller spherical particles attached to the polyNIPAM
seeds between the protrusions.
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Figure 4.12. SEM micrographs of anisotropic colloids obtained from swelling
different seed particles with styrene.

and surfactant concentration and the amount of swelling monomer. Chemical anisot-

ropy is integrated through polyNIPAM centers and polystyrene protrusions. Unique

for this synthesis is the high yield in combination with the control over the particle

topology. The generality of the approach has been demonstrated by using different

sizes of cross-linked polyNIPAM, polystyrene and magnetite filled polyNIPAM as seed

particles, and should be easily extendable towards other polymer particles.
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5
Bottom-up Assembly of Solid-Stabilized

Emulsions by Fusion of Liquid Protrusions

on Polymer Particles

Abstract
We investigate the self-assembly of colloids with liquid protrusions over long
times. Fusion of the liquid protrusions of many colloidal particles leads to
the formation of droplets with colloids attached to the interface, also called
Pickering emulsions. We can follow this ”bottom-up” assembly into micron-
sized emulsion droplets by employing fluorescent colloidal polystyrene particles.
The size of the emulsion droplets can be described by the mechanism of the
assembly process: the droplet radius of N merged liquid protrusions scales with
N times the volume of a liquid protrusion, and the wetting properties of the
colloidal spheres. The colloids on the interface are found to be arranged in a
hexagonal fashion with excess disclinations present for stress relief. We explore
the possibilities of a self-sharpening process in the droplet size distribution from
geometric considerations, and experimentally by employing in situ sectioning
of polymerized emulsion droplets as well as assemblies where the droplet has
been removed. In the latter case we find collapsed spherical clusters consisting
of jammed particles for small N , and shells consisting of multiple layers of
particles.

55
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5.1. Introduction

Self-assembly of colloidal particles at oil-water interfaces is driven by the large ener-

gies associated with the reduction of the energetically unfavorable bare oil-water inter-

face. This assembly process can be utilized to stabilize fine dispersions of oil droplets in

water, and vice versa, with colloidal particles. [72, 73, 74] Stability against coalescence

is provided by the mechanical barrier formed by the particles, but is only of kinetic,

and not thermodynamic nature. Hence, for the formation of most solid-stabilized emul-

sions, also called Pickering emulsions, a fine dispersion of one phase into the other has

to prepared by mechanical means, such as shaking or shear, before colloidal particles

can adsorb at the droplet interface. This ”top-down” approach of emulsion forma-

tion is limited by the minimum droplet size obtainable from mechanical methods, and

generally is in the size range of tens of microns.

Assembling Pickering emulsions from ”bottom-up” opens up the possibility of ac-

cessing a much smaller size range, and, with it, applications for the smaller emulsion

droplets. Examples include the fabrication of hierarchical colloidal particles for use in

colloidal assembly,[75, 76, 77] or as a template for making capsules with controlled

permeability. [78, 79, 80] Starting from cross-linked polystyrene spheres with liquid

protrusions [33, 53], we prepare Pickering emulsions by fusion of the liquid protrusions.

We investigate the arrangement of colloidal particles at the interface, and the droplet

size as a function of synthesis parameters. We also present first studies on preparing

multi-layered micron-sized shells by removal of the droplet template.

5.2. Experimental

5.2.1. Rhodamine labelled polystyrene colloids

Cross-linked vinyl-acetate coated polystyrene spheres 222 nm in diameter were syn-

thesized as described in the experimental section of Chapter 2. Five milliliter of this

polystyrene suspension was swollen with 0.5 mL 1 mM rhodamine B in dichloromethane

(CH2Cl2, Acros Organics) and 1.0 mL 17 mg/g aqueous sodium dodecylsulfate (SDS,

Prolabo) for 3 days while stirring with a magnetic PTFE bar. Then, the suspension

was continued stirring with an open cap for 6 h to evaporate the CH2Cl2. Polystyrene

colloids with rhodamine dye were obtained.

5.2.2. Bottom-up assembly of Pickering emulsions and Shells

Typically, an 0.5 mL aliquot of the polystyrene dispersion was swollen with styrene

at various swelling ratios S = mstyrene/mpolystyrene and 0.4 mL 17 mg/g aqueous SDS

for 24 h. The swollen seed dispersion was subsequently heated to 80◦C for 2h to induce

the formation of liquid protrusions, and then stirred at room temperature to induce

coalescence of the liquid protrusions. The samples were either polymerized to obtain

solid Pickering emulsions, or injected in EtOH for removal of the emulsion droplet.
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N x

Vseed

Vprot
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Rliquid

Vexcl

Rseed

PolymerizationRemoval of
liquid core

Figure 5.1. Schematic drawing to illustrate the ”bottom-up” assembly of
Pickering emulsions by fusion of protrusions on polystyrene seed particles. The
liquid droplets with seed particles attached to the interface, can be polymerized
for imaging with electron microscopy. Alternatively, the liquid template may
be removed to obtain shells made from the polymer seed particles.

Polymerization of the samples was initiated by 40 µL azoisobutyronitril (AIBN, 0.02

g/mL styrene) per mL particle suspension. For removal of the liquid core, 100 µL of the

swollen, heated, and coalesced suspension was injected in 10 mL EtOH. Alternatively,

an aliquot of the sample was left stirring with the cap of the flask removed to evaporate

the styrene for one week. To enhance the stability of potential shells of colloidal particles

formed by removal of the liquid droplet, samples were also stored in an autoclave above

the glass transition temperature of polystyrene at 110◦C for 30 minutes. The obtained

clusters were sedimented by gravity and redispersed in water several times.

5.2.3. Characterization

Scanning electron microscopy Samples of diluted polymerized particle disper-

sions were dried on polymer-coated copper grids, and sputter coated with 4 nm plat-

inum/palladium prior to imaging with a scanning electron microscope (SEM XL FEG

30, Philips).

(cryo-) Focused Ion Beam - Scanning Electron Microscopy (FIB-SEM)

Copper grids with dried particle dispersions were imaged at room temperature with a

focused ion beam - scanning electron microscop (Nova Nanolab 600, FEI, Netherlands).
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The samples can be gradually sectioned in situ with a focused ion beam (FIB), and sub-

sequently imaged by (high resolution) scanning electron microscopy (SEM). Sectioning

conditions used were 30kV, 0.3 nA for the rough cut, and 5 kV, 0.12 nA for the final

polishing step.

For preparing aqueous samples for cryo-FIB-SEM, droplets of the suspension were

placed in between two copper rivets (dimensions 4.5 x 3 mm, BAL-TEC AG, Liechten-

stein, sealed by Tissue-Tex), and plunge-frozen in LN2 (liquid nitrogen) slush. Samples

were then transferred under vacuum to the cryostatic preparation chamber (Quorum

Technologies, PP2000T, United Kingdom). In the preparation chamber a fractured

surface was created at -160◦C by breaking off the copper rivet. The surface is coated

with platinum for 60 s under argon atmosphere. After increasing the temperature to

-140◦C, the samples are transferred to the cryo stage in the microscope chamber, where

they can be sectioned with FIB and imaged with SEM. Sectioning conditions used were

30kV, 0.3 nA.

5.3. Results

5.3.1. Bottom-up Assembly of Pickering emulsions

Clusters assembled through fusion of liquid protrusions on seed particles are not

limited to aggregates of a few seed particles as described in Chapters 2 and 3, but may

grow into micron-sized droplets with solid seed particles attached at the interface. For

more details on the formation of liquid protrusions on polymer particles, see Chapters

2, 3 and 4. Given that the liquid protrusion carried by each seed particle is sufficiently

large, a substantial number of seed particles can be accommodated at the interface of

the droplet created by merging of their respective liquid protrusions (Figure 5.1). The

resulting particle-covered droplets are in fact Pickering emulsions (see also Chapters 7,

8 and 9, [72, 73]) assembled in a ”bottom-up” fashion. Contrary to Pickering emulsions

described in Part 3, these ”bottom-up” Pickering emulsions are not thermodynamically

stable, and may be at most kinetically stabilized against coalescence by the dense layer

of polystyrene spheres at the interface.

We can follow the assembly of these large objects directly with confocal microscopy

by employing rhodamine swollen polystyrene spheres as seed particles. Before and

after swelling with styrene, the 220 nm seed particles are barely visible with confo-

cal microscopy, as shown in Figure 5.2A and B, respectively. The absence of larger

fluorescent objects indicates that assembly has not commenced yet, and hence, that

protrusions are only induced on the seed particles after heating to 80◦C. Indeed, after

heating the swollen samples for 2 h, micron-sized fluorescent objects are visible by con-

focal microcopy (Figure 5.2C). Polymerization of the merged styrene droplets allows

for direct imaging of the Pickering emulsion droplets with a scanning electron micro-

scope (Figure 5.1). Examples of the solidified particle-stabilized emulsions are shown
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Confocal microscope images: A) Fluorescent polystyrene seed particles; B) After swelling the 
seed particles with styrene for 24h hours; C) and D) After swelling, heating and 2 h of 
coalescence fluorescent objects of up to several microns are observed. E) and F) After 
evaporation of styrene spherical fluorescent objects remain. However, no conclusion can be 
drawn whether they are hollow or not. 

A

C D

D

F

C

B

B

E

Figure 5.2. Confocal microscope images of A) polystyrene seed particles con-
taining rhodamine dye, B) fluorescent polystyrene spheres swollen with styrene
for 24 h, C) styrene swollen and heated polystyrene seeds after 2 h coalescence
time, D) after evaporation of styrene for a week.

in Figure 5.3. The small spheres partially emerging from the large spherical assembly

are the seed particles. The larger sphere, which they are attached to, is made up of the

merged protrusions.

This assignment of seed particles and merged protrusions is supported by sectioning

through polymerized Pickering emulsions with a focused ion beam (FIB), which allows

for a look inside the spherical assemblies. We found the inside to be solid and made up of

a material comparable to that of the adsorbed seed particles (Figure 5.3, right column),

which is deduced from the low contrast between the seed particles and the droplet. The

latter is of course no surprise since the polystyrene seed particles were swollen with

styrene to induce the liquid styrene protrusions. After merging into larger droplets,

polymerization converts the styrene emulsions to polystyrene. The low contrast makes

a distinction between seeds and droplet on the inside very difficult. From SEM images,

we can nevertheless investigate the arrangement of the seed particles at the interface.
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Figure 5.3. Polymerized Pickering emulsions from bottom-up assembly by
merging of liquid styrene protrusions on polystyrene seed particles. Three
examples of emulsion droplets before (left) and after (right) sectioning by a
focused ion beam. Scale bar is 1 µm in A) and B), and 2 µm in C).

5.3.2. Seed Arrangement on the Droplet Surface

As can be seen in the left column of Figure 5.3, the seed spheres adsorbed at the

interface of the fused protrusions are partially immersed in the liquid droplets, with

only a small cap exposed to the aqueous phase. At high densities of seed colloids at

the surface, the particles even touch inside the liquid droplet. Although there is still

interfacial area unoccupied, adsorption of another seed particle and protrusion is then

prevented, unless the energy costs for deformation of the spherical droplet interface are

lower than the gain in energy by the adsorption. Even more so, in small aggregates,

the colloidal spheres were found to partially overlap after polymerization (Figure 3.5).

For highly covered droplets as shown in Figures 5.3 and 5.4A, the seed particles are
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Figure 5.4. Short range order is visible at high swelling ratio. Scanning
electron micrographs: A) Polymerized Pickering emulsion droplet with seed
particle positions specified by crosses. B) Voronoi construction from image in
A). Number of nearest neighbors are indicated by color: 5, green; 6, black; 7,
red; 8, purple. Excess dislocations in chains of 5-7-5-7... defects are visible
and known to reduce elastic strain. C) Nearest neighbor angle distribution of
seeds on the interface.

ordered at the interface. To quantify this short range order, the seed positions are

determined, and from that the nearest neighbor angle distribution of the spheres in the

center of the 2D projection is calculated. Six peaks with an average distance of 60±3.6◦

confirm hexagonal arrangement of the seed particles (Figure 5.4C). Furthermore, there

are chains of excess dislocations in the form of 5-7-5-7-..-5 defects visible in the Voronoi

plots besides single five fold disclinations. These excess dislocations are expected for

systems with Rliquid/(interparticle spacing) > 5 (5.4C)[81] and known to relieve elastic

strain on the surface by forming high angle grain boundaries [82].

In Chapter 3, we showed that electrostatic repulsion between the charge-stabilized

spheres was negligible compared to depletion induced by polymerization of the droplet.

This was deduced from observations on colloidal molecules (Figure 3.6) and sparsely
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covered emulsion droplets (see Figure 3.9). There, the seed particles are not found at

maximum distance from each other after polymerization, but in cluster at the interface

that exhibit local short-ranged ordering. However, before polymerization, together with

surface packing constraints electrostatic repulsions may still play a role [83, 84] in the

seed arrangement at the interface.

5.3.3. Droplet Size as a Function of the Number of Integrated Seed Particles

and Swelling Ratio

The ”bottom-up” assembly process for these Pickering emulsions implies that the

droplet size is set by the number of merged protrusions, the swelling ratio S, and

the wetting angle of the colloidal seed particles. We assume that each integrated seed

particle contributes a volume Vprot = S·Vseed, where Vseed is the volume of a seed particle,

to the central liquid core (see also Figure 5.1). Then, for N assembled particles and

protrusions, the total liquid volume of the fused protrusions is given by

Vliquid = N · S · Vseed. (5.1)

Furthermore, the volume that the immersed part of the seed particles takes up in the

liquid core can be approximated by a spherical cap as:

Vexcl ≈ N · π
3
R3
seed (2− z) (1 + z)2 if N � 1, (5.2)

where z is the immersion depth of the seed particles into the liquid droplet normalized

to the seed radius Rseed. Hence, an expression for the radius of the particle-covered

droplet as a function of the swelling ratio S and number of integrated seeds, N , is:

Rliquid =
3

4π
(Vliquid + Vexcl)

1/3 (5.3)

≈
(

3

4π
N
)1/3 [

SVseed +
π

3
R3
seed(2− z)(1 + z)2

]1/3

(5.4)

Rliquid/Rseed = N1/3 ·
[
S +

1

4
(2− z) (1 + z)2

]1/3

. (5.5)

To determine the total number of seed particles adsorbed onto a droplet, we scale

the number of particles visible on SEM micrographs with the surface on which they are

located to the surface of the droplet, presuming that the coverage with seed particles

is homogeneous.

Experimental data for vinyl acetate coated CPS Pickering emulsions (z = 0.16) is in

good agreement with this simple model as presented in Figure 5.5), despite the fact that

the nominal swelling volume calculated from the swelling ratio does not equal the actual

volume of the single protrusions. However, in the course of the experiment, monomer

taken up by the liquid droplets due to diffusion compensates for the initial shortage.

The good quality of the fit is another indication that the solid-stabilized emulsions form

by merging of liquid protrusions.
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Figure 5.5. The emulsion droplet size can be described as a function of the
swelling ratio, S, and the number of swollen seeds, N , by Rliquid/Rseed =
[N · (S + ∆)]1/3, where ∆ = 1/4·(2−z)(1+z)2. Experimental data shown is for
droplets covered with vinyl acetate coated polystyrene spheres of Rseed = 111
nm and z = 0.16.

5.3.4. Self-Sharpening Droplet Size

Furthermore, qualitative observations were made with respect to the maximum size

of the colloidal assemblies. Small liquid protrusions limit the number of seed particles

that can attach to the interface of the merged droplets. Hence, for low swelling ratios

mainly monomers, dimers and trimers were found. On the other hand, large liquid

protrusions can form droplets stabilized by many seed particles. Considering that the

droplet surface grows with the number of seed particles N2/3, while the area occupied by

the seed particles increases with N , we conclude that the system cannot grow beyond a

critical size Nmax. At this maximum number of integrated seed particles, the following

condition has to be fulfilled:

NmaxAsphere,excl = σAliquid, (5.6)

where Asphere,excl is the interfacial area covered by one seed sphere, Aliquid is the total

surface of the droplet of merged liquid protrusions, and σ is the maximum surface

coverage, defined as the surface area occupied by seed particles divided by the total

surface area of the droplet. The maximum number of seeds at which no additional

seeds can be integrated is thus given by:

Nmax = 4σ3 · (z2 − 1)−3 ·
(
2 + 4S − 3z + z3

)2
. (5.7)
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Therefore, we expect this bottom-up self assembly process to be self-sharpening in the

droplet size distribution. [85] Quantitatively, we indeed observed that larger protrusion

as well as longer assembly times promote the formation of larger particle-stabilized

droplets. Yet, even after five days of coalescence time, no limiting droplet size could

be found, and often, small clusters of 1-5 colloidal particles were observed next to the

Pickering emulsions droplets with several hundreds of integrated particles. Apparently,

the assembly process furthers the growths of a few large assemblies instead of a uniform

size increase of all clusters.

To investigate this further, we have a taken closer look at the SEM micrographs of

the particle stabilized droplets (Figure 5.3). The colloidal particles at the interface are

immersed in the droplet at different immersion depths, z. The reasons for this variation

in the immersion depth could be an inhomogeneous coating with vinyl-acetate, but

also effects of polymerization. During polymerization, the styrene droplet with density

ρS = 0.909 g/cm3 shrinks upon conversion to the more dense polystyrene (ρPS = 1.05

g/cm3. Styrene is certainly a good solvent for polystyrene, which allows for an overlap

of the polystyrene spheres inside the droplets, as demonstrated in Chapter 3. The

good solubility together with the droplet size decrease during polymerization could

lead to the apparent different immersion depths seen in SEM micrographs. For densely

covered droplets, it could be favorable to immerse some colloids deeper into the styrene

liquid to accommodate more colloidal particles. In the extreme case, some particles

may fully migrate to the styrene phase. However, no indications for this were found in

FIB sectioned polymerized Pickering emulsions, but the low contrast between colloids

and droplet phase make it difficult to find such fully immersed particles. Yet, we can

conclude that the polystyrene particles insufficiently stabilize the emulsion droplets to

halt coalescence at high surface coverages. [85]

5.3.5. Shells and Clusters by Removal of the Liquid Droplet

So far, we have convinced ourselves that the colloidal molecules and Pickering emul-

sions are seed particles organized at the interface of a liquid droplet created by merging

of their liquid protrusions. The liquid styrene droplet, whose size is correlated with the

number of adsorbed seed particles, acts as a template to organize the colloidal spheres.

By injecting of a small quantity of cluster suspension into ethanol, which is a solvent

for both water and styrene, we remove this droplet template. Gradually, the droplet

is dissolved in ethanol, leading to an increased surface coverage, and, eventually to a

collapse of the colloidal layer at the interface into clusters. Confocal microscope images

confirm the presence of spherical assemblies after removal of the template (Figure 5.2).

However, some non-spherical half-moon shaped objects were seen as well. Combined

use of SEM and FIB allows for imaging of the clusters and their insides.
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Intriguingly, assemblies made up of a few hundreds of seed particles become spherical

clusters after removal of the template, with closely packed seed spheres at the surface

(Figure 5.6, left column). However, when we cut the clusters open with a focused ion

beam, we find that they are not hollow, but consist of jammed spheres, see Figure

5.6, right column. Most likely, seed spheres at the interface of the droplet were not

closely packed and collapsed upon removal of the template. For large numbers of seed

particles, hollow spaces are observed in the collapsed structures, that possibly originate

from locally jammed particles that form stable cavities. For even larger assemblies,

extending over more than 5 µm after removal of the liquid droplet, we find hollow

spherical structures, see Figure 5.7. The shell consists of multiple layers of jammed

particles that stabilize the cavity sufficiently to prevent further collapse as observed

for smaller assemblies (Figure 5.6). Hence, the size of the original droplet template,

which is of course connected with the surface coverage with colloids, plays a role in

determining the outcome of the cluster suspensions after the templates were removed.

The larger Pickering emulsions form a more dense coverage with colloidal particles, and

form stable shell-like clusters upon removal of the droplet. Smaller emulsion droplets

were not sufficiently densely covered, and instabilities upon removal of the droplet

template lead to a collapse into spherical, but not hollow, aggregates. From these

observations on hollow spherical structures, we can deduce, that probably no or only

few seed particles migrated to the styrene phase, otherwise we would have found a

particle network inside the larger structures as well.

Stabilization of the colloidal particles while the template is still present may lead

to uniform, single layer shells after dissolution in ethanol. Preliminary experiments on

heating aqueous cluster suspensions in an autoclave above the glass transition tempe-

rature of styrene for 30 minutes, did not improve the shell stability, possibly due to the

fat that the layer of particles is not close-packed at the interface.

Last, we confirm that the collapse of shells into spherical assemblies of jammed seed

particles is not induced by drying. For this, we examined plunge-frozen cluster disper-

sion with cryo-FIB-SEM. With a focused ion beam, cross-sections of the frozen aqueous

dispersion were prepared, and the obtained interfaces were imaged with SEM. In Figure

5.8, SEM images of cross-sections of a dispersion of clusters after removal of the droplet

template are shown. Clusters of particles are visible in the frozen aqueous surrounding,

with small clusters exhibiting jammed spherical aggregates of seed particles. Larger

clusters exhibit a small cavity in the center of multiple layers of seed particles, similar

to the observations on medium (Figure 5.6) to large clusters (Figure 5.7).

5.4. Conclusions

In this chapter, we have investigated the ”bottom-up” assembly of particle stabilized

emulsion droplets by employing the merging of liquid protrusions on the surface of
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Figure 5.6. After removal of the droplet of the Pickering emulsions, clusters
of polystyrene particles are observed. Smaller spherical clusters consist of
individual particles, whereas larger clusters have cavities stabilized by jammed
particles. Scale bars are A) 500 nm, and 1 µm, B) 1 µm, C) 2 µm, and D) 4
µm and 3 µm.
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A

B

Figure 5.7. SEM images of two large assemblies consisting of a multilayer
shell and cavity that were sectioned with Focused Ion Beam. Left to right:
intact clusters, one sectioning step, second sectioning step. Scale bars are 5
µm, except for A) very right: 4 µm.

polystyrene particles. The ”bottom-up” assembly technique offers the advantage of ac-

cessing smaller droplet sizes compared to the commonly ”top-down” prepared Pickering

emulsions. The latter are prepared from mechanically breaking up emulsions, limiting

the attainable droplet sizes to the micrometer range.

The droplet sizes may in principle become more monodisperse over time through

a self-sharpening process. While the free surface area of the droplets grows with the

number of integrated seed particles, N , as N2/3, the surface area occupied by the

colloidal seeds grows as N . The maximum droplet size is then expected to depend on

the swelling ratio, the wetting angle, and the maximum surface coverage. The size of

the observed droplets can be well described from these geometric considerations, and

depends both on the swelling ratio, the wetting angle, and the number of assembled

seed particles.

The seed particles which occupy the droplet interface are at dense coverages found to

exhibit short-range ordering, which was quantified by calculating the nearest neighbor

angle distribution. As expected for colloidal particles on droplets, defects and excess

dislocations were observed.
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Figure 5.8. A, B) Cryo-SEM images of plunge-frozen cluster suspensions
after removal of the liquid droplet. Spherical assemblies of colloidal particles
immersed in the frozen aqueous phase are visible. Smaller aggregates consist
of jammed particles, whereas larger spherical structures are made up of many
particles surrounding cavities. B) Enlarged inset of A), which shows a hollow
spherical shell of particles in the middle, and smaller aggregates around it.
Scale bar is 5 µm for A, and 2 µm for B.

Removing the liquid droplet by transferring the clusters to ethanol allows for making

spherical clusters of seed particles. Low numbers of seed were found to form dense

clusters, whereas larger assemblies formed stable multilayered shells with cavities.
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6
Experimental Observation of Colloidal

Micelles

Abstract
We present a general way for producing patchy colloidal particles by making
use of the surface roughness specific strength of the depletion interaction. Site-
specific attraction, or patchiness, is obtained by employing polystyrene dimers
consisting of one sphere with a smooth surface, and another one decorated with
smaller spherical particles. By careful adjustment of the concentration of a de-
pletant, we are able to control the strength of the depletion potential such that
only the smooth sides of the colloidal particles become attractive. We find that
the rough polystyrene particles with one smooth patch act like colloidal surfac-
tants, and assemble into micelle-like structures. The experimentally obtained
cluster distribution can be reproduced by computer simulations. A theoreti-
cal framework originating from surfactant micelles is adapted to describe the
colloidal micelles.
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6.1. Introduction

Patchy particles are colloidal particles with distinct attractive sites, so called patches,

that have been envisioned to lead to self-assembly into pre-determined, complex struc-

tures. [14, 15, 11, 86] There are numerous examples of experiments on patchy particles

conducted by simulations,[14] which predict promising applications for such particles,

for example in the controlled assembly into new clusters,[54, 17, 87] liquid phases, [9]

and crystal structures. [6, 88, 10] They may furthermore be used as models for self-

assembling systems, such as surfactants and viruses, that in contrast to their equivalent

in nature are observable insitu during assembly and disassembly. Yet, an experimental

realization of truly patchy particles is still not at hand.

The reasons for this are that the synthesis of colloidal particles that may be used in

in vitro experiments lags far behind the possibilities of simulations when it comes to the

particle patch topology, and specifically, the placement of site-specific attractive spots.

Experimental systems showing side specific colloidal interactions include the assembly

of spherical particles with opposite hemispheres, so called Janus particles, for example

dipolar, [89] amphiphilic,[57] partially magnetic, [59] and metallodielectric spheres.

[58] For an overview on Janus particle synthesis and assembly, see a recent review

by Shan Jiang [90]. Yet, the controlled distribution of small patches on the surface

has proven to be experimentally challenging, often being restricted to very specific

geometries and producing uniform particles only in low yields.[12]

In Chapters 2, 3, and 4, we have presented new synthetic approaches to fabricate col-

loidal particles with distinctly distributed patches. The synthesis presented in Chapter

4 furthermore allows for high quantities of particles with the desired number of patches

and topology. However, the essential next step is to modify the procedure such that

the patches become locally attractive sites on the colloidal particles. A tunable inter-

action strength and reversibility are furthermore desirable properties for the study of

equilibrium structures that might be formed by these patchy particles.

Here, we present the synthesis and assembly of particles with one attractive patch by

employing the influence of surface roughness on the strength of the depletion interac-

tion. First, we describe the synthesis of particles with rough and smooth sides in high

yields. Next, we induce site-specific depletion attraction by addition of a non-adsorbing

polymer smaller than the roughness on the colloidal particles, which we show to result in

attraction between the smooth sides of the colloids only. At larger depletant concentra-

tions, the patchy particles assemble into colloidal micelles, with a well-defined peak in

the cluster distribution. The position of the peak for two different polymer sizes seems

to Experimental observations are well-matched by Monte-Carlo simulations. We discuss

the similarities and differences with surfactant micelles by applying micelle theory to

our colloidal micelles.
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6.2. Experimental

6.2.1. Synthesis of polystyrene dimers with a rough and a smooth side

Linear polystyrene spheres (LPS). Monodisperse linear polystyrene spheres of

1.42 µm in diameter were synthesized by dispersion polymerization. For this 126 mL

ethanol (200 Proof), 14 mL deionized water, 10 mL styrene (Reagant Plus, Sigma

Aldrich), 0.136 g asobisisobutyronitrile (AIBN) and 5.0 g polyvinylpyrrolidone (PVP,

K30, Mw = 40 kg/mol) were measured into a 200 mL round bottom flask, closed with a

rubber septa and sealed with Teflon tape. To commence polymerization, the flask was

immersed in a 75◦C oil bath with its axis of rotation at roughly a 60◦ angle. Polymeri-

zation was carried out for 20 h while rotating the flask at 60 rpm.

Cross-linking of the polystyrene spheres. Typically, an aliquot of a 10% w/w

linear polystyrene dispersion was washed with methanol and redispersed in 10% w/w

aqueous polyvinyl alcohol (PVA, Mw= 89-98 kg/mol) twice. After a third centrifugation

step the pellet was redispersed with 1% w/w aqueous PVA such that the obtained col-

loidal dispersion had a weight fraction of approximately 20% w/w. For cross-linking the

polystyrene particles, a procedure by Kim et al. was followed.[31] A swelling emulsion

consisting of 1% w/w aqueous PVA solution (Mw= 89-98 kg/mol) and 20%v/v styrene

containing 1.5% v/v divinylbenzene, 10% v/v TMSPA (3-(trimethoxysilyl)propyl acry-

late , Sigma Aldrich) and 2% w/w V65B (2,2’-azodi (2,4’-dimethylvaleronitrile), initia-

tor)) was prepared either by tip sonication (Branson Sonifier 150, speed 8 for 2 min), or

by homogenization (UltraTurrax 20, 8000 rpm for 4 min). The volume of the swelling

emulsion was chosen such that a swelling ratio of 4 was achieved, where we define the

swelling ratio as S = mmonomer/mpolymer. Polymerization was carried out for 24 h while

rotating in a 70◦C oil bath. The final cross-linked particles were 2.41 ±0.04 µm in di-

ameter. During this step, the surface of the particles became corrugated by adsorption

of polystyrene particles nucleated during polymerization, as depicted in Figure 6.2B.

The diameter of these secondary particles was 0.18 µm. The dispersions of cross-linked

polystyrene spheres were washed by centrifugation and redispersion in 1 % w/w aque-

ous PVA solutions three times.

Protrusion formation. To obtain smooth protrusions on the cross-linked polystyrene

seed particles, the previous step was repeated.[26, 27, 28, 31] A 20% w/w colloidal

dispersion of cross-linked polystyrene seed particles (CPS) was swollen with an emul-

sion consisting of 1% w/w aqueous polyvinyl alcohol solution (Mw= 89-98 kg/mol) and

styrene containing 1.5% v/v divinylbenzene and 2% w/w V65B. The protrusions formed
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by phase separation induced by an overswelling of the particles [91] have a smooth sur-

face. They were polymerized by tumbling in an oil bath at 70◦C for 10 h. The volume

of the protrusions relative to the seed particles is determined by the swelling ratio S.

For colloids with protrusions smaller than the seed particles, the seed dispersion was

swollen with a 10% w/w emulsion (swelling ratio S = 2). The final particles have a

protrusion radius of 1.11±0.06 µm (smooth side) and a seed radius of 1.46±0.06 µ m

(rough side). The total length is 4.9±0.12 µm. A SEM image of the obtained particles

is shown in Figure 6.2C. We term these colloidal particles R(1.5)S(1.1) colloids, after

the sizes of the rough and smooth side. Furthermore, large rough spheres of radius

1.6±0.1 µm are employed in the experiments.

To fabricate colloids with protrusions larger than the seed particles a 20% w/w

swelling emulsion with swelling ratio S = 4 was employed. The final anisotropic par-

ticles have a protrusion radius of 1.66 µm (smooth side) and a seed radius of 1.20

µm (rough side). The total particle length is 4.70±0.15 µm. A scanning electron mi-

crograph (SEM) is shown in Figure 6.2D. We refer to these colloids as R(1.2)S(1.7)

colloids.

Both colloidal dispersions were washed by centrifugation until all secondary nucleated

particles were removed. They were redispersed in 0.3% w/w aqueous polyvinyl alcohol

solution (Mw=30-50 kg/mol).

A schematic of the synthesis of polystyrene dimers with a rough and a smooth side

is depicted in Figure 6.2.

6.2.2. Sample Preparation

Coating of the glass capillaries. To prevent the particles to adsorb at the glass

slide in the presence of depletant, a coating was applied to the glass capillaries.[64] For

this, a pipette tip was connected to 50 mm borosilicate glass capillaries via elastic tub-

ing and PTFE tape. Successively, 0.5 mL 1 M aqueous KOH (Merck), 0.5 mL millipore

water, 0.5 mL 1% w/w aqueous polyethyleneimine (Fluka, Mw = 60kg/mol, 50% aque-

ous solution), 0.5 mL millipore water, 0.5 mL 1% w/w aqueous dextran sulfate sodium

salt (Acros Organics) and 0.5 mL millipore water were run through the capillaries. To

remove excess polymer and salt, the capillaries were then placed in Millipore water for

10 mins and dried with nitrogen gas.

Microscope sample preparation The samples were prepared by mixing of aqueous

solution of polymer, colloidal dispersion, 20 mM NaCl (unless stated otherwise), and

millipore water. All components contained 7.7 mM sodium azide (extra pure, Acros

Organics) to prevent bacterial growth. The colloidal volume fraction was chosen to be

0.3% w/w. For depletion interaction, dextran polymers of Mw = 110kg/mol (Fluka)

and Mw = 500kg/mol (Sigma Aldrich) were dissolved in 7.7 mM aqueous sodium azide
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(NaN3). After preparation, the samples were filled in the capillaries and sealed with UV

sensitive glue onto microscope slides. To prevent sedimentation the microscope samples

were rotated on stage (VWR) at 10 rpm.

6.2.3. Characterization

Microscopy. Polymerized samples were imaged using a scanning electron micro-

scope (SEM XL FEG 30, Philips). The dried samples of particles were sputter coated

with 4 nm platinum/palladium prior to imaging. Light microscopy was performed with

a Zeiss Axioplan microscope using an oil immersion lens (NA=1.4, 100x magnification).

Pictures were captured with a Basler scout camera and saved to disk using Streampix.

Dynamic light scattering (DLS). To measure the polymer sizes, DLS was per-

formed with a Malvern Zetasizer ZS at a scattering angle of 173◦.

Zetapotential. The surface-, or zetapotential, of the dimers was measured by laser

Doppler electrophoresis with a Malvern Zetasizer ZS.

6.3. Results and Discussion

6.3.1. Surface Roughness Specific Depletion Potential

Depletion attraction arises in dispersions of colloidal particles when a second, smaller

type of non-adsorbing colloid or macromolecule, also termed depletant, is introduced in

the suspension. The center of mass of the depletant cannot approach the larger colloidal

particles closer than its radius rp, restricting the volume available to the depletant (see

Figure 6.1). The volume around the colloidal particles unavailable to the depletant

is called the exclusion volume. When two large colloids come closer together than

the diameter of the depletant, 2rp, their exclusion volumes overlap and the volume

accessible to the depletant increases by the amount of this overlapping volume ∆V .

