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Chapter 1: General Introduction

1. Colloidal self-assembly

The main focus of this thesis is on the self-assembly of dumbbell-shaped col-

loidal particles with anisotropic interactions. A dumbbell-shaped particle consists

of two touching or partly overlapping spherical lobes. Its geometry is determined

by the size ratio between the lobes and the degree of overlap, or the bond length

between them. Anisotropic interactions are introduced by making one of the

lobes specifically sticky. Since in this system the geometry of the particle and

the strength of the interaction can be tuned, this makes it a suitable colloidal

model system to study the relation between building block shape and resulting

structure in self-assembly. Depending on their shape and interactions, dumbbell-

shaped colloids can be used to form for instances finite size clusters that may

act as vehicles for medicine or gene delivery, or tunable periodic structures with

potential application in photonic bandgap materials.

Self-assembly is a widely used term for the spontaneous formation of ordered,

complex or functional structures from smaller, more simple subunits. Examples

of self-assembly in nature, like the formation of soap bubbles, the freezing of a

liquid into a crystal, the collective motion of flocks of birds or schools of fish,

the assembly of virus capsids and even the cellular machinery responsible for life

itself have always fascinated mankind. Most of these processes are not yet fully

understood, let alone that they can be reproduced by design.

Colloids are particles with at least one dimension roughly between 1 nm and

1 m, dispersed in a continuous medium. [1] This size is ideal for studying their

behavior or, more specifically, their self-assembly in situ at length- and timescales

observable by for instance optical microscopy, while still displaying thermal motion

like atoms or molecules. Since the interactions between colloids can precisely be

tuned in strength, range and sign by modifying for instance their surface charge

or the medium they are dispersed in, they are an ideal model system to study

self-assembly. Spherical colloidal particles with isotropic attractive or repulsive

interaction are sometimes called “model atoms” and have been extensively used

to model material phase behavior.

Modeling more complicated self-assembly processes, like the formation of dif-

ferently shaped micelles or virus capsids requires more complicated building blocks.

The synthesis of colloidal particles with tunable site-specific or patchy interactions

and a well-defined anisotropic shape allows for designing such building blocks and

studying their self-assembly. By doing so, the essential ingredients required for
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2 Colloids with anisotropic interactions

self-assembly of a specific structure can be identified. These ingredients can in

turn be used to construct new building blocks for the formation of complex struc-

tures or new functional materials by (colloidal) self-assembly. [2]

2. Colloids with anisotropic interactions

The simplest realization of a colloid with anisotropic interactions is a spherical

particle with a single (hemispherical) attractive patch, also called a Janus parti-

cle. More complex particle architectures can then either be made by making a

Janus particle that is anisotropic in shape, or by introducing additional attractive

patches to its surface. The effect of particle shape is seen for instance in systems

of surfactants, where the geometry of the surfactant molecules determines the ge-

ometry of the micelles they form. [3] Similarly, conical dendrons are found to form

spherical supramolecular dendrimers, whereas flat, tapered dendrons form cylin-

drical dendrimers. [4] Therefore, there is an increasing interest in the self-assembly

of particles with different shapes. [5, 6]

Spherical Janus particles can for instance be made by templated surface mod-

ification [7, 8] and have been found to form small clusters and chain-like aggre-

gates. [7, 9] Other ways of fabricating spherical or non-spherical Janus particles

include the formation of multiphase particles by microfluidics, [10–13] or phase

separation in emulsion droplets. [14, 15] At a nanoscale, patchy particles can also

be fabricated by self-assembly of block co-polymers. [16] A recently published re-

view by Walther and Müller provides an exhaustive overview of synthesis methods

for particles with Janus-like properties. [17]

Introduction of additional attractive patches to a spherical particle can be

realized in microfluidic fabrication, [12] or in the templated surface modification

method. [18] The latter allows for the formation of Kagome lattices in 2D upon

sedimentation. [19] Another way to add multiple attractive patches to spherical

colloids is by making use of complementary strands of DNA. This method was

employed by Pine and co-workers [20] in a multi-step synthesis method to create

particles with up to four well-defined sticky patches, mimicking molecular bonds

and forming the colloidal equivalent of molecules. In these examples, self-assembly

is controlled by the topology of attractive patches on the surface of a spherical

particle.

This thesis, however, focuses on particles with one attractive patch and an

anisotropic, precisely tunable shape, based on dumbbell-shaped polystyrene par-

ticles. These particles can be synthesized in bulk by forming a protrusion on a
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Chapter 1: General Introduction

polymer seed particle using seeded emulsion polymerization. [21–26] This synthesis

method, which is the main focus of Chapter 2, is based on the phase separation

of monomer from the cross-linked polymer network in the seed particle, forming a

droplet on the seed particle surface. This mechanism has been studied extensively

by Sheu et al. [21, 27] and allows for tunability of the size ratio between the lobes

by tuning the size of the protrusion with respect to the seed. The other parame-

ter defining the shape of a dumbbell, the separation or bond length between the

lobes, can be tuned by adjusting the contact angle between the seed and protru-

sion. This is done by tuning the hydrophilicity of the seed surface. [22] If the two

sides of such a particle are chemically different, [23, 25, 26, 28] this difference can

be used to induce specific interactions to either lobe of the dumbbell. In some

cases, this difference is even extended to organic-inorganic co-functionalization of

the dumbbell particles. [25, 29, 30]

Because in simulations, particle shape and interactions can be tuned indepen-

dently and unconstrained by experimental limitations, a lot of exploratory simula-

tion work on the self-assembly behavior of patchy dumbbell and Janus particles has

already preceded the experiments, finding finite sized micelle-like clusters [31–34]

and vesicle, tubular, lamellar and crystalline equilibrium phases. [35–40] However,

even if such particles can be synthesized, their specific interactions are usually

short-ranged and strong, so not all structures predicted by simulations can be

achieved experimentally.

3. Roughness induced directional attraction

In this thesis, attraction between the dumbbell-shaped colloids in induced by

depletion interaction, [41–44] and made specific by a difference in surface roughness

between the two lobes. Depletion interaction is induced by the addition of a

depletant, intermediate in size between the colloids and the solvent molecules, to

a dispersion of colloids. In this case, the depletant is a non-adsorbing polymer. As

the polymer and the colloids cannot interpenetrate, there is an excluded volume

around each colloid where the center of mass of the polymer cannot be. When

the colloids get close enough for their excluded volumes to overlap, this induces

an attraction between the colloids that is proportional to the osmotic pressure of

the depletant and the overlap of the excluded volumes.

The depletion attraction is proportional to the osmotic pressure, which in

principle allows for inducing only a soft attraction between the colloids by carefully

tuning the depletant concentration. This attraction should be sufficiently strong
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3 Roughness induced directional attraction

to form bonds, yet allow for the exchange needed for particles to rearrange into

their equilibrium structure.

Since the depletion attraction depends on the overlap between the excluded

volumes of two colloids, the strength of the interaction can also be tuned by

changing this overlap volume. The overlap volume between two flat surfaces is

larger than between two curved ones, allowing for instance cylindrical particles

to stack by specifically binding with their flat sides. [45] In a more extreme case,

spherical particles were made to specifically bind into a cavity of the same size

in another particle, forming a “lock and key” construction. [46] Another way to

tune the overlap volume is by making a particle surface rough. If the features on

the rough surface are larger than the depletant, but not too large, the depletant

can freely move between those features even as particles get closer, reducing the

overlap volume. [47]

By introducing both rough and smooth surfaces to specific parts of a particle,

the smooth patches on the particle can specifically be made attractive. [48, 49]

This method was used by Kraft et al. [50] to induce patchy interactions between

dumbbell-shaped particles by creating dumbbells consisting of a larger rough lobe

and a smaller smooth lobe. Addition of a depletant then induces a significant

attraction between the smooth lobes only, causing the particles to self-assemble

into finite-sized, micelle-like clusters with the smooth lobes attached to each other

on the inside, stabilized by the non-interacting rough lobes on the outside.

This mechanism of surface roughness induced specific interaction is used in

this thesis to study the self-assembly of rough-smooth dumbbells with different

size ratios between the lobes in Chapter 3, as simulation results suggest that as

the smooth lobe approaches the size of the rough one, dumbbell-shaped particles

can self-assemble into cylindrical or bilayer structures. [34, 51] In addition, the

self-assembly of triangular particles consisting of two rough lobes and one smooth

lobe is studied in Chapter 4. The introduction of an additional rough lobe pro-

vides the particles with a planar rather than linear geometry, strongly promoting

the formation of elongated, tube-like clusters. This result shows how building

block shape completely determines the self-assembled structure. Furthermore,

the rough-smooth dumbbells are used in a templated self-assembly experiment

in Chapter 5, where template microsphere particles are encapsulated and conse-

quently stabilized by dumbbells specifically binding with their smooth lobe to the

microsphere surface.
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Chapter 1: General Introduction

4. Crystals of dumbbell-shaped particles

The fact that the size of colloids is in the range of the wavelength of visible

or near-infrared light provides interesting optical properties. These properties are

for instance expressed by the Bragg reflections visible from colloidal crystals, but

also allow for the construction of materials with a photonic band gap. [52]

At sufficient density, anisotropic dumbbell-shaped particles are expected to

form a range of crystal structures based on their shape in terms of size ratio [53]

and bond length [54] between the lobes. Besides the fundamental interest in the

phase behavior of anisotropic colloids, fabrication of crystals of dumbbell-shaped

particles might also be interesting for photonic applications, since a zinc blende

crystal structure of asymmetric dumbbell-shaped colloids is expected to have a full

photonic band gap, [55] just like the elusive diamond structure for spheres. [56, 57]

The assembly of “hard” dumbbells, without specific interactions, in denser sys-

tems is studied by convective assembly [58, 59] and sedimentation in confinement

in Chapter 6. While convective assembly is strictly speaking not self-assembly, it

is a convenient way of assembling close-packed structures of particles and induces

more orientational order in the structure than sedimentation. While similar exper-

iments have been performed with symmetric [60–63] or “short” dumbbells, [64–66]

with a high degree of overlap between the lobes, with some of the obtained struc-

tures even producing a partial photonic band gap, [61, 62, 66] Chapter 6 provides

a systematic overview of the effect of dumbbell shape on the structures formed by

convective assembly.

5. Outline of this Thesis

Chapter 2 describes the synthesis of the different types of anisotropic par-

ticles used in this thesis. In the synthesis of polystyrene dumbbell particles, the

size ratio between the lobes can be changed by either changing the seed cross-link

density or the swell ratio. Even smaller protrusions can be obtained by replacing

part of the styrene by non-polymerizing toluene. Furthermore, the contact angle

between the lobes can be tuned by the choice of monomer and the seed lobe ei-

ther made rough or smooth. In addition, the synthesis of rough-smooth particles

with more complex shapes, most notably the “Mickey Mouse” shaped particles, is

described.
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Chapter 3 describes the influence of the size of the smooth lobe on the self-

assembly of rough-smooth particles with depletion induced anisotropic interac-

tions, as investigated using optical microscopy, to find what kind of structures can

be formed by self-assembly of these particles within the limits of this experimental

system.

The same rough-smooth dumbbell particles are used in Chapter 5 to en-

capsulate larger microspheres, again with an attractive potential induced by a

depletant. In this chapter, optical microscopy observations of the experimental

system are supplemented by Monte Carlo simulations to investigate under what

conditions the coverage of the large microspheres could be optimized. Although

complete coverage with dumbbells was not observed, the dumbbells did “sterically”

stabilize the microspheres against aggregation.

In Chapter 4, the self-assembly of triangular particles consisting of one

smooth lobe and two slightly smaller rough lobes at a ∼90 angle, resembling

a “Mickey Mouse” head is investigated. In this system, the smooth central lobe

was again made attractive by addition of a depletant, showing that the triangular

conformation with two rough lobes as steric constraints strongly promotes the for-

mation of tube-like structures in both experiments and Monte Carlo simulations.

Finally, in Chapter 6, completely smooth dumbbell-shaped particles are used

to investigate their assembly in more concentrated systems. Asymmetric dumb-

bells show a rich phase behavior at higher densities, with different stable crystal

structures depending on the shape of the dumbbells. Since some of these crys-

tal structures have a photonic band gap, assembly of these crystal structures is

interesting for optical applications. The effect of the dumbbell shape on their

crystallization behavior is investigated in convective assembly experiments and

sedimentation of such particles in confinement. The assembly and resulting struc-

tures are analyzed using optical and electron microscopy, supplemented with small

angle X-ray scattering. This chapter shows that convective assembly can be used

to induce orientational order in dumbbell-shaped particles that would otherwise

(by sedimentation) form plastic crystals, but that the degree of crystalline order

quickly decays as the bond length between the lobes of the dumbbell increases.
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[38] G. Munaò, Z. Preisler, T. Vissers, F. Smallenburg, and F. Sciortino, “Cluster

formation in one-patch colloids: low coverage results,” Soft Matter, vol. 9,

pp. 2652–2661, 2013.

10



Bibliography

[39] Z. Preisler, T. Vissers, F. Smallenburg, G. Munaò, and F. Sciortino, “Phase
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2

Synthesis of dumbbell-shaped colloids with

tunable shape and surface roughness

Abstract

Asymmetric dumbbell-shaped particles can be synthesized by see-

ded emulsion polymerization. In this process, a cross-linked poly-

mer particle, the seed, is swollen with monomer from an emulsion.

Upon contraction of the polymer network, the monomer phase

separates from the polymer and forms a liquid protrusion on the

seed particle. This protrusion can then be polymerized to form the

second lobe of the dumbbell. In this chapter, polystyrene particles

are cross-linked and co-polymerized with methoxysilane function-

alized co-monomers. These particles are then used as seeds to

form dumbbell-shaped colloids with a rough and a smooth lobe

that are independently tunable in size. Fundamentally, the min-

imum protrusion size is determined by the minimum amount of

monomer required to induce phase separation. By partly swelling

the seeds with non-polymerizing toluene, the minimum size of

the resulting protrusion can be greatly reduced, increasing the

range of size tunability. In addition, it is shown that the choice

and concentration of co-monomer influences the contact angle be-

tween the two lobes of the particles, providing another handle for

tuning the dumbbell shape. Furthermore, mixtures of particles

with more complex geometries could be synthesized by growing a

single protrusion on a cluster of seed particles using the method

described here. For instance, “Mickey Mouse” shaped particles

consisting of a smooth central lobe with two smaller rough ears

could successfully be isolated from such a mixture using density

gradient centrifugation.
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Chapter 2: Synthesis

1. Introduction

Asymmetric dumbbell-shaped particles basically consist of two spheres or lobes

of a different size attached to each other. Where spherical colloids are frequently

used as a model system to study the behavior for atomic species, modeling the

behavior of molecular species requires particles with a more complex geometry.

Dumbbell-shaped colloids are interesting as a first step in this direction, as they

can be used as model systems for diatomic molecules. Additionally, crystals of such

asymmetric dumbbells were, depending on their size and shape, found to have a

full photonic bandgap, [1] making them interesting for the production of photonic

materials. By attributing different properties to both spheres, a dumbbell obtains

Janus-like properties. One lobe could for instance be made hydrophilic and the

other hydrophobic, or one made sticky and the other non-sticky. This effectively

makes a dumbbell-shaped colloid function respectively as a model surfactant for

emulsion stabilization [2] or micelle formation. [3]

Both with and without Janus-like properties, the particle shape, determined

predominantly by the size ratio between the two lobes, plays a crucial role in

interactions and behavior of these particles. Being able to synthesize dumbbell-

shaped particles with a well-defined size ratio that is tunable over a wide range is

paramount for the application of these particles as experimental model system.

The synsthesis of dumbbell-shaped polymer particles is based on phase sepa-

ration of monomer from a cross-linked polymer seed particle. This phenomenon

of phase separation in so-called interpenetrating polymer networks (IPNs) was

studied in detail by Sheu et al. in 1990. [4, 5] Upon addition of a dispersion of

cross-linked polymer particles to an emulsion of monomer, the cross-linked parti-

cles swell by the uptake of monomer until a certain saturation level Ssat, where

the monomer-polymer mixing force matches the elastic-retractive force imposed

by the cross-linked network of the seed particle. Disrupting this balance makes

the polymer and monomer phase separate again, resulting in the seed particle ex-

pelling the excess monomer as a droplet on its surface. This droplet can then be

polymerized to form the second lobe of the dumbbell.

Sheu et al. describe two different mechanisms that induce phase separation

in cross-linked particles swollen with monomer, based on different experimental

observations for particles with either a lower (below ∼1%) or a higher (above

∼1%) cross-link density. In the presence of an excess of monomer, seed particles

with a low cross-link density were indeed found to swell up to an equilibrium size.
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Phase separation could then be induced by heating the sample, making the polymer

network contract and expel the excess monomer as a protrusion. In seed particles

with a higher cross-link density, phase separation would already occur at room

temperature. This phenomenon was ascribed to rearrangement of the cross-linked

network upon swelling. [4] In an unswollen, highly cross-linked particle, the cross-

linked network is presumed to be stuck in an out of equilibrium conformation.

Swelling the particle with monomer, a good solvent for the polymer network,

enables the network to rearrange to a more favorable conformation, increasing its

elastic energy and subsequently causing the system to phase separate. After phase

separation, the protrusion can still grow in size by the uptake of more monomer.

The concentration of monomer supplied in relation to the concentration of

polymer seed particles is defined as the swell ratio S, where S = mmonomer/

mpolymer seeds, the total mass of the monomer divided by the total mass of the

polymer seeds. As long as an excess of monomer is supplied, so S > Ssat, the

size ratio between the seed and protrusion can be increased by addition of more

monomer. In this thesis, this size ratio α is defined as α = Rprotrusion/Rseed, the

radius of the protrusion divided by the radius of the seed.

Previous work on other systems of polystyrene dumbbells show the expected

trend that addition of more monomer, so higher S, leads to larger protrusions. For

instance, Kim et al. [2] showed that they were able to tune the size ratio between

the two lobes from 0.6 to 1 by keeping the cross-link density constant and varying

S. More extreme size ratios were achieved in similar systems, by increasing S to

the point where the protrusion size exceeds that of the seed. [6–8]

Such methods are sufficient if only isotropic interactions are required and parti-

cle geometry is the main parameter of interest, like in crystallization of anisotropic

particles. If, however, both lobes of the particles have different properties, it does

matter which of the two lobes is larger and being able to synthesize a particle with

a protrusion much smaller than the seed, so α < 1, can be desirable. For instance,

when dumbbells are used as model surfactants, the size of the attractive lobe with

respect to the repulsive one determines what shape of cluster they form, much like

the packing parameter does for surfactant micelles. [9]

In this chapter, the synthesis of asymmetric polystyrene dumbbell-shaped par-

ticles with a protrusion size tunable over a wide range of α is described. By addi-

tion of up to 50% of a similar, but non-polymerizable compound to the monomer

phase, a new method to facilitate phase separation, resulting in a very small pro-

trusion, is presented. In addition, it is demonstrated that surface roughness can be
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applied specifically to the seed lobe of dumbbell-shaped particles. This difference

in surface roughness can be used to specifically make the smooth lobe sticky as

was done before by Kraft et al. [3] While the addition of a co-monomer containing

methoxysilane groups to the seed particles has already been used to chemically

functionalize one lobe of the dumbbells specifically, [2, 10] we show that it can

also be used to change the extend to which the two lobes overlap, tuning the effec-

tive length of the particles. Since the co-monomer determines the hydrophilicity

of the seed surface, the choice of co-monomer affects the contact angle between the

seed and protrusion. [11] Furthermore, we show that the synthesis method pre-

sented here is in principle also suitable for the production of particles consisting

of multiple lobes with different properties; so-called colloidal molecules. This is

demonstrated by the synthesis of “Mickey Mouse” shaped particles consisting of

one smooth and two rough lobes.

2. Experimental

2.1. Synthesis outline

Most anisotropic particles described in this thesis were made in a three-step

synthesis procedure. Particle morphologies or properties were tuned by making

adaptations to the general synthesis procedure described in the following section.

This procedure is a modified version of the synthesis described by Kim et al., [10]

and later also used by Kraft et al. [3] In some cases, a different synthesis procedure

was used. If this was the case, this synthesis procedure will be described in detail

in the experimental section of the respective chapter.

non cross-linked 
polystyrene, PVP coated

cross-linked rough
polystyrene

swell 18hrs

polymerize 24hrs

Styrene
DVB
co-monomer
V-65

S=4

rough-smooth
dumbbell particle

Styrene
DVB
V-65 S=1.5 to 4

swell 18hrs

polymerize 24hrs

secondary nucleation
attaches to seed particle

excess monomer
expelled as protrusion

Figure 2.1. Schematic overview of the synthesis method described in this chapter.

18



2 Experimental

A schematic overview of the synthesis method is provided in Figure 2.1. In

the first step, non cross-linked, spherical, sterically stabilized polystyrene particles

were synthesized using dispersion polymerization. These particles act as seed

particles in the second step, where they are added to an aqueous emulsion with

an apolar phase consisting of monomer, a co-monomer, cross-linker and initiator.

The seed particles swell with these components and are subsequently polymerized.

This step cross-links the particles. Depending on the reaction conditions, either

smooth or rough cross-linked particles are formed in this step. Under certain

conditions, this step can also yield a distribution of small clusters of cross-linked

particles. Any of these products can be used as seeds for the next reaction step.

In this third step, the now cross-linked seed structures are swollen with monomer,

cross-linker and initiator, again from an aqueous emulsion. But this time, because

the particles are now cross-linked, excess monomer is expelled and phase separates

as a droplet on the surface of the seed particle. Upon polymerization, this droplet

is turned into a smooth protrusion, creating an (asymmetric) dumbbell from each

particle. If clusters were used as seeds, the formed colloidal molecules of different

sizes could be separated using density gradient centrifugation (DGC).

2.2. Materials

For the first step, the dispersion polymerization, styrene (Sigma-Aldrich, Re-

agent Plus) was used as received. For use in the subsequent steps, it was distilled

under reduced pressure to remove the inhibitor. All other chemicals were used as

received. In all experiments, Millipore ultrapure water (18.2 MΩ·cm) was used,

unless otherwise indicated.

2.3. Particle synthesis

First step: Non cross-linked polystyrene spheres

In the first step, 10 mL styrene, 5.0 g polyvinyl pyrrolidone (PVP, Sigma-

Aldrich, Mw = 40 kgmol−1) and 0.136 g azobisiobutyronitrile (AIBN, Sigma-

Aldrich) were dissolved in 126 mL ethanol (p.a., Merck) and 14 mL water in a

250 mL round bottom flask. The flask was flushed with N2 and sealed tightly

with a stopper and Teflon tape. Polymerization was carried out by immersing the

flask in an oil bath of 70 at an angle of 60 and rotating it at ∼100 rpm for

24 hours. The resulting dispersion was washed by centrifugation and redispersion

in methanol to remove remaining reactant and transferred to water for further

processing.
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Second step: Cross-linking of polystyrene spheres

For the cross-linking of the particles, a monomer mixture was prepared, con-

sisting of monomer, a co-monomer, cross-linker and an oil-soluble initiator. This

mixture was added to an aqueous phase containing amphiphilic polymer as sta-

bilizer and emulsified. A dispersion of non cross-linked seed particles was added

to this emulsion to achieve a predefined swell ratio S and left to swell for at least

15 hours before polymerization.

Generally, this monomer mixture consists of styrene (distilled) with 10% v/v

co-monomer, either 3-(Trimethoxysilyl)propylmethacrylate (TPM, 98% Acros) or

3-(Trimethoxysilyl)propylacrylate (TMSPA, Alfa, 95%, stab. with 100 ppm BHT),

1 to 6% v/v divinylbenzene (DVB, 55% tech. Aldrich) as a cross-linker and 2% wt

2,2’-azobis(2,4-dimethylvaleronitrile) (V-65, Wako chemicals GmbH) as an initia-

tor.

A swelling emulsion was prepared by adding 1 part of this apolar monomer

solution to 4 parts of aqueous phase containing 1% wt polyvinyl alcohol (PVA,Mw

= 85-124 kgmol−1, 87-89% hydrolyzed, Sigma-Aldrich) to stabilize the emulsion.

A total of 10 mL of this mixture was added to an elongated 25 mL vial. The

content of the vial was then emulsified for 5 minutes at 8 krpm using an IKA T-25

Ultra Turrax with an S25N 10G dispersing tool.

This swelling emulsion was added to a 20% v/v dispersion of the seed particles

from the first step to a swelling ratio of S = 4. This vial was flushed with N2 for

∼30 s, sealed with Parafilm and put on a RM5-80V tube roller (50 rpm) for 18

hours to allow for the particles to take up the monomer. After this, polymerization

was carried out by immersing the vial in a 70 oil bath at an angle of 60 and

rotating it at ∼100 rpm for 24 hours. After polymerization, the particles were

washed several times by centrifugation and redispersion in water to get rid of any

free secondary nucleation particles.

Third step: Protrusion formation

In the third step a protrusion is formed on these rough, cross-linked particles.

For this, a 20% v/v aqueous dispersion of cross-linked particles was added to 10 mL

of swelling emulsion with 1 part apolar phase consisting of styrene, 1.3% v/v DVB

and 2% wt V-65 in 9 parts of aqueous phase containing 1% wt PVA, to achieve

a swelling ratio of S = 2. After swelling and polymerization in the same way as

described for the second step, the particles were again washed several times by

centrifugation and redispersion in water.
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2.4. Density gradient centrifugation

If clusters of particles were used as seeds in the last step, colloidal clusters

of different sizes were separated after protrusion formation by density gradient

centrifugation (DGC). Using a Gilson Minipuls 3 peristaltic pump (5 rpm), an

Ultra-Clear centrifuge tube was carefully filled with 30 mL of a density gradient

ranging from 9% to 3% wt Ficoll PM 400 (Sigma-Aldrich) in an aqueous solution

of 1% wt Pluronic F-127 (Sigma-Aldrich). 1 mL of a 1% v/v dispersion of the

mixed particles in water was subsequently placed on top of the density gradient

and the tube was centrifuged for 20 minutes at 1000 rpm (233× g), separating the

sample in different bands in the centrifuge tube. The individual bands were then

extracted by penetrating the tube wall with a needle connected to the peristaltic

pump.

2.5. Characterization

Particle size and shape were determined by analyzing transmission electron

microscope (TEM) images taken using a FEI Tecnai 10 or 12. The particle surface

roughness was investigated using scanning electron microscopy (SEM). For most

measurements, a FEI Phenom SEM was used to image particles deposited on a

carbon substrate from a drying drop. To improve image quality some samples were

sputter coated with a 6 nm Pt layer. These Pt coated samples were also used for

high resolution SEM imaging with a Philips SEM XL FEG 30. A Malvern Zeta-

Sizer Nano-ZS was used to determine particle size using Dynamic Light Scattering

(DLS) and zeta potential using Laser Doppler Electrophoresis. Weight fractions of

dispersions were determined gravimetrically and volume fractions either calculated

from the weight fraction or approximated by measuring the height of the sediment

after centrifugation. For investigation by optical microscopy, a Zeiss Axioplan op-

tical microscope was used, equipped with an oil-immersion objective (NA = 1.4,

100× magnification). Images were captured using a Basler Scout camera.

3. Results and Discussion

3.1. General results

The dispersion polymerization of non cross-linked seed particles yielded a ho-

mogeneous, turbid white dispersion of particles. Although the dispersion volume
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for some batches was reduced by evaporation, all of the solid content could gen-

erally be redispersed and analyzed. The resulting dispersion consisted of spher-

ical particles with a radius around 0.45 m and a polydispersity (defined as the

standard deviation divided by the mean) below 2%. Figure 2.2A shows a TEM

micrograph of these particles.

Cross-linking these sub-micrometer polystyrene particles by seeded emulsion

polymerization generally resulted in a dispersion of rough particles with a radius

of 0.81 m and a polydispersity below 5% that were irregularly covered in smaller

particles (Figure 2.2B). Swelling these cross-linked rough particles to a swell ratio

of S = 2 in the next seeded emulsion polymerization step resulted in dumbbell-

shaped particles consisting of a rough lobe of 1 m and a smooth lobe of 0.8 m

(Figure 2.2C). The size polydispersity of each lobe is around 5%, but the polydis-

persity in the size ratio α is generally lower, indicating that the protrusion size

grows proportionally with the seed size.

Both seeded emulsion polymerization steps yielded stable dispersions con-

taining the desired particles, but also an excess of smaller particles, formed by

secondary nucleation. The smaller particles could be washed away by repeated

centrifugation and redispersion. In addition to this dispersion, some solid poly-

styrene was usually encountered in the reaction vial. This solid phase consists of

polymerized styrene that had phase separated from the emulsion during swelling

or polymerization. The amount of solid polystyrene varied from sample to sample

and appeared to be proportional to the overall styrene concentration.

The results presented here and shown in Figure 2.2 are general results obtained

using the synthesis method described in the Experimental section. The remainder

of the Results section describes how the properties of the resulting dumbbell-

shaped particles can be tailored in terms of surface roughness, size ratio and overall

length. In addition, it explains how this method can be extended to synthesize

particles with more complex geometries.

3.2. PVA as stabilizer for seeded emulsion polymerization

Both the cross-linking step and protrusion formation step of the synthesis

method described here use polyvinyl alcohol as stabilizer for the emulsion and

the resulting particles. Polyvinyl alcohol (Figure 2.3a) is not produced by the

polymerization of its monomer, but rather by hydrolysis of polyvinyl acetate (Fig-

ure 2.3b). [12] The properties of PVA consequently depend on the degree of hy-

drolysis. For emulsion or particle stabilization, a polymer needs to be amphiphilic,
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1 μm 1 μm 2 μm

A B C

Figure 2.2. TEM micrographs of A: non cross-linked polystyrene spheres made by dis-

persion polymerization, B: rough cross-linked polystyrene-co-TMSPA spheres made by

the first seeded emulsion polymerization step and C: dumbbells made from (B) by the

second seeded emulsion polymerization step.

OH

n

(a) polyvinyl alcohol

O

n

H3C

O

(b) polyvinyl acetate

Figure 2.3. Structural formulas of polyvinyl alcohol and polyvinyl acetate

meaning it needs to adsorb to the particles or droplets sufficiently to cover them,

but also extend into the continuous phase to provide steric stabilization. Partly

(80%) hydrolyzed PVA, with 20% of the vinyl acetate groups still intact, was

found to be sufficiently amphiphilic to use as steric stabilizer in the dispersion

polymerization of PMMA particles. [13] Also, in this work, fully hydrolyzed PVA

(Mw = 89-98 kgmol−1, 99+% hydrolyzed, Sigma-Aldrich) was found to be too

hydrophilic and therefore inadequate as stabilizer in the seeded emulsion polymer-

ization steps, whereas ∼90% hydrolyzed PVA (87-89% hydrolyzed, as described

in the Experimental section) provided stable emulsions and subsequent particles.

Figure 2.4A shows typical emulsions of styrene in water, stabilized using 99+%
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and 87-89% hydrolyzed PVA, 60 minutes after emulsification. This already shows

that the partly hydrolyzed PVA yields a much more stable emulsion. Additionally,

Figures 2.4B and C show the effect of using these emulsions in the cross-linking

step of the synthesis. Where fully hydrolyzed PVA results in a polydisperse system

of aggregated particles (Figure 2.4B), the partly hydrolyzed PVA yields a more

stable system of cross-linked particles with a uniform size (Figure 2.4C).

40 μm 40 μm

B CA

B C

Figure 2.4. A: Vials containing emulsions of 20% v/v styrene in water, stabilized by

1% wt PVA that is 99+% hydrolyzed (Vial B) and 87-89% hydrolyzed (Vial C), 60

minutes after emulsification. B and C: Optical micrographs of particles obtained from

the cross-linking step using the corresponding emulsions.

3.3. Cross-linked seeds: Tuning of the surface roughness

Rough-smooth dumbbells

The addition of a depletant to a dispersion of dumbbell-shaped particles with

a rough and a smooth lobe induces a stronger attraction between the smooth lobes

than between the rough lobes due to a difference in overlap volume. [3, 14–17] By

precisely tuning the depletant concentration, this difference in surface roughness

can be used to induce an attraction specifically between the smooth lobes of the

particles. This mechanism was used previously, [3, 18] and again in Chapters 3,

4 and 5 of this thesis to study the self-assembly of particles with sticky and non-

sticky lobes. In order to maximize the difference in attraction between both lobes,

the non-attractive lobes should be fully covered by smaller particles, while the

attractive parts are completely smooth. On the other hand, when only the shape-

dependent behavior of anisotropic dumbbells is studied, a homogeneous particle

surface is required and any adherence of smaller particles is undesired. These

requirements demand precise control over the particles’ surface roughness.

24



3 Results and Discussion

The roughness on the seed particles described here is formed during the cross-

linking step. As the seed particles take up monomer from the swelling emulsion,

there is also monomer present in the aqueous medium, allowing for the nucleation

of new particles, just like in regular emulsion polymerization. This secondary nu-

cleation generates much smaller particles of about 70-100 nm in radius, depending

on the synthesis conditions. These particles adhere to the surface of the seed par-

ticles. Under the standard synthesis conditions described in the previous section,

this generally results in spherical, cross-linked particles inhomogeneously covered

in smaller particles as shown in Figure 2.5A.

2 μm 2 μm 4 μm

A B C

Figure 2.5. SEM micrographs of seed particles cross-linked in a 1% wt solution of

polymer, consysting of only PVA (A) and a 0.7:0.3 (B) and 0.5:0.5 (C) ratio of PVA and

PVP.

The most effective way of increasing surface roughness was found to be the

addition of PVP (Mw = 40 kgmol−1, the same polymer as used in the initial dis-

persion polymerization) to the aqueous phase of the swelling emulsion. Generally,

this emulsion was stabilized by 1% wt PVA. By replacing part of this PVA by PVP,

the concentration of smaller particles both in dispersion and covering the seed par-

ticles was found to increase tremendously. Figure 2.5B and C show the results of

respectively replacing 30% and 50% of the PVA by PVP. While this method in-

deed provides increased coverage of the seed particles, it also causes aggregation of

seed particles and smaller particles in the system at higher concentrations of PVP.

This indicates that the PVP is indeed responsible for the attraction between the

particles. Figure 2.5C shows that replacing 50% of the PVA by PVP results in a

system so aggregated that the seed particles are trapped in a flocculated matrix

of smaller particles. Due to this instability, there is a fine balance between fully

covering the seed particles and completely aggregating the system. Since this bal-

ance also depends on experimental parameters like the concentration of monomer
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and cross-linker, full control over the surface roughness over a wide range of sys-

tem parameters was found to be difficult. The incomplete roughness on particles

shown in for instance Figures 2.8A1, A2 and C2 signify that complete control over

the surface coverage (either completely rough or completely smooth particles) was

not achieved in all instances.

Another factor contributing to inhomogeneous roughness is that the attach-

ment of the secondary nucleation particles is not always sufficiently strong. While

preparing rough seed particles for other experiments, the roughness in some in-

stances found to detach from the particles during washing steps, leaving smooth

areas. This is a clear indication that adsorption via PVP alone is insufficient to

permanently attach the surface roughness.

The exact mechanism that makes the secondary nucleation particles attach

permanently to the seed particles is still not completely clear. Two mechanisms

are considered to play a role. The first one involves the role of the methoxysilane

groups (-Si-O-CH3) of the co-monomer. These groups have the capability to con-

densate and chemically bind to each other via siloxane bonds, enabling them to

act as cross-linkers by binding both with their acrylate and siloxane groups. Due

to this property, these compounds are for instance employed as the cross-linker in

seed particles for dumbbell synthesis [6, 7] and can in principle also be used to

covalently bind two particles, in this case adhering smaller particles to the seed

particles. [19] Judging from the fact that roughness is always present on the seed

particle (with co-monomer) and not on the protrusion (without co-monomer), this

mechanism could play a role in adhesion of the roughness. To check this, particles

were synthesized with varying amounts of co-monomer. The results of protru-

sion particles synthesized using 7.5, 10, 12.5 and 15% TPM as co-monomer are

shown in Figures 2.6A to D respectively. Unfortunately, the 7.5% TPM particles

hardly produced any visible protrusions. In addition to using co-monomer in the

cross-linking step, particles were synthesized with 10% TMSPA in the protrusion

formation step as well. The result of this is shown in Figure 2.6E. The addition

of co-monomer in the protrusion formation step was found to produce extremely

aggregated particles with irregular roughness, but still with smooth protrusions.

