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1
Introduction

1.1. Colloidal particles

Often we do not realize that we encounter colloidal systems on a daily basis in our

lives. Examples are the paint we apply on the wall, the milk we drink, the mayonnaise

we eat and the blood that flows through our veins. What is it that all these examples

have in common? And hence how can we define colloidal systems?

A colloidal dispersion (also called colloidal suspension) is a heterogeneous system.

It contains a continuous phase (such as a liquid, a gas or a solid) in which another

phase is dispersed (such as solid particles, liquid droplets or gas bubbles). These

dispersed objects have at least one characteristic length scale in the range between a few

nanometers (nm) and several micrometers (µm), and are called ‘colloids’. The ensemble

of both the colloids and the medium is called a ‘colloidal dispersion’, which actually

is a linguistic misnomer and should be replaced by the logically correct: dispersion of

colloids or dispersion of colloidal particles. The milk and mayonnaise already mentioned,

consist of oil droplets in water, blood consists of blood cells and proteins in water, and

paint consists of pigments in either oil or water for instance. In this thesis, we will

focus on solid colloidal particles in a dispersing medium (i.e. colloidal dispersions) and

on mixtures of water and oil, one finely dispersed in the other (i.e. emulsions).

The word colloid originates from the Greek word κoλλα for glue. It was introduced

by Thomas Graham after he discovered that a sticky substance was collected when

filtering a colloidal dispersion over a membrane [1]. Note that this example directly

highlights the fact that in the colloidal world, particles of one substance are mixed

(also called ‘dispersed’ or ‘suspended’) in a continuous medium of another substance.
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The colloidal size range (nm-µm) is set by two limits. On the one hand, colloids are

much larger than the solvent molecules in which they are dispersed. This results in the

advantage that colloids are observable with microscopes (including optical, confocal or

electron microscopes), and it even allows for a 3D detection in real time and real space

on a single particle level [2–4]. On the other hand, colloids are smaller than macroscopic

objects, such as grains of sand dispersed in water (i.e. granular matter). This allows col-

loids to experience Brownian motion and not to sediment to the bottom instantaneously.

Brownian motion is the diffusive motion caused by fluctuations in collisions of solvent

molecules with the colloid, resulting in a ‘random-walk’ (or ‘dronkemanswandeling’ in

Dutch). This transport phenomenon is named after the botanist Robert Brown [5].

He observed in 1827 that ‘extremely minute particles of solid matter’ (ranging between

approximately 1
4000

th and 1
20000

th of an inch as mentioned in his paper, and derived

from pollen grains and ‘dead’ pieces of organic and inorganic materials) moved around

in water. This ‘unexpected fact of seeming vitality’ resulted in a startling question; how

could small pieces of dead material still move? It was Albert Einstein who described

in 1905 that this movement originated from the fact that they were kicked around (i.e.

‘bombarded’) by individual water molecules [6]. Further experimental verification of

Brownian motion was reported by Jean Perrin in 1908 [7, 8].

Because colloids spontaneously diffuse, they can evolve towards a homogeneous dis-

tribution in a liquid without any external assistance. As described, this is caused

by the fact that the thermal energy (kbT ) of the environment is transferred to the

particles as kinetic energy. Any mutual interaction between the colloids can compete

with this thermal (or kinetic) energy. When it involves a mutual attraction between the

colloids which is larger than the thermal energy, the colloids typically aggregate and

the dispersion is called ‘unstable’. Often, but not always, the van der Waals interaction

is responsible for the attraction, originating from fluctuating dipoles. Another mean to

introduce attractive interactions is by adding a non-adsorbing polymer (‘depletant’).

Well-known repulsive interactions between colloids, often competing with the attrac-

tions, can originate either from charges at the colloidal surface (‘charge stabilization’)

or by adsorbing a polymer layer at the surface of the colloid (‘steric stabilization’).

Colloidal systems are of interest, both from a fundamental and industrial point

of view. Because of the Brownian motion, colloids display the same phase behavior

as atoms or molecules, yet with the advantage that they are observable with micro-

scopes because of their larger size and slower diffusion. As a result, they can serve as

model systems in fundamental studies on crystallization, nucleation, melting, freezing,

(de)mixing, glass transitions, liquid crystal formation and thermally induced interfacial

fluctuations, for example [3,9–16]. Simultaneously, colloidal systems such as emulsions

and foams are frequently encountered in many products related to the food or cosmetics

industry, for instance. Also here, the systems require control over, among others,
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the stability, texture, flow-behavior and shelf-life, making ‘soft-matter’ research also

indispensable.

1.2. Anisotropic colloids & directed self-assembly

The simplest model to describe the effective colloid pair potential is based on monodis-

perse colloidal spheres that interact via a hard-core repulsion. A hard-sphere potential

ensures that the particles cannot penetrate each other (there is an infinite repulsion

upon contact) and that they have no mutual attraction or repulsion otherwise. Despite

the simple inter-particle potential, hard sphere colloids can still assemble in crystals.

The process in which such an ordered structure is formed out of an initially disordered

ensemble of components is called self-assembly. For hard spheres, this self-assembly is

dictated by the density (or volume fraction) of the particles only. The particle number

density changes, as a function of the sample height, due to the gravitational force.

Because of their much larger size when compared to atoms, colloids are almost always

influenced by the external gravitational field, even when minimizing their buoyant mass

using density matching. Gravity results in sedimentation (when the density of the

colloid is larger than the pure fluid) or creaming (when the density of the colloid is

lower than the pure fluid). Such variations in the particle density can force even hard

sphere colloids to crystallize when a volume fraction of 0.49 is reached [17, 18]. The

interactions between spherical colloids are enriched, yet remain spherically symmetric,

when the particle surface is charged. By changing the salt concentration, and hence the

screening of the electrostatic interactions, the inter-particle interactions can be tuned

from strongly screened (hard) to long-ranged repulsive (soft) [10].

In the last decade, the focus in soft matter research has shifted from the above

described spherical particles and interaction potentials to complex-shaped particles and

inter-particle interactions [19]. Anisotropic inter-particle potentials can be induced

when exposing the colloids to other external fields, in addition to gravity. These fields

have the additional advantage that they are in principle reversible and adjustable in

nature. Often the term directed self-assembly is used when an external field is used

to enhance the self-assembly. An example of such a field is an electric field. Colloidal

particles can acquire a polarization when applying an electric field, provided that their

dielectric constant differs from that of the continuous phase. For spherical colloids this

can often be well approximated by a dipole. By applying high frequency AC fields, such

that the frequency is higher than the relaxation rate of a double layer, dipole-dipole

interactions between the particles are induced while polarization of the double layers

are prevented [19]. As a result of the anisotropic dipolar interaction, long chains of

particles are formed along the direction of the external electric field, irrespective of the

particle shape [20–25].
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Apart from an anisotropic interaction, an anisotropic particle shape forms a signifi-

cant addition to the particle assembly tool kit. Shape is an inherent particle property

as it does not depend on the composition and reactivity of the material [26]. Yet,

complex-shaped colloids can result in hierarchical structures and dictate the properties

of these materials upon self-assembly, ultimately leading to promising optical, electri-

cal and chemical applications [27–29]. The revolution to guide the self-assembly of

materials by controlling the shape of the individual particle constituents is fueled by

recent breakthroughs in particle synthesis to create complex-shaped colloids [27, 28].

Examples are rod-like particles that can form liquid crystals including nematic, smectic

and columnar phases [30], bowl-shaped particles that can form (bended) stacks and

columnar phases [31], and cubic colloids that can form cubic crystals [32], for example.

Combining anisotropic shapes with anisotropic inter-particle interactions can give rise

to an even richer behavior. For instance, exposing anisotropic colloids to an electric

field also exerts a torque on the particles, resulting in alignment in the field direction.

Such an electric-field-induced particle alignment caused bowl-shaped particles to form

alternating chains [19], and enabled plastic crystal to crystal transitions of rods [33], for

example. Moreover, in shape-complementary mixtures of spheres and dimpled colloids,

intriguing lock-and-key assemblies were formed when introducing depletants that gave

rise to anisotropic inter-particle interactions [34].

In this thesis, we report that such lock-and-key assemblies can also be formed by

electric-field-induced interactions between colloidal spheres and bowls. Moreover, we

describe synthesis advances that resulted in anisotropic, concave-shaped colloids: rang-

ing from spheres with a small dimple to bowl-shaped particles.

1.3. Templated capsule synthesis & encapsulation

Microcapsules are yet another type of colloidal particles when compared to solid

spherical colloids. Microcapsules, loosely defined as partially permeable shells around

a gaseous, liquid or solid material and with a size in the colloidal and granular domain,

represent an active field of research because they can potentially encapsulate, protect,

release and thereby distribute materials. As a result, there is a compelling fundamental

as well as industrial interest in these systems ranging from invaluable delivery vehicles

for drugs, cosmetics, and food ingredients, to the fabrication of porous materials and

the formation of microreactors in catalysis [35–38].

A templating technique is the most versatile approach for microcapsule synthesis [39].

Here, a capsule is grown around a sacrificial template after which the templating core

is removed by heating or dissolution [39–41]. Many studies make use of solid colloids

as templates, as these particles can be synthesized with a narrow size distribution in

a bulk scale. However, harsh solvents or high temperatures are typically required to

remove the core after shell growth by respectively dissolution or calcination, processes
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which can adversely affect the as-formed capsule [42]. Because liquid droplets can be

conveniently dissolved after encapsulation, they are typically preferred as sacrificial

templates. However, generally speaking, droplets have the drawback that they can not

be produced on a bulk scale in a monodisperse way [42].

Apart from synthesis optimizations, also an efficient cargo loading of the capsules

is required for potential applications. On the one hand, loading can be achieved by

preloading the scaffold [43] which, however, requires a compatible template and cargo.

On the other hand, postloading, after capsule synthesis, is a promising method [44–46].

This requires permeable capsules that have the advantage that they are in principle

‘re-loadable’. However, inefficient loading of cargo from a continuous phase forms an

important drawback for this method [45].

After synthesis and loading, a controlled - and ideally localized and triggered -

delivery is preferred. Passive release, driven by diffusion through the capsule wall,

is possible for permeable shells. Here, a homogeneous shell wall and well-defined shell

thickness are required, as these parameters set the diffusion path and hence the release

rate [47]. On the other hand, an activated and instantaneous release can be achieved

when rupturing the capsule wall, using for example a compression force [48]. Along

the same line of reasoning, responsive capsules are gaining a lot of attention nowadays.

Here, a capsule is created in which a stimulus-responsive material is incorporated such

that the permeability of the particle can be controlled using external triggers such as

pH and ionic strength, permitting the rapid and controlled release of cargo [49,50].

In this thesis we describe the synthesis of monodisperse polydimethylsiloxane (PDMS)

oil droplets in water, formed after an ammonia catalyzed nucleation and growth pro-

cess of the monomer dimethyldiethoxysilane (DMDES). The PDMS droplets acted

as templates for the subsequent growth of elastic, permeable capsules which formed

after cross-linking the PDMS with tetraethoxysilane (TES). Work in this direction was

already initiated by Vincent et al. [51] and Zoldesi et al. [52]. However, the increased

droplet diameters (approximately up to 10 µm) in the present study even enabled the

formation of particles of interest for granular matter studies [53]. After synthesis, the

template droplets were dissolved during solvent transfer and the cores were refilled with

a liquid surfactant that was spontaneously released when exposing the capsules to an

oil-water interface.

1.4. Oil-water interfaces & Pickering emulsions

As described in the previous section, (monodisperse) oil droplets in water can act

as templates for shell growth. However, in a more general perspective, there are

many applications of emulsions that do not involve shell growth, including for instance

food science, cosmetics, paints, and oil recovery [54]. Typically, additives such as

surfactants or adsorbed solid particles (discussed below) [55], or charges [56], are used
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to stabilize the liquid interfaces, keeping the emulsion stable over an appreciable time-

scale. Whilst this might render kinetically (meta-) stable emulsions, most are still not

thermodynamically stable as they require mechanical input upon formation and tend

to macroscopically phase separate in time [57, 58]. This instability originates from the

significant increase in oil-water interfacial area upon emulsification (equal to ndAow,

where Aow is the oil-water surface area of a droplet and nd is the number of droplets),

resulting in a considerable increase of the Gibbs free energy [59]. The change in Gibbs

free energy during emulsification (∆emG) is given by [59]:

∆emG = nd{Aowγow + np∆aG} (1.1)

where np denotes the number of particles adsorbed onto a drop, γow is the oil-water

interfacial tension and ∆aG is the free energy of particle adsorption (discussed below).

A conventional method to stabilize emulsions is based on the use of surfactants

(derived from the word ‘surface-active’), here np=0. Surfactants lower the interfacial

tension (γow) between the two phases by adsorbing to the oil-water interface and hereby

lower ∆emG [60]. Solid colloidal particles can be used as a second type of additives

when stabilizing emulsions, resulting in so called Pickering emulsions (here np 6=0). The

use of solid particles has many advantages over traditional surfactants as the resulting

emulsions are more stable and bio- and environmentally friendly; they have therefore

found their way in various applications and industrial processes [61]. Ramsden was the

first person to report the stabilizing effect of particles at liquid interfaces in 1903 [62],

although his name is often omitted (or forgotten) after the publication by Pickering in

1907 [63]. In contrast to surfactants which lower γow, the adsorption of colloidal particles

reduces the area of the liquid-liquid interface, hereby lowering ∆emG [60]. Note that,

apart from the elimination of part of the oil-water interface, particle-fluid surfaces are

formed as well. When taking both contributions into account, the interfacial free energy

gain (∆aG) associated with the interfacial adsorption of a colloid originating from the

oil phase is equal to [54,59,64,65]:

∆aG = 2πR2 (γpw − γpo) (1 + cosθ)− πR2γow
(
1− cos2θ

)
, (1.2a)

= −πR2γow(1 + cosθ)2 (1.2b)

Here, R is the particle radius, γpw and γpo are the interfacial tensions of respectively

the particle-water and particle-oil surface, and θ is the three-phase contact angle (taken

across the aqueous phase [64,65], and describing the equilibrium position of the particle

at the interface). The simplification of Eq. 1.2b is based on the Young’s equation,

which relates the interfacial tensions to the contact angle θ: cos(θ)=(γpo-γpw)/γow [64].

When describing the adsorption of a particle originating from the water phase based

on Eq. 1.2b, the sign within the bracket becomes negative. For colloids (R∼0.01-1 µm)

with an intermediate θ, adsorption results in a gain (∆aG) of the order of 102-107 kBT ,
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rendering them irreversibly trapped at the interface. The energy barrier for subsequent

droplet coalescence, in which np particles need to be desorbed is even larger by a factor

of np (Eq. 1.1), such that under normal conditions (kBT ) the energetic barrier will

prevent coalescence [66] even though emulsion breakage is thermodynamically favorable.

Exceptional conditions, under which thermodynamic Pickering emulsions can form, are

based on the use of Janus particles [59] or on the use of colloids combined with low

interfacial tensions (<10 mN/m) and amphiliphilic ions that adsorb at the interface [58].

Based on Eq. 1.1 and 1.2b, it is generally considered that θ has to be between 0◦ and

180◦ in order for particles to adsorb at the interface and for an energy barrier to form.

In fact, intermediate contact angles yield the largest emulsion stability [54,67,68].

In this thesis we will describe that 2.8 µm sized PMMA particles (irreversibly ad-

sorbed unless θ>179◦) dislodged from the interface only under the influence of a salt

trigger. These observations could not be described in terms of surface tension con-

tributions (i.e. wetting), but only in terms of a force balance between image charge

attractions [56, 69, 70] and van der Waals repulsions [71]. The force balance keeps

these particles at a finite distance away from the interface: generating ‘non-touching’

(effectively non-wetting) colloids. Because of the use of the low polar solvent cyclohexyl

bromide (CHB) in this study, particles acquired charges spontaneously and, combined

with a sharp transition in the dielectric constant over the interface, resulted in image

charges that drew the particles towards the interface. Simultaneously, the intermediate

dielectric constant value of the oil (εwater > εoil > εcolloid) is predicted to result in van der

Waals repulsions which prevented wetting to occur [71]. We will describe the mechanism

behind the salt-induced particle dislodgement and show that it even enabled triggered

de-emulsification of an emulsion, initially stabilized by these non-touching colloids. Such

triggered de-emulsification is promising in fields of oil recovery, heterogeneous catalysis,

and emulsion polymerization, where only temporary stability is desired [61]. As a

result, non-touching Pickering emulsions can form an interesting alternative to stimuli-

responsive Pickering emulsions which have, in recent years, received a considerable

amount of attention [61].

1.5. Scope of this thesis

This thesis covers a broad variety of topics including colloidal synthesis, emulsifica-

tion, self-assembly and encapsulation, yet all experimental studies involve an interplay

between oil, water and colloidal particles. Hence the title ’Experiments in which oil,

water and colloidal particles meet’.

In Chapters 2-5 of this thesis, we describe experimental studies performed with

flexible, permeable microcapsules. These capsules were initially formed around the

monodisperse droplets of an oil-in-water emulsion. In Chapter 2a, we describe various

synthesis procedures to arrive at the required emulsions on a bulk scale, and with
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droplet sizes in the range of 3-8 µm. Moreover, we report the subsequent shell-coating

step. In Chapter 2b we describe our findings that the nucleation and growth process

of these emulsions can be highly susceptible to contaminates when exposing the system

to a specific capliner: this section can therefore be seen as a general warning for the

use of caps with inner liners when preparing dispersions. In Chapter 3, we highlight

the potential of these capsules to act as delivery vehicles. We exchange the oil core

for a liquid surfactant phase which is spontaneously released from the capsule’s interior

in the vicinity of an oil-water interface. In Chapters 4 and 5 we also demonstrate the

potential of these capsules in self-assembly studies, because concave-shaped particles

with a single dimple can be created when decreasing the volume of oil in the capsule

core. In Chapter 4 we report that bowl-shaped particles (formed by complete buckling

of the capsules) resulted in intriguing lock-and-key assemblies when mixed with shape-

complementary colloidal spheres and after applying an electric field. In Chapter 5, we

describe that the concave shapes of the flexible microcapsules (either partially or fully

buckled) can be permanently preserved, even upon drying or solvent exchange, when

growing an additional shell layer around the capsules. This additional shell material

resulted in particles that are not only promising for self-assembly studies, as plastic

crystal phases were for instance found to be formed, but also for encapsulation studies,

because of the tuneability of the shell permeability. Finally, in Chapter 6 we describe

a completely different system in which particles, oil and water literally only meet; non-

touching PMMA particles that do not penetrate the oil-water interface. As already

mentioned, we explain the salt-induced particle dislodgement from the interface in terms

of a force balance, we provide additional evidence for this novel adsorption mechanism

and report successful salt-induced de-emulsification.



2a
Bulk scale synthesis of monodisperse PDMS

droplets above 3 µm and their encapsulation

by elastic shells

Abstract

Several facile, surfactant-free methods are reported for the preparation of

monodisperse polydimethylsiloxane (PDMS) droplets in the size range 3-8 µm

in water. These methods, of which the pros and cons are discussed, are

extensions of a procedure described before by our group which focused on

smaller droplet sizes. The PDMS oil droplets are formed by ammonia catalyzed

hydrolysis and condensation of the monomer dimethyldiethoxysilane (DMDES)

in water. One of the methods entails a seeded growth procedure in which other

oils, such as lower molecular weight hydrocarbons, were found to be able to

swell the PDMS droplets if their solubility in water was higher than that of the

seed droplets. This way, larger droplets with mixed composition were prepared.

It also turned out to be possible to load the monodisperse droplets with an oil-

soluble dye. The droplets could be coated with an elastic, partially permeable,

shell formed by cross-linking the PDMS with the monomer tetraethoxysilane

(TES) in the presence of poly(vinylpyrrolidone) (PVP) that provided colloidal

stability. This resulted in tetrasiloxane-cross-linked-polydimethylsiloxane (TC-

PDMS) capsules. Besides, the liquid interior of these capsules could be changed

by solvent exchange.
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2a.1. Introduction

Microcapsules, here loosely defined as partially permeable shells around a gaseous,

liquid or solid material and with a size in the colloidal and granular domain, represent

an active field of research because they can potentially encapsulate, protect and dis-

tribute materials. As a result, there is a compelling fundamental as well as industrial

interest for which the latter field is as diverse as food science, pharmaceutics, cosmetics,

biotechnology, the paint industry and advanced materials in general [35, 36, 43, 72–76].

The most versatile approach for capsule synthesis is a templating technique [40]. In

this technique, a shell is formed around a sacrificial particle via methods like interfacial

polymerization [77], polymer precipitation (by phase separation) [75, 78, 79], layer-by-

layer self assembly [76,80] or via locking of interfacial colloids [81] followed by removal

of the core. For the sacrificial core, solid particles as well as liquid droplets have

been used. An important advantage of the use of solid template particles (like silica,

latex or gold colloidal particles) [82–87] is that it allows for a large-scale synthesis of

monodisperse cores in a wider range of sizes. However, after deposition of the shell

material, relatively harsh dissolution or heating conditions are needed to remove the

template. This complicates the production process and adversely affects the quality

and robustness of the as-prepared capsules [42, 88]. On the contrary, liquid template

droplets allow for a more facile removal of the core under milder conditions [89, 90].

However, a combination of bulk scale synthesis and monodispersity is scarce when using

liquid templating droplets [42,91]. In conventional methods like ultrasonication [92,93]

and high-shear emulsification techniques [94–96], emulsion droplets are prepared in a

large amount but with a size distribution above 10% in width. The reverse is true for

droplets prepared using microfluidics, which allows for an exquisite degree of control

over droplet size and composition, but for which production rate, and thus yield, is

low [47,97–100]. In general, a good control over the capsule size distribution is desirable

as the particle’s shell thickness and size set the release rate as well as the mechanical

break-up of shells with, for example, ultrasound [101–105]. As a result, there remains

a need for efficient methods that can produce monodisperse template drops with well-

controlled sizes and size distributions. Although the focus of the present study is to

use monodisperse emulsion droplets to arrive at monodisperse microcapsules, there

are many applications, in science and industry, of monodisperse emulsions that do

not involve shell growth [106, 107]. For instance, monodisperse emulsions are used in

food science, cosmetics, microreaction technology, as delivery vehicles in pharmacy,

and even for the synthesis of bicolored droplets for electronic paper [108–111]. Many

important characteristics like rheology, turbidity, texture, inter-particle interactions

and shelf life are controlled by the particle size (distribution) [96, 112]. In addition,
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from a fundamental perspective, the interpretation of experimental results is easier for

narrowly distributed emulsions [112].

An exception, where liquid droplets of high monodispersity, high yield and with-

out the use of surfactants can be prepared, has been described by Vincent and co-

workers [51]. The process to arrive at monodisperse polydimethylsiloxane (PDMS)

emulsion droplets bears a strong resemblance to the famous Stöber process, in which

monodisperse silica particles are generated from tetra-alkoxysilanes, usually tetraethoxy-

silane (TES). Stöber synthesis is performed in a mixture of an alcohol and water

to which ammonia is added as a catalyst for both the hydrolysis and condensation

reactions. Nucleation in combination with early aggregation of siloxane substruc-

tures and subsequent growth, when colloidal stability has been achieved, result in

monodisperse silica sphere (see for example Ref. 113). To create the PDMS droplets,

the bi-functional monomer dimethyldiethoxysilane (DMDES) is used for which the

hydrolysis and condensation reactions are, again, catalyzed by the base ammonia.

Because alcohol is not added to the reaction medium, the starting monomer does not

completely dissolve in the basic water and the resulting nucleation and, most likely, early

aggregation steps of siloxane substructures before growth are more complicated and less

well investigated compared to the Stöber process. Hydrolysis generates slightly acidic

silanol groups which make the monomers water soluble, while subsequent condensation

reactions reverse this. It has been well established that the name PDMS is actually

somewhat of a misnomer as the vast majority of the condensed species are small

oligomers, composed of ‘chains’ of only 4 units [51, 114]. The fact that an important

part of the monomer is initially not dissolved in the water phase, but is present as

droplets, results in a dependency of the synthesis conditions on the surface area of these

monomer droplets. The surface area of the initial droplets is expected to determine the

rate of hydrolysis of the monomer. Via hydrolysis of silanol groups, the surface area

dependency indirectly controls the increase in ionic strength and hence the final inter-

droplet charge stabilization. As a result, the final PDMS droplet size and polydispersity

are, unfortunately, affected by the total surface area of the initial monomer droplets,

and therefore to stirring conditions.

Due to the high monodispersity, large-scale production and facile drop removal,

the liquid PDMS droplets have been used as sacrificial templates for the produc-

tion of tetrasiloxane-cross-linked-polydimethylsiloxane (TC-PDMS) shells [48,52], poly-

dopamine capsules [115], colloidosomes [116,117] and even for polymer microspheres [118,

119]. In all studies, the accessible size range was limited to about 0.6-3 µm [48,52,115].

However, a wider size range is preferred to be able to fully match the particle size with

the application in mind. Moreover, the only alternative to monodisperse PDMS droplets

is microfluidics which usually does not produce particles with sizes less than 10 µm.