The volume available to the depletant, and hence its entropy, increase, which reduces

the free energy of the system by:[92, 93, 94]

uAO = −Π∆V = −ρpkBT∆V. (6.1)

Here, Π is the osmotic pressure caused by the depletant, ρp = n/V is the number density

of the depletant, kB is Boltzmann’s constant and T is the temperature. The depletion

potential increases with larger depletant concentrations and with larger overlap volumes.

For smooth spheres with a radius Rs at a distance r, the overlap volume in the

presence of a depletant of size rp is simply given by the volume of the two spherical
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Figure 6.1. The roughness specific depletion interaction. In the presence of
small depletants (here depicted as polymers with radius rp) colloidal parti-
cles are surrounded by a layer inaccessible to the depletant (dotted line). If
colloidal particles approach such that their excluded volumes overlap, the de-
pletant gains entropy resulting in a net attraction between the colloids. The
arising attraction is called the depletion potential and is proportional to the
overlapping excluded volume (shaded regions). For two rough spheres (B)
the overlap volume is restricted to the overlapping regions of the roughness,
whereas for smooth particles (A), the overlap volume is given by the large
spherical caps. Note that although the shaded areas in this 2D projection may
look equally large for the rough and the smooth particles, their 3D overlap
volumes are significantly smaller, because they extend out of the paper much
less than the smooth particles. Simulated depletion potential [95] between two
smooth, two rough and one smooth and one rough side for the R(1.5)S(1.1)
colloids, and polymer of size C) rp=10 nm (ρp = 0.025), and D) rp=19 nm
(ρp = 0.038) as a function of the distance of the centers of mass of the colloids,

r.

caps (Figure 6.1):
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Introducing roughness on a colloidal surface can significantly affect the overlap volume

between two such rough particles, and thus the depletion potential. The extent of the

reduction of the depletion potential depends on the ratio of the size of the roughness,

h, and the diameter of the depletant, 2rp.[65, 66, 63, 64] For platelets, the deple-

tion potential was found to be decreased if small particles with diameter h, such that

2rp/h < 1, were adsorbed at the platelet surface. [65] Similarly, cylinders with smooth

top and bottom, and a rough side where found to attract specifically with their flat

surfaces.[63, 64] Surface roughness induced by just a few large asperities led to a con-

siderably smaller overlap volume, and thus, weaker depletion interactions, because of

the large overlap volumes involved in two touching flat surfaces. [66] If the depletant is

larger than the asperities, the surface roughness is effectively smoothed out, and aggre-

gation occurs as if they were smooth particles with a size larger by the asperity height h.

Although rough surfaces were generally found to significantly reduce the depletion po-

tential, asperities aligned in a complementary fashion may increase the overlap volume

compared to flat surfaces, thereby increasing the depletion force.

In case of spherical particles, the effect of roughness on the depletion potential is not

straightforward to predict. Computer simulations by Hermes and Dijkstra showed that

a similar suppression of the depletion potential is possible for smooth spheres decorated

with smaller spheres. [95] The strongest reduction of the attraction can be achieved by

intermediate coverages with small spheres, that is, for 33-44 % and 122-144% of close

packing. For lower coverage with small spheres, the large smooth spheres may still

touch as in the absence of the small spheres, and for a dense coverage, the roughness

is effectively reduced by a factor 2 because the small spheres are then in contact with

each other.

6.3.2. Particles with Attractive Patches

We employ a surface roughness specific depletion potential to make patchy particles

with distinct attractive sites. Our patchy particles are anisotropic polystyrene dimers,

that consist of one rough and one smooth sphere. These ”rough-smooth” particles

are prepared by seeded emulsion polymerization. We obtain roughness on cross-linked

polystyrene seed particles through adsorption of smaller polystyrene spheres at the

surface during the cross-linking step. Using these rough seeds in an emulsion polyme-

rization yields seed particles with a smooth protrusion after phase separation (see also

Chapters 2, 3, and 4), [26, 31, 33]). The synthesis protocol is sketched schematically

in Figure 6.2. We prepared two systems of rough-smooth particles: one dispersion with

colloidal particles where the rough side is larger than the smooth side (R(1.5)S(1.1)

particles), and another with colloidal particles where the smooth side is larger than

the rough side (R(1.2)S(1.7) particles). The numbers in brackets indicate the radii of
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Figure 6.2. Synthesis of patchy particles. A) Schematic representation of
synthesis of dimers consisting of a rough and a smooth side. Linear polystyrene
spheres are swollen with an emulsion consisting of styrene, divinylbenzene
(DVB), and 3-(trimethoxysilyl)propyl acrylate (TMSPA). During polymeriza-
tion, secondary nucleated particles adsorb to the interface rendering it rough.
SEM image of the rough spheres is shown in B (Scale bar is 2 µm). A second
swelling step with an emulsion consisting of styrene and DVB yields rough
particles with a smooth protrusion. C) and D): polystyrene particles with site
specific roughness fabricated by using different swelling volumes (C) S = 2
(R(1.5)S(1.1) particles) and D) S = 4 (R(1.2)S(1.7) particles). Scale bars are

5 µm.

the respective rough (R) and smooth (S) parts of the colloidal particles. The aver-

age diameter of the smaller spheres that provide the roughness is 182±40 nm for the

R(1.2)S(1.7) and 187±30 nm for the R(1.5)S(1.1) particles.

SEM images show that the small particles are partially immersed into the seed particle

(Figure 6.2B), effectively creating roughness by one hemisphere. For reduction of the

depletion potential between the rough sides, the depletant therefore needs to be chosen

smaller than the radius of the small spheres, or h = 90 nm. In computer simulations, it

was found that the depletion potential is suppressed more strongly for depletants that

are significantly smaller than the roughness inducing small spheres, [95] and hence,

we chose nonionic dextran polymers with diameters d110k = 15.8 ± 2.5nm (molecular

weight Mw = 110kg/mol) and d500k = 38± 16nm (Mw = 500kg/mol) as depletant. For
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these depletant sizes, spherical models of smooth and rough spheres, whose size and

roughness were modeled after the R(1.5)S(1.1) colloids, were employed by Hermes and

Dijkstra [95] to calculate the effective pair potential between two smooth, two rough

and one smooth and one rough side. The results are shown in Figure 6.1C and D. An

attraction of roughly 6 kBT between the smooth sides of the R(1.5)S(1.1) colloids can

be obtained while attraction between the rough and smooth sides, and two rough sides

is negligible.

The site-specific patchiness of our roughness anisotropic colloids in the presence of

dextran polymer is illustrated in Figures 6.5B and F for R(1.5)S(1.1) colloids, and 6.9B

and C for for R(1.2)S(1.7) colloids, respectively. The R(1.2)S(1.7) colloids shown in

Figure 6.5A become attractive with their larger, smooth sides upon addition of the

depletant, forming small clusters with the rough, small spheres sticking to the outside.

Even in the absence of the surface roughness, preferential binding between the large

spheres of the dimers is expected due to the inherently larger overlap volume between

the large compared to the smaller sides. However, also the R(1.5)S(1.1) colloids with

a smaller smooth side specifically attract at their smooth sides while binding between

their rough sides is absent (Figure 6.5B). Bonds between smooth sides are indicated

by white arrows in Figure 6.5B, and a bond between a smooth and a rough side of

two R(1.5)S(1.1) colloids is specified by a black-white arrow. The distinction between

bonded and un-bonded colloids is based on short movies, of which a snapshot is shown

in Figure 6.5B. Dextran polymer with radii rp = 8 nm (Figure 6.5B) and rp = 19 nm

(Figure 6.5F), both significantly smaller than the roughness, induced binding specifically

between the smooth sides. This site specific attraction confirms the significant reduction

of the depletion potential between two rough sides, even though the rough sides are

larger than the smooth ones. In fact, the depletion potential is reduced so strongly that

rough spheres 3.2±0.19 µm in diameter in the suspensions do not aggregate, neither

with each other, nor with the rough-smooth colloids. We indicated some of the rough

spheres with a black arrow in Figure 6.5.

To illustrate that R(1.5)S(1.1) particles can spontaneously leave these depletion in-

duced clusters snapshots of a movie of an unbinding event are shown in Figure 6.3.

This unbinding event occurred in a sample containing a polymer with rp=19 nm at

a concentration of ρp = 0.4ρoverlap during roughly 10 mins of observation time. Here,

ρoverlap = (4πr3
p/3)−1 is the overlap concentration of the polymer. Considering the time

frame necessary to observe such an event, we estimate the attractive depletion potential

to be on the order of a few kBT .

Employing equations 6.1 and 6.2 for this experiment, (rp = 19 nm, ρp = 0.4ρoverlap),

yields an attractive potential at contact of roughly −40kBT . We plotted the depletion

potential as a function of the distance between two smooth spheres in Figure 6.4. At

such a high contact value, spontaneous breaking of bonds between particles is not
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Figure 6.3. Snapshots from a movie showing A) an example of spontaneous
unbinding of a dimeric cluster. B) A little bit later, the colloidal particles form
a bond between their smooth small sides again. Dextran polymer with radius
rp=19 nm was used at a concentration of ρp = 0.4ρoverlap. Scale bar is 2 µm.

expected, since the probability for such an event scales as exp[u/(kBT )], where u < 0

is the bond energy. The range of the depletion potential is roughly the diameter of the

depletant (Figure 6.4), and hence on the order of 8 and 19 nm for the polymers with

molecular weight Mw = 110 kg/mol and Mw = 500 kg/mol, respectively. For such a

short ranged attraction, a screened electrostatic repulsion between the particles may

significantly decrease the depletion potential. We take the screened Coulomb potential

to be:[96]

uel(x) =
Ψ2R2

λBr
exp[−κ(x− 2R], (6.3)

where R is the radius of the smooth side of the colloids, Ψ = 0.6 kBT is the zetapotential

of the R(1.5)S(1.1) particles measured by laser doppler electrophoresis, λB = 0.71 nm

is the Bjerrum length in water, and κ is the inverse of the Debye screening length, and r

is the distance between the centers of the two particles. At 20 mM NaCl, κ ≈0.5 nm−1.

The Asakura-Oosawa potential (AO) is plotted together with the screened Coulomb

repulsion (C) in Figure 6.4. For polymer concentrations at which clustering was ob-

served, the minimum of the total potential (tot) is roughly -5 kBT for the polymer with

8 nm radius (Figure 6.4 A), and -17 kBT for polymer with 19 nm radius (Figure 6.4 B).

Clearly, screened Coulomb repulsion significantly reduces the short-ranged depletion

potential. The values obtained for the minima of the potential energies are in better

agreement with the observation of spontaneous unbinding events, though -17 kBT is

still much larger than the few kBT we estimated. However, the minimum of the poten-

tial energy strongly depends on value of the zetapotential, namely as uel ∝ Ψ2, with

small variations leading to significantly different minimum energies. We can conclude

that screened Coulomb repulsion can explain the differences between contact values

calculated using an Asakura-Oosawa potential and the observed unbinding events.
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Figure 6.4. A short-ranged screened Coulomb repulsion (C) reduces the
Asakura-Oosawa (AO) depletion potential considerably, yielding an overall po-
tential (tot) with an absolute minimum energy to be much smaller. Potential
energies are plotted as a function of the distance x between surfaces of the two
spheres. A) shows the potentials for rp=8 nm and ρp = 0.2ρoverlap, and B) for
rp=19 nm and ρp = 0.4ρoverlap.

6.3.3. Colloidal Micelles

While varying the strength of the depletion potential, the rough-smooth colloidal

particles spontaneously organized into clusters of micellar type, in which the attractive

part constitutes the core of the aggregate. The strength of the depletion potential is not

only determined by the overlap volumes of the colloidal particles, but also is proportional

to the polymer concentration, see equation 6.1. Whereas the overlap volumes are set

by the shape of the colloidal particles, the polymer concentration allows for tuning the

difference in attraction between two rough and two smooth sides of the R(1.2)S(1.7)

and R(1.5)S(1.1) particles. At low polymer concentrations, no attraction between the

colloidal particles is observed as shown in Figures 6.5A and 6.9A for ρp(rp = 8 nm) =

0.16ρoverlap and ρp(rp = 19 nm) = 0.32ρoverlap.

For colloidal particles with smaller smooth side (R(1.5)S(1.1)), an increase in the

polymer concentration to ρp = 0.19ρoverlap (rp=8 nm) or ρp = 0.35ρoverlap (rp=19 nm)

leads to small clusters, consisting mainly of two to three colloids (Figure 6.5B). The

binding between the particles occurs selectively at their smaller smooth sides. White

arrows in Figure 6.5B indicate binding between smooth sides, the black/white arrow

indicates binding between a rough and a smooth side.

At a slightly higher polymer concentration (ρp = 0.22ρoverlap (rp=8 nm) and ρp =

0.37ρoverlap (rp=19 nm)), the average number of particles in a clusters grows with the

attractive depletion potential, while site specific patchiness is maintained. Figure 6.5C

and E shows light microscopy images of clusters obtained for polymers with radii rp=8

nm and rp=19 nm, respectively. Representative images of the clusters containing n = 1

to n = 15 R(1.5)S(1.1) particles are presented in Figure 6.7A in comparison with

simulation results in Figure 6.7B. Intriguingly, these clusters are reminiscent of micelles,



82 6. Experimental Observation of Colloidal Micelles

D

A

C

F

B

E

Figure 6.5. Light microscopy images of R(1.5)S(1.1) colloids with small
smooth side and dextran polymer at different concentrations at 20 mM NaCl.
Polymer radius rp = 8 nm and concentration A) ρp = 0.16ρoverlap, B)
ρp = 0.19ρoverlap. Black/white arrow indicates binding between smooth and
rough sides of the particles, and white arrows binding between smooth sides of
the R(1.5)(S(1.1) particles. C) Polymer concentration ρp = 0.22ρoverlap, and
D) ρp = 0.24ρoverlap. E) cNaCl=0 mM, ρp = 0.22ρoverlap, and F) rp=19 nm:
ρp = 0.37ρoverlap. Black arrows indicate large rough spheres. Scale bars are 10
µm, except for D), where the scale bar is 40 µm.
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where the R(1.5)S(1.1) colloids specifically bind at their smooth attractive sides inside

the clusters just like the lyophilic parts of surfactants attract each other. The rough sides

of the particles are facing towards the outside of the clusters similar to the hydrophilic

head groups. Therefore, we term these clusters colloidal micelles.

At even higher polymer concentrations, also the rough sides of the R(1.5)S(1.1) col-

loidal particles become attractive, and the site specificity of the attraction is lost (see

Figure 6.5D). While the stronger attraction between the smooth sides still favors bind-

ing between them over binding between rough sides, no discrete clusters are observed

due to the not negligible interactions between the rough sides. At very high polymer

concentrations, diffusion limited aggregation occurs. Surprisingly, a quite subtle change

in the polymer concentration from ρp = 0.16ρoverlap to ρp = 0.24ρoverlap (rp= 8 nm),

and ρp = 0.32ρoverlap to ρp = 0.45ρoverlap (rp= 19 nm) causes a transition from unag-

gregated, free colloids, via finite-sized colloidal micelles of patchy particles to randomly

aggregated clusters.

The selectivity of the depletion potential for smooth surfaces at intermediate polymer

concentrations can be demonstrated even more convincingly by the use of rough spheres

with a diameter larger than the rough side of the R(1.5)S(1.1) particles, namely 3.2 µm.

The large rough spheres, indicated by a black arrow in Figure 6.5C are clearly excluded

from the clusters despite their larger diameter. This exclusion of rough spheres strongly

confirms the patchy attraction between the smooth sides of the R(1.5)S(1.1) particles.

This sensitive dependence of the cluster formation on the attractive potential has

also been observed in Monte Carlo simulations performed by Ni et al.∗ The system is

modeled as an ensemble containing N = 1000 dimers in a volume V with ideal polymer

of density ρp.The site-specifically attractive particles are modeled with dimers consisting

of one attractive sphere of size Rs interacting by an Asakura-Oosawa potential (see eq.

(6.2)), and one sphere of size Rr with hard-sphere repulsion potential. Interactions

between the two different spheres are also presumed to be hard sphere repulsions. This

is a simplification of the effective potential consisting of a contribution from screened

Coulomb repulsions and Asakura-Oosawa depletion attraction. To take the neglected

electrostatic repulsions into account, depletion potentials with contact values around

u = −10kBT were employed, much lower than in the experimental situation. Monte

Carlo simulations in a canonical ensemble (NV T ) are used to calculate the probability

distribution of the cluster size. Since the attraction between particles is very steep,

cluster moves were employed to further equilibration.

Snapshots of the Monte Carlo simulations for R(1.5)S(1.1) particles and either of

the polymer sizes are presented in Figure 6.6.∗ Despite the electrostatic interactions

being neglected, the rescaled depletion attraction between the smaller spheres of the

∗Snapshots of Monte Carlo simulations were kindly provided by Ran Ni, Michiel Hermes and Marjolein
Dijkstra.
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A

B

r =19 nmp

r =8 nmp

Figure 6.6. Snapshots of Monte Carlo simulations performed by Ni et al. on
dimers with one attractive sphere (green) and one hard sphere (red) modeled
after the R(1.5)S(1.1) colloids used in experiments. An attractive Asakura-
Oosawa potential between the green spheres of the dimers is induced by poly-
mers of radius A) rp = 8 nm, and B) rp = 19 nm. Micelle-like clusters are
visible next to single colloids.
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Figure 6.7. Colloidal micelles. Typical cluster shapes obtained from colloids
with attractive small smooth, and large rough (non-attractive) side containing
n=1 to n=15 patchy particles. On the left side, experimentally observed clus-
ters are presented. The right side shows clusters obtained from Monte Carlo
simulations on dimers consisting of one sphere with hard sphere potential (red)
and an attractive sphere interacting by a depletion potential (green). In ex-
periments and simulations, the smaller attractive sides are located at the core
of the clusters, reminiscent of micelles. Scale bar is 5 µm.

dimers suffices to obtain excellent agreement between simulations and experiments.

This implies that the observed clusters are robust with respect to the details of the

interaction potentials, and may be obtained by means of other attractive potentials as

well.

The clusters obtained in experiments and simulations are but one representation of

a multitude of possible realizations. In equilibrium, one expects the clusters to sample

many configurations consistent with a maximum number of contacts. For small number

of colloids in a cluster (n < 5), there exists only one configuration of the attractive sides
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Figure 6.8. Light microscopy images of clusters consisting of five colloids
with small smooth and large rough side. Clearly, the colloidal particles touch
at their smaller smooth sides, while the large sides are the outside of the
clusters. Scale bar is 5 µm.

of the dimers that has minimum bond energy. [97] Hence, entropy affects only the

outer, rough sides of the colloids, as illustrated for clusters containing five R(1.5)S(1.1)

particles in Figure 6.8. For n = 1− 5, it is still possible to distinguish the arrangement

of the smooth sides inside the micellar clusters. Their arrangement agrees with clusters

of spheres interacting by a short-range depletion potential, [97] and are also obtained

from simulations. For n > 5, cluster ”isomers” with equal bond energy are likely to

exist and transformed into one another by breaking and forming bonds.[57, 97] It is

difficult to distinguish such cluster isomers due to large rough spheres that surround

the smaller smooth spheres on the inside. Simulation studies may help in shedding light

onto the arrangement of the attractive sides inside larger clusters in the future. Finally,

we note that the larger clusters become more elongated, due to the steric restrictions

imposed by the rough spheres at the outside. With increasing number of colloids n, the

clusters can’t continue to grow in a spherical fashion. The formation of for example a

Bernal spiral,[98] where each colloidal particles still forms 6 bonds, may be a possible

large n structure, expected for higher colloid volume fractions as reported elsewhere for

single sphere colloids. [99, 100]

Similarly, an increasing polymer concentration leads to site-specific binding between

the smooth sides of colloids with a smaller rough side. In the experiments, we em-

ployed R(1.2)S(1.7) colloids. At or below a polymer concentration of ρ(rp = 8 nm) =

0.16ρoverlap particles are free in solution. A slight increase to ρ(rp = 8 nm) = 0.19ρoverlap
leads to binding between the larger, smooth sides of the colloids. Interestingly, we of-

ten found three to five colloids arranged in a linear fashion as shown in Figure 6.9B.

Larger polymer concentrations lead to clustering of the R(1.2)S(1.7) colloids with their
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A B

C D

Figure 6.9. Light microscopy images of R(1.2)S(1.7) colloids with large
smooth side and dextran polymer at different concentrations at 20 mM NaCl.
Polymer radius rp = 8 nm and concentration A) ρp = 0.16ρoverlap, B)
ρp = 0.19ρoverlap. C) rp = 19 nm and ρp = 0.19ρoverlap, and D) rp=8 nm
and ρp = 0.22ρoverlap. Scale bars are 10 µm in A, B, and D, and 20 µm in C.

small rough sides at the outside of the cluster (Figure 6.9C). Above ρ(rp = 8 nm) =

0.22ρoverlap, the rough sides take part in the clustering as well, as shown in Figure 6.9D.

Site-specificity in the attraction is lost as a consequence.

To quantify our observations on the cluster sizes for different polymer concentrations

we determined the sizes of at least 100 clusters per sample to obtain a cluster size distri-

bution. We defined the probability to observe a cluster as P (n) = N(n)/(
∑nmax
n=1 N(n)),

where N(n) is the total number of observed clusters containing n colloids in a sample. In

the absence of polymer, or at low polymer concentrations (ρp(rp = 8 nm) = 0.16ρoverlap
and ρp(rp = 19 nm) = 0.32ρoverlap) only single colloids are present in solution, see Fig-

ure 6.10A and D, respectively. Upon increasing the depletant concentration the cluster

size distribution shifts towards larger clusters with an exponential decay in the cluster

size for ρp(rp = 8 nm) = 0.19ρoverlap and ρp(rp = 19 nm) = 0.35ρoverlap (Figure 6.10B

and E). For the larger polymer with radius rp=19 nm, the peak in the cluster distribu-

tion is observed around n = 10 for a polymer concentration of ρp = 0.40ρoverlap (Figure
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6.10F). Cluster size distributions obtained from Monte Carlo simulations agree very

well with the experiments for a polymer concentration ρs(rp = 19 nm) = 0.118%ρoverlap
in the simulations. As described above, the large difference between the experimentally

employed polymer concentration (ρp(rp = 19 nm) = 0.40ρoverlap) and the one found in

computer simulations, ρs(rp = 19 nm) = 0.118ρoverlap, is likely due to the reduction of

the depletion potential by a screened Coulomb repulsion, neglected in simulations for

simplicity.

The simulations diverge, however, from experimental results on the smaller polymer

with rp = 8 nm. The peak in the simulated cluster size distribution is clearly found

around n = 10, whereas the experimental size distribution ranges from n ≈ 5 to n ≈ 15.

To reach equilibrium in simulations, roughly 109 Monte Carlo steps were necessary.

This long equilibration times originate from the strong (us = −11 kBT ), short range

depletion attraction. In experiments, we observed that two days after mixing the cluster

size distribution is spread out homogeneously from n = 5 to n = 15. (see Figure 6.11A).

After 9 days, the size distribution shifted towards larger clusters, as shown in Figure

6.11B. Therefore, the cluster size distribution is still changing, and most likely not in

equilibrium yet. The comparison with simulated data in Figure 6.10C supports this

hypothesis as well: a growth of clusters around n = 5 will create a peak at higher

values, while the relative probability for monomers will increase.

6.3.4. Micelle Model

The parallels between our experimental observations on clusters of colloidal dimers

with one attractive patch and surfactant micelles lead us to apply a model inspired

by micelle theory to describe the experimental cluster distributions. The density of

clusters consisting of n colloids is found to be (see Appendix for derivation):

ρ(n) = ρ(1)nvav(n)n−1e−c(n)u. (6.4)

Here, vav(n) is the volume available to the colloids within a cluster of size n, i.e.,

maintaining bonds with energy u (in units of kBT ), and c(n) is the number of bonds

between colloids in a cluster of size n. This bond distribution can be approximated by

findings on clusters of spherical colloids interacting via short-range depletion interaction

similar to the experiments on colloidal micelles.[97]

c(n) =


0 for n = 1

1 for n = 2

3n− 6 for n = 3...9

3n− 5 for n > 9

(6.5)

Clusters with n > 9 colloids form more bonds per colloid than smaller ones, in principle

even exceeding the value of 3n − 5 used here for n > 10 [101]. However, although

these ground states with extra bonds occur more frequently than other cluster states
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Figure 6.10. Cluster size distributions for experiments (bars) and simu-
lations (symbol and line) for R(1.5)S(1.1) colloids with small smooth side
and rp = 8 nm polymer at increasing concentrations A) ρp = 0.16ρoverlap,
B)ρp = 0.19ρoverlap and C) ρp = 0.22ρoverlap. The experimental cluster size dis-
tribution in C) ranges from n = 5 to n = 15, whereas simulations show a peak
at n = 10. D), E) and F) For a larger polymer (rp= 19 nm) a similar trend with
increasing polymer concentration is observed: D) Single particles are present in
solution at ρp = 0.32ρoverlap, E) small clusters with an exponentially decaying
size distribution for ρp = 0.35ρoverlap, and F) for ρp = 0.4ρoverlap a clear peak
in the cluster size distribution appears around n = 10, which agrees well with
Monte Carlo simulations by Ni et al.
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Figure 6.11. Cluster size distributions for the depletant with radius rp = 8
nm and concentration ρp = 0.22ρoverlap A) 2 days on rotating stage, and B) 7
days later stored flat.

(n = 10: 10%, n = 11: 20 %, n = 12: 30%, the majority of clusters with less bonds

has a higher rotational entropy. Including this effect, that is, setting c(11) = 29 and

c(12) = 33, does not significantly alter the results presented in the following. Instead

of accounting for the large variety of different clusters, their degeneracies and bond

numbers, we pragmatically employ the bond distribution given by eq. (6.5).

In the simplest case, each colloidal particle added to a cluster reduces the available

volume per particle, vav, by a factor 1/nmax, where nmax is the maximum number of

colloids in a cluster at which close-packing is reached. We can then approximate the

accessible volume with (see also Appendix, eq. 6.14):

vav(n) ≈ 4π
(

1− n− 1

nmax

)
R2ξ. (6.6)

Using this simple model for the available volume together with the bond number dis-

tribution in eq. (6.4), we can fit the experimental data as shown in Figure 6.12 A. We

presumed a maximum cluster size of nmax = 15, and the bond energy u was set to −4.05

kBT to obtain the best agreement between experiments and theoretical model (Figure

6.12A). This bond energy is low compared to values required for cluster formation in

simulation, which were around -10 kBT. However, considering the rather crude model

for the available volume, these values are roughly in agreement. More importantly, the

size distribution is well fitted, with a sharp peak located at n = 10. Also interesting

to note is the sensitive dependence of the cluster distribution on the bond energy u.

For slightly lower values of u = −4 kBT, the fraction of monomers increases to 0.78,

and for slightly higher values of u = −4.2kBT it decreased to 0.02. This is of course

expected, because the bond energy u appears in the exponent of eq. (6.4). As discussed

above, taking lower ground states, such as 3n− 4 for n = 11 and 3n− 3 for n = 12, in

the bond distribution c(n) into account, leads only to a slight shift of the peak towards
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Figure 6.12. A) Comparison of experimental cluster size distribution with
micelle model using the available volume calculated from a simple linear model,
vav = 4πR2ξ(1− (n−1)/15) and u = −4.05 kBT (-◦- line), and extracted from
simulations (-�- line). B) Comparison between the simple linear model for
vav(n) (-◦- line) and vav(n) determined from cluster distribution from simula-
tions (-�- line).

n = 12. Furthermore, we expect elongated structures to form at large n at high colloid

concentrations, comparable to Bernal spirals.[98] Experimentally, we observed a tran-

sition towards more elongated clusters for larger n. The bond number in these Bernal

spirals is c(n) = 3n − 6 for all particles, lower than our approximation made above in

eq. (6.5), resulting in a peak of the cluster distribution at n = 10.

A more accurate model for the available volume is calculated with help of eq. (6.4)

using the simulated cluster distribution. Figure 6.12B compares the values for vav(n)

obtained from the simplified model (eq. (6.6)) to the available volumes extracted from

the simulation data for rp = 19 nm and φ = 0.4φoverlap (see also Figure 6.10D). Both

functions decrease with the number of colloids in a cluster. However, especially at larger

clusters n the available volume from simulations is several orders of magnitude lower

than in our simplified model. In view of these large differences, it is actually quite

surprising that a simple linear dependence on n for the available volume per particle

can capture the essential features of the cluster size distribution. Employing vav(n)

extracted from simulations the theoretical model has a broader peak around n = 10

and requires bond energies of u = −11 kBT for good agreement with the experimental

data. The latter agrees with values found in simulations.

6.3.5. Packing of Colloidal Particles at Air-Water Interfaces

During the experiments another intriguing observation was made. After a few days,

colloidal R(1.2)S(1.7) particles spontaneously assembled at the air-water interface in

the presence of dextran polymer. Multiple layers of particles were formed along the

macroscopic interfaces with remarkable uniformity in their alignment, which reminds
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of surfactants stabilizing an interface. For air-water interfaces curved towards the air

phase, the colloids preferably aligned with their smaller, rough side to the air phase

(Figure 6.13A, B for a larger view). Furthermore, when the packing of the colloidal

particles at the interface is low, we observe a more random orientation of the colloids

as shown in Figure 6.13C. Away from the glass surface, colloids were found to similarly

lay flat on the air-water interface at low colloid concentrations. The curvature of the

air-water interface is not influenced by the colloidal particles, but rather the curvature

induces the packing. For an almost straight air-water interface, the colloidal particles

seem to orient in such a way as to on average yield zero curvature (Figure 6.13D).

Images were taken at different locations of the air-water meniscus, but at the glass

interface, which might additionally forces parallel alignment of the length axis of the

colloids with the glass surface. A schematic of the locations is shown in Figure 6.13E.

At this moment, we can only speculate what induces the alignment of the particles at

the interface. Surfactants consist of a hydrophilic and a hydrophobic part, which leads

to aggregates whose shape is determined by the packing parameter P = V/(a0l0), in

the first place. [102] The rough-smooth particles have been suggested to have a similar

property by Kim et al. [103], with the rough parts being more hydrophilic due to the

integrated 3-(trimethoxysilyl) propyl ethyleneamine (TMSPA). However, the alignment

observed in our experiments is opposite to this suggestion, with rough parts favoring

the air phase.

A pure geometric packing argument is not sufficient for explaining the preferential

parallel alignment between the colloidal particles since the curvature of the interface in

Figure 6.13A is much lower than the curvature preferred by the colloidal particles would

be. Hence, it would be expected to find also colloidal particles with an anti-parallel

alignment, which would increase the packing fraction. Still, the site-specific depletion

interaction induced by dextran polymer favors contacts between the larger, smooth

sides of the particles. For anti-parallel aligned colloids, the smaller rough sides would

stick to the water phase without increasing the packing fraction, because the breaking

of the bonds between the smooth sides would be too costly. An example of a particle

aligned in that fashion is seen in Figure 6.13B second and fifth from the right side.

The surfactant-like behavior exhibited by the R(1.2)S(1.7) particles does not seem to

be induced by an amphiphilicity of the colloids for air and water, but rather a combina-

tion of depletion attraction between the smooth sides and the preference to adsorb at

the interface. The preferential parallel alignment is not fully understood yet. Further-

more, the colloidal particles are not the only surface-active species present, and hence,

they should not be considered to be colloidal surfactants. [103] Further investigations

are necessary to determine the conditions at which this assembly takes place. The

adsorption was often accompanied with a partial evaporation of the solution, which

moved the air-water interface, possibly furthering particle adsorption. However, the
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Figure 6.13. Spontaneous assembly of colloidal particles with large smooth
and small rough side at the air-water interface (water: top, air: bottom phase).
A) Curved interface with densely adsorbed layer of particles, B) inset of square
in A), C) sparsely covered air-water interface with more randomly oriented
colloids. D) Straight interface densely covered with colloidal particles. E)
Schematic of a capillary with locations of shown light microscopy images. A
indicates location of A,B, and C), and D location of a flat interface shown in
D). Scale bars are 20 µm.

uniform alignment for dense packings according to the curvature of the interface points

towards a packing optimization. It would be interesting to investigate the assembly at

air bubbles with higher curvatures in addition to the macroscopic air-water interfaces

presented here.

6.4. Outlook

The results on site-specific depletion interactions created by discrete surface rough-

ness of colloidal particles can now be extended to other available experimental systems.

Particles that posses not only one, but multiple smooth protrusion in a controlled ar-

rangement may lead to exciting new structures, determined only by the positioning

of the smooth spots on the particle surface. With the particle syntheses presented in

Chapters 2, 3 and 4 we have very promising colloidal systems already at hand.

The synthesis for making rough-smooth colloidal particles presented here, can also

lead to the formation of colloidal molecules through the fusion of the liquid protrusions

(see Chapter 2 and 3). Such colloidal molecules consist of two or more rough seed

particles, and a smooth side originating from the fused protrusions. For SEM images of
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BA C

Figure 6.14. Clusters are also obtained between colloids with single protru-
sions and colloidal molecules made from fusion of liquid protrusions. Employed
particles are A) and B) R(1.5)S(1.1) colloids, and C) R(1.2)S(1.7) colloids. The
fused protrusions are smooth, while the seed particles are rough. Binding oc-
curs with the smooth side made from fused protrusions.

smooth-rough colloidal molecules see 3.7. These colloidal molecules with multiple rough

and one smooth side selectively bind at their smooth sides with other rough-smooth

colloids in the presence of polymers, as shown in Figure 6.14. Further investigation of

clustering of colloidal molecules of only one type could lead to interesting new types of

clusters.

By making use of controlled formation of multiple protrusions on highly cross-linked

seed particles and adsorption of secondary small particles created during polymeriza-

tion, anisotropic particles with one, two, or three smooth protrusions can be made. Due

to the well-controlled fabrication, high yields of either one of these particles can be ob-

tained, a great advantage over other synthesis methods that either produce small quan-

tities or require time-consuming and yield-reducing separation of the desired clusters.