Also, Figures 2.6A to D only show a marginal increase of the amount of roughness

with increasing co-monomer. However, the co-monomer concentration does show

a profound effect on the contact angle between the seed an the protrusion. Fig-

ure 2.6F shows a schematic representation of how this contact angle is defined. The

contact angle was found to increase with TPM concentration, even to the extend of
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protrusions completely separating from the seed at 15% TPM. Figure 2.6E shows

some smooth, spherical particles with the same size as the protrusions. These are

most likely protrusions that have come loose of their original seed particle. The

change in contact angle indicates that the amount of co-monomer is reflected in

the surface properties of the particles, but still has very little effect on the at-

tachement of surface roughness. The effect of co-monomer on the contact angle is

discussed in more detail in Section 3.5.

The other mechanism by which the smaller particles permanently attach to the

seed particles involves co-swelling and polymerization in the protrusion formation

step. Once a cross-linked, rough particle is swollen with monomer to form a pro-

trusion, the particles on its surface also take up monomer, which is subsequently

polymerized together with the monomer inside the seed particle. This way, an

interpenetrating network can form that spans the seed particle, the smaller par-

ticles on the surface and the protrusion, making the attachment of the roughness

permanent.

Completely smooth dumbbells

The synthesis of smooth asymmetric dumbbell-shaped particles can be achie-

ved by addition of 0.75 mM hydroquinone (99%, Riedel-de Haën) to the aqueous

phase in the synthesis, as is also employed in other systems. [8, 20] The hydro-

quinone catches free radicals in the aqueous phase, greatly suppressing the forma-

tion of secondary nucleation. Any small particles that still manage to form can

then be removed by repeated washing steps involving centrifugation and redisper-

sion in fresh medium using ultrasonication.

3.4. Dumbbell-shaped particles: Tuning of the size ratio

One of the advantages of the method to synthesize asymmetric dumbbells

described in this chapter is that the size of the protrusion with respect to the

seed particle can be tuned over a wide range. Kim et al. [2] already showed

that at a fixed cross-link density in the seed particle (1% v/v DVB), the size of

the protrusion could be changed to some extend by changing the swell ratio S,

providing them a range of α = Rprotrusion/Rseed from 0.6 to ∼1. While there are no

apparent restrictions to increasing α beyond 1 by increasing S, the lower limit of

α is dictated by Ssat, the minimum amount of monomer required to induce phase

separation. We show that α can be reduced to as little as 0.34 by varying the seed

cross-link density and improve phase separation by the addition of toluene.

27



Chapter 2: Synthesis

4 μm

A B

4 μm

5 μm

C

5 μm

D

4 μm

E

2 μm

F

7.5%
TPM

10%
TPM

12.5%
TPM

15%
TPM

Figure 2.6. A to D: SEM micrographs of dumbbells synthesized from seed particles

with 7.5, 10, 12.5 and 15% TPM as co-monomer, E: dumbbells formed with TMSPA

as co-monomer in the protrusion formation step and F: a schematic representation of a

dumbbell, showing the definition of the contact angle.
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Tuning the swell ratio

Asymmetric colloidal dumbbells were synthesized from seed particles with

cross-link densities ranging from 1 to 10% v/v DVB and using swell ratios from

S = 1.2 to 5. Figure 2.7 shows the effect of S on α for seed cross-link densities

of ∼2% (values range from 1.5 to 2.2%) and ∼6% (5.7 to 6.0%), with each data

point representing the average α of a single synthesis batch. This Figure shows

that in this system, the size ratio can indeed be varied from 0.5 to 1 for S going

from 1.5 to 5. Additionally, the size ratios obtained from the 6% cross-linked seeds

were found to be lower than the 2% seeds, indicating that an increase in cross-link

density results in a decrease of protrusion size. This provides another handle for

tuning the size ratio. A significant spread in α is observed for synthesis batches

with similar conditions. This is especially visible from the data for S = 2. As

this spread shows that it is difficult to reliably relate α to S quantitatively in a

single series of synthesis batches, the dashed lines in Figure 2.7 only represent a

qualitative trend.

A possible cause for this spread in size ratio is the presence of a solid polystyre-

ne fraction that was, as mentioned in Section 3.1, observed in most synthesis

batches. As an unknown quantity of monomer is lost to this solid phase, the total

swell ratio S cannot be accurately related to the actual degree of swelling of the

seed particles.

Dumbbells with a smaller protrusion can be achieved by lowering S, but this

approach is, as mentioned before, limited by the minimum amount of monomer

required to induce phase separation. Interestingly, in synthesis batches with a low

S, only a fraction of the swollen particles phase separate and form a protrusion,

while the rest remains spherical. Figures 2.8A1, B1 and C1 show dumbbells syn-

thesized using a swell ratio of 1.5, 2 and 4 respectively. At S = 1.5, hardly any

particle phase separated, at S = 2 only a fraction remains spherical and at S = 4

virtually all particles have formed a protrusion. This indicates that the parameters

that determine this phase separation work on the single particle level.

The fact that only a fraction of the seed particles form a protrusion at low S

can be attributed to inhomogeneities in the cross-link network. The presence of

such inhomogeneities is supported by the observation that the cross-linked particles

already form a protrusion during swelling, so at room temperature. As mentioned

in the Introduction, Sheu et al. attribute this to the fact that highly cross-linked

particles are initially in an out of equilibrium conformation. Swelling allows the

network to relax, increase its elastic stress and induce phase separation. [4] In
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Figure 2.7. The dumbbell size ratio α increases with swell ratio S for seeds with a

cross-link density of ∼2% (black circles) and ∼6% (red squares), with the corresponding

dashed lines as a guide to the eye. α was found to be lower for the higher cross-link

density.

this mechanism, inhomogeneities in the cross-linked network might cause this re-

laxation pathway to be different in individual particles, causing some particles to

phase separate, while others do not.

Tuning the cross-link density

Figure 2.7 also shows that a higher seed cross-link density results in a lower

α over the whole range of experiments, albeit with quite a large spread. From the

multiple syntheses performed with S = 2, the average size ratios were found to be

〈α〉 = 0.79±0.05 and 0.63±0.14 for 2% and 6% seed cross-link density respectively,

confirming that a higher cross-link density indeed on average results in a smaller

protrusion. Although this result is contradictory to both the observations and

theory described by by Sheu et al., [4] other studies have also found a decrease of

phase separated domain size with increased seed cross-link density. This was for

instance the case for bulk IPNs of polystyrene in styrene-butadiene copolymers [21]

and PMMA dumbbell-shaped particles. [22] Additionally, the large spread in α

for batches with similar synthesis conditions reported in this work underline the

difficulty of quantifying such trends.
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Figure 2.8. SEM-micrographs of dumbbells syntesized using different components. A1:

S = 1.5 (100% monomer) and 4% DVB, showing inhomogeneous roughness and hardly

any protrusions and A2: S = 1.6 (50% toluene) and 6% DVB, showing inhomogeneous

roughness, but all particles have protrusions. B1: S = 2 (100% monomer) and 1.5%

DVB, showing homogeneous roughness and a fraction of particles without protrusion

and B2: S = 2 (50% toluene) and 1.5% DVB, showing all particles have protrusions. C1:

S = 4 and 1.5% DVB, virtually all particles have a single protrusion and C2: S = 4 and

5.7% DVB, showing particles with multiple protrusions.

While increasing the seed cross-link density helps to decrease the protrusion

size, this method is limited by an increased chance of forming multiple protru-

sions from highly cross-linked seeds. Figure 2.8C1 and C2 show dumbbell-shaped

particles made using a relatively high swell ratio S = 4 from seed particles with

1.5 and 5.7% DVB respectively. While for the 1.5% cross-linked seeds virtually all

particles form one protrusion, the 5.7% cross-linked seeds show the emergence of

smaller protrusions alongside a larger main protrusion.

This mechanism has been employed in several instances [8, 23] to induce par-

ticle roughness by creating so-called “popcorn-like” particles, but the method gen-

erally leads to inhomogeneous roughness and incomplete coverage, thus providing

insufficient control over the surface roughness. On the other hand, it also does not
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provide sufficient control over the number and orientation of the formed protru-

sions, resulting in ill-defined particle morphology. This limits its functionality for

the formation of well-defined patchy colloids by using the multiple protrusions as

functional patches.

Addition of toluene

For the synthesis method of dumbbell-shaped particles under investigation,

it can be concluded that the size ratio α can be reduced by reducing the swell

ratio or increasing the seed cross-link density. The minimum value of α that

can be achieved is then dictated by two factors. The first factor is Ssat, the

minimum swell ratio required to form a protrusion. The second is the cross-

link density above which particles start to develop multiple protrusions. Here,

a new way around these limits is presented. By swelling the particles with a

solution of monomer in a non-polymerizable solvent, in this case toluene, Ssat

could be increased sufficiently to induce the phase separation needed for protrusion

formation, while leaving a smaller protrusion upon removal of the toluene after

polymerization. To do this, toluene (techn., Interchema) was added to the swelling

monomer mixture (generally to a concentration of 50% v/v of the total amount

of monomer mixture) and the cross-linked seed particles were swollen with this

mixture. After polymerization, the toluene was removed from the dispersion by

heating the sample in an open vial for 1 hour at 60 and subsequently 1 hour at

90 .

The particles in Figure 2.8A1 and A2 show that the addition of toluene fa-

cilitates phase separation in a system that would not otherwise form protrusions.

In addition, the results in Figure 2.8B1 and B2 show that replacing part of the

monomer with toluene results in a higher fraction of protrusions, facilitating syn-

thesis of particles with a lower size ratio. This way, particles with a size rato of

α = 0.34 could be synthesized, while maintaining a significant yield of particles

with a protrusion.

Particles with this size ratio between seed and protrusion were already syn-

thesized using sub-micrometer sized hollow polyacrylonitrile particles as seeds.[24]

Nevertheless, extending the synthesis of dumbbell-shaped particles from relatively

simple, micron-sized polystryrene seed particles to this size ratio is relevant to

different fields of application, like for instance the in situ investigation of particle

interactions and self-assembly by optical microscopy described in this thesis.
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3.5. Dumbbell-shaped particles: Contact angle

Apart from tuning the size of the protrusion, the shape of the particles can

also be changed by changing total length of the particle, i.e. how far the two lobes

overlap. This parameter can be tuned by adjusting the contact angle θc between

the protrusion and the seed particle surface. As was already reported by Mock et

al., the contact angle between the two phases is determined by the interfacial

tension between the surface of the seed particle and the monomer phase. [11]

O

Si

O

O

O

CH3

CH3

CH3

O

(a) TPM

O

Si

O

O

O

CH3

CH3

CH3

O

(b) TMSPA

Figure 2.9. Structural formulas of 3-(Trimethoxysilyl)propylmethacryalte (TPM) and

3-(Trimethoxysilyl)propylacrylate (TMSPA)

In the system studied here, the contact angle is determined by the co-monomer

introduced in the cross-linking step. As mentioned in the Experimental section,

two different co-monomers were used. TPM (Figure 2.9A) and TMSPA (Fig-

ure 2.9B). Both monomers contain the same hydrophilic trimethoxysilyl moiety

that makes the surface of the seed particle more hydrophilic than a bare poly-

styrene surface. Additionally, these methoxysilyl groups can be hydrolyzed to

silanol in the presence of water, increasing their hydrophilicity. While the chemi-

cal difference between these two co-monomers is only a methyl group next to the

polymerizable double bond, this appeared to have a profound effect on the contact

angle.

In this work, θc was calculated by considering both the seed and the protrusion

as a sphere. For each particle, the radii of both the seed and protrusion and their

center-to-center distance was measured. From this, θc was calculated according to

the schematic displayed in Figure 2.6F, via

θc = arccos

(
R2

seed +R2
protrusion − l2

2RseedRprotrusion

)
, (2.1)
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where Rseed and Rprotrusion are the radii of the seed and the protrusion and l is their

center-to-center distance. For seed particles with 10% co-monomer, incorporation

of TMSPA yielded on average an angle between seed and protrusion of θc ≈ 120 ,

while the same amount of TPM resulted in θc ≈ 75 . For comparison of the

contact angles, Figure 2.10 shows smooth dumbbell-shaped particles synthesized

without co-monomer (2.10A), with 10% TPM as co-monomer (2.10B) and with

10% TMSPA as co-monomer (2.10C). Note that even though no co-monomer is

present in Figure 2.10A, there is a still a finite contact angle between seed and

protrusion due to the hydrophilicity of the stabilizing polymer covering the seeds.

5 μm 5 μm 5 μm

A B C

Figure 2.10. SEM micrographs of smooth dumbbells synthesized without co-monomer

(A), with TPM as co-monomer (B) and with TMSPA as co-monomer (C), clearly showing

the increase in contact angle.

From the contact angles it is apparent that using TMSPA as co-monomer

results in seeds with a more hydrophilic surface. Since both monomers have the

same hydrophilic moiety, this means that TMSPA is somehow more present on the

particle surface than TPM. The exact reason for this is still a point of discussion.

The methoxysilane groups on the co-monomer can undergo two different reactions.

They can either condensate, binding to other methoxysilane moieties via siloxane

bonds, as was mentioned before, or they can hydrolyze in the presence of water,

leaving a more hydrophilic silanol (Si-OH) group. The TMSPA used in these

experiments contained 100 ppm BHT (butylated hydroxytoluene) as inhibitor.

This component scavenges free radicals, stabilizing the Si-O-CH3 bonds. The used

TPM did not contain such an inhibitor, but was stored at reduced temperature to

maintain its stability. Possibly, this lack of stabilizer caused the TPM to already

partly condensate before use, leaving fewer Si-O-CH3 groups available to hydrolyze

on the particle surface and thereby contribute to surface hydrophilicity.
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3.6. Towards colloidal molecules: “Mickey Mouse” particles

A dumbbell with Janus-like interactions is limited to one sticky and one non-

sticky lobe. It would be interesting however, to increase the complexity of this

system in both particle geometry and interaction by introducing additional rough

or smooth lobes to form trimers or tetramers with multiple lobes with different

interactions. The first step in this direction would be the introduction of an addi-

tional sticky or non-sticky lobe. This section describes how this system of dumb-

bells can be extended to trimer particles by formation of an additional protrusion

or formation of a protrusion on small clusters formed by aggregation.

Forming of an additional protrusion

As reported earlier, it is possible to form another protrusion on a dumbbell

made by the method described in this chapter by basically repeating the last step

in the synthesis. [25] The position of this third protrusion then depends on the

cross-link density in the seed and the protrusion. If the cross-link density is higher

in the seed than in the protrusion, the second protrusion is expelled from the first

one, forming a linear or conical particle. If the cross-link density in the seed and

the protrusion is equal, the second protrusion is expelled to the side, forming a

triangular particle.

To make such trimer particles, seed particles made with 10% TMSPA as co-

monomer and 1% DVB were swollen with styrene containing 1% DVB (swell ratio

S = 4) and polymerized to form dumbbells with size ratio of α = 1.14. These

dumbbells were swollen again with monomer containing 0.5% DVB (S = 3) and

subsequently polymerized. The SEM image in Figure 2.11 shows that the result-

ing particles are quite monodisperse and uniform in size, but there is some size

difference between the individual lobes of each particle. The swell ratio in both

the first and the second protrusion formation step could be adjusted to change the

size of each lobe individually.

The advantage of this method is that a uniform dispersion of trimer particles

with tunable lobe sizes is formed. It is therefore suitable for bulk production of

particles of this, or even more complex shapes. However, the synthesis method did

not provide sufficient control over the surface roughness to specifically make one or

two lobes of the trimer rough. This makes the method of limited functionality for

the production of particles with surface roughness induced specific interactions.
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8 μm

Figure 2.11. SEM micrograph of triangular particles synthesized by growing an addi-

tional protrusion on a dumbbell.

Colloidal molecules from clusters

Another option for the formation of colloidal molecules is by making clusters

of seed particles sharing one protrusion. This results in particles comprising of

a number of smaller lobes, the original seed particles, sticking out of a central

smooth lobe, the shared protrusion, at specific angles. Initially it was reported

that such clusters form by fusion of the liquid protrusions on single particles dur-

ing swelling. [26, 27] Subsequent polymerization then solidifies the central lobe

and freezes the geometry of the particles. These molecule-like clusters were also

occasionally observed in syntheses performed in this study. However, contrary

to the mechanism reported earlier, they were found to be produced by forming

a protrusion on pre-existing clusters, rather than the fusion of liquid protrusions

during swelling. An indication for this was the observation of small clusters of

particles in the dispersion formed during the cross-linking step. The distribution

of these clusters was compared to the distribution of colloidal molecules formed by

protrusion formation to check if the fusion of protrusions can lead to an increase

of the concentration of clusters.

To test this, the number of clusters found in samples of cross-linked seeds with

different fractions of clusters was was determined by optical microscopy. This was

done by filling a capillary with a diluted dispersion, seal it and take snapshots at

different positions in the capillary. In each snapshot, the number of clusters of each
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size was determined. These dispersions were then swollen with monomer to S = 4

for 24 hours and analyzed in the same way to see if the cluster distribution has

changed. Example snapshots before and after swelling are shown in Figures 2.12C

and D, with the clusters color coded by size. Figure 2.12 shows the cluster distri-

butions before and after swelling for the seed particles with a high (Figure 2.12A)

and low (Figure 2.12B) fraction of clusters respectively. The error bars represent

the deviation in distribution between different snapshots. This deviation is larger

for the clustered sample due to the difficulty distinguishing particles close to each

other from permanent clusters in a microscope snapshot. From Figure 2.12 it is

clear that the cluster distribution does not change upon swelling, but that colloidal

molecules are only made from pre-existing clusters formed in the cross-linking step.

A B

C D
1-mer
2-mer
3-mer

4-mer

Figure 2.12. Cluster distributions before and after swelling of A: a heavily clustered

dispersion and B: a hardly clustered disperson. C and D show microscope snapshots of

the clustered dispersion before and after swelling with the clusters color coded by size.

Since the formation mechanism of these clusters is not exactly known, it has

proven difficult to increase the fraction of clusters and with that the yield of larger

colloidal molecules. The introduction of additional PVP in the system was found
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to promote aggregation (Section 3.3), but as this could also completely destabilize

the system very quickly, it is not a very reliable knob to tune cluster formation.

The highest yield of clusters obtained without completely destabilizing the system

is the distribution shown in Figure 2.12A, with ∼60% monomers, ∼30% dimers

and ∼10% larger clusters.

A 20% v/v dispersion of these clusters was used as seeds for the protrusion

formation step. The particles were swollen with an emulsion of 1 part styrene

containing 1.3% v/v DVB and 2% wt V-65 in 9 parts of an aqueous phase con-

taining 0.5% wt PVA to achieve a swelling ratio of S = 2. After swelling and

polymerization, the particles were washed several times by centrifugation and re-

dispersion in water before separating the different cluster sizes by density gradient

centrifugation (DGC).

5 μm

B C

2 μm

4 μm

D

4 μm

E

A band 1 band 2

band 3 band 4

Figure 2.13. A: a centrifuge tube showing the mixture of clusters separated in bands,

B-E: SEM micrographs of typical particles found in the first four bands.

Figure 2.13A shows a centrifuge tube after DGC with the separate bands for

each cluster type clearly visible. Figures 2.13B to E show SEM micrographs of

the typical clusters found in each band. The first band contains the dumbbells

formed from single cross-linked particles (Figure 2.13B), while the second band
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contains particles formed by growing a protrusion on a dimer of seed particles

(Figure 2.13C). This results in uniformly shaped triangular particles resembling

a “Mickey Mouse” head, consisting of a larger smooth lobe (the head) connected

to two rough lobes (the ears) at an angle of ∼90 . Although these Mickey Mouse

shaped particles could be synthesized at milliliter scale with 30% yield, the isola-

tion of these particles using DGC could only be done with 1 mL of 1% wt dispersion

at a time. Therefore, the yield of several parallel DGC steps had to be combined

to obtain a sufficient amount of particles to study their self-assembly, which is

discussed in Chapter 4.

The clusters found in the third band (Figure 2.13D) consisted of three rough

lobes and one smooth lobe and were found to mainly exist in both the tetrahe-

dral and planar conformation shown in Figure 2.13D. These conformations are

most likely the product of triangular and linear trimeric clusters in the seed dis-

persion. While the tetrahedral particles have the potential to form well-defined

clusters by self-assembly that would be very interesting to study, separating them

from the planar particles is not possible by DGC. Furthermore, the low fraction

of trimers (∼8%) in the stock dispersion further complicates isolating them in

sufficient amount and purity. These complications intensify for particles formed

from tetramers and larger clusters (Figure 2.13E) as the concentration of particles

decreases while the number of conformations increases.

4. Conclusions and Outlook

600 nm

A

4 μm

B

2 μm

C

2 μm

D

Figure 2.14. SEM overview of dumbbells with A: α = 0.57 (rough), B: α = 0.70

(smooth) and C: α = 0.91 (rough). D: Mickey Mouse shaped colloids with a smooth

central lobe and rough “ears”.

In this chapter, the versatility of seeded emulsion polymerization for the syn-

thesis of micron-sized polystyrene dumbbells is demonstrated. Figure 2.14 shows

an overview of the particles that can be synthesized using the methods described
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in this chapter. The dumbbells are synthesized by forming a protrusion on a cross-

linked seed particle by seeded emulsion polymerization. By tuning the size and

contact angle of the protrusion with respect to the seed, a wide range of asymmet-

ric dumbbell shapes could be synthesized. Additionally, one lobe of the dumbbell

could be made rough by attachment of smaller particles, producing particles with

surface anisotropy.

The size of the protrusion can straightforwardly, although not very precisely,

be tuned by tuning the swell ratio. In addition, increasing the seed cross-link

density was found to result in smaller protrusions, but it also promotes the forma-

tion of undesirable additional protrusions. Using this method, the minimum size

of the protrusion is still dictated by the minimum amount of monomer required

to induce phase separation, Ssat. As the used swell ratio gets closer to Ssat, the

fraction of particles in the system that no longer forms a protrusion increases. By

partly swelling the particles with toluene, a new way to circumvent this problem

is provided. As a non polymerizable equivalent of styrene, the monomer used in

the synthesis, toluene effectively increases the swell ratio to above Ssat, but can

be removed again after polymerization. By doing so, it significantly increased the

fraction of dumbbell-shaped particles for lower protrusion sizes. This technique

was used to make the rough-smooth dumbbells with a small protrusion shown

in Figure 2.14A and could be extended to dumbbells with a size ratio as low as

α = 0.34. The ability to form a protrusion much smaller than the seed particles

can be advantageous for dumbbells with different chemical or physical properties

on both lobes, being in this case a difference in surface roughness.

The contact angle between both lobes of a dumbbell-shaped particle can be

changed experimentally by tuning the hydrophilicity of the seed particle surface.

In this work this is done by changing the fraction of co-monomer. Also, the use

of the very similar co-monomers TPM or TSPA was found to result in a different

contact angle, although the mechanism behind this is not well understood. By

changing the contact angle, essentially the amount of overlap between the two

lobes is tuned. In recent simulation studies, this parameter was found to influence

the crystal structure formed by dumbbell-shaped particles [28] and the properties

of a possible photonic bandgap in such crystals. [1]

To introduce Janus-like interactions between the particles, part of the parti-

cles could selectively be made rough. This roughness consisted of smaller particles

formed by secondary nucleation that selectively adsorb to the seed particle, most

likely due to bridging with PVP and possibly by cross-linking via condensation
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of the co-monomer. This attachment could then be made permanent in the sub-

sequent swelling and polymerization step. However, due to insufficient control

over the parameters governing this adsorption, it was only possible to obtain full

coverage in a limited range of syntheses. Full control over seed particle roughness

is essential to increase the complexity of patchy particles that can be made using

this synthesis method.

Apart from dumbbells, particles with a more complex geometry could also be

synthesized using the method described in this chapter. In the system described

in this work, these complex particles were found to form by growing a protrusion

on a pre-existing cluster of rough particles and not, as reported earlier by Kraft et

al., [26] by the fusion of liquid protrusions on separate particles. Mickey Mouse

shaped particles (Figure 2.14D), made by forming a smooth protrusion on a rough

dimer, were successfully synthesized and isolated. This synthesis also produced

particles consisting of a larger number of rough particles sharing a smooth protru-

sion, but these appeared non-uniform in shape. The uniformity of such particles

could be improved by using uniform clusters as initial seeds. Such clusters could

be made for instance by evaporation of emulsion droplets containing seed parti-

cles [29] or another method that allows clusters to converge to their optimal and

therefore uniform configuration.
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3

Self-assembly of dumbbell-shaped particles with

surface roughness induced anisotropic interactions

Abstract

A dispersion of dumbbell-shaped particles with a rough and a

smooth lobe can be equipped with Janus-like attractions by ad-

dition of a non-adsorbing polymer as so-called depletant. If the

depletant is smaller in size than the features on the rough lobe

of the dumbbell, this induces significantly more attraction be-

tween the smooth lobes of the dumbbells than between the rough

ones, based on the difference in overlap volume. Such dumbbells

with a sticky and non-sticky lobe are known to self-assemble into

micelle-like clusters. In this chapter, rough-smooth dumbbells

with smooth lobes of three different sizes, all smaller than their

rough lobe, were used to investigate the effect of dumbbell shape

on the properties of the micelle-like clusters formed. However, in-

ducing specific attraction between only the smooth lobes in such a

system requires precise tuning of the depletion interactions, allow-

ing for only a narrow range of experimental conditions. Within

this narrow range of conditions, only similarly shaped, approxi-

mately spherical micelle-like clusters were observed.
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Chapter 3: Rough-smooth dumbbells

1. Introduction

In self-assembly, the shape and specific interactions of the individual build-

ing blocks determine the structure an properties of the object they form. [1–3]

A simple example of this is a system of surfactants, where the geometry of the

surfactant molecules determines the shape of the micelles they form. [4] This sur-

factant geometry is expressed as its packing parameter Ns =
vc

a·lc , where vc and lc

are the volume and the length of the surfactant’s hydrophobic chain and a is the

area of its hydrophilic head group. For Ns ≤ 1
3 , the surfactants are cone-shaped

and form spherical micelles, while surfactants with 1
3 < Ns ≤ 1

2 are shaped like

wegdes or truncated cones, forming worm-like or cylindrical micelles. Surfactants

with Ns >
1
2 are less truncated and assemble into bilayers, forming vesicles or

lamellar structures. Figure 3.1 shows the schematic shape of surfactant molecules

with a certain packing parameter Ns.

 

head group
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spherical micelles

Ns  < Ns  
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Ns 

Figure 3.1. Schematic representations of surfactant molecules with a different packing

parameter Ns, depending on the area of the head group and the dimensions of the hy-

drophobic tail, going from conical at Ns ≤ 1
3
to cylindrical at Ns = 1. The expected

micelle type is state for each surfactant shape.

In colloidal systems, a dumbbell-shaped particle with the same Janus-like in-

teractions as a surfactant can be used to model such a surfactant system at the

micrometer scale. Such a model system can be used to investigate how the proper-

ties of surfactants translate from the molecular to the colloidal length scale. This

information can then be used in the design of more complex colloidal building

blocks for self-assembly.
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By for instance equipping a colloidal dumbbell with a hydrophilic and hy-

drophobic lobe, interfacial adsorbtion can be modeled, [5] while particles with an

attractive and non-attractive lobe can be used to model micelle formation. In such

a system, the size ratio between the two lobes makes the particle more conical or

cylindrical, in analogy to the packing parameter in surfactants.

When considering its geometry, a dumbbell-shaped particle resembles a trun-

cated cone. This means that according to their packing parameter, Ns > 1
3 ,

dumbbell-shaped particles are expected to form cylindrical or, at larger size ra-

tios, planar assemblies. However, the value of the packing parameter is based

on the properties of molecular surfactants and can therefore only be qualita-

tively related to hard geometrical objects that are actually shaped like cones,

truncated cones or cylinders. Based on geometrical considerations [6] and simula-

tion studies, [7, 8] cone-shaped and truncated cone-shaped particles preferentially

form spherical micelle-like clusters. The number of particles in these cluster in-

creases with decreasing angle of the cone. Additionally, dumbbell-shaped particles

were found to form spherical micelle-like clusters in simulations, with tubular and

lamellar structures appearing as the attractive lobe approached the size of the

non-attractive one. [9, 10]

In a recently published study, Kraft et al. attributed dumbbell-shaped parti-

cles with an attractive and non-attractive lobe by combining depletion attraction

with anisotropy in surface roughness. [11] The addition of a depletant (i.e. a

smaller, non-adsorbing colloidal species) can induce a tunable attraction between

colloidal particles, of which the strength and range of the attraction depends re-

spectively on the concentration and size of the depletant. [12–14] As was found

in previous experiments and simulations, rough surfaces with asperities that are

greater than the size of the depletant have a much lower attraction than smooth

surfaces. [15–18] This observation was used by Kraft et al. to introduce Janus-like

interactions in a system of asymmetric dumbbells with a rough and a smooth lobe.

Upon addition of a depletant, only the smooth lobe of the particle became attrac-

tive. If this attractive lobe is smaller than the non-attractive one, these particles

form clusters in which the attractive lobes optimize their packing on the inside,

while the outside is covered by the non-attractive lobes acting as a steric stabilizer

to prevent further cluster growth. This resulted in the formation of finite sized,

spherical micelle-like clusters for dumbbells with a size ratio of 0.76 (the smooth

lobe being smaller than the rough one) and macroscopic aggregation for dumbbells

with a size ratio of 1.38 (the smooth lobe being larger than the rough one).
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In this chapter, the same mechanism is used to induce Janus-like interaction

to three differently shaped rough-smooth dumbbells, investigating the limits of

this model system. By tuning the size ratio over a narrower range (0.57, 0.75 and

0.82) the possibility of forming differently shaped micelle-like clusters by varying

the degree of steric stabilization is explored. In addition, the range over which the

attractive potential between the smooth lobes can be tuned while still maintaining

Janus-like interactions is investigated for these three particle geometries at different

particle and depletant concentrations.

2. Experimental

2.1. Particle synthesis

Using the method described in Chapter 2, rough-smooth dumbbells with dif-

ferent size ratios were synthesized by forming a smooth protrusion on rough, cross-

linked seed particles. The particles with the largest smooth lobe and therefore the

largest size ratio were synthesized using seed particles that were cross-linked in an

aqueous medium containing 1% wt polyvinyl alcohol (PVA,Mw = 89-98 kgmol−1,

87-89% hydrolyzed, Sigma-Aldrich). A swell ratio of S = 2 was used to form a

protrusion. Particles with a smaller size ratio were synthesized from seed parti-

cles that were cross-linked in an aqueous medium containing 0.8% wt PVA (Mw

= 85-124 kgmol−1, 87-89% hydrolyzed, Sigma-Aldrich) and 0.2% wt polyvinyl

pyrrolidone (PVP, Mw = 40 kgmol−1, Sigma-Aldrich) to optimized surface rough-

ness. These seed particles were swollen with a swell ratio S = 2 for protrusion

formation. For the smallest protrusion, the swelling monomer mixture consisted

of 50% toluene (techn., Interchema), which was evaporated after polymerization

by heating the sample in an open vial for 1 hour at 60 , followed by 1 hour at

90 .

After washing the particles by centrifugation and redispersion, the dispersions

of dumbbell particles were concentrated to either 6 or 10% v/v in an aqueous

solution of 3 gL−1 PVA (Mw = 31-50 kgmol−1, 87-89% hydrolyzed) to be used

as stock solution for the depletion experiments. In all experiments, Millipore

ultrapure water (18.2 MΩ·cm) was used, unless otherwise indicated.

2.2. Sample preparation

In order to study the self-assembly of rough-smooth dumbbell particles, sam-

ples with varying particle and depletant (dextran) concentrations were prepared.

Capillaries (0.10 mm × 2.00 mm internal dimensions, Vitrotubes W5010-050) were
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filled with these dispersions. In order to prevent interaction with the capillary wall,

these capillaries were first coated with dextran. [15]

To coat the capillaries, a sequence of solutions was pumped through them

using a Gilson Minipuls 3 peristaltic pump. Consecutively, 0.5 mL each of 1 M

NaOH (to negatively charge the capillary wall), 1% wt polyethyleneimine (PEI,

Mw = 60 kgmol−1, 50% (aq), Sigma-Aldrich) (a cationic polymer) and 1% wt

dextran sodium sulfate (DSS, Mw = 500 kgmol−1, Fisher Scientific) (the same as

the depletant, but carrying a negative charge) were flushed through the capillaries

at a pump speed of 1.20 rpm, each solution followed by a rinsing step with 0.5 mL

water. The capillaries were subsequently left submersed in water for 30 minutes

and dried under a flow of N2.

Sample mixtures were made with different particle and depletant concentra-

tions. Typically, an aliquot of a 10% v/v particle dispersion was mixed with aque-

ous solutions of 116 gL−1 dextran (from Leuconostoc spp., Mw ≈ 500 kgmol−1,

Sigma-Aldrich), 77 mM sodium azide (99% extra pure, Merck) and 1 M NaCl. D2O

was added to a volume fraction of 0.47. This results in samples with a particle

volume faction φparticles of 0.003 to 0.02, containing 23 mM of salt and a depletant

volume fraction φd of up to 0.60, where φd = ρ/ρoverlap, the depletant concen-

tration as fraction of the overlap concentration. The coated capillaries were filled

with depletion sample and glued to object slides using UV-curable glue (Norland

Optical Adhesive 81). D2O was added to reduce the density difference between

particles and medium, reducing sedimentation. Despite this density matching,

particles and clusters were still observed to sediment, or occasionally cream, at a

very slow rate. Therefore, samples were stored on a tube roller, tumbling them

gently (50 rpm) to keep them suspended between measurements.

2.3. Analysis

Particle size and shape were determined by analysing TEM images taken

using a FEI Tecnai 10 transmission electron microscope. The particle surface

roughness was investigated using scanning electron microscopy (SEM XL FEG 30,

Philips). A Malvern ZetaSizer Nano-ZS was used to determine polymer size using

Dynamic Light Scattering (DLS) and particle zeta potential using Laser Doppler

Electrophoresis. Optical microscopy investigation of self-assembly was carried out

using a Zeiss Axioplan optical microscope using an oil-immersion objective (NA

= 1.4, 100× magnification). Images were captured using a Basler Scout camera

and the Streampix software package. Additional microscope images were obtained
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using a Nikon Eclipse Ti optical microscope with a Nikon Plan Fluor air objective

(NA = 0.75, 40× magnification) or a Nikon Apo TIRF oil immersion objective

(NA = 1.49, 100× magnification). Images were taken using a Hamamatsu Digital

Camera (ORCA-Flash4.0 C11440) and the NIS-Elements Imaging Software.

The free particle concentration in the samples was determined by imaging

the entire capillary in the z-direction (100 m) and counting the number of free

particles in the sample volume. This was done at several random positions in the

sample to obtain sufficient statistics. The number density obtained this way was

translated to a volume fraction using the volume of one particle as calculated from

the TEM data.

3. Results and Discussion

3.1. Particle synthesis

For the experiments described in this chapter, three types of particles were

used with different radii of their smooth (Rs) and rough (Rr) lobe. These particles

are defined by their size ratio α, where α = Rs/Rr. The particles with α = 0.57

and 0.75, labeled RS0.57 and RS0.75 respectively, have been synthesized from the

same rough, cross-linked seed particles with a radius of 0.80 ± 0.04 m. For the

α = 0.57 particles, these seed particles were swollen with S = 2, consisting of

50% toluene. For the α = 0.75 particles, the seed particles were swollen to a swell

ratio of S = 2, without toluene. The particles with α = 0.82, labeled RS0.82,

have been synthesized from rough, cross-linked seed particles with a radius of

1.21 ± 0.02 m and were also swollen with S = 2. Although both RS0.75 and

RS0.82 were synthesized using S = 2 and seeds with the same cross-link density

(1.5% DVB), RS0.82 has a larger smooth protrusion than RS0.75, but 25% of the

seed particles did not form a protrusion. A slightly lower cross-link density in the

seed particles for RS0.82 can account for both observations. Figure 3.2 shows SEM

micrographs of the three types of rough-smooth dumbbells used in this chapter.

The properties of these particles are summarized in Table 3.1. The zeta po-

tentials presented in the Table are calculated from the measured electrophoretic

mobility assuming spherical particles with a uniform charge distribution. Given

the fact that the particles are not spherical and might not have a homogeneous

charge distribution due to their chemical anisotropy, this value only provides a

rough estimate of the surface potential. And since all particles are synthesized

using the same method, a similar surface potential is expected. It is therefore
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Figure 3.2. SEM micrographs of the rough-smooth dumbbell particles with size ratios

of α = 0.57 (A), α = 0.75 (B) and α = 0.82 (C) used for self-assembly in this chapter.