Related to the size dependency in the final applications, larger (micron-sized) particles



12 2a. Bulk scale synthesis of droplets and capsules with diameters above 3 µm

allow higher loading capacity for in vitro studies [120]. Besides in drug delivery, the size

of the particles (1-20 µm) controls the accessibility of certain types of cells or tissues that

form the target location [81, 101]. Furthermore, the size of the microcapsules dictates

the frequency of the ultrasound when release of the payload is induced by acoustic

cavitation [105]. Finally, the particle size determines the detection strategy that will

be used during encapsulation and release studies. Ensemble assays are required for

small particles based on for example UV-spectrophotometry [121] whereas detection

on a single particle level is possible for larger (micron-sized) particles in real time and

real space with a confocal microscope [45, 122–124]. Attempts to further increase the

size of the PDMS droplet template, which predetermines the final size of the capsule,

has not produced promising results yet. In principle, the droplet size can be varied up

to 5 µm by increasing the ammonia solution concentration. However, dynamic light

scattering measurements on systems in which the droplet size was greater than 1 µm,

showed them to be more polydisperse [51]. Another way to tune the droplet size up to

several micrometers, is by increasing the DMDES monomer concentration [51,114,115].

However, it was found to be difficult to prepare monodisperse, intact capsules for droplet

diameters above 2.4 µm, for which the initial monomer concentration had to exceed

3 vol% [51,114,115]. Another attempt to increase the capsule diameter was described

in Ref. 44, in which both DMDES and ammonia concentrations were higher than what

was used in Ref. 52. However, this synthesis procedure was not found to be robust as it

sometimes resulted in a polydisperse system. In short, there is a lack of a reproducible

synthesis procedure for monodisperse PDMS templating droplets, and hence capsules,

with diameters exceeding 3 µm.

The PDMS droplets can be coated with a tetrasiloxane-cross-linked-polydimethylsi-

loxane shell to form TC-PDMS microcapsules. These capsules were synthesized for the

first time by Zoldesi and Imhof [52], with sizes in the range 0.6-2 µm. One advantage

of TC-PDMS capsules, next to their monodispersity and size control, is the possibility

to tune their shell thickness, which is beneficial for potential encapsulation and release

studies. In addition, the capsules were found to form well-defined anisotropic shapes

upon drying, or via dissolution of the PDMS oil through the shell (for instance in

ethanol), by simply tuning the ratio of shell thickness to droplet diameter [52,114,125].

From an applied point of view these capsules have already shown promise because they

are permeable to small polar dye molecules [114]. Moreover, the use of these capsules

as containers was further extended by efficiently encapsulating and releasing apolar

liquids, which can contain fluorescent tracer molecules, via controlled and reversible

buckling [44]. In addition, these capsules were shown to be an interesting new model

system to study the physics of jammed matter [126, 127]. As these capsules are highly

flexible and can be fluorescently labeled and index matched easily, their jamming

behavior can be quantitatively studied using real space confocal microscopy in 3D [128].
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Here, several methods are introduced to make monodisperse, stable PDMS droplets

with sizes above 3 µm in a high yield. An overview of all droplet sizes and polydisper-

sities, obtained using the various methods, can be found in Table 2a.1 (see Results &

Discussion) and a schematic illustration of the various synthesis procedures is depicted

in Fig. 2a.1. The first method to make larger monodisperse emulsions is based on a

modification of the PDMS synthesis as described in Ref. 51. We used higher DMDES

concentrations in combination with more efficient mechanical mixing. The second

method is based on hydrolyzing the monomer under conditions where the condensation

reactions are not yet important. The third method, resulting in limited droplet sizes

(≤3 µm) and therefore not included in Fig. 2a.1, is based on multiple mixing of a

polydisperse emulsion. The fourth procedure consists of a seeded growth technique,

in which primary PDMS droplets grow through diffusion of water-dissolved monomer

(DMDES) molecules or oil molecules like hydrocarbons and silicone oil. We further show

that oil droplets of all sizes can be used as templates for the growth of tetrasiloxane-

cross-linked-polydimethylsiloxane (TC-PDMS) shells. In this way, we have extended

the range of particle diameters up to more than 5 µm while maintaining the high yield,

the high monodispersity, the surfactant free synthesis and facile drop removal. The

size range now nicely extends up to the micron-sized capsules that can be formed using

microfluidic devices [129].
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2a.2. Experimental details

2a.2.1. Materials

Dimethyldiethoxysilane (DMDES, 97.0%), the triblock copolymer Pluronic P123

(poly(ethylene glycol)20-poly(propylene glycol)70-poly(ethylene glycol)20, Mw - 5800

g/mol), Triton X-100, tetraethoxysilane (TES, 98.0%), 3-aminopropyl-triethoxysilane

(APTES, 99%), rhodamine B-isothiocyanate (RITC), polyvinylpyrrolidone (PVP, Mw-

58000 g/mol), ammonia (25 wt% NH3), dimethyl sulfoxide (DMSO), octamethylcyclote-

trasiloxane (OMCTS, C8H24O4Si4), cyclohexane (C6H12, 99.8%), iso-octane (99%), and

hexadecane (C16H34, 99.0%) were purchased from Sigma-Aldrich. The dye pyrrome-

thene-567 was purchased from Exciton. Ethanol (100%, technical grade) was obtained

from Interchema and n-pentane (>99% for spectroscopy) from Acros. Organically

stabilized CdSe/CdS/CdZnS/ZnS quantum-dots (QDs) with a diameter of 6.9 nm were

prepared using the method of Ref. 130. Light is absorbed by the QDs in the 350-

544 nm range and the emission peak is located at 612 nm. The QDs contained an

oleic acid capping layer and were stored in cyclohexane. All chemicals were used as

received. Demineralized water (resistivity 18 MΩcm) was used in all reactions and also

for cleaning of glassware.

2a.2.2. Methods

Efficient initial mechanical mixing and no agitation during growth

(Large-scale: 750 mL) We prepared monodisperse PDMS emulsion droplets, by hy-

drolysis and condensation of the monomer DMDES, by modifying the original procedure

of Vincent et al. [51]. An aqueous dispersion (total volume 750 mL) of 22.7 vol%

ammonia and 6.8 vol% of DMDES monomer (assuming additivity of volumes) was

prepared in a 2 L beaker. Another typical sample (total volume 720 mL) was prepared

at about the same ammonia concentration (23.7 vol%) but at a reduced DMDES

concentration of 2.9 vol%. Directly afterward, each sample was vigorously mixed using

a Turrax homogenizer (IKA’s Ultra-Turrax with a S25N 10G dispersing element) at

a speed of 11,200 rpm. Mixing typically continued for 8-14 min, until most of the

DMDES was dispersed and small droplets in a narrow(er) size range were seen under a

light microscope. We do want to stress that all samples, especially at the high 6.8 vol%

DMDES monomer concentration, always contained a layer of excess oil at the top after

finishing the Turrax procedure. Despite the efficient mixing, it is therefore most likely

that not all DMDES was completely dispersed. The turbid solution, including the

excess layer, was poured into a 1 L flask and allowed to stand undisturbed for at least

2 days before the coating step.

(Small-scale: 30 mL) Emulsion droplets were also prepared with the Turrax homog-

enizer on a smaller scale as compared to the above described procedure. An aqueous

solution (total volume 30 mL) of 22.7 vol% of ammonia and 6.7 vol% of DMDES
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monomer was prepared in a 40 mL glass vial. Samples were vigorously mixed using the

Turrax homogenizer at a speed of 11,200 rpm for about 4-5 min. Droplets were allowed

to nucleate and grow while keeping the sample static, for at least 2 days.

Based on the work described in Ref. 52, fluorescent shells were grown around the

as-prepared emulsion droplets. Before incorporation of the RITC dye into the shells,

the silane coupling agent APTES and dye RITC were covalently coupled by mixing

6.5 mg of the dye and 40 µL APTES with 1.0 mL of anhydrous ethanol, after which

this mixture was stirred for at least 12 h in the dark. The shell growth itself was

modified as compared to Ref. 52 by introducing the steric stabilizer polyvinylpyrrolidone

(PVP), which adsorbs onto the particle surface, in accordance with previous work by

Graf et al. [87]. An aqueous solution (total volume 1725 mL) of 2.3 wt% PVP was

prepared in a 2 L flask. Hereafter, 550 mL of the as-prepared emulsion (still containing

ammonia) was added while gently stirring the sample. Inspired by the postaddition

method introduced by O’Sullivan et al. [48], both TES (8.0 mL) and DMDES (8.0 mL)

were added simultaneously during the shell growth step that was performed around

templating droplets that were (at least) 2 days old. The monomers were added slowly

over time using a syringe pump and two separate syringes (KD Scientific, 10 µL/min).

The APTES-RITC reaction product (0.330 mL) was typically added 5 h after start of

the shell growth. Shells were allowed to grow for at least 1-2 days, while gently stirring

the sample, after which the PDMS template was removed by following the procedure

below.

The dispersion containing the fluorescent shells was divided over 40 mL sample

vials and centrifuged (800g for 30 min) after which the concentrated supernatant was

collected. The concentrated samples were dispersed in ethanol, which is known to

penetrate the shells and to dissolve the liquid cores [52,114]. Shells were found to remain

spherical in shape upon transferring about 100 mL of the concentrated dispersion to

2 L of (anhydrous) ethanol but started to buckle when the same amount of sample was

dispersed in 1 L of ethanol. At this point we do not know the reason for this buckling

process. In principle, buckling induced by dilution with ethanol was also reported by

Zoldesi [125, 131] for these shells when their ratio between the shell thickness and the

total radius of the particle was less than 0.17. This is also the regime in which the

current study is performed, as shown in the results section. However, the concentration

dependency is indicative for an additional factor. Possibly, this could be electrostatics,

as it was shown that the electrolyte concentration in the medium can alter the shape of

elastic, closed shells [132]. Once spherical shells were successfully transferred to ethanol,

several washing steps with ethanol were performed in order to remove all PDMS oil

during which no ethanol volume dependency was observed anymore.
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Prehydrolyzed DMDES

In this method, DMDES monomer was first hydrolyzed prior to emulsion preparation

by adding 2.0 mL of deionized water to 5.0 mL DMDES monomer in a 20 mL glass vial.

Subsequently, the solution was mixed using a vortex mixer (IKA minishaker MS2) at

2500 rpm for 5 min and thereafter gently homogenized on a rollerbank (Stuart SRT9D,

solution was tumbled at a speed of 35 rpm). This resulted in a clear solution. By

prehydrolysis, the solubility of the monomer in the reaction medium is enhanced. Two

batches of monodisperse emulsion (total volume 11.0 mL) of PDMS oil droplets were

prepared from DMDES that was prehydrolyzed for half an hour and 24 h. To this end,

1.0 mL of prehydrolyzed DMDES (final monomer concentration 6.5 vol%) was added to

a 22.7 vol% aqueous ammonia solution in a 20 mL glass vial. At this point the solution

containing half an hour prehydrolyzed DMDES appeared clear, whereas the solution

containing 24 h prehydrolyzed DMDES slightly turned turbid as a result of nucleation

of oil droplets. All samples were immediately mixed with a vortex mixer for 3-4 min to

completely dissolve prehydrolyzed DMDES, and placed on a rollerbank during droplet

growth. After 24 h of droplet growth, the droplet sizes from all samples were measured

using Static Light Scattering (SLS).

Multiple mixing

An emulsion (total volume 10.8 mL) was prepared by adding 7.4 vol% of DMDES

monomer to 23.2 vol% of ammonia and 69.4 vol% of deionized water in a 20 mL vial. The

sample was vigorously mixed using a vortex mixer at 2500 rpm for 4 min, after which

it was placed on a rollerbank. Three hours, or three days, after sample preparation,

the dispersion was shaken once more by hand for 1 min, after which the sample was

positioned back on the rollerbank for at least 24 h.

An emulsion was also prepared at a 9-times larger scale (97.2 mL total sample volume

in a 100 mL vial). Here, the same concentrations of DMDES, ammonia and water were

used as for the smaller scale, but the sample was now initially mixed with a Turrax

homogeneizer (11,100 rpm, 14 min). Subsequently, the sample was positioned on a

rollerbank and it was shaken by hand for 1 min after 3 h and 7 h of sample aging, after

which the vial was positioned back on the rollerbank each time.

Seeded growth - DMDES

A suspension of monodisperse PDMS seed droplets (total volume 31.0 mL) was

prepared by shaking a mixture of 2.8 mL DMDES (final concentration 9.0 vol%) and

28.2 mL of an aqueous solution of ammonia (concentration of ammonia 22.7 vol%) in

a 40 mL glass vial for 2 min by hand. The sample was placed on a rollerbank during

droplet growth. The seeds were allowed to grow for 48 h after which the emulsion was

transferred to a new vial (40 mL). We would like to note here that (as an exception)

this sample was prepared in a glass vial that contained a styrene-butadiene rubber
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capliner, manufactured by Wheaton. Synthesis of emulsions in all other methods

were performed in glass bottles/vials without such a capliner. Strong indications were

found that chemicals, dissolved from these capliners, favorably affected the particle size

distribution, most probably by acting as surface active agents, as discussed in Chapter

2b. However, we do not think that the presence of the capliner influenced the droplet

growth and hence believe that the results would be the same otherwise. For the seeded

growth step, 2.8 mL of fresh DMDES was added at once to this seed suspension and the

sample was kept on the rollerbank (at a speed of 35 rpm) for gentle mixing. The addition

of DMDES was repeated again at 120 h, 160 h and 216 h after the emulsion synthesis

using the same amount of DMDES. Each time an excess layer of oil (approximately

0.3 mL), which appeared in a matter of minutes after a sample was taken from the

rollerbank, was discarded by transferring the emulsion to a new vial.

Seeded growth - Hydrocarbons and silicone oil

For the seeded growth of PDMS droplets with a second oil, several seed emulsions

were prepared, this time using the Turrax homogenizer, as described previously. Two

samples were prepared according to the large-scale mechanical mixing procedure with

the Turrax, but with reduced DMDES concentrations. One of these samples (sample

A) was exposed to one type of oil, during which the particle size was monitored in

time. The other sample (sample B) was used to investigate the change in droplet size

for various types of oil. Sample A (total volume 729 mL) was prepared in a 2 L beaker

with an ammonia concentration of 23.4 vol% and DMDES concentration of 4.1 vol%.

Sample B (total volume 744 mL) contained 22.9 vol% ammonia and 6.0 vol% DMDES.

The third monodisperse emulsion (sample C) was prepared according to the small-scale

mechanical mixing method based on the Turrax as described above (for an overview

of all final sizes, see Table 2a.1 in the Results & Discussion section). This sample was

used during swelling studies with fluorescently labeled cyclohexane. In all prepara-

tions the droplets were allowed to grow, while keeping the sample without stirring or

homogenization, for at least 2 days before starting the seeded growth procedure.

The preformed silicone oil droplets were grown larger using a seeded growth procedure

with a second oil. The procedure for samples A and B was the following. Aqueous

solutions (total volume 50 mL, 2.7 wt%) of the steric stabilizer PVP were prepared

after it was found that increased particle stability was necessary during shell growth.

Hereafter, 20 mL of the original emulsion (still containing ammonia) was added, as

well as 10 mL of the oil, which formed a layer on top of the emulsion. The oils used

were cyclohexane, pentane, iso-octane, hexadecane and octamethylcyclotetrasiloxane

(OMCTS). Swelling was found to be most successful with cyclohexane and pentane,

followed by iso-octane, whereas deswelling and unstable systems were observed for the

oils hexadecane and OMCTS, a point we will come back to later. The droplets in sample
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C were exposed to cyclohexane containing 0.28 mg/mL pyrromethene-567. To this end,

an aqueous solution (total volume 25 mL) of 2.7 wt% PVP was prepared. Hereafter,

5.0 mL of the original emulsion was added, as well as 3.5 mL of the fluorescently labeled

oil phase. Droplets were allowed to grow, while keeping all samples slowly tumbling on

a rollerbank for about 22 h (samples A and B) or 6 h (sample C).

The droplets resulting from the seeded growth in samples A and C were encapsulated

by a solid shell by making use of the coating procedure described above for the method

based on efficient initial mechanical mixing with the Turrax homogenizer. However,

compared to this latter method, the current dispersion was already diluted with a PVP

solution (as described above) prior to the start of the encapsulation process and even

before addition of the extra oil. The dilution step with the steric stabilizer at such an

early stage ensured that the continuous phase was presaturated with oil at all times

and thereby facilitated a constant droplet size. Shell growth started by keeping the

sample static for 5 min such that the excess oil phase creamed up. Subsequently, the

turbid subnatant of the emulsion was transferred to a new vial such that the top oil

phase was discarded during the coating reaction. Hereafter, the APTES-RITC reaction

product was added (4 µL for sample A and 2 µL for sample C) while gently stirring the

dispersion. Then, equal amounts (0.34 mL for sample A and 0.85 mL for sample C) of

the monomers DMDES and TES were added using a syringe-pump (10 µL/min) and

two separate syringes. The samples were transferred to the rollerbank after all monomer

had been added. Shells were allowed to grow for a maximum of 24 h (sample A) or 3 h

(sample C), a time-scale set by the onset of buckling, which is a point we will come back

to later. The coated emulsion droplets in sample A were transferred to ethanol within

24 h after the start of the shell growth. Shells remained stable and spherical when adding

the sample drop-by-drop to (anhydrous) ethanol in a ratio of 1:8 mL, under vigorous

stirring. Strangely enough, and unfortunately for unclear reasons as described above

in the section for droplets prepared with the efficient mechanical mixing procedure,

particles were found to buckle when using less ethanol.

2a.2.3. Characterization

Static Light Scattering (SLS)

The size and polydispersity of the PDMS oil droplets were determined by Static Light

Scattering (SLS) experiments. The measurements were carried out in a home-built

equipment using a HeNe laser as light source (632.8 nm, 10 mW). The measurements

were performed on dilute suspensions in demineralized water, containing about 0.1 vol%

of the original sample. The angular distribution of intensity of the scattered light was

measured at scattering angles in the range 14◦ to 135◦ relative to the transmitted beam,

with a photomultiplier detector mounted on a goniometer. The data were plotted

against the scattering vector k = 4πnsin(θ/2)/λ, where n is the solvent refractive index
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(n20
D = 1.333 for water [133]) and λ is the wavelength in vacuum. The diameters

and polydispersities were determined by fitting (by hand) the scattering profiles with

theoretical ones calculated with the full Mie solution for the scattering factor [134].

The positions of the interference minima in the scattering curves give the size of the

droplets, whereas the polydispersity is given by the depth of the minima: the lower

the polydispersity, the deeper the minima. During the fitting, the last minima in the

scattering profile were used to determine the polydispersity. By doing so, the effect of

multiple scattering at low angles (the first minima) did not contribute for these micron-

sized particles. The value of the refractive index used to fit the experimental data

for the PDMS oil droplets was n25
D = 1.394, corresponding to a low molecular weight

silicone oil [135].

Confocal Scanning Laser Microscopy and Optical Microscopy

The fluorescently labeled shells were imaged using an inverted Leica, TCS-SP2 Con-

focal Scanning Laser Microscope (63× NA 1.4 oil immersion confocal objective). A

543 nm green HeNe laser was used for the excitation of rhodamine (RITC) labeled

shells and a 488 nm blue Argon laser was used for the excitation of pyrromethene-567

dye and of CdSe/CdS/CdZnS/ZnS QDs. Samples were put in a capillary (Vitrocom)

either 0.1 × 1 mm, or 0.1 × 2 mm for imaging. Unlabeled oil droplets were observed

using a Leica optical microscope (63× NA 0.7 air objective).

Atomic Force Microscopy (AFM)

The thickness of the microcapsules was measured using Atomic Force Microscopy

(AFM, Digital Instruments, Nanoscope) in tapping mode. Samples for AFM were

prepared by applying a drop of the ethanol-filled shells in ethanol onto a glass cover

slide. The collapse of the shells, due to drying, leads to plateaus in the height profile

that correspond to twice the thickness of the shell.

Refractive index of the shells

The refractive index of the solid shells (after removing the PDMS oil template) were

obtained by adding dimethyl sulfoxide (DMSO, n20
D = 1.47) drop by drop to a dispersion

of shells in ethanol (n20
D = 1.36) up to a point where the solution became almost

transparent. Initially, shells in pure ethanol scattered light as the solution was slightly

turbid and the particles were also visible with an optical microscope. The concentration

of DMSO in the final volume was approximately 52.6 vol% and the refractive index of

the solvent mixture (without shells, shells were removed by centrifugation) was n20
D =

1.42, measured using a refractometer (Abbe Refractometer Atago NAR-3T).
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2a.3. Results & Discussion

A number of approaches was used to prepare monodisperse, large polydimethylsilox-

ane (PDMS) oil droplets by hydrolysis and condensation of dimethyldiethoxysilane

(DMDES) in an aqueous ammonia solution, based on variations of the method of

Ref. 51. The droplets were then encapsulated by a thin tetrasiloxane-cross-linked-

polydimethylsiloxane (TC-PDMS) shell. A schematic illustration of the newly devel-

oped synthesis procedures which are presented in this paper, is shown in Fig. 2a.1.

2a.3.1. Efficient initial mechanical mixing and no agitation during growth

We modified the synthesis procedure, by introducing a Turrax homogenizer for mix-

ing and by using higher ammonia and DMDES monomer concentrations than what

was reported before by Zoldesi et al. [52, 114]. The Turrax homogenizer helped to

speed up the hydrolysis of the added monomer by increasing the surface area. As a

result, the nucleation time for the PDMS droplets was reduced, so that the droplets

became more monodisperse. Samples prepared in this way, became turbid about 8-

14 min after start of the mixing, indicative for the formation of PDMS droplets. This

happened faster when compared to the 1 h time-scale described in Refs. 51 and 52.

The position of the homogenizer-probe in the flask was found to strongly affect the

monodispersity of the droplets, because mixing variations affect the homogenization

and hence the nucleation and growth (by early aggregation of siloxane substructures

and growth with monomer) details. A probe position close to the interface of the two

immiscible liquids was found to be most successful. Despite the efficient mixing with the

Turrax homogenizer, all samples contained an excess layer of oil directly after stopping

the homogenization. It was also found out that the samples had to be kept static

after mixing. Samples that were kept on the rollerbank became polydisperse. This

problem can be attributed to the unreacted DMDES monomer which would be mixed

in during the tumbling motion on the rollerbank and could, upon hydrolysis, increase

the ionic strength and hence affect the charge stabilization of the as-formed emulsion.

It is known [136], that these PDMS droplets are typically stabilized both by surface

ionized groups (resulting in a zeta potential of -69 mV) and by the linear chains in the

synthesized oil that act as surfactants. In addition, sensitivity to the way the system

was agitated could originate from the increased surface area of the dispersed DMDES

droplets by using the Turrax homogenizer, which leads to an increase of the hydrolysis

rate. For both reasons, the higher concentration of silanol groups by hydrolysis would

result in a higher ionic strength which reduces the charge stabilization of droplets

present and makes them less stable against shear induced aggregation. Apparently, the

tumbling motion caused by the rollerbank already produced enough shear to induce

aggregation compared to unagitated growth. A further indication that the system

is indeed really sensitive to changes in the amount of hydrolyzed DMDES, is that
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both methods (agitated/unagitated) resulted in polydisperse systems when the overall

monomer concentration was increased to higher values than what has been reported in

the Methods section. When taking this restriction into account, the method resulted

in a high yield of highly monodisperse and micron-sized oil droplets. Four batches

of droplets were prepared at an ammonia concentration of 23.0 vol% and DMDES

concentration of 6.8 vol%, and one more batch was prepared at a reduced DMDES

concentration of 2.9 vol%. The many well-defined minima in the Static Light Scattering

(SLS) curves in Fig. 2a.2a are indicative of the high monodispersity in these large-

scale (750 mL) suspensions. The size and polydispersity of the droplets could be

obtained by comparing the scattering profiles with theoretical ones calculated using

the full Mie solutions for the scattering form factors [134]. The fits showed that the

droplet diameters and polydispersities varied slightly between the four different batches

(with a DMDES concentration of 6.8 vol%) after 3 days of droplet growth, in the

range 4-5.4 µm and 2-3% respectively. See Table 2a.1 for an overview of all droplet

diameters and polydispersities for this, and all other, synthesis methods. On a side

note, we would like to mention that these droplets typically became 3 µm already

within the first 24 h. Hence, the synthesis procedure generates droplets that are similar

in size to the upper limit that was achieved so far (∼5 µm) [51]. However, the deep

minima in the SLS profiles prove that the polydispersity remains significantly lower

in the current system. When reducing the DMDES monomer concentration from 6.8

to 2.9 vol%, the droplet diameter decreased to 2.4 µm (Fig. 2a.2a and Table 2a.1).

Earlier studies have also shown a similar relationship between droplet size and monomer

concentration [51, 114, 115]. This decrease is probably affected not only by the total

amount being less, but also by the reduced ionic strength during nucleation and early

aggregation of the siloxane subunits, as was observed before for the Stöber growth [113].