[55, 12, 104] Still, complex colloidal geometries may induce intricate new clustering

behavior, and therefore are certainly interesting to be employed in site-specific deple-

tion studies. Other colloidal assembly routes that, for example, employ Janus particles

with hydrophilic-hydrophobic hemispheres ([57, 87]) are as well more restricted with

the particle yield in the fabrication, and the patches can be arranged in only a limited

fashion. Furthermore, depletion interactions have the advantage that their strength can

be controlled even after sample preparation, for example by changing the size of the

depletant, or by dilution. [65, 51]

We believe that the generality of our assembly approach together with the flexi-

ble particle synthesis presented in previous chapters is a promising route to controlled

self-assembly of colloidal particles into larger structures with desired topology and prop-

erties.

6.5. Conclusions

By employing anisotropic dimer particles with two sides of distinctly different sur-

face roughness, we demonstrated that we can create patchy particles making use of
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depletion interaction. The short-ranged attraction between the smooth sides of the

particles is stronger than between the rough sides due to a larger overlap volume, cre-

ating locally attractive patches. We showed that for short-ranged depletion potentials

even a screened Coulomb potential may significantly reduce the total potential. At

intermediate depletant concentrations, we find the formation of finite-sized clusters of

rough-smooth particles, with the smooth particle sides oriented towards the inside. The

clusters resemble colloidal micelles, with a well-defined peak in the cluster size distri-

bution, that depends on the polymer size. Experimental observations on the clusters

and the size distribution agree well with Monte-Carlo simulations. A theory inspired

by surfactant micelles lead to qualitative agreement with the experimental cluster size

distribution.
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Appendix - Micelle model

Here, we derive the equilibrium size distribution of colloidal clusters of size n, N(n)

or ρ(n) = N(n)/V , with V the system volume. In the general case of n colloids in

equilibrium with clusters of size n, with n ≥ 1, we have

µn = nµ1. (6.7)

Here, µn is the chemical potential of a cluster of size n. Note that a cluster of size

n = 1 is a monomer. The chemical potentials are related to the ’molecular’ partition

functions, zn, by

βµn = − ln
zn

N(n)
, (6.8)

where β = 1/kT with k Boltzmann’s constant and T absolute temperature. The zn are

defined by the canonical partition function Zn = z
N(n)
n

N(n)!
and are coarse-grained partition

functions. Assuming ideal behavior in terms of translation, they read

zn =
V

`3
zint(n), (6.9)

where `3 is on the order of the solvent molecular volume.[105] zint(n) takes into account

all coarse-grained internal degrees of freedom of the cluster, that is, all translational

degrees of freedom other than translations of the centers of mass of the clusters over the
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volume V of the system. Inserting eqs. (6.8,6.9) into the equilibrium condition eq.(6.7)

leads to

ρ(n)`3 =
zint(n)

zint(1)n
(ρ(1)`3)n. (6.10)

Obviously, it must be that zint(1) = 1. For n > 1, the internal partition function of

clusters of size n is given by

zint(n) =
1

n!

∫
cluster volume

...
∫ e−U(~r n)

`3(n−1)
d~r (n−1). (6.11)

The integral runs over n−1 coordinates, for one coordinate has already been consumed

by the translations of the center of mass of the cluster. Even for a simple potential

such as AO or a combination of that with screened - Coulomb, the integral eq.(6.11)

is prohibitively difficult for the colloidal geometries studied here. We therefore sim-

plify the situation by approximating the interaction potential as pairwise additive, i.e.,

U(~r n) ≈ Σi>ju(rij) ≈ c(n)u with u(rij) the (approximated as isotropic) pair energy

in kBT , c(n) the number of contacts (or bonds) between colloids in a cluster of size n,

and u the average energy per contact (bond). An isotropic u(rij) seems a reasonable

approximation as long as the interactions between the (anisotropic) colloids are dom-

inated by the smooth parts. Next, we allow the centers of mass of the colloids in the

cluster to move in a volume determined by geometry and interaction range ξ. That

is, we approximate u(rij) by a square well of range ξ and energy u located between

(smooth) sphere radius R and R + ξ. Beyond the well, the potential is infinite. For

the time being, let’s designate the volume accessable to the colloids due to this con-

struction as the ’available’ volume vav(n). It depends on n by excluded volume effects.

Finally, the coordinate of the center of mass of a clusters in eq. (6.11) is determined by

the coordinates of the colloids ~r1, ~r2, ..., ~rn. Such configuration can be established in n!

ways. Including this degeneracy, eq.(6.11) becomes

zint(n) ≈ vav(n)n−1

`3(n−1)
e−c(n)u. (6.12)

The ’energy’ here has been averaged over all available coordinates and formally is a

potential of mean force. Inserting eq. (6.12) into eq. (6.10) leads to the size distribution

of colloidal micelles,

ρ(n)vav(n) = (ρ(1)vav(n))n e−c(n)u. (6.13)

Note that the coarse-grained length ` literally drops out of the equation. Naturally, ξ

is the diameter of the depletant. If we had two single smooth spheres, we would have

vav = 4πR2ξ. Taking into account the geometry of our dimers, and assuming close-

packing is reached at n = nmax, then, in the simplest case, each added dimer reduces

the available volume per dimer by a factor 1/nmax. And therefore,

vav(n) ≈ 4π
(

1− n− 1

nmax

)
R2ξ. (6.14)
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Note that vav(n) is only defined for 1 < n < nmax being the range of ’compact’ clusters.

The result is easily generalized for, e.g., cylindrical or helical aggregates. In that case,

to a good approximation vav(n) is a constant function of n.

Furthermore, from the concentration of monomers, that is, n = 1, we can estimate

the bond energy u. The equilibrium constant for the multichemical equilibrium given

by eq. (6.7) is

Kn =
ρ(n)

ρ(1)n
= vn−1

av e−c(n)u (6.15)

where eq. (6.13) was used. Then, the critical micelle concentration (cmc) of the colloidal

particles is given as

ρ0 = K1/(1−n)
n = vav(n)−1ec(n)u/(n−1). (6.16)

considering the equilibrium between monomers and the most probable cluster size n∗

we have:

ρ0 ≈ vav(n
∗)−1ec(n

∗)/(n∗−1)u. (6.17)
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7
Conditions for Equilibrium Solid-Stabilized

Emulsions

Abstract
Particular types of solid-stabilized emulsions can be thermodynamically stable
as evidenced by their spontaneous formation and monodisperse droplet size,
which only depends on system parameters. Here, we investigate the gener-
ality of these equilibrium solid-stabilized emulsions with respect to the basic
constituents: aqueous phase with ions, oil, and stabilizing particles. From
systematic variations of these constituents, we identify general conditions for
the spontaneous formation of monodisperse solid-stabilized emulsions droplets.
We conclude that emulsion stability is achieved by a combination of solid par-
ticles as well as amphiphilic ions adsorbed at the droplet surface, and low
interfacial tensions of the bare oil-water interface of order 10 mN/m or below.
Furthermore, preferential wetting of the colloidal particles by the oil phase
is necessary for thermodynamic stability. We demonstrate the sufficiency of
these basic requirements by extending the observed thermodynamic stability
to emulsions of different compositions. Our findings point to a new class of
colloid-stabilized meso-emulsions with a potentially high impact on industrial
emulsification processes due to the associated large energy savings.
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7.1. Introduction

Emulsions stabilized by solid particles, also called Pickering emulsions,[73] were for

a long time believed to be thermodynamically unstable.[72, 74, 106] They do not

form spontaneously but require energy input due to an increase in surface free energy

upon droplet breakup. By adsorption of colloidal particles to the droplet surface the

energetically unfavorable oil-water interface is reduced and a mechanical barrier that

retards the coalescence of the emulsions droplets is created. In the long term, oil and

water phase separate again, and hence the emulsions are considered to be only of kinetic,

but not of thermodynamic stability.

A thermodynamically stable emulsion in contrast,[48, 107] forms spontaneously

without any additional input of energy such as shaking or ultrasonication. The size

of the emulsion droplets depends only on the components that determine the ther-

modynamic state of the system. Traditionally, only microemulsions, namely oil-water

mixtures stabilized by surfactants and possibly cosurfactants, were considered to be

thermodynamically stable. Only recently, a specific type of Pickering emulsion was dis-

covered that exhibits thermodynamic stability. In the initial experiments, it was found

that mixtures of a particular oil (3-(Methacryloxypropyl) trimethoxysilane, TPM), wa-

ter, and magnetite particles roughly 11 nm in size, spontaneously formed oil-in-water

emulsions with the solid particles adsorbed at the interface.[48] Later, spontaneous

emulsification was also demonstrated for colloidal cobalt ferrite and Ludox silica.[108]

Thermodynamic stability was deduced from mixing two emulsions with different droplet

sizes that spontaneously evolved into a single emulsion with an intermediate droplet

size. Furthermore, the monodisperse droplet size ranges between 30 and 150 nm and is

determined by the mass ratio of TPM and colloidal particles. Upon increase of the oil-

colloid weight ratio, the droplet size grows linearly at first. Above a certain oil-colloid

weight ratio the droplet size reaches a constant value. Additional oil is expelled as a

separate phase, in analogy to microemulsions.[107]

The late finding, historically speaking, of thermodynamically stable meso-emulsions

poses the question whether the stability is due to a specific chemical composition, and

therefore unique for a TPM oil phase and certain stabilizing colloids in aqueous media,

or, whether it can be described in terms of more general physical parameters. In con-

sideration of the wide range of possible applications and impact on energy efficiency of

emulsification processes on industrial scales, a thorough understanding of the generality

of the spontaneous emulsification is desirable.

Therefore, this chapter aims to elucidate the molecular origins of the thermodynamic

stability of these Pickering emulsions, investigate the effect of the different components

on the stability in detail, and compare experimental results with theoretical predictions.

Specifically, we focus on the following issues:
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1. emulsion stability in absence of colloidal particles;

2. ions present in the aqueous phase;

3. nature of colloidal particles that are adsorbed onto the oil-water interface;

4. the nature of the oil.

We first review the current knowledge of the thermodynamically stable Pickering

emulsions to motivate this choice of investigated parameters. Then, we describe the

conducted experiments, discuss the results, and draw conclusions with respect to the

basic requirements for thermodynamic stability.

7.2. Previous Work

Emulsification of a macroscopic oil and water phase into small droplets significantly

enlarges the interfacial area between the oil and water phase. Adsorption of colloidal

particles onto the droplet surface partially decreases this interfacial area, reducing the

energy necessary to create such an interface. However, at least 10% of the interfacial

area remains uncovered. The energy required to create that bare interface depends

on the interfacial tension between oil and water phase. Previously, it was measured

that the bare oil-water interfacial tension is as low as 3 mN/m,[109] much higher

than the ultralow interfacial tensions of microemulsions, but still low compared to

common oil-water interfacial tensions, being typically 50 mN/m. The low interfacial

tension between TPM-oil and water phase is achieved by partial hydrolysis of the alkoxy

moieties of TPM, a process catalyzed in alkaline environment. Alkalinity is a result

of the complete dissociation of the quaternary ammonium salt tetramethylammonium

hydroxide (TMAH) present in the aqueous colloidal suspension. Trialkoxysilanes such as

TPM undergo hydrolysis in dilute aqueous solutions via a series of consecutive reactions,

of which the first one is

R−Si(OR ′)3 + H2O −⇀↽− k1R−Si(OR ′)2OH + R ′OH (7.1)

where in the case of TPM, R = H2CC(CH3)CO2(CH2)3, and R′ = CH3. Consecutive

hydrolysis steps take place at a slower rate than the first.[110] The reaction prod-

uct methanol in TPM hydrolysis in the presence of TMAH was detected by NMR

measurements.[109] After formation, the weakly acidic silanol groups can dissociate

according to

R−Si(OR ′)2OH −⇀↽− k2R−Si(OR′)2O− + H+ (7.2)

creating negatively charged molecules that are surface active due to their amphiphilic

nature. The adsorption to the interface was verified by observing a decrease in the

interfacial tension between TPM and aqueous 6 mM TMAH from 8 mN/m down to 3

mN/m over the course of 24 h. Furthermore, self-condensation between the modified

TPM molecules might play an undesired role in the stability. However, condensation

of hydrolyzed TPM is a much slower process than the initial hydrolysis. Addition of
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NaCl salt to an equilibrated emulsion in the presence of an excess oil phase increased

the droplet size significantly, hinting at a charge induced preferred curvature of the

droplets. [48]

Due to these very specific requirements, it is as of yet unclear whether the thermody-

namic stability of solid-stabilized emulsions can be extended to other oils and colloidal

particles. Recently, theoretical progress has been made on describing the underlying

physics in two distinct regimes of emulsion stability.[111, 112] The models are comple-

menting each other as they are applicable to the one-phase and the two-phase region,

that is, in the absence and presence of excess oil, respectively.

In the linear growth regime and absence of excess oil Zwanikken et al. concluded

that spontaneous emulsification is possible for hydrophobic, charge-stabilized colloidal

particles, amphiphilic salt ions and hydrolyzable oil.[112] The adsorption of charged

colloidal particles to the oil-water interface can compensate the surface charge of the

bare oil-water interface created by dissociated, hydrolyzed TPM molecules. Positive

ions (TMA+) are assumed to preferentially adsorb onto the colloidal particles, whereas

the reactivity of the oil creates negatively charged molecules adsorbed at the oil-water

interface. As long as the net surface charge of the droplet remains low, the surface

tension can decrease even to negative values. A finite droplet radius and thermodynamic

stability of the solid-stabilized droplets is found at an optimal value for the ratio of

colloid surface in contact with water over free oil interface.[112]

For the two-phase regime, Kegel et al. proposed that adsorption of hydrophobic

colloids that preferably are wetted by the oil phase to the oil-water interface releases ions

from the chargeable groups of the colloidal surface.[111] Compared to the immersion

in the oil phase, the ion dissociation yields an entropic contribution to the free energy

of the droplets which can balance the unfavorable free energy necessary for creating

bare oil-water interface. At surface tensions of bare oil-water interface on the order

of 1 mN/m a global minimum in the free energy was found for a finite droplet size.

The subtle balance in the interfacial tensions between colloids and oil, γco, colloids

and water, γcw, and oil and water, γow , determines droplet stability. Thermodynamic

stability is achieved for −0.4 ≤ (γco − γcw) /γow ≤ −0.2. Furthermore, an upper limit

for the particle size that yields emulsion stability was predicted.

Both models take negatively charged colloidal particles that have a preference for the

oil phase, and low interfacial tensions between the bare oil-water interface, into account.

This incomplete picture of spontaneous emulsification into solid-stabilized oil droplets

motivated us to systematically investigate the different constituents.

First, we investigate whether thermodynamic stability of the emulsions can be ob-

tained in the absence of the colloidal particles, by mixing TPM and water containing

TMAH salt.
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To examine the influence of TMAH, and salts in general, on the stability, we use

dialyzed colloidal silica with different types of salts added in a controlled manner.

Subsequently, we explore emulsion stability with respect to different colloidal parti-

cles, ranging from nanometer-sized gold colloids to silica colloids of up to roughly 200

nm in diameter. Here, size, charge, and material of the colloids are considered when

drawing conclusions on thermodynamic stability.

Finally, the specificity of the molecular structure of the oil phase that is required to

obtain thermodynamically stable emulsion droplets is studied by systematically varying

the different moieties of the trialkoxysilane oil as well as by employing linear alkanes and

cycloalkanes. Conclusions on the conditions of thermodynamic stability are employed to

find emulsions composed of different oil phase, counterions, and colloidal particles that

still exhibit thermodynamic stability. Given the various experiments that corroborated

thermodynamic stability in these Pickering emulsions,[48, 109, 108] we limit ourselves

to testing the emulsions for stable monodisperse droplet sizes.

7.3. Experimental

7.3.1. Colloidal Dispersions

Magnetite colloids Colloidal magnetite dispersions (Fe3O4) were prepared follow-

ing a precipitation method described by Massart.[113] 40 mL of a 1 M aqueous solution

of FeCl3 and 10 mL of an acidic (2 M HCl) aqueous solution of 2 M FeCl2 were com-

bined and quickly added to 500 mL of 0.7 M NH4OH under vigorous stirring. The

immediately precipitated black magnetite was collected with a magnet, decanted, and

redispersed overnight in 50 mL of a 1 M solution of a quaternary ammonium salt. To

vary the type of ions present in the colloidal dispersion, magnetite dispersions were pre-

pared with either a tetramethylammonium hydroxide (TMAH) or tetraethylammonium

hydroxide (TEAH) solution. The magnetite particles were subsequently transferred to

Millipore water via magnetic decantation. The final dispersion contained nonaggre-

gated, negatively charged magnetite colloids with an average diameter of 11 ± 28% nm

(TMAH stabilized) and 12 ± 30% nm (TEAH stabilized). Aqueous magnetite is known

to oxidize to maghemite in time. Even though no influence on emulsion stability could

be detected and therefore no measures were taken to control the oxidation state, it may

be useful to use a standard oxidation state in future experiments.[114]

Cobalt ferrite colloids Similarly, aqueous dispersions of cobalt ferrite (CoFe2O4)

nanoparticles of 20 nm ± 27% were prepared by the co-precipitation of iron chloride

and cobalt chloride salts, as described by Claesson et al.,[114] based on the procedure

developed by Tourinho et al..[115] First, 2.38 g (0.01 mol) of CoCl2 · 6 H2O was dis-

solved in a solution of 1 mL of HCl (37%) and 4 mL of water, and 5.406 g (0.02 mol)

of FeCl3 · 6 H2O was dissolved in 40 mL of water. These solutions were both heated
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to 50 ◦C, and subsequently mixed and quickly added to a 200 mL solution of boiling

1.0 M aqueous NaOH under vigorous stirring. After stirring for 30 min at 100 ◦C the

black mixture was cooled down to room temperature. The particles precipitated within

minutes and were collected with a magnet, the supernatant was decanted, and the black

sediment was redispersed in 100 mL H2O. This procedure was used to rinse the parti-

cles 4 times with 100 mL of H2O. The resulting sediment was redispersed in 30 mL of

2.0 M HNO3 and stirred for 5 min, upon which 30 mL of 0.35 M Fe(NO3)3 · 9 H2O was

added. The reaction mixture was refluxed for 45 min, after which it was cooled down

to room temperature. After sedimentation of the particles with a magnet and removal

of the supernatant, they were redispersed in 50 mL of 1 M tetramethylammonium hy-

droxide (TMAH) overnight under stirring. Finally, the particles were sedimented on a

magnet to remove the excess of TMAH and redispersed in approximately 60 mL of H2O.

Silica colloids Ludox AS-40 silica dispersions (DuPont) containing 50% w/w amor-

phous colloidal silica with a diameter of 25 nm ± 18% in an aqueous ammonium hy-

droxide solution were diluted with Millipore water to 10.36% w/w. A 100 mL volume of

this silica dispersion was dialyzed against demi water for 5 days during which the water

was changed four times. After filtration through 0.2 µm Millipore filters and further

dilution an aqueous dispersion of 2.85% w/w nonaggregated silica was obtained.

Bindzil 30/360 colloidal silica dispersion containing particles 5-8 nm in diameter at

30% w/w was obtained from EKA, Akzo Nobel. The Bindzil dispersion was diluted to

2.33% w/w for emulsion experiments.

Furthermore, a silica dispersion containing particles with a diameter of 203 nm ±
4.7% was synthesized in ethanol according to the Stöber method.[116] After transfer

to Millipore water, the dispersion was prepared at volume fractions of 1.0% w/w.

Polystyrene colloids Polystyrene particles of 113 nm (7% w/w, 3% w/w divinyl-

benzene) were prepared by emulsion polymerization in aqueous solution as described

previously (see Chapter 2). A fraction of the polystyrene particles was subsequently

coated with vinyl acetate to render them more hydrophilic.[33, 28]

Gold colloids A colloidal dispersion containing gold colloids of about 20 nm in

diameter was made via the Turkevich-Frens method.[117, 118] For this, 250 mL of a

0.01% w/w HAuCl4 aqueous solution was brought to the boil under vigorous stirring.

When boiling, 3.8 mL of a 1% w/w sodium citrate (C6H5Na3O7) aqueous solution was

added and boiling was continued for approximately 5 min during which the solution

turned dark purple. The final suspension contained 0.09% w/w colloidal gold (20 nm

diameter). The dispersion was dialyzed against demi water, and the pH of the colloidal

dispersion was raised to 7 with TMAH.
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Furthermore, a dispersion of colloidal gold capped with 4-mercaptobenzoic acid (4-

MBA) was prepared following a modified method of Buining,[119] Reincke,[120] and

Brust.[121] For this, 10.0 mL Millipore water was mixed with 200 µL aqueous HAuCl4
solution (4.61 mg/mL) and 200 µL 4-MBA in ethanol (0.233 mg/mL). Under vigorous

stirring, the hydrogen tetrachloroaureate was reduced by addition of 200 µL of a 100

mM aqueous sodium borohydrate solution (NaBH4). The pH was adjusted by addition

of aqueous TMAH to pH 9. The final suspension contained 1.4% w/w colloidal gold

with a diameter of 3.5 ± 1.5 nm.

7.3.2. Emulsion Preparation

General procedure for emulsion preparation. Unless stated otherwise, the

components were added in no specific order as the final state of a thermodynamically

stable system is only depending on the relative amounts of the components and not on

the sequence of addition.[48] After preparation the samples were stored on a vibration-

free table in a dark, temperature controlled room. Especially when oils containing an

acrylic group, such as 3-(Methacryloxypropyl) trimethoxysilane (TPM, Acros Organics,

used as received), were used as the oil phase, exclusion of light as well as elevated tem-

peratures are important in order to avoid spontaneous polymerization upon exposure

to UV light or heat.

Polymerization of the particle stabilized TPM droplets was done either by addition

of potassium persulfate (0.5 mL of 23 mg/mL aqueous KPS per 3 mL of emulsion) at

70 ◦C or by exposure to UV light (180 W, λ=365 nm, Fluolink Flex, New Bruinswick;

100 min exposure, samples placed in optical glass cuvettes with 10 mm thickness) in

the presence of 2% w/w Irgacure ((2,4,6-trimethylbenzoyl, Ciba) in the TPM phase

at room temperature. Furthermore, acidic as well as strong alkaline conditions above

pH 10 are to be avoided because they lead to rapid self-condensation reactions of the

oil and, in the case of solid silica particles, significant dissolution of colloidal silica for

pH¿9. All samples were polymerized by radical initiation through KPS unless men-

tioned otherwise.

Mixtures of TPM and TMAH in the absence of colloids. The necessity of

colloidal particles for the emulsion formation was investigated by addition of different

aliquots of TPM oil (50 µL, 100 µL, 150 µL, 200 µL and 250 µL) to 10.0 mL of a 6 mM

TMAH in Millipore water solution. The concentration of TMAH corresponds to pH 9

as measured.

Different colloidal particles. Emulsions containing TPM and colloidal particles of

different sizes and materials at colloid concentrations mentioned above were prepared
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to investigate the influence of size and material of the colloidal particles.

Nature of salt. To investigate the effect of the nature of ions present in the system,

we prepared several series containing dialyzed Ludox silica colloids (12.0 g of 1% w/w

colloidal silica per sample) as well as either 1 mL Millipore water, 1 mL 0.1 M NaOH, 1

mL 0.1 M TMAH, 1 mL 0.1M TEAH or 1 mL 0.1 M tetrapropylammonium hydroxide

(TPAH). These salts were chosen in order to test whether hydroxide molecules that

hydrolyze TPM, and thereby induce low interfacial tensions, are sufficient for emulsion

stability. The concentrations of ions were chosen such that the pH in the final solution

was 9 to 10. For each series we prepared four samples with increasing concentrations

of TPM, such that the weight ratios moil/mcolloid were 0.9, 1.5, 2.2, and 2.9.

Nature of oil.

3-(Methacryloxypropyl) trimethoxysilane (TPM) was used as received from Acros

Organics in different concentrations as described in the respective experiments. Besides

TPM, other oils were used to explore the influence of different chemical moieties on

the thermodynamic stability of the emulsions. In TPM, the methacrylate allows for

polymerization of the oil by radical initiators or UV light. The methoxy groups can be

hydrolyzed in the presence of hydroxide to render the silane group negatively charged,

thereby creating an amphiphilic molecule. All oils used in mixtures with TPM were

tested for macroscopic mixing with TPM to exclude possible phase separation of the

two oils.

Dodecane/Octane/Cyclohexane. TMAH-magnetite stabilized emulsions were pre-

pared with dodecane (99%, used as received from Acros Organics), octane (99%, used

as received from Acros Organics) and cyclohexane (p.a., used as received from Mallinck-

rodt Baker) as the respective oil phases at an oil-colloid weight ratio mTPM/mcolloid =

7. These experiments were conducted to determine whether alkane and cycloalkanes

can form thermodynamically stable emulsions. DLS measurements were performed 1

day after preparation. Then, 10% w/w TPM with respect to the total oil mass was

added to the emulsions. DLS measurements were performed again after one and six

days of equilibration.

(3-Methacryloxypropyl) triethoxysilane (MPTES). We furthermore used MPTES as

received from ABCR, an oil with a chemical structure equivalent to TPM, but with three

ethoxy groups instead of three methoxy groups attached to the silane moieties (see also

Table 1, Appendix). The ethoxy groups of the oil are more resistant to hydrolysis while

MPTES is still having a chemical structure similar to TPM. From these experiments the

influence of the hydrolyzation product on thermodynamic stability can be determined.

(3-Mercaptopropyl) trimethoxysilane. In addition, emulsions were prepared from

(3-Mercaptopropyl) trimethoxysilane (Sigma Aldrich, used as received) and 10.00 g
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0.125% w/w TMAH stabilized magnetite dispersion to obtain an oil-colloid weight ratio

moil/mcolloid = 6.4. (3-Mercaptopropyl) trimethoxysilane has chargeable trimethoxy-

silane and apolar propyl group in common with TPM, but contains a mercapto instead

of the methacryloxy group (see also Supp. Info.). Here, the influence of the molecular

specificity of the apolar tail group was investigated.

(3-Mercaptopropyl) triethoxysilane Similarly, emulsions were also prepared from (3-

Mercaptopropyl) triethoxysilane (tech., > 80%, Sigma Aldrich, used as received) and

10.00 g 0.125% w/w TMAH stabilized magnetite dispersion to obtain an oil-colloid

weight ratio moil/mcolloid = 6.4. (3-Mercaptopropyl) triethoxysilane is an oil with

a chemical structure similar to that of (3-Mercaptopropyl) trimethoxysilane with only

the methoxy groups exchanged for ethoxy groups. Combined with the experiment on

(3-Mercaptopropyl) trimethoxysilane, use of this oil should elucidate any correlation

between emulsion stability and the mercapto group, as well as the necessity of the

methoxy-/ethoxy group for thermodynamic stability, respectively. Please refer to the

Appendix for tables with the chemical formulas of the different oils (Table 1, Appendix)

and salts (Table 2, Appendix) used in this chapter.

7.3.3. Characterization

Microscopy. Polymerized emulsion droplets were imaged by transmission electron

microscopy (TEM, TECNAI 10 or TECNAI 12, Philips). Samples were prepared by

drying drops of diluted dispersions on polymer coated copper TEM grids. Dynamic

light scattering (DLS). Dynamic light scattering was performed on diluted emulsions

at 25 ◦C using an argon ion laser (λ = 641.7 nm, 400 mW, Spectra Physics). Samples

were diluted immediately before measurement to minimize any effect of dilution on the

thermodynamic state of the emulsion.

Zeta potential. Zeta potentials were measured on diluted emulsions with a Malvern

Zetasizer Nano NS at 25 ◦C.

Interfacial tension. The surface tensions of various oils embedded in a 6 mM

aqueous TMAH phase were determined at 25 ◦C using a spinning-drop tensiometer.

The samples were prepared by first filling glass tubes with the denser phase, after

which droplets of the lighter phase were injected. For mixtures of TPM/MPTES 10/90

50% D2O was used in the aqueous phase to obtain a density of 1.05 g/cm3. The angular

velocity of the spinning tube was measured using an optical sensor. The droplet size was

measured by observation through a microscope. The surface tension was determined

from the droplet deformation in the centrifugal field as a function of the rotational

speed, using the Vonnegut equation: γ = ∆ρω2r3/4, which is valid if l > 8r. Here,

∆ρ is the density difference between the heavy and the light phase, r is the droplet
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radius perpendicular to the axis of rotation, and l is the droplet length along the axis

of rotation. The change in density upon addition of ions was taken into account.

7.4. Results and Discussion

7.4.1. Emulsion Stability in the Absence of Colloidal Particles

Solid-stabilized emulsions consist of four constituents: an aqueous phase containing

dissolved salts, an oil phase and solid colloidal particles. To test for the necessity of

colloidal particles in the stabilization of the emulsion droplets, we first investigated the

behavior of mixtures of TPM and aqueous TMAH without colloidal particles. The

presence of TMAH furthers hydrolysis of TPM not only by shifting the pH towards

alkaline conditions but it probably acts as a catalyst in the reaction. In kinetic studies

of the hydrolysis of TPM triethylamine, similar in chemical structure to the positive

tetramethyl ammonium ion, was found to catalyze the hydrolysis, but also to speed

up the self-condensation reaction of the formed silanols into siloxane linkages.[122]

Hydrolyzed TPM molecules can dissociate forming negatively charged silane groups

that consecutively lower the interfacial tension between the oil and the water phase.

Samples containing different volume fractions of TPM (between 0.5 and 2.5% v/v) at

a fixed concentration of TMAH (6 mM), but without colloidal particles, turned turbid

within a day after gentle mixing. The turbidity increased with the TPM volume.

After several days, the emulsions became unstable and phase separation occurred as

shown in Figure 7.1. TEM measurements on TPM droplets polymerized one day after

preparation show large, highly polydisperse TPM droplets (Figure 7.1B-D).

Despite the system being a thermodynamically unstable emulsion, at a given point

in time before phase separation, the average droplet size increases linearly with the

volume fraction of TPM, φ, as shown in 7.1. We can even conclude that the average

droplet size increases linearly with the ratio of the concentration of TPM to TMAH in

the absence of stabilizing solid particles. Since the concentration of TMAH was equal

in all experiments, the concentration of the hydroxide ions, [OH−], and hence the con-

centration of hydrolyzed TPM is in first approximation constant throughout the series.

Then, the oil-water interfacial area Aoil that can be occupied by surface-active TPM

molecules obtained from hydrolysis is constant as well, and the radius of the droplets

should scale linearly with the volume of the TPM phase, since R = 3Voil/Aoil. Indeed,

this can be seen in Figure 7.1. Why the system chooses this unusual path of emulsifica-

tion and phase separation is unclear. A possible mechanism could be self-emulsification

induced, for example, by local supersaturation or preferential diffusion of hydrolyzed

TPM molecules into the water phase. Emulsions formed by self-emulsification are gen-

erally metastable.[123] In contrast, in the presence of colloidal particles, significantly

smaller monodisperse and stable droplets were found. Thermodynamic stability was
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Figure 7.1. Even though mixtures of TPM in 6 mM aqueous TMAH solu-
tion are not stable, emulsion droplets show an approximately linear increase
with the TPM concentration 1 day after mixing. A) Photographs of samples
containing different amounts of TPM in aqueous TMAH solution at different
times. TEM micrographs of polymerized samples containing B) 50µL, C) 150
µL and D) 250 µL TPM. E) Droplet size as a function of TPM concentration.

demonstrated by spontaneous formation of intermediate droplet sizes from two emul-

sions with different average droplet sizes.[48] We therefore conclude that for the for-

mation of equilibrium solid-stabilized emulsions self-emulsification may play a role in

the initial emulsification, but is not the reason for its thermodynamic stability. Yet, for

stability another component than just hydrolyzing ions, and an oil and aqueous phase,

is required.

7.4.2. Ions Present in the Aqueous Phase

Tetramethylammonium ions have been hypothesized to play a role in emulsion stabili-

zation, [109] not only by raising the pH and catalyzing hydrolysis of TPM, but possibly

also by adsorbing onto the colloidal particles and the oil-water interface.[112]

To investigate the significance of salts on thermodynamic stability, we dialyzed Lu-

dox silica colloids and prepared emulsions with these colloids containing no salt, 7.7

mM NaOH, TMAH, TEAH, or TPAH, respectively. The samples with salts had pH 9,

whereas the sample without salt was at neutral pH. This pH value was chosen because

it induces hydrolysation of TPM on the time scale of 24 h without leading to rapid

self-condensation reactions of the oil and, in the case of solid silica particles, signifi-

cant dissolution of colloidal silica. In the presence of the quaternary ammonium salts
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(TMAH, TEAH and TPAH) the mixtures quickly turned turbid indicating emulsifi-

cation. The sample containing sodium hydroxide only slightly increased turbidity of

the liquid phase, and had a clear phase consisting of TPM at the bottom of the flask.

In the absence of any of those salts, and therefore at a neutral pH, no emulsification

occurred, which is clearly visible by the transparent white aqueous phase and the white

TPM phase at the bottom. Photographs of the samples that illustrate the effect of

the presence and type of salt during emulsification are shown in Figure 7.2A. After

polymerization of a fraction of the top phase we imaged all samples with a transmission

electron microscope (TEM).

In the absence of salt, we find many free silica particles as well as small clusters

(Figure 7.2C). With sodium hydroxide in the aqueous phase the silica colloids are ei-

ther free, clustered or attached to small droplets (Figure 7.2D). In the presence of

quaternary ammonium salts (TMAH, TEAH and TPAH) we have never observed free

silica particles in solution. All colloids are adsorbed onto emulsion droplets (Figure

7.2C, D, Supp. Info. Figure S2 and S3). Even though the pH in all samples contain-

ing salts were equal, only the ones containing quaternary ammonium salts emulsified

significantly. The hydroxide molecules present are hydrolyzing TPM into surface ac-

tive molecules as described by the net reaction (1). However, this experiment shows

clearly that hydroxide molecules alone are insufficient for stabilization. Surface tension

measurements between TPM and water containing either NaOH or TMAH showed no

significant difference 24 h after preparation (Table 7.2). Both lie around 10 mN/m.