Table 3.1. Overview of the properties of the rough-smooth dumbbells investigated in

this chapter

label Rr ( m) Rs ( m) α zeta potential (mV)

RS0.57 0.86±0.07 0.48±0.06 0.57 -4±4

RS0.75 1.08±0.05 0.81±0.04 0.75 -16±5

RS0.82 1.41±0.06 1.15±0.04 0.82 -11±4

unclear why the measured zeta potential for RS0.57 deviates significantly from the

other two particle types. The SEM micrograph in Figure 3.2A also shows that

some of the RS0.57 particles have an incomplete coverage of smaller particles on

their rough lobes, resulting in smooth patches on the surface of their large lobes.

This might negatively affect the Janus-like behavior of these particles.

The rough-smooth dumbbells used in previous self-assembly experiments by

Kraft et al. consisted of a rough lobe of 1.46 m and a smooth lobe of 1.11 m,

resulting in a size-ratio of α = 0.76. The RS0.75 particles studied in this chapter

are comparable in size ratio, but are considerably smaller. Particles RS0.57 and

RS0.82 have a smaller and larger size ratio respectively. Studying the effect of

these differences in particle size and size ratio on the self-assembly was the main

motivation for the experiments described in this chapter.

3.2. Surface roughness induced anisotropic interactions

Depletion attraction

The mechanism of inducing specific interactions between rough-smooth dumb-

bells using depletion is already described in detail by by Kraft et al., [11, 19] but
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since understanding this mechanism is of great relevance to the work presented in

this chapter, its principles are explained again here. Additionally, the influence of

PVA as steric stabilizer on the net potential is discussed.

The attractive depletion interaction between colloids is induced by introducing

a smaller colloidal species, in this case a non-adsorbing polymer, to a colloidal

dispersion. As the polymer and colloids cannot interpenetrate, there is a volume

around each colloid, where the center of mass of the polymer cannot be: the

excluded volume. This excluded volume corresponds to a shell with a thickness

equal to the radius of gyration (rg) of the polymer around each colloid. If two

colloids get so close to each other that their excluded volumes start to overlap,

this increases the volume available for the polymers and with that, their free

volume entropy. This entropic effect generates an effective attraction between the

colloids. [13, 14, 20]

The magnitude of this depletion attraction between two colloids udepl depends

on the overlap of their excluded volumes Voverlap and the osmotic pressure of the

depletant Πd: [21, 22]

udepl = −VoverlapΠd. (3.1)

In the dilute regime, the osmotic pressure of the depletant equals, according to

Van ’t Hoff’s law, Πd = ρdkBT , with ρd the number density of depletant molecules

in the medium, kB = 1.38 × 10−23 JK−1 being Boltzmann’s constant and T the

temperature in Kelvin.

In case of the rough-smooth dumbbells, one lobe of the dumbbell is made rough

due to complete coverage by smaller spherical particles (see the SEM images in

Figure 3.2) that are partly fused with the seed particle, forming approximately

hemispherical features with a radius of 76±18 nm. By choosing a depletant small

enough to move freely between these features on the rough lobe of the dumbbell,

the effective overlap volume between two rough lobes or a rough and a smooth

lobe is greatly reduced, as is shown schematically in Figure 3.3. In this case,

the depletant is the uncharged polymer dextran, with a radius of gyration of

rg = 19± 6 nm. Upon choosing the right depletant concentration, this difference

in overlap volume results in an attractive potential between the smooth lobes only,

while there is virtually no attraction between the rough lobes.

If the depletant concentration is in the dilute regime (ρd < ρoverlap), the

depletion attraction between the smooth lobes as a function of their center-to-

center separation rij can, for 2Rs < rij < 2(Rs + rg), be written as the depletion
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smooth
surfaces

rough
surfaces

large Voverlap small Voverlap

depletant

depletant

rough features
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Figure 3.3. Schematic representation of the difference in overlap volume between two

smooth surfaces (left) and two rough surfaces (right). The excluded volume around each

colloid, as determined by the rg of the polymer, is indicated by the dashed line. The

pink shaded areas show (the cross-section of) a larger overlap volume between two smooth

lobes than between two rough lobes.

attraction between two spheres: [12–14]

udepl(rij)/kBT = − φd

(
Rs + rg
rg

)3
(
1− 3

4

rij
Rs + rg

+
1

16

(
rij

Rs + rg

)3
)

(3.2)

where udepl is expressed in units of kBT . rg is the radius of gyration of the polymer

and φd = ρd/ρoverlap is the depletant volume fraction as fraction of the overlap

concentration ρoverlap.

As was already discussed by Kraft et al., inserting typical experimental values

in Equation 3.2 resulted in an incredibly strong smooth-smooth attraction between

the particles, namely of on the order of ε = −40 kBT for depletant concentrations

at which the formation of micelle-like clusters was observed. This attraction is

much stronger than the −10 kBT expected based on the lifetime of contacts and

comparison with simulations. [11] This indicated that besides the attractive deple-

tion interaction, there are also repulsive interactions between the dumbbells that

need to be taken into account. Electrostatic repulsion was already discussed as a

likely candidate and its effect is summarized below. Additionally, the effect of the

steric repulsion by the PVA adsorbed on the particle surface is considered in this

chapter.
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Electrostatic repulsion

The electrostatic interaction between the particles can be described using the

screened Coulomb interaction: [23]

uel(rij)/kBT =
(Ψ/kBT )

2R2
s

λBrij
e−κ(rij−2Rs) (3.3)

where Ψ is the surface potential, λB is the Bjerrum length and κ is the inverse

Debye length. The net interaction between the smooth lobes of the dumbbells is

then the sum of the depletion attraction and electrostatic repulsion:

u(rij) = uel(rij) + udepl(rij). (3.4)

In the self-assembly experiments using RS0.75 (Rs = 0.81 m, Rr = 1.08 m),

micelle-like clusers were observed at φd ≈ 0.46 and 23 mM NaCl (κ−1 = 0.5 nm).

The zeta potential from Laser Doppler Electophoresis (ζ = −16 mV, Table 3.1)

was used as the surface potential of the smooth lobes, resulting in Ψ ≈ 0.6kBT

(using Ψ = eζ, with e the elementary charge) [24] to calculate the pair potential

between the smooth lobes using Equations 3.2 and 3.3. The resulting interaction

potentials are shown in Figure 3.4a. A minimum of ε = −29 kBT was found for

only the depletion attraction and ε = −15 kBT when the electrostatic repulsion is

also taken into account.

Although considering the electrostatic repulsion significantly reduces the ef-

fective attraction between the particles, the obtained pair potential is still higher

than expected based on experimental observations. Moreover, the exact value of

the electrostatic repulsion is hard to determine. Since uel ∝ Ψ2, the electrostatic

repulsion depends heavily on the surface potential of the smooth lobes. As al-

ready discussed in Section 2.1, this surface potantial cannot be determined with

certainty and the measured zeta potential of the entire particle can only be consid-

ered a rough approximation. However, reducing the pair potential of ε = −15 kBT

obtained using Equation 3.4 to approximately −10 kBT would, under the same

conditions, require a particle surface potential of −46 mV, which is improbably

high, considering the measured zeta potential and the fact that the particles are

synthesized without any components that are likely to carry a charge. This means

that the discrepancy between Equation 3.4 and the effective attraction cannot

solely be attributed to the uncertainty in the surface potential and its origin re-

mains unclear.
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Figure 3.4. Interaction potential in kBT between the smooth lobes of the particles as

function of the inter particle distance h = rij − 2Rs without considering the presence

or orientation of the rough lobes. The depletion attraction (Equation 3.2, dashed green

line) is combined with the screened Coulomb repulsion (Equation 3.3, red dotted line)

in the left figure and with the steric repulsion (purple dotted line) in the right figure to

yield the net interaction (solid blue line). Typical experimental parameters were used to

construct these graphs.

The next paragraph provides an estimate for the steric repulsion between

the particles to see if its contribution can explain the discrepancy between the

calculated potential and the experimental observations.

Steric repulsion

Even without depletant present, the attractive Van der Waals forces will cause

the rough-smooth dumbbells to aggregate. Since their surface potential is insuffi-

cient to prevent this (Table 3.1), the particles rely on a brush of PVA adsorbed to

their surface to screen the short-ranged Van der Waals interaction. This steric sta-

bilization introduces an additional repulsive contribution to the pair interaction,

which might reduce the depletion attraction.

In a previous study by Garvey et al. [25] on the adsorption of PVA on po-

lystyrene particles, the adsorption of PVA with Mw ≈ 40 kgmol−1 was found

to plateau at about 2 mg·m−2 for equilibrium concentrations above 0.3 gL−1,

resulting in a layer of about 15 to 20 nm thick. [25] These values were found to be

independent of salt concentration up to 100 mM, [26] making them valid at the

23 mM concentration used in the depletion experiments.
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In the particle stock solution, 10% v/v of dumbbell particles is suspended in a

solution of 3 gL−1 PVA with Mw ≈ 40 kgmol−1. This PVA concentration is suffi-

cient to completely cover the particles’ surface with 2 mg·m−2 PVA and leave an

equilibrium concentration of > 0.3 gL−1. Garvey et al. report that no desorption

of PVA was detected upon transfer of the covered particles to water. Never-

theless, the particles were suspended in 0.3 gL−1 PVA during the self-assembly

experiments, keeping the adsorbed PVA on the particles.

If the adsorption density and brush thickness are known, the steric repulsion

between two spheres can be calculated, starting from the pressure P (h) between

two plates with polymer brushes separated by a distance h ≤ 2δb: [22]

P (h)

kBT
≈ σ

3/2
b

((
2δb
h

)9/4

−
(
h

2δb

)3/4
)

(3.5)

where σb is the polymer surface density and δb is the brush thickness. This pres-

sure can be translated to a potential between two plates by integrating over the

plate separation and subsequently to a potential between two spheres by using the

Derjaguin approximation: [27]

W (h) =

∫ ∞

h

P (h′)dh′ (3.6)

uster(h) = πRs

∫ ∞

h

W (H)dH. (3.7)

Using the literature values for σb (2 mg·m−2 ∼= 3 × 1016 m−2) and δb (∼17 nm),

this results in a steep repulsive potential represented by the dotted purple line in

Figure 3.4b.

Due to this steep repulsion, the brush can just be considered an extension

of the hard body of the particle itself, increasing its effective radius by ∼ δb.

Considering the general immiscibility of polymers and the density of the PVA

brush, it is also unlikely that the dextran can penetrate the polymer brush. This

means that the excluded volume for the depletant approximately starts where the

pressure of the polymer brush equals the osmotic pressure of the depletant, causing

only the first few nm of the brush repulsion to influence the net potential. This

start of the excluded volume was defined at the distance rij for which the steric

repulsion negates the depletion attraction, so uster(rij) = −udepl(2Rs). The net

interaction (the blue line in Figure 3.4b) then has a minimum of ε = −24 kBT .

Since the steric repulsion is so short-ranged and the excluded volume for the

depletant starts near the edge of the polymer brush, it hardly reduces the net
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attraction between the particles. Because its effective range is much shorter than

the electrostatic repulsion, adding its contribution to Equation 3.4 does not result

in a weaker net attraction.

Relative comparison of the attractive potential

Because Equation 3.4 cleary overestimates the attraction between the smooth

lobes and the electrostatic repulsion cannot be determined with certainty, the

actual interaction potential is hard to determine a priori. However, Equation 3.4

can still be used to compare different systems relative to each other in order

to determine at what experimental conditions a similar interactions is expected.

Since these interactions do not only depend on the depletant concentration and

ionic strength in the medium, but also on the radius and surface potential of

the smooth patch, the experimental conditions for which the different particles

display Janus-like behavior will be different. The particles used by Kraft et al.

(Rs = 1.11 m, Ψ = 0.6 kBT ) formed finite-sized clusters by specific interactions

at φd = 0.40 and 24 mM salt. Using Equation 3.4, RS0.57 (Rs = 0.48 m,

Ψ = 0.15 kBT ) are expected to show the same behavior at φd = 0.57, while

RS0.75 and RS0.82 are expected to have comparable interactions at φd = 0.50 and

0.35 respectively. Furthermore, Equation 3.4 (Figure 3.4a) is expected to correctly

reflect the shape of the potential, as this shape is used to determine the effective

interaction potential from the experimentally observed free particle concentration

and the Kramers’ escape time as described below.

The effective particle interaction from experimental observations

Equation 3.4 cannot be used to obtain the smooth-smooth attractive potential

accurately from the experimental conditions. There are, however, two additional

methods to quantify the attractive potential from experimental observations. A

reasonable estimate can either be obtained by looking at the concentration of free

dumbbells in a system of micelle-like clusters, or by analyzing the lifetimes of single

dumbbell-dumbbell bonds using Kramers’ approach. [11, 28]

Similar to a system of molecular surfactants, the concentration of particles at

which clusters start forming can be regarded as the critical micelle concentration

(cmc). And consequently, just like with surfactants, this cmc is also the con-

centration of free particles present in the system once clusters are formed. This

concentration can be related to the free energy difference between free particles
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and particles bound in a cluster via [11]

φfree = φcmc � vc
vav

eΔu/kBT (3.8)

where φfree is the volume fraction of free particles, vc is the volume of a colloid,

vav is a measure for the available free volume of a particle in a cluster and Δu =
μ◦
n−nμ◦

1

n−1 , where μ◦
n is the chemical potential of a cluster of n particles and μ◦

1 is

the chemical potential of a single particle. For large clusters (n 	 1), Δu equals

the average bonding free energy difference between a free particle and a particle

in a cluster. Due to the system’s short interaction range, bonds can be considered

pairwise additive and the energy difference per particle is just half the number of

bonds times the pair energy ε, so Δu = 〈n〉
2 ε. The term vav in Equation 3.8 is a

measure of the translational entropy still available to particles in a cluster. The

difference in rotational entropy between free particles and particles in a cluster

is not taken into account in this equation, since particles bound by depletion

interaction via their smooth lobes only lose a fraction of their rotational freedom

due to geometric constraints.

If the particles in the system have assembled into micelle-like clusters, the

effective pair interaction ε can be obtained from the free particle concentration,

provided that an accurate estimate for vav and the number of contacts 〈n〉 can

be made. In uniform micelle-like clusters, the majority of particles has the same

number of bonds and, related to that, a similar value of vav. The number of

contacts was found to be 〈n〉 ≈ 5 for clusters larger than 10 particles [11] and vav

is the volume a bound particle can explore using its thermal energy. Since particles

in a micelle are bound in 3 dimensions by multiple contacts, their available volume

can be approximated as vav = ξ3, where the distance ξ is the width of the potential

well 1 kBT above the potential minimum. Using the shape of the potential in

Figure 3.4a, this is approximately 5 nm.

The attractive potential between two smooth lobes can also be obtained by

measuring the lifetime of a contact between two dumbbells and compare this time

to the escape time of such a contact using Kramers’ approach: [28]

τ =

∫ c

a

e−u(x)/kBT dx

∫ d

b

1

D(y)
eu(y)/kBT dy. (3.9)

Using Equation 3.9, the time τ it takes for a particle to diffuse out of a potential

well can be calculated. This equation provides the time it takes for a particle that

is trapped between positions a and c in a potential well defined by u(x)/kBT to

diffuse from position b, the bottom of the well, to position d, outside the well.
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In this equation, u(x)/kBT is the total interaction potential as function of x, the

distance between the colloids; the potential curve shown in Figure 3.4a. As the

radius of gyration of the depletant (rg = 19 nm) is small, the interaction range

between the particles is short compared to the diameter of the particles itself. The

diffusion of the colloid in the potential well can therefore be considered a one-

dimensional property. Accordingly, the effective colloidal diffusion D(y), which

depends on the separation y between two colloids, simplifies to: [11, 21]

D(y) =
8y

σs
D0. (3.10)

Using the Stokes-Einstein relation, the diffusion constant for an unperturbed

particle D0 can be calculated. Estimating the viscosity of the medium in the

system to be η = 2 mPa·s, [29] this gives a diffusion constant D0 of roughly

1 × 105 nm2s−1. Values of a = 5 nm and c = 20 nm are chosen as boundary

conditions for the integration, such that they cover the most prominent part of

the potential well, while the minimum of the well is estimated to be at b = 10 nm.

The exact values of boundary conditions a, b and c are irrelevant as they do not

extensively influence the outcome of the integration. However, the value of the

upper boundary d, where a particle is considered detached from another particle,

does influence the escape time significantly. While theoretically the particle is

detached at a distance of 38 nm, twice the radius of gyration of the depletant, the

observer can not yet differentiate between binding and unbinding by eye at this

distance. Hence, the upper limit is chosen to be 400 nm to match the calculated

escape times with the observed time it takes a particle to detach.

To determine the depth of the attractive potential well using Equation 3.9,

Equations 3.2 to 3.4 are used to describe the potential well u(x)/kBT and the

resulting potential minimum and escape time are calculated. The equation for the

potential well is then scaled with a factor to match the resulting escape time with

the experimentally observed bond lifetimes.

3.3. Depletion experiments

The self-assembly of RS0.57, RS0.75 and RS0.82 was studied by preparing sam-

ples with varying φd around the concentration for which specific interaction is

expected. Capillaries were filled with these dispersions and left on a tube roller

to equilibrate. Besides visual inspection of the structures formed by optical mi-

croscopy, the concentration of free particles was determined to provide a qualitative

measure of the state of the system. In addition to depletant concentration, the
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effect of equilibration time, particle concentration and density matching with D2O

was investigated.

Particle concentration

For the RS0.75 particles, micelle-like clusters were observed at φd ≈ 0.46. A

typical microscope image of such a system is shown in Section 3.3, Figure 3.8C,

where the self-assembly of RS0.75 particles is discussed in detail. Immediately

upon filling the capillaries, clusters start to form and the volume fraction of free

particles φfree decreases. This decrease continues over a course of 2 to 3 days,

after which the samples stabilize to a constant value of φfree. The cluster size and

distributions does not change visibly and φfree remains constant for weeks, provided

the samples are kept on a a tube roller to prevent sedimentation. Figure 3.5A

shows the development of φfree over time for systems with an initial particle and

depletant concentration φparticles = 0.01 (black circles) and φparticles = 0.02 (red

squares) at similar depletant concentrations (φd = 0.46 and 0.47 respectively).

The first data point is collected about 0.5 hours after filling of the capillary. Since

by that time clusters have already started forming, the reported φfree is already

lower than the initial φparticles. For both concentrations, φfree converges to ∼0.002

in the first few days and are still at that value weeks later. At φfree = 0.002, the

average distance between the individual particles is ∼15 m. Particles of this size

are expected to diffuse over this distance by Brownian motion in ∼200 s. This

shows that particles can still interact, meaning that the stabilization of φfree is not

caused by kinetic arrest. In order to ensure that samples were stabilized, all other

results in this chapter are obtained after at least 2-3 days of equilibration.

At both φparticles = 0.01 and 0.02, the system converges to a similar free

particle concentration of φfree ≈ 0.002 for the same depletant concentration. This

implies that the resulting φfree is independent of intial particle concentration and

depends primarily on the particle interaction. Considering φfree = 0.002 as the

cmc of this system, the effective interaction can be obtained from Equation 3.8.

Using a length scale of ξ = 5 nm for the available volume and 5 contacts per

particle, this results in a pair interaction of ε = −9.6 kBT , which is an appropriate

value to observe the formation of micelle-like clusters.

Figure 3.5 also indicates that the final φfree is independent of initial particle

concentration, at least for the concentration range investigated. Additional ex-

periments in a wider range of φparticles are required to verify this. However, the

range over which φparticles can be changed is limited. Upon significantly decreasing
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A B particles = 0.02

Figure 3.5. A: The free particle concentration as function of time in samples of RS0.75

with φd = 0.46, φparticles = 0.01 (black circles) and φd = 0.47, φparticles = 0.02 (red

squares). B: Optical microscope image of a sample of RS0.57 with φparticles = 0.02,

blurred by scattering of particles not in the focal plane.

φparticles, in this case for φparticles < 0.002, clusters are only expected to appear

at higher φd. On the other hand, there are experimental limitations to increasing

φparticles above 0.02. The high degree of scatting by polystyrene particles in wa-

ter makes more concentrated systems almost impossible to analyze. Figure 3.5B

shows that particles are already hard to distinguish in an optical microscope image

of 2% v/v RS0.57.

Density matching

Due to the density mismatch between water (1.00 gmL−1) and polystyrene

(1.05 gmL−1), the micron-sized particles used in this chapter have a sedimenta-

tion length of only ∼0.3 times their diameter when dispersed in water, making

them prone to sedimentation. Even when stored on a tube roller, a gradient in

particle density was sometimes observed in capillaries with samples dispersed in

water. This indicates that gravity can still influence the self-assembly behavior.

To prevent this, particles were density matched by dispersing them in a mixture

of water and D2O, greatly reducing sedimentation. From the sedimentation rates,

a sedimentation length on the order of >10 times the particle diameter was esti-

mated. Occasionally, particle creaming was observed.

To test the effect of density matching, the self-assembly of particles suspended

in both water and density matching mixture of water and D2O was compared.

In samples dispersed in water, with no D2O to reduce sedimentation, aggregation
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Figure 3.6. The volume fraction of single dumbbells φfree as function of depletant con-

centration φd for RS0.82 particles dispersed in water (red dots) and density matched

medium containing 47% v/v D2O (black dots), showing φfree starts to decrease at lower

φd in water than in density matched medium.

started at lower φd than in density matched samples. Figure 3.6 shows the free

particle concentration φfree for RS0.82 as function of φd in density matched medium

(black) and non density matched medium (red). The samples in density matched

medium have a higher initial particle concentration that remains constant at low

φd and decreases once clusters start to form at φd = 0.35. This decrease in φfree is

already visible at φd = 0.30 in non density matched samples. As clusters sediment

faster than single particles, gravity might reduce φfree in water by immediately

separating small clusters from the bulk once formed, while these clusters are al-

lowed to exchange with free particles in density matched systems, resulting in a

higher φfree at the same interaction strength.

Since sedimentation appears to influence cluster formation and sedimentation

rate depends heavily on particle size, all samples are density matched with D2O to

facilitate comparison in self-assembly behavior between RS0.57, RS0.75 and RS0.82.

Self-assembly of RS0.57

The self-assembly of RS0.57, with a size ratio of α = 0.57, was studied at

φparticles = 0.02. At this particle concentration, aggregates started to form at a

depletant concentration of φd ≥ 0.43. At lower depletant concentrations, only
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15 μm

A B

C

d = 0.42 d = 0.46

d = 0.47 D d = 0.51

Figure 3.7. Optical microscope images of samples with rough-smooth dumbbells RS0.75

in the presence of different depletant concentrations (as fraction of ρoverlap) indicated in

the top right of each image, showing no clusters at φd = 0.42 (A), small clusters appearing

at φd = 0.46 (B). Typical specific and non-specific bonds are shown by respectively white

and black arrows. Due to non-specific binding, clusters quickly grow large at φd = 0.47

(C) and percolated gel-like structures form at φd = 0.51 (D). The scale bar in (A) applies

to all images.

single particles were found. The aggregates consisted of 5-10 particles in the

presence of a high concentration of single particles from φd = 0.43 to 0.46. In these

small clusters, a large fraction of non-specific bonds between particles, so rough-

rough and rough-mooth contacts, were observed. Upon increasing the depletant

concentration to φd = 0.47, clusters suddenly increased in size and large random

aggregates were formed.

Figures 3.7A to D show optical microscopy images of samples of RS0.57 with

increasing depletant concentration, showing primarily free particles at φd = 0.42
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(Figure 3.7A). The smaller clusters appearing at higher depletant concentration

are shown in Figure 3.7B (φd = 0.46). The arrows in this Figure point to typi-

cal specific (white arrows) and non-specific (black arrows) contacts found in this

sample, showing that most contacts are non-specific. Increasing the depletant con-

centration leads to larger, random aggregates at φd = 0.47, shown in Figure 3.7C

and percolated gel-like structures at φd = 0.51 (Figure 3.7D).

Although there is a range of depletant concentrations (φd = 0.43 to 0.46) for

which small clusters are found, there is significant fraction of non-specific bonds

throughout this range and the clusters formed do not show the expected micelle-

like structure. As mentioned above, some RS0.57 particles had incomplete surface

roughness on their large lobe. Due to their larger radius, interactions with these

smooth spots are more attractive than the interaction between two smooth lobes,

making these the most attractive site for other particles to bind. It is therefore

likely that contacts with these smooth spots contribute to the small clusters found

at φd = 0.43 to 0.46. From the random aggregates formed at φd > 0.46, it is

apparent that at these depletant concentrations, the rough lobes become attrac-

tive as well. Based on Equation 3.4, the smooth lobes of the RS0.57 particles

are expected to have sufficiently strong specific attraction at φd ≈ 0.57, which

is above the depletant concentration for which aspecific aggregation is observed.

This indicates that the smooth lobes on RS0.57 are too small to generate specific

attractions.

Self-assembly of RS0.75

The RS0.75 particles with size ratio α = 0.75 have a size ratio comparable to

the particles used by Kraft et al. and are therefore expected show similar self-

assembly behavior, forming finite-sized clusters of 10-15 particles at the appropri-

ate depletant concentration. Experiments show that for depletant concentrations

up to φd ≈ 0.46, only free particles are observed and that only at φd = 0.46,

attraction is strong enough for small clusters to appear. At φd = 0.47, finite

sized clusters are formed, in agreement with the observations in the system of

Kraft et al. for φd = 0.40. However, at these relatively high depletant concen-

trations, particles also start to form non-specific rough-smooth and rough-rough

bonds. This increase in the fraction of non-specific bonds leads to the immediate

formation of percolated gel-like aggregates if the depletant concentration is only

slightly increased above φd = 0.47.
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Figure 3.8. Optical microscope images of samples with rough-smooth dumbbells RS0.75

in the presence of different depletant concentrations (as fraction of ρoverlap) indicated in

the top right of each image, showing no clusters at φd = 0.41 (A), small clusters appearing

at φd = 0.46 (B), finite-sized clusters at φd = 0.47 (C) and a percolated gel-like structure

due to non-specific attraction at φd = 0.49 (D). Typical specific and non-specific bonds

are shown by respectively white and black arrows in (B) and (C). The scale bar in (A)

applies to all images.

Figures 3.8A to D show optical microscopy images of samples with increasing

depletant concentration. Figure 3.8A shows primarily free particles at φd = 0.41.

Figure 3.8B shows the appearance of small clusters in the presence of a high

fraction of single particles at φd = 0.46. Figure 3.8C shows that at φd = 0.47,

these particles indeed form finite-sized clusters, but that also a fraction of non-

specific bonds is present. Typical specific and and non-specific bonds are indicated

with respectively white and black arrows in Figures 3.8B and C. As also the non-

specific bonds get more attractive at higher depletant concentration, specificity is
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completely lost at φd = 0.49 (Figure 3.8D) and a percolated gel-like structure is

formed as particles almost instantaneously bind on contact in any orientation.

As was already mentioned in Section 3.3, in the regime were micelle-like

clusters form, at φd = 0.46 to 0.47, an effective smooth-smooth potential of

ε = −9.6 kBT was obtained from the free particle concentration (cmc) of the

system. Looking at the lifetime of single bonds using Kramers’ approach, a life-

time of at least 10 minutes was found for specific smooth-smooth bonds, and 3 to

4 minutes for aspecific rough-smooth contacts. This points to an effective poten-

tial of at least ε = −10 kBT for the smooth-smooth contacts, and approximately

ε = −9 kBT for the rough-smooth ones. These values are in good agreement with

the attractive potential obtained from the cmc. Additionally, the small difference

between smooth-smooth and rough-smooth attractive potential is represented by

the significant fraction of aspecific bonds visible in Figure 3.7C. The emergence

of aspecific contacts indicates that these conditions are close to the limit beyond

which RS0.75 particles lose their Janus-like attraction.

Due to their similar size ratio, RS0.75 forms similar micelle-like clusters as

observed by Kraft et al., albeit at a higher depletant concentration. This is ex-

pected, since the radius of the attractive lobe is smaller. The depletant concen-

tration at which micelle-like clusters are observed (φd = 0.47) is comparable to

the concentration expected from Equation 3.4 (φd = 0.50). At only slightly higher

depletant concentration, non-specific attraction becomes dominant in samples of

RS0.75. The same effect is observed in samples of RS0.57 at a similar value of

φd. This is understandable, since both particles are made from the same seed

particles and their rough lobes should therefore have the same properties. The

fact that the depletant concentration at which RS0.75 particles form micelle-like

clusters and the depletant concentration at which their rough lobes also become

attractive are very close, makes the regime in which RS0.75 displays Janus-like

behavior extremely narrow.

Self-assembly of RS0.82

The RS0.82 particles with α = 0.82 are, due to their larger size ratio, expected

to grow larger clusters than the RS0.75 particles or the particles used by Kraft et

al. In density-mached medium, RS0.82 starts to form clusters at φd = 0.35. These

clusters seem to be finite in size and are generally larger than 15 particles, but the

cluster sizes do not appear to be narrowly distributed around a certain value. It is
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Figure 3.9. Optical microscope images of samples with rough-smooth dumbbells RS0.82

in the presence of different depletant concentrations (as fraction of ρoverlap) indicated in

the top right of each image, showing the appearance of small clusters at φd = 0.35 (A),

that grow larger and more elongated at φd = 0.37 (B). At φd = 0.38 cluster start to

branch (C), until finally resulting in random aggregates at φd = 0.39 (D). The scale bar

in (A) applies to all images.

apparent from optical microscopy that upon increasing the depletant concentra-

tion above φd = 0.35, clusters increase in size and the free particle concentration

decreases. This increase in cluster size is expected based on particle geometry. Due

to their larger smooth lobe compared to the rough lobe, the rough lobes provide

less steric constraints to limit cluster growth. However, non-specific interactions

are also expected play a role at higher φd.

As is shown in Figures 3.9A and B, clusters increase in size when going from

φd = 0.35 to 0.37 and grow into branched structures and random aggregates at
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φd = 0.38 to 0.39 (Figures 3.9C and D). At such depletant concentrations, non-

specific interactions are expected to facilitate unlimited cluster growth. However,

since already at φd = 0.35 clusters are large and the rough and smooth lobes of

RS0.82 are less distinguishable due to their similar size, the structure of the clusters

and therefore the fraction of non-specifically bound particles is hard to determine.

The presence of the 25% rough spheres in the system (see Section 2.1) can help

determine the effect of non-specific interactions. Figure 3.10 shows the volume

fraction of both the dumbbells (black dots) and spheres (red dots) in samples of

RS0.82 as a function of depletant concentration. Both remain constant and similar

to the initial concentration at φd < 0.30. However, once clusters start to form,

the concentration of dumbbells decreases dramatically, with the concentration of

spheres following shortly after. This means that only in the initial stage of cluster

formation, at φd ≈ 0.35, the clusters are formed by only specific interactions. At

higher concentrations the rough spheres are also to incorporated in the clusters,

which can only happen if there are also non-specific attractive interactions.
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Figure 3.10. The volume fraction of free spheres is still close to the initial value (dashed

line) when clusters start to form at φd ≈ 0.35, but starts decreasing at higher depletant

concentrations, indicating that also spheres are incorporated in the clusters by rough-

smooth attractive interactions.

RS0.82 particles were observed to form clusters by specific interactions at φd =

0.35, which corresponds to the conditions expected from Equation 3.4. However,

their cluster shape and size is less well-defined than for dumbbells with α = 0.75.
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As is shown in Figure 3.10, the free dumbbell volume fraction at φd = 0.35 is

approximately 0.002, which is similar to the φfree for the micelle-like clusters in

RS0.75. Although the clusters of RS0.82 are less well-defined, this similar φfree

indicates a similar smooth-smooth attraction.

Based on their dimensions, all three dumbbell-shaped colloids described in

this chapter can be approximated as truncated cones of which the angle decreases

with increasing α. When calculating the packing parameter of RS0.57, RS0.75 and

RS0.82, all three of them are in the range Ns >
1
2 . When comparing this num-

ber with molecular surfactants, self-assembly into vesicles or lamellar (bilayer)

structures is expected. [4] However, as already mentioned in the introduction,

truncated cone-shaped particles are expected to form spherical clusters in a wider

range of shape parameters than their value of Ns suggests. [6] The observation

of only small spherical micelle-like clusters of RS0.75 and RS0.82 particles are in

agreement with this expectation. Based on their aspect ratio, RS0.82 should be

able to form cylindrical or lamellar structures, but under the current experimental

conditions, clusters remain small and more or less spherical. The particles’ larger

smooth lobe just makes the cluster shape and size less well-defined. In simula-

tions of Janus dumbbells, [9, 10] only small micelle-like clusters were observed at

low particle concentrations, while vesicle and bilayer structures only formed using

longer-ranged attractive potentials and at higher particle concentrations. These

conditions cannot be realized in the experimental system currently under investi-

gation.

4. Conclusions and Outlook

The addition of a depletant to a dispersion of dumbbell-shaped particles with

a rough and a smooth lobe can induce an attractive potential almost exclusively

between the smooth lobes, enabling the self-assembly into micelle-like clusters. [11]

The study in this chapter shows that the slight attraction always present between

the rough lobes makes this method only applicable to a limited range of experi-

mental conditions.

While particles with a smaller smooth lobe are expected to form smaller clus-

ters based on their geometry, this effect was not observed experimentally. Since

the depletion attraction not only depends on the surface roughness, but also on

its curvature, using particles with a smaller smooth lobe requires a higher deple-

tant concentration to induce sufficient attraction. The depletant concentration

required to induce specific attractions between the smooth lobes of rough-smooth
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dumbbells with a size ratio of α = 0.57 appeared higher than the depletant volume

fraction φd = 0.47 at which the rough lobes started aggregating.

The rough-smooth dumbbells with a similar size ratio as used by Kraft et

al.[11], α = 0.75, indeed form similar finite-sized micelle-like clusters, albeit at a

higher depletant concentration of φd = 0.47 instead of 0.40, due to their smaller

size. Increasing the depletant concentration only slightly, at φd ≥ 0.48, caused

sufficient attraction between the rough lobes of the particles to lose their Janus-

like properties.

Dumbbells with a larger smooth lobe, α = 0.82, formed micelle-like clusters

at φd = 0.35. Due to the larger ratio between the smooth and rough lobe, these

clusters were larger in size and the size and shape was less well-defined.

The experiments with the differently sized rough-smooth dumbbells show that

the attraction present between the rough lobes, however slight, only allows the

induction of specific interactions in this system to a narrow regime of depletant

concentrations and size ratios. Under these conditions, only small, micelle-like

cluster of dumbbells were observed, while the shape of the dumbbells allows for

the formation of cylindrical or bilayer structures under conditions that cannot be

achieved in this system.

The strength of the depletion attraction of both the smooth and the rough

lobe increases with depletant concentration and lobe size. This means that if the

smooth lobe is significantly smaller than the rough one, the difference in attractive

interaction is lost. Conversely, as the smooth lobe gets larger, the rough-smooth

attraction also increases, making the interaction less specific.

One solution to this problem is by replacing a single, large, rough lobe by two

adjacent smaller ones. This change in particle geometry makes the smooth side

more attractive based on both surface roughness and curvature, while the rough

side still provides sufficient steric constraint to facilitate the formation of finite

sized clusters. The self-assembly of these “Mickey Mouse” shaped colloids with a

smooth head and two rough ears is discussed in detail in Chapter 4.
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4

Self-assembly of Mickey Mouse shaped colloids

into tube-like structures

Abstract

In this chapter, the self-assembly of triangular patchy particles

consisting of one sticky and two non-sticky lobes was studied by

experiments and computer simulations. The colloidal particles

consist of a central smooth lobe connected to two rough lobes

at an angle of ∼90 , resembling the shape of a “Mickey Mouse”

head. Due to the difference in overlap volume, adding an ap-

propriate depletant induces an attractive interaction between the

smooth lobes of the colloids only, while the two rough lobes act as

steric constraints. The essentially planar geometry of the Mickey

Mouse particles is a first geometric deviation of dumbbell shaped

patchy particles. This new geometry enables the formation of

one-dimensional tube-like structures rather than spherical, essen-

tially zero-dimensional micelles. At sufficiently strong attractions,

tube-like structures were indeed observed. The sticky lobes were

at the core of these tubes and the non-sticky lobes pointed out as

steric constraints that limited the growth to one direction, pro-

viding the tubes with a well-defined diameter but variable length

both in experiments and simulations. From simulations, the in-

ternal structure of the tubular fragments was found to be either

straight or twisted into so-called Bernal spirals.
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1. Introduction

The geometry of a self-assembled object depends on the shape and specific

interactions of the individual building blocks. [1–3] This is seen for instance in

systems of surfactants, where the geometry of the surfactant molecules determines

the geometry of the micelles they form. [4] Similarly, conical dendrons are found

to form spherical supramolecular dendrimers, whereas flat, tapered dendrons form

cylindrical dendrimers. [5]

By changing the shape-anisotropy of the colloidal building blocks with attrac-

tive and non-attractive patches, the directionality of the interactions for colloidal

self-assembly can be tuned. In this chapter, new colloidal building blocks con-

sisting of one sticky and two non-sticky lobes in a triangular conformation are

introduced. The planar rather than conical geometry introduced by this second

non-sticky lobe is expected to promote the formation of cylindrical aggregates.