All samples prepared with the smaller scale method also resulted in monodisperse

emulsions. Using SLS, the droplet sizes were determined for two batches after 2 days

of droplet growth. The droplet diameters (and polydispersities) were found to be

2.8 µm (2%) and 1.7 µm (2%) (see Table 2a.1). One can conclude that these sizes were

reduced when compared to the large-scale procedure that uses the same concentration

of ammonia and DMDES. The absence of an excess DMDES phase after mixing as

well as a more effective homogenization in general for smaller amounts of emulsions

are most likely the cause of this difference. As mentioned already, the consequence of

using a pure water phase which does not dissolve the unhydrolyzed monomer makes

that the latter change in the effectiveness of the mixing will alter the surface area of the

(unhydrolyzed) monomer and hence also alter the size of the final droplets. A strong

influence of the emulsion amount and the mixing procedure on the particle size was

also reported in Ref. 114.
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Figure 2a.2. a, SLS experimental data (scatter) fitted by theoretical calculations with full
Mie solution of the form factor (lines) for different series of PDMS droplets prepared using
the Turrax homogenizer. The values of droplets size and polydispersity are obtained from
the fit (described in the Characterization section). b, Confocal micrograph of the 5.36 µm
microcapsules in an index matching solvent (mixture of ethanol and 52.6 vol% DMSO), the
scale bar represents 5 µm. c, AFM image of a dried capsule, after removing the PDMS core by
washing with ethanol. d, The height profile taken along the line drawn through the crumpled
capsules in (c) from which we obtained a shell thickness of d=56 nm.

Tetrasiloxane-cross-linked-polydimethylsiloxane shells were grown around the mono-

disperse, template droplets prepared with the large-scale Turrax procedure. The cross-

linked network of silica and siloxane units formed upon addition of both the monomers

DMDES and TES, in accordance with previous work done by O’Sullivan et al. [48].

However, shells were found to form aggregates consisting of a small number of up to 10

particles during the coating step, likely caused by van der Waals attractions between

these micron-sized particles. In order to prevent this, we modified the procedure slightly

by diluting the emulsion with a solution of the steric stabilizer PVP prior to addition

of the monomers as described in the Methods section. In addition, PVP is known to

facilitate silica growth on surfaces [87]. A concentration of PVP of 2.3 wt% was found

to reduce aggregation considerably.
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Table 2a.1. The monomer (DMDES) concentration and the final size and polydispersity of
the PDMS droplets, listed for the different synthesis methods. All sizes and polydispersities
were determined with SLS except for cyclohexane, pentane and iso-octane swollen PDMS
droplets for which optical microscopy analysis was used.

Method of drop- DMDES conc. Measured droplet Polydispersity

let synthesis vol% size (µm) %

Efficient initial 6.8 (sample volume 5.36 3

mechanical mixing = 750 mL) 3.94 3

and no agitation 4.26 2

during growth 4.10 2

2.9 (sample volume 2.40 2

= 720 mL)

6.7 (sample volume 2.80 2

= 30 mL) 1.70 2

Prehydrolysis 6.5 5.60 (30 min prehydrolysis) 2

of DMDES 5.00 (30 min prehydrolysis) 2

1.70 (24 h prehydrolysis) 3

2.00 (24 h prehydrolysis) 3

Multiple mixing 7.4 (sample volume 2.10 (reshake after 3 h) 2

= 10.8 mL) 3.00 (reshake after 3 h) 2

2.46 (reshake after 3 days) 2

Seeded growth 9.0 3.48 (original/seed) 2

- DMDES 8.00 (final size) 1

Seeded growth 4.1 (sample A) 3.0 (original/seed) 2

- hydrocarbon 5.4 (cyclohexane, 22h) ∼6

5.4 (pentane, 22h) ∼6

6.0 (sample B) 4.2 (original/seed) 2

8.2 (cyclohexane, 22h) ∼4

4.9 (iso-octane, 22h) ∼5

- (hexadecane, 22h) High

- (OMCTS, 22h) High

6.7 (sample C) 3.2 (original/seed) 2

5.5 (dyed cyclohexane, 6h) ∼5

Shell growth typically continued for about 2 days, after which the liquid template

drop could be removed by transferring the coated droplets to ethanol. In pure ethanol,

the TC-PDMS microcapsules were found to have a zeta potential of -40.5 mV (Zetasizer

Nano ZS, Malvern), indicating that these dispersions are stabilized by surface charges.

A confocal micrograph of shells formed around 5.36 µm templating droplets, dispersed
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in an index-matched solvent mixture of ethanol and DMSO (n20
D = 1.42), is given

in Fig. 2a.2b. The shell thickness of the capsules in this sample was measured by

taking cross-sectional profiles through Atomic Force Microscopy (AFM) height images,

as shown in Figs. 2a.2c and d. Using this procedure, the shells were found to be about

56 nm thick. We can therefore conclude that we can grow stable TC-PDMS capsules

around PDMS template droplets with diameters exceeding the limit of about 3 µm

reported before [48,114].

2a.3.2. Prehydrolysis

Another method that we used to synthesize monodisperse PDMS oil-in-water emul-

sions is using prehydrolyzed DMDES. A similar procedure has been reported in Refs. 34

and 137 for the preparation of lock and key colloids, where the trialkoxysilane 3-

methacryloxypropyltrimethoxysilane (MPS, also known as ‘TPM’: 3-(trimethoxysilyl)-

propyl methacrylate), instead of DMDES, was solubilized in water and used as a precur-

sor of monodisperse silicone oil droplets. Prehydrolysis of DMDES makes the monomer

readily soluble in the reaction medium, so that the nucleation time may be reduced,

leading to monodisperse droplets. Prehydrolysis, prior to emulsion preparation, was

done by mixing 28.5 vol% of deionized water and 71.5 vol% DMDES. Before mixing,

the solution formed two phases, as DMDES is less soluble in water. However, within half

an hour it became a clear single phase, indicating the hydrolysis of the monomer. Note

that the formation of a clear single phase did not necessarily mean that the monomer is

completely hydrolyzed in water. Previously, Zoldesi et al. [114] already confirmed from

NMR studies on solutions of PDMS oil in water, after 10 h of emulsion preparation,

that a significant amount of DMDES was only hydrolyzed at one end. Besides, we

also checked the conductivity (Radiometer Analytical, CDM 230) of the prehydrolyzed

solution after half an hour and 24 h of sample preparation. We measured an increase in

the conductivity value from 1.0 ±0.1 µS/cm to 2.2 ±0.1 µS/cm in 24 h of prehydrolysis,

caused by an increase in the concentration of acidic silanol groups in the solution as a

result of hydrolysis of DMDES.

We prepared four batches of emulsions using this hydrolyzed DMDES solution, two

batches each, after half an hour and 24 h of prehydrolysis. Emulsions were prepared by

adding 9 vol% of prehydrolyzed DMDES (final concentration of DMDES was 6.5 vol%)

to an aqueous solution of 22.7 vol% of ammonia, followed by shaking in a vortex mixer

for 3-4 min to dissolve prehydrolyzed DMDES in the solution. Thereafter, the samples

were placed on a rollerbank to gently tumble the mixture during droplet growth. After

24 h of synthesis, two batches prepared from half an hour prehydrolyzed DMDES

contained monodisperse PDMS oil droplets with diameters of 5.6 µm and 5.0 µm,

respectively, and polydispersities of 2% (see Table 2a.1). These sizes were comparable

to those obtained using the Turrax homogenizer. However, two batches of emulsions,
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each prepared using 24 h old prehydrolyzed DMDES, contained droplets of only 1.7 µm

and 2.0 µm in diameter and polydispersities of 3% (see Table 2a.1). Although still

monodisperse, the average droplet size was reduced approximately by 60% compared

to the droplets prepared from a half hour old prehydrolyzed DMDES. This could be due

to the fact that the aging of prehydrolyzed monomer results in a gradual increase in the

concentration of hydrolyzed monomer, confirmed from the conductivity measurements.

As a result the nucleation rate is increased in the sample, leading to smaller droplets.

On the contrary, we found that emulsions made without prehydrolysis of monomer

under otherwise identical conditions often became polydisperse. This result is therefore

also in agreement with the adverse effect of the excess unreacted DMDES phase that was

described above for samples prepared with the Turrax homogenizer, which were gently

tumbled during droplet growth instead of being kept static. Apparently, prehydrolysis

reduces the amount of unreacted DMDES in the sample that would otherwise adversely

affect the size distribution of the droplets.

2a.3.3. Multiple mixing

A monodisperse oil-in-water emulsion was also prepared on a 10.8 mL scale when

shaking the samples by hand instead of using a Turrax homogenizer or without prehy-

drolyzing the DMDES monomer. Samples were prepared at a slightly higher DMDES

concentration (7.4 vol%) and ammonia concentration (23.2 vol%) when compared to

the efficient mechanical mixing method based on a Turrax homogenizer. Three hours

after sample preparation, the emulsion became polydisperse, containing droplets with

a maximum diameter of 4-6 µm. At this stage the dispersion was shaken once more by

hand for one minute. Samples without this second shaking step remained polydisperse

during droplet growth, as indicated by the lack of well-defined minima in the SLS profile

(results not shown). However, samples that were shaken once more after 3 h became

monodisperse. Two batches of emulsions, both 3 days old, were found to be 2.1 µm

and 3.0 µm in diameter and both had a polydispersity of 2% (Table 2a.1). These

droplets were smaller compared to what was obtained with the Turrax homogenizer.

We would like to note that the time-interval for the second shaking step was not found

to be critical for the 10.8 mL sample scale. For example, reshaking a polydisperse

emulsion after 3 days still resulted in a monodisperse emulsion. The droplets were

found to become 2.46 µm in diameter with a 2% polydispersity, as determined with

SLS, 5 days later. A similar scenario was observed for another sample which was

reshaken after 2 days. We do want to stress that this multiple mixing procedure,

based on shaking by hand, was found to be successful only for the 10.8 mL sample

in a 20 mL vial (no rubber capliner), as far as we have seen. An attempt was also

done with a polydisperse emulsion, 3 h old, at a 9-times larger scale (see the Methods

section) with droplet diameters ranging between approximately 4 to 30 µm. Reshaking
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the sample for 1 min, after this 3 h period, resulted in polydisperse droplets with

diameters ranging between approximately 2 to 8 µm when investigating the sample

about 3 h later. This dispersion was shaken once more by hand for 1 min, after 7 h

in total, and resulted again in polydisperse droplets 2 h later, but now ranging in size

between about 500 nm and 3 µm. Hence, the resulting emulsion was still found to be

rather polydisperse under the experimental time-scales considered here. However, it

can be concluded that reshaking can be used as a method to redistribute the dispersed

PDMS oil. Possibly by this multiple mixing, new nuclei were formed from the short

linear oligomers and any unreacted DMDES. These linear species, formed during the

slow condensation of the hydrolyzed DMDES monomer [114], are known to be surface

active [136], hereby decreasing the energy barrier for nucleation. The preexistence of

such linear species, similar to the prehydrolysis method, might allow nuclei to form in a

narrow time-window which leads to (more) monodisperse, micron-sized droplets upon

further growth with remaining PDMS oil. We briefly investigated whether the multiple

mixing procedure can be used to prepare monodisperse PDMS droplets containing oil

soluble species. To this end, we reshook a polydisperse emulsion (10.8 mL, 3 h old)

for 1 min after 15 µL of a cyclohexane-quantum dot dispersion (see Materials section)

was added. Unfortunately, when investigating the sample a day later, a polydisperse

emulsion was obtained, containing some excess oil in which the quantum dots were

dispersed. Apparently, the presence of such water insoluble species interferes with the

nucleation and growth procedure, resulting in polydisperse systems afterall.

2a.3.4. Seeded growth - DMDES

Multiple additions of DMDES were used as an alternative means to increase the size

of the PDMS droplets, in a way similar to the seeded growth of silica colloids [138].

The total amount of DMDES that was added during the seeded growth step, was the

same as what had been used during the preparation of the seed/original suspension.

Seeded growth was performed for 9 days during which the monomer was added four

times with a time intervals of 48 h, except for the second addition which was done

after 72 h. The sample was placed on a rollerbank (at a speed of 35 rpm), after

each addition, during droplet growth. In previous systems with excess DMDES in

the reaction medium, even the slight agitation caused by a rollerbank often resulted

in a polydisperse emulsion. This was probably due to an increase in ionic strength

(by the hydrolysis of excess monomer) and hence a decrease in stability of droplets

against shear induced aggregation. However, in the present system PDMS droplets

remained stable and monodisperse, even in the presence of excess unreacted DMDES.

Apparently, the stability of the droplets here can be attributed to factors like the

increase in surface area and hence surface charge [51], as the seed droplets are a lot
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larger than the PDMS nuclei formed during emulsion synthesis, and the surfactant-

like behavior of linear PDMS chains [136]. The growth profile of the DMDES seeded

growth study is shown in Fig. 2a.3a, where the open symbols represent the time of

addition of monomer. The data point at 0 h represents the time of preparation of

the seed emulsion. A major increase in size of the seed droplets, approximately 1 µm

in diameter occurred during the first 24 h of growth; in the next 24 h the droplets

grew approximately another 0.5 µm. The droplets were found to remain stable and

monodisperse up to 8.00 µm (SLS result not shown). However, after the last addition

of monomer the emulsion became unstable and underwent coalescence. Thus, although

the size of the droplets can be increased by feeding with DMDES monomer, the size

increase occurred relatively slowly due to the slow condensation reaction of hydrolyzed

monomer [114]. So it would be interesting to search for oils which can achieve a similar,

or even larger, size increase in a shorter time period.
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Figure 2a.3. a,b, Increase of the droplet diameters with time using a seeded growth
procedure with (a) DMDES (open symbols denote the time at which more of the monomer
was added), and (b) cyclohexane or pentane. Please note that the error bars in these figures
are not the errors in the measurement of the particle size, but indicate the polydispersity of the
size distributions. Sizes and polydispersities were determined with SLS (a) and from optical
micrographs (b), making the systematic deviation in (b) larger due to the poor resolution.
Inset pictures are the optical micrographs of droplets before and after addition of DMDES,
and hydrocarbons. Scale bars represent 5 µm.

2a.3.5. Seeded growth - Hydrocarbons and silicone oil

It was found that PDMS emulsions could be grown larger, at a faster rate and

without the need of successive addition steps, by using a seeded growth procedure

with hydrocarbon oils instead of DMDES. Preformed PDMS emulsions were used that

were at least 2 days old as the droplets are known to increase slowly in time within

the first 48 h [114]. An elapse of at least 2 days therefore allowed us to attribute any

further changes in droplet size to the exposure to the oil. The original PDMS droplets
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(sample A), 3 days old, were found to be 2.96 µm in diameter with a polydispersity of

2% as determined with SLS. One batch of these droplets was exposed to cyclohexane

and another batch was exposed to pentane. After 22 h, the droplet diameter in both

samples had increased to 5.4 µm as shown in Fig. 2a.3b, where sizes were measured

from optical micrographs instead of via SLS as a dilution step was not possible since

the reaction medium had to be saturated with oil at all times, as discussed later. As

a result, the resolution was poor, resulting in a larger standard deviation than what

was typically seen with SLS, but which remained almost constant for increasing sizes.

The similar increase of the particle diameter is caused by the fact that the solubility of

pentane in water is similar to that of cyclohexane [133], a point we will come back to.

Compared to the seeded growth with DMDES (Fig. 2a.3a), the droplet size increase

after 24 h was more rapid for cyclohexane and pentane.

In order to investigate the seeded growth procedure for a wider variety of oils,

preformed PDMS emulsions were not only exposed to cyclohexane but also to iso-

octane, hexadecane and the silicone oil OMCTS for 22 h. For this experiment, 2 days old

PDMS droplets were used with a diameter of 4.2 µm and polydispersity of 2% (sample

B). The optical micrographs of the original droplets and the droplets exposed to various

oils are shown in Fig. 2a.4. A significant size increase was observed in the presence of

cyclohexane, resulting in monodisperse droplets of about 8.2 µm in diameter. This

indicates that swelling with cyclohexane is a highly efficient process as seeded growth

with 100% of the added oil would have resulted in droplets of about 8.9 µm in diameter,

(roughly) estimated from the volume fraction and size of the initial PDMS droplets. A

smaller increase, resulting in diameters of about 4.9 µm, was observed for the sample

with iso-octane. Droplets in both samples remained stable for a couple of days. With

OMCTS (result not shown) and hexadecane, the droplet size was found to decrease

and the number of oil droplets to reduce. Besides, these systems became polydisperse.

From these observations, one can conclude that the various oils affect both the size and

the stability of the original PDMS seed droplets.

The droplet size is most likely related to the solubility of the added oil in water. The

threshold for successful swelling of the preformed emulsion will be set by the solubility

of the synthesized PDMS oil itself. Oils that are more soluble in water than PDMS

resulted in a droplet size increase. Also note that the largest, and similar, size increase

was seen for cyclohexane and pentane (Fig. 2a.3b) which are equally well soluble in

water, whereas iso-octane, for which the solubility is significantly reduced, but still

larger than PDMS, resulted in a smaller size increase. The reverse, a decrease in droplet

size, occurred for oils poorly soluble in water (like hexadecane [139]). The stability of

the swollen droplets is most likely brought about by the linear chains in the synthesized

PDMS oil which can act as surfactants [136]. The presence of these linear chains could

explain the stability of droplets swollen with cyclohexane, pentane and iso-octane in



2a.3. Results & Discussion 29

a b

c d

Figure 2a.4. a-d, Optical micrographs of the (a) original PDMS seed droplets and of these
droplets after 22 h of exposure to (b) cyclohexane, (c) iso-octane and (d) hexadecane. The
droplet size was found to vary, depending on the solubility of the hydrocarbon oil in water.
Scale bars denote 10 µm. The appearance of a core-shell structure is caused by the refractive
index mismatch. Inset figure in (b) represents a fluorescence micrograph of pyrromethene-567
loaded droplets, swollen with pyrromethene-567 dyed cyclohexane.

the present study even though the volume fraction of PDMS within the swollen droplets

(down to 0.12 in the present system) is lower than what has been described in Ref. 136.

In this context, it is surprising that droplets exposed to OMCTS were found to deswell

and to become unstable as indicated by the polydispersity and the reduced number

of droplets. In principle, stable droplets were expected as the interfacial tension of

OMCTS is lower than that of n-heptane, which is known to result in stable droplets

when mixed with synthesized PDMS [136]. About 80% of the total material in the

synthesized PDMS oil is comprised of the cyclic tetramer OMCTS [51]. Deswelling

with OMCTS therefore suggested that the linear oligomers, present in the synthesized

PDMS oil, raise the water solubility of the preformed emulsion to values above that

of OMCTS. Along the same line of reasoning, it is possible that these linear chains

were withdrawn first from the as-prepared emulsion during the deswelling process. A

reduction in the number of these surface active molecules could also clarify why droplets

did not only become smaller but also became unstable in the presence of poorly soluble

oils, as indicated by the polydispersity and by the reduction in the number of droplets.
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Hence, the interplay between the solubility of the oils in water and the presence of linear

PDMS oligomers sets the success rate for swelling.

On a final note, we would like to mention that, apart from swelling, also loading with

a fluorescent dye was possible when using the seeded growth procedure. Such loading

of chemicals is clearly of importance in many applications. Preformed PDMS droplets

(sample C) (3.2 µm in diameter, polydispersity 2%, 5 days old) were swollen to 5.5 µm

within 6 h by exposure to cyclohexane stained with pyrromethene-567. A confocal

micrograph of this dyed emulsion is shown in the inset of Fig. 2a.4b. Unfortunately,

emulsion preloading in the present system was not found to be successful when using

cyclohexane in which 6.9 nm quantum dots were dispersed (0.5*10−7 mol/mL). Even

though the droplets did swell, the quantum dots were apparently not water-soluble

enough and remained dispersed in the phase separated (excess) cyclohexane phase.

Future work has to show if a slightly more polar capping molecule, making the solubility

of the quantum dots in water higher, could overcome this negative result. As a result,

loading with quantum dots such as described by Cui et al. [115] could not be achieved

in the present study.

The hydrocarbon swollen droplets could also be encapsulated by a solid shell. In

principle, we used the same procedure as described for the method based on efficient

initial mixing with the Turrax homogenizer, including the addition of PVP. Addition

of PVP was required to ensure stability of the swollen droplets under the conditions

of the shell growth step. However, addition of a PVP solution would undo part of the

swelling, as some cyclohexane or pentane would dissolve back in the added quantity

of water. To prevent this, a PVP stock solution was already added before swelling

with cyclohexane or pentane. The same effect also made it necessary to determine the

drop size in the reaction medium using an optical microscope, rather than using SLS for

which dilution of the suspension is needed. With this presaturation step, shells could for

example be successfully grown around the 5.4 µm cyclohexane swollen droplets (sample

A, Fig. 2a.3b) as can be seen in Fig. 2a.5a.

Spherical, ethanol-filled capsules could be obtained with this seeded growth procedure

when shells were transferred to ethanol according to the procedure described in the

Methods section. The shell thickness was found to be only 20 nm with AFM. We

expect that by increasing the amount of DMDES and TES during shell growth, thicker

shells could be formed [48]. However, the present study focused on the increase in the

capsule diameter rather than control over the shell thickness as the latter has already

been achieved [48,52,114]. Besides, capsules with high diameter-to-wall thickness ratios

can be interesting for potential applications [43].

Unfortunately, shells that were formed around the seeded grown droplets were found

to buckle in time in the reaction medium. Often this was observed within about

24 h of shell growth. An example of the buckling behavior is shown in Fig. 2a.5b,
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a b c

Figure 2a.5. a, Confocal micrograph of shells formed around cyclohexane swollen PDMS
droplets, 24 h after the start of shell growth. b, The preformed PDMS emulsion could be
swollen with fluorescently labeled cyclohexane. After encapsulation, shell buckling indicated
that the volume of the templating droplets is not conserved anymore, even though the water
was initially presaturated with this oil. This suggests that loss of oil possibly occurred via
evaporation. c, Shells unbuckled, and then budded secondary droplets, in the presence of
excess cyclohexane due to overloading, similarly as reported in [44]. Scale bars denote 5 µm.

for shells formed around the droplets swollen with stained cyclohexane (sample C,

inset Fig. 2a.4b). Buckling indicated that the volume of the templating droplet was

not conserved anymore. In principle, such a decrease in volume should be prevented

if the continuous aqueous phase is kept saturated with oil during the whole process

of shell growth. These results therefore suggest that loss of oil possibly occurred

via evaporation, even though the samples were sealed with a cap. An indication for

this hypothesis is that samples swollen with pentane, which has an even higher vapor

pressure than cyclohexane, buckled in a more pronounced way, and already within the

first 24 h. Leakage of oil might be prevented in further studies by exposing the aqueous

dispersion to oil vapors. Alternatively, the formation of other solutes during the coating

step could affect the solubility of the added oil in the continuous phase. Finally, also a

reduction in the ionic strength might be the cause [132], due to slow disappearance of

silanol groups in the aqueous phase.

When transferring buckled shells from the reaction medium to ethanol, a deformed

capsule was obtained. These capsules were slightly dimpled and their shape did not

change 24 h after transfer to ethanol. This therefore suggests that the particles had

become fixated in this shape, possibly because shell growth proceeded while the volume

of the template had already decreased. To prevent this, shells could be transferred to

ethanol before the onset of buckling. Unfortunately, this also limits the time for shell

growth, and hence the achievable shell thickness.

Interestingly, unbuckling of the buckled capsules was possible by exposing the sample,

in water, again to an excess phase of (dyed) cyclohexane. We visualized this by filling

half a capillary with the buckled shells from the reaction medium (Fig. 2a.5b) and the

rest of the capillary with the (fluorescent) cyclohexane phase. Confocal micrographs
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of this system were taken near the oil-water interface soon after preparation of this

sample. As can be seen in Fig. 2a.5c, shells fully relaxed back to spheres and even

became overloaded with the oil phase [44] resulting in the formation of snowman like

particles. The relaxation of the buckled capsules indicated that the shells are still highly

permeable to both oil and dye molecules, even though the particle synthesis is slightly

altered when compared to procedures used in Refs. 41, 52, 114 and 48 by introducing

the polymer PVP and using the seeded growth procedure.

2a.4. Conclusions

In the present study, we have shown that we can synthesize monodisperse PDMS

droplets with sizes significantly above 3 µm. In addition, we showed that it is possible to

grow an elastic shell of TES-cross-linked-PDMS around these droplets. The templating

droplets were prepared via various methods, for which an overview of the achieved

final droplet sizes and polydispersities is given in Table 2a.1. In one method, a Turrax

homogenizer was used to enhance mixing of the immiscible monomer DMDES and to

increase the rate of hydrolysis and solubilization of the as-formed hydrolyzed species.