Even if TMAH acts as a catalyst in hydrolysis of TPM it does not lead to a difference

in the interfacial tension on the time scale of emulsion formation. Similarly, mixtures of

Bindzil colloids with 7.7 mM NaOH and 7.7 mM TMAH were prepared and monodis-

perse emulsion droplets that formed spontaneously were observed only in the presence

of TMAH (see Appendix, Figure A.5).

Due to their amphiphilic nature, the positively charged tetramethylammonium ions

are more likely to adsorb on the interface. As a result, they reduce both the negative

colloidal as well as interfacial charge from surface-active TPM molecules more efficiently

than ions in solution alone. This behavior is not expected for sodium ions and could

therefore explain the difference in stability.

Another interesting observation is that the silica covered TPM droplets stabilized

by quaternary ammonium salts change size depending on the oil-colloid weight ratio

moil/mcolloid (Figure 7.2B) in the single-phase region. The linear size increase with the

oil-colloid weight ratio is in contrast to previous observations on Ludox silica colloids in

an aqueous ammonium hydroxide solution used as received.[108] There, emulsification

occurred spontaneously above a threshold ratio moil/mcolloid = 1.3, and the droplet

size remained constant upon further increase of the oil concentration. Below an oil-

colloid weight ratio of 1.3 electron micrographs showed uncovered TPM droplets and
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Figure 7.2. A) Mixtures of dialyzed Ludox AS 40 silica colloids, TPM and
either water, NaOH, or TMAH. Without ions a white sediment is observed,
whereas for NaOH most of the oil remains on the bottom of the flask. In
the presence of TMAH emulsification is observed, indicated by an increase in
turbidity. B) Linear dependence of the droplet diameter on the oil (TPM)-silica
ratio as a function of added quaternary ammonium salt: 7 mM � TMAH, �

TEAH and ◦ TPAH. With increasing length of the alkyl group the droplet size
increases at a given oil-colloid weight ratio. Emulsions of 2.85% w/w dialyzed
Ludox silica dispersions and TPM were prepared using C) no salt, D) 7.7 mM
NaOH, E) 7.7 mM TMAH, or F) 7.7 mM TEAH. Emulsions are formed in
the presence of the quaternary ammonium salts (E, F), but not without salt
or with NaOH (C, D). Transmission Electron micrographs shown are for a
TPM-silica mass ratio 2.2. Scale bars are 200 nm.
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free silica colloids. Using silica colloids with salt added after dialysis, we also found

spontaneous emulsification at a ratio moil/mcolloid = 0.9 (Supp. Info. Figures S2,

S3 and S4). The linear size increase with the oil-colloid weight ratio is analogous to

previous results obtained for TPM droplets stabilized by colloidal magnetite in the

presence of TMAH in the single phase region.

Furthermore, note that, at a given oil-colloid weight ratio, the droplet size increases

with the length of the alkyl group of the ions. A longer alkyl group implies stronger

amphiphilicity of the ion, which apparently is more efficient in reducing the negative

charge of the colloidal particles and surface-active TPM molecules upon adsorption at

the interface. The better the charge between the colloidal particles is screened, the

smaller the surface area they occupy is and the larger the droplet size at equal oil

volumes must be. However, the net surface charge of the emulsion droplets remains

low. For a magnetite stabilized TPM emulsion (oil-colloid mass ratio of 10, diameter

152± 3 nm) the zeta potential was measured to be -1.5 kBT/e. That equals to roughly

350 negative elementary charges for an ionic strength of 7 mM. For further images and

electron micrographs on experiments with dialyzed Ludox and Bindzil silica particles,

see Figures A.2,A.3, A.5, and A.4, Appendix. Such direct comparisons between dif-

ferent batches of magnetite or cobalt ferrite stabilized by TMAH and TEAH cannot

be made due to the insufficient control over ion removal during magnetic decantation:

different batches can contain different concentrations of quaternary ammonium salts.

Zeta potential measurements give information on the charge of the colloidal particles

and therefore indirectly on the concentration of stabilizing salt. For magnetite (TMAH

and TEAH stabilized) and cobalt ferrite (TMAH stabilized) colloids the zeta potential

was measured to be −1.6±0.3 kBT/e, −2.0±0.3 kBT/e, and −2.2±0.4 kBT/e, respec-

tively. Qualitatively, the increase in droplet size as a function of the oil-colloid mass

ratio is always the same, as depicted in Figure 7.3. However, the slope of the increase

in the droplet size with the oil volume and the droplet size in the presence of an excess

oil phase may vary. In the one-phase region the slope of the droplet size increase as

a function of the oil-colloid mass ratio is larger for TMAH than for TEAH stabilized

magnetite colloids.

7.4.3. Type of Stabilizing Colloidal Particles

To achieve thermodynamically stable Pickering emulsions, different types of colloidal

particles were used in TPM-water systems: TMAH stabilized magnetite and cobalt

ferrite, and commercial Ludox AS 40 silica.[108] However, it is still unknown how

broad a range in material, size, and properties of the colloidal particles can be used to

stabilize these emulsions. This is both interesting with respect to possible applications

as well as for the understanding of the mechanism of emulsification. We used different

colloidal particles with a variety of materials, sizes and stabilizing ions in emulsion
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Figure 7.3. Emulsion droplet size of magnetite stabilized TPM droplets as
a function of the oil-colloid mass ratio for magnetite dispersions stabilized by
TMAH and TEAH.

experiments with TPM as the oil phase: 11 nm TMAH- and 12 nm TEAH-stabilized

magnetite, TMAH-stabilized cobalt ferrite of 20 nm, Ludox AS 40 silica of 25 nm,

Bindzil 30/360 silica colloids of 5-8 nm, Stöber silica of 203 and 310 nm, polystyrene of

226 nm, both pure polystyrene as well as with a hydrophilic coating of vinyl acetate,

and gold colloids 20 nm in diameter with citrate capping as well as gold colloids of 3.5

nm with 4-mercaptobenzoic acid (4-MBA) capping.

Without any additions to the colloidal suspensions as obtained from synthesis mix-

tures containing magnetite, cobalt ferrite and Ludox silica colloids were found to form

monodisperse, stable emulsions. However, droplet stability could not be obtained by

Bindzil silica, Stöber silica, polystyrene or gold colloids in aqueous solution. Whereas

the 25 nm Ludox silica particles formed stable emulsions, the smaller Bindzil and the

larger Stöber silica particles were incapable of achieving this despite the similarity in ma-

terial. Emulsification failure might be due to the absence of TPM hydrolyzing molecules

that lower the oil-water interfacial tension by creating surface-active molecules. As pre-

viously shown for dialyzed Ludox silica, colloidal particles suspensions alone that do not

contain hydrolyzing agents such as TMAH (magnetite and cobalt ferrite) or ammonia

(Ludox silica) are not sufficient for droplet stability. Therefore, we prepared emulsions

of TPM and colloidal particles in aqueous 6 mM TMAH solution that previously did

not spontaneously emulsify. In the case of uncapped gold colloids, polydisperse droplets

are seen on TEM images of polymerized emulsions. Small droplets contain only one

or few gold colloids, whereas the larger droplets do often not have any gold particles

attached (Figure 7.4A). 4-MBA capped gold colloids exhibit bidisperse TPM emulsion

droplets sparsely covered with colloidal particles (see Figure 7.4B). The inset shows

that the smaller droplet species resembles typical stable Pickering emulsions. The large
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Colloidal material Colloidal diameter Stable emulsion?

4-MBA capped Gold 3.5 ± 43% nm Yes

Citrate capped Gold 20 nm No

Magnetite stabilized by TMAH 11 ± 28% nm Yes

Magnetite stabilized by TEAH 12 ± 30% nm Yes

Cobalt ferrite stabilized by TMAH 20 ± 27% nm Yes

Bindzil Silica 30/360 5-8 nm Yes

Ludox Silica AS 25 ±18% nm Yes

Stöber Silica 203 ± 4.7% nm No

Sulfated Polystyrene 226 ± 2.5% nm No

Vinyl-acetate coated Polystyrene 222 ± 2.5% nm No
Table 7.1. Emulsion stability for different types of colloidal particles, 6 mM
TMAH (unless mentioned otherwise) and TPM.

uncovered droplets may be due to an excess of TPM. This improvement in stabiliz-

ing capability compared to the citrate capped gold colloids could be due to the more

hydrophobic 4-MBA coated surface.

No emulsification was obtained with Stöber silica and polystyrene particles. TEM

pictures of polymerized samples show polydisperse TPM droplets and free silica parti-

cles, with only few colloids adsorbed to emulsion droplets (Figure 7.4D). For sulfated

and vinyl-acetate coated polystyrene particles emulsification was not obtained either

(Figure 7.4E, F). On the other hand, emulsions containing TEAH stabilized magnetite

colloids readily emulsified as supported by TEM images of polymerized samples (Figure

7.4C). Dialyzed Bindzil colloidal particles readily form emulsions in the presence of 7.7

mM TMAH (Figure 7.4H), whereas polydisperse droplets and free silica particles are

observed in the presence of NaOH (Figure 7.4G, and Appendix, Figure A.5). Hematite

spindles stabilized with TMAH and with a long axis of 250 nm were also found to spon-

taneously induce emulsification, but did not exhibit thermodynamic stability.[109] It

was theoretically predicted that a condition for thermodynamically stable emulsions is

that colloidal particles though initially dispersed in the aqueous phase are preferentially

wetted by the oil phase.[112, 111] Preferential wetting of magnetite particles by the

oil phase was also found previously in wetting experiments with water and TPM on a

macroscopic polished magnetite surface.[48] Besides, colloidal particles that do achieve

emulsification, such as magnetite, cobalt ferrite, silica, and 4-MBA-capped gold, are

more hydrophobic than the ones that failed emulsification, such as citrate-capped gold,

sulfated and vinyl-acetate coated polystyrene. Furthermore, we have observed that

colloidal particles with which stable emulsions are achieved transfer into the oil phase

on the time scale of days to weeks.[124] This is possibly caused by a slow chemical
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Figure 7.4. Polymerized samples of mixtures of TPM with different stabiliz-
ing colloidal particles. A) Polydisperse emulsion droplets with each only one
adsorbed citrate capped gold colloid. Inset shows small droplets that were
frequently observed (scale is 100 nm). B) Bidisperse droplets are visible after
polymerization when 4-MBA coated gold colloids are mixed with TMAH and
TPM. Inset shows a blow up of the smaller species with gold colloids adsorbed
to the interface. C) TEAH stabilized magnetite readily emulsifies TPM into
monodisperse emulsion droplets. D) Stöber silica colloids adsorb at the inter-
face of TPM droplets, but do not form monodisperse emulsion droplets. E)
Sulfated polystyrene colloids in 6 mM TMAH and mixed with TPM lead to
growth of the individual particles, but not to emulsion droplets. F) Vinyl-
acetate coated sulfated polystyrene colloids in 6 mM TMAH and mixed with
TPM are aggregating, but do not show monodisperse droplet sizes. G) Simi-
larly to Ludox silica as shown in Figure 7.2, mixtures of Bindzil silica colloids
in 7.7 mM NaOH and TPM contained polydisperse droplets as well as free
silica colloids. H) In the presence of 7.7 mM TMAH, Bindzil silica colloids and
TPM form stable emulsion droplets.
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Oil phase γow γow−Salt Salt Stable emulsion?a

[mN/m] [mN/m] (within 24 h)

0 h 24 h

Cyclohexane 44 42 42 6 mM TMAH No

Dodecane 45 41 41 6 mM TMAH No

Octane 46 45 45 6 mM TMAH No

TPMb 8.2 8.5 5.8 6 mM TMAH Yes

TPMb 8.2 8.5 6.9 6 mM NaOH No

TPMc 11 11 10 6 mM TMAH Yes

TPMc 11 11 11 6 mM NaOH No

MPTES 19 17 7.0 6 mM TMAH No

McTMS 7.3 7.6 3.1 6 mM TMAH Yes

McTES 3.0 3.8 too turbid 6 mM TMAH No
a in the presence of colloidal particles
b bottle open for 6 months
c fresh bottle

Table 7.2. Interfacial tensions of different oils against water (γow) or water
containing 6 mM salt (γow−Salt) measured immediately (0 h) and 24 h after
mixing of oil and water phase by a spinning drop tensiometer. To test for
spontaneous emulsification colloidal magnetite was used in all cases except for
TPM against NaOH where dialyzed Ludox silica colloids were employed.

process such as self-condensation of TPM on the particle surface and happens on a dif-

ferent time scale (see also Chapter 8).[124] Moreover, formation of stable monodisperse

emulsions was found only for negatively charged particles that do not exceed 203 nm

in diameter. Zeta potentials for magnetite and cobalt ferrite were around −2 kBT/e,

as mentioned earlier.

7.4.4. Nature of the Oil

TPM plays an important role in the spontaneous emulsification because the molecules

exposed to the aqueous TMAH phase are hydrolyzed and consecutively charged by dis-

sociation. Next, we investigate whether the thermodynamic stability is specific to the

chemical structure of TPM or if a common physical property can be identified. In the

case of the latter, other oils with similar properties should also lead to spontaneous

emulsification into monodisperse particle-covered emulsion droplets. First, mixtures

consisting of TMAH-stabilized magnetite dispersions and alkane (octane and dodecane)

or cycloalkane (cyclohexane) oils were investigated. Within 24 h the samples did not

exhibit the for successful emulsification characteristic turbidity. They remained phase
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Oil phase γow γ
ow−TMAH Stable emulsion?a

[mN/m] [mN/m]

0 h 24 h 0 h 24 h

Cyclohexane / TPM 90/10 18 18 18 9.6 Yes

Dodecane / TPM 90/10 16 16 11 8.7 Yes

Octane / TPM 90/10 18 18 11 9.6 Yes

MPTES / TPM 90/10 17 15 17 9.8 Yes
a in the presence of colloidal magnetite stabilized by TMAH.

Table 7.3. Interfacial tensions of different oils plus 10% w/w TPM against
water (γow) or 6 mM aqueous TMAH (γow−TMAH) measured immediately (0
h) and 24 h after mixing of oil and water phase by a spinning drop tensiometer.

separated with a separate oil phase floating on the dispersion. To enhance emulsifica-

tion, the samples were gently agitated and then stored without disturbance. After one

day dynamic light scattering was performed on diluted samples. As expected from the

macroscopic appearance, all samples contained polydisperse droplets, indicating a ther-

modynamically unstable emulsion (Figure 7.5A). None of these oils can form charged

amphiphilic molecules by hydrolysis or dissociation, and surface tensions against water

therefore are above 40 mN/m (see Table 7.2), even in the presence of 6 mM TMAH in

the aqueous phase. For comparison, surface tensions of TPM against water and 6 mM

aqueous TMAH was measured to be 8.2 and 5.8 respectively. The emulsification failure

at such high surface tensions is also in agreement with theoretical predictions.[111] If

low surface tensions are caused by hydrolysis of the methoxy groups and subsequent

adsorption of the resulting amphiphilic molecule, slower emulsification should occur

for (3-methacryloxypropyl) triethoxysilane (MPTES). MPTES has a similar molecu-

lar formula as TPM, but with ethoxy instead of methoxy groups. For an overview of

molecular structures and chemical properties of the oils employed, please refer to the

Appendix. Those groups are undergoing partial hydrolysis much less readily and are

therefore an ideal test for the impact of the hydrolysis product on the thermodynamic

stability. Indeed, MPTES mixed with TMAH stabilized magnetite suspension did not

form stable emulsions within 24 h. Surface tension measurement against water and 6

mM aqueous TMAH yielded 19 mN/m and 17 mN/m immediately after preparation of

the samples. Within 24 h the interfacial tension decreased to 7 mN/m in the presence

of TMAH. Yet, no emulsification was observed on the same time scale in the presence of

magnetite colloids. This difference may be due to better mixing and therefore a larger

contact area between the oil and the water phase during spinning drop measurements

which speeds up hydrolysis. This agrees with the significantly larger time of 7 days

necessary for spontaneous emulsification.
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Further support comes from emulsification experiments with (3-mercaptopropyl) tri-

methoxysilane (McTMS) and TMAH stabilized magnetite particles. McTMS is an oil

with hydrolysable trimethoxysilane moiety, but a mercaptopropyl group as the apolar

tail. After 1 day the mixture showed a significant increase in turbidity and DLS mea-

surements on an unpolymerized sample revealed droplet sizes of 43 nm (Figure 7.5C).

Surface tension between the oil and aqueous TMAH was as low as 3.1 mN/m after 24 h,

supporting the correlation between low surface tensions and emulsion stability further.

Again exchanging the methoxy for ethoxy groups, that is using (3-mercaptopropyl)

triethoxysilane (McTES) as the oil phase together with TMAH-stabilized magnetite

particles, did not show increased sample turbidity. DLS measurements indicated poly-

disperse droplets, further corroborating the absence of thermodynamic stability (Fig-

ure 7.5C). Even though McTMS can form partially hydrolyzed molecules that exhibit

surface-active properties due to the chargeable silane group and the mercaptopropyl

tail much faster than the ethoxy variant of the oil, surface tension of McTES in the

presence of TMAH was measured to be 3.8 mN/m immediately after mixing. However,

within a few hours the sample turned very turbid making surface tension measurements

after 24 h impossible.

From the emulsification experiments and surface tension measurements, we conclude

that even though low surface tensions play an important role as emulsification was

never observed for surface tensions above roughly 10 mN/m, they are in itself not

sufficient for stability. The quaternary ammonium ions only have a small effect on the

surface tension in the absence of colloidal particles. Surface tensions of alkanes and

cyclohexane against aqueous TMAH were slightly lower than against pure water. Yet,

only the combination of colloidal particles, quaternary ammonium ions, and the surface-

active TPM molecules is sufficient for emulsion stability. We propose that a collective

effect between those three components leads to much lower surface tension and therefore

stability, than is expected from the sum of the individual components. This collective

effect is in analogy to significantly lower interfacial tensions achieved by a combination

of surfactants and cosurfactants in microemulsions. Theoretical frameworks that find

an equilibrium droplet size explicitly consider this adsorption of quaternary ammonium

ions at the interface in the single-phase region.[112] Also, in the presence of an excess

oil phase this collective effect can be understood as follows:[111] a decrease in the

net surface charge by adsorption of the positively charged quaternary ammonium ions

allows for further ion dissociation from the colloidal particles. The dissociation yields

a gain in ion entropy that can compensate for the more unfavorable oil-water tensions.

Note that the time a bottle of TPM has been opened and therefore exposed to

humidity plays a small role in the surface tensions. Surface tension measurements of

fresh TPM against water and 6 mM TMAH were found to be 11 mN/m instead of

8.2 mN/m and 10 mN/m instead of 5.8 mN/m. Yet, emulsification was observed with
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both, indicating that surface tensions around or below 10 mN/m are sufficient to induce

spontaneous emulsification in the presence of colloidal particles.

If only the partially hydrolyzed and dissociated molecules are playing a significant

role in lowering the surface tensions, then stabilization should also be achieved in the

presence of a small number of such molecules that adsorb at the oil-water interface.

This can be tested by using oil mixtures of an oil that does not spontaneously emulsify

and one that does, for example, TPM.

Therefore, we added 10% w/w TPM to the emulsions containing dodecane, octane,

or cyclohexane, agitated the samples gently, and remeasured the droplet size with DLS

after one day. All droplet sizes became monodisperse and significantly decreased (see

Figure 7.5B). The sample containing an oil mixture of cyclohexane and 10% w/w TPM

was remeasured after 4 days. The emulsion droplet size decreased further to 35 nm.

Also, a mixture of MPTES and 8% w/w TPM spontaneously emulsified in the presence

of magnetite colloids, yielding a droplet size of 64 ± 2 nm by DLS. Emulsion stability

for all mixtures of an inert oil and 10% w/w TPM agrees with significantly smaller

surface tensions against an aqueous TMAH phase on the order of 10 mN/m (Table 7.3

and 7.2) compared to surface tensions of the inert oil phase against aqueous TMAH.

Without TPM, surface tensions are roughly 45 mN/m for octane, dodecane, and cy-

clohexane, and 19 mN/m for MPTES. The lower surface tensions and observed sponta-

neous emulsification into monodisperse droplets clearly link hydrolysis and subsequent

dissociation of TPM into surface-active molecules with emulsion stability. However,

no stability is achieved in the absence of colloidal particles (see section 7.4.1). Only

a combination of low surface tensions, amphiphilic ions, and colloidal particles yields

equilibrium solid-stabilized emulsions. Note also that weak acidity of the oil may be a

requirement for the emulsion stability. Strong acids completely dissociate, leading to

very low interfacial tensions and probably a micellar solution rather than emulsions.

Still, a small quantity of a strong acid may be employed in combination with an inert

oil to achieve spontaneous emulsification.

With these minimum requirements in mind, it is straightforward to consider other

liphophilic ionizable oils, such as fatty acids, for use as the oil phase in colloidally

stabilized emulsions. Indeed, preliminary experiments on stearic acid and TMAH-

stabilized magnetite particles yielded spontaneous emulsification into roughly 150 nm

sized droplets as measured by DLS. We are currently investigating the stability of emul-

sions made from various fatty acids, in analogy with trialkoxysilane-stabilized emulsions.

7.5. Conclusions and Outlook

Understanding the basic requirements for stable Pickering emulsions is a stepping

stone for the development of mesoscopic equilibrium particle stabilized emulsions. From

systematic variations of the main components of a Pickering emulsion, colloids, oil
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Figure 7.5. Dynamic light scattering (DLS) data showing the radii of the
emulsion droplets as a function of the scattering angle. (A) Radii for magnetite
stabilized emulsions containing dodecane, octane and cyclohexane measured 1
day after mixing of the components. Emulsion droplets are polydisperse in all
cases. (B) Addition of 10% w/w TPM to the emulsions leads to monodisperse
emulsion droplets after 1 day as measured by DLS. C) DLS data for mag-
netite stabilized emulsions containing McTMS and McTES. The oil containing
methoxy groups, McTMS, forms monodisperse emulsions whereas the ethoxy
group containing McTES shows polydisperse droplets.
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phase, and dissolved ions in the water phase, we have deduced the conditions necessary

for spontaneous emulsification into a thermodynamically stable system. Successful oil-

in-water emulsion stabilization requires a combination of three conditions: low interfa-

cial tensions between the oil-water interface below 10 mN/m, amphiphilic ions that can

adsorb at the droplet interface, and colloidal particles (Figure 7.6). Particle-stabilized

emulsions were not obtained in the absence of one of those components.

In the initial experiments on thermodynamically stable Pickering emulsions a low

interfacial tension was obtained by use of a particular oil (TPM) that hydrolyzes in

the presence of quaternary ammonium salts. After dissociation, hydrolyzed TPM is

an amphiphilic and therefore surface-active molecule. These molecules adsorb at the

interface thereby lowering the interfacial tension significantly. By systematically chang-

ing the moieties of TPM, we could attribute emulsification to the hydrolyzable part of

the molecules. However, this is just one way of obtaining low interfacial tensions and

not required for spontaneous emulsification. Using mixtures of hydrolyzable and inert

oils in combination with a hydrolyzing agent and colloidal particles we obtained stable

emulsions for a variety of oil mixtures. As long as both oils mix, the chemical nature of

the inert oil is of no influence on emulsion stability. Only interfacial tensions lower than

10 mN/m are required, independent of the chemical composition of the oil, furthermore

supported by surface tension measurements on pure and mixed systems. However, low

interfacial tensions of the oil-water interface in the absence of colloids are not sufficient

for spontaneous emulsification. In theoretical models, even surface tensions below 2-3

mN/m were required for thermodynamic stability of the emulsions. Emulsion stability

also requires the presence of surface-active ions such as quaternary ammonium ions

as emulsification was not achieved at low surface tensions in the presence of sodium

hydroxide. We therefore suggest that a collective effect of quaternary ammonium ions

and colloids leads to a stronger release of counterions. This implies that the presence

of colloidal particles yields much lower surface tensions than the oil aqueous TMAH

interface. Furthermore, stabilization is only obtained by negatively charged colloidal

particles with a diameter below 203 nm. Possibly the maximum particle diameter with

which stabilization still can be obtained is even smaller. Preferential wetting by the oil

phase was found to be another common property of colloids achieving stabilization.[124]

The detailed nature of the colloidal bulk material is not playing an essential role, as long

as the colloidal surface has a preference for the oil phase. It is unclear as of yet whether

size and hydrophobicity are only helpful or essential for stable emulsions. Furthermore,

it still remains a challenge to make a thermodynamically stable water-in-oil Pickering

emulsion. A schematic that summarizes these requirements is shown in Figure 7.6.

We propose that only the collective effect of adsorption of colloidal particles, low sur-

face tensions and amphiphilic ions leads to emulsion stability. This general mechanism
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Figure 7.6. Schematic of the constituents necessary to achieve thermody-
namically stable Pickering emulsions. Adsorption of negatively charged col-
loidal particles, surface-active molecules, and amphiphilic ions at the oil-water
interface, leads to stable emulsions.

was found in many different oil-colloid systems, pointing to a new class of equilibrium

solid-stabilized emulsions.

The two theoretical frameworks proposed by Zwanikken et al. and Kegel et al.

are compatible with the experimental findings in previous work and described in this

article. Both models take the basic requirements of low interfacial tensions, amphiphilic

ions, and colloidal particles into account while finding an equilibrium droplet radius.

Furthermore, they predict a preference of the colloidal particles for the oil phase as well

as a maximum colloid size that still induces spontaneous emulsification.

Spontaneous emulsification into particle-stabilized oil-in-water droplets is not only

fascinating from an academic viewpoint but may have an impact on emulsion fabrication

because of the significant energy savings. The knowledge obtained on the minimum

requirements of these Pickering emulsions may be applied to other oils and colloidal

particles, with possibly industrial applications in food or material science. Not only oils

that create their own surfactants by hydrolysis and dissociation but also oils that achieve

similar surface-active molecules in other ways are expected to be used for spontaneous

emulsification.
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8
Evolution of Equilibrium Pickering

Emulsions - A Matter of Time Scales

Abstract

A new class of equilibrium solid-stabilized oil-in-water emulsions harbors a
competition of two processes on disparate time scales that affect the equilib-
rium droplet size in opposing ways. The aim of this chapter is to elucidate the
molecular origins of these two time scales and demonstrate their effects on the
evolution of the emulsion droplet size. Firstly, spontaneous emulsification into
particle-covered droplets occurs through in situ generation of surface-active
molecules by hydrolysis of molecules of the oil phase. We show that surface
tensions of the oil-water interfaces in the absence of stabilizing colloidal parti-
cles are connected to the concentration of these surface-active molecules, and
hence, also to the equilibrium droplet size in the presence of colloids. As a
consequence, the hydrolysis process sets the timescale of formation of these
solid-stabilized emulsions.

A second timescale is governing the ultimate fate of the solid-stabilized equilib-
rium emulsions: by condensation of the in situ generated amphiphilic molecules
onto the colloidal particles their wetting properties change, leading to a gradual
transfer from the aqueous to the oil phase via growth of the emulsion droplets.
This migration is observed macroscopically by a color change of the water and
oil phases, as well as by electron microscopy after polymerization of the oil
phase in a phase separated sample. Surprisingly, the relative oil volume sets
the timescale of particle transfer. Phase separation into an aqueous phase and
an oil phase containing colloidal particles is influenced by sedimentation of the
emulsion droplets. The two processes of formation of surface-active molecules

127
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through hydrolysis and condensation thereof on the colloidal surface have op-
posite influence on the droplet size. By their interplay, a dynamic equilibrium
is created where the droplet size always adjusts to the thermodynamically
stable state.
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8.1. Introduction

Two classes of emulsions are known to exhibit thermodynamic stability at present:

microemulsions[107], and a special class of Pickering emulsions.[48, 125] Their equi-

librium state is determined by the volume fractions of the basic components, oil and

aqueous phase, the type and amount of stabilizer, the temperature and the pH. For sta-

bilization surfactants, cosurfactants, solid particles and salt, and combinations thereof

may be employed. Thermodynamic stability in microemulsions is provided by very low

interfacial tensions created by adsorption of surfactants and possibly cosurfactants at

the oil-water interface.[107] In the only recently discovered special class of Pickering

emulsions, a combination of interfacial tensions of the bare oil-water interface below

10 mN/m, stabilizing colloids smaller than 200 nm, and amphiphilic ions leads to ther-

modynamic stability.[125] A systematic study of this system is described in detail in a

previous publication, see [125]. The term Pickering emulsion generally refers to solid

stabilized emulsions that were first discovered by Pickering and Ramsden at the begin-

ning of the 20th century.[73, 72] Notably, apart from the system we focus on in this

chapter, all other Pickering are only of kinetic and not thermodynamic stability.[74] To

make the distinction between common, meta-stable Pickering emulsions, and the spe-

cial type of thermodynamically stable Pickering emulsions investigated here, the latter

ones are also sometimes termed solid-stabilized equilibrium emulsions.[125]

In contrast to other oil-water systems which require significant energy input for their

formation, for example by mechanical mixing, thermodynamically stable emulsions form

spontaneously upon mixing of the components. Their final state, such as the droplet size

or whether an oil-in-water or a water-in-oil emulsion is formed, is determined only by the

concentrations of the components and the type of emulsifiers added. In solid-stabilized

equilibrium emulsions, for example, the droplet size in the absence of an excess oil phase

increases roughly linearly with the oil-colloid mass ratio.[48] Mixing two emulsions with

different average droplet sizes results in an intermediate droplet size.[48] Generally,

when mixing two emulsions that are thermodynamically stable, the intermediate state

is obtained corresponding to the new concentrations of the components. This also

implies that the order of mixing of the constituents does not affect the state of the

emulsion.

Not only deliberate changes in the composition may induce an adaption of the emul-

sion system to the new conditions, but also chemical processes, though unreported as

of yet, should trigger a spontaneous response and alter the state of the emulsion. Here

we report on thermodynamically stable Pickering emulsions in which a slow chemical

change competes with the generally much faster formation of the solid-stabilized emul-

sion. The primary goal of this article is to explain the observed changes in the emulsion

droplet size by the underlying molecular processes. We first investigate the role that
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in situ generation of surface-active molecules plays on spontaneous emulsion formation.

Then, we explore the reasons that lead to emulsion droplet size growth. Intriguingly,

these competing time scales govern the evolution of the emulsion droplet size. We find

that the droplet size always adapts to the lowest free energy state as defined by the

emulsion conditions, leading to a dynamic equilibrium.

8.2. Experimental

8.2.1. Colloidal dispersions

Magnetite colloids Colloidal magnetite dispersions (Fe3O4) were prepared follow-

ing a precipitation method described by Massart.[113] 40 mL of a 1 M aqueous so-

lution of FeCl3 and 10 mL of an acidic (2 M HCl) aqueous solution of 2 M FeCl2
were combined and quickly added to 500 mL of 0.7 M NH4OH under vigorous stirring.

The immediately precipitated black magnetite was collected with a magnet, decanted

and redispersed overnight in 50 mL of a 1 M solution of a quaternary ammonium

salt. To vary the type of ions present in the colloidal dispersion, magnetite dispersions

were prepared with either a tetramethyl ammonium hydroxide (TMAH) or tetraethyl

ammonium hydroxide (TEAH) solution. The magnetite particles were subsequently

transferred to Millipore water via magnetic decantation. The final dispersion contained

non-aggregated, negatively charged magnetite colloids with an average diameter of 11

± 28% nm (TMAH stabilized) and 12 ± 30% nm (TEAH stabilized). Aqueous mag-

netite is known to oxidize to maghemite in time. Even though no influence on emulsion

stability could be detected and therefore no measures were taken to control the oxida-

tion state, it may be useful to use a standard oxidation state in future experiments.[114]

Cobalt ferrite colloids Similarly, aqueous dispersions of cobalt ferrite (CoFe2O4)

nanoparticles of 20 nm ± 27% were prepared by the co-precipitation of iron chloride

and cobalt chloride salts, as described by Claesson et al.,[114] based on the procedure

developed by Tourinho et al..[115] First, 2.38 g (0.01 mol) of CoCl2 · 6 H2O was dis-

solved in a solution of 1 mL of HCl (37%) and 4 mL of water, and 5.406 g (0.02 mol) of

FeCl3 · 6 H2O was dissolved in 40 mL water. These solutions were both heated to 50 ◦C,

subsequently mixed and quickly added to a 200 mL solution of boiling 1.0 M aqueous

NaOH under vigorous stirring. After stirring for 30 minutes at 100 ◦C the black mixture

was cooled down to room temperature. The particles precipitated within minutes and

were collected with a magnet, the supernatant was decanted, and the black sediment

was redispersed in 100 mL H2O. This procedure was used to rinse the particles 4 times

with 100 mL of H2O. The resulting sediment was redispersed in 30 mL of 2.0 M HNO3

and stirred for 5 minutes, upon which 30 mL of 0.35 M Fe(NO3)3 · 9 H2O was added.

The reaction mixture was refluxed for 45 minutes, after which it was cooled down to

room temperature. After sedimentation of the particles with a magnet and removal
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of the supernatant, they were redispersed in 50 mL of 1 M tetramethylammonium hy-

droxide (TMAH) overnight under stirring. Finally, the particles were sedimented on a

magnet to remove the excess of TMAH, and redispersed in approximately 60 mL of H2O.

Silica colloids Ludox AS-40 silica dispersions (DuPont) containing 50% w/w amor-

phous colloidal silica with a diameter of 25 nm ± 18% in an aqueous ammonium hydrox-

ide solution were diluted with Millipore water to 10.36% w/w. A 100 mL volume of this

silica dispersion was dialyzed against demi water for five days during which the water

was changed four times. After filtration through 0.2 µm Millipore filters and further

dilution an aqueous dispersion of 2.85% w/w non-aggregated silica was obtained.