Tube-like structures were already observed for particles of various shapes with

Janus-like interactions. Spherical Janus particles with one attractive and one

non-attractive side form tube-like structures in both experiments [6, 7] and simu-

lations. [8–10] And also for dumbbell-shaped particles with one attractive and one

non-attractive lobe, elongated or cylindrical aggregates were found in simulations

under certain conditions. [11, 12]

In principle, the systems of rough-smooth dumbbells described previously [13]

and in Chapter 3 of these thesis, should, based on their geometry, also be able to

self-assemble into tube-like structures. In this system, specific interactions were

induced by addition of a depletant, which, under the right conditions, only made

the smooth lobe of the dumbbells attractive. However, the interaction between

the dumbbells was only specific in a narrow regime of experimental conditions.

Under these conditions, only the self-assembly spherical micelle-like clusters was

observed.

In this chapter, these experiments are extended to particles with a new shape

by introducing an additional rough lobe. These “Mickey Mouse” (MM) shaped

particles consist of a smooth lobe that becomes attractive in the presence of a

depletant and two rough lobes, its “ears”, at an angle close to 90 that remain

non-attractive (Figure 4.1). These two non-attractive lobes provide the particles

with a planar geometry, providing directionality to the attractions between the

smooth lobes in such a way that the formation of long, one-dimensional tube-like

structures is facilitated.
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2 Experimental

Just like with the rough-smooth dumbbells described in Chapter 3, the effec-

tive attraction between the smooth parts of the MM particles is tuned by variation

of the depletant concentration. To investigate the effect of particle concentration

and interaction strength on the resulting structures, the optical microscopy investi-

gation of the depletion experiments are supplemented with Monte Carlo computer

simulations. From this combined approach, it becomes clear that the unique geom-

etry of the particles indeed causes the formation of elongated tube-like structures

with a well-defined diameter. However, the particle geometry and the short-ranged

nature of the interaction also seem to prevent the system from converging to its

equilibrium state.

Figure 4.1. SEM micrograph of the isolated MM particles, showing the two rough lobes

connected to a smooth central lobe.

2. Experimental

2.1. Particle synthesis

The MM particles used in this chapter were made in a three-step synthesis

procedure described in detail in Chapter 2. In the first step, non cross-linked,

spherical, sterically stabilized polystyrene particles were synthesized using disper-

sion polymerization. These particles act as seed particles in a seeded emulsion

polymerization step. In this step, the particles are not only cross-linked, it also

produces smaller particles due to secondary nucleation in the medium. These
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small particles adhere to the seed particles, making the particle surface rough. In

addition, particles tended to cluster in this step, causing, aside from single rough

particles, the formation of dimers, trimers and other small clusters of rough par-

ticles. In the third step, these (clusters of) rough particles were again swollen

with monomer, cross-linker and initiator. This time, because the particles are now

cross-linked, excess monomer is expelled and phase separates as a single droplet

on the surface of each particle or cluster. This droplet is subsequently polymerized

to form a smooth protrusion. This way, a a selection of different clusters of rough

particles with a smooth protrusion is formed. While the single rough particles

form rough-smooth dumbbells in this step, the dimers of rough particles form the

desired MM particles by sharing a single smooth protrusion. The larger clusters of

rough particles form even more complex shapes. These clusters of different sizes

are separated using density gradient centrifugation (DGC). The band containing

the desired MM particles was extracted by penetrating the tube wall with a nee-

dle connected to a peristaltic pump. The isolated dispersion was concentrated

by centrifugation and redispersion in an aqueous solution of 0.3% wt PVA (Mw

= 31-50 kgmol−1, 87-89% hydrolyzed, Sigma-Aldrich) to a particle concentration

of ∼3% v/v. This dispersion was used as stock dispersion for the self-assembly

experiments.

2.2. Sample preparation

In order to study the self-assembly of MM particles, samples with varying par-

ticle and depletant (dextran) concentrations were prepared. Capillaries (0.10 mm

× 2.00 mm internal dimensions, Vitrotubes W5010-050) were filled with these

samples. In order to prevent interaction with the capillary wall, these capillaries

were first coated with dextran. [14]

To coat the capillaries, a sequence of solutions was pumped through them,

using a peristaltic pump. Consecutively, 0.5 mL each of 1 M NaOH (to negatively

charge the capillary wall), 1% wt polyethyleneimine (PEI,Mw = 60 kgmol−1, 50%

(aq), Sigma-Aldrich) (a cationic polymer) and 1% wt dextran sodium sulfate (DSS,

Mw = 500 kgmol−1, Fisher Scientific) (the same as the depletant, but carrying a

negative charge) were flushed through the capillaries at a pump speed of 1.20 rpm,

each solution followed by a rinsing step with 0.5 mL water. The capillaries were

subsequently left submersed in water for 30 minutes and dried under a flow of N2.

Sample mixtures were made with different particle and depletant concentra-

tions. Typically, an aliquot of a 3% v/v particle dispersion from DGC was mixed
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with aqueous solutions of 116 gL−1 dextran (from Leuconostoc spp., ∼500 kgmol−1,

Sigma-Aldrich), 77 mM sodium azide (99% extra pure, Merck) and 1 M NaCl. D2O

was added to a volume fraction of 0.47. This resulted in samples with a particle

volume faction φparticles of 0.003 or 0.01, containing 24 mM of salt and a depletant

volume fraction φd of 0.20 to 0.40, where φd = ρ/ρoverlap, the depletant concen-

tration as fraction of the overlap concentration. The coated capillaries were filled

with depletion sample and glued to object slides using UV-curable glue (Norland

Optical Adhesive 81). D2O was added to reduce the density difference between

particles and medium, reducing sedimentation. Despite this density matching,

particles and clusters still sedimented at a slow rate. From the sedimentation

rate, the sedimentation length of the particles was estimated to be at least 3 parti-

cle diameters. Between measurements, samples had to be stored on a tube roller,

tumbling them gently (50 rpm) to keep them suspended.

2.3. Analysis

Particle size and shape were determined by analysing TEM images taken

using a FEI Tecnai 10 transmission electron microscope. The particle surface

roughness was investigated using scanning electron microscopy (SEM XL FEG 30,

Philips). A Malvern ZetaSizer Nano-ZS was used to determine polymer size using

Dynamic Light Scattering (DLS) and particle zeta potential using Laser Doppler

Electrophoresis. Optical microscopy investigation of self-assembly was carried out

using a Zeiss Axioplan optical microscope using an oil-immersion objective (NA

= 1.4, 100× magnification). Images were captured using a Basler Scout camera

and the Streampix software package.

The free particle concentration in the samples was determined by imaging

the entire capillary in the z-direction (100 m) and counting the number of free

particles in the sample volume. This was done at several random positions in the

sample to obtain sufficient statistics. The number density obtained this way was

translated to a volume fraction using the volume of one particle as calculated from

the TEM data (vMM = 21 m3).

3. Results and Discussion

3.1. Particle synthesis

The rough, cross-linked seed particles used to synthesize the MM particles

had a radius of 0.86 ± 0.03 m (4% polydispersity) and a surface covered with

small particles formed as a result of secondary nucleation. Furthermore, optical
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microscopy showed that besides single particles (∼60%), the dispersion also con-

tained dimers (∼30%) and trimers and larger clusters (∼10%). In the protrusion

formation step, a single protrusion was formed on each of these cluster types,

resulting in ∼60% dumbbells, ∼30% dimers of two rough particles sharing one

smooth protrusion (resembling a Mickey Mouse head), and ∼10% multimers of

more than two particles sharing a protrusion. These fractions could be separated

by DGC, isolating the desired MM particles.

Although the separation using DGC is not perfect, analysis of the SEM images

shows that all MM particles are uniform in shape and the fraction of undesired

particles is very small. These impurities are therefore not considered to play a role

in the structures formed by self-assembly of the MM particles. In order to acquire

sufficient particles for all samples, several parallel DGC steps were carried out.

As is visible in the SEM image presented in Figure 4.1, the particles have one

smooth lobe and two lobes made rough by irreversibly attached secondary nucle-

ation. The smooth lobe has a radius of Rs = 1.38 ± 0.10 m (7% polydispersity)

and the rough lobes have a radius of Rr = 1.17 ± 0.07 m (6% polydispersity).

The angle between the rough lobes with respect to the center of the smooth lobe

is 91 , with some variation due to the polydispersity of the particles.

From Laser Doppler Electrophoresis, a zeta potential of −32 ± 4 mV was

obtained from the measured electrophoretic mobility. Just like for the rough-

smooth dumbbells used in Chapter 3, this value was determined assuming spherical

particles with a uniform charge distribution. Given the fact that the particles

are not spherical and might not have a homogeneous charge distribution due to

their chemical anisotropy, this value only provides a rough estimate of the surface

potential. Besides this negative surface potential, the MM particles rely on poly

vinylalchol (PVA) on their surface for steric stabilization.

3.2. Interaction potential

Just as described in Chapter 3, the attractive interaction between the smooth

lobes of the particles as function of their center-to-center separation rij is approx-

imated by the sum of the depletion attraction and an electrostatic repulsion:

u(rij) = uel(rij) + udepl(rij) (4.1)

Here, the electrostatic repulsion (in units of kBT ) can be described as: [15]

uel(rij)/kBT =
(Ψ/kBT )

2R2
s

λBrij
e−κ(rij−2Rs) (4.2)
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where Ψ = eζ is the zeta potential times the elementary charge, [16] Rs is the

radius of the smooth lobe of the particle, λB is the Bjerrum length and κ is the

inverse Debye length.

The depletion attraction between two spheres, for 2Rs < rij < 2(Rs + rg) can

be written as: [17–19]

udepl(rij)/kBT = −φd
(
Rs + rg
rg

)3
(
1− 3

4

rij
Rs + rg

+
1

16

(
rij

Rs + rg

)3
)

(4.3)

where rg is the radius of gyration of the depletant polymer and φd is the depletant

volume fraction, as fraction of the overlap concentration.
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Figure 4.2. Interaction potential in kBT between the smooth lobes of the particles as

function of the inter particle distance h = rij − 2Rs without considering the presence or

orientation of the rough lobes. The net interaction (Equation 4.1, solid blue line) is the

sum of the screened Coulomb repulsion (Equation 4.2, red dotted line) and the depletion

attraction (Equation 4.3, dashed green line). Typical experimental parameters were used

to construct this graph, resulting in a depth of the potential well ε of about −8 kBT and

an interaction range of 40 nm.

Using experimental values for Rs, φd, rg (19 nm, determined by dynamic light

scattering), the salt concentration (I(M) = 24 mM, κ = 0.50 nm−1), and Ψ in

Equation 4.2 and 4.3, the minimum of the overall potential was found to vary in

the range of −7 kBT to −17 kBT for a depletant volume fraction φd of 0.20 to 0.40
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(The range of experimentally used values). Note that a measured zeta potential

of −32 mV is used to find Ψ = 1.2 kBT for the surface potential.

Based on the size of the roughness, with a radius of about 75 nm, and the much

smaller radius of gyration of the depletant, only a negligible attraction between

the rough lobes of the particles is expected. [13] However, just as was observed for

the rough-smooth dumbbells (Chapter 3), at a sufficiently high depletant concen-

tration, aspecific interactions (rough-smooth and rough-rough) became prevalent;

at such high concentrations of depletant even the small overlap volume between

rough surfaces was sufficient to cause a net attraction. The result of this is appar-

ent from Figure 4.4A and C. For the system of MM particles, aspecific interactions

became dominant at depletant volume fractions above φd = 0.33.

3.3. Simulation model

In the Monte Carlo simulations, the particles were designed to match the

experimentally used MM particles. An MM particle is represented by a cluster of

three spheres, one central sphere with diameter σs which represents the smooth

“head” lobe, with on either side of it a smaller sphere with diameter σr mimicking

the rough “ear” lobes. To match the experimental dimension, a size ratio between

the ears and the head of q = σr/σs = 0.85 was chosen, a center-to-center distance

between the head and the ears of d = 0.57σs and an angle between the ears of 91 .

The MM particles are treated as hard objects in the simulations, with an

attractive interaction between the smooth lobes represented by a square-well in-

teraction with a range of Δ = 0.02σs. Between two smooth lobes i and j of two

different MM particles, this interaction then becomes

uSW(rij) =

⎧⎪⎨
⎪⎩

∞ if rij < σs

ε if σs ≤ rij < σs +Δ

0 if rij ≥ σs +Δ

, (4.4)

where rij is the center-to-center distance between the smooth lobes, ε < 0 denotes

the depth of the well, and Δ is the range of the interaction. The ears of the particles

were treated as non-overlapping hard bodies, where the interaction between two

ears k and m of two different particles is described with a hard-sphere potential,

uHS(rkm) =

{
∞ if rkm < σr

0 if rkm ≥ σr
. (4.5)
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Note that, in spite of using a spherically symmetric potential for the attractions,

the total particle-particle interaction is not invariant under rotations, due to the

steric constraint of the rough lobes.

Monte Carlo (MC) simulations were performed in the canonical ensemble (MC-

NVT) of typically N = 256 MM particles in a volume V and a temperature T ,

employing single particle translations and rotations [20] to explore the configura-

tional phase space. The simulations were performed for 1 − 4 × 108 MC steps,

where a single MC step is defined as N attempted moves (either translations or

rotations). The effect of varying the packing fraction φ = ρvMM (where ρ = N/V

and vMM is the volume of a single particle) and the interaction energy βε (here

β = 1/kBT denotes the inverse temperature with kB Boltzmann’s constant and T

the temperature) was investigated, while the other parameters in the model were

fixed to match the experimental system as closely as possible. The interaction

strength was varied from ε = −4 kBT to −12 kBT to match the range of depletant

concentrations used in the experiments.

The square-well attractions (Equation 4.4) in the simulations and the exper-

imental potential (Equation 4.1 and Figure 4.2), have a different shape, but a

comparable range (Δ = 0.02σs corresponds to 55 nm in the experimental system)

which is small with respect to the particle diameter. According to the Noro-Frenkel

law of corresponding states, [21, 22] short-ranged attractive potentials give similar

phase behavior if their second virial coefficients are similar. Using Equation 4.1 for

the experimental potential and Equation 4.4 for the square-well attractions in the

simulations gives similar values of B2 = −2.3× 1011 nm3 and −2.4× 1011 nm3 for

a depletant concentration φd = 0.20 and a square-well attraction of ε = −7kBT

respectively. Therefore, the effective pair interaction can be approximated with a

square-well attraction in simulations, even though the shape of the potentials is

quite different.

In the depletion experiments, significant attraction between the rough lobes

was observed above φd = 0.33. Using Equation 4.1, this depletant concentration

corresponds to ε ≈ −14 kBT . This means that the ears of the particles can

indeed safely be considered as hard objects throughout the whole range of the

simulations from ε = −4 kBT to −12 kBT . Therefore, no attraction between the

ears is included in the simulations.

The simulation results were analyzed using a cluster analysis. To this end,

a cluster criterion was employed to distinguish the clusters in the simulations.

For this, MM particles were identified as interacting neighbors that have at least
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Figure 4.3. Optical micrographs of clusters of different sizes found at low particle con-

centration φparticles = 0.003 compared to similar clusters found in simulations with the

sticky and non-sticky sides of the particles colored blue and red, respectively.

one mutual bond, i.e. the distance between their attractive lobes is less than the

square-well interaction range. Subsequently, a cluster was defined as a contiguous

set of neighboring particles. The cluster analysis is used to compute for each

interaction strength the concentration of free particles in the system, as well as

the number of bonds per particle in the clusters.
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3.4. Cluster formation

Similar to the self-assembly experiments with rough-smooth dumbbells descri-

bed in Chapter 3, cluster formation in the capillaries was found to stabilize in 2-3

days. Hardly any change in cluster composition was observed during subsequent

days. Particles and clusters were found homogeneously suspended throughout

the capillary, indicating that gravity played no part in the formation of these

structures. Also, the density matching with D2O proved sufficient to prevent

sedimentation while the samples were stationary for microscope observation. In

samples with a low particle volume fraction, φparticles = 0.003, the formation of

clusters by specific smooth-smooth interactions was only observed for φd > 0.32,

corresponding to ε ≈ −13 kBT . At this particle volume fraction, primarily small

clusters were formed. By letting the clusters sediment to the glass wall prior to

observation, the orientation of the individual particles can be observed reasonably

well for clusters of a few particles and their structure can be investigated using

optical microscopy.

Figure 4.3 shows optical micrographs of typical clusters of 1 to 8 particles

next to similarly shaped clusters found in simulations, clarifying that the particles

indeed specifically stick with their smooth sides together. The figure also shows

that as clusters get larger, the positions and orientations of the individual particles

become harder to observe even when completely sedimented. It would nevertheless

be interesting to investigate how the cluster structure develops as clusters increase

in size.

In computer simulations, the formation of elongated, well-defined tube-like

structures was observed at all investigated concentrations. However, in the ex-

periments at φparticles = 0.003, cluster growth seemed inhibited due to the rapid

depletion of free particles. Also, recombination of existing clusters into tubes

was likely difficult because of the limited diffusion of the larger clusters. At

φparticles = 0.003, the formation of clusters was observed from φd > 0.32. In-

creasing the depletant concentration further, especially above φd = 0.33 induced

aspecific interactions in the system, meaning that the rough lobes of the particles

also become attractive. This resulted in large, aspecific aggregates. An exam-

ple of such aggregates is shown in the optical micrograph in Figure 4.4A, for

φparticles = 0.003 and φd = 0.40. Upon increasing the particle concentration to

φparticles = 0.01, clusters by specific smooth-smooth interactions already started to

form at φd = 0.20 and larger, tube-like clusters were observed at φd = 0.21 (Fig-

ure 4.4B). Only at φd = 0.32, structures dominated by aspecific attraction were
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Figure 4.4. Optical micrographs of depletion samples with A: φparticles = 0.003 and

φd = 0.40, showing clusters formed by aspecific interactions, B: φparticles = 0.01 and φd =

0.21, showing elongated, tube-like clusters formed by specific smooth-smooth interactions

and C: φparticles = 0.01 and φd = 0.32, showing larger, random aggregates formed again

by aspecific interactions.

observed (Figure 4.4C). This means that the Mickey Mouse particles show spe-

cific interactions over a much larger range depletant concentrations (Δφd ≈ 0.1),

and therefore of interaction potentials, than the rough-smooth dumbbells reported

previously [13] and in Chapter 3 (Δφd ≈ 0.04). This effect can be explained by

the size difference between the rough and the smooth lobes in both systems. The

depletion attraction is proportional to the overlap between the excluded volumes

around the interacting lobes Voverlap. A larger lobe radius and a smoother surface

both result in a larger Voverlap. In rough-smooth dumbbells, the surface roughness

on the rough lobe must compensate for its larger radius, while in MM particles,

the head lobe is both smooth and larger than the rough ears. This makes the

anisotropy in Voverlap larger for the MM particles, allowing for specific interactions

in a wider range of φd. This means that for the MM particles, the self-assembly

behavior as a function of interaction strength can be investigated in more detail

than for the rough-smooth dumbbells.

3.5. Self-assembled tube-like structures

At a particle concentration of φparticles = 0.01, a lower depletant concen-

tration, indicating a lower attractive interaction potential, was required to form

clusters than at φparticles = 0.003. And in addition, larger, tube-like structures

were formed. These structures, already shown in Figure 4.4B, appear similar to

the tube-like structures found in simulations. For comparison, optical micrographs
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d = 0.20 d = 0.21 d = 0.24 = –7 kBT  = –8 kBT  = –9 kBT

 = –7 kBT  = –9 kBT = –6 kBT

Figure 4.5. A to C: Optical micrographs of structures found in samples with volume

fraction φparticles = 0.01 for a depletant volume fraction φd of 0.20 to 0.24, corresponding

to an attractive interaction potential ε of −7 kBT to −9 kBT . E to G: MC-simulations

at φparticles = 0.01 show the same resulting structures at comparable values of ε. D

and H: Close-ups of comparable tube-like clusters from experiments (highlighted) and

simulations, respectively.

from the experiments and snapshots from computer simulations at φparticles = 0.01

are shown in Figure 4.5 for different attraction strengths.

Upon increasing the attractions, a trend can be observed from first small clus-

ters and free single particles (Figure 4.5A and E), to larger clusters (Figure 4.5B

and F), and finally tube-like structures (Figure 4.5C and G). These tube-like struc-

tures have a well-defined diameter and grow seemingly unbounded in length and

in random directions. A close-up of a single representative tube-like cluster from

experiments and simulations is provided in Figure 4.5D and H respectively. In the

experiments, structures were found to branch occasionally (Figure 4.5C).

The pair interactions ε for the experiments presented in Figure 4.5 were cal-

culated using Equations 4.1 to 4.3 by inserting the experimental conditions and

determining the minimum of the potential well. For the MM particles, this results

in reasonable attractive potentials that agree well with the pair potentials used in
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the simulations showing the same behavior (Figures 4.5A to C compared to 4.5E

to G). This means that for MM particles, Equations 4.1 to 4.3 provide less of an

overestimation of the effective attraction than for the rough-smooth dumbbells. A

possible explanation for this is that due to their somewhat more spherical shape

and higher zeta potential of −32 mV, compared to −4 to −16 mV for the rough-

smooth dumbbells, their zeta potential could be determined more accurately and

is closer to the actual surface potential on the smooth lobe.

The shape of these structures can be attributed to the properties of the build-

ing blocks. While the attractive lobes of the particles attract each other and form

the backbone of the tube-like structures, the rough lobes act as a steric constraint,

preventing bond formation and structure growth on two sides of each particle at

an angle of 90 . This means that if 3 or 4 building blocks are in a planar config-

uration, new particles can only attach from the two out of plane directions, i.e.

either from below or above, promoting the growth of tubular-shaped aggregates.

From the final configurations in the computer simulations, the structure of

the tube-like clusters was analyzed in more detail. This analysis showed that

the particles can be stacked in two different ways, resulting either in straight or

spiral-like tube structures. Both of these structures occur next to each other in

the simulation box, and even tubes that were partially made up of one structure

and partially of the other were observed.

An example of a straight tube-like structure is shown in Figure 4.6A to C. For

each viewing angle, the entire MM particles or only the attractive lobes are shown.

The attractive lobes on the inside form a closely packed backbone, whereas the

steric ears are all located on the outside and shield the backbone, thus preventing

branching of the structure. In Figure 4.6D the bonds between the attractive lobes

of the MM particles are depicted as sticks. It can be seen that the bonds form a

framework of octahedrons with tetrahedrons in between. The MM particles located

at the vertices of the square of the octahedron form 7 bonds with surrounding

particles, whereas the particles on the top ends of the octahedrons are connected

with 6 bonds, making up for an average of 6.5 bonds per particle. In addition to

the NVT simulations, Monte Carlo simulations were performed in which a small

number of MM particles was compressed in a rectangular box whose 3 lattice

vectors were free to change independently. From this, it appeared that the straight

configuration in Figure 4.6 resembles the ground state tube-structure with the

maximum number of bonds per particle.
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A B C

D

B
C

Figure 4.6. Straight tubular structure with the lowest binding energy found in computer

simulations. The smooth lobes are shown in blue, the steric ears are shown in red. A:

top-view showing the MM particles. B and C: side-views as seen from the directions

denoted in (A). D: representation of the structure showing the bonds between the MM

particles as sticks, for the same viewing angles as in (A) and (B). The MM particles are

located at the vertices. The numbers denote the number of connections for each vertex.

A B C
B

Figure 4.7. Tubes containing fragments with the structure of a Bernal spiral found in

computer simulations. The smooth lobes are shown in blue, the steric ears are shown in

red. A: top-view showing the MM particles and B: side-views as seen from the directions

denoted in (A). C: representation of the structure showing the bonds between the MM

particles as sticks, for the same viewing angles as in (A) and (B). The MM particles are

located at the vertices. The numbers denote the number of connections for each vertex.

In addition to straight tubes, where the bonds form a framework of octa-

hedrons and tetrahedrons, the MM particles were also found to stack in tubes

forming a framework of tetrahedrons only, as is shown in Figure 4.7. The closest

packing of face-sharing tetrahedrons in one dimension is called a Bernal spiral [23]

or Boerdijk-Coxeter helix. [24, 25] In this structure, the particles on all vertices are

connected to six neighbors. Figure 4.7C shows a tube section in the Bernal spiral
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Figure 4.8. Distribution of tube diameters obtained from optical microscopy, with a

Gaussian fit (in red). The diameter is well-defined around 7 to 9 m. The insets show a

cross-sections of the straight and spiral tube structures found in simulations, the diame-

ters of which correspond to the peak in the distribution.

configuration. Bernal spirals were already found for colloidal systems with short-

ranged attractions and screened electrostatic repulsion [26, 27] but recently also for

Janus particles that are able to undergo directional interactions. [28] Recent efforts

have focused on creating Bernal spirals by design with patchy particles. [29, 30]

However, in either case the potential or the positions, size and shape of the patches

needs to be carefully tuned. In this case, the spiral forms mainly for geometric rea-

sons, illustrating that the steric ears on the MM particles constitute a robust way

of creating functional directional interactions. In addition, the ears also protect

the attractive backbone of the tube from sideways attachments and thus provides

a new possible way to produce core-shell tubular structures by self-assembly.

In the experiments, the 8-particle cluster in Figure 4.3 and the clusters in

Figure 4.5 show that for increasing cluster size, the scattering caused by the large

refractive index mismatch between polystyrene and water (ΔnD = 0.2592) makes

it more and more difficult to assess the internal structure using optical microscopy.

What can be determined, however, are the tube dimensions. Therefore, the di-

ameter was measured over the entire length of over 200 clusters among 4 different

samples. From these measurements, a large spread was found in the length of

the tubes. The average length was estimated to be ∼33 m, with considerable
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uncertainty arising from the fact that longer tubes branch, move out of the field

of view or continue in an out-of-plane direction (see Figure 4.4B). The tube di-

ameter, on the other hand, was found to be well-defined. Figure 4.8 shows a

narrow distribution of cluster diameters. A Gaussian fit made to this distribution

(μ = 8 m, σ = 2 m) corresponds well to the diameters of the tubular structures

(7 to 9 m) found in the simulations (Figure 4.5H, Figure 4.6 and Figure 4.7, see

also the insets in Figure 4.8). The additional spread is caused by the random

orientation of the rough lobes, which can make a difference of 1 m, depending on

whether one lobe (Rr = 1.17 m) is oriented perpendicular to the tube or both are

turned out of plane. The tail on the right side of the distribution can be explained

by the presence of branch points, which have a larger diameter.

As can be seen in Figure 4.6 and Figure 4.7, the attractive lobes are stacked

in an ordered fashion. However, as the attractive lobes are free to rotate, the

steric ears can also change position and essentially form a concentrated quasi-2D

system of hard dimers on a cylinder. This gives rise to an inherently disordered,

but heavily correlated configuration of rough lobes that dictates the direction from

which additional particles can attach to the cluster and thereby contributes to the

cluster structure.

This mechanism can also cause branching of the tubes by occasionally allowing

sufficient space between the rough lobes for a new particle to attach sideways

(Figure 4.5C). However, this branching was only observed in experiments and not

in simulations. Additionally, while the structure of the experimental clusters have

the same diameter as the simulated tubes, they generally do not extend in one

direction long enough to form a Bernal spiral as shown in Figure 4.7C, making the

occurrence of full Bernal spirals in experiments very improbable. This discrepancy

with simulations is likely caused by undesired experimental factors like particle size

polydispersity and occasional rough-smooth attractive contacts that contribute to

disorder and branching.

From the computer simulations, the average number of contacts per particle

〈n〉 was obtained for a range of attraction strengths ε/kBT . In Figure 4.9, 〈n〉
is plotted against ε for different values of φparticles. Figure 4.9 shows a sharp

transition from only a few small clusters, resulting in a low 〈n〉 at low values

of |ε|, to a constant value of 〈n〉 ≈ 5 at higher interaction strength. While the

transition to larger clusters happens at slightly higher interaction strength for

φparticles = 0.003, the value of ε at which the formation of the tubes started did in
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Figure 4.9. Average number of contacts per particle 〈n〉 as function of the well depth of

the attractive pair interaction, for different volume fractions φparticles. The figure shows

a sharp transition from hardly any clusters at low interaction strength to a constant

number of contacts (∼5) for stronger interactions, irrespective of φparticles.

general not appear to be sensitive to the fraction φparticles for the range of volume

fractions investigated.

In the case all particles had been incorporated in tube-like structures, the aver-

age number of bonds would have been expected to converge towards 〈n〉 ≈ 6−6.5.

However, in the computer simulations for attractions of ε < −7 kBT , the number

of bonds per particle was found to converge to 〈n〉 ≈ 5 and remain at that value.

Incorporation of cluster moves in the Monte Carlo simulations and increasing the

particle concentration resulted in the formation of significantly longer tubes that

also consisted of both straight sections and Bernal spirals. Figure 4.10 shows a

snapshot from a simulation with φparticles = 0.02 and ε = −10 kBT , including clus-

ter moves. While in this situation, longer tubes were formed, the average number

of contacts was not significantly higher. This suggests that once the system has

formed the observed tube-like structures, it is trapped in this state and cannot

develop further.

To check if the same holds for the experiments, the timescales at which bonds

between particles can break were calculated from the interaction potential using

Kramers’ approach [13, 31] in the same way as used in Chapter 3. For the MM
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Figure 4.10. Simulation snapshot from a Monte Carlo simulations at φparticles = 0.02

and ε = −10 kBT . Under these conditions and with the inclusion of cluster moves,

considearbly longer tubes form.

particles, the escape time for a single bond to break (i.e. reach an inter particle

distance of h > 2rg) was found to range from 10 s for ε = −7 kBT to 10 minutes

for ε = −12 kBT . Escape times on the order of seconds for a single bond mean

that pairs can break and form freely, and also small clusters with up to 3 bonds per

particle, which can be broken sequentially, can rearrange their structure. However,

once a particle has formed 4 or more bonds, it is no longer possible to remove

the particle without breaking at least 2 bonds simultaneously. Escape times for

such configurations quickly rise to 105 s for breaking 2 bonds simultaneously and

1012 s for breaking 4 bonds, far beyond experimentally observable time scales.

This means that once tube-like structures with 4 or 5 sufficiently strong bonds

per particle are formed, the system gets trapped in this state and can no longer

optimize its structure by breaking and reforming bonds. Although the internal

structure of the clusters found in both experiments and simulations appears to be

kinetically trapped, some particles can still exchange with the free particles in the

medium, establishing a (local) equilibrium between the tubes and free particles.

93



Chapter 4: Mickey Mouse particles

3.6. Cluster structure and free particle concentration

Figure 4.5 illustrates that upon increasing the interaction strength, the tran-

sition from hardly any clusters to an almost completely clustered system goes

through a regime where both clusters and free particles are present. This con-

centration of free particles φfree is easily determined in both simulations and ex-

periments and can be related to the binding free energy of a particle to provide

estimate information on the experimental cluster structure such as the average

number of bonds.

The concentration of particles at which clusters start forming can be regarded

as a critical micelle concentration (cmc) of a system of surfactants and conse-

quently, just like with surfactants, this cmc is also the concentration of free par-

ticles present in the system once clusters are formed. As is already stated in

Chapter 3 (Equation 3.8), this concentration can be related to the free energy

difference between free particles and particles bound in a cluster via [13]

φfree = φcmc � vMM

vav
eΔu/kBT (4.6)

where φfree is the volume fraction of free particles, vMM is the volume of a colloid,

vav is a measure for the available free volume of a particle in a cluster. For large

clusters (n 	 1), Δu equals the average bonding free energy difference between

a free particle and a particle in a cluster. Due to the system’s short interaction

range, bonds can be considered pairwise additive and the energy difference per

particle is just half the number of bonds times the pair energy: Δu = 〈n〉
2 ε. The

vav term in Equation 4.6 is a measure of the translational entropy still available to

particles in a cluster. The difference in rotational entropy between free particles

and particles in a cluster is not taken into account in this equation, since particles

bound by depletion interaction via their smooth lobes only lose a fraction of their

rotational freedom due to geometric constraints.

The majority of particles in the tube-like clusters has the same number of

bonds and, related to that, a similar value of vav. A particle inside a cluster

is confined in 3 dimensions such that vav = ξ3, where ξ is the range available

to a bound particle due to its thermal energy. In Chapter 3, Equation 4.6 is

used to estimate the pair interaction ε from φfree. In this chapter, this relation

is considered for a range of interaction strengths ε. If there is an equilibrium

between free particles and tube-like clusters in the system, the logarithm of the
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concentration of free particles, lnφfree, should depend on ε via:

lnφfree = ln

(
vMM

ξ3

)
+

〈n〉
2
ε (4.7)

Figure 4.11 shows the logarithm of the free particle concentration lnφfree for

the simulations at φparticles = 0.01 and the experimental systems with the lower

(φparticles = 0.003) and higher (φparticles = 0.01) particle concentration. At low

interaction strength, ε/kBT ∼ 0, only free particles are expected as in this case

the total particle concentration is lower than the critical micelle concentration,

φparticles < φcmc. At sufficiently strong attractions, tubes and free particles are

present and according to Equation 4.7, lnφfree should depend linearly on ε, as

is shown by the solid lines assuming values for ξ obtained from the shape of

the interaction potential and a slope dependent on 〈n〉. At higher interaction

strengths, from ε ≈ −8.5 kBT in the simulations, almost all particles are part of

a cluster and the fraction of free particles becomes too low to detect. Also in the

experiments, hardly any free particles are found at higher values of |ε|, resulting
in low concentrations (lnφfree ≈ −10) with large error bars.

In the computer simulations performed for φparticles = 0.01, upon increasing

the attraction strength, the logarithm of the concentration of free particles was

found to remain roughly constant up to ε ≈ −6 kBT , followed by a linear decrease

over a range of 2 kBT . For the simulations, ξ is simply the width of the square

well (0.02σs = 55 nm) and 〈n〉 ≈ 5 (see Figure 4.9). Using these numbers, the

measured φfree from the simulations is in good agreement with Equation 4.7 in the

region where tubes form.

The experiments performed for volume fractions φparticles = 0.003 and 0.01

also show a decrease in lnφfree upon increasing attraction strength, from a point

where all the particles are free, so φparticles ≈ φfree, to a point where almost all

particles are part of a larger cluster and φfree � φparticles. In the experiments, vav

is the volume that a bound particle can explore using its thermal energy, which

can be approximated by the width of the potential well (Figure 4.2) 1 kBT above

the potential minimum (approximately 5 nm in this case). For the experiments at

φparticles = 0.003, the data points show a good agreement with Equation 4.7 using

〈n〉 = 4. The small clusters in this system, like the ones shown in Figure 4.3, sug-

gest that this is a reasonable estimate for the number of bonds in the experiments

at this concentration.

At a higher volume fraction φparticles = 0.01, where tube-like structures were

observed also in experiments, the decrease of lnφfree with increasing attraction
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Figure 4.11. lnφfree as function of the system’s pair interaction found for experiments

at volume fractions φparticles = 0.003 (red) and φparticles = 0.01 (blue) and for computer

simulations (φparticles = 0.01, green) plotted against ε. For the experiments, ε was

calculated from experimental conditions (by finding the minimum of Equation 4.1). For

the simulation data, the depth of the square well ε was used. The solid lines represent

plots of Equation 4.7, using the values shown at the top as input parameters. The dashed

horizontal lines mark the total particle concentrations φparticles. The dotted blue line is

a fit of Equation 4.7 finding 〈n〉 = 5.8.

strength lies closer to the simulation values of the same φparticles in Figure 4.11.