This procedure resulted in droplets (and hence capsules) with diameters above 5 µm on a

bulk (750 mL) scale. In the second technique, the monomer DMDES was prehydrolyzed,

creating readily hydrolyzed and water-soluble species. By doing so, the nucleation time

was reduced when compared to emulsions prepared under otherwise identical conditions,

leading to more monodisperse droplets. In a third approach, a monodisperse emulsion

was obtained at a 10.8 mL scale after reshaking an initially polydisperse system. Here,

the as-formed oil phase was redistributed and resulted in (more) monodisperse droplets,

possibly facilitated by the presence of preformed hydrolyzed and condensed species

during nucleation and growth. In the last method, preformed PDMS templates were

swollen with DMDES monomer or with low-molecular weight hydrocarbons during

a seeded growth procedure, resulting in the largest monodisperse droplets formed in

this study of up to 8.2 µm. Besides, we have shown that along with swelling, oil

soluble chemicals (like a pyrromethene dye) can be loaded into the droplets. For

swelling with a second oil, the solubility of the added oil in water has to be higher

than that of the synthesized PDMS, which for the oils we tried was valid when using

cyclohexane, pentane and iso-octane. A drawback when using swelling with second

oils is that encapsulation of the mixed oil droplets resulted in buckled capsules even

after presaturating the aqueous phase, possibly because the solubility changes over time

due to formation of other solutes or due to evaporation of oil affecting the equilibrium

concentration. To prevent this, the spherical capsules had to be transferred to ethanol

before buckling started in the reaction medium, limiting the duration of shell growth.

In short, this study presents several robust and surfactant-free synthesis procedures

that yield highly monodisperse PDMS droplets above 3 µm. In addition, we have shown
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that these large particles can also be used as sacrificial templates and allow facile drop

removal. When comparing all procedures, it can be stated that the efficient initial

mechanical mixing with the Turrax homogenizer currently allows for the largest scale

synthesis of droplets up to about 5.5 µm in diameter. When aiming for even larger

droplets, the seeded growth procedures with DMDES or hydrocarbons are preferred.

The main advantages of the hydrocarbon method are that the droplet size increases

faster and no successive addition steps are required. Finally, also the droplet size up to

5.6 µm of the prehydrolysis method can compete with the efficient initial mechanical

mixing of the Turrax homogenizer even though the synthesis scale is smaller. Overall,

we think that the increased PDMS drop diameters broaden the horizon for potential

applications and also allow the use of elastic shells for granular jamming/contact force

studies, as shown in Ref. 53. Not only when the sub-10 µm PDMS droplets are used

as templates for shell synthesis, a topic we focused on, but also in general for synthesis

of monodisperse emulsions that find applications in food science, cosmetics and drug

delivery.
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2b
Synthesis of monodisperse PDMS droplets:

capliner contaminants

Abstract

The nucleation and growth process of polydimethylsiloxane (PDMS) emulsions

was found to be highly susceptible to contaminates when exposing the system

to specific styrene-butadiene capliners (SBC). We describe the characterization

experiments that were conducted to elucidate the capliner pollutant. Strong

indications were found for some aspects of this material, but no experimental

proof could be given for its exact chemical composition. However, this section

can still be seen as a general warning for the use of disposable sample vials

which contain rubber inner liners when preparing suspensions in general, and

emulsions in particular. Note that, in Chapter 2a, only the experiments

conducted on dimethyldiethoxysilane (DMDES) seeded grown droplets were

exposed to these rubber liners. All other samples described in this chapter

were not exposed to these capliners and were therefore not subject to unknown

chemicals as far as we are aware.
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2b.1. Introduction

In some of our experiments, we prepared PDMS emulsions in 40 mL vials that were

sealed with a styrene-butadiene capliner (SBC). These sample vials and capliners were

produced by the company Wheaton [141]. We discovered that monodisperse emulsions

could only be obtained under the conditions described in this chapter when the suspen-

sions were exposed to these capliners. This outcome indicated that chemicals dissolved

from these capliners and contaminated the suspension, which favorably affected the

formation of monodisperse oil-in-water dispersions. Contaminations that are caused by

a rubber coating are not uncommon and have, for example, also been described in the

work of Hsu et al. for some solvents exposed to Teflon-lined caps [142]. In the present

study however, material was even released when the liners had only been in contact with

water. This, combined with the strong favorable effect on the particle size distribution

and the large attainable droplet sizes, resulted in a quest for this ‘magical compound’.

Although we have found some strong indications for some aspects of this material, no

experimental proof could be given for its exact chemical composition. As a result, the

‘magical compound’ is not fully deciphered. However, this section can still be seen as

a general warning for the use of disposable sample vials which contain rubber inner

liners when preparing suspensions in general, and emulsions in particular. On a final

note we would like to stress that in Chapter 2a, only the experiments conducted on

DMDES seeded grown droplets were exposed to these rubber liners. All other samples

described in Chapter 2a were not exposed to these capliners. Here, the experimental

methods were optimized such that monodisperse, stable and micron-sized droplets could

be prepared in the absence of this ‘magical compound’.

In this section we first describe the experiments that indicated without any doubt that

styrene-butadiene capliners (SBC) were the cause of the formation of monodisperse

PDMS emulsions. In the second part, we describe the characterization experiments that

were conducted to elucidate the capliner pollutant. Finally we discuss experiments in

which additives were added to the PDMS emulsions in the hope to confirm the presence

of the identified molecular species.

2b.2. Experimental details

2b.2.1. Materials

The non-ionic surfactants Tergitol NP-7 and Tergitol NP-9, as well as the anionic

surfactant sodium dodecyl sulfate (SDS, 99%) were purchased from Sigma-Aldrich.

Styrene (≥ 99%) was obtained from Fluka. Demineralized water (resistivity 18 MΩcm)

was used in all reactions.
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2b.2.2. Methods

Varying the cap-liners

Three types of disposable vials were used for sample preparation: vials with a cap

containing a styrene-butadiene liner (40 mL, produced by Wheaton [141]), vials with

a metal foil-lined screw cap (20 mL, produced by Perkin Elmer [143]) and vials with

a polypropylene capliner (40 mL, produced by VWR [144, 145]). Besides, 50 mL non-

disposable sample vials were used with a polypropylene cap that did not contain any

inner liner (produced by Schott Duran [146]). Samples with a total volume of 11 mL

were prepared in the 20 mL vials and in some of the 40 mL vials. In most of the 40

mL vials, as well as in the 50 mL vials, samples with a total volume of 31 mL were

prepared. All samples contained an ammonia concentration of 22.9 vol% and DMDES

concentration of 9 vol%. Often, an ammonia stock solution was prepared such that

the amount of base catalyst did not vary between various samples. Directly after the

monomer was added, the samples were positioned on the rollerbank without further

shaking. Droplet sizes were monitored after 1 day with an optical microscope.

Capliner residue characterization

Capliner residues were extracted using the following procedure. First, 28 mL of

ultrapure water was added to a 40 mL sample vial containing a styrene-butadiene

capliner (SBC). The sample was stored on the rollerbank for about 4 days. Hereafter,

the aqueous phase was poured in a roundbottomflask and the solvent was evaporated off

in about 50 min using a rotary evaporater (rotavap, Hei-VAP Value that was produced

by Heidolph), rotating at 240 rpm and heated to 50◦C. The solid residue was dissolved

in an aqueous ammonia solution (22.9 vol%) after which the above described procedure

for the 31 mL sample preparation was followed while using the 50 mL non-disposable

sample vials.

For Nuclear Magnetic Resonance (NMR) and Mass-spectrometry (MS) studies, the

capliner residue was extracted from 3 SBCs simultaneously. The three capliners were

added to 30 mL of ultrapure water in a 100 mL non-disposable sample vial without

inner liner, produced by Schott Duran. After two days, the residue was collected using

the rotavap procedure described above. The remaining material was dissolved in a

small amount (about 0.5 mL) of deuterated water for NMR studies. After the NMR

studies, half of the volume (0.25 mL) was added to an aqueous ammonia solution to

which DMDES was added for PDMS emulsion preparation, following the procedure for

the 11 mL sample preparation described above in the 20 mL sample vials. The D2O of

the resulting 0.25 mL was evaporated off in a few minutes using a rotavap after which

the capliner residue was used for MS studies.
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PDMS emulsions with additives

Stock solutions of the surfactants Tergitol NP-7 and NP-9 were prepared in ultrapure

water at 17.1 and 14.7 mM, respectively. For each type of surfactant, five PDMS

dispersions were prepared, all with a total volume of 11 mL (in 20 mL vials) according

to the procedure described above. During this preparation, the stock solutions were

added such that the final surfactant concentration varied in the 5 samples, reaching 0,

0.01, 0.1, 1.0 and 10.0 mM. In all these studies, the 20 mL disposable sample vials were

used that contained capliners that did not influence the distribution of the emulsion

(as will be described below). The droplets were monitored with an optical microscope

after 1 or 2 days of growth.

For the preparation of samples in the presence of styrene or in the presence of

the surfactant sodium dodecyl sulfate (SDS), the procedure for the 11 mL sample

preparation was followed using 20 mL sample vials. Styrene was added to the aqueous

ammonia solution before addition of the DMDES monomer, such that the styrene

concentration in 4 different samples varied from 0, to 1, 10 and 100 µM. In order

to homogenize the styrene before addition of DMDES, the samples were shaken for 1

minute. For samples prepared in the presence of SDS, a 138.0 mM SDS stock solution

was prepared in ultrapure water. This was added to the aqueous ammonia solution,

before adding DMDES, such that the final SDS concentrations varied over 4 samples

in the range 0, 0.1, 1.0, 10.0 mM SDS. After 1 day of droplet growth, all samples were

monitored with an optical microscope and with Static Light Scattering (SLS).

2b.2.3. Characterization

Nuclear Magnetic Resonance (NMR) spectroscopy

The 1H-NMR spectrum of the capliner residue, in D2O, was recorded on a Varian

spectrometer operating at 400 MHz and was referenced against the signal of the residual

protio impurity of the solvent (4.79 ppm). The NMR spectrum was processed using the

software package MestreNova LITE. Phase and baseline corrections were applied and

integrated peaks were normalized to the peak at 1.02 ppm.

Mass Spectrometry (MS)

Electrospray ionization mass spectra were acquired using a Micromass LCT electro-

spray time-of-flight mass spectrometer. The capliner residue was dissolved in water and

directly injected in the mass spectrometer, which used a mixture of acetonitrile/formic

acid as the eluent.

Optical Microscopy

Micrographs of the emulsions were obtained with a Leica DMRE optical microscope,

equipped with a 63x air objective and a digital Nikon camera (D90).
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Static Light Scattering (SLS)

The diameters and polydispersities of the PDMS droplets were determined with a

home-built Static Light Scattering (SLS) instrument, as described in Chapter 2a.

2b.3. Results & Discussion

2b.3.1. Varying the cap-liners

PDMS emulsions (total volume 11 or 31 mL) were prepared at an ammonia concen-

tration of 22.9 vol% and DMDES concentration of 9 vol%. These mixtures were homog-

enized by putting the samples on a rollerbank, instead of using the shaking or Turrax

procedure that has been described in Chapter 2a. All samples, prepared in disposable

vials that were not sealed with styrene-butadiene capliners, became polydisperse when

using this synthesis procedure (Figs. 2b.1b and c). In principle, this outcome is in

agreement with our previous studies which have shown that, even at reduced DMDES

concentrations of 6.8 vol%, all systems become polydisperse on a rollerbank. This

polydispersity is the result of the excess amount of DMDES which disturbs the system

when it is kept tumbling on a rollerbank (as discussed in Chapter 2a). Surprisingly,

monodisperse, stable and micron-sized droplets were formed on the rollerbank when

vials were used that were sealed with a styrene-butadiene capliner (SBC) (Fig. 2b.1a).

This outcome suggested that chemical species dissolved from the capliner and favorably

affected both the size (attainable diameter up to about 6 µm) and the size distribution

(polydispersities as low as 1%) of the as-prepared dispersions. Prolonged contact

between the rubber liner and the dispersion was possible due to the horizontal position

of the samples on the rollerbank. In order to check whether the contaminants were

present in the rubber liner itself rather than in the glue that connects the rubber with

the plastic lid, PDMS emulsions were also prepared in 40 mL sample vials of which

the styrene-butadiene capliner had been removed, leaving only the glue. All samples

became polydisperse, indicating that the contaminants originated from the rubber. This

hypothesis was confirmed as samples (prepared in non-disposable vials without inner lid)

became monodisperse when the corresponding styrene-butadiene capliners were added

before addition of the monomer (Fig. 2b.2a). All other samples prepared with this

procedure, in the absence of a SBC, became polydisperse (Fig. 2b.2b). In a subsequent

experiment using such a non-disposable sample vial, an aqueous ammonia solution was

exposed to a SBC for a period of 3 days. A monodisperse emulsion (diameter 2.2 µm,

polydispersity 2% as monitored with SLS) was obtained even after the SBC had been

removed from this sample before addition of the DMDES monomer. This indicated

that the ‘magical compound’ was soluble in an aqueous ammonia (22.9 vol%) phase.

The capliner that was removed, was used for the preparation of a second sample in

which DMDES was added directly. The presence of this ’re-used’ capliner still resulted
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a b c

Figure 2b.1. a-c, PDMS emulsions were prepared in three types of disposable vials with
different types of capliners. The dispersions became monodisperse, as monitored with an
optical microscope, for samples prepared in the presence of styrene-butadiene capliners (SBC)
(a), but became polydisperse when using vials with foil-lined caps (b) and polypropylene caps
(c).

a b

Figure 2b.2. a,b, Monodisperse PDMS emulsions were formed in non-disposable vials when
a styrene-butadiene capliner was added to the reaction mixture before addition of the monomer
(a) whereas samples prepared in the absence of such a rubber liner became polydisperse (b).

in a monodisperse system containing larger, 4.0 µm diameter, droplets with a polydis-

persity of 2% as monitored with SLS. It is likely that the amount of dissolved material

had decreased in this second sample when compared to the first sample as the SBC

was re-used and the period of exposure was reduced. The accompanying increase in

droplet size could therefore suggest that the dissolved material affects the surface tension

(larger droplets due to less material that reduces the interfacial tension). However, in a
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series in which the number of caps was successively increased from 1 up to 3, no direct

relationship between the number of caps and droplet size was monitored, even though

(again) all samples became monodisperse. This outcome can possibly be explained

by the fact that the amount of material released from the SBC varied per capliner (a

point we will come back to later). Interestingly, the SBCs also enabled the formation

of monodisperse emulsions (about 1.5 µm in diameter as monitored with the optical

microscope) when the rubber was kept in the oven at 70◦C for 1 h, even though its weight

decreased by 2.7 mg. The weight of another SBC, kept at 50◦C in a roundbottomflask

that was positioned in an oil bath overnight with a N2 stream, decreased with 0.8 mg

but could still induce the formation of a monodisperse emulsion (droplets less than 1 µm

in diameter as monitored with the optical microscope). These experiments indicated

that the ‘magical compound’ is not (completely) removed when heating the material

to these moderately elevated temperatures and therefore is unlikely of low molecular

weight.

Because of the beneficial effect on the particle distribution, we wanted to unravel

the chemical composition of this ‘magical compound’. Wheaton, the company that

produced these vials with SBC, informed us that the rubber is resistant to silicone

oils up to 49◦C. Besides, they claimed that no surfactant or plastizers were added to

the resins that were used in the manufacture of the caps and liner. As a result, we

had to independently pursue the goal of tracing back the exact chemical composition.

Finally, it should also be mentioned that not all SBCs were as effective in generating

monodisperse, large droplets. This indicates that the amount of soluble material

most likely varied per vial and per ordered batch. For example, some of the 40 mL

Wheaton vials from batch number PO#4100432173, 225290, LOT#1474818-02 resulted

in monodisperse systems whereas others did not. And all (tested) liners from batch

number PO#4100482026, 225290, LOT#148466603 resulted in polydisperse emulsions.

These variation did make systematic studies more difficult, as apparently not all caps

contained the (same amount of) ‘magical compound’.

2b.3.2. Capliner residue characterization

It was found that the ‘magical compound’ could be extracted from the capliners when

using the rotary evaporator (rotavap) as described in the Methods section. Evaporating

off the water phase that had been in contact with the capliner for at least 24 h, left the

capliner pollutant (Fig. 2b.3a). This confirms once more that the contaminants were

(initially) water soluble and not (very) volatile. Subsequent addition of an aqueous am-

monia solution (22.9 vol%) to the extracted capliner residue resulted in the appearance

of a foam layer (Fig. 2b.3b) which indicated that the pollutant could have a surface

active character. Often, but not always, monodisperse dispersions could be formed

when adding this capliner-residue to the reaction mixture. Again, this indicates that
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a b

Figure 2b.3. a, Capliner residue was extracted using a rotavap by evaporating off the
aqueous phase that had been in contact with a styrene-butadiene capliner. b, A layer of foam
appeared after adding an aqueous ammonia solution (22.9 vol% ammonia) to this capliner
residue.

the amount of (and maybe even the presence of) dissolvable ‘magic’ material could vary

per vial and per ordered batch. An extra indication for this is that the weight of the

residue significantly varied between 2 mg/capliner to about 20 mg/capliner (even for

caps of the same batch). This would result in a concentration of the contaminants up

to 0.65 mg/mL in a 31 mL sample.

The extraction method allowed us to do further analysis on the capliner-residue by

using Nuclear Magnetic Resonance (NMR) and Mass-spectrometry (MS). In order to

minimize the effect of the above described weight variations, material was extracted

from three capliners simultaneously instead of only one. This scaled-up version allowed

us to use the same capliner-residue for both analysis methods as well as for sample

preparation, as described in the Methods section. The sample prepared from this

capliner residue resulted in monodisperse PDMS droplets that were found to have a

droplet diameter of 5.6 µm and polydispersity of only 1% as determined with SLS after

4 days of growth. The monodispersity confirmed that the ‘magic’ material was indeed

present. In order to make sure that the residue would also dissolve in the continuous

phase that was used during NMR and Mass-spectrometry studies, we used (deuterated)

water. The resulting 1H-spectrum of the cap-residue is shown in Fig. 2b.4a. The

peaks around 7 ppm are indicative for aromatic groups [147]. The peaks around 3.5

ppm are indicative for ether groups that might be direct neighbors (i.e. OCH2CH2),

as the coupling constants were found to be the same. The peak at 1 ppm suggests

that the material also contains an alkyl-chain. Mass spectrometry resulted in the

spectrum shown in Fig. 2b.4b with the highest peak intensity found at 551 Da/atomic

charge. The series of peaks separated by 44 Da/atomic charge are indicative for

polyethyleneglycol (PEG) macromolecules since PEG contains repetitive OCH2CH2

groups of 44 Da [148]. Upon further fragmentation of the 551 Da species (result
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not shown), we found that the material also contains CH2 (i.e. alkyl) endgroups,

indicated by peaks that were separated by 14 Da/atomic charge. Further literature

studies suggested that the MS profile nicely matched the mass spectrum of the non-

ionic surfactant nonylphenylpolyethylene glycol Tergitol NP-9 [149]. Also the NMR

spectrum of Tergitol NP-10 [150] is in fairly good agreement with our experimentally

determined spectrum (Fig. 2b.4a).

Both analysis methods indicated that the capliner pollution could be caused by the

non-ionic Tergitol NP-X surfactant series, with X denoting the length of the PEG

chain. The main peak of 551 Da/atomic charge in Fig. 2b.4b, allowed us to estimate

the average molecular structure in more detail. When subtracting 203 Da from this

peak value for the C9H19 chain and the aromatic group of Tergitol NP-X and 17 Da

for the OH group, a molecular weight of 331 Da remained. The resulting 331 Da could

indicate that the molecules furthermore consisted of (on average) 7 repeating PEG

groups (308 Da) and a Na+ ion (23 Da). The latter contribution is often associated

with ionic molecular fragments [147]. Based upon this analysis, the (majority) of the

capliner residue was expected to be composed out of the Tergitol NP-7 surfactant. As

a result, further experiments were conducted in which the surfactant Tergitol NP-7 was

added to the reaction mixture as described in the section below.

2b.3.3. PDMS emulsions with additives

Based on the above described NMR and Mass-spectrometry experiments, Tergitol

NP-7 was added during emulsion preparation in the range of 0.01 to 10.0 mM as

described in the Methods section. By doing so, the amount of NP-7 was in the

mg/mL range and therefore in agreement with the amount typically released by the

capliners. The critical micelle concentration (CMC) of Tergitol NP-7 is 0.07 mM

[151]. Unfortunately, all samples resulted in polydisperse systems after 2 days of

droplet growth as can be seen in the optical micrographs in Fig. 2b.5. This result

was unexpected. Other experiments were also conducted in which the surfactant

Tergitol NP-9 instead of NP-7 was added, as both the MS profile and the molecular

weight of the surfactant itself allow for small variations around the average molecular

weight distribution. The presence of this surfactant, with an average of 9 PEG groups,

also resulted in polydisperse emulsions when added in the range of 0.01 to 10.0 mM

(Fig. 2b.6). In this series, the most promising dispersion was the one containing 1 mM

NP-9. However, this system was not as monodisperse as what was typically observed for

samples prepared in the presence of the capliner pollution. Besides, the concentration

range in which the NP-9 surfactant seemed to have a favorable effect on the size

distribution was relatively narrow, which is in contrast with the large fluctuations in

the amount of material released by the capliners.
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Figure 2b.4. a,b, The 1H-NMR-spectrum (a) and the Mass-spectrum (b) that were
detected of the capliner residue.
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a b c

d e

Figure 2b.5. a-e, Optical micrographs of polydisperse PDMS emulsions prepared in the
presence of 0 mM (a), 0.01 mM (b), 0.1 mM (c), 1.0 mM (d) and 10.0 mM (e) of the non-ionic
surfactant Tergitol NP-7.

a b c

d e

Figure 2b.6. a-e, Optical micrographs of polydisperse PDMS emulsions prepared in the
presence of 0 mM (a), 0.01 mM (b), 0.1 mM (c), 1.0 mM (d) and 10.0 mM (e) of the non-ionic
surfactant Tergitol NP-9.

Even though NMR and MS studies were indicative that Tergitol NP surfactants

formed the ‘magic’ compound, experimental studies could not confirm this finding.

Possibly, the capliner residue is formed by a mixture of (these) surfactants, which makes

it difficult to trace back the exact composition. To investigate the effect of addition

of surfactant on the size (distribution) of the PDMS emulsion in general, the anionic

surfactant sodium dodecyl sulfate (SDS) was added. PDMS emulsions were prepared

with SDS added in the range of 0 to 10.0 mM. The surfactant SDS has a critical micelle

concentration of 7.7 mM and can be used during emulsion polymerization, for example
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a b

c d

Figure 2b.7. a-d, Optical micrographs of polydisperse PDMS emulsions prepared in the
presence of 0 µM (a), 1 µM (b), 10 µM (c) and 100 µM (d) of styrene.

during copolymerization of styrene and butadiene [152]. A polydisperse emulsion was

formed at 0 mM SDS (droplet diameters 2-15 µm) and 10 mM SDS (droplet diameters

.1 µm) (no minima in the SLS curves). However, the system became monodisperse

at 0.1 and 1.0 mM SDS with diameters (and polydispersities) of 2.2 µm (3%) and

1.0 µm (4%), respectively as determined with SLS. In a previous study [41], Zoldesi

had already shown that the PDMS droplet size decreased as the concentration of the

SDS surfactant was increased up to values around the CMC. In the present study, the

decrease in droplets size upon an increase in SDS concentration is therefore in good

agreement with this finding. It is likely that this size decrease can be attributed to the

reduction in interfacial tension caused by the presence of the surfactant, hereby lowering

the activation energy for homogenous nucleation and resulting in more nuclei [41].

Possibly, for high surfactant concentrations (&CMC), the emulsification induced by the

surfactant interferes with the nucleation and growth process. This could explain why

the system became polydisperse at 10.0 mM SDS.

Finally, apart from the surfactant studies, we tested another mechanism as well. It

is known that the presence of a second component of extremely low aqueous solubility

can inhibit the droplet growth due to Ostwald ripening (i.e. acting as an Ostwald

ripening inhibitor) [153–155]. Possibly such a scenario could limit the formation of

polydisperse PDMS droplets in the present study. As the capliners are made from

polystyrene-butadiene, it was investigated whether the presence of styrene (solubility

as low as 0.033% at 24◦C in water [156]) could cause such an effect as it is known

that many polymerization reactions do not have a 100% conversion. Styrene was added
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to the emulsions in the range of 0 to 100 µM. However, all systems became polydis-

perse (Fig. 2b.7), indicating that styrene is not affecting the droplet size distribution

beneficially. Note that the above described studies had already indicated that the

‘magic’ compound is most likely not of low molecular weight and is soluble in water

as the capliner pollution could be extracted using water. This is contradicting the low

water solubility of an Ostwald ripening inhibitor. As a result, it is not likely that the

monodispersity of the PDMS droplets is caused by Ostwald ripening inhibitors.