8.2.2. Emulsion Preparation

General procedure for emulsion preparation. The components were added in

no specific order as the final state of a thermodynamically stable system only depends on

the relative amounts of the components and not on the sequence of addition. Colloidal

suspensions were diluted with Millipore water to the mentioned weight fractions. The

oil phase consists, unless stated otherwise, of (3-methacryloxypropyl) trimethoxysilane

(TPM, Acros Organics, used as received, stored at 4 ◦C), a polymerizable trialkoxysilane

that can form surface-active molecules through hydrolysis and dissociation of weakly

acid silanol groups. After preparation the samples were stored on a vibration-free table

in a dark, temperature-controlled room.

Polymerization of the particle stabilized TPM droplets was achieved by addition of

potassium persulfate (0.5 mL of 23 mg/mL aqueous KPS per 3 mL of emulsion) at 70 ◦C.

Stability at high TPM concentrations. A series of magnetite-stabilized TPM

emulsions was prepared to investigate the emulsion stability at high oil concentrations.

Each sample contained 2.0 g of a 0.125% w/w magnetite dispersion and different TPM

volumes, such that the corresponding mass ratios moil/mcolloid were 100, 150, 200,

250, 300, 350, 400, 500, 600 and 1000. The samples were gently homogenized several

times a day during the first three days to separate emulsion stability from effects due to

sedimentation. Furthermore, three samples containing 2.0 g of a 0.125% w/w magnetite

dispersion with mass ratios moil/mcolloid of 160, 240 and 400 were prepared. These

samples were not shaken during the observation.

Long-term emulsion stability. Two emulsions were prepared by the addition of

0.104 g and 0.466 g of TPM to 44.45 g and 42.17g of 1.2 g/L cobalt ferrite dispersions

in water, to obtain oil-colloid weight ratios moil/mcolloid of 2.0 and 9.2, respectively.

The emulsions were monitored for 20 days by visual observation, and aliquots of 1.5 mL
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were taken and polymerized for investigation by TEM. The emulsion was homogenized

by shaking before a sample was taken.

(3-Methacryloxypropyl) triethoxysilane. We used (3-methacryloxypropyl) tri-

ethoxysilane (MPTES, used as received from ABCR), an oil with a chemical structure

equivalent to TPM, but with three ethoxy groups instead of three methoxy groups

attached to the silane moieties. The ethoxy groups of the oil are more resistant to hy-

drolysis while MPTES is still having a chemical structure similar to TPM. From these

experiments the influence of the surface-active molecules generated through hydrolysis

on thermodynamic stability can be determined. Besides using pure MPTES in the oil

phase, we also prepared emulsions with different ratios of TPM and MPTES at a fixed

oil-colloid weight ratio of 5. For each sample we added 0.11 g oil to 10.5 g of a 0.2%

w/w magnetite dispersion. By doing so we investigated whether fractions of TPM in

the oil phase provide sufficient surface-active molecules to induce stability.

8.2.3. Characterization

Electron microscopy Polymerized emulsion droplets were imaged by transmission

electron microscopy (TEM, TECNAI 10 or TECNAI 12, Philips). Samples were pre-

pared by drying drops of diluted dispersions on polymer coated copper TEM grids.

Polymerized sediment was sputter coated with platinum/palladium prior to imaging by

scanning electron microscopy (SEM XL FEG 30).

Dynamic Light Scattering Dynamic light scattering was performed on diluted

emulsions at 25 ◦C using an argon ion laser (λ = 641.7 nm, 400 mW, Spectra Physics).

Samples were diluted immediately before measurement to minimize any effect of dilu-

tion on the thermodynamic state of the emulsion.

Interfacial tension The surface tensions of various oils embedded in a 6 mM aqueous

TMAH phase were determined at 25 ◦C using a spinning-drop tensiometer.[126] The

samples were prepared by first filling glass tubes with the denser phase, after which

droplets of the lighter phase were injected. Mixtures of MPTES and TPM at 70/30,

50/50, and 30/70 with densities close to 1 g/cm3 were measured against an aqueous

phase containing 75% w/w D2O (density of the mixture 1.08 g/cm3). For mixtures of

10/90 TPM/MPTES 50% D2O was used in the aqueous phase to obtain a density of

1.05 g/cm3. The angular velocity of the spinning tube was measured using an optical

sensor. The droplet size was measured by observation through a microscope. The

surface tension was determined from the droplet deformation in the centrifugal field as

a function of the rotational speed, using the Vonnegut equation:[126] γ = ∆ρω2r3/4,

which is valid if l > 8r. Here, ∆ρ is the density difference between the heavy and the
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Figure 8.1. Schematic drawing of the two processes of hydrolysis and con-
densation occurring in the emulsion system. Hydrolysis leads to spontaneous
emulsification on the time scale of a day. Gradual coating of the colloidal
particles by condensation of hydrolyzed oil molecules transfers them to the oil
phase, with phase separation as the final state.

light phase, r is the droplet radius perpendicular to the axis of rotation, and l is the

droplet length along the axis of rotation. The change in density upon addition of ions

was taken into account.

8.3. Results and Discussion

Upon mixing of aqueous colloidal suspensions and a particular oil, (3-methacryloxy-

propyl) trimethoxysilane (TPM), emulsification into monodisperse oil droplets covered

with colloidal particles is observed. Direct evidence for this spontaneous emulsification

was provided by confocal microscopy of water and TPM containing fluorescent dye.[108]

In the absence of colloidal particles, oil droplets undergo coarsening, whereas in the

presence of magnetite colloids the oil droplets shrink in size. Within two hours a large

fraction of TPM is dispersed into droplets covered by solid particles. Chain formation

of the droplets in a magnetic field confirms that the magnetite colloids are adsorbed

onto the droplet interface. Ludox silica stabilized emulsions are forming on the time

scale of two days as indicated by the angle-independent size measured by Dynamic

Light Scattering (DLS).[108] Other stabilizing colloidal particles, such as Bindzil silica,

cobalt ferrite, and gold, also induce emulsification within a day.[125, 108]

The time scale for the formation of these solid-stabilized emulsions is linked to the

timescale of partial hydrolysis and subsequent dissociation of the TPM molecules in

the oil phase (Figure 8.1). The dissociated, hydrolyzed TPM molecules are amphiphilic

and hence adsorb at the oil-water interface, lowering the interfacial tension.[125], [109]

In the presence of 6 mM aqueous tetramethylammonium hydroxide (TMAH) the in-

terfacial tension continuously decreases from 8 mN/m to 3 mN/m over the course of
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A B

Figure 8.2. Emulsions containing magnetite particles and an oil phase con-
sisting of MPTES and TPM show a correlation between surface tension of the
bare oil-water interface and emulsion droplet size. No excess oil phase was
present in these samples. A) Radii of emulsion droplets measured by Dynamic
Light Scattering (DLS) as a function of the relative amount of TPM in the oil
phase (left), and surface tension of TPM-MPTES mixtures against 6 mM aque-
ous TMAH as measured by spinning drop tensiometry in the absence of col-
loidal particles (right). B) The inverse droplet size scales quadratically with the
surface tension of the bare oil-water interface (fit: R−2 = 2.12 · 1015m−2− 1.1 ·
1017J−1γ).

24 h.[109] Therefore, using an oil with the much less readily hydrolyzing ethoxy[127]

instead of methoxy groups, (3-methacryloxypropyl) triethoxysilane (MPTES), does not

yield emulsification within a few days. The interfacial tension between MPTES and

6 mM aqueous TMAH is 17 mN/m immediately after mixing (Table 8.1); too high

for spontaneous emulsification in the presence of colloidal particles.[125] Within 24 h

the interfacial tension decreases down to 7 mN/m, even though no stable emulsions

are obtained on that time scale. Emulsification occurs one week after mixing of the

components, which is in line with the 6-10 times longer time scale of hydrolysis. [127]

Mixtures of MPTES and TPM have interfacial tensions in between the values of pure

TPM and pure MPTES (Figure 8.2 A, Table 8.1). This indicates that the oils mix

on the molecular level with compositions of TPM and MPTES on the droplet surface

equaling the bulk composition. For an oil phase comprised of a mixture of MPTES

and TPM, spontaneous emulsification occurs at all volume ratios in the presence of

TMAH stabilized magnetite colloids. DLS measurements 5 days after mixing show

that the droplet radius decreases with an increasing percentage of TPM in the oil

phase, φ = mTPM/(mTPM + mMPTES) (see Figure 8.2). The sample with the smallest

fraction of TPM, φ = 0.08, was measured again 15 days after mixing. The droplet size

slightly decreased over this period of 10 days from 64±2 nm to 59±1 nm. This decrease
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Oil phase γOW γOT

[mN/m] [mN/m]

0 h 24 h 0 h 24 h

TPM 8.2 - 8.5 5.8

MPTES/TPM 10/90 9.9 7.0 6.4 6.4

MPTES/TPM 30/70 15 - 13 9.9(4 h)

MPTES/TPM 50/50 15 12 14 10(2 h)

MPTES/TPM 70/30 17 14 16 9.0

MPTES/TPM 90/10 17 15 17 9.7

MPTES 19 16 17 7.0
Table 8.1. Interfacial tensions of different oils against water (γOW or 6 mM
aqueous TMAH (γOT ) measured immediately and 24 h (exceptions where in-
dicated) after mixing of oil and water phase by a spinning drop tensiometer.

in droplet size might be due to the onset of the slower partial hydrolysis of MPTES.

The droplet size and surface tension measurements on TPM-MPTES mixtures further

support the hypothesis that the hydrolyzed fraction of TPM molecules forms surface-

active molecules that consecutively occupy the droplet surface. The larger the fraction

of TPM in the bulk oil phase the more hydrolyzed TPM molecules are generated, and

the lower the surface tension of the bare oil-water interface is. Hence, more interface

between oil and water can be created and the droplets shrink. Fitting the data presented

in Figure 8.2B we find a linear relation between the inverse square of the radius and the

bare oil-water interfacial tension, R−2 = 2.12 · 1015m−2 − 1.1 · 1017J−1γ. This indicates

indeed, that more total droplet surface area, which scales with R−2, can be created

when the interfacial tension between oil and water phase is lower.

The contribution of the bare oil-water interface to the formation energy of one droplet

would be 4πR2(1− s)γow, where R is the radius of the droplet, s is the fraction of the

droplet surface covered with colloidal particles, and γow is the surface tension of the bare

oil-water interface. Filling in typical values for such an emulsion, R = 30 nm, s = 0.7,

and γow = 10 mN/m, the energy per droplet would be on the order of 105kBT - way

larger than the thermal energy which should be the dominating energy scale. Therefore,

we conclude that the surface tension of the emulsion interface in the presence of colloidal

particles, surface-active TPM molecules and surface-active quaternary ammonium ions

is orders of magnitude lower than between TPM and aqueous TMAH only. Preliminary

surface tension measurements on an aqueous droplet containing magnetite stabilized

emulsions against TPM confirmed significantly lower surface tensions. We conjecture

a collective effect between the colloidal particles, surface-active molecules and ions in

analogy to microemulsions. [125]
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Figure 8.3. Over the course of 20 days, the emulsion droplet size grows lin-
early up to double the diameter without a significant increase in polydispersity.
TEM images of polymerized aliquots after A) 2 days and B) 15 days. C) Di-
ameter of cobalt ferrite stabilized TPM emulsion droplets as measured from
TEM images of polymerized samples.

After formation the equilibrium Pickering emulsions can remain stable for days to

months, with the time scale of stability depending on the specific composition of the

emulsion. Macroscopically, a change in the droplet size can be noticed by the color of the

emulsions turning lighter, manifesting larger light scattering objects and thus growth

of the emulsion droplets. An emulsion consisting of TPM and cobalt ferrite colloids at

oil-colloid weight ratio moil/mcolloid of 2 turns from black/grey to grey/brown within

20 days (Figure 8.4). From TEM images of polymerized aliquots of this emulsion we

quantified the size increase in time. Over the course of 20 days, the size of these

emulsion droplets increases roughly from 50 to 90 nm, whereas polydispersity increases

only slightly (see Figure 8.3A). TEM images after 2 and after 15 days show that the

size of the droplets increased while the effective surface area per colloidal decreases

from 3.2·103 nm2 after 2 days to 2.3·103 nm2 after 20 days (Figure 8.3 B, C). In other

words, the colloidal particles are more closely packed at the interface after 20 than

after 2 days. This denser surface occupation implies that the charge of the colloidal

particles has decreased allowing for closer approach which in turn leading to droplet
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Day 7Day 1

Day 14 Day 20

Figure 8.4. Cobalt ferrite stabilized TPM emulsions in time. Left:
moil/mcolloid=2. Right: moil/mcolloid=9.

growth because the colloidal particles can stabilize less oil-water surface area. If this

droplet size increase would be due to Ostwald ripening,[128, 129] the radius should

scale as r ∝ t1/3. Fitting the experimental data with r = a · tb yields a = 44 nm and

b = 0.25 ± 0.02, which makes Ostwald ripening not likely to be the mechanism for

the size increase. We have observed droplet growth in time in various solid-stabilized

equilibrium emulsions. Also for a cobalt ferrite stabilized TPM emulsion with an oil-

colloid weight ratio of mmboxoil/mcolloids = 9, that is in the presence of an excess phase,

the average droplet diameter increased from 80± 15 nm to 191± 73 nm over the course

of two weeks.

Eventually, the emulsions become unstable and form brown sediment. By polymer-

izing a magnetite as well as a cobalt ferrite emulsion that had been allowed to settle to

the bottom of the flask we could image the sediment with scanning electron microscopy

(SEM). The sediment consists of a continuous phase with attached and partly coalesced
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Figure 8.5. SEM micrographs of polymerized sediment of a magnetite sta-
bilized TPM emulsion. A) A continuous phase with attached and partly coa-
lesced droplets is visible. B) Magnified image of rectangle in A): the surface is
covered with magnetite colloids.

droplets as can be seen in Figure 8.5. Droplets and continuous phase are covered with

magnetite colloids. The color of the macroscopic sediment was identical to that of

the colloidal suspension, whereas the supernatant became fully transparent. Similar

experiments with cobalt ferrite colloids lead to comparable observations.

The time scale of sedimentation and coalescence, and ultimately transfer of mag-

netite to the oil phase, is linked to the relative amounts of oil and colloidal particles.

To illustrate this dependence we prepared a series of magnetite stabilized TPM emul-

sions with oil-colloid mass ratios ranging from 100 to 1000 and observed the transfer

macroscopically in time (Figure 8.6, see also Appendix Figure A.1 for more images).

All samples contained an equal volume of a 0.125% w/w magnetite colloidal suspen-

sion, yet different volumes of TPM. 10 h after preparation of the samples all flasks

exhibit two distinguishable phases: an aqueous upper phase consisting of colloid sta-

bilized oil droplets and an excess oil phase on the bottom of the sample flask. The

oil phase of samples with mass ratio moil/mcolloid =400 and above appears slightly

brownish, whereas samples below 400 exhibit a transparent oil phase. Since TPM by

itself is a colorless liquid, the brown color of the oil phase indicates the presence of

magnetite colloids. This is corroborated further by the response of the emulsion and

excess phase to the presence of a magnet. After 2 days, the bottom phase of the sample

with oil-colloid mass ratio 250 does not yet strongly respond to the magnet, whereas

the sample with oil-magnetite mass ratio 500 does (Figure 8.8A and B, respectively).

After 5 days the transfer of magnetite particles has proceeded to the point that the oil

phase of all samples has turned brown/black and is magnetically responsive (Figure 8.6

B and 8.8D). Note, that before particle migration, the magnet attracts the magnetite

stabilized emulsion phase more strongly (Figure 8.8C). Homogenization of the system
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Figure 8.6. Emulsions containing magnetite colloidal particles and increas-
ing volumes of TPM in the presence of an excess oil phase. A) After 10h
emulsification of the aqueous (top) phase is indicated by increased turbidity.
Samples above a TPM-magnetite mass ratio of 400 already show coloring of
the bottom (TPM) phase due to migration of magnetite. B) After 5 days, most
of the magnetite particles have transferred to the bottom phase, indicated by
the brown color. In the upper phase emulsion droplets sediment with a sharp
interface. Sedimentation occurs the faster the larger the relative oil volume is.

by gentle shaking several times a day does not influence the relative time scales of par-

ticle transfer: the colloids migrate more quickly to the oil phase with higher relative

oil volumes (Figure 8.7). However, the regularly mixed samples show with increasing

oil volume a less abrupt transition between an emulsified and a phase separated state

than the undisturbed samples. Possibly this difference originates from sedimentation

of the emulsion droplets to the excess oil phase, which is prohibited by shaking. Fur-

thermore, the overall magnetite migration took place faster for the gently homogenized

samples. Shaking not only prevents sedimentation of the droplets to the interface but

also alleviates diffusion limitations within the aqueous phase for example for dissolved

TPM molecules, and may increase the oil surface exposed to the aqueous phase leading

to more hydrolyzed TPM molecules.
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Figure 8.7. Samples of TPM and magnetite in different oil-colloid mass ratios
that were not homogenized by gentle shaking.

For much smaller relative oil volumes the timescale of particle transfer lengthens

significantly. Magnetite emulsions have been reported to be stable for months[48] and

the cobalt ferrite stabilized TPM emulsion with oil-colloid mass ratio of 2 (Figure

8.3A) still exhibit emulsion droplets with a uniform size after 20 days (Figure 8.3C).

For cobalt-ferrite emulsions with oil-colloid mass ratio of 9 (Figure 8.4) phase transfer

has completed after 20 days as indicated by the black sediment on the bottom of the

flask. The gradual emergence of the magnetic feature of the TPM phase at different

times in the samples again demonstrates the oil volume dependent time scale of colloidal

migration to the oil phase.

The colloidal transfer from the aqueous to the oil phase is not restricted to magnetite

or cobalt ferrite stabilized TPM emulsions, but was also observed for Ludox silica parti-

cles in combination with TPM, as well as magnetite colloids in combination with fatty

acids.[130] The latter are currently under investigation with respect to their similarities

with TPM emulsions. In all cases, the transfer from the aqueous to the oil phase was

observed to be faster with a higher relative oil volume.

The migration of colloidal particles to TPM likely occurs because of a slow conden-

sation of hydrolyzed TPM molecules on the colloidal surface, rendering the colloids

gradually more hydrophobic over the course of time. Silica particles deliberately coated

with TPM support this scenario: the colloids were found to be stable in organic sol-

vents, yet less stable in weakly polar organic solvents and unstable in water.[131] Self-

condensation of alkoxysilanes is known to happen on oxides of iron, such as magnetite,

and certainly is expected for silica surfaces.[131, 132, 133] Indications for this conden-

sation reaction were found in infrared absorbance spectra on colloidal magnetite that

was removed from a stable TPM emulsions by washing with ethanol.[75] Infrared ab-

sorbance spectra show a strong absorbance peak typical for TPM, indicating that TPM

is still present on the magnetite surface. Furthermore, colloidal magnetite in ethanol as

well as in TPM forms a stable dispersion, suggesting steric stabilization by the adsorbed
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Figure 8.8. 2 days after preparation emulsions with A) an oil-magnetite mass
fraction of 250 do not show significant attraction of the bottom phase to the
magnet, whereas B) the dark brown oil phase of an emulsion with an oil-
magnetite mass ratio of 500 strongly reacts to the magnet. C) Before migration
the magnetite stabilized aqueous emulsion phase gets attracted more strongly
to the magnet than the oil phase (moil/mcolloid = 1000). D) After phase
separation (5 days) the oil phase is strongly magnetic.

TPM. The time scale governing the emulsion droplet growth therefore is comparable to

the one governing the condensation of TPM on the colloidal particles. The time scale

of condensation is set by various factors, such as temperature and pH.[132, 122], If

the coating renders the colloidal particle sufficiently hydrophobic the particle migrates

to the oil phase (see Figure 8.1 for schematic drawing). Therefore, the eventual phase

separation into a transparent aqueous and an oil phase containing colloidal particles is

a consequence of particle transfer to TPM.

Nevertheless, it is surprising that the migration of colloidal particles is faster with

increasing relative oil volume. A likely scenario for explaining this behavior is that

the number of hydrolyzed TPM molecules is higher for larger relative oil volumes, for

example due to more oil-water interfacial contact, or dissolution of water molecules in

the oil phase. If more hydrolyzed TPM molecules are dissolved in the aqueous phase,

faster coverage of the colloidal surface and therefore transfer to the oil phase is expected.
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Figure 8.9. TEM micrographs of Ludox silica stabilized TPM emulsions at
different oil-colloid concentrations (moil/mcolloid from 0.9 to 2.2 top to bot-
tom, no excess oil phase) and polymerized one and five days after mixture of
the components.

The volume dependent time scale of particle coating has another surprising conse-

quence: in the magnetite stabilized TPM emulsions with large excess oil phase sed-

imentation of the emulsion droplets of the aqueous upper phase occurs with a sharp

interface between the transparent aqueous phase and the turbid light brown emulsion

phase. The larger the relative oil volume, the faster the emulsion sediments, and hence

the larger the emulsion droplets must be. This observation is surprising, because the

solid-stabilized emulsions, in analogy with the preferred curvature of microemulsions,

are expected to have a constant droplet size in the presence of an excess oil phase, inde-

pendent of the volume thereof.[48, 134] However, through faster condensation of TPM

on the particle surface, the charge on the colloidal particles decreases,[111] relieving

the charge induced bending of the interface and leading to a lower preferred curvature
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of the droplets. Therefore, the emulsion droplets grow despite the presence of an excess

oil phase with an increasing oil volume.

Also in the absence of an excess oil phase, the coating with TPM leads to droplet

growth in time (Figure 8.3 and 8.9). Here, it is not a preferred curvature that determines

the droplet size, because of a shortage of oil volume. The radius of the droplets is given

by the total oil volume, Voil, and surface, Atot, as R = 3Voil/Atot = 3Voil/(σcolNcol)).

From this relationship, droplet growth in time can be explained by either a decrease in

the number of colloidal particles at the interface, Ncol, or the effective surface area per

colloid, σcol. For cobalt ferrite stabilized emulsions, the droplet radius slowly increases

while the effective surface area of the colloidal particles continuously decreases in time

as mentioned earlier (Figure 8.3A). From the TEM images we deduce that it is rather a

lowering of the colloidal charge by coating with TPM that induces an effectively smaller

area per colloidal particle than transfer of whole particles to the oil phase that accounts

for the droplet growth.

One of the consequences of the gradual coating of the stabilizing colloidal particles

with TPM is that the wetting angle between the colloids and the aqueous and the oil

phase continuously changes in time. This can best be seen in Ludox silica stabilized

TPM emulsions, where the change of the wetting angle occurs both with the available

oil volume and with time, though the electron microscope images allow for a rough

characterization only (Figure 8.9). At an oil-colloid ratio of 0.9 the silica particles have

a wetting angle smaller than 90◦ (measured through the aqueous phase) which increases

to values above 90◦ for an oil-colloid ratio of 2.2, and possibly even 180◦. Four days

later TEM micrographs show furthermore that the droplets have grown in size and that

the droplet shape is less uniformly spherical. The first observation can only partially

be explained by a decrease in the colloidal charge by coating with TPM, because the

colloids were already closely packed one day after emulsion preparation. We conclude

that in this case it is not the effective interface per colloidal particle that decreases,

but rather the number of stabilizing particles adsorbed at the droplet interface. After

five days, a fraction of the silica colloids is fully immersed in the oil droplets leading

to less total available surface area and droplet growth as a consequence. The droplet

deformation could be due to an inhomogeneous distribution of wetting angles or a more

rigid oil surface due to self-condensation of TPM.

From our observations on droplet size growth and chemical changes leading to differ-

ent wetting properties of the stabilizing particles, thermodynamic stability of the Pick-

ering emulsions may come into question. However, there are convincing experiments

that demonstrate thermodynamic stability and point to a more intricate equilibrium:

spontaneous emulsification occurs only in the presence of colloidal particles[125] and

reproducibly leads to a specific droplet size depending on the oil volume relative to the

number of colloidal particles.[48] Even more so, an intermediate droplet size is obtained



144 8. Living emulsions

from mixing two emulsions with a different equilibrium droplet size.[48] Also, the or-

der of addition of the constituents does not influence the outcome. These observations

strongly suggest that a thermodynamic equilibrium exists towards which the system

develops depending on the total amounts of the components.

Along that line, we consider this system to be thermodynamically stable, despite the

slow chemical changes taking place over time. By definition, thermodynamic equilib-

rium exists if changes in an equilibrated system are much slower than an experimental

observation time. The slow process here is formation and condensation of surface-active

molecules onto the particles surfaces. This changes the particle wetting properties and

the system moves to a new equilibrium state. If another oil-colloid system is found that

does not rely on in situ generation of surfactants that can condense on the particle sur-

face, the change in the wetting properties of the colloids due to the chemical processes

of hydrolysis and condensation will be prevented. In the presented oil-colloid system,

the emulsion adapts to the change in the wetting properties of the colloids. Yet, it does

so in a controlled way, that is, the droplets collectively grow in size without becoming

polydisperse. The latter suggests a minimum in the free energy, which determines the

state towards which the emulsion evolves. Hence, the presented type of stable Picker-

ing emulsions exhibits an intricate equilibrium emulsion whose formation and evolution

depends on two time scales that are linked to the chemical processes hydrolysis and

condensation of the oil molecules.

8.4. Conclusions and Outlook

Intriguingly, the solid particle stabilized equilibrium emulsions always adjust to the

slow changes in the system parameters. At first, the droplet size decreases due to

hydrolysis-mediated formation of surface-active molecules on the time scale of a day.

Surface tension of the bare oil-water interface is inversely related to the square of the

emulsion droplet size. Subsequently, the emulsion droplets slowly grow again due to the

gradual coating of the stabilizing particles by self-condensation of the hydrolyzed tri-

alkoxysilane molecules on the surface. The coating of the colloids occurs more rapidly

with larger fractions of TPM because of larger numbers of dissolved hydrolyzed TPM

molecules, and leads to droplet growth in time, both in the absence and presence of

excess oil. In both cases the colloidal charge decreases, leading to closer approach of

the colloids and less coverable interface in the absence of excess oil, and a decreased

preferred curvature of the emulsion droplets in the presence of excess oil. Ultimately,

the colloidal particles migrate into the oil phase and the emulsions phase separate into

a colloid rich oil phase and an aqueous phase. While undergoing change in the chemical

composition through formation of surface-active oil molecules and condensation thereof

on the colloidal surface, the solid-stabilized emulsions always adapt their equilibrium

size to the physical conditions created by the chemical process.
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Here, we also note an analogy of this dynamic equilibrium with living polymers that

spontaneously respond to changes in the amount of available monomer. We propose

therefore to term this type of stable Pickering emulsions that respond to changes in the

wetting properties of the stabilizing particles living Pickering emulsions.

As a consequence, simply increasing the oil volume fraction does not achieve emulsion

inversion into water-in-oil Pickering emulsions because the particles quickly transfer

to the oil phase. So far, we have not succeeded in creating water-in-oil emulsions

despite a variety of approaches. It would also be interesting to test for emulsification

in the presence of colloidal particles that are originally dispersed in the oil phase. Such

experiments could lead to a Pickering emulsion that does not undergo changes in the

wetting properties of the colloidal particles and therefore stays uniform in time. This

remains a challenge and motivation for future work on this system.
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9
First Experiments on Pickering Emulsions

from Fatty Acids

Abstract
We explore the possibility to induce spontaneous formation of solid-stabilized
oil-in-water emulsions using fatty acids and magnetite colloidal particles. Dif-
ferent types of fatty acids have been studied with respect to their potential
to form emulsion droplets without the necessity for mechanical agitation. By
dynamic light scattering we find objects on two distinct sizes, namely between
50 and 100 nm, and between 140 and 300 nm, to be present in solution. Elec-
tron microscopy confirms the presence of aggregates of magnetic particles. In
the absence of stabilizing particles, spontaneous emulsification was observed
as well. However, in that case, droplet sizes were on significantly larger, and
with higher polydispersity. We investigate their similarities and differences
with thermodynamically stable Pickering emulsions based on trialkoxysilanes.

147
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9.1. Introduction

A fundamental feature of the particle-stabilized emulsions investigated in chapters 7

and 8 is their thermodynamical stability, which is in contrast to other solid-stabilized

emulsion systems known. As shown in chapter 7, certain minimum requirements need

to be fulfilled to obtain these stable equilibrium Pickering emulsions. Charged colloidal

particle smaller than ≈ 200 nm in diameter are just one crucial factor required for

thermodynamic stability. Additionally, low bare oil-water surface tensions ≤ 10 mN/m

and amphiphilic ions in aqueous solution are necessary to accomplish a collective effect

that lowers the overall ”effective” surface tension below values that induce spontaneous

emulsification and stability.

The conclusions on the requirements for thermodynamically stable Pickering emul-

sions were achieved by variation of the moieties of (3-Methacryloxypropyl) trimethoxy-

silane, or TPM, the oil with which the original experiments were conducted. Successful

emulsification was found for molecules that in situ generate surface-active molecules

through hydrolysis and dissociation. Adsorption of the surface active molecules at the

oil-water interface reduces the interfacial tensions of the bare interface, thereby fulfill-

ing the criterion that interfacial tensions have to be below ≈ 10 mN/m. Due to their

preferential adsorption at the interface, small quantities of these molecules are sufficient

for lowering the interfacial tension of water-oil interfaces. The latter finding extended

the selection of oils that can be implemented in equilibrium solid-stabilized emulsions

towards oils that mix with any of the functional trialkoxysilanes. [125] Yet, for further

validation of our previously distinguished requirements, [125] it would be desirable to

find stable emulsions that are free of trialkoxysilanes. Furthermore, particle migration

from the aqueous to the oil phase observed in trialkoxysilane emulsions [124] may be

prevented by use of different oils that do not undergo a condensation reaction on the

particle surface. Stable emulsions based on oils other than trialkoxysilanes is also ad-

vantageous for many applications of emulsions, such as in food products, due to the

possible health risks of trialkoxysilanes.

In situ generation of surface-active molecules can be achieved more directly by disso-

ciation of, for example, a proton, avoiding the intermediate hydrolysis step. A straight-

forward choice for such molecules are fatty acids. Their properties are well characterized

and they are widely used in industrial scale emulsifications, for example in food pro-

cessing. Fatty acids are carboxylic acids with a long aliphatic chain (see Appendix

for chemical structures). In aqueous solution, their carboxylic head group gets neg-

atively charged by dissociation of a proton, yielding an amphiphilic molecule. The

degree of amphiphilicity, or the hydrophilic-liphobilic balance (HLB), of fatty acids is

conveniently tunable by the length of the carbon chain.
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In this chapter, we study the spontaneous formation of Pickering emulsions from

fatty acids in the presence of magnetite particles stabilized by tetramethylammonium

hydroxide (TMAH). We vary the chain length of saturated fatty acids from 12 to 20

carbon atoms. Furthermore, a dicarboxylic acid is investigated with respect to spon-

taneous emulsification. We compare our experimental results obtained from dynamic

light scattering and electron microscopy to the well-studied TPM system, and find both

similarities as well as differences. In particular, the aim of this chapter is to compare

the fatty acid emulsions to trialkoxysilane based emulsions with respect to the follow-

ing characteristics: spontaneous formation of monodisperse oil-in-water (o/w) emulsion

droplets in the absence and presence of colloidal TMAH-stabilized magnetite, droplet

sizes with polydispersity of around 10%, droplet size dependence on the oil-colloid mass

ratio moil/mcolloid, emulsion stability over time, migration of colloidal particles to the

oil phase, and, thermodynamic stability.

9.2. Experimental

9.2.1. Emulsion Components

Saturated fatty acids. A variety of saturated fatty acids was tested for emul-

sification in the presence of TMAH stabilized colloidal magnetite. Different lengths

of the aliphatic chain were employed: lauric acid (CH3(CH2)10COOH, 99.5+%, Acros

Organics), palmitic acid (CH3(CH2)12COOH, Sigmaultra, Sigma Aldrich), stearic acid

(CH3(CH2)16COOH, Acros Organics), and arachidic acid (CH3(CH2)18COOH, Sigma

Aldrich). The melting points of the saturated fatty acids increase with the carbon chain

length, and range between 42.2 ◦C (lauric acid) and 75.5 ◦C (arachidic acid). For an

overview over the chemical structure formula and properties of chemicals used in this

chapter see Appendix of Part 2.

Sebacic acid. Furthermore, sebacic acid ((HOOC)(CH2)8(COOH), 99%, used as

received from Sigma Aldrich), a dicarboxylic acid, was used as the oil phase. The mo-

lecule can dissociate up to two protons from opposite ends.

Colloidal magnetite. Colloidal magnetite (Fe3O4)was prepared following Massart’s

method[113] as described in chapter 7. The resulting magnetite particles are stabilized

by tetra methyl ammonium hydroxide (TMAH) and have an average diameter of 11 ±
28% nm. Magnetite dispersions were placed in an ultrasonic bath for 20 mins before

use

9.2.2. Emulsion Preparation

Fatty acids were placed in the sample flasks as solid flakes at room temperature.

Colloidal magnetite at a dilution of 1.2 g/L was subsequently added to the fatty acids
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and sample flasks were well sealed with PTFE tape. Consecutively, the samples were

heated to 80 ◦C in a thermostat controlled oil bath. The temperature was chosen to be

above the melting temperature of the carboxylic acids.

Samples at different oil-colloid mass ratios moil/mcolloid were prepared to investigate

any influence thereof on emulsion droplet sizes. Every 24 h aliquots of the samples were

taken for investigation by dynamic light scattering and electron microscopy. The sample

aliquots were stored at room temperature, which ’freezes-in’ the state of the emulsions

and prevents further evolution thereof.

To test for emulsification in the absence of colloidal particles 32.6 mg stearic acid

and 5.02 g 6 mM TMAH were mixed and stored in an 80 ◦C oil bath for 24 h.