Because the tube-like structures in experiments at φparticles = 0.01 are comparable

to those in the simulations in appearance (Figure 4.5D and H) and dimensions

(Figure 4.8), one would expect that 〈n〉 ≈ 5, which indeed provides reasonable

agreement with the experimental data. However, a better fit to the measured data

was found for 〈n〉 = 5.8 (The dotted line in Figure 4.11), indicating that the num-

ber of contacts is probably higher. This might be due to the the presence of longer

clusters with more branch points in the experiments compared to simulations.

The free particle concentration from both the simulations and experiments

are in good agreement with Equation 4.7 for strong attractions, even though the

system is not fully equilibrated. The trend in lnφfree provides a reasonable estimate

of the number of bonds based on vav and ε. The deviation from linearity that

is present in the experiments, especially for higher depletant concentrations at

φparticles = 0.01, can partially be attributed to the uncertainty in determining ε
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from the experiments. Firstly, as mentioned before, the surface potential of the

smooth side of the particle is unknown and the value used to determine ε is most

likely an overestimation. Secondly, even with the wider range of ε available to the

MM particles compared to the rough-smooth dumbbells, the experimental error

in determining ε, about 0.5 kBT , still covers about a quarter of the total range

where the decreasing free particle concentration can be determined.

The number of bonds obtained from the free particle concentration in the

experiments corresponds to the overall 〈n〉 from simulations that were not fully

equilibrated (Figure 4.9). Both values are lower than the 6 or 6.5 contacts for

fully developed tubes (see Figure 4.6 and Figure 4.7), confirming that the tube-

like clusters do not converge to their ground state under the present conditions.

4. Conclusions and Outlook

This chapter describes the structure formation of anisotropic “Mickey Mouse”

(MM) particles, consisting of one central smooth lobe connected to two rough lobes

on either side at an angle of ∼90 . By tuning the amount of added depletant,

attractions can be induced between the smooth lobes, whereas the rough lobes

remain repulsive. The attractions were shown to occur exclusively between the

smooth lobes of the particles over a considerable range of depletant concentrations.

The size of the MM particles enables observation using optical microscopy while

successfully suppressing the effect of gravity by dispersing them in a mixture of

water and D2O and tumbling the samples between measurements.

In the experiments, at sufficiently strong attractions and sufficiently high par-

ticle concentration, the MM particles were shown to form tube-like structures.

This is different from the spherical micelle-like clusters observed before for col-

loids with a single lobe. [13] By simulating the MM particles represented by one

attractive and two repulsive spheres, the information on internal structure miss-

ing from the microscopy experiments was complimented. Both in simulations and

experiments, these particles were found to self-assemble into tube-like structures

of seemingly unbounded length, but with a well-defined diameter. The structure

of the tubes in the simulations consisted of a mixture of straight fragments and

fragments in the shape of Bernal spirals, but conclusive evidence for the presence

of these specific structure elements lacks in the experiments. The exact internal

structure could be determined in future experiments using for instance a simi-

lar experimental system with fluorescently labeled particles in an index matched

medium. Furthermore, it is hard to access equilibrium states in this experimental
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system, as the short ranged interactions and multiple bonds that can be formed

by each particle prevent them from effectively exploring many configurations on

the experimental timescale. Although the predominant structure in the experi-

ments therefore appears to be kinetically trapped, the bond strength and bonding

volume of the particles could be used to get reasonable estimates for the number

of bonds in the tube-like structures from the concentration of free particles in the

system.

Finite-sized clusters have been found experimentally for Janus particles with

one sticky patch [28] and patchy dumbbells with an attractive lobe [13] and are

supported by computer simulations. [32, 33] This work shows that the shape of the

building block can be tuned to influence the final structure that is formed. In this

case, the introduction of an additional non-sticky lobe even completely changed

the dimensionality of the formed structures, marking important new steps on the

road to the experimental realization of complex self-assembled colloidal structures.

In particular, the formation of Bernal spirals of MM particles is highlighted. These

structures can form as a direct result of the combination of a smooth lobe pro-

viding a selective short-range depletion attraction and the steric ears facilitating

directionality through an effectively long-ranged shielding. This is especially inter-

esting as in previous work these structures were established either through careful

tuning of the interaction potential [26, 27] or by well-defined attractive patches

on the surface of spherical particles. [28–30] Since most patchy systems are, like

the system studied here, based on short-ranged interactions and considering the

drive towards more complex patchy colloids, the results presented in this study

are expected to play an increasingly important role in the practical realization of

colloidal self-assembly.
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5

Depletion induced encapsulation of microspheres

by rough-smooth dumbbells

Abstract

In this chapter, the encapsulation of microspheres by patchy dumb-

bell-shaped colloids is demonstrated using a combination of exper-

iments and computer simulations. The dumbbell-shaped particles

consist of a smooth and a rough lobe. Upon precisely tuning the

depletion attraction, only the smooth lobe of this dumbbell be-

comes attractive, making it specifically stick to the microsphere

template particles. Both in experiments and Monte Carlo simu-

lations, this results in partial coverage of the template particles.

The experimentally obtained orientation distribution of dumb-

bells attached to 8-13 m sized microspheres agree well with the

computer simulations. Attachment of dumbbells was shown to

depend both on the microsphere curvature and particle concen-

trations. In the Monte Carlo simulations, the introduction of a

small attraction between the rough lobes of the dumbbells in-

creased the coverage of the microsphere.
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1. Introduction

In nature, many functional structures are formed by self-assembly form smaller,

basic building blocks. Examples are the formation of micelles from surfactant

molecules, or virus capsids from individual capsomers. While surfactants and some

capsomers are able to self-assemble into larger, functional structures on their own,

their self-assembly can also be assisted by a template which can even enhance

the functionality of the resulting structure. Virus capsids generally form around

the genetic material they are supposed to protect, while surfactants can assemble

on the surface of an oil droplet, stabilizing it against coalescence. Understanding

these processes and being able to mimic them on a colloidal scale enables the for-

mation new, complex, functional materials by self-assembly of colloidal building

blocks.

In this chapter, a model system of dumbbell-shaped colloids consisting of a

smaller sticky and a larger non-sticky lobe is used. These dumbbells are known to

self-assemble into micelle-like clusters on their own and are now used in a templated

self-assembly experiment, using a large, smooth microsphere as a template. This

packing of cone-shaped dumbbells on a spherical object is intuitively reminiscent of

the stabilization of an oil droplet by surfactant molecules or the assembly of a virus

capsid. While patchy model systems for the formation of empty virus capsids [1–

4] and assembly of virus capsids around a core particle [5] have been studied in

theory and simulations, this chapter provides a first experimental investigation of

the encapsulation a spherical template particle by patchy colloidal particles.

The patchy dumbbell-shaped colloids used in this experiment are the same

rough-smooth dumbbells as used in Chapter 3. Upon addition of the proper de-

pletant, the smooth lobes of these particles become sticky, while the rough lobes

do not, leading to the formation of finite-sized micelle-like clusters. [6] Larger,

smooth microspheres are introduced in this system as a template. The larger

overlap volume between the smooth lobe of a dumbbell and such a microsphere

induces a stronger attraction between a dumbbell and a microsphere than between

two dumbbells. This difference in attraction facilitates the assembly of dumbbells

on the microsphere surface. By combining optical microscopy observations of this

system with Monte Carlo simulations, the degree of coverage and the orientation

of dumbbells on the microsphere surface is investigated as function of microsphere

size, particle concentration and interaction strength. Furthermore, the stabilizing

effect of such a cover of dumbbells against further aggregation is investigated and
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compared to a control experiment in which the same microspheres are encapsulated

in smaller spherical particles.

2. Experimental

2.1. Synthesis of rough-smooth dumbbells

The rough-smooth dumbbells used in this chapter are the RS0.75 particles used

for the self-assembly experiments described in Chapter 3. The synthesis method

of these particles is described in detail in Chapter 2 and therefore only briefly

summarized here. The rough-smooth dumbbells used in this chapter were synthe-

sized from seed particles that were cross-linked in an aqueous medium containing

0.8% wt PVA (Mw = 85-124 kgmol−1, 87-89% hydrolyzed, Sigma-Aldrich) and

0.2% wt polyvinyl pyrrolidone (PVP, Mw = 40 kgmol−1, Sigma-Aldrich) to op-

timized surface roughness. These seed particles were swollen with a swell ratio

S = 2 for protrusion formation.

After washing the particles by centrifugation and redispersion, the dispersions

of dumbbell particles were concentrated to 10% v/v in an aqueous solution of

3 gL−1 PVA (Mw = 31-50 kgmol−1, 87-89% hydrolyzed) to be used as stock

dispersion for the depletion experiments. In all experiments, Millipore ultrapure

water (18.2 MΩ·cm) was used, unless otherwise indicated.

2.2. Synthesis of spherical particles

The simple, spherical particles used to encapsulate the larger microspheres

in the control experiment were polystyrene colloids synthesized using dispersion

polymerization with PVP as steric stabilizer. For this synthesis, 10 mL styrene,

5.0 g PVP and 0.136 g azobisiobutyronitrile (AIBN, Sigma-Aldrich) were dissolved

in 126 mL ethanol (p.a., Merck) and 14 mL water in a 250 mL round bottom flask.

The flask was flushed with N2 and sealed tightly with a stopper and Teflon tape.

Polymerization was carried out by immersing the flask in an oil bath of 70 at

an angle of 60 and rotating it at ∼100 rpm for 24 hours.

The resulting dispersion was washed twice with methanol and twice with water

by centrifugation and redispersion to remove remaining reactant. For the encap-

sulation experiments, a 10% v/v stock dispersion of these particles in an aqueous

solution of 3 gL−1 PVA (Mw = 31-50 kgmol−1, 87-89% hydrolyzed) was prepared.
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2.3. Synthesis of template microspheres

The microspheres used as a template for the encapsulation with dumbbells

were synthesized in two steps. In the initial step, spherical polystyrene particles

were synthesized by dispersion polymerization with PVP as a steric stabilizer,

using a modified synthesis protocol of Hong et al. [7] These particles were subse-

quently swollen to a larger size and cross-linked using seeded emulsion polymer-

ization in the second step.

For the first step, the dispersion polymerization of polystyrene spheres, 19.7 mg

PVP (Sigma-Aldrich, Mw = 40 kgmol−1) was dissolved in 40 mL of ethanol and

8 mL of water in a round bottom flask with a PTFE stirbar. 4.1 g of styrene

(distilled, Sigma-Aldrich, ≥ 99%) was added to the reaction vessel, after which

the solution was bubbled with N2 for 1 hour. After increasing the temperature

to 70 , 80.1 mg of 2,2’-azobis(2,4-dimethylvaleronitrile) (V-65, Wako Chemi-

cals) was added to initiate the reaction. The round bottom flask was closed with

a rubber septum. The polymerization was carried out for 24 hours. After the

reaction, the particles were washed twice with ethanol and twice with water by

centrifugation and redispersion of the sediment.

In the second step, the size of the particles was increased by swelling them with

monomer from an emulsion. For this reaction, a monomer mixture was prepared

by dissolving 1.5% v/v divinylbenzene (DVB, 55% tech. Aldrich) and 2% wt V-65

in styrene (distilled, Sigma-Aldrich, ≥ 99%).

A swelling emulsion was prepared by adding 1 part of this apolar monomer

solution to 9 parts of aqueous phase containing 1% wt polyvinyl alcohol (PVA,Mw

= 31-50 kgmol−1, 87-89% hydrolyzed, Sigma-Aldrich) to stabilize the emulsion. A

total of 8 mL of this mixture was added to an elongated 25 mL vial. The content

of the vial was then emulsified for 5 minutes at 8 to 9 krpm using an IKA T-25

Ultra Turrax with an S25N 10G dispersing tool.

This swelling emulsion was added to a 20% v/v dispersion of the seed parti-

cles from the first step, so that the swelling ratio, S = mmonomer/ mpolymer seeds,

equals 4. This vial was flushed with N2, sealed with Teflon tape and put on a

RM5-80V tube roller (30 rpm) to allow for the particles to take up the monomer.

After 19 hours of swelling, 0.8 mL of an aqueous solution of 0.4% wt hydroquinone

(Sigma-Aldrich, ≥ 99%) was added to prevent secondary nucleation during poly-

merization. The vial was then again flushed with N2 and sealed with Teflon tape.

Polymerization was carried out by immersing the vial in a 70 oil bath at an
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angle of 60 and rotating it at ∼100 rpm for 24 hours. After polymerization, the

particles were washed 4 times by centrifugation and redispersion in water.

2.4. Sample preparation

In order to study the templated self-assembly of rough-smooth dumbbell par-

ticles, samples with varying particle and depletant (dextran) concentrations were

prepared. Capillaries (0.10 mm× 2.00 mm internal dimensions, Vitrotubes W5010-

050) were filled with these dispersions. In order to prevent interaction with the

capillary wall, these capillaries were first coated with dextran. [8]

To coat the capillaries, a sequence of solutions was pumped through them

using a Gilson Minipuls 3 peristaltic pump. Consecutively, 0.5 mL each of 1 M

NaOH (to negatively charge the capillary wall), 1% wt polyethyleneimine (PEI,

Mw = 60 kgmol−1, 50% (aq), Sigma-Aldrich) (a cationic polymer) and 1% wt

dextran sodium sulfate (DSS, Mw = 500 kgmol−1, Fisher Scientific) (the same as

the depletant, but carrying a negative charge) were flushed through the capillaries

at a pump speed of 1.20 rpm, each solution followed by a rinsing step with 0.5 mL

water. After this, the capillaries were left submersed in water for 30 minutes and

dried under a flow of N2.

Sample mixtures were made with different particle and depletant concentra-

tions. Typically, aliquots of a 10% v/v dispersion of dumbbells and a 3% v/v

dispersion of microspheres were mixed with aqueous solutions of 116 gL−1 dex-

tran (from Leuconostoc spp., Mw ≈ 500 kgmol−1, Sigma-Aldrich), 77 mM sodium

azide (99% extra pure, Merck) and 1 M NaCl. D2O was added to a volume frac-

tion of 0.46. This resulted in samples with typically a dumbbell volume fraction of

φp = 1% and a volume fraction of microspheres of φm = 0.03%, containing 30 mM

of salt and a depletant volume fraction φd of 0.40 to 0.57, where φd = ρ/ρoverlap,

the depletant concentration as fraction of the overlap concentration. The coated

capillaries were filled with depletion sample and glued to object slides using UV-

curable glue (Norland Optical Adhesive 81). D2O was added to reduce the density

difference between particles and medium, reducing sedimentation. Despite this

density matching, particles and clusters were still observed to sediment. There-

fore, samples were stored on a tube roller, tumbling them gently (30 rpm) to keep

them suspended between measurements.

The volume fraction of D2O (0.46) is slightly lower than the volume fraction

of 0.47 used in the self-assembly experiments with only rough-smooth dumbbells
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(Chapter 3) and Mickey Mouse particles (Chapter 4). This is because the micro-

spheres appeared slightly less dense than the dumbbell particles, causing them to

cream at 47% v/v D2O, while the smaller particles still sedimented. At 46% v/v

D2O, all particles slowly moved in the same direction in the gravitational field.

2.5. Analysis

The dimensions of the rough-smooth dumbbells and spherical particles were

determined by analysing TEM images taken using a FEI Tecnai 10 transmis-

sion electron microscope. The size distribution of the microspheres was obtained

from analysis of optical microscopy images using the image analysis program Im-

ageJ. [9, 10] The surface roughness of the microspheres and dumbbells was investi-

gated using a scanning electron microscope (SEM XL FEG 30, Philips). A Malvern

ZetaSizer Nano-ZS was used to measure both the polymer size of the depletant

with Dynamic Light Scattering (DLS) and the zeta potential of both the micro-

spheres and dumbbells using Laser Doppler Electrophoresis. Encapsulation of the

microspheres with dumbbell particles was studied using a Nikon Eclipse Ti optical

microscope with a Nikon Plan Fluor air objective (NA = 0.75, 40× magnification).

A Nikon Apo TIRF oil immersion objective (NA = 1.49, 100× magnification) was

used to study the encapsulation of microspheres by the smaller spherical particles.

All images were acquired with an additional 1.5× magnification. Image acquisition

was performed using a Hamamatsu Digital Camera ORCA-Flash4.0 C11440 and

the NIS-Elements Imaging Software.

2.6. Simulation model

Supplementary to the experiments, Monte Carlo (MC) simulations in the

canonical ensemble (NVT) were used to study the packing of dumbbells on a

single static microsphere. The dumbbells were represented by touching spheres

representing the smooth (sticky) and rough (non-sticky) lobe of the dumbbell.

The diameter of the smooth lobe σs, and rough lobe σr, were chosen such that

the ratio q = σr/σs matches the proportions of the dumbbells in experiments.

The interaction between two smooth lobes i and j was described by a square-well

potential:

uSW(rij) =

⎧⎪⎨
⎪⎩

∞ if rij < σs

ε if σs ≤ rij < σs +Δ

0 if rij ≥ σs +Δ

, (5.1)

where rij is the center-to-center distance between the smooth lobes, ε < 0 denotes

the depth of the well, and Δ is the range of the interaction.
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The interaction between a smooth lobe i and a microsphere m was described

by a similar square-well potential. However, in this case the depth of the well is

represented by αε. The factor α represents the increase in interaction energy due

to the larger overlap volume between a dumbbell and a microsphere and increases

with the microsphere radius as discussed in Section 2.7 and shown in Figure 5.4.

The rough lobes of the dumbbells were modeled as a non-overlapping hard

body. The interaction between two rough lobes k and l can thus be described by

a hard-sphere potential,

uHS(rkl) =

{
∞ if rkl < σr

0 if rkl ≥ σr
. (5.2)

Also the interactions between a rough and a smooth lobe and a rough lobe with

the central microsphere were considered hard-sphere interactions.

Monte Carlo simulations were performed for 6-12 ×108 MC steps. A single MC

step is defined as either a particle rotation or translation. Most of the parameters

in the model were fixed to match the experimental system as closely as possible.

Both the number of dumbbells N and the number density ρp = N
V were varied to

study how they affect the packing of dumbbells on the microsphere.

In experiments, especially at higher depletant concentrations, some attraction

between the rough lobes of the dumbbells could be observed. To represent this

attraction in the simulations, the factor γ was introduced. In simulations with

sticky rough lobes, interactions between two rough lobes or a rough and a smooth

lobe were represented by a square-well potential with a well depth of γε, with

0 < γ < 1. Consequently, the square-well interaction between rough lobes and

the microsphere had a well depth of αγε. In these simulations, the value of γ

systematically varied to study the effect of rough-rough attraction on coverage of

the microsphere and the orientation of the dumbbells on its surface.

The simulation results of the bound dumbbells were analyzed using a binding

criterion. A dumbbell was considered to be bound to the microsphere when the

outer distance between either the smooth or rough lobe and the microsphere was

less than the square-well interaction range Δ. Consistently, without interaction

between the rough lobes of the dumbbells, the binding criterion does not consider

rough lobes inside the square-well interaction range to be bound to the micro-

sphere. Occasionally, a dumbbell would attach to the first layer of dumbbells on

a microsphere. These “neighbors” are considered bound as well, using the same

criteria as for the dumbbell-microsphere binding in the first layer.
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2.7. Size specific depletion interaction

As already described in Chapter 3, the attractive depletion potential between

two objects depends on the osmotic pressure of the depletant Πd and the overlap

between the excluded volume around each object Voverlap: [11, 12]

udepl = −VoverlapΠd. (5.3)

Between the smooth lobes of two dumbbell particles in a dilute polymer regime,

this is simply the depletion attraction between two spheres as a function of their

center-to-center separation rij . For 2Rs < rij < 2(Rs+ rg), this expression can be

written as: [13–15]

udepl(rij)/kBT = − φd

(
Rs + rg
rg

)3
(
1− 3

4

rij
Rs + rg

+
1

16

(
rij

Rs + rg

)3
)

(5.4)

where udepl is expressed in units of kBT , with kB = 1.38 × 10−23 JK−1 being

Boltzmann’s constant and T the temperature in Kelvin. rg is the radius of gyration

of the polymer and φd = ρd/ρoverlap is the depletant volume fraction as fraction

of the overlap concentration ρoverlap.

However, for the depletion interaction between two spheres of unequal size, as

is the case for the interaction between the smooth lobes of the dumbbells and the

microsphere, Equation 5.4 is no longer valid. In order to calculate this interac-

tion, the Voverlap between two spheres with unequal radii Rsphere1 and Rsphere2 as

function of their center-to-center distance r needs to be calculated.

For this calculation, the radiiR1 andR2 are defined such thatR1,2 = Rsphere1,2+

rg. When the excluded volumes of both spheres start to overlap at r < R1 + R2,

the total Voverlap is the sum of the two spherical caps of R1 and R2 with respective

cap height h1 and h2 as indicated in Figure 5.1.

The height of each cap is defined as h1,2 = R1,2 − d1,2. From Figure 5.1 it

is clear that both spherical caps have an equal base. Using this equality and the

condition that d1 + d2 = r, the following expression for d1 is found:

d1 =
R2

1 −R2
2 + r2

2r
. (5.5)

The volume of each spherical cap can then be found by calculating the solid of

revolution by integration from d1 (Equation 5.5) to R1:

Vcap(R1, d1) = π

∫ R1

d1

(R2
1 − x2) dx =

π

3
(2R3

1 − 3R2
1d1 + d31). (5.6)
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12
1 2

A B

Figure 5.1. A: Schematic representation of the overlap volume between two unequally

sized spheres separated by a center-to-center distance r. The overlap volume is the sum

of the volumes of two spherical caps with cap height h1 and h2, where h1,2 = R1,2 − d1,2

and d1 + d2 = r. B: A schematic representation of a hemisphere with radius R with a

spherical cap with height h on top.

The depletion interaction between the two spheres as function of their center-

to-center distance in the range of Rsphere1 +Rsphere2 < r < R1 +R2 then becomes

udepl(r)/kBT = −ρd(Vcap(R1, d1) + Vcap(R2, d2)) (5.7)

where ρd is the number density of depletant molecules in the medium. Besides the

depletion attraction, there is also a repulsive electrostatic contribution to the net

interaction between the particles. For the smooth lobes of the dumbbells, this elec-

trostatic repulsion can be described using the screened Coulomb interaction: [16]

uel(r)/kBT =
(Ψ/kBT )

2R2
s

λBr
e−κ(r−2Rs) (5.8)

where Ψ is the surface potential, λB is the Bjerrum length and κ is the inverse

Debye length. The interaction between the smooth lobe of the dumbbell and the

microsphere, with respective radii Rs and Rm and different surface potentials Ψs

and Ψm can then be obtained by generalizing Equation 5.8 to:

uel(r)/kBT =
(ΨmRm/kBT )× (ΨsRs/kBT )

λBr
exp[−κ(r − (Rm +Rs)]. (5.9)

2.8. Packing dumbbells onto a sphere

When covering a larger spherical particle with smaller spheres, the maximum

number of smaller spheres that fit on the surface of the larger sphere depends on
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m

A B

db

Figure 5.2. A: Schematic representation of the geometric packing of dumbbells on a

larger sphere with radius Rm, showing the angle θ that defines the optimal packing. B:

Close-up of a single dumbbell. The angle θdb defined by the size difference between the

rough and smooth lobe constrains the optimal packing of dumbbells on a large sphere and

defines the radius of the large sphere Rideal for which the dumbbell packing is optimal.

the size ratio between the spheres. [17] Small spheres with radius Rs packed on

a larger sphere with radius Rm have their centers defined at a radius Rm + Rs.

However, the contacts with the other small spheres are positioned on a sphere with

a radius of (Rm+Rs) cos(θ), [18] just like depicted schematically for the dumbbells

in Figure 5.2A. This angle,

θ = sin

(
Rs

Rm +Rs

)
(5.10)

actually defines how many smaller spheres can pack on a larger sphere. For

dumbbell-shaped particles, optimal packing is achieved when both the small and

the large lobes are in contact. This means that the angle θ at optimal packing is

defined by the radii of both lobes as (Figure 5.2B):

θdb = arcsin

(
Rr −Rs

Rr +Rs

)
. (5.11)

This optimal angle θdb, defined by the geometry of the dumbbell, in turn de-

fines the radius Rideal of the larger sphere that can ideally be packed by dumbbells

of this geometry via:

Rideal =
Rs

sin θdb
−Rs. (5.12)
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Figure 5.3. A: SEM image of the rough-smooth dumbbells used in this chapter, with a

schematic representation of this dumbbell as an inset. B: SEM image of the polystyrene

spheres used as microsphere templates, with C: an optical microscopy image of these

microspheres with a threshold indicated by the red lines. This threshold was used to

determine the particles’ Feret’s diameter using the Analysis Particles function of ImagJ.

The packing in this arrangement is not only optimal because it allows for the

most dumbbells to attach to the larger sphere, but also because it maximizes the

number of contacts between the attractive lobes of the dumbbells on the surface.

3. Results and Discussion

3.1. Experimental system

Particle properties

The rough-smooth dumbbells used in the encapsulation experiments described

in this chapter are the RS0.75 particles of which the self-assembly is already de-

scribed in Chapter 3. An SEM image of these dumbbells is shown in Figure 5.3A,

with the schematic representation of these dumbbells used throughout this chapter

as an inset. These dumbbells have rough lobe of Rr = 1.08±0.05 m (4% p.d.) and

a smooth lobe of Rs = 0.81±0.04 m (4% p.d.). Their zeta potential, as measured

by Laser Doppler Electrophoresis, was −16 ± 5 mV. Based on their dimensions,

these dumbbells have an angle at optimal packing of θdb = 8.22 (Equation 5.11).

This angle is exactly met when the dumbbells are packed on a sphere with radius

Rideal = 4.83 m (Equation 5.12). According to Sloanes table of icosahedrally

symmetric packings, the optimal packing would in this case consist of 132 to 140

dumbbells. [19]

The microspheres used as templates in the encapsulation experiments had a

broad size distribution and an average diameter of 10 ± 4 m (40% p.d.). This
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Figure 5.4. The broad size distribution of the microsphere template particles used, with

an average diameter of 10± 4 m and a high fraction of particles with a diameter close

to the ideal diameter of 9.67 m. The grey markers indicate the factor α (right vertical

axis) by which the attraction between a dumbbell and a microsphere of this size is larger

than the dumbbell-dumbbell interaction as calculated from Equations 5.7 and 5.9, based

on the difference in overlap volume and surface potential.

average is close to the diameter of a microsphere that can ideally be packed by the

used dumbbells (2×Rideal = 9.67 m). The size distribution of the microspheres is

provided in Figure 5.4. An SEM and optical microscopy image of these particles is

presented in Figure 5.3B and C respectively. The microspheres had a zeta-potential

of −19±4 mV, as measured by Laser Doppler Electorphoresis, indicating a higher

surface potential than the dumbbell particles.

The spherical particles used to encapsulate the microspheres in a control ex-

periment had a radius of 488±13 nm (3% p.d.) and a zeta potential of −24±5 mV.

Interaction potential

Using the dimensions and surface potential of the dumbbells and the micro-

spheres, an estimate of the net interaction between two dumbbells and between a

dumbbell and a microspheres can be made by summing the depletion attraction

and the electrostatic repulsion in the same way as was done in Chapter 3. By

using Equations 5.7 and 5.9, the difference in size and surface potential between
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the smooth lobe of the dumbbells and the microsphere can be taken into account.

Figure 5.5a shows the net interaction potential (blue line) between the smooth

lobes of two dumbbells as the sum of the depletion attraction (Equation 5.4, green

dashed line) and the electrostatic repulsion (Equation 5.8, red dotted line). This

plot was constructed using Rs = 0.81 m and Ψ = −16 mV (corresponding to

0.62 kBT ), using φd = 0.43 and 30 mM of salt to find a minimum smooth-smooth

attraction of εss = −15.2 kBT . Figure 5.5b shows the same interaction potential

(blue line), compared to the net interaction between the smooth lobe of a dumbbell

and a microsphere (dashed yellow line) obtained by summation of Equations 5.7

and 5.9 to account for the difference in radius and zeta potential of both objects.

In this calculation a microsphere radius of Rm = 4.83 m (the ideal radius) and

a surface potential of Ψ = −19 mV (corresponding to 0.74 kBT ) were used to

find a minimum smooth-microsphere attraction of εsm = −25.2 kBT . For this

microsphere size, the ratio between the smooth-microsphere and smooth-smooth

attraction equals α = εsm/εss = 1.66. The grey marks in Figure 5.4 show how this

ratio α changes with microsphere size.

3.2. Encapsulation of colloidal microspheres in experiments

Encapsulation by rough-smooth dumbbells

Encapsulation experiments were performed in aqueous dispersion with a typi-

cal dumbbell volume fraction of φp = 1% and a volume fraction of microspheres of

φm = 0.03%. Keeping the microspheres very dilute ensured an excess of dumbbells

per microsphere (� 140 per microsphere) and suppressed interactions between the

microspheres. The broad size distribution of the microspheres allowed for the in-

vestigation of encapsulation as function of the radius of curvature of individual

microspheres. The salt concentrations in the samples was typically kept at 30 mM

and the interaction strength tuned by changing the depletant concentration.

As the overlap volume between a microsphere and dumbbell is higher com-

pared to the overlap volume between two dumbbells, the interaction energy is

stronger. This increase in interaction energy as a function of the microsphere size

is illustrated by the grey marks in Figure 5.4. The interaction energy between a

dumbbell and the average size microsphere, ∼10 m, is already 66% higher than

the interaction between two dumbbells. For even larger microspheres, >16 m,

this difference is at least 75%. This suggests there is a regime of depletant con-

centrations where the attraction is strong enough to encapsulate microspheres
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Figure 5.5. Interaction potential in kBT as function of the inter particle (surface-to-

surface) distance h. (a): Between the smooth lobes of two dumbbell particles, with the

depletion attraction (green dashed line), the electrostatic repulsion (red dotted line) and

the net interaction (solid blue line), finding a minimum of −15.2 kBT . (b): The net

attraction between the smooth lobes of two dumbbells (solid blue line) and the stronger

attraction between the smooth lobe of a dumbbell and a microsphere surface (dashed

yellow line) by summing Equation 5.7 and Equation 5.9. The dumbbell-microsphere

interaction has a minimum of −25.2 kBT . These plots were constructed using the exper-

imentally obtained dimensions and surface potential of the dumbbells and assuming the

ideal radius Rideal = 4.83 m for the microspheres in a dispersion with I(M) = 30 mM

and φd = 0.43 (ρd = 0.43ρoverlap).

with dumbbells, whereas the depletion attraction between dumbbells is not strong

enough to form clusters.

The encapsulation of microspheres by specific attraction of rough-smooth

dumbbells is studied at different depletant concentrations. At low depletant con-

centrations (φd < 0.40, Figure 5.6A) both dumbbells and microspheres are free in

solution and no attraction is observed. Increasing the polymer concentration leads

to attachment of the dumbbells to the microspheres at φd = 0.43, with hardly any

attraction between the dumbbells. This situation is shown in Figure 5.6B. Above

this concentration, the dumbbell-dumbbell interaction also becomes sufficiently

attractive and clusters of dumbbells start to form (φd = 0.45, Figure 5.6C). Upon

further increasing the depletant concentration, specificity of the dumbbells is lost.

As an example of this, Figure 5.6D shows random, aspecific aggregates of dumb-

bells and microspheres at φd = 0.48. It is observed that the transition from free

dumbbells and microspheres in solution, towards random aggregation occurs in a

very limited range of depletant concentrations.
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50 μm

A B

C

d = 0.40 d = 0.43

d = 0.45 D d = 0.48

Figure 5.6. Optical microscopy images of the encapsulation of microspheres by colloidal

dumbbells with one attractive lobe at increasing dextran concentrations. A: At a deple-

tant concentration of φd = 0.40, free dumbbells and microspheres are present in solution.

B: With increasing interaction strength, at φd = 0.43, dumbbells start to attach to the

microspheres. C: From a depletant concentration of φd = 0.45, the dumbbells start to

interact, initially forming clusters by primarily smooth-smooth interactions. D: From

φd = 0.48, also random aggregates by aspecific dumbbell-dumbell attraction form. All

images are taken 3 days after sample preparation. The scalebars represent 50 m.
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At φd = 0.43, encapsulation of microspheres by specifically attached dumb-

bells was observed, with hardly any cluster formation of (a)specifically binding

dumbbells. Therefore, these conditions were chosen to investigate the encapsula-

tion behavior in detail.

According to Equations 5.7 and 5.9, a smooth-smooth interaction between two

dumbbells of −15.2 kBT and a smooth-microsphere interaction of −25.2 kBT is

expected. Using these interaction potentials to calculate the lifetime of such con-

tacts by Kramers’ approach (Equation 3.9 in Chapter 3) [6, 20] results in lifetimes

on the order of respectively 106 and 108 s. This would mean that once bound,

the dumbbell particles are irreversibly stuck, at least on experimental timescales.

Yet, in experiments, formation and breaking of bonds between dumbbells was

frequently observed, and also dumbbells were found to occasionally detach from

the microspheres (Figure 5.7A). From these observations it is clear that also in

this system, the effective attraction is lower than the potential calculated using

Equation 5.7 for the depletion attraction and 5.9 for the electrostatic repulsion.

20 μm

Figure 5.7. A: Spontaneous unbinding of a colloidal dumbbell from a microsphere in

time. B: Binding and unbinding of a pair of dumbbells in time. A single arrow indicates

that the two dumbbells are bound. In this event, a lifetime of τ = 268 s was observed.

Both scalebars represent 20 m.

A typical binding event between two dumbbells is shown in Figure 5.7B. The

lifetimes of such bonds, from the observed moment of binding to unbinding, were

determined to be in the range of τ = 23 to 268 s in the experiments, correspond-

ing to the Kramers’ escape times for a much more reasonable attractive smooth-

smooth potential between −6 and −9 kBT . The interaction potential between an
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optimal sized microsphere (Rm = 4.83 m) and a dumbbell is a factor α = 1.66

higher. Consequently, the energy minimum for a smooth-microsphere bond ranges

between −10 and −15 kBT , which results in escape times between 468 seconds

and 3 hours.

The inaccuracy of Equations 5.7 and 5.9 to determine the effective interac-

tion can mainly be attributed to the uncertainty in the surface potential of both

particles. As the electrostatic repulsion depends largely on Ψm and Ψs, uel(r) is

proportional to Ψ2. Small differences in the zeta potential can therefore change

the minimum of the potential significantly.

After 3 days, hardly any changes were observed in the structure of the en-

capsulated microspheres in the capillaries anymore. Observed encapsulated mi-

crospheres are therefore considered to be the stabilized final structures of the

system. In addition, both microspheres and dumbbells were homogeneously sus-

pended throughout the capillary, indicating that gravity or the capillary walls had

not influenced the observed structures. The system consists primarily of separate

microspheres with only sporadically observed aggregates of multiple microspheres.

All microspheres were covered with an incomplete monolayer of dumbbell particles

(Figures 5.6B and 5.8).

Upon investigating the encapsulation of different sizes of microspheres, a

strong dependence on microsphere size was observed. Moderately sized micro-

spheres, with a diameter of 8 to 13 m, are partly encapsulated in specifically

attached dumbbells; most dumbbells attach to the microsphere with only their

smooth lobe. However, for larger microspheres, with a diameter larger than 25 m,

dumbbells seem to be positioned flat on the surface, bound by an additional aspe-

cific bond between the microsphere and the rough lobe of the dumbbell. Figure 5.8

shows typical examples of small and and large microspheres with the dumbbell par-

ticles respectively oriented perpendicular and parallel to the mircosphere surface.

The flat orientation of the rough-smooth dumbbells on the surface of the larger

microspheres is caused by the rough lobes of the dumbbells also being slightly

attractive. This attraction increases, just like the smooth-microsphere attraction,

with the radius of the microsphere. For microspheres larger than 25 m, this

attraction is sufficiently strong to also bind the rough lobes of the dumbbells to

the microsphere surface.