2b.4. Concluding remarks

Overall one can conclude that the use of disposable sample vials with inner capliners

can result in contaminants in colloidal dispersions. In our study, we have monitored

the release of pollutants from a specific type of capliner that was made out of styrene-

butadiene rubber and was produced by Wheaton. The capliner residue had a beneficial

effect on the PDMS droplet synthesis as it induced the formation of monodisperse and

micron-sized PDMS emulsions. Strong indications were found that the released material

was surface active as the systems had a foamy appearance. NMR and MS spectroscopy

studies indicated that at least the majority of the contaminants was most likely formed

by the non-ionic surfactant series Tergitol NP. Unfortunately, experimental studies in

which this surfactant was added did not confirm this finding. As a result, the exact

molecular composition has not yet been verified. However, this section can still be seen

as a general warning for the use of caps with inner liners when preparing dispersions.
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3
Spontaneous release of encapsulated liquid

surfactant from permeable microcapsules

near an oil-water interface

Abstract

We introduce a new experimental method in which a non-ionic liquid surfac-

tant can be encapsulated in, and locally released from, the interior of pre-

formed, monodisperse, elastic colloidal microcapsules. The capsules consisted

of tetrasiloxane-cross-linked-polydimethylsiloxane (TC-PDMS), and were syn-

thesized using a templating technique. Micron-sized particle diameters allowed

for a real-time and real-space study on the encapsulation and release process

with a confocal microscope. We show that we were able to effectively fill

the permeable capsules with the non-ionic liquid surfactant IGEPAL CO-520

using capillary action. It was observed that the surface active material was

spontaneously released from the shells when the capsules were located in the

vicinity of an oil-water interface, followed by refilling of the cores with water.

We postulate that the preferred partitioning of surfactant material over the

oil phase, and the oil-water interface, provided the principal driving force for

this spontaneous release mechanism. In most controlled release studies so far, a

stimulus-responsive shell senses a change in environmental conditions, resulting

in a change in its morphology and a subsequent release at a specific target

location. In the present study, it was most likely the encapsulate itself, rather

than the shell, that sensed such a change and which resulted in a controlled

release, making this outcome of fundamental interest.
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3.1. Introduction

Delivering chemicals to a specific target location is a key requirement in fields like

food science and drug delivery [35,157]. As a result, a lot of recent research focusses on

the controlled and targeted release of chemicals from microcarriers. The general goal

is to develop particles that can be loaded with chemicals and that can encapsulate the

material until a target location is reached where the content will be released [35,47,158].

In general, three types of microcarriers can be distinguished [159]. First, particle-type

carriers that encapsulate material inside their matrix [160–163]. Second, capsule-type

carriers in which material can be loaded inside a thin shell [44,164–166]. Third, foldable

microcarriers that can form an isolated space for encapsulation by stimulus-triggered

folding [167,168].

In this chapter, we will focus on capsules. These particles belong to the second type of

microcarriers and are typically formed using a templating approach. This involves the

synthesis of a shell around a sacrificial particle, followed by subsequent removal of the

core by dissolution or heating [41,114]. The shell material can be formed using methods

such as polymer phase separation [78,79,169,170], interfacial polymerization [52,77,171,

172], layer-by-layer self assembly [76,80,173] or via the formation of colloidosomes [81,

174,175]. The type of template can vary between solid particles (eg, silica, latex or gold

colloidal particles) [84–87], vesicles [176] or liquid droplets [52, 89]. Irrespective of the

precise fabrication method used, the first important requirement is that the capsules

can be efficiently synthesized on a large scale. However, this requirement is not often

met by available synthesis methods and thereby restricts the potential use of capsules

in industrial applications [42].

Apart from an efficient particle synthesis, a high encapsulation efficiency is preferred

as well [47]. The cargo can already be incorporated in the templating core prior to

growth of the shell [85, 97, 115, 177]. Alternatively, when using permeable or porous

shells, chemicals can diffuse through the capsule wall after formation of the shell [178–

180]. As a result, these permeable systems have the advantage that they are in

principle ‘reloadable’ [91]. However, the amount loaded is in many methods limited

by the bulk concentration and the encapsulation efficiency is therefore often low [45].

Spontaneous accumulation of material in the core is rare, and has only been described

for polyelectrolyte shells as a result of favorable electrostatic interactions between the

shell and the encapsulates [45]. Encapsulation strategies that result in an efficient

loading of the microcapsules therefore remain mainly unaddressed [159], even though

this is a second important requirement that needs to be met when using capsules for

release studies.

After encapsulation of the material, spontaneous release can occur by diffusion if the

shell wall is permeable to the solute. This results in a passive delivery of compounds
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in response to time and solute gradients [170,173,181]. Even though size control often

remains a challenge, a high control over the size distribution is required in many

applications since the rate of release is inversely proportional to the microparticle

size [47, 101, 103, 104]. For example, smaller particles in a polydisperse sample can

(due to a proportionally larger surface area) lead to an initial burst of released ma-

terial [104]. The release rate can be further controlled by altering the shell thickness

as this affects the diffusion path [47], giving rise to an additional preference for the

usage of homogeneous shells [182]. Overall, these factors result in a third requirement

for release studies performed with microcapsules. The particles should have a narrow

size distribution as well as a homogeneous shell morphology. Only this insures uniform

release profiles.

In addition to delivery in time, release is often desired around a specific target

location. By functionalyzing the capsules with ligands or (magnetic) nanoparticles,

local accumulation can be induced by molecular recognition or magnetic fields, re-

spectively [183, 184]. Furthermore, the delivery itself can be induced by a specific

trigger. For this purpose, shell-like particles are often formed by stimulus-responsive

materials [47, 50, 75, 185, 186]. These materials undergo conformational changes, for

instance from a collapsed to a swollen state in response to environmental stimuli such

as pH [176, 181, 187, 188], temperature [77, 181, 188–190], ionic strength [176, 178],

magnetic field [191, 192], or light [193–196]. By making use of these shell materials,

the permeability of the capsules and hence the release of the solutes can be controlled.

For shells that are not permeable to the encapsulated material, controlled release can

be induced by breaking the shell material which results in an immediate release of

encapsulated material [75]. Shell rupture can for example be achieved by exerting

a force [48], by making use of (bio)degradable shells [102, 104], by ultrasound [105]

or by pressure in general [75], the latter also including self-rupturing capsules based

on osmotic gradients [197]. In summary, site-specific release can be achieved when

incorporating a fourth requirement to microcapsule synthesis: a (stimulus) responsive

shell material.

In the present study, we focus on the localized delivery of the non-ionic, liquid

surfactant IGEPAL CO-520. We show that localized delivery of these chemicals can

in principle also be driven by changes in environmental conditions which affect the

partitioning of the cargo, rather than a change in the shell morphology itself. The

target location is set to be an oil-water interface which is accompanied by a change in

solvent polarity and which presents a surface which specifically lowers the free energy

of surfactant molecules as these have an amphiphilic character. We show that we can

localize the release of the surfactant cargo near an oil-water interface due to preferred

partitioning of the enclosed material over the oil phase and the oil-water interface. Such

a controlled release of surfactant molecules offers interesting opportunities in the field of
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enhanced oil recovery (EOR) [198, 199]. Encapsulation prevents redundant surfactant

loss in the oil reservoir, whereas the wetting behavior and the surface tension can

be favorably affected upon release, greatly facilitating emulsification. In the group of

Vincent, it was shown that charged surfactants can be released from microgel particles

in response to pH stimuli, affecting the electrostatic interactions [157, 200]. However,

given the high salinity, non-ionic surfactants might be preferred in a brine reservoir [201].

Here, release can not be induced by changes in electrostatic interactions. Delivery

induced by the intrinsic stimulus that is present around the target location, the large

jump in polarity associated with an oil-water interface, might therefore be preferred.

The microcapsules used in this study are tetrasiloxane-cross-linked-polydimethylsilox-

ane (TC-PDMS) shells. Such elastic shells can be synthesized with a high yield, a

relatively homogeneous shell morphology and narrow size distribution [41, 48, 52, 114,

140] and thereby are meeting the first two requirements described above. Besides,

these capsules have already shown promise for encapsulation studies because they are

permeable to both dye molecules [44, 114] and hydrocarbon oils [44]. Furthermore,

by extending the particle dimensions of the fluorescent shells up to ∼10 µm [140],

the release process can be easily monitored in real-time and real-space with the high

local resolving power of a confocal microscope [2]. Using this technique, we show

that we can completely fill the capsules with the non-ionic surfactant IGEPAL CO-520

(which has a Hydrophilic-Lipophilic Balance (HLB) value of 10.5 [38]). With such an

efficient loading process, we fulfill the above described third requirement as well. The

surface active material is found to be spontaneously released from the shell when it is

brought in the vicinity of an oil-water interface, the target location. We postulate that

adsorption of the amphiphilic encapsulate at the oil-water interface, hereby decreasing

the system’s free energy, as well as selective fractionation into the oil phase [202],

provides the principal driving force for the release. This is a new approach for controlled

unloading, in which the cargo material, rather than the shell, ‘senses’ the target location.

Hence, site-specific release might not necessarily have to be accompanied by a change

in shell morphology even though this is typically seen as a requirement, as described

above. This insight therefore shows promise, as drugs [203, 204] or molecules in food

chemistry [205] can also show a preferred partitioning over two insoluble phases, thereby

possibly facilitating a similar kind of localized delivery of the payload.

3.2. Experimental details

3.2.1. Materials

Dimethyldiethoxysilane (DMDES, 97.0%), tetraethoxysilane (TES, 98.0%), 3-ami-

nopropyltriethoxysilane (APTES, 99%), rhodamine B-isothiocyanate (RITC), polyvinyl-

pyrrolidone (PVP, Mw-58,000 g/mol), ammonia (NH3, 26.3 wt%), cyclohexane (C6H12,
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99.8%), hexadecane (C16H34, 99.0%) and IGEPAL CO-520 were obtained from Sigma-

Aldrich. Ethanol (100%, technical grade) was purchased from Interchema, pyrrome-

thene-546 and pyrromethene-567 from Exciton and rhodamine B from Riedel de Haen.

All chemicals were used as received. Water was demineralized up to a resistivity of

18 MΩcm.

3.2.2. Methods

Synthesis of microcapsules

Two batches of microcapsules were synthesized. Batch A was based on an efficient

initial mixing method with a Turrax homogenizer and batch B on the method for the

preparation of the seeds of the DMDES seeded growth study; both these methods

were described in Chapter 2a and Ref. 140. For batch A, an aqueous ammonia so-

lution was prepared (700 mL, 24.4 vol% ammonia solution). Subsequently, DMDES

was added such that the final monomer concentration became 6.8 vol% in the total

mixture. Hereafter, a Turrax homogenizer (IKA’s Ultra-Turrax with a S25N 10G

dispersing element) was used at a speed of 11,100 rpm to mix the sample for 8-14 min.

Homogenizing continued till the large DMDES droplets disappeared and smaller, more

monodisperse droplets started to appear as seen with an optical microscope. The turbid

solution was poured into a 1 L flask and allowed to stand undisturbed for 3 days before

starting the coating step. Templating oil droplets for batch B were prepared by making

use of a 40 mL Wheaton sample vial [140, 141]. As discussed already in Chapter

2b and Ref. 140, the styrene-butadiene capliner in these sample vials was found to

affect the monodispersity of the emulsion droplets beneficially. However, in Chapter 2a

and Ref. 140, other methods are described to arrive at equally monodisperse droplets

without these capliners. For batch B, the monomer DMDES (1.0 mL) was added to

10.0 mL of an ammonia solution in water (25.0 vol%). Directly afterward, this sample

was placed on a rollerbank (Stuart SRT9D) to allow the drops to grow over a period of

3 days.

For fluorescent shell coating, the reaction between the silane coupling agent APTES

and the dye RITC was performed at least 12 h prior to shell growth by mixing 6.5 mg

RITC dye, 40.0 µL APTES and 1.0 mL anhydrous ethanol; the solution was stirred in

the dark. For batch A, a volume of 550 mL of the as-prepared emulsion (still containing

ammonia) was added to an aqueous solution (volume 1375 mL) of 2.8 wt% PVP in a 2

L flask, while gently stirring the dispersion. Both TES (8.0 mL) and DMDES (8.0 mL)

were added simultaneously during shell growth using two separate syringes in a syringe

pump (KD Scientific, 10 µL/min). About 5 h later, the reaction product between

APTES and RITC in ethanol (0.330 mL) was added. Shell growth continued for 4

days, while gently stirring the sample. For batch B, shell growth was performed at

a smaller scale. The dispersion (5.5 mL) was added to 8.6 mL demineralized water
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after which the sample was homogenized for 5 min on a rollerbank. Hereafter, 31.2 µL

of TES was added, followed by a 10 min interval on a rollerbank, after which 5.0 µL

of the APTES-RITC reaction product was added. More monomer (23.4 µL of TES

and 31.2 µL of DMDES) was added after successive intervals of 5 min. Shell growth

continued, while keeping the sample tumbling on a rollerbank, for 1 day.

The shells from batch A were transferred to ethanol. This was done by first con-

centrating the dispersion using centrifugation (193 g for 35 min) for which the sample

was divided over 40 mL vials after which the supernatant was collected. The resulting

material was dispersed in ethanol, which is known to penetrate the shells and to dissolve

the liquid cores [52, 114] according to the procedure discussed in Ref. 140. For sample

B, shells were transferred to ethanol by mixing equal volumes of ethanol and dispersion.

During transfer to ethanol, a small fraction of shells (typically a maximum of 10%) was

found to buckle irreversibly. All samples were concentrated and washed several times

with ethanol in order to remove all PDMS oil using a centrifuge at 774 g for 20-30 min.

Surfactant filling of the microcapsules

During most experiments, the capsules were filled with a dyed surfactant phase. For

batch A, the dye pyrromethene 546 was used whereas pyrromethene 567 was used for

batch B. In both cases, 0.08 wt% of the pyrromethene dye was added to the surfactant

phase (total volume about 2.5 mL). This sample was sonicated for 10 min in order

to enhance homogenization. Hereafter, it was used to prepare a more dilute dyed-

phase by mixing 200 µL (for batch A) or 100 µL (for batch B) of the as-prepared

sample with 2.5 mL of fresh (undeyed) surfactant. In order to fill the microcapsules

with these latter mixtures, typically 200 µL of this dyed-surfactant phase was added

to 2 mL of the ethanol dispersion containing the microcapsules (resulting in an initial

surfactant concentration of about 9.1 vol%). The absolute amount of added surfactant

was determined by weight. The samples were mixed for a couple of minutes using a

vortex mixer (IKA minishaker MS2 at 2500 rpm). Hereafter, the ethanol phase was

evaporated off by exposing the sample to a moderate nitrogen stream overnight. The

sample was weighted carefully before and after evaporation to assent the evaporation of

all alcohol. In a few (control) experiments, the above described procedure for surfactant

filling was used with the exception that the IGEPAL surfactant phase was not stained

with a pyrromethene dye.

Surfactant release studies in bulk water or bulk oil

The surfactant filled shells, after ethanol evaporation, were diluted in both bulk

water as well as in bulk oil. In water, it is known that the critical micelle concentration

(CMC) of IGEPAL CO-520 is equal to 4.729*10−4 mol/L [206] which corresponds to

about 0.2 mL of IGEPAL per liter of water. Hence, by mixing 2.0 µL of surfactant-

filled shells with 1.0 mL of water, a sample was prepared with an overall surfactant
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concentration of about 10*CMC. A small volume (100 µL) of this aqueous sample was

further diluted with fresh water, in two successive steps, to prepare samples at a total

surfactant concentration of about 1*CMC and 0.1*CMC as well. For all release studies

in bulk water, the aqueous phase was not dyed. Only for a few experiments (which will

be indicated) on release near an oil-water interface, rhodamine dyed water was used,

for which the sample preparation is given in the section below. Apart from the dilution

steps performed in water, the surfactant filled shells were also diluted in oil. To allow

direct comparison with the 10*CMC sample in water, 2.0 µL of the surfactant filled

shells were also diluted in 1.0 mL of hexadecane or cyclohexane oil. In all samples,

the release of surfactant material from the capsule core was monitored in time with a

confocal laser scanning microscope (see the Characterization section below). To do so,

0.1 mm x 2.0 mm x 5 cm borosilicate glass capillaries (Vitrocom) were filled each time

with the particle suspension.

Surfactant release studies near an oil-water interface

For surfactant release studies near an oil-water interface, the 10*CMC aqueous par-

ticle suspension was used for which the bulk release was investigated and for which

the sample preparation is given in the section above. As discussed, the aqueous phase

was in principle undyed. Only in a few experiments, the water phase was dyed with

rhodamine B. To achieve this, first a stock solution was prepared by dissolving 5 mg of

rhodamine B in 15 mL of water. Subsequently, either 1 mL or 100 µL of this dyed phase

was mixed with 15 mL of fresh (undyed) water to reduce the intensity of the fluorescence

signal. This latter water phase was used and added to the surfactant-filled shells after

ethanol evaporation according to the procedure described above. Subsequently, 0.1 mm

x 2.0 mm x 5 cm borosilicate glass capillaries (Vitrocom) were first half filled with the

particle suspension in water (either dyed or undyed). Hereafter, the other half of the

capillary was filled with hexadecane oil and in some studies with cyclohexane oil. In

most studies, this oil phase was dyed before filling the capillary. This was typically done

by mixing 15 ml of hexadecane or cyclohexane oil with about 3 mg of pyrromethene

567. In a few (control) experiments, the oil was not stained and directly used. Unless

otherwise stated, samples were monitored about 30-60 min after preparation, with the

use of a confocal microcsope.

3.2.3. Characterization

Static Light Scattering (SLS)

Static Light Scattering (SLS) was used to determine the diameters and polydispersi-

ties of the PDMS droplets, as described in Chapter 2a.
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Atomic Force Microscopy (AFM)

Shell thicknesses (d) were measured using an Atomic Force Microscope (AFM, Digital

Instruments, Nanoscope) that was operating in tapping mode. A small drop of the

microcapsule dispersion (in ethanol) was drop-casted on a glass cover slide after which

the ethanol was allowed to evaporate. Height profiles were obtained by taking cross

sections over the crumpled shells. Depending on the folding pattern, plateaus in these

height profiles correspond to twice or four times the shell thickness.

Confocal Scanning Laser Microscopy

An inverted SP2 Confocal Scanning Laser Microscope, manufactured by Leica, was

used to image the samples. The fluorescent dyes RITC and rhodamine B were excited

with the 543 nm line of a HeNe laser and the pyrromethene dyes were excited with

the 488 nm line of an Ar laser. Sequential line-by-line scanning was used for images

recorded with both the 543 and 488 nm lines.

Determining the volume-fraction of shells that encapsulate material

The volumefraction of the microcapsules in the ethanol stock solution was estimated

for batch A such that it could, later on, be related to the volume fraction of enclosed

and free surfactant, respectively. Borosilicate glass capillaries with dimensions 0.1 mm

x 1.0 mm x 5 cm (Vitrocom) were filled with the ethanol stock dispersion of batch A.

At four different positions within the capillary, Z-stacks were recorded over a typical

volume element (XY Z) of 86 µm x 86 µm x 112 µm. Microcapsules were identified

and counted using the Particle Size Analyzer (PSA) macro for ImageJ [207]. While

doing so, buckled shells were not taken into account during the tracking process as

these particles were not found to (re)fill with surfactant material due to irreversibly

touching shell walls. Hence, even though the actual volume fraction of shells would be

higher, we only took the volume fraction into account of shells that can encapsulate

material and therefore excluded irreversibly buckled particles. The buckled particles

were excluded by setting the minimum circularity (defined as 4πA/L2 with A the area

and L the perimeter of a particle) to 0.55. The minimal and maximal particle diameters

were set to respectively 3.3 µm and 7 µm during the tracking process. The number of

microcapsules, averaged over the four different positions, was determined to be 306 with

a standard deviation of 25. Given the 1.85 µm particle radius of batch A (see results

below), the volume fraction of microcapsules in the ethanol stock solution of batch A was

about 0.01. During surfactant filling studies, the ethanol phase (2 mL) was evaporated

as described above, such that shells were only dispersed in the 200 µL surfactant phase

that was added. This resulted in a 10-times more concentrated sample with a final shell

volume fraction on the order of φshell=0.1 and an excess surfactant volume fraction of

φexcess=0.9. Subsequent redispersion in water, for example at an overall surfactant
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concentration of 10*CMC, will than result in a concentration of enclosed surfactant of

1*CMC and a concentration of free surfactant in the continuous phase of 9*CMC.

3.3. Results & Discussion

3.3.1. Surfactant encapsulation

For the current study, two batches of monodisperse tetrasiloxane-cross-linked-polydi-

methylsiloxane (TC-PDMS) capsules were synthesized as described in the Methods

section. The resulting particles were found to have diameters, polydispersities and

shell thicknesses of respectively 3.7 µm, 2%, 56 nm (batch A) and 2.3 µm, 3%, 43

nm (batch B) as determined with SLS and AFM, respectively (see Figs. 3.1 and 3.2).

Hence, the resulting ratio of shell thickness to total particle radius (d/Rt) for the two

batches was the following: 0.029 (batch A) and 0.036 (batch B). We will show in this

chapter that the micron-sized particle diameters combined with fluorescent labeling of

the shells, enabled us to visualize the encapsulation and release processes in real-time

and real-space using confocal microscopy [2].

After synthesis of the monodisperse capsules, the liquid PDMS templating cores were

removed by extraction with ethanol. This resulted in fluorescent, ethanol-filled shells

with a spherical configuration for which a typical example is given in Fig. 3.3a. Shells

were also dispersed in ethanol containing 9.1 vol% of pyrromethene-dyed IGEPAL,

which formed one homogeneous continuous phase. Microcapsules dispersed in this mix-

0.0 5.0x106 1.0x107 1.5x107 2.0x107 2.5x107
100

101

102

103

104

105

106

ln
(I

nt
en

si
ty

) 
(a

.u
.)

Scattering vector (m-1)

Batch A
D=3700 nm, δ=2%

Batch B
D=2300 nm, δ=3%

Figure 3.1. SLS experimental data (scatter) fitted by theoretical calculations with full Mie
solution of the form factor (lines) for the two different batches of microcapsules that were
used during surfactant filling experiments. The droplet diameters (D) and polydispersities
(δ) were obtained from the fit (described in the Characterization section).
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Figure 3.2. a,b, AFM images (left) and the corresponding height profiles (right) taken
along the lines drawn through the crumpled capsules of batches A (a) and B (b). Depending
on the folding pattern, plateaus in these height profiles correspond to twice (a) or four (b)
times the shell thickness. Shell thicknesses (d) were determined to be 56 nm for batch A (a)
and 43 nm for batch B (b).

ture were also found to remain spherical in shape (a typical result is shown in Fig. 3.3b).

A fluorescence signal was not only observed in the continuous phase but also inside

the capsule core. As the dye and surfactant were not covalently coupled, this result

only indicated that the permeability of the shell is large enough to allow the dye

pyrromethene-546 to penetrate the shell. This permeability is in agreement with the

earlier observation that the dye FITC [114] and pyrromethene-stained hydrocarbons [44]

can also be encapsulated inside these TC-PDMS microcapsules. After ethanol had been

evaporated off, shells crumpled in the absence of IGEPAL and pyrromethene dye. This

is clearly shown in the confocal image in Fig. 3.3c as well as in the AFM images of the

two batches (Fig. 3.2). The lack of solvent resulted in a situation in which the spherical

shape of the thin, elastic shells was no longer preserved. Such a crumpled appearance of

the dried shells was also reported by Zoldesi [114] in the limit that d/Rt < 0.05, which

is in nice agreement with the regime studied here. In the presence of a stained IGEPAL
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a c

b d

Figure 3.3. a,b, Typical confocal microscopy images of RITC-labeled TC-PDMS
microcapsules (RITC dyed, red) dispersed in ethanol (a) and in ethanol containing 9.1 vol%
pyrromethene-dyed IGEPAL CO-520 (green) (b). c,d, After evaporation of ethanol, shells
buckled in the absence (c), and remained spherical in the presence (d), of IGEPAL CO-520
and pyrromethene dye. The difference in shell morphology between (c) and (d) revealed that
the capsules were filled with the surfactant-dye mixture in (d).

phase, the shells from both batches were found to remain spherical in configuration

after evaporation of ethanol, for which a typical image is shown in Fig. 3.3d. As a

result, this spherical shell morphology revealed that the capsules had to be filled with

the pyrromethene dyed IGEPAL phase. Shells were also found to be spherical in the

absence of pyrromethene (result not shown) which indicated that in both cases the

spherical morphology is brought about by the liquid surfactant phase rather than the

dye.

From the observation that all shells were completely spherical and hence filled, it

can be deduced that the evaporation of ethanol enforced a high encapsulation efficiency

of IGEPAL and dye inside the capsule interior. Such a high encapsulation degree is

typically not achievable when loading is driven by diffusion from a continuous phase as

loading would be limited by the bulk concentration [45]. As indicated in Fig. 3.3d, an

excess amount of stained IGEPAL was added in the present study to enforce this high

loading capacity. In order to determine the amount of excess material that would end up
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in the continuous medium during further dilution studies, the volume fraction of shells

was determined that could encapsulate material. As a result, it only involved shells that

were initially already spherical in the ethanol stock solution. Buckled particles, of which

a small fraction (about 10%) had formed during the transfer to ethanol, were excluded

because they were not found to (re)fill with IGEPAL due to irreversibly touching shell

walls, hereby preventing encapsulation of material. The volume fraction of spherical

particles was determined using the procedure described in the Characterization section.