9.2.3. Characterization

Dynamic light scattering (DLS). Dynamic light scattering measurements were

performed on diluted emulsions. Samples were diluted immediately before measurement

to minimize any effect of dilution on the thermodynamic state of the emulsion. Multiple

angle DLS measurements were carried out at 25 ◦C using an argon ion laser (λ = 641.7

nm, 400 mW, Spectra Physics). Furthermore, DLS measurements at a scattering angle

of 176 ◦C were conducted by a Malvern Zetasizer Nano NS in a glass cuvette with

square aperture at 25, 70 and 80 ◦C. To allow for temperature equilibration samples

were kept at least 30 min. at the elevated temperatures before measuring.

Microscopy. Diluted samples were dried on polymer-coated carbon sputter copper

grids. Samples were imaged using a transmission (TEM, Technai 12, 120 kV, Philips)

and a scanning electron microscope (SEM XL FEG 30, Philips). The dried samples of

particles were sputter coated with 4 nm platinum/palladium prior to imaging.

9.3. Results and Discussion

9.3.1. Spontaneous Emulsification

In this study, we explored the possibility of using different types of fatty acids to pro-

mote the spontaneous emulsification of fatty acid-water mixtures into particle stabilized

droplets. After combining the fatty acids with colloidal magnetite and heating to 80
◦C to induce melting of the fatty acids, the samples turned slightly turbid (see Figure

9.1 for examples). Turbidity was less pronounced than in the case of TPM-like oils, but

still clearly discernible. Dynamic light scattering (DLS) measurements on mixtures of

stearic acid and TMAH-stabilized magnetite colloids at various oil-colloid mass ratios,

moil/mcolloid, are presented in Figure 9.2. For all oil-colloid mass ratios diameters be-

tween 150 and 320 nm were found after 2 days, suggesting spontaneous emulsification.

The droplet size remained constant over the course of at least 10 days. Next to these

sizes, smaller droplet diameters around 40 to 100 nm sometimes appeared as plotted in
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Figure 9.1. Emulsions made from saturated fatty acids and magnetite col-
loids before (turbid samples) and after particle transfer to the oil phase. Af-
ter phase transfer, sample flasks contain a transparent aqueous phase and a
dark fatty acid phase containing magnetite colloids. The samples shown con-
tain A) lauric acid (1 h after preparation), B) palmitic acid (3 days heated,
left moil/mcolloid = 0.67, right moil/mcolloid=2.6), C) stearic acid (3 days
heated, left to right: moil/mcolloid=1.8, 4.5, 6.0, 8.5, 11.3), D) stearic acid (8
days heated, responds to magnet) and E) arachidic acid (4 days heated, left to
right: moil/mcolloid=0.6, 1.2, 2.6.
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Figure 9.2. DLS measurements of droplet diameters of emulsions containing
stearic acid as a function of time for different oil-colloid ratios moil/mcolloid.

Figure 9.6. We associate these secondary small diameters to free magnetite particles in

solution, because the diluted magnetite dispersion yields an average diameter of 54±20

nm by DLS. We note that this value is significantly larger than the single magnetite

particles seen under TEM. The discrepancy is possibly due to magnetic attraction be-

tween the particles, and hence dimer or trimer formation, as radii of gyration were

generally observed to be larger than radii seen in TEM for magnetite and cobalt ferrite

dispersions.

Similarly, for arachidic acid, average diameters were found to be between 130 and

240 nm for oil-colloid mass ratios 1.2, 1.4, 2.6 and 3.3 (Figure 9.3). For the sample with

the lowest amount of oil (moil/mcolloid=0.62) the diameter in the first three days also

fell within that range, but increased to 280 nm on the fourth day. The cause of this size

increase is still unclear. Furthermore, samples containing palmitic acid and magnetite

colloids exhibited diameters ranging between 81 and 142 nm after 24 h storage at 80 ◦C.

All DLS measurements presented here were associated with a significant polydispersity,

with the polydispersity index ranging between 0.15 to 0.25. Therefore, no error bars

were included in the plots of values obtained. Furthermore, we corroborated the high

polydispersity by performing dynamic light scattering at various angles ranging between

48 and 140 ◦ on a sample of stearic acid. The average radii ranged between 107 and 72

nm for 48 and 140 ◦, respectively, indeed confirming polydisperse droplets.

By storing the fatty acid based emulsions at room temperature the oil phase solidifies,

”freezing-in” the emulsion droplet, such that they can be imaged by electron microscopy.

We validated the assumption that solidification of the fatty acid phase does not influence

the droplet size by performing DLS at various temperatures, shown in Figure 9.4.

Transmission electron microscopy (TEM) images of fatty acid mixtures with colloidal

magnetite indeed show clusters of magnetic colloids (see Figure 9.5), quite different from
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Figure 9.3. DLS measurements of droplet diameters containing arachidic
acid as a function of time for different oil-colloid ratios moil/mcolloid.
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Figure 9.4. DLS measurements of droplet diameters containing stearic acid
as a function of temperature.

TEM micrographs of magnetite colloidal dispersions. In all emulsified samples clusters

of magnetite particles between 40 and 170 nm were present. Furthermore, seemingly

unattached, or, ”free” magnetite colloids are seen next to waxy non-spherical spots (see

arrows in Figure 9.5, which possibly originate from excess oil. Free colloidal magnetite

was not seen in TPM-like oils, yet free Ludox silica colloids have been observed. [108]

However, excess oil was present in these fatty acid emulsions, raising the question why

the free particles did not induce emulsification of the excess oil phase. Figure 9.5 A-C

shows images of stearic acid stabilized by magnetite particles. Clearly visible are clusters

of colloidal magnetite as well as some free particles and waxy spots. In Figure 9.5C,

larger objects with a low difference in contrast and surrounded by magnetite particles

are visible next to the magnetite clusters depicted in A) and B). Their size is on the
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order of 250-300 nm making them candidates for the larger length scale measured by

DLS. However, this stearic acid sample was the only sample where such objects could

be seen. For arachidic and palmitic acid, similar clusters of colloidal magnetite with

high polydispersity as well as free magnetite particles and waxy spots were observed

(Figure 9.5D, E, and F. No waxy spots surrounded by magnetite particles could be find

in these samples.

A possible scenario that reconciles the clusters of colloidal magnetite of around 100

nm with the larger size measured by DLS could be the following: during drying of

diluted emulsion samples for TEM a part of the fatty acids is evaporated, creating

deformed and smaller droplets dense in colloidal magnetite. The singular appearance

of larger waxy object surround by colloidal particles (Figure 9.5C) would than have to

be attributed to either an accidentally well-conserved emulsions, or to contaminations

of the TEM grids.

Another explanation would be to associate the smaller lengths scales seen in DLS

not with free magnetite in solution, but with these dense clusters. It would not be

possible to distinguish between the clusters and free, yet attractive magnetite by light

scattering, because they are of comparable size. However, this scenario does not explain

the larger sizes measured by DLS, except for one stearic acid sample depicted in Figure

9.5C. To resolve the question about the in-solution state of these solid-covered droplets

with certainty cryo-TEM could be employed in the future.

9.3.2. Effect of the Oil-Colloid Mass Ratio on Emulsion Droplet Size

One of the striking characteristics of thermodynamically stable Pickering emulsions

based on trialkoxysilanes is their size dependence on the oil-colloid mass ratio, moil/mcolloid.

Increasing this ratio first leads to a linear growth of the emulsion droplet size, and, prob-

ably after reaching the preferred curvature, remains roughly constant (see for example

Figure 7.3). Oil in excess of the maximum total droplet volume set by the preferred

curvature and the total number of colloids is expelled from the droplet and forms a

separate phase. This size dependence on the oil-colloid mass ratio also forms the basis

for the proof of thermodynamic stability of the emulsion.[48] Through mixing of two

emulsions with different average droplet sizes it can be tested whether the equilibrium

state is set by the total amounts of the constituents, and therefore thermodynamic

stability. Indeed, an intermediate droplet size developed from emulsions with disparate

droplet sizes.

In Figure 9.6 DLS measurements on stearic acid for various oil-colloid ratios are

presented. Clearly, no linear dependence of the droplet diameter was found for low

oil-colloid ratios. We did, however, observe an excess oil phase in samples exceeding

moil/mcolloid=1.8. Lower ratios do not seem to lead to a decrease in the average

droplet size, as would be expected in experiments on TPM, but rather a slight increase.
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Figure 9.5. TEM micrographs of samples containing magnetite particles and
various fatty acids. Arrows indicate waxy spots that are possibly originating
from excess fatty acid. TEM micrographs shown are for samples consisting of
mangetite colloids and A)-B) stearic acid after 8 days ( moil/mcolloid=3), C)
stearic acid after 5 days ( moil/mcolloid=13), D) arachidic acid after 3 days (
moil/mcolloid=0.54), E) arachidic acid after 4 days ( moil/mcolloid=1.2), F)
palmitic acid after 1 day (moil/mcolloid=1.0)

Still, an increase in turbidity with increasing relative weight of stearic acid can be no-

ticed. Error bars shown are standard deviations from averaging over 10 measurements.

Droplet size polydispersity is significantly higher, with polydispersity indices ranging

between 0.1 and 0.3 as mentioned previously.

The finding of rather polydisperse emulsion droplets is not in conflict with thermody-

namic stability. Within the theoretical framework proposed by Kegel and Groenewold



156 9. First Experiments on Pickering Emulsions from Fatty Acids

[111] the droplet size found to minimize the free energy is not sharply defined at one

value, but allows for a broad emulsion droplet size distribution.

9.3.3. Different Time Scales of Colloidal Phase Transfer

Originally, trialkoxysilanes have been designed to condense on surfaces, for instance

glass or nanoparticles, after hydrolysis and dissociation, thereby applying a multilayer

coating with the desired properties to the surface.[133] Unavoidably, the use of tri-

alkoxysilanes in a solid stabilized emulsion leads to coating of the nanoparticles with

hydrolyzed and dissociated TPM molecules. The coating renders the particles more

hydrophobic over time, leading to droplet growth, and, eventually, phase separation.

This process has been investigated in detail in chapter 8.

Fatty acids, such as oleic acid, are known to have a strong affinity for magnetite

particles, which may transfer directly from an aqueous to an oleic acid phase. [130]

Similarly, mixtures of lauric acid and magnetite colloids lead to particle transfer to

the lauric acid phase within one hour after preparation. The transfer can be observed

directly by a change in color of the aqueous and the oil phase, the first turning more

transparent, the latter turning black over time, indicating the presence of colloidal

magnetite (see Figure 9.1A). As expected, the oil phase responded to a magnet upon

turning black.

Similarly, for other (di-)carboxylic acids employed in the emulsion study, colloidal

transfer took place, though at longer time scales than for lauric acid. For palmitic,

stearic and arachidic acid, transfer was detected after roughly 3, 8, and 4 days, re-

spectively. For stearic acid, a sample after 8 days of heating is shown in Figure 9.1D.

However, one has to be careful with assigning definite timescales of transfer, as it de-

pends on the relative oil volume as in the case of TPM-like oils, and is not unequivocally

determinable. Over the course of time, the excess phase gradually turns more brown-

ish, while the emulsion size measured by DLS remains more or less constant (see Figure

9.6). For small oil volumes, a dark, granular sediment, that can be easily redispersed by

gentle agitation, emerges after roughly 10 days of heating for emulsions based on stearic

acid. Again, the emulsion droplet size remains constant, which is a clear difference with

trialkoxysilanes as the oil phase. The quicker transfer for samples may be due to the

higher solubility of lauric acid in the aqueous environment due to the shorter carbon

chain of the molecule. However, the trend is not clear from other fatty acids.

In trialkoxysilanes, coating of the stabilizing colloids leads to gradual transfer and

droplet growths. As noted earlier, seemingly, not all magnetite colloids are integrated

in the emulsification process of fatty acids. If those colloids that participated in the

emulsions in the first place get coated by fatty acids and expelled towards the excess oil

phase, other, free magnetite colloids can take their place, possibly leading to magnetite

covered droplets highly loaded with fatty acid coated magnetite. This gradual coating
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Figure 9.6. Diameter of emulsion droplets as a function of the oil-colloid
ratio moil/mcolloid as measured by DLS after A) 1 day, B) 2 days, C) 3 days,
D) 4 days, and E) 5 days of heating to 80 ◦C. Error bars represent a standard
deviation from averaged values of the diameter. F) Size of secondary smaller
objects as measured by DLS after 4 days of heating.
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would be an alternative explanation for the origin of the dense clusters of colloidal

magnetite. In either case, it is clear, that a somewhat different emulsion mechanism

compared to that of trialkoxysilane oils is at work here.

Furthermore, we found that, as in the case of TPM, the time scale of transfer depends

on the relative oil volume. An example is shown in Figure 9.1E for arachidic acid.

Similar observations were made for stearic and palmitic acid. Generally, the transfer

took place at a slower rate in the presence of lower relative oil volumes, in analogy to

observations on trialkoxysilanes (see Chapter 8). However, the transfer time does not

always consistently scale with the oil volume as is the case for TPM: the sample with

oil-colloid mass ratio of 1.2 exhibits clear phase separation, whereas the one with mass

ratio 2.6 still contains a turbid aqueous phase next to the excess oil phase (Figure 9.1E).

9.3.4. Emulsification in the Absence of Stabilizing Particles

To check for the necessity of stabilizing colloidal particles for emulsification, a mix-

ture of stearic acid and 6 mM TMAH aqueous solution was prepared. After storage

for 24 h at 80 ◦C DLS measurements were performed at 25, 50, 75, and 80 ◦C . Anal-

ysis of DLS data yields a polydisperse size distributions around 0.87±0.1 µm, much

larger than the objects detected in the presence of colloidal magnetite. Consistently,

TEM images show waxy, vague shapes several micrometer in size (Figure 9.7). Just as

for TPM, emulsification of stearic acid in the presence of 6 mM TMAH occurs spon-

taneously. Such spontaneous emulsification is known to be induced by, for example,

local supersaturation or preferential diffusion of one component from one phase to the

other.[135, 123] Yet, to obtain emulsion droplets 100-300 nm in diameter colloidal

particles are required. The prerequisite of stabilizing particles for emulsion stability is

in analogy with trialkoxysilane based emulsions.

5 µm

Figure 9.7. TEM image of a sample containing stearic acid and 6 mM TMAH.
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9.4. Conclusions and Outlook

We have presented first indications for the spontaneous formation of Pickering emul-

sions from fatty acids and colloidal magnetite. Dynamic light scattering measurements

indicated two characteristic lengths scales to be present in solution: one around 40-

100 nm, the other between 150 and 320 nm. From DLS measurements on colloidal

magnetite, we associated the lower length scale to free magnetite particles, which is

also supported by free particles observed on transmission electron micrographs. The

larger length scale is attributed to magnetite covered fatty acid emulsions. We pro-

pose that the dense clusters of colloidal magnetite seen in TEM originate from these

Pickering emulsions after partial evaporation of the fatty acid component. Successful

emulsification was observed for palmitic, stearic and arachidic acid. Lauric and sebacic

acid cause very rapid transfer of colloidal particles to the fatty acid phase. Similarly,

also palmitic, stearic and arachidic acid lead to particle transfer, though on a longer

timescale. We qualitatively found that smaller relative volumes of fatty acid delay the

particle transfer. However, the transfer time is difficult to pin down, as the transfer

seems to occur in a gradual fashion without leading to an increasing emulsion droplet

size.

Similar to trialkoxysilanes, spontaneous emulsification occurs without mechanical ag-

itation of the samples. For larger oil-colloid mass ratios, an excess oil phase is observed.

However, the characteristic dependence of the droplet size on the oil-colloid mass ratio

was found for emulsions of fatty acids. As a consequence, it is not possible to probe

thermodynamic stability by investigating droplet size adjustment to changes in the

composition. Not all colloidal particles took part in stabilizing fatty acid emulsions,

whereas free magnetite was never found in TPM emulsions. Ludox silica colloids, how-

ever, have been found to be free in solution for low oil-colloid mass ratios. Eventually,

phase transfer of the colloidal particles to the oil phase took place, comparable to that

of TPM. Yet, no increase in the droplet diameter occurred while particles progressively

migrated to the oil phase. In TPM, migration happens uniformly for all colloidal par-

ticles, leading to a gradual droplet size increase. The difference in behavior may be

explained by the fact that not all magnetite particles are employed in stabilization of

the fatty acid emulsion. A non-uniform transfer of colloidal particles therefore may be

the reason for the observed difference.
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 S7 

Systematic name and  
Chemical formula 

Structural formula Code 

(3-Methacryloxy propyl) 
trimethoxysilane 
 
H2C=C(CH3)CO2(CH2)3Si 
(OCH3)3 

 

TPM 

(3-Methacryloxy propyl) 
triethoxysilane 
 
H2C=C(CH3)CO2(CH2)3Si 
(OCH2CH3)3 

 

MPTES 

(3-Mercapto propyl) 
trimethoxysilane 
 
HS(CH2)3Si(OCH3)3 

 

McTMS 

(3-Mercapto propyl) 
triethoxysilane 
 
HS(CH2)3Si(OCH2CH3)3 

 

McTES 

Octane  

Dodecane 
 

Cyclohexane 

 
 
 
 
 
 
 

Table A.1: Overview over oils used for the emulsion experiments
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Systematic name 
and  
Chemical formula 

Structural formula Melting point 

 
Lauric acid 
 
CH3 (CH2)10COOH 
 

 

 

 
43-46 °C 

 
Palmitic acid 
 
CH3 (CH2)14COOH 

 
 

 
61-62.5 °C 

 
 
Stearic acid 
 
CH3 (CH2)16COOH 
 
 

 

 

 
 
67-72 °C 

Arachidic acid 
 
CH3 (CH2)18COOH 
 
 

 

 
74-76 °C 

Sebacic acid 
 
(CH2)8(COOH)2  

 
133-137 °C 

 
 
 
 

Table A.2: Overview over fatty acids used for the emulsion experiments
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Salt Chemical formula Emulsion stability? 
 
NaOH 

 
 

 
No 

 
Tetra methyl ammonium 
hydroxide 
 
(CH3)3NOH 

 

 

 
Yes 

 
 
Tetra ethyl ammonium 
hydroxide 
 
(CH2CH3)3 NOH 

 
 

 

 
 
Yes 

 
 
Tetra propyl ammonium 
hydroxide 
 
(CH2CH2CH3)3 NOH 

 
 

 

 
 
Yes 

 

Table A.3: Systematic name, chemical and structural formula of the differ-

ent salts used in the experiments on Pickering emulsions; emulsion stability

in the presence of Ludox silica colloids is indicated in the last column.
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2 d

4 d

5 d

8 d

time after
preparation

100
350250150 500 1000

600400300200

m /mTPM Magnetite

Figure A.1. Magnetite stabilized TPM emulsions containing equal volumes
of a 0.125% w/w magnetite suspension at different TPM concentrations in
time. Samples were gently homogenized several times a day.
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100nm
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200nm

100nm

200nm

200nm

200nm

200nm

200nm

500nm

200nm

200nm

No counterions 7.7 mM TMAH7.7 mM NaOHm /m
TPM Silica

0.9

1.5

2.2

2.9

Figure A.2. TEM micrographs of polymerized TPM emulsions (one day af-
ter preparation) stabilized by dialyzed Ludox AS 40 silica in the presence of
different counterions.
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7.7 mM TEAH 7.7 mM TPAHm /m
TPM Silica

0.9

1.5

2.2

500nm

200nm

200nm

F

500nm

200nm

200nm

200nm

Figure A.3. TEM micrographs of polymerized TPM emulsions (one day af-
ter preparation) stabilized by dialyzed Ludox AS 40 silica in the presence of
different counterions.
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A No counterions

B    7.7 mM NaOH

C    7.7 mM TMAH

Increasing oil concentration

2.92.21.5

m /mTPM silica

0.9

Ludox silica Bindzil silica

Increasing oil concentration

2.92.21.5

m /mTPM silica

0.9

Figure A.4. Photographs of samples containing TPM emulsions stabilized by
Ludox (left) and Bindzil (right) colloids in the presence of different counterions
one day after preparation.
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7.7 mM TMAH7.7 mM NaOH

200nm

100nm 500nm

unstable after polymerization

Figure A.5. TEM micrographs of polymerized TPM emulsions (one day after
preparation) stabilized by dialyzed Bindzil 30/360 silica in the presence of
different counterions.
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Kinetic Zipper Model for the Self-Assembly

of Tobacco Mosaic Virus

Abstract
We apply a modified Zipper model in order to describe the statics and dynam-
ics of the spontaneous reconstitution of rod-like tobacco mosaic virus particles
in solutions containing the so-called double-disk structures of 34 coat proteins
and the single-stranded RNA of the virus. An important ingredient of our
model is the conformational switching of a bilayer disk to a helical structure,
necessary for the binding of the first protein unit to the origin-of-assembly do-
main of the viral RNA. The subsequent addition and conformational switching
of coat proteins to the growing capsid, we believe is catalyzed by the presence
of the helical arrangement of bound proteins to the RNA, a form of allosteric
action. The model explains why the formation of complete viruses is favored
over incomplete ones, even though the process is quasi one-dimensional in char-
acter, and hence should be dominated by fluctuations. We numerically solve
the relevant kinetic equations and show that time evolution is different for
the assembly and disassembly of the virus, the former exhibiting a time lag.
We find the late-stage assembly kinetics in the presence of excess protein to be
governed by a single-exponential relaxation, which agrees with available experi-
mental data. We suggest that the combination of conformational switching and
template-assisted self-assembly is not specific to the in-vitro assembly of to-
bacco mosaic virus, but may apply to other viruses and protein-macromolecule
binding processes as well.
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10.1. Introduction

Arguably, virology as a field of study in biology started in 1898 with a publication of

Beijerinck on a communicable disease afflicting tobacco plants, causing lesions in and

curling of the leaves detrimental to crop yields.[136] He showed that the disease was

caused by neither a bacterium nor any other microscopic organism, but by a contagious

fluid that reproduces itself in diseased plants. This contagious fluid contains what we

now know to be tobacco mosaic virus particles. Beijerink quite correctly speculated

at the time that other diseases of unknown origin may also be caused by a similar

contagious fluid.

Tobacco mosaic virus, or TMV for short, is a rod-shaped virus consisting of a single-

stranded RNA molecule of 6395 nucleotides and 2130 identical protein subunits. The

latter are helically arranged around the RNA molecule, producing a particle that mea-

sures approximately 300 nm in length and 18 nm in width.[137] It has a characteristic

cylindrical cavity about 4 nm wide that runs through the entire length of the rod; the

RNA is locked in the protein body of the cylinder about 2 nm from the cavity. Each coat

protein binds to three nucleotides via a combination of hydrogen-bonding, hydrophobic

and electrostatic interactions.[91]

TMV was not only the first virus to be discovered, it was also the first one to be

reconstituted in vitro. In 1955, Fraenkel-Conrat and Williams showed that infectious

virus particles self assemble if solutions containing only the coat protein and the RNA

are mixed under appropriate physicochemical conditions.[138] A vast body of literature

has since been appeared on the in-vitro assembly of TMV, work that has been pivotal

in drawing attention to the importance of self-assembly in biology and the role of

physical interactions therein.[139] To this day, TMV remains to play a role of some

importance, e.g., in studies of host-pathogen interactions and cellular trafficking,[140]

as a model system in colloid science,[141, 142, 143] in expressing pharmaceutical

proteins in plants, and for improving cryo-electron microscopy techniques in structural

biology.[144]

Although superficially TMV appears like a simple and somewhat unremarkable virus,

the molecular processes involved in its assembly from the protein and RNA constituents

are far from that.[145] Indeed, despite half a century of research there are still many

open questions and we refer to a recent review of the assembly kinetics by Butler,

one of the exponents in the field.[137] An important issue still under discussion in the

assembly of TMV is the precise role of an intermediate aggregate structure known as

the disk. The disk is a two-ring structure of 34 coat proteins that self-assembles under

conditions of (near) neutral pH and for concentrations in excess of a critical aggregation

concentration, the latter depending on the temperature and salinity.[146]
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The first step, referred to as the nucleation step in the assembly of TMV, is the

insertion of a stem-loop-type origin-of-assembly sequence (OAS) into the cavity in the

center of the disk. The OAS is located at about 1000 nucleotides from the 3’ end of

the RNA. Following the insertion into the cavity, the stem-loop structure interacts with

what are known as the flexible loops of the coat protein that become helical upon binding

and that lock the OAS in between the double disk structure. In this process, the disk

undergoes a major conformational change to a proto-helix called the lock washer.[147]

The stem of the OAS melts and presumably positions itself in the protein proto-helix,

while a loop sticks out of the other end of the cavity. Both the 3’ and 5’ portions of the

remainder of the RNA extend out of the other end of the proto-helix.

The elongation of the virus seems to involve the sequential binding and helical confor-

mational switching of disks onto the RNA loop-side of the lock washer. It is plausibly

driven by a combination of protein-protein interactions and binding to the exposed loop

that in the process draws in more RNA through the cavity. This way, the viral RNA,

of which in free solution between 30 and 70 percent of nucleotides are involved in base

paring, is straightened out so the growing virus particle acts as a helicase. This kind

of “running-loop” or “inside-out”[148] assembly of virus particle is very fast indeed,

and for this reason it has been suggested that the assembly process via an unstable in-

termediate lock washer structure, instead of single coat protein units, not only secures

specificity through the required binding of the OAS but also speed.[137]

Although the elongation pathway is contested and supposed to involve the addition of

single coat proteins rather than disks, there is little doubt that the initial conformational

switching associated with the conversion to the lock washer structure is crucial to

an efficient and successful assembly of the virus. Indeed, the concept of “autosteric

control”, in which conformational switching is used as a regulatory control mechanism

in biology and which was put forward by Caspar 30 years ago, was inspired by assembly

studies on TMV.[149] Strong support for the importance of conformational switching

for self-assembly of viruses is not restricted to TMV, but extends to icosahedral viruses,

e.g., the plant virus CCMV and the phage MS2.[150, 151]

Here, we argue that some sort of conformational switching is not only advantageous to

the assembly of viruses like TMV but in fact a bare necessity. The reason is that the self-

assembly of molecular building blocks (coat proteins) onto a linear template molecule

(a single-stranded RNA molecule) is dominated by fluctuations as this constitutes in

essence a quasi one-dimensional process. Fluctuations imply imperfect coverage of the

template molecule, which arguably is detrimental to the survival of the virus as the coat

protects the genome from, e.g., the attack of nucleases. Indeed, recent experiments on

the reversible, Langmuir-type adsorption of naphtalene derivatives to single-stranded,

homopolymeric DNA molecules support this: for this kind of system full coverage is

almost impossible to attain.[152]
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We base our conclusions on the application of a model inspired by the well-known

Zipper model for the melting of DNA.[153] We specifically model the self-assembly of

the virus from the OAS in the 5’ direction and for simplicity ignore the finalization of

it in the 3’ direction. The latter process is slower, it involves a relatively small portion

of the RNA and much less is known about it [137]. We find that the combination

of conformational switching and the sequential assembly from an OAS strongly favors

either complete assembly towards the 5’ end, or no assembly at all. Incompletely covered

RNAs are thus strongly suppressed, which we believe is of evolutionary advantage to

the virus. A kinetic version of the Zipper model is proposed to describe the kinetics

of reversible assembly. We find that conformational switching introduces nucleation-

type kinetics, and an inherent asymmetry in the assembly and disassembly kinetics.

Although highly idealized, our model quite successfully describes available experimental

data on the encapsulation of both native and synthetic RNAs.

In the remainder of this paper, we first describe our equilibrium statistical mechanical

model in section 10.2. We present our predictions for the coverage of the RNA template

molecule as a function of the relevant binding energies and of the concentrations of

both coat protein and RNA. The role of stoichiometry is highlighted and shown to

be very important in creating sufficiently cooperative binding. Next, we present our

kinetic model in section 10.3, which we solve numerically. We find that the lag time

that we find before assembly commences depends strongly on the free energy difference

between the disk and lock washer structures, but that the late-stage kinetics is virtually

independent of it, and can be described by a single relaxation time. We compare the

model to experimental data available from literature in section 10.4, and end this paper,

in section 10.5, with a discussion and summary of our main findings.

10.2. Equilibrium Assembly Model

In our model for the assembly of TMV virus particles in a solution containing single-

stranded RNAs and disks, we presume that the assembly can only commence by the

binding of a disk to one end of the template molecule. This mimics the action of the

OAS. Binding to the template necessitates a conformational change of the proteins in

the disk to accommodate a helical structure. The latter we presume to be a high-

energy structure. This is plausible because in free solution proto-helices (lock washers)

are not stable under conditions of neutral pH and physiological ionic strength. Indeed,

recent calculations put the free energy difference between the disk and proto-helix under

those conditions as large as 34 kBT , with kB Boltzmann’s constant and T the absolute

temperature.[91] This might seem like a huge free energy difference, but in fact amounts

to only 1 kBT per protein involved.

We assume that the conformational switching of the second, third, etc. protein disks

is catalyzed by the presence of the first, second, etc., and costs much less free energy
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than that of the first. For simplicity we put this free energy cost equal to zero.∗ That

way, we incorporate allosteric binding in our model. Clearly, binding of the first and of

each subsequent disks after that, shown schematically in Figure 10.1, also liberates free

energy. This free energy is in part needed to allow for the conformational switching of

the first disk (and/or the proteins in this disk) upon binding. There are two obvious

sources of binding free energy: that of the interaction of the proteins with the RNA,

and that of the protein-protein contacts in the growing helix. The latter binding energy

is taken relative to that between the proteins in the disks in free solution, and involves

changes in interactions between pairs of neighboring proteins as well as of a larger

number of such contacts. For a more detailed discussion of this, we refer to recent work

of Kegel and van der Schoot[91].

Parenthetically, we note that the binding free energy related to interactions between

proteins and RNA has very recently been measured using an atomic force microscopy tip

to pull the TMV RNA out of a fully assembled virus, and was determined to be around

30 kBT per protein subunit.[154] This value for the RNA-protein binding strength is

rather high considering that there are 34 protein subunits in one protein disk. On

the other hand, the measured value is a binding energy between RNA nucleotides and

proteins and does not include the free energy cost for melting the secondary structure

of the RNA in solution, i.e, removing the intra-molecular base pairing.

Given these assumptions, we can now make the model more explicit. Let each viral

RNA strand present in the solution act as a template that can accommodate a maximum

of q protein disks. Considering a total of N RNA strands in the system therefore

corresponds toNq binding sites for disk material. If the total amount of protein material

present in the solution corresponds to M disks, we can define the stoichiometry between

available binding sites and disks as λ ≡ Nq/M . It turns out useful to work not in a

canonical but grand canonical ensemble, in which case N and M are expectation values.

The quantity of interest describing the thermodynamic state of the solution then is the

grand potential.

Let Ω denote a dimensionless grand potential density† of coat protein disks, RNA

molecules and partially assembled viruses in an ideal solution of volume V . The only

interactions we account for are those involved in the binding of disks onto RNA binding

sites. The grand canonical potential then consists of several contributions, including

that of the translational entropy of protein disks in solution, the RNA strands with

n adsorbed protein disks, the chemical potentials of RNA molecules, µR, and of the

free and adsorbed protein disks, µD. There is also a contribution accounting for the

∗Formally, this contribution can be absorbed in the free energy gain of binding.
†The grand potential is scaled by the thermal energy, and multiplied by the ratio of a molecular volume
and the system volume.
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Figure 10.1. Schematic representation of our kinetic zipper model for the
assembly of Tobacco Mosaic Virus from protein disks onto RNA templates
with q binding sites. Elongation of the rod-like virus particles starts at the
Origin of Assembly (OAS) region by conformational switching of the double
disk to a proto-helix, which requires an energy h. Binding of protein helix onto
the RNA molecule yields a binding free energy g, and the binding between two
protein disks is associated with an interaction free energy ε. This guarantees
sequential assembly commencing at the OAS.

different configurations of bound protein disks on RNA, expressed in an intra-chain

partition function Z(n).

If the dimensionless number densities of the coat proteins and partially assembled

viruses, i.e., RNA molecules with n adsorbed protein units (0 ≤ n ≤ q), are defined as

ρD and ρR(n), then we have

Ω =
q∑

n=0

ρ(n)R [ln ρR(n)− 1− lnZ(n)− µR − nµD]

+ρD (ln ρD − 1− µD) (10.1)

Under conditions of thermodynamic equilibrium, the optimal number densities of the

RNA molecules and the free disks minimize the grand potential. Hence, we set

(∂Ω/∂ρR(n))µR,nµD,V,T = 0, and find,

ρR(n) = Z(n) exp (µR + nµD) , (10.2)

for the number density of chains that have n bound disks. Similarly, we set

(∂Ω/∂ρD)µR,µD,V,T = 0, to find for the equilibrium number density of free protein disks,

ρD = exp (µD) . (10.3)
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It is clear that the level of coverage of the RNAs in the protein solution is set by

the chemical potentials of both components, as well as by the partition function of the

protein-RNA complexes. The latter quantity acts like an equilibrium binding constant

and within our model is a function of three free energies. Adsorption of the first disk

onto the OAS costs conformational free energy, defined as h > 0, for switching from

the double disk to the proto-helix. We take all energies to be in units of the thermal

energy, kBT . As for the subsequently adsorbed protein disks, we presume that the

switching is catalyzed by the growing helix starting at the OAS, and we set h = 0 for

these. Adsorption of the protein onto the RNA liberates a binding free energy, ε < 0,

presumed equal for all disks. Furthermore, sequential binding of disks to previously

adsorbed ones produces an additional protein-protein interaction free energy, g < 0.

The dimensionless free energy F (n) of n disks adsorbed to one RNA can thus be written

as
F (n) = −h− ε(n− 1)− gn, for n ≥ 1

F (0) = 0, for n = 0.