To investigate the orientation of dumbbell particles on the microsphere surface,

the microspheres were sedimented to the glass wall. By analysis of microscopy

images at different focal planes, the orientations of the attached dumbbells was
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25 μm

Figure 5.8. Optical microscopy images of encapsulated microspheres of different sizes

at φd = 0.43. For small microspheres, dumbbells specifically attach with their smooth

lobe on the microsphere. For larger microspheres, however, dumbbells appear to lie flat

on the surface with both their smooth and rough lobe attached. The scalebars equal

25 m.
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Figure 5.9. Angle distribution of dumbbells (n=222) attached to microspheres between

8 and 13 m in diameter. As indicated by the microscopy images in the top left and

right insets, an angle of 0 corresponds with a dumbbell lying flat on the microsphere,

whereas an angle of 90 corresponds to a dumbbell attached perpendicularly

quantified. For each (clearly recognizable) dumbbell, the angle between the 2D

vector (in the x, y-plane) from the center of the microsphere to the smooth lobe

of the dumbbell and the 2D vector between the smooth and rough lobe of the

dumbbell was determined. In this analysis, the out of plane orientation was not

considered. For the microspheres with a diameter of 8 to 13 m, close to the ideal

diameter of 9.67 m, a distinct angle distribution was obtained. The majority

of dumbbells attaches specifically with their smooth lobe, with an orientation

perpendicular to the surface, while a smaller fraction lies flat on the surface, with

also their rough lobe attached. These orientations are reflected as a distribution of

“perpendicular” particles with an orientation around 60 to 80 and a distribution

of “flat” particles with an orienation between 0 and 20 in Figure 5.9.

At a depletant concentration of φd = 0.43, the depletion attraction between

the microsphere and the smooth lobe of the rough-smooth dumbbells was suf-

ficiently strong to induce encapsulation of the microspheres, while the smooth-

smooth attraction between the dumbbells themselves was still insufficient to form
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micelle-like clusters in bulk. In this regime, an incomplete coverage of the micro-

spheres with dumbbell particles was observed. On microspheres with a diameter

of 8 to 13 m, the majority of the dumbbells attached with only their smooth

lobe to the microsphere, orienting perpendicular to the microsphere surface. On

larger microspheres, with a diameter larger than 25 m, the attraction between

the rough lobe and the microsphere became sufficiently strong to also bind the

rough lobe to the microsphere surface, causing a predominantly flat orientation of

the dumbbells.

Encapsulation by spherical particles

Attaching dumbbell-shaped particles onto a microsphere introduces shape de-

pendent kinetic constraints that might prevent the system form reaching optimal

coverage. The degrees of freedom available to the rough lobe of a particle bound to

the microsphere with its smooth lobe prevents other particles from attaching to the

microsphere in a larger area than just the area covered by the smooth lobe. To dis-

tinguish between this effect and other experimental conditions that might prevent

optimal coverage of the microspheres, the encapsulation of microspheres by spher-

ical particles was investigated as a control experiment. In a similar study, where

spherical particles attach on the inside of a curved surface by depletion, Meng et

al. showed the spherical particles form branched, ribbon-like domains. [21]

In the encapsulation experiments with spherical particles, the same particle

concentrations were used as in the encapsulation experiments with dumbbells; the

volume faction of small spherical particles (with a radius of 488 ± 13 nm) was

φp = 1% and the volume fraction of microspheres was φm = 0.03%. The salt

concentration was kept at 30 mM and the depletant concentration was varied to

tune the interaction.

At a polymer concentration of φd = 0.45, the small particles start to attach

to the microspheres. However, the coverage is far from complete and particles

occupy random positions on the surface. To obtain the same interaction strength

as with the dumbbell particles requires a higher depletant concentration due to

the smaller size and higher surface charge of the spherical particles. By increasing

the concentration of depletant, the coverage increases towards a close-packed layer

of particle on the microsphere surface. At a depletant concentration of φd = 0.50,

multiple layers of small particles were locally observed. Figure 5.10 shows the

increase in surface coverage with increasing depletant concentration. At φd = 0.50,

clustering of small particles in the bulk was not yet observed.
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20 μm
d = 0.45 d = 0.48

d = 0.50

A B

C

Figure 5.10. Optical microscopy images of the encapsulation of microspheres by small

spherical polystyrene particles at increasing dextran concentrations. The coverage of

the microspheres increases with increasing polymer concentration to the formation of

multiple layers at φd = 0.50. The insets in (C), of which the positions are indicated by

the red boxes, show the clustered microspheres at a different focal plane. All images are

taken 3 days after sample preparation. The scalebars represent 20 m.
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Just like the dumbbell system, the encapsulation by small particles appears

dynamic; particles were found to attach and detach from the microsphere surface.

Figure 5.11 shows snapshots of such a binding and unbinding event. In this figure,

a particle moving over the layer of small particles in a “hopping” manner is also

shown. Besides binding and unbinding of particles, rearrangement of particles to

increase the number of contacts with neighboring particles also occurred.

10 μm

Figure 5.11. Small polystyrene particles attach and detach from a microsphere in time

(φd = 0.50). The particle indicated by the black arrow inside the red box has an escape

time of τ = 127 s. On top of the first layer of bound small spheres, multiple layers start

to form. The triangle � indicates a small sphere that is hopping over the first layer of

polystyrene particles. The scalebars represent 10 m.

The addition of a second layer of particles is not observed in the encapsulation

experiments with dumbbells. Only at high depletant concentrations (φd > 0.45),

when the overlap volume between the rough lobes becomes sufficiently large to

cause a non-specific attraction, dumbbells start to form chain-like clusters ex-

tending away from the surface of the microspheres (see for example Figure 5.6D).

Another difference between dumbbells and spherical particles is the degree of ag-

gregated microspheres. In encapsulation experiments with small spherical parti-

cles, large aggregates of encapsulated microspheres are found (Figure 5.10C). In

encapsulation experiments with dumbbells, however, most microspheres are free

in dispersion. Aggregates are only sporadically observed and generally consist of

only 2-6 microspheres. These results demonstrate that microspheres encapsulated

with rough-smooth dumbbells are to some degree “sterically” stabilized by the

rough lobes of the dumbbells on their surface, while a surface covered by smooth

microspheres does not provide such stabilization.

This control experiment confirms that it is possible to fully cover microspheres

with colloidal particles by depletion attraction. The relatively low coverage of
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microspheres by dumbbell-shaped particles can therefore be considered to depend

on the dumbbell shape. The freely moving rough lobe of a dumbbell, attached

with its smooth lobe to a microsphere, blocks a much larger surface area than

just the space occupied by the smooth lobe, kinetically preventing full surface

coverage. Even for optimal sized microspheres with a radius of approximately

Rideal = 4.83 m, dumbbells that do not remain in a perfectly perpendicular

fashion block too much surface of the microsphere to obtain optimal packing.

In the depletion experiments, the relatively strong and short-ranged attractions

prevent sufficient rearrangement of the particles to overcome this problem.

3.3. Encapsulation of colloidal microspheres in simulations

In order to analyze the encapsulation of microspheres with dumbbells in a more

quantitative manner and to explore how the microsphere coverage obtained from

experiments could be improved, comparative Monte Carlo (MC) simulations were

performed. In order to closely match the experimental properties, the size ratio

between the rough (σr) and smooth (σs) lobe of the dumbbell was chosen as q =
σr

σs
= 1.334. The diameter of the microsphere was set at σm = 6.0σs, corresponding

to the size of the ideal sphere. The interaction range is set to Δ = 0.024σs,

corresponding to the interaction range of 2rg = 38 nm in the experimental system.

For the depth of the potential well ε of the smooth-smooth interaction between two

dumbbells ε = −6 kBT was chosen, making the attractive potential between the

microsphere and the smooth lobe of a dumbbell equivalent to αε = −10 kBT (α =

1.66). Using these values for the particle dimensions and interactions, simulations

were performed with dumbbell volume fractions ranging from φp = 0.0018 to 0.01,

with either N = 400 or N = 800 dumbbells in the simulation box. Since the

simulation box always contains one fixed microsphere in its center and the box

size is determined by the number of dumbbells to match the set volume fraction,

increasing the number of dumbbells from N = 400 to N = 800 effectively halves

the concentration of microspheres in the system.

At the lowest investigated dumbbell concentration, φp = 0.0018 and N = 400,

approximately 70 dumbbells attach to the microsphere, so NBound ≈ 70, while the

rest of the dumbbells remain free in the simulation box. Upon increasing either

the number of dumbbells per microsphere to N = 800, or the dumbbell volume

fraction to φp = 0.0035, the coverage converges to NBound = 80 to 90. A further

increase of φp does not increase the coverage, but rather causes the formation
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A B

C

p = 0.0018 p = 0.0035

p = 0.0053 D p = 0.0071

E p = 0.0088 F p = 0.01

Figure 5.12. Visual representation of MC runs with different volume fractions (N =

800). At higher volume fractions, clusters of dumbbells start to form. Note that the

clusters do not attach to the microsphere, even though the visual representation might

suggest this at volume fractions of φp = 0.0071 and higher.
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Figure 5.13. The number of attached dumbbells to a single microsphere for simulations

with either N = 400 or 800 at volume fractions between φp = 0.0018 and φp = 0.01. The

two lower plots give an overview of the total energy per dumbbell in the system.

of micelle-like clusters of dumbbells in the simulation box. This trend is shown

visually in Figure 5.12 and quantified in Figure 5.13.

Figure 5.12 shows snapshots of simulations at different dumbbell volume frac-

tions φp, showing an increase in clusters of dumbbells around an inhomogeneously

covered microsphere when going from φp = 0.0018 in Figure 5.12A to φp = 0.01

in Figure 5.12F. In Figure 5.13, the top two graphs show the number of dumbbells

bound to the microsphere NBound for different dumbbell volume fractions for both
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N = 400 and N = 800. These graphs show that only for φp = 0.0018 and N =

400, the coverage does not converge to NBound = 80 to 90. The bottom graphs in

Figure 5.13 show that, although the coverage does not increase with φp, the aver-

age energy per dumbbell does decrease. This decrease in energy is not caused by

dumbbells binding to the microsphere, but rather by the formation of micelle-like

clusters in the bulk.

In the depletion experiments, the rough lobes of the dumbbells also attached to

the surface of sufficiently large microspheres. And at increased depletant concen-

trations, aspecific attraction between dumbbells was observed. These observations

indicate that also the rough lobes of the dumbbells can be (weakly) attractive. This

attraction is also introduced in the simulations to study its effect on the packing.

For two different volume fractions, φp = 0.0018 (N = 400) and φp = 0.01 (N =

800) respectively, a rough-rough and rough-smooth square-well attraction of either

γε = 0, −0.6 or −2 kBT is introduced. As described in the experimental section,

the interaction between the rough lobes of the dumbbells is automatically coupled

to its interaction with the microsphere. Consequently, these interactions between

the rough lobes of two dumbbells correspond to an interaction energy of αγε = 0,

−1 and −3.3 kBT between the rough lobes and the microsphere.

At φp = 0.0018 and N = 400, the introduction of attractive rough lobes does

not significantly increase the coverage; NBound remains approximately 80. At

φp = 0.01 and N = 800, however, introducing an attractive potential of −2 kBT

to the rough lobes significantly increases the coverage to NBound ≈ 110. These

results are shown in the top two graphs of Figure 5.14.

Since the binding criterion counts both dumbbells attached directly to the

microsphere and dumbbells attached to this first layer, the observed increase in

coverage at φp = 0.01 by a rough-rough attraction of −2 kBT might be due to the

formation of a second layer. In order to check this, the number of bound particles

is separated in a first and second layer in the middle two graphs in Figure 5.14.

These graphs show hardly any dumbbells attached in the second layer in any

case, meaning that the increase in coverage is all due to extra dumbbells attached

directly to the microspheres.

Apart from a higher coverage of the microsphere, visual inspection of the

simulation results also shows that at φp = 0.01, the introduction of a rough-rough

attraction of −2 kBT results in the formation of clusters with a better defined

shape in the bulk, compared to an attraction of 0 or −0.6 kBT (Figure 5.15).

Conjointly, the number of free dumbbells lowers drastically. The free dumbbell
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Figure 5.14. The interaction energy between the rough lobes of the dumbbells (factor

γ) is varied for both φp = 0.0018 (N = 400) and φp = 0.01 (N = 800). The top two

graphs show the number of attached dumbbells to the microsphere NBound. In the middle

two, NBound is separated in dumbbells attached to the microsphere itself (first layer) and

dumbbells attached to this first layer (second layer). The bottom graphs show the volume

fraction of free particles. Visual representations of the final structures for A, B and C

are shown in Figure 5.15.
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A B C

p = 0.0018

 = –2 kBT

N = 400 p = 0.01

 = 0 kBT

N = 800 p = 0.01

 = –2 kBT

N = 800

Figure 5.15. Visual representations of MC runs at different volume fractions and inter-

action strengths between the rough lobes of the dumbbells. The simulation conditions

(φp, N and the rough-rough attraction ε) are inset in each frame.

concentration φfreep for the different simulations with rough-rough attraction is

shown in the bottom two graphs in Figure 5.14, with simulation snapshots of

situation A, B and C shown in the corresponding frame in Figure 5.15.

Similar to a system or patchy dumbbells that form micelle-like clusters with-

out the presence of a microsphere, this free particle volume fraction can be consid-

ered the critical micelle concentration (cmc) of the system. The decrease of this

free particle volume fraction with the introduction of a rough-rough attraction of

−2 kBT shows that this additional attractive term not only increases the coverage

of the microsphere, but also promotes the formation of micelle-like clusters.

For the encapsulated microspheres from simulations, the orientation of bound

dumbbells was determined in the same way as in experiments; by calculating the

angle between the center-to-center vector (this time in 3D) between the micro-

sphere and the smooth lobe and the smooth and rough lobe for each dumbbell.

The distribution of these angles is shown in Figure 5.16. The angles range from 0

to 90 with respect to the microsphere surface. In 3D, the angle between a vector

and a plane follows a cosine distribution; as angles closer to 0 can be maintained

by rotating over a circle with a larger radius, these have a higher freqency of oc-

curring. [22] Therefore, the occurrence of angles between 80 and 90 is very low.

Correcting for this distribution, indicated by the dashed line in the top graphs of

Figure 5.16, results in the distributions shown in the bottom graphs of Figure 5.16.

The angle distributions from simulations generally show a large fraction of

dumbbells with an orientation approximately perpendicular to the the microsphere

surface and a smaller fraction with an orientation close to 0 . These observations
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Figure 5.16. 3D angle distribution of dumbbells bound to a microsphere. The interac-

tion energy between the rough lobes of the dumbbells (factor γ) is varied for two different

volume fractions; φp = 0.0018 (left graph) and φp = 0.01 (right graph). The angle be-

tween a vector and a plane in 3D follows a cosine distribution [22] (represented by the

dotted line), which is corrected for in the bottom graphs. The strong peak emerging

at ∼60 for −2 kBT rough-rough attraction corresponds to the orientation of the blue

dumbbell in the inset schematic.

are in agreement with the particle orientations found in experiments on micro-

spheres of 8 to 13 m in diameter (Figure 5.9).

Upon introducing a rough lobe attraction of −2 kBT , two distinct orientations

emerge. The sharp peak at 0 emerges in for both φp = 0.0018 and 0.01 and

represents dumbbells also attached with their rough lobe to the microsphere. The

other sharp peak, at ∼60 , only appears for the highest studied dumbbell volume
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0 kBT –0.6 kBTB –2 kBT

Figure 5.17. Visual representation of optimally sized microspheres (σm = 6.0σs, cor-

responding to Rideal = 4.83 m) with the configurations of attached dumbbells for A:

φp = 0.0018 and N = 400 and B: φp = 0.01 and N = 800 with a rough-rough attraction

of 0, −0.6 and −2 kBT respectively. The color coding of the dumbbells corresponds their

angle according to the top horizontal axis in Figure 5.16; ranging from 0 (dark red) to

90 (dark green). The blue dumbbells have an orientation of ∼60 .

fraction of φp = 0.01 and corresponds to the orientation of the blue dumbbell in the

inset in Figure 5.16. This dumbbell is attached to the microsphere with its smooth

lobe (−10 kBT ), but also makes a smooth-smooth contact (−2 kBT ) and a rough-

smooth contact (−2 kBT ) with a neighboring dumbbell. Moreover, depending on

the orientation of this neighboring dumbbell, it can make an additional rough-

rough contact of −2 kBT . By making this additional contact, this conformation

is actually more favorable for a pair of dumbbells than the completely parallel

conformation shown schematically in Figure 5.2A. However, this conformation

does not allow for optimal packing of the microsphere.

Figure 5.17 shows the visual representations of the final dumbbell conforma-

tion on the microspheres with an optimal size. While coverage indeed improves by

introducing a −2 kBT attraction between the rough lobes, the microsphere is in
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3 Results and Discussion

Figure 5.18. 3D angle distribution of dumbbells bound to a large microsphere (σm =

15.5σs, corresponding to Rm = 12.5 m) for φp = 0.01 and N = 1200. The interaction

energy between the rough lobes of the dumbbells (factor γ) is varied. Correction for the

cosine distribution of the angles is shown in the inset.

none of these situations homogeneously covered. While in some areas the coverage

appears quite homogeneous, dumbbells lie flat on the surface in less covered areas

of the microsphere. This effect is induced by the −3.3 kBT attraction between the

rough lobe and the microsphere surface.

In depletion experiments, the orientation of dumbbells on a microsphere sur-

face was found to depend strongly on microsphere size. To study this effect in

simulations, the size of the microsphere was changed to σm = 15.5σs, which cor-

responds to a microsphere radius of 12.5 m in the experimental system. The

interaction energy between a dumbbell and a microsphere increases with the in-

crease in microsphere size (Figure 5.4). By keeping the depth of the potential

well at ε = −6 kBT for a smooth-smooth interaction between two dumbbells,

the depth of the potential well for a smooth-microsphere interaction was set at

αε = −10.8 kBT (α = 1.80) in the simulations with larger microspheres.

Compared to smaller microspheres, the distribution of dumbbell orientations

on the larger microspheres is more uniform, with a smaller population oriented

perpendicular to the surface. This effect is especially observed without attractive
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Figure 5.19. Visual representation of large microspheres (σm = 15.5σs, corresponding

to Rm = 12.5 m, α = 1.80) with the configurations of attached dumbbells. The color

coding of the dumbbells corresponds their angle according to the top horizontal axis in

Figure 5.18; ranging from 0 (dark red) to 90 (dark green). Simulations were run at a

volume fraction of φp = 0.01 with 0 (A), −0.6 (B) and −2 kBT (C) interaction between

the rough lobes of the dumbbells.

interaction between the rough lobes of the dumbbells. If an attraction between the

rough lobes is introduced, a distinct peak at 0 already appears at ε = −0.6 kBT

and becomes very pronounced at −2 kBT , as shown in the angle distribution in

Figure 5.18. This effect is also visible from the visual representation of the coverage

of the large microspheres in Figure 5.19, showing an increase in red (0 ) dumbbells

with increasing rough-rough attraction.

In simulations, the fraction of dumbbells lying flat on the surface seems fairly

small compared to experiments (see for instance the large microspheres in Fig-

ure 5.8). However, from the optical microscopy pictures it is difficult to obtain

precise z-resolution. In the planar view, dumbbells on large microspheres seem to

lie flat, yet, this effect might be largely overestimated. In time series of large mi-

crospheres, a considerable amount of dumbbells display movement at the surface.

The dumbbells generally show a higher mobility of the rough lobe than the smooth

lobe. This indicates that these dumbbells are mostly bound by there smooth lobe

and may in fact have a certain outward angle that is hard to detect in optical

microscopy.

While it was the experimental observation of dumbbells attaching with their

rough lobe to large microspheres that motivated the simulations with attractive

rough spheres, the experimental system still shows the most agreement with the

simulation results for non-attracting rough lobes. While the coverage is hard to

quantify in experiments, the experimental microspheres appear less covered than
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the simulated spheres with −2 kBT attraction between the smooth lobes. Also,

the distinct 60 orientation of dumbbells on the microsphere surface could not be

observed in experiments. From this, it can be concluded that at a depletant

concentration of φd = 0.43, there is only a weak (between −0.6 and −2 kBT )

rough-rough attraction in the system.

Although the volume fraction of dumbbells in the experiments equals φp =

0.01, the experimental results show more agreement with the simulations at a

lower volume fraction. Primarily, the clusters of dumbbells found in the bulk

in simulations are not present in the depletion experiments at φd = 0.43. This

might have to do with either an overestimation of the interaction energies in the

experiments, a lower particle concentration in the capillaries than expected or

a combination of these factors. Visual scanning of the samples suggests that

the volume fraction of free particles present in the samples is indeed lower than

expected, so φp < 0.01. This is possibly caused by a fraction of dumbbells stuck

to the glass or lumps of dumbbells nucleated on small dust particles in the sample.

4. Summary

Table 5.1 provides an overview of the parameters that were investigated in this

chapter and the range over which each parameter was varied in both experiments

and simulations. The left column of the table shows the symbols denoting pa-

rameter; the particle volume fraction φp, the microsphere volume fraction φm, the

depletant volume fraction φd, the attraction strength between the smooth lobes of

the dumbbells (the depth of the square-well in simulations) ε and the interaction

strength between the rough lobes γε.

5. Conclusions and Outlook

This chapter describes the encapsulation of microspheres by rough-smooth

dumbbells through depletion interaction. With increasing depletant concentration,

the dumbbells were either free in solution, specifically bound with their smooth

lobes to the microspheres or aspecifically bound to the microspheres and each

other, forming random aggregates.

In the case of specifically bound dumbbells, the encapsulation depends strong-

ly on the curvature of the microsphere surface; dumbbells on large microspheres

primarily lie flat, binding with both their smooth and rough lobe to the surface,
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Table 5.1. Overview of the parameters investigated in the encapsulation experiments

and simulations discussed in this chapter and the range over which each parameter was

varied. The left column shows the symbols denoting the paramaters; the particle volume

fraction φp, the microsphere volume fraction φm, the depletant volume fraction φd, the

attraction strength between the smooth lobes of the dumbbells (the depth of the square-

well in simulations) ε and the interaction strength between the rough lobes γε.

dumbbells spheres

parameter experiments simulations experiments

φp 0.01∗ 0.0018-0.01 0.01∗

φm 0.0003
0.00028 to 0.0016 for N = 400†

0.0003
0.00014 to 0.0008 for N = 800

σm 6-32 m‡ 9.67 and 25 m 6-32 m‡

φd 0.40-0.50 – 0.45-0.50

ε 0.43 � −6 kBT −6 kBT –

γε proportional to φd

0, −0.6 and −2 kBT
proportional to φd

for φp = 0.0018 and 0.01
∗Effective value might be lower
†scales with φp for fixed N
‡In the analysis, a distinction is made between 8-13 m and >25 m

while for smaller microspheres, a majority of dumbbells binds with only their

smooth lobe, orienting perpendicular to the surface.

Based on the lifetime of pairs of dumbbells, the smooth-smooth attraction in

the experimental system was estimated to be −6 to −9 kBT , which corresponds to

a smooth-microsphere attraction of −10 to −15 kBT based on the larger overlap

volume and different surface potential between a dumbbell and a microsphere. The

occasionally observed unbinding of a dumbbell from a microsphere is expected for

such a potential.

In addition to the depletion experiments, Monte Carlo simulations were per-

formed, mimicking the experimental conditions. For the smaller microspheres,

the simulation results show the same preferred particle orientation perpendicu-

lar to the surface that was also found in the depletion experiments. And also in

simulations, this preference is lost for larger microspheres.

Introducing an attractive potential to the rough lobes of the dumbbells in

the simulations increased the coverage of the microsphere surface. Furthermore,

it led to the emergence of two distinct dumbbell orientations; one parallel to the

microsphere surface and the other at an angle of approximately 60 . The parallel
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orientation represented dumbbells binding with also their rough lobe to the mi-

crosphere. This orientation was most predominant on larger microspheres. The

orientation at 60 represented dumbbells binding with their smooth lobe to the

microsphere and their rough lobe to the smooth lobe of a neighboring dumbbell.

This orientation was most predominant on smaller microspheres and provided an

energetically favorable conformation that nevertheless frustrates optimal coverage

of the microsphere surface.

Although the thermodynamically stable state of this system is expected be

a microsphere fully covered with close-packed dumbbells, complete coverage was

observed in neither experiments nor simulations. However, in a control experiment

with smooth, spherical particles instead of dumbbells, full coverage of the micro-

spheres was observed. This observation suggests that the shape of the dumbbell, in

combination with the degrees of freedom still available to the rough lobe once the

smooth lobe is bound, kinetically frustrate optimal coverage of the microspheres.

Additionally, in the encapsulation experiments with smooth, spherical parti-

cles, the smaller particles locally formed multiple layers on the microsphere surface.

Moreover, large aggregates of covered microspheres were observed. Conversely, in

the encapsulation experiments with dumbbells, the coverage was limited to a sin-

gle layer and aggregates of microspheres were only sporadically observed. This

confirms that even though the microspheres are not completely covered, the rough

lobes of the dumbbells on their surface still supply a significant degree of “steric”

stabilization, preventing them from aggregation.
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6

Towards crystals of asymmetric dumbbell-shaped

colloids: convective assembly and sedimentation

in confinement

Abstract

In this chapter, the assembly of asymmetric dumbbell-shaped col-

loids into solid deposits using convective assembly and sedimen-

tation in confinement is investigated. The assembly process is

studied in situ using optical microscopy and the resulting struc-

ture is analyzed using a combination of electron and confocal mi-

croscopy and small angle x-ray scattering. In convective assembly,

a high degree of positional and orientational order was obtained

in assemblies of only one or two layers thick, or made from dumb-

bells with a short bond length between the lobes. With increas-

ing number of layers or increasing relative dumbbell length L∗,
both positional and orientational order in the deposit decreased.

In convective assembly, a preferred particle orientation, switching

from perpendicular to parallel to the solvent flow at L∗ ≈ 0.4, was

observed. Particle size appeared to be of little influence on the

resulting structure. In the sedimentation experiments, particle

orientation was more random, resulting in a plastic crystal.
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1. Introduction

The assembly of asymmetric dumbbell-shaped colloids into crystals is interest-

ing for photonic applications due to their potential photonic band gap. Hosein et

al. [1] calculated that the zinc blende crystal structure of these particles has a

photonic bandgap in both the direct and inverted structure. In a photonic mate-

rial, the direct structure refers to a crystal of high refractive index objects in a low

refractive index matrix, like a crystal of particle in air, while the inverted structure

is a crystal of low refractive index objects in a high refractive index medium, like

air pockets in a solid matrix. In a zinc blende crystal of asymmetric dumbbells,

the large lobes of the dumbbells form a face centered cubic (f.c.c.) lattice, with the

smaller lobes positioned in the tetrahedral voids in the structure. Depending on

the size ratio and bond length between the dumbbell lobes, one or two omnidirec-

tional band gaps were found in this crystal structure. For other crystal structures

of asymmetric dumbbells, like hexagonally packed monolayers [2] and monoclinic

mulitlayer crystals, [3, 4] less pronounced or partial band gaps were predicted.

Asymmetric dumbbell particles consist of two touching or partly overlapping

spheres of a different size. Their shape is defined by two important parameters: the

size ratio between the spheres and the measure of overlap between them. The size

ratio α is defined as the diameter of the smaller sphere divided by the diameter of

the larger one, so α = DS

DL
. The measure of overlap is expressed as the the relative

length of the dumbbell L∗, which is defined as the center to center distance between

the spheres l divided by the diameter of the larger sphere, so L∗ = l
DL

. Both of

these parameters, α and L∗, play a role in the phase behavior of colloids of this

particular shape.

Since symmetric dumbbell particles are a model for dimeric molecules, their

phase behavior has been studied extensively in the past using theory [5–7] and

simulations. [8–10] In these studies, the stable solid phase was found to be a plastic

or rotator crystal for low values of L∗ and an aperiodic crystalline phase for larger

L∗. In a plastic crystal, the centers of mass of the dumbbells are positionally

ordered, but they have a completely random orientation, which means that there

is no positional order of the individual lobes of the dumbbells. In an aperiodic

phase, the lobes of the dumbbell are ordered in a (f.c.c.) crystal, but there is

no orientational order in the bonds between the lobes. Such structures were also

found experimentally for two dimensional [11, 12] or heavily confined (up to two

layers) systems of dimers. [13]
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Recently, the phase diagram of hard asymmetric dumbbells has been exten-

sively studied using a combination of Monte Carlo simulations and free energy

calculations, both as function of α and L∗. [14, 15] These studies predict a rota-

tor or plastic crystal phase as stable solid phase for low L∗ and α, while at higher

L∗ and α NaCl, CrB and αIrV crystal structures are favored. In these studies, the

zinc blende structure, with the most promising application in photonic materials,

is not reported as a stable crystals structure for any particle geometry investi-

gated. Additionally, even though ordered crystal structures are predicted as the

equilibrium state by theory and simulations, this does not mean such structures

form spontaneously in experiments. Without a means to align the particles, the

rotational degrees of freedom of dumbbell-shaped colloids will kinetically frustrate

the spontaneous formation of crystalline structures. [4, 16, 17]

One way to form ordered structures of dumbbell-shaped particles, is to align

the particles during the assembly process by applying an electric field. [4, 18]

Alternatively, orientational order can be induced in such systems by using convec-

tive assembly. Using such a method, namely vertical deposition, [19] Hosein et al.

made ordered monolayer [20, 21] and multilayer [3] assemblies of short (L∗ ≤ 0.34)

symmetric and slightly asymmetric (α ≥ 0.86) colloidal dumbbells. Although the-

ory predicts a rotator phase as stable crystal phase for the dumbbells used in

these experiments, regions with orientational order (particle alignment) were ob-

served, indicating that the convective assembly method can be used to induce

orientational order. This makes convective assembly a promising candidate for

fabricating photonic crystals from dumbbell-shaped particles.

Since crystals of dumbbells with a more extreme size ratio and larger bond

length, i.e higher L∗ and lower α, are predicted to have a more efficient omnidi-

rectional photonic band gap, meaning a higher gap-to-midgap ratio, it is of great

interest to investigate the effect of these shape parameters on the structures formed

by convective assembly.

In this chapter, assemblies of dumbbell-shaped particles with varying degrees

of crystalline order are formed by two convective assembly methods, namely hor-

izontal and vertical deposition. The resulting structures are studied in real-space

using a combination of scanning electron microscopy (SEM) and confocal mi-

croscopy, supplemented with small angle x-ray scattering (SAXS). The structural

evolution of these assemblies is studied as a function of L∗ by combining struc-

tural information obtained from assemblies of micron-sized and sub-micrometer

sized particles with different shape parameters L∗ and α. The smaller size of the
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sub-micrometer sized particles limits the real-space analysis to (high resolution)

SEM, but allows for a more detailed SAXS investigation to elucidate the positional

and orientational order in the assembled structures. The structures obtained under

the strongly out-of-equilibrium conditions imposed by convective assembly were

compared to structures formed by letting the micron-sized particles slowly sedi-

ment in a wedge-shaped confinement cell, allowing the system more time to find

its equilibrium structure. The development of this structure with increasing wedge

diameter was investigated. These sedimentation experiments are described in a

separate section.

2. Experimental

2.1. Materials

Styrene (Sigma-Aldrich, Reagent Plus) was distilled under reduced pressure to

remove the inhibitor. All other chemicals were used as received. In all experiments,

Millipore ultrapure water (18.2 MΩ·cm) was used, unless otherwise indicated.

2.2. Particle synthesis

In order to investigate the effect of particle shape on their assembly, asym-

metric dumbbell particles with different shapes were synthesized using two similar

synthesis methods. A selection of micron-sized particles with different shapes was

synthesized using the method described in Chapter 2 of this thesis. This selec-

tion was supplemented with sub-micrometer sized dumbbells synthesized using the

method described by Mock et al., [22] which is described below.

First, cross-linked polystyrene spheres were synthesized using emulsion poly-

merization. For this, 400 mL of water was heated to 80 in a round bottom flask

with PFTE stirrer, after which 42.3 g styrene, 1.27 g divinylbenzene (DVB, 55%

techn. Sigma-Aldrich, 3% wt cross-linker with respect to styrene) and 0.500 g

sodium dodecyl sulphate (SDS, 99+%, Sigma-Aldrich) as stabilizing surfactant

were added with another 100 mL of water. The reaction was initiated by ad-

dition of 1.55 g of potassium persulfate (KPS, p.a., Acros) in 75 mL of water.

Polymerization was carried out at 80 for 24 hours.

Subsequently, these particles were coated with vinyl acetate to a surface cov-

erage of 21.36×10−21 g·nm−2 by stepwise addition of vinyl acetate (≥99%, Sigma-

Aldrich) in 4 equal steps at 15 minute intervals to 200 mL of aqueous dispersion of

cross-linked polystyrene particles pre-heated to 80 . With the first step, 35 mg
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of KPS in 5.05 mL of water was added to initiate polymerization. After addition

of the vinyl acetate, polymerization was continued for 24 hours at 80 .

Asymmetric dumbbells were made by seeded emulsion polymerization using

the vinyl acetate coated particles as seeds. Styrene was added to 5 mL of an aque-

ous dispersion of seed particles. The particles were allowed to swell with styrene

under vigorous stirring for 24 hours. After swelling, the temperature was raised to

80 and 0.23 mL of a 20 mg/mL azobisisobutyronitrile (AIBN, Sigma-Aldrich)

solution in styrene was added to initiate polymerization. 0.75 mM hydroquinone

(99%, Riedel-de Haën) was added to the water phase to suppress the formation of

secondary nucleation. Polymerization was again carried out for 24 hours. Dumb-

bells of three different size ratios were synthesized, using swell ratios of S = 1, 5

and 9.

2.3. Sample cell prepation

24 × 50 mm microscope cover slides (∼0.17 mm thick, #1.5, Menzel-Gläser)

were used for preparation of the substrates for convective assembly. These slides

were first cut to the appropriate size, cleaned with ethanol and then etched by

leaving them submerged in PEW (7.5% wt KOH (p.a., pellets, Merck) and 7.5% wt

water in ethanol) overnight. After this, the slides were rinsed thoroughly with

water and dried under a flow of N2.

Convective assembly experiments were carried out in two configurations: hor-

izontal deposition (HD) and vertical deposition (VD). For both configurations,

12×50 mm glass slides were used as substrates. For HD, one slide was placed hor-

izontally with another placed on top, supported on one side by a spacer to make

an angle of 25-30 with respect to the bottom slide. Next, 100 L of typically a

0.1 to 2.0% wt aqueous dispersion of dumbbell particles was applied in the wedge

between the glass slides. The set-up was then covered with a 2 L crystallization

dish to prevent air flow and dust during the evaporation process. After the solvent

had dried, the bottom slide, containing the deposit of particles, was collected for

further analysis. Figure 6.1a shows a schematic representation of an HD set-up.

For VD, a single glass slide was suspended at an angle of ∼10 from vertical

in a vial containing typically a 1.0% wt aqueous dispersion of dumbbell particles.

The bottom 2 mm of the vial were submersed in an oil bath pre-heated to 60 .

This elevated temperature was not only required to induce the evaporation needed

for particle assembly at the contact line, but also to provide a temperature gra-

dient over the height of the vial. This gradient causes convective flow of solvent,
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~25˚
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T
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(b) Vertical deposition

Figure 6.1. Schematic representation of an HD (A) and VD (B) set-up.

preventing the particles from sedimenting during the experiment. [23] Typically, a

film of 6-8 mm long was deposited on the substrate in ∼20 hours by evaporation

of the solvent. A schematic overview of a VD-set-up is shown in Figure 6.1b.

2.4. Sample characterization

The dimensions of all particles used in this chapter were determined by ana-

lyzing transmission electron microscope (TEM) images taken using a FEI Tecnai

10 or 12.
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Optical microscopy was used to follow the convective assembly process in situ.

This was done by placing an HD-sample (Figure 6.1a) on a Nikon Ti-E inverted

microscope in bright field, observing it with a Nikon Plan Fluor air objective (NA

= 0.75, 40× magnification) or a Nikon Apo TIRF oil immersion objective (NA =

1.49, 100× magnification). Images were taken using a Hamamatsu Digital Camera

(ORCA-Flash4.0 C11440) and the NIS-Elements Imaging Software. Dynamics

were studied at 10 or 100 frames per second.

The resulting deposits formed by convective assembly were studied by SEM

to investigate the top layer of the deposit and by confocal microscopy and SAXS

to investigate the internal structure. Since the confocal microscope lacks the res-

olution to image individual sub-micrometer sized particles, this method was only

applicable for the micron-sized particles. The sub-micrometer sized particles were,

on the other hand, more suitable for SAXS measurements.

The sample preparation methods for both confocal (impregnation of the de-

posit with dye) and SEM (sputter coating with Pt) are destructive, making it

impossible to study the same sample with both techniques. Therefore, assemblies

made under the same conditions had to be compared.