This was done for batch A for all systematic encapsulation and release studies, described

below, were performed with this batch. However, results were qualitatively the same for

batch B. The final volume fraction of spherical shells in batch A with liquid surfactant

encapsulated in the core, after evaporation of ethanol, was determined to be about

φshell=0.1 as described in the Characterization section. Hence, the volume fraction of

excess liquid surfactant was of the order of φexcess=0.9.

3.3.2. Surfactant release studies in bulk water or bulk oil

Attempts were done to redisperse the surfactant-filled capsules in a continuous phase,

while sustaining the surfactant material inside the core. No fluorescence signal was

detected anymore inside the capsule interior directly after resuspending the shells in

ethanol (result not shown). This indicated that the IGEPAL-pyrromethene diffused

out of the shells on a time-scale of a few minutes, being replaced by clean ethanol. This

outcome is similar to results obtained in a study by Zoldesi et al. [114] in which an

FITC-dyed ethanol phase was released from these capsules, 4 min after resuspension

in clean ethanol. Also Vilanova [97] reported the fast release of material from silicone

capsules that were dispersed in ethanol. All studies therefore indicate that silicone

shells release their core material relatively quickly when using ethanol as the dispersive

phase, possibly caused by swelling of the cross-linked silicone shell in the presence of

certain organic solvents [97, 208].

Resuspending the surfactant-filled capsules in water was found to be more success-

ful. In water, the critical micelle concentration (CMC) of IGEPAL equals 4.729*10−4

M [206]. The surfactant filled capsules, obtained after evaporation of the ethanol, were

dispersed in water such that the total surfactant concentration was equal to 10*CMC.

Samples were also prepared by diluting the 10*CMC system further, resulting in samples

with a total surfactant concentration of 1*CMC and 0.1*CMC. When monitoring the

10*CMC sample with the confocal microscope, a fluorescent signal was observed inside

the capsule interior (Fig. 3.4). This indicated that the stained-IGEPAL phase remained

encapsulated after resuspending the shells in water. Most likely this is caused by the

poor solubility of IGEPAL CO-520 in water [209]. Partitioning of the surfactant over

the hydrophobic capsule interior will most likely be favorable, hereby extending the

release period in water when compared to ethanol. Such a scenario was also reported
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Figure 3.4. Confocal microscopy images of RITC-labeled TC-PDMS microcapsules
dispersed in water (red), containing pyrromethene-stained IGEPAL in the core (green) at
an overall surfactant concentration of 10, 1 and 0.1 times the critical micelle concentration
(CMC). A decrease in the amount of encapsulated surfactant, indicative for release of core
material, was observed in time. Prolonged release periods were observed at higher overall
surfactant concentrations. All scale bars denote 5 µm.

to explain the prolonged release profiles (periods over a month) of hydrophobic drugs

loaded in PDMS-based delivery devices [210].

For all samples, the release of stained-IGEPAL was monitored in time for which

the results are shown in Fig. 3.4. Although time-scales varied between the different

samples, which is a point we will come back to later, the overall trend was that a

decrease in the IGEPAL-pyrromethene patch was detected in time. This was indicative

for release of material from the capsule core. The general mechanism by which material

was released will involve breakage of surfactant aggregates inside the capsule interior,
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such that free surfactant monomers can diffuse into the continuous phase [211]. Often,

but not always, a small and freely moving fluorescent patch was observed after release

of IGEPAL from the core (Fig. 3.4). It is likely that the hydrophobic dye became more

concentrated during release of the surfactant, possibly resulting in a situation that the

left-over cluster is unable to penetrate the shell.

As briefly mentioned already, the time-scales for surfactant release varied for the

overall surfactant concentrations that ranged between 10*, 1* and 0.1*CMC. Release

periods shortened for decreasing overall surfactant concentrations. For the 10*CMC

sample, with the highest overall surfactant concentration, most material was typically

sustained in the core for periods longer than 2 weeks (Fig. 3.4). Intermediate time-

scales were observed for the 1*CMC sample which did show substantial release after

2 weeks (Fig. 3.4). ‘Delivery’ was fastest for the sample at an overall surfactant

concentration of 0.1*CMC (Fig. 3.4). Here, a decrease in the IGEPAL-pyrromethene

patch was already monitored 1.5 h after sample preparation. This effect became more

profound over time, resulting in capsules for which only a small (left-over) patch was

observed in the interior after 1 day. Note that for all samples, the total surfactant

material was initially divided over material present inside the capsule interior and

(excess) material present in the continuous aqueous phase. The ratio between the

volume fraction of encapsulated surfactant (φshell=0.1) and excess surfactant in the

continuous phase (φexcess=0.9) was about 1:9. Therefore, in the sample with an overall

surfactant concentration of 10*CMC, the concentrations of enclosed and free surfactant

was equal to about 1*CMC and 9*CMC, respectively. Due to the successive dilution

steps, the concentration of excess material in the 1*CMC sample was about 0.9*CMC,

whereas it was far below the CMC (about 0.09*CMC) for the sample with an overall

concentration of 0.1*CMC. As a result, for decreasing overall surfactant concentrations,

the (osmotic) gradient of surfactant material between the filled core and the continuous

phase was enhanced. Hence the driving force for dissolution of the surfactant micelles

in the core increased, resulting in surfactant molecules that diffuse and elude faster

into the release medium. Vice versa, at higher overall concentrations, when also the

amount of excess material was larger, the surfactant gradient was smaller which is

likely reflected by the extended encapsulation periods. In the present study, some of

the 10*CMC samples still contained shells with encapsulated surfactant material after

a period of 1,5 months. However, it was expected that all surfactant material would be

homogeneously distributed throughout both the continuous phase and the capsule core

in the final equilibrium configuration. To confirm this, and to show that material would

not spontaneously accumulate into the capsule core, the reverse process was investigated

for water-filled shells, in water, that were exposed to surfactant that was added to

the continuous phase. Shells with a water filled core were prepared by redispersing,

and washing, the particles from the ethanol stock solution in water. Subsequently,
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IGEPAL CO-520 was added to the continuous medium to create an overall surfactant

concentration of 10*CMC. The sample was monitored using an optical microscope,

over a period of a few weeks, but no refractive index mismatch was observed inside

the capsule core. For shells containing a surfactant patch, such a refractive index

difference was typically monitored, a point we will come back to later. Hence, as

expected, no indications were found for spontaneous accumulation of material from the

continuous phase inside the capsule interior. This experiment therefore indicates that

the surfactant-filled capsules, originating from evaporation of ethanol, were not yet in

their equilibrium configuration (even after 1.5 months) if they contained a surfactant

patch. However, the prolonged release periods, especially at 10*CMC, enabled us to

perform release studies near an oil-water interface with shells that were initially fully

filled as will be described in the next section.

In addition to release studies in bulk water, release of encapsulated surfactant from

the shells was also monitored in the oils hexadecane and cyclohexane. As will be

described in the following section, these two oils were also used when studying the

delivery from the shells near an oil-water interface. To make studies comparable to

the release in bulk water, surfactant filled shells were dispersed in both hexadecane

and cyclohexane at the same concentration as the above described 10*CMC aqueous

sample. Directly after sample preparation (in about half an hour), shells were found to

have released their core material in both oils while the particles remained spherical in

configuration (Fig. 3.5). This spherical geometry indicated that the particles re-filled

with both cyclohexane and hexadecane. Surprisingly, while the shells were re-filled

with oil, the released pyrromethene-stained IGEPAL phase was initially seen to adsorb

at the outside of the shells in hexadecane, at least for a period of 24h (Fig. 3.5).

For cyclohexane, the latter effect was less profound, indicating that the affinity of

IGEPAL for cyclohexane was larger than for hexadecane, allowing faster dissolution

of the released material in the cyclic oil. The (almost) instantaneous release and

dissolution of surfactant material in cyclohexane was much faster when compared to

the slow (weeks) release in the 10*CMC aqueous sample (Fig. 3.4). This is most likely

brought about by the high solubility of IGEPAL in oil [209], whereas the poor solubility

in water gave rise to prolonged release periods in aqueous phases. Up to this point, we

do not have a clear reasoning for why, when comparing the two oils, dissolution was

slower in hexadecane when compared to cyclohexane. But, as already mentioned, it at

least indicates that the affinity of the surfactant for the latter oil is higher.

3.3.3. Surfactant release near a hexadecane-water interface

As mentioned above, core material was released over time-scales of (at least) days

for the aqueous sample with an overall surfactant concentration of 10*CMC. This time

interval allowed us to perform surfactant release studies near an oil-water interface
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Figure 3.5. Confocal microscopy images of RITC-labeled TC-PDMS microcapsules (red)
dispersed in hexadecane (top row) and cyclohexane (bottom row), about half an hour after
sample preparation. The pyrromethene-stained IGEPAL phase (green) was found to be
released from the interior and the spherical configuration of the remaining shells indicated that
the particles re-filled with both oils. For dilution in hexadecane (top row), the pyrromethene-
stained IGEPAL phase was adsorbed at the outside of the shells, indicating that this material
did not dissolve directly in this oil. All scale bars denote 5 µm.

with capsules that were initially fully filled with surfactant. In this section we will

describe the results for a hexadecane-water interface and the next section describes

the results for a cyclohexane-water interface. In order to monitor the release, glass

capillaries were filled half with the 10*CMC aqueous sample and half with hexadecane

oil as described in the Methods section. Hexadecane oil, during most studies stained

with a pyrromethene dye, is only slightly water soluble (0.0063 mg/L) [139]. In the

vicinity of this oil phase, the surfactant payload was found to be released as is clearly

illustrated in Fig. 3.6. Far from the interface (in bulk water) the capsules were still

filled with the IGEPAL-pyrromethene mixture as illustrated in Fig. 3.7a. This filled

state could be visualized by detecting a fluorescence signal with a confocal microscope

inside the capsule interior as well as by monitoring the refractive index mismatch of the

core material with an optical microscope. The decrease in enclosed material is clearly

visualized in Figs. 3.7b and c. Often, but not always, only a small, dyed (left-over)

patch was detected inside the capsule core after most material was delivered. Stronger

indications for the spontaneous release of encapsulated surfactant in the vicinity of the
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Figure 3.6. TC-PDMS microcapsules (RITC dyed, red) were found to spontaneously release
the encapsulated, dyed, non-ionic surfactant IGEPAL CO-520 (pyrromethene dyed, green)
near an oil-water interface. The hexadecane oil was stained with a pyrromethene dye (green).
A decrease of the surfactant patch inside the core was indicative for release in close proximity
to this interface. A few shells were buckled irreversibly during transfer to ethanol (a step
required for surfactant filling) and therefore did not contain any encapsulated material.

oil phase is given in Fig. 3.8. Here, two capsules (dispersed in water and initially still

filled) cross the interface due to a turbulent flow of the two phases soon after sample

preparation. This process was clearly accompanied by a spontaneous release of the

payload (time-scale of seconds). When passing the interface, the shells were not found

to refill with the stained oil phase, a point we will come back to later. Studies were

also conducted in which either the oil phase was not dyed or the surfactant phase

was not dyed. These control experiments were performed in order to confirm that

the spontaneous release of surfactant material was not driven by the presence of the

dyes. The location of the interface as well as the size of the surfactant patch could be

monitored due to the (above) described refractive index mismatch. Also these studies

clearly indicated that the IGEPAL phase was preferentially released near the oil-water

interface.

The amount of encapsulated IGEPAL was not only found to decrease when moving

into the direction of the oil phase, but also when monitoring one single surfactant-filled

shell in time, positioned relatively close to the interface, as illustrated in Fig. 3.8. Note

that the time-scale of release is slower (order of minutes/hours) when compared to

release over the interface (order of seconds). The reduction of the IGEPAL phase was
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Figure 3.7. a-c, Confocal microscopy images of RITC-labeled microcapsules (red)
containing pyrromethene-stained IGEPAL CO-520 in the core (green). The capsules were
dispersed in water and were brought in contact with hexadecane oil. In bulk water, the
capsules were fully loaded as indicated by the confocal image (a) and optical microscope
image (inset). Toward the interface, a reduction of the core material was observed (b) which
became even more profound in closer proximity to the interface (c). All scale bars denote
10 µm.

30 s 100 s72 s
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Figure 3.8. Confocal micrograph time series of surfactant release over the hexadecane-water
interface (top row) and in the aqueous phase, still relatively close to the interface (bottom
row). Microcapsules, RITC-labeled, are red and the oil and surfactant phases, pyrromethene
dyed, are shown in green. The fast release near the interface (time-scale of seconds) is not
accompanied by oil-refilling of the core. Release in the aqueous phase is slower (time-scale
of hours) and is accompanied by enhanced translational motion of the encapsulated material.
All scale bars denote 10 µm.

accompanied by an increase in free volume inside the capsule such that the surfactant

patch showed enhanced translational motion inside the shell upon release. A final

observation made in time, was that the region expanded in which the capsules had

released their payload. In one study, shells were still fully filled with surfactant material

at a distance of about 40-60 µm from the oil-water interface, about 40 min after sample

preparation. However 2.5 h after sample preparation, shells were found to have released

their payload at about 100 µm from the interface whereas from 140 µm onward a
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surfactant patch was observed. This effect became more profound over time, with

distances increasing up to about 1.3 mm before the surfactant phase was observed,

5 h and 45 min after sample preparation. Finally, we would like to mention that a

relatively large fraction of shells was often observed close to the capillary side walls in

the interfacial region. Possibly, surfactant micelles act as depletants, thereby giving

rise to an attractive particle-wall interaction. This could also explain why hardly any

shells were found to be adsorbed at the oil-water interface, something that was seen

more often for the system in the absence of surfactant. The adsorption at the capillary

glass walls prevented the particles from reaching the interface by brownian motion.

Moreover, image charge repulsions [212] or wetting effects (the latter might be affected

by the presence of surfactants) can make interfacial adsorption less favorable.

We postulate that the principal driving force for the spontaneous release of IGEPAL

CO-520 near the oil-water interface is the surfactant partitioning between the coexisting

phases, as described by Graciaa et al [202]. In the study by Graciaa, it was shown

that surfactant molecules with an average of 5 ethylene oxide (EO) units have a greater

affinity for the oil phase, and the interface, when compared to water. In their study, they

used the surfactant series IGEPAL CA-520 (HLB=10.3 for EO=5 [202]) which deviates

only slightly from the IGEPAL CO-520 series that was used in our study, also containing

on average 5 EO units (HLB=10.5 for EO=5 [38]). In addition, the preference for

IGEPAL CO-520 to partition in the oil phase, and at the interface, is also reflected by

the fact that it is not soluble in water but is soluble in oil [209]. As a result, it is likely

that release of encapsulated surfactant becomes more favorable in close proximity to

the interface. Besides, the released surfactants will most likely favor adsorption at the

oil-water interface, and partitioning in the bulk oil, over the partitioning in bulk water.

This might result in an interfacial zone which has a relatively low concentration of free

surfactant in the continuous water phase. Due to the enhanced gradient of material

between the capsule interior and the continuous phase in this region, it is likely that

release is most profound and will continue in time near the oil-water interface. Besides,

the position of this depleted region might shift in time due to a continuous release of

material. Such a scenario could explain the above described expansion in the range

over which surfactant was released. Overall, we can conclude that in this study the

localized unloading is driven by the cargo material that ‘senses’ the oil-water target

location. This differs from previous approaches in which controlled release of the cargo

material was brought about by changes in the shell morphology. This insight therefore

shows promise, as preferred partitioning of the payload might facilitate a similar kind

of localized delivery in other systems. For example, the asymmetric distribution of

drug molecules or nutrients and antioxidants [205] over interfaces formed by polar and

apolar phases, might facilitate a similar kind of spontaneous and localized delivery in

pharmacy or the food industry.



68 3. Surfactant release near an oil-water interface

ba

Figure 3.9. a, Almost all microcapsules (RITC dyed, red) monitored within a pyrromethene
dyed hexadecane oil phase (green) did not contain a fluorescently labeled core. This indicated
that the stained IGEPAL CO-520 phase was released and that shells did not refill with the
stained oil after delivery. The spherical shell morphology suggested that shells refilled with
water upon release of the payload. b, The presence of a fluorescence signal inside the shell
interior, for shells that were initially dispersed in rhodamine B stained water, confirmed this
refilling with water. The inset in (b) shows rhodamine B filled shells that were located in a
hexadecane oil phase that was not stained.

A few shells were monitored in the oil phase as well. Most likely, these shells had

either crossed the interface due to a turbulent flow in the sample soon after preparation

or they remained adsorbed at the glass walls upon filling the capillary first with the

aqueous sample and subsequently with the hexadecane oil such that they ended up in the

oil phase. For almost all shells present in a stained hexadecane oil, no fluorescence was

observed in the capsule interior as shown in Fig. 3.9a. First, this indicated once more

that the stained-IGEPAL phase, which was initially encapsulated, had been released.

Second, it showed that the shells did not refill with the dyed hexadecane oil. The

absence of oil refilling was also expected, as the elastic shells remained spherical in

configuration upon surfactant release in water (Figs. 3.7a-c). This spherical shape of

the capsule indicated that the total enclosed volume remained constant and hence that

the elastic shells refilled with water upon release of IGEPAL-pyrromethene. If the

enclosed volume would not have been conserved, due to absence of water re-filling,

the elastic capsules would buckle [44]. For further proof, the continuous water phase

was dyed with rhodamine B in another experiment. Now, a red fluorescence signal was

detected inside the capsules that were present in the oil phase (Fig. 3.9b), confirming the

hypothesis of water-refilling upon IGEPAL release. Finally, we would like to mention

that no significant changes in the shell configuration and fluorescence behavior of the

core were observed in the oil phase, over a period of 24 h. This is most likely caused by

the fact that, in the oil phase, the encapsulated aqueous phase needs to be first expelled

via (slow) solubilization before any subsequent (re)filling by oil can occur.
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3.3.4. Surfactant release near a cyclohexane-water interface

In addition to IGEPAL CO-520 release studies near a hexadecane-water interface,

experiments were also conducted near a cyclohexane-water interface. When compared

to hexadecane [139], cyclohexane has a higher solubility in water [213] whereas the

interfacial tension is similar for both oils [214,215]. Similar to the hexadecane studies,

capsules were still filled with (stained) IGEPAL far away from the interface (Fig. 3.10a).

However, when approaching the cyclohexane oil phase, the release of IGEPAL CO-520

became more complex when compared to the above described study with hexadecane.

Toward the oil phase, confocal as well as optical microscopy studies indicated that the

shells started to release their payload via the formation of a liquid surfactant bulge at

the outside of the shell (Figs. 3.10b,c). In closer proximity to the cyclohexane phase, an

intermediate state of complete wetting was observed (Fig. 3.10d). This suggests that

the wetting angle had changed [216], possibly because of changes in the composition of

the liquid bulge that indirectly also affected the surfactant surface coverage of the shells.

Even closer to the interface, shells were monitored which again contained protrusions

but for which the fluorescence signal as well as the refractive index mismatch of the

liquid bulge was stronger (Figs. 3.10e,f). As these protrusions also became larger over

time as well as were larger in closer vicinity to the interface (Figs. 3.10e compared to f),

it is likely that this second type of a liquid bulge is formed by the (dyed) oil phase rather

than by the surfactant phase. An extra indication that the latter bulge was formed by

oil, rather than by surfactant, is that such a dyed oil protrusion was also observed for

shells that were initially filled with undyed surfactant while using cyclohexane oil that

was stained (results not shown). In this case, no fluorescence was observed from the

earlier described liquid surfactant patch, confirming once more the differences between

the two droplet bulges.

It is likely that the deviation between the ‘simpler’ release with hexadecane com-

pared to the more ‘complex’ release with cyclohexane originates from the differences in

solubilities of the two oils in water. In principle, oil transport over the aqueous phase

is driven by solubilization of the hydrocarbon and is further enhanced by the presence

of surfactant micelles. However, Jose and coworkers [44] showed that the solubility

dominated the behavior, over periods at least less than 2 years. In their study, swelling

of partially oil filled capsules was seen for added oils for which the solubility in water was

higher than that of the encapsulated material. Deswelling was seen for added oils that

were more poorly soluble in water when compared to the encapsulated material. In the

current study, the order in water solubility is such that cyclohexane ≥ IGEPAL CO-520

(based on the CMC value) > hexadecane [139, 206, 213]. Furthermore, the molecular

mass of cyclohexane is lower than that of IGEPAL CO-520. Hence, the diffusion rate

of cyclohexane in water is larger than that of the surfactant molecules. This could in

principle allow nucleation of cyclohexane at the shell wall while the capsules themselves
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Figure 3.10. Various types of particle morphologies were monitored for TC-PDMS
microcapsules that were initially filled with stained IGEPAL CO-520, when moving in the
direction of a cyclohexane-water interface. a, In bulk water, particles were still filled with a
fluorescent surfactant phase as monitored with a confocal microscope. b,c, When moving in
the direction of the cyclohexane oil, release of this payload was observed with a confocal and
optical microscope (latter shown in inset) via the formation of a liquid surfactant bulge at
the outside of the shell. d-f, In closer proximity to the interface, full wetting was observed
(d) followed by a liquid bulge with a high fluorescence signal and a strong refractive index
mismatch (e-f). This second type of liquid bulge was therefore most likely formed by the oil
rather than by the liquid surfactant phase. All scale bars denote 10 µm.

still contain surfactant material, hereby providing (slight) mixing between IGEPAL and

the oil. On a side note, and as described for release studies preformed in bulk oil, readily

mixing between IGEPAL and cyclohexane was already observed. Such mixing, followed

by subsequent formation of micelles, could result in a slow decrease of the surfactant

bulge as seen at large distances away from the cyclohexane-water interface. After full

dissolution of the surfactant material and further addition of cyclohexane, closer to the

interface, a second type of liquid bulge can be formed by pure oil instead of IGEPAL.

Such a change in composition between the liquid bulges could possibly also clarify why,

at intermediate distances, a state of complete wetting was observed (Fig. 3.10d). This

release scenario is significantly altered when using the above described hexadecane,

for which the solubility and hence diffusion rate in water is lower than that of the

initially encapsulated IGEPAL surfactant. Besides, as seen during surfactant release
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studies in bulk oils, also the miscibility of hexadecane with the IGEPAL surfactant was

reduced when compared to cyclohexane. As a result, only release of the encapsulated

surfactant is expected to occur in the aqueous phase without nucleation of this poorly

soluble oil at the shell wall, explaining the absence of an oil bulge. Possibly, when

considering much larger time-scales, like what was done in Ref. 44, also nucleation of

hexadecane might occur. To find experimental indications for the difference in the

rate of oil nucleation at the shell wall for cyclohexane and hexadecane, we performed

one preliminary, additional, experiment. For this, a sample of water filled shells was

prepared by transferring shells from the ethanol stock solution to water, and washing

this sample at least three times. Unfortunately transfer back to water resulted in some

aggregation as well. Subsequently, these water filled shells were brought in contact

with an oil, by filling half a capillary with the aqueous sample and the other half

with either cyclohexane or hexadecane oil that was dyed with pyrromethene. Note

that the absence of surfactant micelles in this study might delay the transport of oil

when compared to the above described surfactant release studies, and might also alter

the wetting behavior. For cyclohexane, that differed from the case of hexadecane, it

was observed that a fluorescently labeled oil phase started to nucleate inside some of

the capsule cores that were located close to the interface, already 1 day after sample

preparation. This became slightly more profound after a period of about 2 weeks, as

a few more shells in the aqueous interfacial region were found to be partially (or fully)

filled with cyclohexane. Surprisingly, the filling behavior for cyclohexane was not always

found to be very homogeneous: shells containing (some) oil were sometimes surrounded

by purely water-filled shells. Also note that filling now occurred inside the capsule core,

instead of as a protrusion at the shell wall as seen during surfactant release studies.

Partial filling of spherical capsules with both cyclohexane and water was a remarkable

finding. This was never observed for experiments that started off with shells that were

initially oil filled [44] instead of water filled, here the elastic shells would start to buckle

if the particle is only partially filled. The current results suggest that the hydrophobic

nature of the capsule material might favor the nucleation of a liquid oil droplet onto the

shell material, for which the rate might be set by the water solubility of the oil. The fact

that, for partially cyclohexane filled shells, the shell wall was wetted by the oil phase

is in agreement with such a favorable hydrophobic interaction. No overloading was

observed, which is in agreement with the finding that a mixture of two oils, giving rise

to an entropic contribution, is required for this [44]. Overall, this result is interesting as

it indicates that these capsules might not only act as surfactant delivery vehicles, but

also facilitate the (selective) uptake of oil [44] after release. Hence they might serve a

dual-purpose from an enhanced oil recovery perspective.