In essence, our model is equivalent to the well-known zipper model for the melting

of DNA,[153] in our case describing the elongation of the virus capsid from the OAS

onwards. The model does not allow for random adsorption onto different sites of the

template, for this is not seen in Nature.[155, 148] It turns out useful not to focus on the

canonical partition function Z(n) =
∑q
n=0 exp[−F (n)], but rather on the semi-grand

canonical partition function Ξ(µD) =
∑q
n=0 exp[−F (n)] exp(nµD), that is, the sum over

all possible configurations of bound protein disks onto RNA. This quantity is easily

calculated using equation 10.4 and reads

Ξ = 1 + σs
[
1− sq

1− s

]
, (10.4)

where we have defined s ≡ exp(−ε− g + µD) = ρD exp(−ε− g), and σ ≡ exp(−h+ ε).

Here, the quantity s is a measure for the affinity of protein disks for RNA molecules,

combining the binding free energy between the disks and that to the RNA with the

number density of free protein disks. The effect of nucleation and allostery is captured

in the quantity σ, a measure for the net free energy cost of adsorption of the first disk

as described in the introduction. If σ is small, then the binding of the first disk to the

template constitutes a high-energy state.

From the semi-grand partition function of the RNA molecules, we can now calculate

the average level of their coverage by the coat proteins, 〈θ〉 =
∑q
n=0 nρR(n)/q

∑q
n=0 ρR(n)

= q−1 (∂ ln Ξ/∂µD)µR,V,T
, and find

〈θ〉 =
σ

q
· s

1− s
· 1− (q + 1) sq + qsq+1

1− s+ σs (1− sq)
. (10.5)

Equation (10.5) shows that by increasing the affinity of the protein for the RNA, that

is, by increasing the value of s for example by changing the pH [91] or the concentration
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Figure 10.2. Ratio of probabilities P (n)/P (0) for an RNA molecule to be
coated by n protein disks as a function of the affinity s, A) in the absence of
allostery (σ = 1), and B) in the presence of allosteric effects (σ = 10−3). The
average fraction of binding sites occupied by protein disks, 〈θ〉, for C) σ = 1
and D) σ = 10−3 also as a function of the affinity s. For the number of binding
sites on each polymeric template we set q = 63.

of free protein disks in the solution, can only lead to full encapsidation of the viral RNA

and 〈θ〉 → 1 if s� 1. For s� 1, 〈θ〉 → 0, and RNA molecules and protein disks then

remain freely dispersed in solution.

Before explaining how we can link the affinity, s, to experimentally relevant con-

trol parameters, we note that the transition from free RNA and protein disks to fully

functional TMV particles occurs for a value close to s = 1 and becomes sharper with

increasing template lengths. This is shown in Figure 10.2A and B. Allostery causes the

point where half of the RNA molecules are on average covered with protein disks to

shift towards larger values of s, while at the same instance sharpening the transition,

see Figure 10.2 C and D.

It is of interest how precisely the average coverage is achieved, that is, whether

the mean coverage applies to the individual RNA molecules or whether there are great

differences in coverage between different ones. To find this out it is necessary to consider

the equilibrium distribution of RNAs occupied by n protein disks, defined as P (n) =
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ρR(n)/
∑q
n=0 ρR(n). Hence, we find

Peq(0) = 1
Ξ

for n = 0

Peq(n) = σsn

Ξ
for n > 0 (10.6)

From Figure 10.2 C and D, we conclude that allostery plays an important role in strongly

favoring fully over partially covered RNA molecules. For σ = 1, that is, in the absence

of allosteric effects, RNA molecules coated with n protein disks obey an exponential

distribution in n, leading to partially covered TMV particles of all intermediate lengths

n for s > 1 albeit favoring the completely filled one for n = q. When allostery does

come into play and σ � 1, the probability for coverage of RNA with protein disks below

a critical value n∗ = − lnσ/ ln s, yet larger than zero, is much lower than that of the

empty RNAs (with n = 0). Only above n∗, substantial coverage of RNA with protein

disks occurs, producing either empty or what in essence are fully covered viruses, in

particular if σ is sufficiently small.

We now return to the issue of linking the affinity, s, to an experimentally controllable

quantity. Let φD denote the overall (dimensionless) concentration of proteins present

in the solution. From the condition of the conservation of mass of the protein disks we

have,

φD = ρD +
q∑

n=0

nρR(n) = ρD + q 〈θ〉 ρR, (10.7)

where ρR =
∑q
n=0 ρ(n) is the dimensionless RNA concentration. Hence,

S = s+ Sλ 〈θ〉 , (10.8)

with λ = qρR/φD the earlier defined stoichiometric ratio and S ≡ φD exp(−ε − g) a

“bare” affinity. The bare affinity is the product of the overall protein concentration φD,

which is a known quantity, and a binding constant associated with the two free energies

ε and g. Clearly, equation 10.8 is an implicit expression that needs to be solved for s.

For the case of excess protein λ→ 0 we obviously have the identity s = S. In the other

limit, for concentrations of RNA binding sites far in excess of that of protein disks in

the solution, λ→∞ and s→ 0, implying low average RNA coverage.

We conclude that to fully cover all the RNA molecules present in the solution, such

that 〈θ〉 = 1, we need an amount of protein far in excess of the number of binding

sites, qN . This can also be deduced from Figure 10.3, where we plot the mean fraction

of occupied sites as a function of the bare affinity, S, and of the stoichiometry, λ.

Apparently, the level of cooperativity of the binding of the proteins to the RNA strongly

decreases with increasing stoichiometry.

In the next section we investigate how a new equilibrium state is reached if we

suddenly change S, e.g., by a temperature jump. As we shall see, the assembly and

disassembly kinetics are quite different from each other.
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Figure 10.3. The average level of coverage of RNA strands by coat proteins
〈θ〉 as a function of the bare affinity S, A) in the absence of allostery (σ = 1),
and B) in the presence of allosteric effects (σ = 10−3). The effective number
of binding sites equals q = 63.

10.3. Kinetic Model

To extend our equilibrium model towards a description of the dynamics of the as-

sembly and disassembly of the rod-like virus capsids, we consider a reversible sequential

association or dissociation of disks, with adsorption rates k+(n) and desorption rates

k−(n) that depend on how many disk-equivalents n are bound onto the RNA. From this,

we obtain a set of kinetic equations for the probabilities P (n, t) that RNA molecules

are occupied by n protein disks at time t.

In the following, we for convenience imply the time dependence of the occupation

probabilities by writing P (n) = P (n, t), and distinguish these from the equilibrium

distribution written as Peq(n). The set of kinetic equations is

∂P (0)

∂t
= −k+(0)P (0) + k−(1)P (1) (10.9)

∂P (m)

∂t
= −k+(m)P (m) + k−(m+ 1)P (m+ 1)− k−(m)P (m) + k+(m− 1)P (m− 1)

for 0 < m < q (10.10)

∂P (q)

∂t
= −k−(q)P (q) + k+(q − 1)P (q − 1), (10.11)

where the first and last equation involve the empty and fully bound RNAs, respectively.

In time, the system evolves towards its equilibrium state as discussed in section 10.2,

and hence lim
t→∞

P (n, t) = Peq(n) and lim
t→∞

∂P (n, t)/∂t = 0. With these conditions,

the disassembly rates k−(n) can be expressed by the assembly rates k+(n) and the
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equilibrium probabilities Peq(n) as

k−(n) = k+(n− 1)Peq(n− 1)/Peq(n), (10.12)

where the equilibrium distribution Peq(n) is given by eq.(10.6) for our Zipper model.

Following the adsorption of the first disk onto the OAS with a rate k+(0), the adsorp-

tion kinetics of subsequent protein disk should not differ significantly from each other.

We therefore presume that the on rates are independent of the number of previously

adsorbed protein disks, so k+(n) = k+, at least for n > 1. Then, it makes sense to

relate the on rate of the first disk to that of the others, k + (0) ≡ κk+. Here, κ is a

measure for how much faster or slower binding of the first disk is relative to that of the

subsequent ones.

Clearly, if κ � 1 we expect assembly to be slowed down drastically as the binding

of the first disk will become rate limiting. However, as we shall see below, for the

viruses to assemble we anyway need to pass a free energy barrier if σ � 1. The

reason is of course that assemblies of size 0 < n < n∗ are high-energy structures, as

discussed in the preceding section. This implies that in practice it will be difficult to

distinguish between kinetic and “thermodynamic” nucleation, although their effect on

the disassembly kinetics turns out to be quite different.

If we in addition substitute k+t ≡ τ and 0 ≤ f(n) ≡ P (n)/Peq(n) ≤ 1, we obtain the

following set of kinetic equations

∂f(0)

∂τ
= −κ [f(0)− f(1)] (10.13)

∂f(1)

∂τ
= −f(1) + f(2) +

κ

σs
[f(0)− f(1)] (10.14)

∂f(m)

∂τ
= −f(m) + f(m+ 1) +

1

s
[f(m− 1)− f(m)] , for 1 < m < q (10.15)

∂f(q)

∂τ
=

1

s
[f(q − 1)− f(q)] , (10.16)

where we see that the second equation depends on the ratio of κ and σ. The former is

a measure for the importance of kinetic nucleation and the latter for thermodynamic

nucleation. Note that κ occurs in the first equation independently of σ, yet the ratio of

κ and σ occurs in the kinetic equation of RNA molecules with one bound protein disk.

The set of kinetic equations can be simplified further if written in vector notation,
˙̄f ≡ ∂f̄/∂t = M ·f̄ , where f̄ = (f(0), f(1), . . . , f(q)) is a vector of length q+1, describing

the distribution of partially covered RNA molecules compared to their equilibrium
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values, and M is a tri-diagonal (q+ 1)× (q+ 1) matrix describing the model dynamics,

M =



−κ κ 0 0 · · · 0
κ
σs
−1− κ

σs
1 0 · · · 0

0 1
s

−1− 1
s

1 0 0
...

0 · · · 0 1
s
−1− 1

s
1


. (10.17)

Solving the time-dependent equations in principle yields the complete dynamics of TMV

assembly and disassembly upon variation of the co-operativity σ and/or the affinity

s. Recall that s becomes equal to the measurable quantity S in the limit of excess

protein. Unfortunately, we found an analytical solution of the characteristic equation

to remain elusive. Therefore, we employed a classical fourth-order Runge-Kutta method

to numerically solve the kinetic equations for protein concentrations in excess of the

number of binding sites, i.e., λ → 0 or S = s, and investigate the characteristics of

dynamics of assembly and disassembly of our model that way.

As discussed in the preceding section, assembly from nearly empty to fully covered

RNA molecules requires a deep quench in the affinity S, for example by a sudden

change in pH or temperature, or by a sudden addition of proteins to a solution of RNA

molecules. Upon a quench from, say, conditions where 〈θ〉 = 1.0 · 10−4 to those with

〈θ〉 = 0.99, assembly occurs via unstable intermediates towards the stable equilibrium

distribution. See Figure 10.4. In this case, the majority of RNA molecules, roughly

95%, is covered with more than 60 protein discs after assembly has completed, if we

presume q = 63 and σ = 0.01. For these values of σ and q, the affinities s = 0.35 and

s = 2.6 correspond to values of the affinity s for the initial and final coverage.

The rate-determining step for assembly is the adsorption and conformational switch-

ing of the first protein disk, as indicated by the slow decrease in concentration of

empty RNA molecules, P (0). See Figure 10.4A. After nucleation has occurred and

the highly unfavorable intermediate states have been populated temporarily, assembly

occurs quickly towards fully assembled virus particles. If allosteric effects were not im-

portant and σ = 1, P (0) decreases significantly more quickly than if σ � 1. If σ = 1,

the distribution of partially assembled viruses is much wider than in the allosteric case

where σ � 1, as expected. So, whilst allostery helps to completely cover the RNAs, it

does so at the cost of slowing down the assembly kinetics.

Not surprisingly, the disassembly is not delayed by a sluggish nucleation process and

therefore the fraction of fully assembled viruses quickly decreases upon a downward

quench of the affinity s. This does not mean that σ has no influence on the disassembly

kinetics, as is shown in Figure 10.5 B, although its effect is subtle. According to our

model, disassembly is quite a bit swifter than assembly. Unfortunately, we have not

been able to find results of in-vitro disassembly studies in the literature, so whether
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Figure 10.4. A) Assembly following a sudden quench from affinities s1 =
0.35 → s2 = 1.6 and B) disassembly after the quench s2 = 1.6 → s1 =
0.35. Shown are the probabilities P (n) of n protein disks on RNA molecules
consisting of 63 binding sites as a function of the dimensionless time τ . Here,
s1 = 0.35 corresponding to a coverage of 〈θ〉 = 10−4 and s2 = 2.6 corresponding
to 〈θ〉 = 0.99, and the level of allostericity of the binding is set by the parameter
σ = 0.01. All on rates are equal, implying κ = 1. See also the main text.

this prediction holds any water remains unclear. It is true that in in-vivo experiments,

disassembly from the 5′ to the 3′ end occurs rapidly in 2-3 minutes.[156, 157, 158]. In-

vitro assembly into full viruses occurs on the time scale of 6 to 10 minutes, which would

support our prediction.[137] However, disassembly in vivo is thought not to proceed

via spontaneous processes, but rather by cotranslational disassembly.[159]

As we have seen, allostery, expressed in the parameter σ, plays an important role not

only in determining the equilibrium distribution of partially covered RNA strands but

also in the dynamics of assembly. Decreasing the value of this parameter σ increases the

influence of allosteric effects in the binding of protein to the RNA. As can be seen from

Figure 10.5A, the average coverage by protein disks creates a lag time in the early-stage

kinetics due to the nucleation step that strongly influences the overall rate of assembly.

The rate of disassembly is decreased as well by a stronger allosteric effect as is shown

in Figure 10.5B. Here, assembly and disassembly were chosen between a coverage of

〈θ〉 = 0.001 and of 〈θ〉 = 0.9. It implies that different quench depths ∆s were employed

because the coverage depends on σ.

The disassembly rates for deep quenches of equal quench depth are essentially equiv-

alent for different values of σ, except for the very late stages (see Figure 10.5C). For

shallow quenches in the affinity s, the rates are indeed different as we shall see below.

This qualitatively different behavior for shallow and deep quenches originates from the

variation of 〈θ〉 with the affinity s. For deep quenches in s, 〈θ〉 does not significantly
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change with different σ. For shallow quenches 〈θ〉 varies strongly as a function of σ,

which translates itself in different rates of assembly and disassembly.

A B

θ

τ

θ
τ

τ

θ

τ

θ θ

τ

C

Figure 10.5. A) Assembly and B) disassembly kinetics of tobacco mosaic
virus as modeled by a kinetic zipper for different values of the allosteric pa-
rameter σ presuming 63 binding sites for each RNA molecul. The quenches are
between average surface coverages 〈θ〉 = 0.001 → 〈θ〉 = 0.9 and 〈θ〉 = 0.9 →
〈θ〉 = 0.001. The inset in A shows an expanded view of the onset of assembly,
to point out the lag time introduced by the allosteric factor σ. All on rates
are presumed equal. C) Disassembly kinetics for quenches from s = 1.1586 to
s = 0.05923 for different values of σ.

In Figure 10.4 and 10.5, the assembly rates for adsorption of the first and subsequent

protein disks were taken to be equal, i.e., κ = 1 so k+(0) = k+. The observed nucleation-

type assembly kinetics originates in solely from the costly conformational switching of

the first adsorbed protein disk into a proto-helix and the melting of the RNA strand.

By taking a different assembly rate for the adsorption of the first disk into account,

implying κ 6= 1, or, in other words, k+(0) 6= k+, we find an even stronger delay of the

assembly the smaller κ is, and the slower the first step is in comparison with subsequent

steps. See Figure 10.6A. This is of course to be expected, given our discussion above.
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Figure 10.6. Numerical results for the average RNA coverage 〈θ〉 as a func-
tion of time for different ratios of the assembly rates, κ = k+(0)/k+, A) assem-
bly from the affinity s = 10−4 to s = 1.03, and B) disassembly from s = 1.03
to s = 10−4, and σ = 0.1. The number of binding sites is presumed to be equal
to 63.

The disassembly kinetics of the removal of all but the last disk turns out to be unaf-

fected by the parameter choice of κ� 1. This can be easily understood by considering

that κ, just like σ, influences the rate of nucleation of assembly. We have seen that

lowering the value of κ or σ introduces a lag time and slows down the rate of assembly.

Disassembly, however, is not affected by the choice of the actual values for lower values

of κ as well as σ. Only the late stage kinetics are dominated by desorption rate of the

last protein disk as shown in Figures 10.5C and 10.6B. As the ratio of κ and σ occurs in

the kinetic equations, it might be expected that the effect of lowering one value should

be equal to increasing the other. Yet, κ also occurs in the equation for the adsorp-

tion/desorption of the first/last protein disk and this process seems to dominate over

the appearance of κ in the kinetic equation for the probability of one bound protein

disk.

We also note that an increase in the rate of adsorption of the first protein disk and

setting κ > 1 does not influence the assembly and disassembly kinetics to any discernible

level. This, we believe is caused by the presence of the high-energy intermediates, and

hence to be an effect of the allostery. As the assembly kinetics are already well captured

with the introduction of the allosteric factor σ, it seems sensible to set κ = 1 in the

remainder of our discussion.

It is instructive to probe the assembly dynamics following a shallow quench of the

affinity s around the value s1/2, defined as that value of s for which 〈θ〉 = 0.5, see

Figure 10.7C. Our choice of reference value of 〈θ〉 = 0.5 is no coincidence of course, as

it is the value at the transition point from largely assembled to largely disassembled
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conformational states. The quench ∆s1/2 is taken symmetrically around s1/2, with

∆s1/2 > 0 a quench promoting assembly and ∆s1/2 < 0 promoting disassembly. Because

a significant fraction of RNA molecules has more than a single protein disk adsorbed

if the coverage is around 50%, no lag time is observed for small symmetric quenches

around s1/2.

Of interest is the half-coverage time τ1/2, i.e., the time required to achieve a coverage

of 50 %, or 〈θ〉 = 0.5, for different values of the allosteric parameter σ. See Figure 10.7A.

On account of the fluctuation dissipation theorem, the relaxation time τ1/2 probes the

regression time of spontaneous fluctuations of the coverage of the RNAs, at least in the

limit ∆s1/2 → 0. See Figure 10.7B. We find that this half-coverage time τ1/2 depends

on both the magnitude and sign of the quench depth ∆s1/2, i.e., whether we take an

assembly quench or a disassembly quench.

For assembly, τ1/2 is only weakly dependent on the quench depth, at least for the

(small) values probed. Even though the driving force towards assembly must be stronger

with increasing quench depth, which naively should lead to a decrease in assembly times,

the nucleation step apparently predominates the overall rate of assembly. See also our

discussion above. This is much less so for disassembly, where we do see a strong effect

of quench depth, that is, a strong decrease of disassembly times with increasing quench

depth. As a consequence, the disassembly rates are always larger than the ones for

assembly. Not surprisingly, the asymmetry in assembly and disassembly rates increases

with decreasing values of σ, i.e., with increasing allostery.

We also note that the relaxation time τ1/2 increases with decreasing values of σ both

for assembly and disassembly, as in fact is to be expected in view of our earlier findings

on the influence of κ presented in Figure 10.6A. When fitting τ1/2(σ) with a power

law for σ < 1, we find τ1/2 ≈ 46.1 · σ−0.667. From this it seems reasonable to assume

that in the limit σ → 0 the assembly time τ1/2 diverges. This would correspond to

the phenomenon of critical slowing down, although in our case a true phase transition

occurs only in the limit q →∞.‡

Finally, we find that the late stage kinetics of assembly and disassembly can be

described quite well by a single exponential decay with a time constant τexp, as is

illustrated in Figure 10.7A for shallow quenches. Just as is the case for the time τ1/2,

the relaxation time τexp for shallow quenches scales with a power of σ < 1. We find

τexp ∝ σ−0.67. For deeper quenches, the mean fraction of occupied binding sites on

the RNA also follows a single exponential decay function reasonably well. In this case

τexp ∝ σ−0.75. It is not clear what causes the difference in the scaling exponent.

‡From classical nucleation theory we expect the relevant time scale for crossing the nucleation barrier
to scale as 1/sσ. This time scale also diverges in the limit σ → 0.
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Figure 10.7. A) Average coverage 〈θ〉 as a function of dimensionless time τ for
symmetric quenches around s1/2 and different degrees of allostery, σ. τ1/2 is the
dimensionless time needed to obtain half coverage, 〈θ〉 = 0.5 (∆s1/2 = 0.02);
B) τ1/2 for assembly and disassembly as a function of the symmetric quench
depth ∆s1/2 around s1/2 = s(θ = 0.5) for different values of σ. s1/2 is the
value of s at which 〈θ〉 = 0.5. (Inset, σ = 0.01.)

In the following section we apply our kinetic zipper model to experimental data. As

we shall see, even though our description is highly idealized, it quite accurately describes

a broad range of experimental observations.

10.4. Comparison with Experimental Data

To compare our model with available experimental data, we set the length of the

template equal to the effective number of binding sites per disk on the viral RNA.

Because each coat protein binds to three nucleotides, this corresponds to the q = 63

binding sites used in our calculations of the previous sections. We furthermore presume

for simplicity that the addition rate of the first disk is equal to that for all subsequent

protein disks, so we set κ = 1. As we have seen in the previous section, even if in

reality this is not quite true and, say, κ < 1, then the nucleation-type of kinetics that

this produces cannot easily be distinguished from that resulting from the effects of

allostery. For this reason, by setting κ = 1 we absorb potential kinetic effects into the

thermodynamics of allostery, i.e., into the value of σ that becomes an effective one.

The most detailed experimental data we confront our theory with are those of Butler

and Finch [160], who, in 1973, studied the reconstitution of Tobacco Mosaic Virus

particles by mixing solutions of TMV RNA and protein disks. In these experiments,

protein disks were added to the RNA molecules in excess of the number of binding

sites on the RNA with a stoichiometry of λ = 0.45. The length distribution of the

assembled structures was recorded as a function of time and corrected for the effects of

the degradation of RNA molecules, presumably due to the presence of nucleases in the
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solution. Partially assembled rods shorter than 20 nm were ignored due to limitations

of the electron microscopy that was used to determine the size distribution.

The best fit to the data, presented in Figure 10.8, we found by setting σ = 0.1, and

presuming a quench from an affinity of s = 0.312 to that of s = 1.159. This corresponds

to bare values of the affinities of S = 0.312 and S = 1.95. Following the experiments,

we left out partially assembled rods shorter than 20 nm, equivalent to 0 ≤ n ≤ 3, from

the analysis, and we renormalized the probabilities such that they to add up to 1 again.

The time scale τ = 45t[min] we set equal to the actual time in minutes t[min] to obtain

the best fit, giving an add-on rate of k+ = 45[min−1]. Here, we presumed that the

experimental data at t = 0 min indeed corresponds to the beginning of the assembly

process, that is, t0 = 0 min. We note however, that the sample preparation might have

introduced a delay time between the moment the sample was taken from the protein

RNA solution, and the time at which the assembly actually was stopped in the sample

taking. Because the allostery parameter σ in particular influences the in initial stages

of the virus particle growth, a somewhat different choice of “zero time” may lead to a

smaller value for σ than we estimated from our curve fitting. In our comparisons we

presumed that indeed t = 0 min corresponds to the zero time t0.

Butler and Finch [160] divided the experimental data for the time evolution of the

various levels of completion of the encapsulation of the RNA into bins of multiples

40 nm particle lengths, ignoring, again, for technical reasons, the contribution from

particles shorter than 20 nm. As is clear from Figure 10.8, our kinetic zipper model

describes the time dependence of the entire population of TMV particles of different

states of completion reasonable well. In the late stages, i.e., after 10 minutes, still a

very large fraction of almost complete TMV particles with an average length of 240±20

nm remains, which does not quite agree with our predictions as is evident from Figure

10.8.

Although Butler and Finch did correct their data for growth termination due to

degraded RNA, it is reasonable to assume that in the late assembly stages distinguishing

discontinued growth of the 240± 20 nm particles for thermodynamic reasons from that

due to broken RNA molecules is not possible. The latter is of course not accounted for

in our model. From the best fit to the experimental data, we conclude that the assembly

has not completed at the point when the experiments halted (Figure 10.8 bottom right).

Hence, a part of the fraction of TMV particles with average length 240± 20 nm could

be due to degraded RNA molecules.

Another explanation may be that the elongation of the virus is bidirectional: assembly

from the origin of assembly region on towards the 5′ end of the viral RNA completes

much more rapidly than the assembly in the direction of the 3′ end. The latter plausibly

occurs by the addition of A-proteins (a mixture of small protein aggregates) rather than

protein disks.[161] If the assembly in the 5′ direction is completed the virus particles
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Figure 10.8. Comparison of the predictions of the kinetic zipper model with
the experimental data of Butler and Finch on the reconstitution kinetics of
TMV [160]. Shown are fractions in percentile units of binned length ranges
as a function of dimensionless time τ . To obtain a good fit, we set the model
parameters described in the main text at σ = 0.1 and κ = 1, and presumed a
quench from s1 = 0.312 to s2 = 1.159.

are roughly 260 nm in length, which is in good agreement with the large fraction of

almost fully complete viruses 240± 20 nm in length seen in experiments. It seems that

the discrepancy between our model and the experimental data in the late stages of the

assembly may well be due to the much slower assembly mode from the 5′ to the 3′ end,

not captured by our model.

The relatively large value that we find for σ is somewhat of a surprise, given the

estimate of the 34 kBT involved in the conformational switching of a disk that we

mentioned in the introduction. This parameter determines in particular the duration

of the begin period following the instantaneous quench where not much happens. To

get a good estimate of this lag time, the “zero time” must be known to reasonable

accuracy as discussed above. Here, there is some ambiguity in zero time because of

the way the experiments were done. Also, as we have seen in section 10.2, the larger
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the stoichiometry the smaller effective degree of co-operativity, i.e., the larger the σ

we expect to obtain from our fitting to the zero-stoichiometry calculation. Obviously,

this by no means explains the large difference in the value for σ that we find from the

experiments and that deduced from theory.[91]

In spite of all this, it seems that our model captures the main elements of the assembly

kinetics of TMV, certainly that of in the direction of the 5’ end. As a further test, we

compared our model with reconstitution data obtained by means of SAXS, i.e., small

angle x-ray scattering [162], and turbidity measurements [163]. In both these studies,

experiments were conducted with just as many coat proteins as RNA binding sites

available implying that λ = 1. Strictly speaking, our numerical model does not apply

for this stoichiometric ratio as we presumed λ � 1, except in the initial stages. The

reason is that then only a small fraction of disks is incorporated into growing virus

particles, and the solution concentration of free disks then remains close to its initial

value. Our predictions for the late stages may be more tenuous because then initial

and final concentrations of disk protein are no longer approximately the same.

The mean radius of gyration, Rg, of the assembling virus particles, extracted from

(time-resolved) static radiation scattering experiments, is a so-called z-average of all

particles in the population and related to the z-averaged particle length, L, via

R2
g,z =

1

12
〈L2〉z =

1

12

q∑
n=1

P (n)L(n)4/

( q∑
n=1

P (n)L(n)2

)
,

where L(n) = l×n obviously depends on how many disk equivalents n of length l have

adsorbed onto the RNA [164]. In Figure 10.9A we fit the theory of the SAXS data of

Sano et al. [162], where we set q = 63, l = 4.76nm, σ = 0.1 and k+ = 23[min−1] and

presume a quench from 〈θ〉 = 0 to 〈θ〉 = 0.9. The value of the add-on rate k+ that

we now find is smaller by a factor 2 than the one we found previously, but this may

of course be due to different solution conditions. Since the “zero time” is not precisely

known in these experiments either, we set the assembly to commence at t0 = −4 min

in our model to obtain good agreement with the experimental data.

Quite similar results for the size of the growing rods may be obtained from turbidity

measurements. The turbidity is proportional to the scattered total intensity that within

the Rayleigh-Debye-Gans approximation scales as the weight average of the rod length,

〈L〉w
=
∑q
n=1 P (n)L(n)2/(

∑q
n=1 P (n)L(n)).[165] By setting σ = 0.1, k+ = 60[min−1], t0 = 0

min, and presuming the assembly proceeds from a coverage of 〈θ〉 = 0 to that of

〈θ〉 = 0.9, we find good agreement between the experimental data, as is shown in

Figure 10.9B.

We finally compare the static version of our zipper model to the binding of the move-

ment protein P30 to TMV RNA. Cell to cell transport of TMV particles is mediated

by this protein. The binding of P30 to TMV RNA is strong, highly cooperative and
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seems to be sequence non-specific [166], implying that the OAS probably does not pro-

mote binding of the P30 proteins. Still, the high co-operativity expresses itself in the

observed “all or nothing” adsorption of P30 proteins, similar to the binding of TMV

protein disks onto RNA. This makes it an interesting candidate for comparison with

our model.

Experiments have been conducted by incubating a solution of TMV RNA with in-

creasing amounts of P30 protein [166]. We fixed the maximum number of P30 proteins

that can be bound to the TMV RNA to q = 40, because experiments indicated 26-

45 P30 proteins per RNA molecule at maximum coverage.[166] Complexes of P30 and

RNA were resolved by gel retardation. In Figure 10.9C we compare the equilibrium val-

ues found for the coverage as a function of the (reciprocal) stoichiometry, so 〈θ〉(λ−1),

with the results from the zipper model. We took for the affinity S = 10, which is

sufficiently large to get complete coverage in excess P30. Agreement with the data is

best if we presume there is no allostery involved, so σ = 1. Apparently, the binding

co-operativity is driven by protein-protein interactions alone, yielding good agreement

with our model as shown in Figure 10.9C.

10.5. Conclusions

In summary, we have presented a kinetic zipper model to describe the statics and

dynamics of the assembly and disassembly of tobacco mosaic virus particles in solutions

containing protein disks and RNA molecules. The model is in essence based on the

“inside-out” or “running loop” model proposed some time ago by Butler [147, 137]. A

key ingredient of our theory is the integration of allostery: only the binding of the first

disk and concomitant conformational switching to the helix structure is penalized by a

free energy cost. The conformational switching of subsequent disks (or single proteins)

bound to the RNA is catalyzed by the already present helical arrangement of proteins.

The model explains the main features of the in vitro reconstitution of TMV parti-

cles as observed in experiments. We find that allostery, if sufficiently strong, leads to

“all-or-nothing” behavior in the assembly. This means that rather than incompletely

encapsulating all RNAs in the solution, there is a strong driving force to (nearly) com-

pletely cover a fraction of RNAs, while keeping the remainder naked. Arguably, this

“all-or-nothing” coverage enhances the survival probability of the virus, because the

exposed (“naked”) RNA of an incomplete viruses is susceptible to attack, e.g., by nu-

cleases.

We find that the co-operative assembly of fully covered RNA molecules, i.e., intact

virus particles, is strongly influenced by the stoichiometric ratio that is proportional

to the number of nucleotides and proteins in the solution. Only for the case where

protein is available vastly in excess of the total number of nucleotides, full coverage

can be achieved. Often, experiments are done at the in some sense ideal stoichiometry
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Figure 10.9. Comparison between experimental results probing some average
of the size of the growing virus particles in TMV assembly experiments and
the kinetic zipper model. A) Radius of gyration as obtained by SAXS versus
time; symbols: experimental data [162], drawn line: theory. B) Assembly
kinetics followed by the increase in turbidity upon mixing TMV protein disks
with TMV RNA [163]. C) Equilibrium coverage 〈θ〉 fractions of TMV RNA
molecules by bound P30 movement protein as a function of the reciprocal
stoichiometric ratio λ−1. Symbols: experimental data[166], drawn line: theory
for σ = 1.

corresponding to that of the complete virus where exactly as many protein disks are

used as available binding spots on the RNA molecules. This stoichiometry turns out

not so ideal after all, because complete coverage of the RNA is in this case difficult to

obtain according to our calculations, unless the binding is very strong.

If allostery is indeed an important mechanism in virus assembly, as we believe is

the case, then our calculations show that the assembly kinetics must occur via high-

energy intermediate states that are present only in low concentrations. This makes

the nucleation process the rate-limiting step. The associated lag time before assembly

commences seems to be influenced by both the relative rate of adsorption of the first

disk and the extent of allostery. For the opposite case of the disassembly of the virus,

these parameters only influence desorption of the last protein disk and hence not the

overall rate of disassembly.
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The late-stage assembly and the early-stage disassembly kinetics we find to be gov-

erned by a single-exponential relaxation, at least for the situation of excess protein.

Comparison of our quite simple model with available experimental data shows remark-

ably good agreement. From our curve fitting, we obtain estimates for the allostery

parameter of σ ≈ 0.1. This is perhaps not as small as we would expect and may be

related to the difficulty of establishing zero time and/or a stoichiometry ratio that is

not sufficiently small. Clearly, more experiments are needed to resolve this issue, as

is an analysis of the kinetic model that deals with more realistic stoichiometries. The

latter is left for future work.
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Summary

Self-assembly in nature has many facets and occurs on all length scales. This thesis

deals with selected examples on the colloidal length scale, ranging from tobacco mosaic

virus particles of 300 nm in length to colloidal micelles roughly 10 µm in diameter.

Part 1 of this thesis deals with the synthesis of anisotropic model colloids, utilizing

self-assembly processes.

Colloids are often termed ”model atoms”, because both obey the laws of statistical

thermodynamics. Yet colloids have advantages over atoms, namely by being ”soft, slow

and seeable” (W. Poon), as well as having tunable interaction potentials. Analogous

to atoms that bind to form molecules, colloids with liquid patches can bind with each

other forming ”colloidal molecules” (Chapters 2 and 3). The self-assembly process

leads to different clusters consisting of a central liquid droplet with various numbers

of colloidal particles attached at the interface. By solidifying the liquid droplet that

connects the colloidal particles complex anisometric particles are obtained that remind

one of space-filled models of molecules, and hence, the name ”colloidal molecules”. Both

highly symmetric clusters as well as clusters with a lower symmetry can be synthesized

by tuning the relative size of the liquid patch. Furthermore, the number of patches per

particles can be controlled as shown in Chapter 4, allowing for high yield syntheses of

colloidal molecules with various shapes, as well as even more complex colloidal molecules

after binding between their liquid patches. Partial particle roughness is introduced

through adsorption of smaller colloids nucleated during the polymerization. These

new anisotropic colloidal molecules have great potential for assembling into functional

crystal structures or other finite sized structures. In the long term, the self-assembling

process leads to large spherical droplets with many colloids adsorbed at the interface,

also called Pickering emulsions (5). We analyze these structures with respect to their

size, distribution of colloids at the interface, and formation of clusters and multilayered

shells upon removal of the liquid droplets.