For the SEM investigation, a scratch was made in the deposit along the growth

direction to be able to image a “cross-section” of the assembly. Next, the substrates

were attached to an SEM-stub using conductive carbon tape, making sure the tape

was in contact with the top of the substrate. Samples were then sputter coated

with a 6 nm layer of Pt. The assemblies of micron-sized particles were investigated

using a FEI Phenom SEM and the sub-micrometer sized particles using a Philips

SEM XL FEG 30 for higher resolution imaging.

For the confocal investigation, the dried deposits were infiltrated with a 0.1% wt

solution of Rhodamine B (Sigma-Aldrich) in immersion oil (Sigma-Aldrich). The

small refractive index difference between the immersion oil (nD20 = 1.516) and

polystyrene (nD20 = 1.592) allowed for investigation up to at least 20 m into

the sample, while the particle outlines could be visualized by the Rhodamine ad-

sorbing to their surface. A Nikon TE2000U inverted microscope with a Nikon C1

scanning head was used. Excitation was carried out using 543.5 nm laser (Melles

Griot) and imaging using a Nikon Plan Apo oil immersion objective (NA=1.4,

100× magnification). By imaging slices through the crystal at well-defined in-

tervals Δz, a sample volume of the deposit was imaged, allowing for analysis of

particle positions and orientations in 3D.

147



Chapter 6: Convective assembly

Small angle x-ray scattering (SAXS) experiments were performed at the Dutch-

Belgian beamline BM-26B of the European Synchrotron Radiation Facility (ESRF)

in Grenoble, France, [24] using a microradian diffraction set-up [25, 26] to inves-

tigate the internal structure of the deposits. Each sample was positioned such

that the beam was perpendicular to the substrate. The samples were measured at

different positions from the start (top) to the end (bottom) of each deposit. For

rotational scans, the sample was rotated along the vertical axis from ω = +70 to

−70 , with ω = 0 being the starting position with normal incidence.

2.5. Analysis

Since the SEM data only provided information on the top layer of the deposit,

the real space data from both SEM and confocal microscopy was analyzed using

a 2D approach to facilitate mutual comparison. In the SEM images, individual

particles were identified using image analysis scripts run in Mathematica. Of each

particle, the center of mass was determined to find its position in the x, y-plane. If

particles were oriented with its long axis sufficiently in the x, y-plane, the direction

of the protrusion was determined with respect to the growth direction of the

deposit, where a 0 direction means the protrusion points towards the start of

the deposit and a positive or negative angle represents respectively a clockwise or

counterclockwise deviation from this orientation.

A similar analysis was applied to the confocal data. If the quality of the

confocal data would allow it, the entire volumes of individual particles were iden-

tified, enabling the determination of both the center of mass and the orientation

of the particle. However, not in all cases the protrusion could be sufficiently dis-

tinguished and only the position of the large lobe could be determined, losing the

orientational information.

Using the obtained particle positions, the radial distribution function g(r) and

local bond-order parameter ψ6 were calculated. The radial distribution function

is proportional to the probability of finding another particle at a distance r away

from any given particle, normalized to the average number density ρ:

g(r) =
1

ρ2

〈∑
i

∑
j �=i

δ(ri)δ(rj − r)
〉

(6.1)

where ρ is the average number density and the indices i and j run over all particles.

The radial distribution plots shown in this chapter are corrected for the finite size
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of the sample. The ψ6 parameter is defined as

ψ6(ri) =
1

nc

nc∑
j=1

e6iθ(rij) (6.2)

where the summation j runs over all, in total nc, nearest neighbors of particle

i. θ(rij) is the angle between the bond vector between particles i and j and an

arbitrary reference vector. Particles in a perfect hexagonal lattice have a value of

|ψ6| = 1, which decreases as a system gets more disordered, down to an average

of 〈|ψ6|〉 = 0.4 for a fluid.

To check for a preferred particle orientation with respect to the growth direc-

tion of the deposit, the obtained particle orientations were plotted in a histogram.

Additionally, the position of the first peak in the g(r) parallel and perpendicular

to the growth direction was determined. This was done by summing Equation 6.1

only over particle pairs for which θ(rij) was within an angle φ of the director

parallel or perpendicular to the direction of growth. While this value does not

represent the lattice spacing along any of the lattice vectors one would normally

use to describe the structure of a crystal, this method is applicable to both the

crystalline and less ordered assemblies and therefore allows for a direct comparison

between both of these structures.

A similar method was employed to quantify structure anisotropy from the

SAXS data. In this case, the scattering intensity vs q-value was plotted for a

sector of an angle φ around the horizontal and vertical direction in the scattering

pattern, corresponding to respectively the directions perpendicular and parallel to

the growth direction. From these intensity plots, the q-value of the first structure

factor ring was determined for both directions.

3. Results and Discussion

3.1. Particle synthesis

The synthesis method in Chapter 2 was used to synthesize dumbbell-shaped

particles with a different relative length. A particle’s relative or reduced length is

defined as the center-to-center distance between its lobes, divided by the diameter

of its large lobe, so L∗ = l
DL

.

The value of L∗ for dumbbell particles made by seeded emulsion polymeriza-

tion can be changed by changing the contact angle between the seed and protru-

sion. In the synthesis method for micron-sized dumbbells described in Chapter 2,

this contact angle is defined by the co-monomer used in the synthesis of the seed
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Figure 6.2. SEM micrographs of the micron-sized dumbbells used for convective assem-

bly. A: DBB0.40, without co-monomer, L∗ = 0.40. B: DBB0.46, co-polymerized with

TPM, L∗ = 0.46. C: DBB0.63, co-polymerized with TMSPA, L∗ = 0.63.

Table 6.1. Overview of the mircon-sized particles used in this chapter with the label

used in the main text and their dimensions

label co-monomer DL ( m) p.d. DS ( m) p.d. L∗ α

DBB0.40 none 3.02 5.0% 2.89 5.7% 0.40 0.96

DBB0.46 TPM 2.77 2.9% 1.69 3.6% 0.46 0.60

DBB0.63 TMSPA 2.75 2.2% 1.64 2.4% 0.63 0.60

particle. By using either no co-monomer, or 10% v/v TPM or TMSPA as co-

monomer, dumbbell-shaped colloids with respectively an L∗ of 0.40, 0.46 and 0.63

were synthesized. The properties of these three particles are presented in Table 6.1.

Besides the co-monomer, this table states the diameter of the large and the small

lobe, DL and DS, with their relative polydispersity (standard deviation divided

by mean, p.d.) and their shape parameters L∗ and α (the size ratio between the

small and large lobe). The first column in Table 6.1 states the label used to in-

dicate the particles of this type throughout this chapter. Figure 6.2 shows SEM

micrographs of these particles with their relative length and the co-monomer used

in their synthesis.

As is visible in Figure 6.2A, there still is a significant contact angle between

the two lobes even without addition of co-monomer, resulting in a reduced length

of L∗ = 0.40. To extend the range of particle shapes to a lower L∗, additional
particles were synthesized using the method of Mock et al. [22] This method pro-

duces dumbbell-shaped particles with a relatively small contact angle, resulting in

a lower L∗. However, the particles synthesized using this method are considerably
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200 nm
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Figure 6.3. SEM micrographs of the sub-micrometer sized dumbbells used for convec-

tive assembly. A: DBS0.29, swell ratio 1, L∗ = 0.29. B: DBS0.35, swell ratio 5, L∗ = 0.35.

C: DBS0.38, swell-ratio 9, L∗ = 0.38.

Table 6.2. Overview of the submircon-sized particles used in this chapter with the label

used in the main text and their dimensions

label DS (nm) p.d. DL (nm) p.d. L (nm) p.d. L∗ α

DBS0.29 169 8.4% 214 3.2% 249 3.4% 0.29 0.79

DBS0.35 215 6.9% 311 2.5% 361 2.3% 0.35 0.69

DBS0.38 229 7.4% 333 2.7% 411 3.4% 0.38 0.66

smaller than the micron-sized particles in Figure 6.2. Another difference between

the two particle types is that the micron-sized particles are sterically stabilized,

while the smaller particles are charge stabilized.

Using the method described in Section 2.2, sub-micrometer sized particles with

a reduced length of L∗ = 0.29, 0.35 and 0.38 were synthesized by using a swell

ratio of respectively S = 1, 5 and 9. The properties of these particles are presented

in Table 6.2 in the same way as for the micron-sized particles. In addition, the

overall length of the particles L with its corresponding polydispersity is shown

in Table 6.2. This shows that although the size polydispersity of the small lobe

appears quite high, this hardly influences the polydispersity in L and therefore the

total dimensions of the particles. SEM micrographs of these sub-micrometer sized

particles are shown in Figure 6.3.
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Chapter 6: Convective assembly

3.2. Convective assembly of micron-sized particles

In situ investigation of convective assembly

Due to their large size, the convective assembly of the micron-sized particles

could be observed in situ by placing an HD set-up on a Nikon Ti-E inverted

microscope, applying 50 L of a low concentration dispersion of particles, typically

0.5% wt, and monitor the assembly process in real time. In convective assembly,

particles are drawn by the flow of solvent from the bulk towards the contact line and

are subsequently pinned there by immersion capillary forces. [27, 28] The solvent

flux, and with that, the velocity of the incoming particles and the growth rate

of the assembly, is determined by the rate of solvent evaporation. Particles were

observed to flow in at ∼10 m s−1 and immediately held in place by a combination

of solvent flow and capillary interactions, [27] hardly allowing them time to diffuse.

This indicates that the assembly is completely driven by convection and not by

diffusion.

At low particle concentrations, micron-sized particles were observed to as-

semble into monolayers, facilitating the investigation using optical microscopy.

Figure 6.4A shows snapshots of the formation of such an ordered monolayer of

DBB0.46, with their relative time indicated in each frame. Particles approached

the deposit tumbling over random orientations, but reoriented on contact to their

final position. This was generally with their protrusion pointing towards the start

of the deposit. Two typical examples of this are indicated by the white arrows

in the first 6 frames of Figure 6.4A. Besides this flow-induced reorientation, the

deposit is static; it does not show any thermal fluctuations in particle positions

or orientations. Occasionally, defects in the assembly were found to anneal out

by sudden, collective motion of domains of particles. This effect is most likely

induced by the flow of incoming solvent. The dashed white lines at t = 16 s in

Figure 6.4A indicate two line defects that are annealed out in this fashion by the

sudden collective displacement of the intermediate domain between t = 16 and

18 s.

The convective assembly for DBB0.63 particles, with a larger relative length

than DBB0.46 was also studied in situ. Snapshots of the formation of a mono-

layer deposit of these particles are shown in Figure 6.4B, with their relative time

indicated in each frame. However, as is evident from the images, these particles

hardly reorient to a preferred orientation upon contact with the deposit. This

lack of orientation is most likely caused by their larger aspect ratio (L∗ = 0.63
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t = 0s t = 0.3s t = 0.6s t = 0.9s

t = 1.2s t = 1.5s t = 16s t = 18s

10 μm

t = 0s t = 10.3s t = 24.7s t = 38.7s

t = 0s t = 8.4s t = 18.3s

Figure 6.4. Time series of HD of monolayers of DBB0.46 (A), DBB0.63 (B) and

DBB0.40 (C), with the relative time shown in every frame. The arrows in (A) indi-

cate two particles reorienting in the flow upon contact, the dashed lines at t = 16 s

indicate two line defects that are annealed out at t = 18 s. The DBB0.63 particles in (B)

hardly show reorientation, whereas the DBB0.40 particles in (C) show some preference

for orienting perpendicular to the flow, resulting in the orientation distribution shown in

(D), with two slight peaks at ±90 with respect to the flow direction. The scalebar in

(A) applies to all images.
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instead of 0.46). As a result, the resulting deposit of DBB0.63 particles displays

considerably less positional and orientational order than the deposit formed by

DBB0.46.

The deposition of micron-sized particles with a lower relative length (DBB0.40,

with L∗ = 0.40) was investigated in the same way. Snapshots of this process are

shown in Figure 6.4C. While these particles were observed to reorient upon contact

to some degree, the resulting monolayer deposit appears less ordered than for

DBB0.46. This lack of order in the resulting deposit can in this case also partly

be explained by the relatively high size polydispersity (> 5%) of the DBB0.40

particles.

Figure 6.4C suggests DBB0.40 particles show some preference for orienting

perpendicular to the flow in the deposit. This suggestion is quantified by analyzing

the particle orientation over a larger area and plotting it in a histogram presented

in Figure 6.4D. This histogram indeed shows a slight majority of the particles

orienting perpendicular (±90 ) to the solvent flow.

The observation from studying convective assembly in situ confirms that both

the particle orientation and the overall structure of the deposit is determined by

flow rather than diffusion of the particles. At higher initial particle concentrations,

the formation multilayer assemblies with much less positional and orientational or-

der was observed. Since the position and orientation of the particles is determined

by hydrodynamics, increased interparticle hydrodynamic interactions can disrupt

orientational ordering at higher concentrations. Recent calculations on the dipolar

and quadrupolar hydrodynamic interactions suggest asymmetric dumbbells form

dynamic aggregates in a flow. [29] At increased particle concentration, the for-

mation of such aggregates might disrupt the alignment of individual particles.

A more random particle orientation can in turn disrupt the positional order in

subsequently formed multilayer assemblies.

While horizontal deposition of DBB0.63 particles, with L∗ = 0.63, forms dis-

ordered monolayer deposits in which the particles hardly show any preferred ori-

entation, DBB0.46 particles, with L∗ = 0.46, form ordered monolayers with most

particles orienting with their small lobe towards the start of the deposit. The struc-

ture of these assemblies is covered in more detail in the next section. DBB0.40

particles, with L∗ = 0.40, lower than DBB0.46, form less ordered deposits. While

this lack of order can partly be attributed to the relatively high size polydisper-

sity of DBB0.40, their preferred orientation is, however slight, opposite to that of

DBB0.46.
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Figure 6.5. Deposits made by HD using a 0.2% wt (A), 0.5% wt (B) and 1.0% wt (C)

dispersion of DBB0.46 and a depsit made by VD using a 1.0% wt dispersion of DBB0.46

(D). The growth direction of all deposits is indicated by the arrow. The Bragg reflections

are made visible by backlighting the sample.

The 90 difference in orientation can be attributed to the length of the particles

in combination with the solvent flow and immersion capillary forces governing

convective assembly. The longer DBB0.46 particles were observed to reorient upon

contact to the deposit. It is probable that in this situation, the larger lobe is

already pinned by immersion capillary forces, while the smaller lobe can still rotate

and orients parallel to the solvent flow to minimize its drag. For shorter particles,

like DBB0.40, the drag is much less dependent on the orientation, which can

make the perpendicular orientation more favorable as this increases the capillary

attraction to the deposit. The size ratio α might also play a role in this effect,

since a smaller second lobe has more mobility to reorient once the larger lobe is

pinned.

It would be interesting to also observe the assembly of the sub-micrometer

sized particles in situ, but their small size does not allow investigation using op-

tical microscopy. Therefore, the comparison between the micron-sized and sub-

micrometer sized particles is limited to analyzing the resulting deposits. Since

the in situ experiments show that convective assembly is dominated by hydro-

dynamics and capillary immersion forces, and the more size-dependent particle

diffusion hardly plays a role, the size difference between the micron-sized and

sub-micrometer sized particles is not expected to play an important role in this

assembly method.

Resulting structure

As the in situ observation of horizontal deposition already clearly shows, the

DBB0.46 particles formed more ordered deposits than the other two micron-sized

particles. Therefore, DBB0.46 particles are used to describe the general results of

the assembly and analysis methods in this chapter. While in literature, vertical
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deposition (VD) is the the most frequently used method of convective assembly,

able to fabricate large scale crystals, [19, 20, 23, 30, 31] horizontal deposition (HD)

has the advantages of requiring substantially less material and no countermeasures

to prevent sedimentation. Therefore, most convective assembly results presented

in this chapter are obtained using HD. In addition, some VD experiments were

performed to test for consistency between both methods.

Convective assembly experiments were performed with aqueous dispersions of

particles ranging in concentration from 0.1 to 2.0% wt. In most of the resulting

deposits, Bragg reflections could be observed upon backlighting of the substrates,

indicating the presence of ordered domains. Figure 6.5A-C shows deposits made

by HD using 0.2% wt, 0.5% wt and 1.0% wt dispersions of DBB0.46 particles and

Figure 6.5D shows a deposit made by VD using a 1.0% wt dispersion of the same

particles. For all samples, the growth direction of the crystals is from top to bot-

tom, indicated by the white arrow in Figure 6.5A. The deposits primarily showed

Bragg reflections at the start and around the edges of the deposit, indicating or-

dered domains, followed by grey areas closer to the center of the deposit. These

Bragg reflections are most prominent in the deposit in Figure 6.5A, made from

a 0.2% wt dispersion. This deposit also shows some black spots at the start and

around the edges. Investigation of the deposits using optical microscopy revealed

that the black areas represent bare substrate without deposit and the domains

showing Bragg reflections consisted of ordered monolayer domains, while the grey

areas corresponded to multilayer domains.

Monolayer deposits

Deposits made by HD of low concentrations (up to ∼0.2% wt) of DBB0.46

consisted primarily of ordered monolayer areas. Investigation of these monolayers

with SEM shows that a majority of particles oriented with their long axis in plane,

parallel to the stubstrate. The most frequently occurring particle orientation was

aligned with the growth direction, preferentially with the small lobe pointing to-

wards the start of the deposit. Figure 6.6A shows a wide field of view SEM image

of a typical monolayer of DBB0.46 particles formed by HD from a low concen-

tration dispersion. The growth direction is indicated by the arrow. This image

shows multiple domains with sizes generally on the order of 103 m2. Particles

with outlying sizes were found to accumulate at the boundaries of these domains.

The degree of hexagonal order was obtained from a ψ6 analysis of this image.

Figure 6.6B shows the result of this analysis, with each particle color coded to
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Figure 6.6. Properties of a monolayer deposit formed from a 0.1% wt dispersion of

DBB0.46, showing a wide field SEM overview of the deposit (A) and a ψ6 analysis (B)

of this image results in 〈|ψ6|〉 = 0.76. In a close-up of the SEM overview, (C), the

majority of the particles can be seen pointing with their small lobe towards the start of

the deposit, so opposite to the growth direction (indicated by the arrow in (A)). This

preferred orientation is also visible from the orientation distribution histogram (D), where

the 0 points to the start of the deposit, ±90 points left and right and ±180 points to

the end of the deposit.

represent its ψ6 value. Particles in the crystalline domains were found to have a

high degree of hexagonal order, while particles with lower local order were found

at the boundaries. An average local bond order parameter of 〈|ψ6|〉 = 0.76 was

found for the whole image, indicating a considerable degree of hexagonal order.

The preferred orientation of the particles is apparent from a close-up of the

larger SEM image in 6.6A. This close-up, presented in Figure 6.6C, clearly shows

that the majority of particles have their long axis parallel to the substrate and
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their protrusion pointing towards the start of the deposit. Using image analysis,

the orientations of all particles were determined and presented in a histogram in

Figure 6.6D. A large fraction of particles is oriented with their protrusion toward

the start of the deposit (0 ), while a smaller fraction has their protrusion in the

opposite direction (±180 ). These results agree with convective assembly experi-

ments using low concentrations of micron-sized asymmetric dumbbells reported in

literature. [20]

The SEM analysis of the resulting structure confirms that orientation and

order induced by the convective flow in the dynamics studies indeed determines

the final structure of the deposit.

Multilayer deposits

25 μm

A B

10 μm 15 μm

C

Figure 6.7. SEM (A) and confocal (B) micrograph of the beginning of a multilayered

deposit made from a 0.5% wt disperison of DBB0.46 particles. The SEM image shows

the rapid transition from a monolayer to a multilayer region and then back to an ordered

monolayer. The low impregnation by the dye in the confocal image shows the particles

are jammed close together in a disordered fashion. (C) shows an SEM micrograph of

particles ordered in domains with a square arrangement (indicated by the white lines) in

the transition region going from 1 to 2 layers.

Horizontal deposition using particle concentrations above 0.2% wt resulted in

multilayered structures. In most cases, such a deposit started with a disordered

region on the order of 10 m long, consisting of several layers of particles, after

which the thickness returned to a single layer. Typical examples of such a dis-

ordered onset are depicted in Figures 6.7A (SEM) and B (confocal). The SEM

micrograph in Figure 6.7A shows at least one additional layer has formed shortly

after the start of the deposit and the return to a single ordered layer in the bottom

left of the figure. The confocal image of such an onset region in Figure 6.7B shows
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the the disordered structure on the inside of such an initial multilayer region. The

presence of this disordered start can be explained by the initial pinning of the

contact line, which increases the evaporation rate at the contact line and with

that the influx of particles. This mechanism is also apparent in the coffee stain

effect. [32, 33] In convective assembly, the contact line is subsequently depinned

and starts moving over the deposit, resulting in a more gradual and consequently

more ordered assembly. [34]

After this start, the number of layers gradually increases over typically hun-

dreds of micrometers. In assemblies made from a higher initial particle concen-

tration, the rate by which the number of layers increases and the total thickness

of the deposit are higher than for lower initial concentrations. In the transition

region between n and n+ 1 layers, particles were observed to form domains with

square arrangements. This was especially visible in the transition from 1 to 2

layers. Figure 6.7C shows such square domains in the transition region from 1 to

2 layers, with examples of the square arrangement indicated by the white lines.

This phenomenon has also been observed in convective assembly of spheres [30]

and for packing of spheres in confinement [35, 36] and is discussed in more detail

in Section 4.

In the multilayer assemblies, the positional and orientational order of the

particles in the top layer was investigated using SEM. This was done for regions in

the deposit of 1, 2, 3 and more than 3 layers thick. From this analysis, a trend was

observed with increasing number of layers. Figure 6.8 shows SEM micrographs of

regions of increasing layer thickness on a typical deposit of DBB0.46 made by HD.

The accompanying ψ6 analysis and the histogram of angle distributions for each

image is also presented, in the same way as for the monolayer deposit in Figure 6.6.

As is visible in Figure 6.8A, the monolayer domains found for high concen-

tration deposits have the same value for the order parameter, 〈|ψ6|〉 = 0.76, as

the monolayers formed at low concentrations. This indicates that they display the

same degree of positional order. However, the preferred orientational order is less

pronounced, as visible from the histogram in Figure 6.8A3. This is in agreement

with the mechanism of particle alignment proposed in Section 3.2. If particles

align in the solvent flow, interparticle hydrodynamic interactions at higher con-

centrations are a likely cause for this reduced orientational order.

With increasing deposit thickness, the order in the top layer was found to

decrease to a value of 〈|ψ6|〉 ≈ 0.57 for regions of 3 or more layers (Figures 6.8B to

D). For the monolayer deposits, a high degree of orientational order was observed
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Figure 6.8. Typical SEM micrographs of the top layer of a deposit region of 1 to 3 layers

thick (A1 to C1) and the top of a multilayer region (D1), alongside the corresponding

ψ6 analysis (A2 to D2). The inset 〈|ψ6|〉 values and histograms of the distribution of

particle orientations (A3 to D3) are obtained from analyzing multiple SEM images of the

same layer thickness. The growth direction of the deposit is the same for all images and

indicated by the arrow in A1.
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(Figure 6.6D). The histogram in Figure 6.8D3, which is obtained from multiple

wide field-of-view SEM micrographs of multilayer areas, shows the same preferen-

tial orientation in multilayer deposits, albeit much less pronounced.

From convective assembly experiments using VD, similar results were ob-

tained. Figure 6.9 shows the results of the SEM and confocal analysis of a deposit

made by VD from a 1.0% wt dispersion of DBB0.46. The SEM overview (Fig-

ure 6.9A) and corresponding ψ6 analysis (Figure 6.9B) show the same degree of

positional order as in the multilayer region of deposits made by HD. Also the

particle orientation histogram (Figure 6.9D) shows a similar preferred particle ori-

entation, although the shape of the distribution is different from Figure 6.8D3.

Figure 6.9C shows a confocal image of the bottom layer of such a deposit. In this

image, the small lobes somehow have a higher fluorescence intensity, making the

particle orientation easier to observe. This image shows that in the bottom layer

of the deposit, the particles have the same preferred orientation. A more detailed

structural analysis using confocal microscopy is presented below. The structural

agreement between deposits made by HD and VD confirms that both methods for

convective assembly are governed by the same mechanisms and produce similar

results.

From the SEM analysis, it can be summarized that convective assembly of

micron-sized particlesDBB0.46 from low concentration dispersions results in mono-

layer deposits with hexagonal order. In these deposits, particles have a preferential

orientation with their small lobe towards the start of the deposit. Using a higher

initial particle concentration, multilayer deposits were formed in which the num-

ber of layers gradually increases from the onset. In monolayer regions of these

deposits, positional order was the same as for the low concentration samples, but

less orientational order was observed. With increasing number of layers, also the

positional order decreased.

Confocal microscopy

Since SEM analysis is limited to only the top layer of a deposit, this method

was complemented with confocal microscopy to investigate the structure in the in-

terior of the deposit. In order to do this, a deposit was impregnated with a 0.1% wt

solution of Rhodamine B dye in immersion oil. Because this dye adsorbed to the

surface of the particles, their outlines could be imaged using confocal microscopy

and from this, their position and orientation detected.
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Figure 6.9. SEM micrograph (A) of a multilayer deposit made by VD of DBB0.46 from

a 1.0% wt dispersion, with the arrow in (A) again indicating the growth direction. The

corresponding ψ6 analysis (B) results in 〈|ψ6|〉 = 0.58 (inset). The confocal image of the

bottom layer (C) and orientation distribution histogram (D) show a similar preferred

particle orientation.

Figure 6.10A shows a confocal images of a single layer deposit made with HD

from a 0.5% wt dispersion ofDBB0.46, displaying a high degree of hexagonal order.

A confocal image of the bottom layer of a multilayer deposit made from a 1.0% wt

dispersion (Figure 6.10B) shows that also the bottom layer of a mulitlayer region

is less ordered than the monolayer region (Figure 6.10A). As can be observed from

the vertical cross-section of the deposit in Figure 6.10D, the deposit consists of at

least 9 layers. However, since the system is not completely index matched, image

quality deteriorates upon moving deeper into the sample. This complicates the

process of particle detection in generally all but the first three layers.

162



3 Results and Discussion
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Figure 6.10. Confocal micrographs of a single layer deposit (A), the bottom layer of a

multilayer deposit (B), a histogram of the preferred particle orientation in the bottom

layers (C) and a cross-section (in the x, z-plane) of a multilayer deposit (D), showing a

decrease in resolution away from the bottom. The growth direction for (A) and (B) is

indicated by the arrow in (A).

For the particles in the bottom layer, the position and orientation could, in

most cases, be readily obtained from the confocal images. The histogram of parti-

cle orientations in the bottom layer of a multilayer region is shown in Figure 6.10C.

The profile of this histogram is similar to the one shown in Figure 6.8D3 for the

top layer, showing the same particle orientation in both the top and bottom layer

of a deposit.

The particle positions in the bottom three layers of a deposit were obtained by

image analysis of the confocal data. From these positions, the ψ6 order parameter

in these layers was determined and compared to the degree of order in the top

layer obtained by SEM. Figure 6.11 shows this comparison of 〈|ψ6|〉 for the top

and bottom layers of regions with increasing total number of layers. These results

show a comparable degree of order in the top and bottom layers. Additionally,

Figure 6.11 clearly shows that the decrease in positional order with increasing

deposit thickness that was already found in the top layer by SEM is general for

the entire deposit.

3.3. Order transitions as function of L∗

Sub-micrometer sized dumbbells

To investigate the effect of the relative length of dumbbell-shaped particles

on structure they form by convective assembly, additional horizontal deposition

experiments were performed using the micron-sized DBB0.63 particles and the
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Figure 6.11. The average local bond order 〈|ψ6|〉 obtained for the top layer (from SEM)

and bottom 1st, 2nd and 3rd layer (from confocal microscopy) of deposit regions with a

total thickness of 1, 2, 3 or more than 3 layers.

sub-micrometer sized DBS0.29, DBS0.35 and DBS0.38 particles described in Sec-

tion 3.1. These deposits were analyzed in the same way as the deposits of DBB0.46

particles described in the previous section.

HD experiments with the sub-micrometer sized asymmetric dumbbells from

0.6 to 1.0% wt particle dispersions resulted in multilayer assemblies. From in-

vestigation using SEM, the position and orientation of particles in the top layer

of these deposits was determined. In samples of DBS0.29, the particles with the

lowest relative length (L∗ = 0.29), a high degree of positional order was observed

in monolayer regions of the deposit. This positional order was preserved in the

top layer of the multilayer regions.

Figure 6.12A1 shows a typical SEM micrograph of a multilayer region of

DBS0.29 particles. In these deposits, a strong preferred orientation of the par-

ticles was observed. As is apparent from the histogram of the distribution of

particle orientations in Figure 6.12A2, the preferred particle orientation is with

their long axis perpendicular to the growth direction (±90 ). The degree of order

in this top layer is expressed by the average value of ψ6 noted in the top right of

Figure 6.12A2. For DBS0.29, 〈|ψ6|〉 = 0.80, indicating a high degree of hexagonal

order. Due to this high degree of positional and orientational order, the preferred
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Figure 6.12. SEM micrographs of the top layer of a multilayer deposit made by HD of

DBS0.29 (A1), DBS0.35 (B1), DBS0.38 (C1) and DBB0.63 (D1) with the particles’ L∗

noted in the image. A2 to D2: The particle orientation histogram and value for 〈|ψ6|〉
corresponding to these deposits. The corresponding g(r)s parallel and perpendicular to

the growth direction (A3 to D3) show the influence of particle orientation on interparticle

distance
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particle orientation affects the interparticle distance or lattice spacing in the top

layer, causing the formation of an oblique hexagonal lattice. This effect is evident

from the radial distribution function g(r) parallel and perpendicular to the growth

direction of the deposit. Because most particles align with their long axis perpen-

dicular to the growth direction, the distance between the particles is larger in this

direction. This effect is shown in Figure 6.12A3, showing the peaks of the g(r) for

the perpendicular direction (in red) are shifted to larger distances with respect to

the parallel direction (in black).

The results of the same analysis for HD deposits of the DBS0.35 and DBS0.38

particles are shown in Figures 6.12B and C. From these results, it is clear that

with increasing particle length L∗, both the positional and orientational order in

the top layer decrease. The value ψ6 reduces to 〈|ψ6|〉 = 0.68 for DBS0.35 and

〈|ψ6|〉 = 0.64 for DBS0.38. While the same preferential particle orientation (i.e.,

with their long axis perpendicular to the growth direction) is maintained, the effect

is less pronounced in the histograms in Figures 6.12B2 and C2. This also reduces

the effect of particle orientation on the interparticle distance. The g(r) plots in

Figures 6.12B3 and C3 show a reduced shift in the peak positions for the parallel

and perpendicular direction.

Figure 6.12D shows the SEM analysis of micron-sized particles DBB0.63, with

a length of L∗ = 0.63. These deposits show a similar degree of positional order

as the shorter DBB0.46 particles (Figure 6.8D), but very little orientational or-

der. This is apparent from the very weak peak around 0 in the histogram in

Figure 6.8D2.

Combining the results from the SEM analysis on the micron-sized and sub-

micrometer sized particles (Figures 6.8 and 6.12), it can be concluded that mono-

layer deposits display more positional order than multilayer deposits. Additionally,

the order was observed to decrease with increasing relative length of the particles.

Both the effect of the number of layers and of the particle shape are presented in

Figure 6.13, where the value of 〈|ψ6|〉 obtained from SEM is plotted as a function

of particle length L∗, for both the monolayer (black dots) and multilayer (red

squares) regions. The fact that the transition from sub-micrometer sized particles

(with low values of L∗) to the micron-sized particles (with higher values of L∗),
indicated by the dashed line in Figure 6.13, hardly breaks the observed trend il-

lustrates that this trend only depends on particle shape and appears independent

of particle size.
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sub-micron particles micron-sized particles

Figure 6.13. Average degree of order 〈|ψ6|〉 in the top layer decreases for both single

layer (black circles) and multilayer deposits (red squares) with increasing particle length

L∗. The dashed line shows the transition between the sub-micrometer sized and micron-

sized particle systems.

While the lack of orientational order in DBB0.63 was already evident from the

dynamics experiments (Figure 6.4B), the orientation histograms in Figures 6.8D3

and 6.12D2 still show a preference for both DBB0.46 and DBB0.63 to align with

their long axes parallel to the growth direction. The sub-micrometer sized par-

ticles, on the other hand, have a preferential orientation with their long axes

perpendicular to the growth direction (Figure 6.12A2 to C2). From these observa-

tions alone, it is not certain whether this difference in alignment is caused by the

particle shape or their size. However, since the other micron-sized particle type

used in this study, DBB0.40, with L∗ = 0.40, showed a preference for aligning

perpendicular to the growth direction (Figure 6.4D), it can be assumed that this

transition is also caused by the shape of the particles. This implies that in con-

vective assembly, there is a transition in particle orientation at L∗ ≈ 0.40, from

particles orienting perpendicular to the solvent flow, to particles orienting parallel

to the solvent flow. Next, the results of the SAXS analysis are presented in support

of the conclusions on positional and orientational drawn from the SEM results.
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Small angle X-ray scattering

Although the order parameters obtained from the top and bottom layers us-

ing respectively SEM and confocal microscopy are indicative for the bulk order

of the deposits, SAXS measurements were performed to obtain more structural

information on the interior of mulitlayer deposits. This is especially relevant for

the sub-micrometer sized particles, since those are too small for confocal imag-

ing. For the SAXS measurements, the substrates with HD deposits were placed

in the x-ray beam with the start of the deposit upwards and the growth direc-

tion pointing down. This way, the vertical direction in the scattering patterns is

parallel to the growth direction, while the horizontal direction is perpendicular.

Of these deposits, SAXS measurements were performed at three positions on the

sample; close to the start, in the middle and near the end. The scattering patterns

from the middle of the deposits, in a multilayer region, were used for the analysis

represented here.

In the HD assemblies of the sub-micrometer sized particles DBS0.29, a signif-

icant degree of positional and orientational order was observed by SEM analysis

(Figure 6.12A1). These observations were also reflected in the SAXS measure-

ments. The scattering pattern in Figure 6.14A1, for DBS0.29, shows a high degree

of order, expressed by 6 strong peaks in both the first and second order ring (Fig-

ure 6.14A2). Furthermore, the elliptical scattering pattern indicates the overall

structure of the assembly is oblique, with longer spacing (peak positions at lower q-

values) perpendicular to the growth direction than parallel (Figure 6.14A3). This

agrees with the preferred particle orientation with their long axes perpendicular

to the growth direction.

The scattering patterns of DBS0.35 and DBS0.38 show that with increasing

L∗, not only the degree of hexagonal order decreases, but that also the overall

structure becomes less anisotropic. In the scattering patterns for DBS0.35 and

DBS0.38, displayed respectively in Figures 6.14B1 and C1, this is evident from

the reduced intensity of the structure peaks and the more circular shape of the

scattering pattern.

The degree of positional order in the SAXS patterns for each particle type

was visualized by taking an azimuthal intensity plot of the second order structure

ring (indicated by the dashed line in Figure 6.14B1), because the first order ring

(the dotted line in Figure 6.14B1) did not always show the same clear peak inten-

sity. For each sample, the intensity plots corresponding to the top (red), middle

(blue) and bottom (black) SAXS patterns are shown in Figures 6.14A2 to C2 for
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Figure 6.14. SAXS patterns taken in the middle of multilayer assemblies of DBS0.29

(A1), DBS0.35 (B1) and DBS0.38 (C1) at normal incidence. A2 to C2: Azimuthal plots

of the second order structure ring of the SAXS patterns taken in at the top (red), middle

(blue) and bottom (black) of each sample. (top and bottom SAXS patterns not shown).

A3 to C3: Radial intensity plot of the corresponding SAXS pattern parallel (red, V) and

perpendicular (blue, H) to the growth direction (the white arrow in A1). The plotted

sectors parallel and perpendicular to the growth direction are indicated by the solid blue

and dashed red arrows in A1 respectively.
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respectively DBS0.29, DBS0.35 and DBS0.38. These plots show primarily hexag-

onal order in the middle of the deposits (blue line) and a strong reduction of peak

intensity going from DBS0.29 (L∗ = 0.29) to DBS0.38 (L∗ = 0.38).