The dye rhodamine B was added again to the aqueous phase in order to confirm

that shells with oil protrusions at the outside were indeed water filled and had released
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Figure 3.11. a, The red fluorescence signal, monitored for microcapsules that were dispersed
in a rhodamine B dyed water phase, revealed that particles refilled with water after the
encapsulated surfactant had been released and a pyrromethene dyed oil droplet (yellow)
adsorbed onto the shell. Some bleeding-through of fluorescence emission (red channel) is
visible. b, In the stained cyclohexane phase (green) most shells were found to be water filled
as only a small fraction of particles were found to be (partially) filled with the dyed oil phase.
Both scale bars represent 5 µm.

the surfactant from the core. A Rhodamine signal was detected inside the capsule

interior as shown in Fig. 3.11a, confirming the presence of an aqueous phase. We have

no clear explanation for why this dye seemed to accumulate inside the capsule core

such that it resulted in a higher, localized intensity. However, as described by Gao and

coworkers [189], it might be based on a favorable electrostatic interaction between the

positive dye molecules and negative shells.

Finally, capsules were monitored in the stained cyclohexane oil phase. In most of

these particles, no fluorescence signal was detected in the interior (Fig. 3.11b). This

confirms once more the situation that (the majority of the) shells did not refill with

oil upon release of encapsulated surfactant. However, a small fraction of shells did

contain (some) dyed oil in the core, something that was hardly observed for the earlier

described hexadecane studies. Oil refilling after release of surfactant material could

possibly occur when shells crossed the interface during the initial turbulent flow near

the interface or when shells were irreversibly adsorbed at the walls of the capillary

when flushing half the capillary with oil. Such variations in the way the particles ended

up there could possibly also explain the inhomogeneities in the oil refilling behavior.

Besides, some indications were found that the number of oil-filled shells in the oil phase

increased over a period of 24h, which was also less profound for studies performed with

hexadecane. Possibly, the increased solubility of water in cyclohexane, when compared

to hexadecane, allowed water to be expelled by solubilization and thereby allowed more

significant refilling with oil in time.
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The above described results clearly indicate that the release and (re)filling process

can become more complicated when changing the type of oil. No experiments were

performed in which the type of surfactant was changed. However, it is known that when

increasing the number of poly(ethylene oxide) units in the surfactant, rendering a more

hydrophilic molecule [209], a larger fraction of the surfactant material will be located in

the water phase when working with oil-water interfaces [202]. Consequentially, we

believe that due to the loss of a preferred partitioning of released material in the

oil, also the localized release of the payload near the interface will vanish. A strong

indication for this hypothesis is given by the fact that an instantaneous release of the

hydrophobic surfactant was observed when performing release studies in bulk oil: no

water-oil interface was required to induce this release. For a hydrophilic surfactant the

reverse is expected: material will be readily released in water for which, most likely

again, no interface is required to induce the delivery. Hence, we believe in a strong

coupling between the partitioning of the payload and the release times in bulk phases

and near interfaces, hereby giving rise to a parameter that can be adjusted to locally

induce delivery of initially encapsulated materials.

3.4. Conclusions

In the present study we have successfully performed controlled release studies with

cross-linked polydimethysiloxane capsules. These monodisperse microcapsules have a

permeable shell and can be synthesized on a bulk scale, over a wide size range, using

an emulsion templating technique. The liquid core allows for an easy removal of the

template after synthesis has completed. Hence, these particles meet many requirements

which are known to be important for controlled delivery vehicles. We showed that

these shells can become fully filled with the non-ionic liquid surfactant IGEPAL CO-

520. The surfactant payload was sustained in the capsule core over periods of more

than two weeks when redispersing the filled shells in water containing excess surfactant

(9*CMC). Such a slow release is most likely caused by the favorable partitioning of the

poorly water soluble surfactant in the hydrophobic shell. The prolonged release time

allowed us to perform release studies near an oil-water interface with capsules that were

initially fully filled. When using hexadecane as the oil-phase, delivery of the payload

was found to be induced around the oil-water target location after which the shells

refilled with water. We postulate that this localized delivery is driven by the preferential

partitioning of the surfactant over the oil-water interface and the oil phase. Specific

delivery, induced by such an asymmetric distribution over two phases, might therefore

form an interesting additional and alternative delivery mechanism compared to the well

known controlled delivery mechanisms that are induced by changes in shell morphology.

For the oil cyclohexane, the release of surfactant and the refilling with water was also

accompanied by the adsorption of a liquid oil droplet at the outside of the shell. Hence,
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these shells might serve a dual purpose for enhanced oil recovery (EOR): release of

initially encapsulated surface active material prevents redundant surfactant loss in the

oil reservoir, whereas oil might be adsorbed by the shells after release of the payload.

3.5. Outlook

A few interesting observations were made while conducting the above described

experimental studies. Therefore, we will briefly discuss these observations for they

are of potential interest for future experiments. First of all, shells dispersed in ethanol

were found to be able to form highly ordered monolayers upon drying. An example of

such an ordered monolayer is shown in Fig. 3.12, formed by the dried shells of batch B

after drop casting 50 µL of the ethanol dispersion in wells with dimensions (w x l x h)

9.4 x 10.7 x 6.8 mm3 (ibidi-wells [217]) and allowing the ethanol to evaporate. A few

of these highly ordered regions were observed in one single sample. Zoldesi et al. [218]

already described these highly ordered networks of polyhedral cells, that formed as

a result of the ordering of the monodisperse capsules upon drying. As a result, one

can conclude that these elastic microcapsules are of potential use in the fabrication of

microcellular structures and for the fabrication of very interestingly (e.g. foam) shaped

clusters if made to aggregate in a controlled manner.

Second, indications were found that the shell thickness affects the permeability of

the shells to such an extend that filling of the microcapsules with IGEPAL was no

longer possible during the considered time-scales. Fig. 3.13 nicely illustrates this effect.

For this experiment, a PDMS emulsion was formed by adding 2.8 mL DMDES to 7.1

mL ammonia and 21.1 mL water and keeping the sample tumbling on a rollerbank

during droplet growth. Note that this sample was prepared in a Wheaton sample vial

which contained a capliner that is known to beneficially affect the size distribution.

The droplets were allowed to grow for 2 days and resulted in particles with a diameter

of 4.6 µm and polydispersity of 2%. Two different batches of TC-PDMS capsules

were subsequently formed from this single emulsion. Thin capsules were prepared by

diluting 7.0 mL of the emulsion with 10.0 mL of water, followed by a 5 min interval

on the rollerbank, after which 40.0 µL of TES and 6.3 µL of an APTES-RITC solution

were added, now with a 10 min interval in between. The same procedure was also used

for the growth of thicker shells, after which additional amounts of monomer [48] were

added in the following sequence, each time followed by an interval of about 5 min on a

rollerbank: 30 µL DMDES, 30 µL TES, 30 µL TES, 40 µL DMDES, 30 µL TES and

40 µL DMDES. Both batches of shells were allowed to grow for 1 day on a rollerbank,

after which the samples were dialyzed. The batch with thin shells resulted in capsules

with a thickness of about 20 nm, as determined with SLS for which the procedure

is described in [114]. These particles were found to crumple when evaporating the

ethanol phase in which they were redispersed (Fig. 3.13a). This was done by drop
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Figure 3.12. Confocal micrographs of 2-dimensional, highly ordered structures that were
formed by the elastic TC-PDMS microcapsules (RITC dyed, red) of batch B after evaporating
off the continuous ethanol phase at room temperature. The particles had a diameter of 2.3 µm
and a shell thickness of about 43 nm as determined with SLS and AFM, respectively.

casting 100 µL of sample in an ibidi-well [217] and keeping the sample in the oven,

for about 70 min, at 60 ◦C. Unfortunately, the shell thickness of the thicker capsules

could not be determined with SLS as these particles aggregated during shell growth.

However, they were found to remain spherical in shape upon drying from ethanol when

using the same procedure (Fig. 3.13b). It is known that, after drying, these hollow

shells maintain their spherical shape when the ratio between the shell thickness and the

total radius is larger than 0.23 [114]. The spherical geometry therefore indicated that

the shells are significantly thicker when compared to the 20 nm shell of the first batch,

possibly reaching values of about 500 nm. Pyrromethene-dyed IGEPAL was added to

both batches of capsules about 1 h after drying. When monitoring the sample 22 h

after addition of the surfactant phase, some of the 20 nm thin shells were found to

be unbuckled and dye was detected inside the capsule core (Fig. 3.13c). However, the

same period of time did not result in any filling of the thicker shells (Fig. 3.13d). This

result therefore indicated that the permeability of the shells to IGEPAL CO-520 can

be highly controlled by the shell thickness. This opens up the possibility that material

can also be encapsulated permanently, or at least for prolonged periods, when a thicker

shell is grown around the particles after the payload has already been encapsulated. In

Chapter 5 we will describe experimental methods in which thicker shells can be grown

around the TC-PDMS capsules.

Finally, incorporating a stimulus-responsive material in (or at) the TC-PDMS cap-

sules could further improve the site-specific delivery of the payload. In the current study,

localized delivery was purely driven by the partitioning of the cargo over the continuous

phases. However, including a layer of PMMA for example, which is known to show a

solvent dependent swelling behavior [219, 220], could result in an even more enhanced

site-specific delivery in the oil phase and/or might reduce the required amount of excess
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a b

c d

Figure 3.13. a-d, Two batches of TC-PDMS capsules (RITC labeled, red) were grown
around templating droplets that had a diameter of 4.6 µm and a polydispersity of 2% as
determined with SLS. Thin shells (thickness of order 20 nm, SLS) crumpled after evaporation
of ethanol (a) whereas thicker shells remained spherical (b). After adding a pyrromethene
stained IGEPAL CO-520 phase (green) to both systems (equilibration time of 22 h), the thin
shells were found to fill up (c) whereas this was not observed for the thicker shells (d). All
scale bars represent 10 µm.

material in the aqueous phase to keep the encapsulates sustained in the core. Also

temperature-induced release would be possible when incorporating the polymer poly(N-

isopropylacrylamide) (PNIPAM) for example. In an exploratory study, a PNIPAM shell

was grown around 220 nm silica particles (Fig. 3.14a) using the procedure described by

Karg and coworkers [221]. We monitored the temperature-dependent swelling behavior

with a Malvern Zetasizer. This apparatus was used to determine the mean particle

size of the particles in water between 15◦C and 40◦C. All measurements were done at

a fixed scattering angle of 173◦ and for each temperature three correlation functions

were recorded. The samples were allowed to equilibrate at each temperature for 20

min. Using this procedure, the transition temperature was found to be 34.9◦C after

fitting the curve with a tanh-profile (Fig. 3.14b). This is in relatively close agreement

with literature values [221]. Experiments were also performed during which various

amounts of glycerol were added to the aqueous phase. By addition of glycerol [222], it
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Figure 3.14. a, Transmission electron micrograph of SiO2-PNIPAM core-shell particles.
The inner silica core is 220 nm in diameter and the collapsed PNIPAM shell is 20 nm
thick. b, Temperature-dependent swelling curves for the SiO2-PNIPAM core-shell particles
in water/glycerol mixtures, upon increasing glycerol concentrations. Transition temperatures
were determined using a tanh-fit. The temperature and glycerol concentration dependencies
of both the viscosity and refractive index were taken into account.

is in principle possible to match the refractive index of the silica core (nD=1.458 [223]).

For a correct fit of the correlation function, the dependencies of both the viscosity

and the refractive index of the continuous phase on the temperature and glycerol

concentration (wt%) must be inserted as input parameters. The correct values for

the viscosities as a function of temperature and glycerol concentration, were found by

fitting literature values [224] with a cubic spline function. To correct for the glycerol

dependency of the refractive index as well, literature values were used [222] which

were determined for increasing glycerol concentrations but at one single temperature

(20 ◦C). Experimentally, we verified (using an Abbe Atago NAR-3T refractometer

connected to a waterbath) that the refractive index for both 50 and 70 wt% glycerol

varied less than 0.5% over the temperature range 25◦C to 55◦C. Hence, it is fairly

accurate to approximate the refractive index to be temperature independent in the

regime considered here. With the above described values for the refractive index and

viscosity as a function of glycerol concentration and temperature, the correct particle

sizes could be determined. The resulting size-temperature trends are given in Fig. 3.14b.

Unfortunately, addition of glycerol was found to tremendously decrease the swelling

amplitude such that no transition was observed anymore when approaching refractive

index matching conditions. As a result, only transition temperatures at low glycerol

concentrations were determined by using a tanh-fit, resulting in transition temperatures

of Tc= 30.70C at 10 wt% glycerol and Tc= 27.90C at 20 wt% glycerol.
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4
Electric-field-induced lock-and-key

interactions between colloidal spheres and

bowls

Abstract

To realize new and directed self-assembly pathways, the focus in colloid sci-

ence and nanoscience has shifted from spherical particles and interactions to

increasingly more complex shapes and inter-particle potentials. This field is

fueled by recent breakthroughs in particle synthesis, such as particles with

complementary shapes that allow for specific lock-and-key interactions in-

duced by depletants. Here, we show that electric fields form an alternative

route for directing the self-assembly of convex and concave colloids, with

the additional advantage that the system now becomes switchable by exter-

nal conditions. Both experimental and theoretical results are presented that

validate the electric-field-induced assembly mechanism and show that even

irreversibly bound composites can be generated by tuning the force balance.

The successful isolation of the irreversible composite particles, in combination

with generalization to different materials, shows that the current mechanism

provides a versatile new path not only toward directed self-assembly but also

toward complex-particle synthesis.
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4.1. Introduction

In the field of colloidal self-assembly, the focus in recent studies has shifted from

spherical particles to anisotropic or more complex-shaped particles and from spherical

interaction potentials to more complex interactions. This shift in perspective is driven

by newly invented synthesis routes that result in particles with complex shapes [19,27,

225]. Examples include bowl-shaped particles [52], flattened particles [226], rods [227,

228], (hollow) cubes [32], ellipsoids [229], peanut-shaped particles [230], platelets [231],

colloidal molecules [216, 232, 233], colloidal clusters [234], dumbbells [235, 236] and

polyhedral particles [237]. Combining complex particle shapes with anisotropic in-

teractions opens many new avenues to manipulate self-assembly and materials prop-

erties. An example is the lock-and-key interaction between complementary shaped

particles [34,238] induced by depletants [34]. Depletion-induced interactions, driven by

non-adsorbing polymers or particles (‘depletants’), have an interaction range that is set

by the size of the depletant, while the interaction energy is set by the concentration of

depletants [239]. This allows for an independent tuning of the range and strength of

depletion interactions.

Another way to induce inhomogeneous interactions is by means of external electric

fields. Experimental approaches in this direction have already been described in lit-

erature [19]. For example, it is well established that electric fields can be used to

manipulate the orientation of colloidal particles. For silica rods, the alignment of the

axis in the direction of an external electric field can result in improved mm-ranged order

in smectic phases [20] as well as in a transition from a plastic crystal, or plastic glass,

to a crystal phase [33]. Such field-alignment was also used to tailor the properties of

films prepared from colloidal ellipsoids [240]. In addition, an electric field can be used

to alter the structural behavior of the particles. As a result of the interaction of the

induced polarizations, particles (spheres, rods, bowls and other anisotropic shapes) can

form long chains along the direction of an external electric field [20–24]. The behavior

of mixtures of polarizable colloids of different geometric shapes is less well studied,

although beautiful structures in the analogous case of magnetic particles and fields

are known [241]. In principle the external field gives rise to a many-body problem,

with couplings between the induced dipoles in both particle species that require self-

consistent or recursive techniques [242] to calculate the polarization of the particles

and the interactions between the particles. Insight can be gained from theoretical and

computational studies [25,243,244] and various methods have been developed in recent

years to describe or predict field-induced alignment and interactions (e.g. the coupled

dipole method [19,245,246]).

Here, we show experimentally that electric fields can be exploited as a new route

for inducing lock-and-key type of interactions between complementary (convex and
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concave) shaped particles (polarizable bowls and spheres). The electric field is therefore

an alternative to the addition of depletants. Preliminary results in this direction were

already presented in Ref. 19. A powerful advantage is that the interaction energy can

now be tuned in situ by external control and without the need to alter the composition

of the system. Moreover, we show that the force balance can be adjusted such that

even irreversibly bound composites can be generated. In this way, electric fields do

not only result in directed self-assembly of anisotropic particles but actually also form

a means to synthesize new types of complex-shaped particles, as we will show. The

experimental observations are put in perspective of the theoretical study performed by

Troppenz et al., reported in Ref. 247, in which the relevant inter-particle interactions

were calculated for the experimental material properties considered here.

4.2. Experimental details

4.2.1. Materials

Dimethyldiethoxysilane (DMDES, 97.0%), tetraethoxysilane (TES, 98.0%), 3-amino-

propyltriethoxysilane (APTES, 99%), rhodamine B-isothiocyanate (RITC), polyvinyl-

pyrrolidone (PVP, Mw-58,000 and 40,000 g/mol), styrene, deuterium oxide (D2O),

fluoresceine isothiocyanate (FITC) and ammonia (25 wt% NH3) were purchased from

Sigma-Aldrich. Pyrromethene-567 was obtained from Exciton, ethanol (96% and 100%)

from Interchema, 2,2-azobis(2-methylpropionitrile) (AIBN) and PVP (Mw-360,000 g/

mol) from Fluka. All chemicals were used as received. Demineralized water (resistiv-

ity 18 MΩcm) was used in all reactions and also for cleaning of glassware.

4.2.2. Methods

Particle synthesis

Bowl-shaped particles were formed from buckled, elastic microcapsules. These micro-

capsules were synthesized based on the method described in Chapter 2a and Ref. 140

which is a modification of the original procedure reported in Ref. 52 that uses oil-

droplets as templates for shell growth. The polydimethylsiloxane (PDMS) templating

oil droplets were prepared by adding 4.1 vol% of the monomer dimethyldiethoxysilane

(DMDES) to an aqueous ammonia solution (total volume 700 mL, 24.4 vol% ammonia).

Hereafter, the sample was mixed with a Turrax homogenizer (IKA’s Ultra-Turrax with

a S25N 10G dispersing element) at a speed of 11,100 rpm for 10 min such that the

large DMDES droplets disappeared. The resulting turbid solution was poured into

a 1 L flask and allowed to stand undisturbed for 2 days before start of the shell

growth. For fluorescent labeling of the capsules upon shell growth, the fluorescent

dye rhodamine B-isothiocyanate (RITC) was first covalently attached to the coupling

agent 3-aminopropyltriethoxysilane (APTES). To this end, a mixture of 6.5 mg RITC

dye, 40.0 µL APTES and 1.0 mL anhydrous ethanol was stirred in the dark for a period
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of 12 h. Subsequently, 550 mL of the as-prepared emulsion (still containing ammonia)

was gently mixed with an aqueous polyvinylpyrrolidone (PVP, Mw = 58,000) solution

(volume 1375 mL, 2.9 wt% PVP) using a stirring bar. The polymer PVP was added

to reduce aggregation during the coating step. Encapsulation of the oil droplets with

an elastic shell was achieved by adding both the monomer tetraethoxysilane (TES)

(8.0 mL) and DMDES (8.0 mL) simultaneously to the dispersion using a syringe pump

(KD Scientific, 10 µL/min). The APTES-RITC reaction product (0.330 mL) was added

after a period of about 5 h. The sample was gently stirred for a period of 3 days after

which the dispersion was dialyzed in a few hours against demineralized water. The

resulting microcapsules, still containing a templating oil droplet in the core, buckled

upon aging (1 up to 1.5 years), most likely because the enclosed volume is no longer

preserved due to slow evaporation of the PDMS oil in time. Note that microcapsule

buckling can also be induced on much shorter time-scales, and in a controlled way, via

surfactant micelles [44]. For electric-field induced self-assembly studies, typically 40

mL of the particle dispersion was concentrated to ∼40 µL using centrifugation at about

550 g for 25 min (Heraeus, Labofuge Ae). Typically, the final concentration used was

on the order of 4 mg/mL (i.e. 3 ∗ 109 particles/mL).

Silica spheres with fluorescently-labeled core/shell geometry were prepared as follows.

Seed particles (830 nm) were grown by reaction of TES in a basic solution (containing

ethanol, water and ammonia) under magnetic stirring (Stöber route, [248]). A conjugate

of fluoresceine isothiocyanate (FITC) and APTES was added during this growth to

incorporate fluorescent dye into the silica matrix [249]. An extra layer of silica was grown

around the particles by continuous addition of TES (Giesche seeded growth, [250]) until

a final diameter of 1.48 µm was reached (as determined by SLS). The reaction mixture

was washed several times by centrifugation and removal of the supernatant with ethanol.

A dispersion with a concentration of about 19 mg/mL (i.e. 5 ∗ 106 particles/mL) was

prepared by washing twice with water.

Pyrromethene dyed polystyrene spheres (1.5 µm in diameter, determined by SLS)

were synthesized using a two-stage dispersion polymerization method, inspired by Ref.

251. First, 25.0 g ethanol, 5.0 g styrene, 0.1 g PVP (stabilizer, Mw = 360,000) and

0.025 g initiator (2,2-Azobis(2-methylpropionitrile), AIBN) were mixed in a 250-mL

three-neck reaction flask equipped with a condenser and a gas inlet. Nitrogen gas was

added at room temperature for 1 h to remove oxygen. Then, this mixture was heated

to 70 ◦C in an oil bath for 1.5 h while stirring magnetically at 200 rpm. Hereafter, a

mixture of 0.05 g pyrromethene-567 dye, 5.0 g styrene and 12.5 g ethanol (pre-mixed

at 70 ◦C under nitrogen) was quickly added and the reaction was allowed to continue

for 24 h.
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Table 4.1. Composition of the various bowl-sphere mixtures in water. Mixtures were
obtained by combining the particle stock dispersions in various ratios: the volume fractions
(vol%) indicated are fractions of the stock dispersions in the final mixture.

Sample SiO2 sphere PS sphere Bowls Salt (NaCl) D2O

(vol%) (vol%) (vol%) (mM) (vol%)

SiO2-w4.5-1 51 0 22 4.5 0

SiO2-w8.3 38 0 38 8.3 0

SiO2-w4.5-2 5 0 81 4.5 0

PS-w4.5 0 70 16 4.5 0

PS-d3.8 0 23 9 3.8 57

Sample preparation

Mixtures of spheres (silica or polystyrene) and bowls were prepared both in water and

in D2O, see Table 4.1. These mixtures were obtained by combining the above described

stock dispersions and adding a small amount of a 33.0 mM NaCl stock solution and

optionally D2O. The sample name reflects the sample composition: SiO2 for silica

spheres, PS for polystyrene spheres, ‘w’ for pure water as a solvent, ‘d’ for D2O added

as a solvent, and the number indicates the salt concentration in mM. Any extra number

(-1 or -2) was added to the name if samples with the same constituents were prepared

at various bowl-sphere number ratio’s. Samples were homogenized using a vortex mixer

(IKA minishaker MS2) at 2500 rpm for a few seconds, after which the sample cells (see

below) were filled.

Sample cell preparation

Sample cells for electric field induced self-assembly were constructed from borosilicate

glass capillaries (VitroCom, 0.1x2x50 mm) mounted on a glass cover slide (Thermo

Scientific) using Scotch tape. Two electrode wires (T2 thermocouple alloy wire, Good-

fellow, diameter = 0.05 mm) were spanned along the inside (long axis) of the capillaries

such that they were spaced 2 mm apart, see Fig. 4.1. Filled capillaries were sealed using

either candle wax or UV glue (Norland Optical Adhesive no. 68).

Viscosity step-gradient centrifugation

After self-assembly in an electric field, the different particle species (bowls, spheres

and composite particles) were separated by viscosity step-gradient centrifugation. To

this end, capillaries were opened by scraping off the wax, and the bowl/sphere mixtures

were recollected from the capillary using a strong air flow.

Viscosity gradients were built as in Ref. 252 from aqueous polyvinylpyrrolidone

(PVP, Mw = 40,000) solutions of various concentrations: 5.8, 8.8, 11.8, 14.8, 18.7,

22.8, and 27.0 wt%. Centrifuge tubes (Ultra-Clear Tubes, Beckman-Coulter, 1.5 mL)

were filled with consecutive layers (275 µL) of PVP solution, starting from the highest
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Figure 4.1. Schematic drawing of the experimental set-up used to create electric-field
induced lock-and-key interactions. The direction of the electric field (E), the direction of
gravity (g) and the three spatial dimensions x, y and z (chosen along the length (x), width
(y) and depth (z) of the capillary) are indicated. Note that we used an alternating electric
field with a frequency higher than the relaxation rate of a double layer (1 MHz).

concentration. The sample to be separated (about 40 µL, originating from 6 electric

sample cells) was premixed with 120 µL of 5.8 wt% PVP solution and placed on top

of the step-gradient. The tube was centrifuged for 25 min at 82 g (Hettich Rotina

centrifuge) after which the separate bands were collected by piercing the wall of the

tube using a syringe.

4.2.3. Characterization

Static Light Scattering (SLS)

The size and polydispersities of the PDMS oil droplets and SiO2 and polystyrene

spheres were determined using Static Light Scattering (SLS), for which the procedure

is described in Chapter 2a. The refractive index of PDMS, required for the fit of the

scattering curve, was set to a value of n25
D=1.394, corresponding to a low molecular

weight silicone oil [135], for water to n20
D = 1.333 [133], for silica to n25

D=1.45 [249] and

for polystyrene to n25
D=1.58 [253].