In Part 2 the spontaneous formation of clusters of colloidal dimers with one attractive

patch, also termed ”colloidal micelles” is studied and compared to surfactant micelles.

One application of the anisotropic colloidal particles described in Part 1 as a model

system is presented in Part 2. In Chapter 6 we show that dimers consisting of

one smooth sphere and one rough sphere can be used as a model system for self-

assembly of surfactant molecules into micelles. By using depletion forces which are

proportional to the overlap volume, and hence stronger for the smooth sides of the
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dimers than for the rough ones, site specific attraction is realized experimentally. This

site-specific attraction leads to clusters of dimers with the smooth sides pointing inside.

Intriguingly, at intermediate attractions, the size distribution of the clusters is peaked

around a discrete value, also found in computer simulations. The similarities between

the observed colloidal clusters and surfactant micelles are discussed and quantified by

a theoretical model.

Part 3 is devoted to self-assembling, thermodynamically stable Pickering emulsions.

In Chapter 7 the emulsion system is investigated with respect to its generality. By

systematically varying the different components oil, water, colloids, and ions, we extract

the minimum requirements for stability of these droplets covered with colloids. We find

that low surface tensions of the bare oil-water interface, colloids smaller than 200 nm

with a preference for the oil phase, and large, amphiphilic counterions are sufficient for

the formation and stability of the Pickering emulsion. On longer time scales, the system

exhibits an intricate dynamic equilibrium which is described in Chapter 8. Through

a chemical process the hydrophilicity of the stabilizing colloidal particles gradually

changes in time, leading to migration of the colloidal particles to the oil phase, and as

a consequence, droplet growth. In Chapter 9 we explore the possibilities of employing

fatty acids as the dispersed phase in these spontaneously forming Pickering emulsions.

In Part 4, a theoretical model for the assembly of tobacco mosaic virus particles is

developed.

In Chapter 10 we describe the statics and dynamics of the spontaneous formation of

tobacco mosaic virus particles from protein disks and single-stranded RNA by a modified

Zipper model. The model explains why fully functional viruses are favored over partially

completed ones by the self-assembly process. The model describes experimental results

on the reconstitution of tobacco mosaic virus well.
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Modelsystemen voor Zelf-Organisatie

Samenvatting voor Iedereen

Zelf-organisatie

Het spontaan ontstaan van geordende structuren uit chaos is een van de meest

fascinerende fenomenen in de natuur. Voorbeelden kunnen overal gevonden worden:

de regelmatige rimpels in het zand, wolkenbanden op gelijkmatige afstand, een zwerm

vogels of een school vissen zijn alledaagse voorkomende vormen van het ontstaan van

patronen. Op een kleinere schaal, maar niet minder fascinerend, ontstaat een compleet

virus spontaan uit losse protëınen (eiwitten) en erfelijk materiaal, DNA of RNA. Dit

proces gebeurt spontaan en heeft niets anders nodig dan de bouwstenen (protëınen en

erfelijk materiaal) zelf. Dat betekent dat de manier waarop virussen opgebouwd wor-

den al door de bouwstenen vast gelegd is. Het is ook een heel nauwkeurig proces: alle

virussen van één soort hebben dezelfde vorm en grootte. Ze bestaan uit een eiwitjasje

(het viruscapside), dat het erfelijk materiaal beschermt. Fouten in het jasje zouden fa-

taal voor het virus zijn: dan zou de cel het vreemde materiaal onmiddellijk herkennen

en afbreken. Zo’n proces waar uit ongeordende, chaotisch verdeelde bouwstenen een

geordende structuur ontstaat, heet zelf-ordenend. De bouwstenen van de bovenstaande

voorbeelden zijn zand korrels, water druppels, een vogel of vis, en protëınen en erfe-

lijk materiaal. In dit proefschrift staan verschillende modellen voor zelf-organiserende

systemen beschreven.

Collöıden als modellen voor zelf-organiserende systemen

Veel zelf-organiserende systemen zijn zo klein, bijvoorbeeld virussen, dat ze ook met

een optische microscoop niet gezien kunnen worden. Om toch een inzicht in zulke

processen te krijgen, gebruiken we experimentele en theoretische model systemen. Een

bijzonder goede keuze voor een experimenteel model systeem zijn collöıden.

Coll̈ıden zijn deeltjes of druppels, die in een ander medium, een gas, vloeistof of

een vaste stof, fijn verdeeld zijn. Fijn verdeeld betekent hier, dat ze minstens een

dimensie bezitten die tussen 1 nm en 1 µm groot is. Een micrometer (1 µm) is het

zelfde als een duizendste millimeter. Een nanometer (1 nm) is nog duizend keer kleiner.

Ter vergelijking: een menselijk haar is ongeveer 70 µm dik. Collöıden komen in de

natuur overal voor, en vinden een toepassing in veel producten. Bijvoorbeeld vormen
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de pigmenten in verf een collöıdale oplossing. Ook in schoonmaakproducten, cosmetica,

klei, en levensmiddelen zoals boter of melk komen collöıden voor.

Vooral hun afmetingen maken collöıden een interessant model systeem voor onder-

zoek aan zelf-organisatie: ze zijn groot genoeg, om ze met een optisch microscoop te

kunnen bestuderen, maar klein genoeg om in een vloeistof onregelmatige bewegingen uit

te voeren, de ”Brownse beweging”. De oorzaak voor deze beweging zijn de moleculen

waaruit die vloeistof bestaat, bijvoorbeeld water moleculen. Ze zijn continue in beweg-

ing en botsen tegen de veel grotere collöıden aan, die daardoor onregelmatig bewegen.

De ”Brownse bewegingen” zorgt ervoor, dat de collöıden goed gemengd worden en con-

stant met elkaar wisselwerken, en daardoor de toestand van laagste energie kunnen

vinden.

Bolvormige collöıden worden vaak artificiële atomen genoemd, omdat hun wissel-

werkingen vergelijkbaar zijn met die tussen atomen. Onderzoek aan collöıden kan

nieuwe inzichten in atomaire systemen, zoals bijvoorbeeld kristallen, opleveren. In

tegenstelling tot atomen kunnen de wisselwerkingen in collöıdale systemen aangepast

worden, bijvoorbeeld versterkt of juist afgezwakt, en bovendien kan de afstand waarover

de collöıden wisselwerken bëınvloed worden.

Anisotrope Collöıden

De meest eenvoudige vormen van collöıden, zoals bollen of schijven, kunnen helaas

vaak de ingewikkeldere bouwstenen van de natuur niet goed genoeg nabootsen. De

protëınen van het tabaksmozäıekvirus lijken bijvoorbeeld eerder op stukjes taart. Bol-

vormige, isotrope collöıden zijn kunnen ook voor andere complexe structuren zoals

kristallen met bijzondere optische of mechanische eigenschappen niet gebruikt worden,

omdat ze bij voorkeur zo efficiënt mogelijk gepakte structuren willen vormen. Deze

heten hexagonale dichtste stapeling (”hexagonally close packed”) en kubisch vlakge-

centreerde stapeling (”face centered cubic”), en lijken op de structuur waarmee ook

sinaasappelen op elkaar gestapeld kunnen worden. Om deze complexe structuren te

kunnen maken, zijn anisotrope collöıden nodig. Deze kunnen zowel anisotroop in vorm

als in hun wisselwerkingen zijn. Het is een uitdaging om de collöıden zo aan te passen

dat een gewenste structuur verkregen kan worden.

Een bijzonder interessante, want breed toepasbare categorie van collöıden met aniso-

trope wisselwerkingen zijn ”patchy particles”, oftewel collöıden met goed gedefinieerde

gebieden aan het oppervlak, die elkaar aantrekken of afstoten. Van bolvormige collöıden

met attractieve ”patches” wordt voorspeld dat ze nieuwe, door de posities van de

”patches” vastgelegde structuren of kristallen kunnen vormen. Maar tegenwoordig

bestaan er maar weinig methodes, om zulke deeltjes met gecontroleerde ”patches” te

maken.
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Deel 1 - Collöıdale Moleculen en Clusters

In het eerste deel van dit proefschrift worden verschillende methodes gepresenteerd,

om anisotrope deeltjes te maken die op moleculen lijken. Zoals eerder al genoemd,

worden collöıden vaak als model atomen gebruikt, bijvoorbeeld voor onderzoek aan

kristallen en vloeistoffen. In de hoofdstukken 2 en 3 laten we zien, dat deeltjes met

druppels aan hun oppervlak met elkaar kunnen binden door de druppels met elkaar te

laten samenvloeien. Aansluitend kunnen de druppels gepolymeriseerd worden, om vaste

collöıden te verkrijgen. Dit zelf-organiserend proces is analoog aan atomen, die door

een binding moleculen vormen. Zulke collöıden worden dan ook ”collöıdale moleculen”

genoemd. Men kan ze ook als een bijzondere vorm van ”patchy particles” zien: als het

materiaal van de collöıden en de druppels verschillend zijn, ontstaan er ”patches” met

andere eigenschappen. We kunnen de positie en de grootte van de ”patches” controleren

en zo bijvoorbeeld collöıden maken, die op watermoleculen lijken.

In hoofdstuk 4 wordt een andere methode gëıntroduceerd, om collöıdale moleculen te

maken. We laten zien, dat meerdere druppels aan de oppervlakte van de collöıden op

een gecontroleerde manier verkregen kunnen worden. Het samenvloeien van de druppels

aan de oppervlakte wordt bëınvloedt door de oppervlaktespanning en het volume van

de druppels. Door polymerisatie van de druppels worden uniforme collöıdale moleculen

in grote hoeveelheden verkregen.

Als het samenvloeien van de druppels niet door polymerisatie gestopt wordt, ontstaan

er grote druppels met honderden tot duizenden collöıden aan de oppervlakte. In hoofd-

stuk 5 bestuderen we dit proces en analyseren wij de posities van de collöıden. We

proberen verder om de druppels te verwijderen en verkrijgen daardoor clusters, dat

betekent aggregaten van collöıden. We vinden dat de clusters vanaf een bepaalde grootte

aan hol zijn.

Deel 2 - Collöıdale Micellen

De methoden uit deel 1 om collöıdale moleculen te maken zijn gebaseerd op een

zelf-organiserend proces, namelijk het samenvloeien van de druppels aan het oppervlak

van de collöıden. In hoofdstuk 6 realiseren we ”patchy particles” door collöıden te ge-

bruiken, die uit twee bolvormige onderdelen bestaan: de ene helft is glad, en de andere

helft heeft een ruw oppervlak. Als polymeren aan de collöıdale oplossing toegevoegd

worden, trekken de collöıden elkaar aan. Polymeren zijn eigenlijk lange moleculen, maar

in oplossing lijken ze op wanordelijke kluwens. De polymeren botsen met de collöıden,

totdat deze zo dicht bij elkaar zijn dat er geen polymeren meer tussen kunnen zitten.

De zone, waar geen polymeren meer kunnen zitten, heet overlap volume. Omdat er

polymeren vanuit elke richting behalve deze overlap zone tegen de collöıden botsen,

drijven ze de collöıden naar elkaar toe en creëren dus een effectieve aantrekkingskracht.
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Deze kracht wordt ook depletie interactie genoemd. Hoe groter het overlap volume

tussen de collöıden des te sterk deze kracht is. Voor de gladde kant van de collöıden

is deze daarom sterker dan voor de ruwe kant. Men verkrijgt daarom een attractieve

”patch” aan de gladde kant! In oplossingen vormen deze collöıden bolvormige struc-

turen, met de gladde kanten van de collöıden naar het midden en de ruwe kanten naar

buiten gericht.

Onze keuze voor deze deeltjes was niet toevallig: zeep moleculen bestaan ook uit

twee onderdelen, namelijk één kant, die graag in contact is met water, en één kant, die

graag in contact is met olie. Men noemt zulke moleculen dan ook ”amphiphil”, van

het oud griekse amphi = aan beide kanten, en phil = liefhebbend. In water vormen zij

onder meer bolvormige structuren, waar de kant met een voorkeur voor olie naar binnen

wijzen, om zo min mogelijk in contact met water en zo veel mogelijk in contact te zijn

met olie liefhebbende onderdelen. Zulke structuren heten micellen. Onze collöıden met

een ruwe en een gladde kant zijn dus een modellsysteem voor amphiphile molecule en

vormen ”collöıdale micellen”.

Deel 3 - Emulsies

Emulsies zijn fijn verdeelde mengsels van twee eigenlijk niet mengbare vloeistoffen,

bijvoorbeeld olie en water. Om een mengsel te verkrijgen, heeft men normaliter energie

nodig. Een alledaags voorbeeld is sla saus, waar olie en water heftig gemengd moeten

worden. Zonder stabilisatie van de emulsie druppels vloeien deze weer samen, totdat

er twee aparte fasen, olie en water, ontstaan. In de hoofdstukken 7, 8 en 9 wordt een

heel speciaal type van stabiele emulsies onderzocht. De olie druppels, die in de waterige

fase fijn verdeeld zijn, zijn door collöıden aan de oppervlakte gestabiliseerd. Zulke

emulsies heten ook Pickering emulsies, benoemd naar éen van hun ontdekkers Spencer

Pickering. De meeste Pickering emulsies zijn instabiel en ontmengen naar een tijdje.

In tegenstelling daarmee zijn de emulsies die in dit proefschrift onderzocht worden

thermodynamisch stabiel. Dat betekent, dat ze zich in de toestand met de laagste vrije

energie bevinden, en spontaan ontstaan als men water, collöıden, en een speciale olie in

contact met elkaar brengt. Dit is een duidelijk verschil met bijvoorbeeld slasaus, die pas

door heftig roeren ontstaat en na enige tijd weer ontmengt. Deze bijzondere emulsies

werden pas kort geleden door Stefano Sacanna, Willem Kegel en Albert Philipse in het

Van ’t Hoff laboratorium ontdekt, en het is tot nu toe nog onduidelijk, of het een heel

speciaal systeem is of een generieke nieuwe soort emulsies.

In hoofdstuk 7 variëren we de verschillende onderdelen van de emulsies systematisch,

om de minimale vereisten voor het verkrijgen van stabiele Pickering emulsies uit te

zoeken. Uit deze experimenten blijkt, dat er inderdaad sprake is van een nieuwe soort

stabiele Pickering emulsies.
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Hoewel deze emulsies stabiel genoemd worden, verandert de druppel grootte met de

tijd: binnen de eerste 24 uur worden de olie druppels kleiner (tot ongeveer 100 nm), en

daarna groeien ze langzaam dagen tot maanden lang door. In hoofdstuk 8 beschrijven

we dit subtiele evenwicht, dat gëınduceerd wordt door een chemische verandering van

de stabiliserende collöıdale deeltjes.

In hoofdstuk 9 passen we onze kennis over deze emulsies op een nieuw systeem toe.

We onderzoeken of ook vetzuren als olie fase in deze emulsies gebruikt kunnen worden.

De motivatie daarvoor is ten eerste academischer natuur, namelijk of we in hoofdstuk

7 de goede vereisten hebben gevonden, en ten tweede zijn vetzuren van groot belang in

industriële producten. Een voorbeeld is margarine, een emulsie van verschillende vetten

en water, die veel energie kost om te maken. Een spontaan aflopend zelf-organiserende

emulsificatie proces heeft geen energie nodig en is daarom interessant voor een goed-

kopere productie.

Deel 4 - Een theoretisch model voor de zelf-organisatie van

tabaksmozäıekvirus

In hoofdstuk 10 wordt de reconstructie van protëınen en erfelijk materiaal (RNA) in

staafvormige tabaksmozäıekvirussen onderzocht. Het tabaksmozäıekvirus is het eerste

virus, dat ontdekt werd, en staat dus aan het begin van het huidige onderzoeksveld

virologie. Het virus bestaat uit een ongeveer 300 nm lang en 18 nm breed protëın jasje,

dat om de RNA gevouwen zit. Om het proces van de zelf-organisatie van het virus te

beschrijven, maken we gebruik van een aangepast ”Zipper”-Model. Dit model houdt in,

dat de adsorptie van protëınen op het vorige aansluit. We ontwikkelen het model voor

het statische en het dynamische geval, en vergelijken de resultaten met experimenten

uit de literatuur.
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Modellsysteme für Selbstassemblierung

Zusammenfassung

Selbstassemblierung

Das spontane Entstehen von geordneten Strukturen aus Chaos ist eines der faszinie-

rendsten Phänomene in der Natur. Beispiele dafür findet man überall: die regelmäßi-

gen Rippel im Sand, Wolkenbänder, die in gleichen Abständen aufeinanderfolgen, oder

Schwärme von Vögeln und Fischen sind nur einige der alltäglich vorkommenden Formen

von Strukturbildung. Ein nicht weniger faszinierendes Beispiel auf kleinerer Größen-

skala, ist das Zusammensetzen von Proteinen und Nukleinsäuremolekülen, d. h. DNA

oder RNA, zu funktionsfähigen Viren. Dieser Prozess läuft spontan ab und benötigt

nichts anderes als die Bausteine selbst. Das bedeutet, dass die Art und Weise, wie

sich der Virus zusammensetzt, in den Bausteinen festgelegt ist. Dieser Prozess ist

sehr akkurat: alle Viren eines Stammes haben die gleiche Form und Größe. Sie beste-

hen aus einer Proteinhülle, welche die die genetische Information, die in Form eines

Nukleinsäuremolekuls darin aufbewahrt wird, beschützt. Fehler in der Proteinhülle

wären fatal für das Virus, denn dann könnten Abwehrsysteme der befallenen Zellen

die Moleküle, die die genetische Information enthalten, angreifen und zerstören. Ein

solcher Prozess, bei dem aus ungeordneten, chaotisch verteilten Bausteinen eine geord-

nete Struktur entsteht, heißt Selbstordnung oder Selbstassemblierung. Die Bausteine

in den oben genannten Beispielen sind Sandkörner, Wassertröpfchen, ein Vogel oder ein

Fisch, und die Protein- (Eiweiß-) und Nukleinsäuremoleküle. Wenn ein solcher Prozess

konstant Energie verbraucht, spricht man von Selbstordnung, andernfalls von Selb-

stassemblierung. In dieser Doktorarbeit werden verschiedene Modelle für selbstassem-

blierende Systeme beschrieben.

Kolloide als Modellsysteme für Selbstassemblierung

Viele solcher selbstassemblierender Systeme sind so klein, dass sie nicht direkt be-

obachtet werden können. Um dennoch Einblicke in die ablaufenden Prozesse zu bekom-

men, werden experimentelle oder theoretische Modellsysteme verwendet. Besonders gut

sind Kolloide als experimentelle Modellsysteme geeignet.

Kolloide sind Teilchen oder Tröpfchen, die in einem anderen Medium, einem Gas,

einer Flüssigkeit oder einem Festkörper fein verteilt sind. Fein bedeutet hier, dass sie
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in mindestens einer Dimension zwischen 1 nm und 1 µm großsind. Ein Mikrometer (1

µm) entspricht einem Tausendstel Millimeter. Ein Nanometer (1 nm) ist noch 1000

mal kleiner. Zum Vergleich: ein menschliches Haar ist ungefähr 70 µm dick. Kolloide

sind in der Natur weit verbreitet, und werden in vielen Produkten verwendet. Zum

Beispiel formen die Pigmente in Farben und Lacken eine kolloidale Lösung. Auch in

Reinigungsmitteln, Kosmetika, Ton, und Lebensmitteln wie Butter oder Milch kommen

Kolloide vor.

Kolloide sind aufgrund ihre Größe besonders interessant für die Erforschung selbst-

assemblierender und selbstorganisierender Systeme: Sie sind großgenug, um mit einem

Mikroskop beobachtet werden zu können, und klein genug, um in Flüssigkeiten un-

regelmäßige, zuckende Bewegungen auszuführen, die sogenannte ”Brownsche Bewe-

gung”. Die Ursache dafür sind die Atome oder Moleküle, aus denen eine Flüssigkeit

besteht, zum Beispiel Wassermoleküle. Sie sind bei einer gegebenen Temperatur kon-

stant in Bewegung und stoßen permanent von allen Seiten gegen die wesentlich größeren

Kolloide, die dadurch zuckende Bewegungen machen. Der Vorteil dieser ”Brownschen

Bewegung” ist, dass die Kolloide sich ständig mischen und miteinander wechselwirken,

und dadurch den Zustand mit der niedrigsten Energie finden können.

Kugelförmige Kolloide werden oft als künstliche Atome bezeichnet, da ihre Wech-

selwirkungen untereinander vergleichbar mit denen von Atomen sind. Die Kolloid-

Forschung kann deshalb neue Einsichten in atomare Systeme wie beispielsweise Kristalle

liefern. Kolloidale Systeme sind allerdings noch wesentlich vielfältiger als die Atome,

die in der Natur vorkommen: Ihre Wechselwirkungen können gezielt verändert, zum

Beispiel verstärkt oder abgeschwächt werden, aber man kann auch die Reichweite der

Wechselwirkung kann anpassen.

Anisotrope Kolloide

Die einfachsten kolloidalen Formen, beispielsweise Kugeln oder Plättchen, reichen oft

nicht aus, um die komplizierten Bausteine der Natur nachzuahmen. Die Proteine der

Tabakmosaikviren sehen zum Beispiel eher wie ein Tortenstück aus. Auch für andere

komplexere Anordnungen, wie zum Beispiel Kristalle mit besonderen optischen Eigen-

schaften, sind kugelförmige Kolloide ungeeignet, da sie sich nur auf ganz bestimmte

Art und Weise aufeinander stapeln lassen. Diese einfachen Kristallstrukturen nennt

man hexagonal dichteste (hcp) und kubisch flächenzentrierte (fcc) Kugelpackung. Sie

sind vergleichbar mit gestapelten Orangen im Supermarkt. Um komplexere Struk-

turen herstellen zu können, werden anisotrope Kolloide benötigt. Diese können sowohl

anisotrop in ihrer Form, als auch in ihren Wechselwirkungen sein. Die Herausforderung

besteht darin, die kolloidale Form und ihre Wechselwirkungen an die zu untersuchende

Fragestellung anzupassen.
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Eine besonders interessante, breit anwendbare Kategorie von Kolloiden mit aniso-

tropen Wechselwirkungen sind sogenannte Teilchen mit ”Patches”, d.h. Kolloide mit

gut definierten Gebieten an der Oberfläche, die einander anziehen oder abstossen.

Kugelförmige Kolloide mit attraktiven ”Patches” können neue, durch die Positionen der

”Patches” festgelegte Strukturen oder Kristalle bilden. Allerdings gibt es gegenwärtig

nur wenige Methoden, um solche anisotropen Teilchen mit kontrollierten ”Patches”

herzustellen.

Teil 1 - Kolloidale Moleküle und Cluster

In dieser Doktorarbeit werden verschiedene Methoden präsentiert, um anisotrope

Teilchen herzustellen, die Modellen von Molekülen ähneln. Wie oben schon angedeutet,

werden Kolloide oft als Modellatome verwendet, z.B. in der Forschung an Kristallen

oder Flüssigkeiten. In den Kapiteln 2 und 3 zeigen wir, dass Kolloide mit Tröpfchen

an der Oberfläche eine Bindung eingehen können, indem die Tröpfchen zusammen-

fließen. Anschließend können die Tröpfchen gehärtet (”polymerisiert”) werden, um

feste Kolloide zu erhalten. Dieser selbstassemblierende Prozess ist analog zu Atomen,

die mittels einer Bindung Moleküle formen. Solche Kolloide werden dann auch ”Kol-

loidale Moleküle” genannt. Man kann sie auch als eine besondere Form von ”patchy”

Teilchen sehen: Wenn das Material der Tröpfchen ein anderes ist als das der Kolloide,

erhält man ”Patches” mit anderen Oberflächeneigenschaften. Wir können die Positio-

nen und Größe der Patches kontrollieren, und so zum Beispiel Kolloide herstellen, die

Wassermolekülen ähneln.

Ein direkterer Weg, um kolloidale Moleküle herzustellen, wird in Kapitel 4 vorgestellt.

Hier zeigen wir, dass mehrere Tröpfchen an der Oberfläche von Kolloiden erzeugt werden

können. Die Verschmelzung der Tröpfchen an der Oberfläche wird beeinflusst durch die

Oberflächenspannung und das Volumen der Tröpfchen. Mit der Polymerisation der

Tröpfchen erhält man einheitliche kolloidale Moleküle in großer Anzahl.

Wenn man diesen Verschmelzungsprozess nicht durch die Polymerisation stoppt,

entstehen große Tropfen mit vielen hunderten bis tausenden Kolloiden an der Oberfläche.

In Kapitel 5 studieren wir diesen Prozess und analysieren die Positionen der Kolloide.

Wir versuche des Weiteren, die Tropfen zu entfernen, und erhalten dadurch Cluster,

d.h. eine Ansammlung von Kolloiden. Wir findens, dass diese Cluster ab einer bes-

timmten Größe Hohlräume besitzen, so dass man auch von kolloidalen Hüllen sprechen

kann.

Teil 2 - Kolloidale Micellen

Die vorgestellten Methoden, kolloidale Moleküle herzustellen basieren auf einem selb-

stassemblierenden Prozess, nämlich der Verschmelzung von Tröpfchen an den Ober-
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flächen der Kolloide. In Kapitel 6 verwenden wir die erhaltenen Kolloide, um ”patchy”

Teilchen zu realisieren. Dazu verwenden wir Kolloide die aus zwei kugelförmigen Hälften

bestehen: die eine Hälfte ist glatt, die andere hat eine rauhe Oberfläche. Wenn Poly-

mere zu der kolloidalen Lösung gegeben werden, entsteht eine Anziehungskraft zwischen

den Kolloiden. Polymere sind eigentlich sehr lange Moleküle, aber in Lösung kann man

sie sich als Wollknäuel vorstellen. Die Polymere treiben die Kolloide aufeinander zu, bis

sie miteinander in Kontakt kommen und kein Polymerknäuel mehr dazwischen passt.

Die Zone, in der keine Polymere mehr sein können, heißt auch Überlappungs-Zone.

Weil die Polymere dennoch überall außer in der Überlappungs-Zone gegen die Kolloide

stoßen, treiben sie die Kolloide auf einander zu und erzeugen dadurch eine effektive

Anziehungskraft. Diese Kraft wird auch Verarmungs-Wechselwirkung (”depletion in-

teraction”) genannt. Sie ist umso stärker, je größer die Überlapp-Zone ist. Für die

glatten Hälften der Kolloide ist sie deshalb stärker als für die rauhen Hälften. Man

erhält einen attraktiven ”Patch” an der glatten Seite der Kolloide! In Lösung formen

diese Kolloide runde Strukturen, in deren Mitte die glatten Hälften der Kolloide sind.

An der Außenseite sind die rauhen Hälften zu finden.

Unsere Wahl dieser Teilchen war nicht willkürlich: Seifenmoleküle bestehen auch aus

zwei Hälften, nämlich aus einer Hälfte, die gerne in Kontakt mit Wasser ist, und einer

Hälfte, die gerne in Kontakt mit Fett ist. Man nennt solche Moleküle ”amphiphil”,

vom altgriechischen amphi=auf beiden Seiten und phil=liebend. In Wasser formen sie

runde Strukturen, in denen die fettliebenden Hälften nach innen weisen, um so wenig

wie möglich in Kontakt mit Wasser und so viel wie möglich in Kontakt mit anderen

fettliebenden Molekülen zu sein. Man nennt solche Strukturen Mizellen. Unsere Kol-

loide mit einer rauhen und einer glatten Seite sind also ein Modellsystem für solche

amphiphilen Moleküle, und formen ”kolloidale Mizellen”.

Teil 3 - Emulsionen

Emulsionen sind fein verteilte Gemische zweier eigentlich nicht mischbarer Flüssig-

keiten, beispielsweise Öl und Wasser. Um diese Mischung zu erhalten, muss normaler-

weise Energie aufgewandt werden. Ein alltägliches Beispiel ist Salatsoße, für die man

Öl mit Wasser mit einem Schneebesen vermengt. Ohne zusätzliche Stabilisierung der

Emulsion fließen diese fein verteilten Tröpfchen wieder zusammen, bis sich zwei sepa-

rate Phasen, Öl und Wasser, geformt haben. In den Kapiteln 7, 8 und 9 wird eine sehr

spezielle Form von stabilen Emulsionen untersucht. Die Öltröpfchen, die in der wäss-

rigen Phase fein verteilt sind, sind an der Oberfläche durch Kolloide stabilisiert. Man

nennt solche Emulsionen auch Pickering-Emulsionen nach einem der Entdecker, Spencer

Pickering. Auch die meisten Pickering-Emulsionen sind instabil und entmischen nach

einiger Zeit. Die in dieser Doktorarbeit behandelten Emulsionen sind dagegen thermo-

dynamisch stabil. Das bedeutet, dass sie sich in dem energetisch günstigsten Zustand
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befinden und spontan entstehen, wenn man Wasser, Kolloide und ein spezielle Sorte

Öl miteinander in Kontakt bringt. Ein klarer Gegensatz etwa zu Salatsoßen, die heftig

gemischt werden müssen, bevor kleine Tröpfchen entstehen. Sie wurden erst vor kurzem

von Stefano Sacanna, Willem Kegel und Albert Philipse im Van ’t Hoff Laboratorium

entdeckt, und es ist noch unklar, ob es sich um einen Einzelfall handelt, oder ob eine

neue Klasse Emulsionen gefunden wurde.

In Kapitel 7 untersuchen wir, welche Minimalanforderungen gegeben sein müssen,

um solche stabilen Pickering-Emulsionen zu erhalten. Die Resultate der systematischen

Experimente liefern starke Indikationen, dass es sich hier um ein neue, stabile Klasse

von Emulsionen handelt.

Obwohl diese Emulsionen als stabil bezeichnet werden, verändert sich die Tröpfchen-

größe mit der Zeit: in den ersten 24 Stunden schrumpfen die Tröpfchen auf circa 100

nm, bevor sie langsam über Tage bis Monate hinweg wieder wachsen. In Kapitel 8

beschreiben wir dieses subtile Gleichgewicht, das durch eine chemische Veränderung

der stabilisierenden kolloidalen Teilchen induziert wird.

In Kapitel 9 wenden wir unsere erworbenen Kenntnisse auf ein neues System an.

Wir untersuchen die Möglichkeit, Fettsäuren als Ölphase in diesen Emulsionen zu ver-

wenden. Die Motivation dafür ist zum einen akademischer Natur, nämlich um her-

auszufinden, ob in Kapitel 7 die richtigen Minimalanforderungen identifiziert wurden.

Zum anderen haben Fettsäuren große Bedeutung in industriellen Fertigungsprozessen.

Ein Beispiel dafür ist Margarine, eine Emulsion aus verschiedenen Fetten und Wasser,

für deren Herstellung viel Energie aufgewendet werden muss. Eine spontan ablaufende

Emulsifikation benötigt keine Energie und ist daher von Interesse für eine kosten-

günstigere Herstellung.

Teil 4 - Ein theoretisches Modell für die Selbstassemblierung

des Tabakmosaikvirus

Kapitel 10 befasst sich mit der Rekonstitution von Proteinen und einem Nuklein-

säuremolekül (RNA) zum stabförmigen Tabakmosaikvirus. Das Tabakmosaikvirus ist

das erste entdeckte Virus, und begründete somit das Feld der Virologie mit. Das Virus

selbst besteht aus einer circa 300 nm langen und 18 nm dicken Proteinhülle, in der die

RNA zwischen den Proteinen verborgen ist. Um den Prozess der Selbstassemblierung

zu beschreiben, wird ein ”Reißverschluss- (Zipper-)” Modell adaptiert. Das bedeutet,

dass die Adsorption von Proteinmolekülen an der RNA nur in eine Richtung abläuft und

am vorigen Proteinmolekül anschließt. Wir entwickeln das Modell für den statischen

und dynamischen Fall, und vergleichen die Resultate mit Experimenten.
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dam’ meeting, the Jüelich Soft Matter Days, the ’Liquids and Interfaces’ meeting, as

well as the Gordon Research conference on ’Colloidal, Macromolecular and Polyelec-

trolyte Solutions’.

223



224 Curriculum Vitae


	List of publications
	Chapter 1. General Introduction
	Part 1.  Synthesis of Colloidal Molecules
	Chapter 2. Synthesis of Highly Symmetric Colloidal Molecules via Self-Assembly of Colloids with Liquid Protrusions
	Chapter 3. Asymmetric Colloidal Molecules by Fusion of Colloids with Liquid Protrusions
	Chapter 4. Patchy Polymer Particles with Tunable Anisotropy Dimensions
	Chapter 5. Bottom-up Assembly of Solid-Stabilized Emulsions by Fusion of Liquid Protrusions on Polymer Particles

	Part 2.  Colloidal Micelles
	Chapter 6. Experimental Observation of Colloidal Micelles

	Part 3.  Thermodynamically Stable Pickering Emulsions
	Chapter 7. Conditions for Equilibrium Solid-Stabilized Emulsions
	Chapter 8. Evolution of Equilibrium Pickering Emulsions - A Matter of Time Scales
	Chapter 9. First Experiments on Pickering Emulsions from Fatty Acids
	Appendix A. Pickering Emulsions

	Part 4.  Kinetic Zipper Model for the Assembly of Tobacco Mosaic Virus
	Chapter 10. Kinetic Zipper Model for the Self-Assembly of Tobacco Mosaic Virus
	Bibliography
	Summary
	Modelsystemen voor Zelf-OrganisatieSamenvatting voor Iedereen
	Modellsysteme für SelbstassemblierungZusammenfassung
	Acknowledgements
	Curriculum Vitae