The structural anisotropy in the patterns was obtained from comparing the

radial intensity plots in the vertical direction (V, the sector between the blue

solid arrows in Figure 6.14A1) and horizontal direction (H, the sector between the

dashed red arrows in Figure 6.14A1). For each SAXS pattern, the corresponding

radial plots are shown in Figures 6.14A3 to C3. The blue (V) and red (H) curves

represent respectively the orientations parallel and perpendicular to the growth

direction. From these plots, the anisotropy of the structure was obtained from the

position of the first peaks in both directions.

For DBS0.29, the presence of clear structure peaks in the SAXS pattern might

influence this ratio due to their positions unequally overlapping the parallel and

perpendicular sectors. However, the position of these peaks can also be used to

obtain information about the anisotropy of the structure. This was done by fitting

an ellipse through the peak positions of the first order peaks and determine the

ratio, β, between its long and short axis. This resulted in a value of β = 1.12,

which is comparable to the value of β = 1.10 obtained from the radial intensity

plot (Figure 6.14A3).

Due to their size, the larger micron-sized particles only scatter at very small

angles and only a limited amount of particles can be confined in the scattering vol-

ume. Additionally, the limited thickness of the deposit results in a low scattering

intensity. This makes these particles less suitable for SAXS measurements than the

sub-micrometer sized particles. As an example of this, Figure 6.15 shows a SAXS-

pattern of a multilayer deposit of DBB0.46, at normal incidence (Figure 6.15A)

and rotated by 45 (Figure 6.15B). These figures show that the first order struc-

ture factor ring (indicated by the dotted line in Figure 6.15B) is largely obstructed

by the beam stop and flares from the direct beam. Also, the pattern looks very

isotropic, with hardly any structure visible. However, rotating the sample by 45

does reveal a 6-fold intensity fluctuation on the second order ring (the dashed line

in Figure 6.15B), indicating a degree of hexagonal order. The azimuthal plot of

this second order ring is presented in Figure 6.15C, showing 5 peaks with ∼60

spacing. The 6th peak is blocked by the beam stop. Aside from the fact that the

scattering volume increases upon rotation, it is unclear why the 6-fold symmetry

is most pronounced at this orientation.
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A B

DC

45°0°

Figure 6.15. SAXS-pattern of a multilayer sample of DBB0.46 at normal incidence (A)

and with the sample rotated by 45 (B) with the first and second order structure ring

indicated by the dashed and dotted line respectively. In (B), a 6-fold intensity fluctuation

appears in the second order ring, which is plotted in (C). D: radial distribution function

obtained from SEM for distances parallel (black) and perpendicular (red) to the growth

direction (indicated by the arrow in A).

The preference for the micron-sized DBB0.46 particles to orient with their

small lobe towards the start of the deposit (Figure 6.8D3), is too slight to induce

anisotropy in the overall structure. This was already apparent from the SEM anal-

ysis, of which the pair correlation function is included in Figure 6.15D. The g(r)

in this Figure shows hardly any change in peak positions for particle pairs parallel

or perpendicular to the growth direction. This lack of anisotropy is reflected in

the almost perfectly isotropic scattering pattern.

From SAXS, the crystal structure of the ordered assemblies, primarily for

the DBS0.29 particles, appears to be an oblique hexagonal structure. For other

particle shapes, both the positional and orientational order were found to decrease
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with increasing L∗. While it is hard to quantify the degree of order from these

SAXS measurements, the ratio in interparticle distance or lattice spacing parallel

(a‖) and perpendicular (a⊥) to the growth direction could be obtained. The same

can be done for the radial distribution functions obtained from the SEM analysis

by taking the positions of the first peak of the g(r) in the corresponding direction.

This ratio is then defined as β = a⊥/a‖.
In Figure 6.16, this ratio β is plotted versus L∗, combining the values obtained

from the SEM and SAXS results of both the sub-micrometer sized particles and

the micron-sized particles. This plot shows that with increasing L∗, the overall

structure becomes less oblique. This trend is apparent, with good agreement, from

both the SEM and SAXS results. The dashed line in Figure 6.16 again shows

the transition from sub-micrometer sized particles (at lower L∗) to micron-sized

particles (at higher L∗).

sub-micron particles micron-sized particles

Figure 6.16. The deformation of the lattice, expressed as the ratio of the interparticle

distance perpendicular/parallel to the growth direction (β = a⊥/a‖) is plotted as a

function of L∗, showing a decrease in anisotropy in the assembly in spite of an increase in

the aspect ratio of the particles. The vertical dashed line indicates the transition between

the sub-micrometer sized and micron-sized particle systems.

The combination of SEM and SAXS results show that, in spite of the larger

aspect ratio of the particles themselves, the anisotropy of the overall structure

decreases with L∗. This decrease is in line with the decrease of positional and
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4 Sedimentation in confinement

orientational order and appears to depend only on the shape of the particles and

not on their size.

4. Sedimentation in confinement

4.1. Introduction

In convective assembly, structure is determined by the interplay of solvent

flow and immersion capillary forces; diffusion hardly plays a role in this assembly

method. In sedimentation on the other hand, the pressure at the bottom of the

system is only slowly increased, giving particles considerably more time to order

in an equilibrium structure by diffusion. Also, the density gradient created by

sedimentation allows for coexistence of different phases and the presence of a

(bottom) wall facilitates alignment of the particles. In simulations on dumbbell-

shaped particles, [37] a crystalline structure coexisting with a plastic crystal and

a fluid was observed for short dumbbells, with a low L∗. For dumbbells with

a high L∗, an aperiodic and periodic crystal phase coexisted with the fluid. In

experiments, a plastic f.c.c. crystal was found for particles similar in size and shape

toDBS0.35, but with a soft repulsive potential. [38] However, with a shorter-ranged

repulsion or an increase in shape anisotropy or sedimentation rate, dumbbell-

shaped colloids become increasingly more difficult to crystallize.

So far, this has only been accomplished by confining the particles to two di-

mensions, for instance by letting the particles sediment in a wedge-shaped confine-

ment. In this case, the confinement is gradually released upon increasing wedge

diameter h. At a wedge diameter comparable to the large lobe of the dumbbells,

so h ≈ DL, the particles are confined to strictly 2D; all particles lie in a monolayer

with their long axes in plane. At a slightly larger wedge diameter, comparable

to the length of the particles, h ≈ L, the confinement is quasi 2D, which allows

the particles to rotate with their long axes out of plane. At larger h, the wedge

allows a gradually increasing number of layers. As mentioned in the introduction,

symmetric dumbbell-shaped colloids were found to form aperiodic monolayer crys-

tals when confined to two dimensions in this way. [11, 12, 39] In the same way,

asymmetric dumbbell-shaped colloids were found to form hexagonal monolayers

with orientationally ordered domains in 2D confinement (h ≈ DL) and hexagonal

monolayers with all particle long axes out of plane at h ≈ L. [40]

In a recent study by Muangnapoh et al., the transition from one to two layers in

such a confinement set-up was studied for symmetric dumbbells with L∗ ≈ 1. [13]
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In this study, a transition was observed from one layer hexagonal (1) via two

layers square (2�) to two layers hexagonal (2), where the hexagonal and square

order was formed by the individual lobes, with the orientational order of the

dumbbells being aperiodic. In this study, two types of bilayer were identified: one

was a bilayer of spherical lobes, actually consisting of a monolayer of symmetric

dumbbells with their long axes out of plane, and the other consisted mainly of two

layers of dumbbells with their long axes in plane.

This behavior of colloids going from 1 to 2 hexagonal layers via a square layer

with decreasing confinement has been intensively studied for spherical particles in

solution [35, 36] or dried spheres in a wedge-shaped confinement. [41–43] These

experiment show a general trend of n → (n + 1)� → (n + 1) with increasing

number of layers. Additionally, buckled, rhombic and prism intermediate states

are observed. The full phase diagram of these systems was also determined by

simulations. [44]

The symmetric dumbbells studied by Muangnapoh et al. [13] follow the same

trend, since the lobes of the particles simply take the positions of the spheres,

forming the same structures with an underlying aperiodic crystal of dumbbells.

However, for dumbbells with L∗ and α unequal to 1, this will inevitably result in

different structures.

4.2. Experimental

For the fabrication of the wedge-shaped confinement cells, glass slides were

treated in the same way as those used for convective assembly (see Section 2.3).

For the sedimentation of dumbbells in confinement, a similar confinement cell was

constructed as reported previously by Lee et al. [11, 40] This cell was constructed

from a 24× 50 mm glass slide with another 12× 25 mm glass slide placed on top

of it, spaced on one short edge with a 18× 18 mm (∼0.15 mm thick, #1, Menzel-

Gläser) cover slide to provide a wedge-shaped geometry. The other three edges

were then sealed with two-component glue. After the glue had dried, the spacer

slide was removed. Figure 6.17 shows a schematic picture of such a confinement

cell. The confinement cell itself is 12 mm wide, 25 mm long and has a height

varying from 0 to ∼150 m with a slope of only a few micrometers per millimeter

(10−3 rad). This construction allowed for the investigation of the effect of varying

degrees of confinement ranging from one to several layers, with particles locally

experiencing confinement between parallel walls.
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glue

A

B spacer

Figure 6.17. Schematic representation of the top view (A) and side view (B) of a

confinement cell. The 18 × 18 mm slide used as a spacer is removed after the glue has

dried.

These cells were filled with a 1.0% wt aqueous dispersion of dumbbell parti-

cles, sealed with Parafilm and placed at an angle of ∼9 to allow the particles to

slowly sediment into the wedge for at least 3 days. After this period, the samples

were placed on the Nikon Ti-E inverted microscope to investigate the assembled

structures.

4.3. Results and Discussion

When sedimenting micron-sized dumbbell particlesDBB0.46 in a wedge-shaped

cell, different phases are observed with increasing wedge diameter h. Figure 6.18

shows optical micrographs of typical structures found at different values of h. Ini-

tially, at h ≈ DL (Figure 6.18A), particles formed an hexagonal monolayer with

their long axes in plane (1I), followed by a mostly out of plane hexagonal mono-

layer (1II) at h ≈ L (Figure 6.18B). This result agrees with the observations

of Lee et al., [40] with the main difference that in the study presented in this

chapter, no clear preferred in-plane orientation was observed in 1I. At higher

wedge diameter, L < h < 2DL, square bilayer domains, 2�, were observed. In this

structure, the large lobes of the dumbbells form a square lattice, with the small

lobes randomly sticking in one of the square voids surrounding each particle. This

structure is shown in Figure 6.18C, with the solid white lines indicating the square

lattice in the bottom layer and the dashed red lines indicating the square lattice of

the second layer. Figure 6.18D shows a layer of the hexagonal bilayer 2 following
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at h ≈ 2DL. Due to the high degree of scattering, structures at higher values of h

could not be resolved.

A

8 μm

B C DL L L

Figure 6.18. Optical micrographs of structures found in a wedge-shaped confinement

cell at different wedge diameters h. A: an in plane monolayer (1�I) at h ≈ DL, B: an

out of plane monolayer (1�II) at h ≈ L, C: a square bilayer 2� at L < h < 2DL with

the solid white and dashed red lines indicating the square lattice in the in focus and out

of focus layer respectively. D: one layer of a hexagonal bilayer (2�).

The positional order for the two types of monolayer and the hexagonal bilayer

were found to be 〈|ψ6|〉 = 0.73 for 1I, 0.85 for 1II and 0.68 for 2, which is

comparable to the structures formed by convective assembly (see Figure 6.11). An

important difference between the two systems is, however, that the sedimented

particles still display thermal motion. Figure 6.19 shows snapshots of a time series

taken of the same section of 1II, showing fluctuations in particle position and

most notably orientation. Significant changes between the frames are indicated

with arrows.

t = 0s t = 5s t = 10s

Figure 6.19. Optical micrographs of a section of 1�II taken in time, showing fluctu-

ations in particle positions and orientations. Significant changes between t = 0 s and

t = 5 s are indicated with red, right pointing arrows, changes between t = 5 s and t = 10 s

with white, left pointing arrows.
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In comparison to the structures formed by convective assembly, the sedimen-

tation of DBB0.46 particles in confinement results in monolayer and bilayer struc-

tures with a comparable degree of positional order. However, the resulting struc-

ture still shows thermal fluctuations and since there is no flow induced reorientation

of the particles, there is no preferred particle orientation. The resulting structure

therefore more closely resembles the plastic crystal equilibrium structure expected

for particles with this shape.

5. Conclusions and Outlook

In this chapter, horizontal deposition is used to form single and mulitlayer

assemblies of asymmetric dumbbell particles of various size ratios α and relative

lengths L∗. These results are consistent with vertical deposition experiments,

showing they are general for both convective assembly methods. In convective

assembly, particles with a low L∗ assemble into ordered structures with a preferred

orientation with their long axes perpendicular to the growth direction, forming an

oblique hexagonal structure.

The degree of positional order, expressed as the local bond order parameter

ψ6, was highest in monolayer areas of the deposit and decreased with increasing

number of layers. Upon changing the particle shape, a decrease in positional order

was also observed with increasing particle length L∗. Together with this decrease

in positional order, the overall structure became less oblique, despite the increase

of aspect ratio of the particles. This is due to loss of orientational order.

In situ investigation of the convective assembly process indicates that that

the preferred orientation of particles is defined by a combination of solvent flow

and capillary immersion forces upon attaching to the deposit. This preferred

orientation changes from perpendicular to parallel to the flow above a relative

particle length of L∗ ≈ 0.4. This change can be explained by the balance between

hydrodynamic and immersion capillary forces on the particle, in which the other

shape parameter of the dumbbells, the size ratio α, might also play a role.

The preferred particle orientation was less pronounced in (multilayer) assem-

blies made from higher initial particle concentrations. The disruption of particle

alignment due to the hydrodynamic interactions with other particles is a possi-

ble explanation for this phenomenon. However, these hydrodynamic interactions

should be studied in more detail.

177



Chapter 6: Convective assembly

Sedimentation of micron-sized asymmetric dumbbell-shaped particles in a

wedge-shaped confinement results in a plastic crystal with the same degree of posi-

tional order as the crystals made by convective assembly, but lacking orientational

order. The structural progression with increasing wedge diameter in the first few

layers is similar to spheres in confinement, but with the additional differentiation

between an in plane and out of plane monolayer.

For the experiments described in this chapter, results from both charge sta-

bilized sub-micrometer sized particles (for the low L∗ samples) and sterically sta-

bilized micron-sized particles (for the higher L∗ samples) were used. However,

these difference in particle size and charge have no effect on the trends observed

in convective assembly.

As mentioned in the Introduction, crystalline assemblies of asymmetric dumb-

bells can find applications as materials with a full photonic band gap. Since particle

size does not appear to have an effect on the structure formed, convective assem-

bly could in principle be used to make photonic crystals for a wide selection of

wavelengths. However, producing a large scale, defect free assembly of anisotropic

particles remains challenging. Especially because the quality (gap-to-midgap ra-

tio) of the photonic crystal is expected to increase with L∗, while this property

also negatively influences the formation of crystalline structures.
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Summary

This thesis focuses on the self-assembly of anisotropic colloidal particles, con-

sidering in particular dumbbell-shaped particles. A dumbbell-shaped particle con-

sists of two spherical touching or partly overlapping lobes that can have differ-

ent sizes. Dumbbell-shaped particles with anisotropic or Janus-like interactions,

e.g. one attractive and one repulsive lobe, allow for self-assembly into complex

structures of which the geometry is determined by the properties of the build-

ing blocks. Investigation of the self-assembly of such particles helps identify key

building block attributes that lead to the formation of the desired structure. By

carefully tuning the building block properties, functional structures can be fab-

ricated by self-assembly. Well-defined vesicle or micelle-like structures can for

instance find application as vehicles for targeted delivery.

The dumbbell-shaped colloids used in this thesis are synthesized from poly-

styrene using a multi-step seeded emulsion polymerization process described in

Chapter 2. In this method, cross-linked polystyrene seed particles are swollen

with monomer. A dumbbell is formed by the monomer phase separating from the

polymer seed particle as a droplet on its surface and subsequent polymerization.

The size ratio between the lobes of the dumbbells can be tuned by changing the

size of the protrusion and the degree of overlap is determined by its contact angle

with the seed.

While the protrusion size can simply be increased by addition of more monomer,

its minimum is determined by the minimum degree of swelling required to in-

duce phase separation. This minimum can be decreased by increasing the seed

cross-link density. Additionally, phase separation can be promoted by addition

of non-polymerizing toluene, allowing for the formation of significantly smaller

protrusions. The contact angle depends on the hydrophilicity of the seed surface,

which is tuned by the choice of co-monomer in the seed synthesis.

Moreover, the seed particle can specifically be made rough or smooth. The

roughness consists of a homogeneous coverage with smaller particles formed by
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secondary nucleation. The formation of these smaller particles and adhesion to

the seed particle is promoted by the right concentration of polyvinyl alcohol in

the medium and a methoxysilyl-functionalized co-monomer in the seed particles.

Suppressing secondary nucleation in the medium with hydroquinone results in

smooth particles.

Anisotropic interactions between the dumbbell-shaped particles are in this the-

sis induced by a difference in surface roughness between the lobes. Due to the size

of the depletant with respect to the roughness, the smooth lobes of the particles be-

come significantly more attractive than the rough ones. This concept is explained

in Chapter 3, in which also the effect of protrusion size on the self-assembly is in-

vestigated in optical microscopy experiments. The resulting structure is expected

to change with the size ratio of the dumbbells. However, specific interactions can

only be induced in a narrow range of depletant concentrations and curvature of

the smooth lobe. In this range, only spherical micelle-like clusters were observed.

Chapter 4 shows that the addition of a second rough lobe to the particles

does induce the formation of differently shaped, namely tube-like structures. Tri-

angular particles consisting of a larger smooth lobe and two smaller rough lobes,

resembling a Mickey Mouse head were found to form tube-like structures with a

well-defined diameter in both microscopy experiments and Monte Carlo simula-

tions. In this system, specific interactions could be induced in a wider range of

depletant concentrations, allowing for an analysis of the free particle concentration

as function of interaction strength. From this analysis, information about the tube

structure can be obtained with reasonable accuracy.

In Chapter 5, templated self-assembly of rough-smooth dumbbells is inves-

tigated, using smooth microspheres as a template. While the size ratio between

the smooth and the rough lobe of a dumbbell-shaped particle define the size of the

microsphere that can be optimally packed with specifically binding dumbbells, full

coverage of the microsphere was observed in neither microscopy experiments nor

Monte Carlo simulations. The microspheres could, on the other hand, be fully cov-

ered by smooth spherical particles under the same conditions. However, template

microspheres covered by smooth spheres form large aggregates, while microspheres

partly covered with dumbbells do not. This shows that the rough lobes of bound

dumbbells sterically stabilize the microspheres against aggregation.

Crystals of dumbbell-shaped particles have promising applications as photonic

materials. However, these structures are hard to achieve experimentally. InChap-

ter 6, the structure formed by convective assembly of dumbbell-shaped particles
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of various sizes and dimensions is analyzed in terms of positional and orientational

order by bright field and confocal microscopy, SEM and small angle x-ray scatter-

ing. While “short” dumbbells, with a high degree of overlap between both lobes,

form ordered structures by convective assembly, increasing the relative length of

the particles quickly reduces both the degree of positional and orientational order

in the deposits.
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Samenvatting voor iedereen

Zelf-ordening is een proces waarbij losse elementen of bouwstenen spontaan

een groter, geordend systeem vormen. In de natuur komen dit soort processen

veel voor. Denk bijvoorbeeld aan vissen of vogels die zich verzamelen in zwermen

of scholen, maar ook de vorming van kristallen uit atomen of moleculen, zoals

ijskristallen van watermoleculen. Of zeepbellen die ontstaan uit water, lucht en

zeepmoleculen.

Ons lichaam is op zichzelf al een complexe zelf-ordening van cellen die allemaal

hun eigen taak hebben in een groter geheel, maar in ons lichaam zijn ook volop

voorbeelden van zelf-ordening op een kleinere schaal te vinden. Cellen maken

continu eiwitketens die zich vouwen en ordenen tot werkende machientjes die het

lichaam draaiende houden. Is een cel gëınfecteerd met een virus, dan maakt deze

cel de losse onderdelen van het virus, die zichzelf spontaan ordenen tot complete

virussen. Zo’n virus heeft een kapsel dat gesloten blijft buiten de cel en zich pas

in de kern van een volgende cel opent om ook deze cel te infecteren.

Vaak spelen dit soort processen zich in de natuur heel snel af, zijn er heel veel

omgevingsfactoren die een rol kunnen spelen en zijn de bouwstenen heel klein.

Deze omstandigheden maken het moeilijk om precies te begrijpen hoe systemen

zichzelf ordenen en welke eigenschappen van de bouwstenen essentieel zijn in dit

proces. Daarom wordt in dit proefschrift gebruik gemaakt van een modelsysteem

dat makkelijker te bestuderen is en waar de eigenschappen van de bouwstenen

nauwkeurig ingesteld kunnen worden. Vervolgens wordt het effect van deze eigen-

schappen op de gevormde structuur bestudeerd. Deze informatie kan vervolgens

gebruikt worden om gericht bouwstenen te ontwerpen die zich spontaan ordenen

in structuren met nieuwe, nuttige eigenschappen. Denk bijvoorbeeld aan capsules

voor het transport van medicijnen naar de juiste plek in het lichaam, gëınspireerd

op de werking van virussen. Of materialen met een nieuwe kristalstructuur die

op een andere manier licht bëınvloeden. Voor dit modelsysteem worden collöıden

gebruikt.

187



Samenvatting voor iedereen

Collöıden zijn deeltjes met een afmeting tussen ongeveer een nanometer (een

miljardste van een meter) en een micrometer (een miljoenste van een meter). Dit

soort deeltjes zijn of hele grote moleculen, zoals polymeren of eiwitten, of kleine

“klontjes” van een bepaald materiaal, omringd door ander materiaal. Als die

klontjes van een vaste stof zijn, bijvoorbeeld plastic of glas, en het omliggende

materiaal een vloeistof, heet zo’n systeem een suspensie. Verf is een voorbeeld

van een suspensie van vaste pigmentdeeltjes in een vloeibaar oplosmiddel. Andere

voorbeelden van collöıdale systemen zijn melk, bloed en dagcrème.

Collöıden in een suspensie zinken niet meteen naar de bodem, zoals grotere ob-

jecten zoals kiezelstenen of rijstkorrels wel doen. In plaats daarvan bewegen ze vrij

door het oplosmiddel en volgen daarbij een willekeurig traject, omdat ze constant

botsen met oplosmiddelmoleculen of met elkaar. Door deze willekeurige, zogeheten

thermische beweging gedragen ze zich eigenlijk net als de oplosmiddelmoleculen,

alleen zijn ze veel groter. “Grote” collöıden, van ongeveer een micrometer, zijn

nog te klein om met het blote oog te zien, maar wel goed zichtbaar met een mi-

croscoop. Dat maakt een collöıdaal systeem zo’n goed modelsysteem: de deeltjes

zijn klein genoeg om zich te gedragen als moleculen en groot genoeg om ze live te

bestuderen.

Om collöıden te gebruiken als modelsysteem voor het bestuderen van zelf-

ordening is het bovendien belangrijk dat deeltjes met de juiste vorm en interactie

gemaakt kunnen worden. De meest eenvoudige vorm zijn bolvormige deeltjes die

in elke richting dezelfde interactie hebben. Deze deeltjes heten isotroop in vorm

en interactie. Als dit soort deeltjes elkaar aantrekken, zullen ze samenklonteren

of aggregeren. In wat voor structuur ze samenkomen hangt af van hoe sterk de

aantrekking is en op welke afstand de deeltjes elkaar voelen. Maar door de deeltjes

een andere vorm te geven en enkel specifiek op bepaalde plekken attractief te

maken, kunnen complexere structuren gevormd worden. Deze bouwstenen zijn

anisotroop in zowel vorm als interactie.

Een eerste stap in de richting van deze complexere bouwstenen is het maken

van collöıden die niet bestaan uit één, maar twee met elkaar verbonden bolvormige

deeltjes. Dit soort deeltjes hebben een beetje de vorm van Barbapapa of een

sneeuwpop, maar worden in de literatuur meestal aangeduid als haltervormig. De

vorm van dit soort deeltjes kan ingesteld worden door het variëren van de afmeting

van beide bollen en de mate van overlap tussen de bollen. Figuren 1A-C tonen

elektronenmicroscopie-opnamen van haltervormige collöıden met verschillende vor-

men die gebruikt zijn in dit proefschrift.
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Figuur 1. Elektronenmicroscopie-opname van verschillende deeltjes die besproken wor-

den in dit proefschrift. A: Haltervormige deeltjes met een kleine gladde en grote ruwe

bol. B: Haltervormige deeltjes met een kleine en grote gladde bol. C: Haltervormige

deeltjes met een ruwe en galdde bol van ongeveer dezelfde grootte. D: Mickey Mouse

vormige deeltjes met een glad “hoofd” en twee ruwe “oren”.

Als nu specifiek een van de twee bollen attractief wordt gemaakt en de an-

dere niet, heeft dit een interessant effect op de zelf-ordening van deze bouwstenen.

De attractieve bollen zoeken elkaar op en proberen, door te binden aan zo veel

mogelijk andere attractieve bollen, een compacte klomp te vormen. Elke attrac-

tieve bol voegt ook de bijbehorende niet-attractieve bol toe aan deze klomp, die

naar buiten steekt en toevoeging van meer deeltjes aan die kant blokkeert. Dit

is zichtbaar in Figuur 2A, een microscopie-opname van een klompje van halter-

vormige deeltjes, verbonden via de kleine attractieve bollen in het midden, terwijl

de grote niet-attractieve bollen naar buiten steken. De structuur die op deze

manier vormt, hangt af van de afmeting van de attractieve bol ten opzichte van de

niet-attractieve bol. Is de attractieve bol heel klein, dan zullen de deeltjes zichzelf

ordenen in compacte, bolvormige structuren. Een grotere attractieve bol zal leiden

tot grotere structuren, aangezien elk deeltje dan minder afscherming levert. Die

structuren kunnen overgaan van bolvormig naar langwerpig of plaatvormig; een

dubbele laag haltervormige deeltjes met de attractieve kanten in het midden en de

niet-attractieve kanten aan de buitenkant.

In het onderzoek in dit proefschrift wordt een van de twee kanten van hal-

tervormige deeltjes attractief gemaakt door middel van depletie-interactie. Deze

interactie wordt veroorzaakt door het toevoegen van polymeermoleculen (kleinere

collöıden) aan een suspensie. Deze polymeermoleculen zorgen voor een extra druk

in het systeem. Als twee collöıden elkaar nu zo dicht naderen dat er geen poly-

meermoleculen meer tussen passen, is die druk er alleen nog aan de buitenkant,

waardoor de collöıden tegen elkaar geduwd worden. De kracht van deze attrac-

tie hangt af van de concentratie polymeermoleculen die druk uitoefenen en hoe
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groot het zogeheten overlapvolume (Voverlap) is waar de polymeermoleculen niet

meer tussen passen. Zoals te zien is in Figuur 1, hebben de meeste haltervormige

deeltjes in dit proefschrift een ruwe en een gladde kant. Als de polymeermoleculen

klein genoeg zijn om tussen de uitsteeksels op de ruwe kant door te bewegen is

Voverlap kleiner voor twee ruwe oppervlakken dan voor twee gladde. De gladde

kanten van de deeltjes zijn dan attractief, de ruwe niet. Figuur 2B en C toont het

verschil in Voverlap, en dus het verschil in aantrekking tussen beide situaties.

glad
oppervlak

ruw
oppervlak

Voverlap is groot Voverlap is klein

polymeer

polymeer
past tussen
uitsteeksels

0,004 mm

A B C

Figuur 2. A: Microscopie-opname van haltervormige deeltjes, geordend in een groepje

met binnenin de kleinere attractieve bollen, waarbij de grotere, niet-attractieve bollen

naar buiten steken. De schematische weergave van de depletie-interactie tussen twee

gladde (B) en ruwe (C) oppervlakken toont (in het roze) een groter overlapvolume Voverlap,

dus sterkere aantrekking, tussen de gladde oppervlakken dan tussen de ruwe.

Hoofdstuk 2 van dit proefschrift beschrijft hoe de haltervormige deeltjes voor

dit onderzoek gemaakt worden van polystyreen, een plastic dat ook gebruikt wordt

voor de productie van onder andere piepschuim. Polystyreen wordt gevormd door

het polymeriseren (aan elkaar verbinden tot lange ketens) van styreenmoleculen in

een mengsel van water en ethanol. Die polystyreenketens zitten liever bij elkaar

dan in water of ethanol, dus ballen ze samen tot ronde deeltjes van ongeveer

een micrometer groot. Deze collöıden vormen de kiemdeeltjes waaruit de halter-

vormige deeltjes gemaakt worden. Aangezien losse styreenmoleculen ook liever bij

polystyreen zitten dan in water, gaat nieuw toegevoegd styreen in de kiemdeel-

tjes zitten, die daardoor opzwellen. Door het toevoegen van verbindingsstukken

tussen de polymeerketens wordt het polystyreen in de kiemdeeltjes verknoopt tot

een netwerk. Als dit netwerk opzwelt met styreen, komt het onder spanning te

staan. Als deze spanning te groot wordt, trekt het netwerk samen en knijpt het
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styreen eruit. Dit styreen blijft als een druppel aan het kiemdeeltje plakken en kan

vervolgens gepolymeriseerd worden tot een ronde uitstulping. Het oorspronkelijke

kiemdeeltje is dan de ene bol van de halter en deze uitstulping de tweede.

In de synthesemethode die gebruikt wordt in Hoofdstuk 2 kan de afmeting

van de uitstulping gecontroleerd worden door de hoeveelheid styreen die toegevoegd

wordt aan de kiemdeeltjes te variëren, maar er is altijd een minimale afmeting van

de uitstulping, omdat er een minimale hoeveelheid zwelling nodig om het netwerk

in de kiemdeeltjes voldoende op te rekken. Anders vormt er helemaal geen uit-

stulping. Om toch haltervormige deeltjes met een kleinere uitstulping te maken

kan de verknopingsdichteid van het netwerk in de kiemdeeltjes verhoogd worden,

of de kiemdeeltjes kunnen deels worden gezwollen met tolueen, dat wel meehelpt

bij het zwellen, maar niet mee polymeriseert. De deeltjes met een kleine, gladde

uitstulping in Figuur 1A zijn gemaakt door deels te zwellen met tolueen.

Door naast styreen een ander monomeer toe te voegen in de kiemdeeltjes, ve-

randeren de chemische eigenschappen van deze deeltjes. Door toevoeging van het

juiste zogeheten comonomeer blijven kleinere polystreendeeltjes, die ook ontstaan

bij de synthese, goed aan de kiemdeeltjes plakken. Dit zorgt voor het ruwe op-

pervlak. Van gevormde deeltjes met een ruwe en een gladde bol kan de gladde

bol specifiek attractief gemaakt worden met depletie-interactie zoals hierboven is

uitgelegd. De zelf-ordening van deeltjes met deze vorm en specifieke interactie is

het onderwerp van Hoofdstuk 3 en 5 van dit proefschrift.

In Hoofstuk 3 wordt gekeken naar het effect van de grootte van de gladde

bol van de halters op de structuur die deze deeltjes vormen. Dit wordt gedaan met

haltervormige deeltjes met drie verschillende verhoudingen tussen de gladde en de

ruwe bol. Hoewel de verwachting is dat een grotere gladde bol grotere structuren

oplevert en waarschijnlijk leidt tot niet-bolvormige structuren, blijkt dat de spe-

cifieke interacties tussen deze deeltjes slechts in een beperkt aantal gevallen goed

ingesteld kunnen worden. Bij een te kleine gladde bol is de attractie te zwak,

terwijl een te hoge concentratie depletant ook de ruwe bollen attractief maakt.

Hierdoor worden in alle gevallen min of meer bolvormige structuren gevormd.

In Hoofstuk 5 wordt beschreven hoe haltervormige deeltjes met een attrac-

tieve en niet-attractieve bol grotere, bolvormige collöıden inkapselen. De halter-

vormige deeltjes binden met hun gladde bol aan het oppervlak van de grotere

collöıden van ongeveer 10 micrometer, waarbij ze met hun ruwe kant naar buiten

steken. Op het oppervlak van grotere bollen van meer dan 25 micrometer plakken

de haltervormige deeltjes door een groter overlapvolume ook met hun ruwe kant
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en liggen ze plat. Deze trend is ook waargenomen in zogenaamde Monte Carlo

computer simulaties aan dit systeem. Hoewel niet het hele oppervlak van de grote

bollen bedekt is met haltervormige deeltjes, voorkomt deze inkapseling wel dat

de grote bollen aggregeren. Dit aggregeren gebeurt juist wel als de grote bollen

ingekapseld worden met kleinere gladde bolletjes in plaats van haltervormige deel-

tjes, ondanks dat de bolletjes het oppervalk wèl volledig bedekken.

Het variëren van het comonomeer in de kiemdeeltjes heeft ook effect op de

contacthoek tussen het kiemdeeltje en de uitstulping. Op deze manier kunnen

deeltjes gemaakt worden waarvan de twee bollen elkaar net raken, of juist erg

overlappen, waardoor ze meer de vorm hebben van een ei. Het effect van de op

deze manier ingestelde lengte van de deeltjes op de structuur waarin ze ordenen is

onderzocht in Hoofdstuk 6.

Als licht van het ene naar het andere materiaal gaat, wordt het gebroken.

Denk aan de knik die in een rietje lijkt te zitten op de grens tussen de limonade

in een glas en de lucht erboven. Doordat een suspensie van collöıden klontjes van

een bepaald materiaal in een ander materiaal zijn, vindt deze breking ook hier

plaats. Hierdoor verstrooit een collöıdaal systeem het licht. Dit is nuttig voor het

maken van materialen met nieuwe optische eigenschappen. Bovendien kan uit het

patroon van het verstrooide licht informatie gehaald worden over de vorm van de

deeltjes en de structuur, dus hun positie ten opzichte van elkaar. In Hoofdstuk 6

wordt röntgenstraling gebruikt voor deze analyse. Omdat het systeem dat hier

onderzocht wordt de röntgenstralen onder een hele kleine hoek verstrooit, is een

grote opstelling nodig om de verstrooide stralen te detecteren. Deze metingen zijn

daarom uitgevoerd bij de ESRF in Grenoble.

De röntgenverstrooiingsexperimenten worden gebruikt als aanvulling op elek-

tronen- en confocale microscopie om de structuur te analyseren die gladde hal-

tervormige deeltjes (Figuur 1B) vormen als ze door convectie of sedimentatie

gerangschikt worden. In deze experimenten wordt een sterk effect van de lengte

van de deeltjes waargenomen. Bij het rangschikken door convectie vormen korte,

eivormige deeltjes geordende structuren, waarbij de deeltjes zich loodrecht op de

groeirichting oriënteren. Langere haltervormige deeltjes oriënteren zich juist pa-

rallel aan de groeirichting, maar de structuur is veel minder geordend en ook de

oriëntatie is slechter gedefinieerd. Wanneer haltervormige deeltjes door sedimen-

tatie gerangschikt worden, vertonen ze een vergelijkbare mate van orde, maar

hebben ze geen vastgestelde oriëntatie.
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Tijdens de synthese van de ruwe kiemdeeltjes ontstaan soms ook paartjes,

trio’s of andere kleine groepjes van deeltjes. Bij het zwellen krijgt elk van deze

groepjes één gladde uitstulping. De deeltjes die op die manier ontstaan, kun-

nen op basis van afmeting gescheiden worden door ze te centrifugeren in een buis

met een dichtheidsgradient. De deeltjes die bestaan uit twee ruwe kiemdeeltjes

en een gladde uitstulping zijn te zien in Figuur 1D. Deze deeltjes, die wel wat

weg hebben van het hoofd van Mickey Mouse, laten zien dat de vorm van de

bouwstenen doorslaggevend is bij het bepalen van de structuur die ze vormen. In

Hoofstuk 4 wordt aangetoond dat deze Mickey Mouse deeltjes lange, buisvormige

structuren vormen met een constante diameter. De microscopie-experimenten in

dit hoofdstuk zijn, net als die in Hoofdstuk 5, aangevuld met Monte Carlo simu-

laties, die hetzelfde gedrag laten zien. Naast de gevormde structuren zijn vaak nog

vrije deeltjes aanwezig. Uit de concentratie van vrije deeltjes kan vrij nauwkeurig

informatie over de structuur van de buizen worden verkregen, zoals het aantal

bindingen dat elk deeltje maakt en de bewegingsruimte die de Mickey Mous deel-

tjes in de buisvormige structuren nog hebben.
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