Atomic Force Microscopy (AFM)

An Atomic Force Microscope (AFM, Digital Instruments, Nanoscope), operating in

tapping mode, was used to monitor the thickness of the microcapsules. First, any

remaining PDMS oil was removed from the core of the microcapsules by transferring

the shells to ethanol. Typically, about 2 mL of the original aqueous sample (straight

from the reaction medium, before concentrating it) was mixed with 2 mL of ethanol

after which the sample was centrifuged (2000 rpm, 10 min) and the supernatant was

replaced by ethanol, followed by at least one more washing step. Hereafter, an AFM

sample was prepared by applying a drop of the ethanol dispersion onto a glass cover slide

and allowing the solvent to evaporate. Plateaus in the height profiles were measured and

correspond to twice the thickness of the single shell due to crumpling of the particle

upon drying. However, as the shells also adopted a buckled geometry in dispersion



4.3. Results & Discussion 85

with effectively touching shell walls, the plateaus in the height profiles can be directly

translated to the shell thickness of the (double-walled) bowl-shaped object as a whole.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images were acquired using a FEI/Philips XL30

FEG Scanning Electron Microscope, working at an acceleration speed of 3 kV. Samples

were prepared by placing a droplet of the particle suspension on a TEM grid (G200-Cu,

Electron Microscopy Sciences, carbon and butvar coated) and allowing the solvent to

evaporate at room temperature. Subsequently, this TEM grid was placed on a SEM

stub that contained a conductive, carbon sticker.

Zeta potential measurements

Zeta potentials of the particles were determined using a Malvern Zetasizer Nano ZS,

operating at 148 V. Each sample was analyzed in triplate, at a temperature of 20 ◦C.

Confocal Scanning Laser Microscopy

Electric-field-induced self-assembly of mixtures of bowls and spheres in electric sample

cells were imaged using a Leica SP2 inverted confocal microscope fitted with a Plan Apo

63x (NA = 1.4) Leica confocal oil immersion objective. Each sample cell was placed on

the sample stage with the capillary facing downwards, and the objective placed against

the capillary with a drop of Leica type F immersion oil. The excitation laser lines used

were 488 nm (blue) for the FITC-labeled silica spheres and the pyrromethene dyed

polystyrene spheres and 543 nm (green) for the RITC-labeled bowls. The fluorescent

signals were collected by photomultiplier tube (PMT) detectors in the ranges 500 nm-

535 nm (for the emission signal of FITC and pyrromethene dye) and 555 nm-620 nm

(for the emission signal of RITC dye) in sequential scanning mode between lines, and

at a scanning speed of 800 Hz. The pinhole size was 114.6 µm (Airy disk). Typical

images had a resolution of 512x512 pixels and a typical pixel size of 40-100 nm.

A HP 33220A 15 MHz Function/Arbitrary Waveform Generator provided sinusoidal

electric fields (1 MHz, with typically a 5 V peak-to-peak voltage). A Krohn-Hite 7602M

Wideband Amplifier was used for amplification of the signal to 20-40V.

4.3. Results & Discussion

4.3.1. Electric-field-induced lock-and-key interactions

In this chapter we introduce a novel route, based on electric fields rather than

depletants, to induce site-specific lock-and-key interactions between colloids. To this

end, aqueous mixtures of shape-complementary particles (bowls and spheres) were

prepared, often containing a few mM of added NaCl. The exact composition of the

various samples is given in Table 4.1. The bowl-shaped particles were made by buckling

of elastic microcapsules [44,140]. Scanning Electron Microscopy images of both particle
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species are shown in Fig. 4.2a. We note that the elastic bowls crumpled upon drying,

but have a well-defined bowl shape in solution as can be inferred from the confocal

images. The bowl-shaped particles had a diameter of 2.6 µm and a shell thickness of

140 nm, as determined with Static Light Scattering (SLS) and Atomic Force Microscopy

(AFM), respectively (Figs. 4.2b,c). The 1.48 µm diameter of the silica particles (SLS,

Fig. 4.2b) was chosen such that these spheres fitted inside the bowl-shaped cavity. An

alternating electric field (∼1 MHz, typically 10-20 V/mm) was applied in a sample cell

as shown in Fig. 4.1. Due to the high frequency of this alternating electric field, which

is much higher than the relaxation rate of a double layer, the dominant polarization

contribution stems from the particles rather than from the ionic double layers [19]. As

reported in literature [21], spheres line up in such a field to form strings since the induced

polarizations prefer a head-to-toe arrangement, like dipoles. Bowl-shaped particles

attain an orientation with the symmetry axis perpendicular to the field and form strings

in which the individual particles face alternating directions [19]. Besides, we found that

at high volume fractions bowls were even stacked in the direction perpendicular to the

field as well (see Fig. 4.3a).

In mixtures of bowls and silica spheres dispersed in water and exposed to an electric-

field, we observed the formation of strings generally consisting of both species combined.

The applied field strength was low enough to allow for some particle displacements,

resulting in spheres that were captured by the bowls. The majority of the bowls was

typically filled with a sphere after about 30 min, as depicted in Fig. 4.3b. Directly

after switching off the electric field completely, the captured silica spheres were released

and the individual particles performed Brownian motion again. This also highlights

directly the additional advantage of the current study as the lock-and-key interactions

are now switchable by external conditions, even on millisecond time-scales. This is in

contrast to the conventional method based on depletants, where the interaction can only

be tuned by changing the sample composition (i.e. depletant concentration) or when

temperature-tunable polymers are used [254]. Typically, when gradually reducing the

electric field, filled bowls were initially aligned in strings (∼20 V/mm), the strings

of filled bowls then broke up (∼10 V/mm) after which composites disassembled and

bowls were no longer aligned (∼5 V/mm). Interestingly, a small fraction of composite

particles remained intact, even when no salt was added; a point we will come back to

later.

Also note that the method can be generalized to other materials, provided that the

zero frequency dielectric constant mismatch between colloids and solvents is sufficiently

large for appreciable dipolar interactions to occur. We demonstrated this by using

polystyrene spheres (1.5 µm in diameter) instead of silica spheres (see Fig. 4.4). The

composition of this sample (PS-w4.5) is given in Table 4.1.
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Figure 4.2. a, Scanning electron micrographs of bowl-shaped particles (left) and silica
spheres (right). The scale bars denote 5 µm. b, SLS experimental data (scatter) fitted
by theoretical calculations with full Mie solution of the form factor (lines) for the PDMS
droplets that were used to synthesize the buckled bowls and for the polystyrene (PS) and the
silica (SiO2) spheres. The values for the diameters (D) and polydispersities (δ) are obtained
from the fit (described in the Characterization section). c, AFM image of dried bowl-particles,
after removing the PDMS core by washing with ethanol. Height profiles were measured by
scanning along lines 1 and 2 through the bowls, from which we obtained a shell thickness of
2d = 140 nm. Note that the bowl is a (double-walled) collapsed shell, hence its thickness (2d)
is equal to twice the thickness of the shell before collapse (d).

4.3.2. Self-assembly mechanism

To gain more insights into the above described electric field induced lock-and-key

interactions, theoretical studies were performed on this system by Troppenz et al. as
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EE

a b

Figure 4.3. Electric field induced self-assembly. a, Confocal micrograph of a sample region
with a high concentration of bowls (RITC dyed, red). Bowls form stacks in a direction
perpendicular to the electric field (19.1 V/mm, 30 mM NaCl). Note the alternating orientation
of the bowls in a string. Inset: optical micrograph of a chain of bowls. b, Confocal micrograph
of bowls and spheres self-assembled in an electric field. This image was taken of sample SiO2-
w4.5-1 (see Table 4.1). Bowls (2.6 µm diameter, 140 nm shell thickness, see Fig. 4.2b,c) were
dyed with RITC (red) and fluorescent core-shell silica spheres (1.5 µm diameter) were FITC
dyed (green). The aqueous sample contained a salt (NaCl) concentration of 4.5 mM and the
electric field strength was 12.5 V/mm. The scale bars denote 10 µm.

on off
a b

Figure 4.4. Generalizing electric-field induced lock-and-key interactions to polystyrene
spheres. a,b, Confocal micrographs of polystyrene spheres (1.5 µm diameter, pyrromethene
dyed, green) and bowls (2.6 µm diameter, 140 nm shell thickness, RITC dyed, red) in an
electric field of 17.5 V/mm (a), applied for about 1 h, after which the field was switched off
(b). Salt (NaCl) concentration in the aqueous sample was 4.5 mM. The scale bars denote
5 µm.

described in more detail in Ref 247. In this chapter we will compare our experimental

results with the theoretical findings described in this article. The bowl-shaped colloids
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were modeled as a hemispherical sheet of dipoles in the theoretical study. The materials

parameters used were chosen similar to the experimental values (for dielectric constants:

εwater = 80 [255], εbowl = 3.5 (estimated, based on εsilica=3.8 [255]), and diameters:

Dbowl,inner = 2.60 µm, Dbowl,outer = 2.88 µm). It was found that a single polarizable

bowl has a strong tendency to orient its symmetry axis perpendicular to the external

field, with a typical interaction energy between the bowl and the field of 7.3 kBT for

E = 20 V/mm. Such an orientation is in agreement with the experimentally observed

geometry, for example shown in Fig. 4.3a.

The interactions between the polarizable silica spheres (εsphere ≈ εbowl = 3.5 and

Dsphere = 1.48 µm) and bowls were also studied theoretically. The field-induced ‘dipolar’

interaction was calculated for a silica sphere and one, three and five aligned bowls as

a function of the position of the sphere with respect to the (string of) bowls. The

resulting interaction energy landscape is shown in Fig. 4.5a. For a single bowl, a

location next to the bowl (along the field direction) had the deepest potential energy

well and is therefore favorable for the sphere. For a chain composed out of three bowls,

a location inside the bowls became energetically favourable, with the largest potential

energy minimum inside the centrally located bowl. From the theoretical study it also

followed that the potential energy minima became even deeper when adding a sphere

to a chain of N bowls filled with (N-1) spheres, as compared to the case of an ‘empty’

chain of bowls (results not shown). Hence, the capturing of spheres promotes the

capturing of additional spheres in the chain. For such pre-filled chains, the potential

energy minimum was still found to be deepest for a location inside a centrally located

bowl. However, compared to the case of an ‘empty’ chain of bowls, a location inside a

bowl at the outer end of a chain now became energetically preferable over a location

at the end of the chain. This further enhances the capturing of spheres for chains of

bowls which are already partially filled.

These theoretical predictions imply that longer chains are required for successful

electric-field induced self-assembly. To validate this theoretical result, experiments

were performed with a partially density-matched dispersion, such that the particles

were more homogeneously spread throughout the volume of the sample cell, resulting

in shorter chains. To this end, polystyrene spheres were used in combination with

the bowls, and were density-matched in the solvent D2O (sample PS-d3.8, Table 4.1).

Representative confocal micrographs are shown in Figs. 4.5b-g. Note that in exper-

iments, the backbones predominantly consist of bowls, but that spheres are taken

up in the backbones of some chains as well. The shortest observed chains consisted

of three particles in the backbone. Within this geometry, only one out of the six

monitored chains contained a bowl with a captured sphere. This is in strong contrast

to significantly larger chains, consisting of at least seven particles in the backbone.

Here, the 5 studied chains all contained at least one composite particle. This scenario
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was also confirmed while recording a time series. During the experimentally considered

time-scale, a backbone of three particles was stable in the sense that it was not observed

to collapse into a backbone of two particles with one particle filled. However, a sphere

was captured by an approaching bowl that was part of a backbone consisting of initially

four particles (results not shown). Despite the limited statistics of these observations,

these experimental findings are consistent with the theoretical calculations on the field-

induced interactions, which indicated that the self-assembly process requires sufficiently

long chains to induce lock-and-key interactions (i.e. at least three particles in the

backbone) for the cases studied here.
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Figure 4.5. Chain length dependence of the potential energy minimum, affecting the chain
configuration. a, Field-induced ‘dipolar’ interaction energy landscape for a sphere in the
vicinity of a chain of one, three or five aligned bowls. The (alternating) electric field strength
is 20 V/mm and acts along the direction indicated by the arrow. The white area denotes
the region that is excluded for the center-of-mass position of the sphere. The color look-up
table, linking interaction energy to a color, is shown to the right. b-g, Confocal micrographs
of strings of increasing chain length, composed of bowls and spheres. The backbone consisted
of 3 (b), 4 (c), 5 (d), 6 (e), 7 (f) and 9 (g) particles, and filled bowls are indicated by the
arrows. Some bleeding-through of the red channel is visible along the edge of some spheres.
Bowls (2.6 µm diameter, 140 nm shell thickness) were dyed with RITC (red) and polystyrene
spheres (1.5 µm diameter) were dyed with pyrromethene throughout (yellow). The sample
was prepared in (57 vol%) D2O with a salt (NaCl) concentration of 3.8 mM. The electric field
strength was 15 V/mm. The scale bars denote 5 µm.

4.3.3. Irreversibly bound composite particles

The induced ‘dipolar’ interactions theoretically described the capture probability

of spheres in terms of the energy landscape of Fig. 4.5a on the micrometer length

scale. However, it could not account for the irreversible binding between bowls and

spheres that was also observed experimentally. The theoretical analysis by Troppenz
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et al. [247] was therefore extended to also account for van der Waals attractions due

to the dielectric constant mismatch between particles and solvent, and for screened-

Coulomb repulsions that originate from the electrostatic repulsion between the like-

charged particle surfaces and double layer overlap (Fig. 4.6a). While the ‘dipolar’

interaction plays a dominant role for distances between the particles larger than ∼
10 nm, it was found that once the surfaces of two particles approach each other closely

(in the range of several nanometers), it is quickly exceeded by van der Waals attractions

and Coulomb repulsions of the surface charges.

The experimentally determined zeta potentials were -58 ±7 mV for the silica spheres,

-56 ±6 mV for the polystyrene spheres and -32 ±5 mV for the bowls (see Character-

ization section). These experimentally determined zeta potentials were used in the

theoretical study to describe the charge density on the particle surface. In Fig. 4.6a the

resulting, theoretically determined, van der Waals and Coulombic potentials are shown

separately as well as combined, as a function of the surface-to-surface distance (∆x) of

a bowl and a sphere on the symmetry axis of the bowl, for ρsalt = 30 mM, revealing a

picture that is consistent with the well-known DLVO theory: a deep primary minimum

at ∆x ≤ 1 nm and a much more shallow secondary minimum at ∆x ≈ 10 nm, separated

by a barrier of 400 kBT . For these parameters, one does not expect irreversible binding

since the barrier would prevent any approach below the 1 nm distance. In Fig. 4.6b the

sum of van der Waals and screened Coulomb interactions is plotted in the same regime,

but now for a variety of salt concentrations ρsalt. The barrier increases with lowering

ρsalt, as expected, and decreases at higher ρsalt to essentially vanish at ρsalt = 100 mM.

We could thus expect irreversible binding in the primary minimum at high enough salt

concentrations.

We found experimentally that in the case of a surplus of bowls, a small fraction of

composite particles remained irreversibly bound after switching off the electric field

(Figs. 4.6c and d, taken of sample SiO2-w4.5-2). This fraction did not significantly

increase upon addition of salt (NaCl, maximum concentration investigated 30 mM). In

the case of a surplus of spheres, however, adding salt was found to shift the self-assembly

from reversible to irreversible binding. In the absence of salt, the majority of the

composite particles was reversibly bound, similar to the behavior for an excess of bowls.

However, at a salt concentration of 4.5 mM (sample SiO2-w4.5-1) or 8.3 mM (sample

SiO2-w8.3) (Figs. 4.6e and f), most composite particles were irreversibly bound. These

experiments are consistent with the theoretical prediction that binding can become

irreversible at high enough salt concentrations. Unfortunately the strong dependency

on the salt concentration with respect to the mixing ratio of bowls and spheres could not

be clarified from our theory. An explanation could be that the sphere dispersion itself

already contained some (more) salt, lowering the threshold concentration required for

irreversible binding. However, the ability to tune the reversible and irreversible behavior
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directly points to an important additional feature of our methodology: one can now

also use this new self-assembly method for synthesis of colloids of complex shapes and

mixed composition.
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Figure 4.6. Van der Waals attractions allow for the creation of irreversible ‘sphere-in-
bowl’ composite particles. a, The van der Waals (red dotted line), screened Coulomb (blue
dotted line) and combined (black solid line) potential as a function of the surface-to-surface
distance of a bowl and a sphere on the symmetry axis of the bowl, for ρsalt = 30 mM. The
parameters used in the calculation are: εwater = 80, εsphere ≈ εbowl = 3.5, Dsphere = 1.48 µm,
Dbowl,inner = 2.60 µm, and Dbowl,outer = 2.88 µm. b, Similar potentials as in panel (a), but
for various salt concentrations. c-d, Reversible lock-and-key interactions between bowls and
spheres were observed when the number of bowls exceeded the number of spheres. The aqueous
sample contained a salt (NaCl) concentration of 4.5 mM and the electric field (12.5 V/mm)
was applied for a period of ∼5.5 h (c) after which it was switched off (d). e-f, Irreversibly
bound composite particles of spheres in bowls were observed when the number of spheres
exceeded the number of bowls. The salt (NaCl) concentration in the aqueous medium was
8.2 mM. The electric field (20 V/mm) was applied for 1 h (e) after which it was switched
off (f). Bowls (2.6 µm diameter, 140 nm shell thickness) were dyed with RITC (red) and
fluorescent core-shell silica spheres (1.5 µm diameter) were FITC dyed (green). The scale
bars denote 10 µm.

4.3.4. Isolating composite particles

The irreversible binding of spheres inside bowls allowed us to harvest the composite

particles from the mixture of spheres, bowls and composite colloids in sample SiO2-

w8.3 (see Table 4.1). The composite colloids were initially formed during 1h in an

electric field of 20 V/mm (see Fig. 4.6f). A viscosity step-gradient [252] was used

to separate the three types of particle species over three distinct bands (Fig. 4.7a).



4.3. Results & Discussion 93

After recollecting the bands, confocal microscopy confirmed that each band contained

a different type of particle. The top band contained only bowls, followed by the middle

band that contained the composite particles and the lower band contained single spheres

(Figs. 4.7b-f). This separation was performed about an hour after self-assembly, further

proving the long-term stability of the composite particles.
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Figure 4.7. Collecting composite particles using a step-wise viscosity gradient combined with
centrifugation. a, Separation of bowls (band 1), composite particles (band 2) and spheres
(band 3) in a PVP viscosity step-gradient. b-f, Confocal micrographs of the bowls in band 1
(b), spheres in band 3 (c) and composite particles in band 2 (d-f). Bowls (2.6 µm diameter,
140 nm shell thickness) were dyed with RITC (red) and silica spheres (1.5 µm diameter) were
FITC dyed (green). The scale bars denote 10 µm.
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4.4. Conclusions & Outlook

In summary, we have shown that external electric fields can be used in a novel route

to induce lock-and-key interactions in a binary system of convex and concave particles.

The additional advantage, with respect to depletion interactions, is that these interac-

tions are reversible and can be controlled on millisecond time-scales. In this way, we

have prepared reversibly bound composite particles consisting of shape-complementary

bowls and spheres. These experiments can be extended to many different materials,

and as a proof of principle we already used both silica and polystyrene spheres. The-

oretical calculations of the relevant inter-particle interactions, described in more detail

in Ref. 247, showed that in an electric field, a potential minimum exists for the spheres

inside the bowls, provided the backbone of the chain of colloids contains at least three

particles (here the materials parameters were set to εwater = 80, εsphere ≈ εbowl = 3.5,

and diameters Dsphere = 1.48 µm, Dbowl,inner = 2.60 µm, Dbowl,outer = 2.88 µm). The

force balance of the bowls and spheres was also tuned (by adding salt and by varying

the ratio of the number of convex and concave particles), such that the majority of

composite particles remained irreversibly bound even after the field was turned off.

These composite particles could be purified from the single components by simply

using a viscosity step-gradient combined with centrifugation. Although the scale of

the current experiment was small, there are no fundamental obstacles to scaling it up.

We thereby have shown that this mechanism does not only provide a new route for

self-assembly, but also for synthesis of colloids of complex shapes.

Our method can be further extended and generalized in the sense that one does not

need to rely on van der Waals attractions. This could be achieved by coating one of

the two components of our convex and concave particles with two different layers of

polyelectrolytes: the first layer of opposite charge, the second layer of the same charge

as the charge of the other component. Bringing the particles together with electric

fields will now also expose the lower layer of oppositely charged polyelectrolyte to the

other component. The particles are then bound by electrostatic interactions instead of

van der Waals interactions. This method, already used in Ref. 21, will therefore make

our attachment strategy more easily controllable.

Finally we would like to stress that this self-assembly method can also be extended to

particles with flat facets (hence flat-flat combinations). Although the concave-convex

combination in this study is probably most efficient, making a spherical shape flat [237]

will still reduce the electric field strength required for self-assembly when compared

to sphere-sphere or sphere-flat combinations of particles. The general potential of

strengthening inter-particle interactions in self-assembly studies with flattened particles

was already reported in Ref. 226.
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5
Converting flexible microcapsules into

shape-anisotropic colloids for self-assembly

and encapsulation studies

Abstract

We report two different coating techniques that are used to grow additional

layers of material around preformed, permeable and elastic tetrasiloxane-cross-

linked-polydimethylsiloxane (TC-PDMS) capsules. The first method, based

on the use of organosilanes, capable of forming three siloxane bonds, enabled

us to permanently preserve the anisotropic shape of partially buckled TC-

PDMS capsules with a well-defined concave shape with only one dimple. This

shape can initially be set by the amount of PDMS still present inside the core

of the flexible TC-PDMS capsule. The additional shell material reduced the

permeability of the shell wall to dye molecules. It was found that monodisperse

PDMS droplets could also be covered by an organosiloxane layer directly. The

second method, based on growth of a silica layer around fully buckled TC-

PDMS capsules, resulted in bowl-shaped particles that did not change their

shape upon drying or change of dispersion medium. The colloidal bowls formed

a plastic crystal or rotator phase in a low polar oil after a succeeding surface

modification with linear aliphatic C18 chains. We can therefore conclude

that these synthesis procedures generated particles not only of interest for

self-assembly studies, because of the preserved anisotropic shape, but also

for controlled encapsulation studies, because of the tuneability of the shell

permeability.



98 5. Microcapsules converted into shape-anisotropic colloids

5.1. Introduction

Fueled by the development of new synthesis routes, opportunities have been created to

conscientiously control both the shape and functionality of colloids [19,27–29,137,256].

The ability to tune the shape of anisotropic colloids resulted in advances in materials

design as these complex colloids can dictate the properties of the resulting materials

upon self-assembly [27–29,137,256]. Motivated by this self-assembly argument, the ex-

panding library of more exotic or complex colloids now comprises micron-sized particles

with cubic [32], rod-like [227], bowl-like [52], dumbbell [257], and molecular shapes [216]

for example. In the present study we will focus on well-defined concave shapes, created

by a single indentation into a spherical particle: the shape of these particles thus ranges

from spheres with a small dimple to bowl-shaped objects.

Colloids with a concave shape are potentially of interest for self-assembly studies. For

instance, bowl-shaped particles, interacting with an (almost) hard interaction potential,

can form a non-equilibrium worm-like (fluid) phase with bended stacks of bowls in

random directions. This was observed during both confocal microscopy and computer

simulations [29,31,258]. At higher volume fractions, a more stable columnar phase was

observed to form for sufficiently deep bowls (requiring 2d/D≤0.3, with 2d the double-

walled thickness and D the diameter of the bowls). Unfortunately, the latter phase

was only attainable in computer simulations because of the required depth of the bowls

which was not achieved experimentally (here, 2d≈430 nm and D≈1.28 µm). Apart

from stacking opportunities of hard bowl-shaped particles, that depend solely on the

packing fraction, the behavior can be modified by introducing attractive interactions

between these anisotropic concave particles that fit inside each other, hereby increasing

the overlap volume and decreasing the total packing fraction. For instance, worm-like

stacks were formed again, but under more dilute conditions when compared to the above

described study, when inducing depletion attractions between the concave colloids [44].

Also electric fields can be used to form ordered stacks of buckled particles under more

dilute conditions [19,34,236]. Finally, the self-assembly of colloids with a single dimple

can be further enriched when forming binary mixtures with spheres. As reported in

a pioneering study by Sacanna et al. [34], intriguing lock-and-key structures can be

formed by these shape-complementary particles in the presence of depletants. Instead

of a depletion attraction, an electric-field-induced assembly mechanism can also be used

for lock-and-key formation between bowls and spheres, as described in Chapter 4. The

advantage of this latter procedure is that the assembly now is switchable by external

conditions on millisecond time-scales and even allowed for the formation, and isolation,

of irreversible binary composites.

In the present study, we will restrict ourselves to more easily imaged, micron-sized

colloids with a concave geometry, although we are aware that nanoparticles (≤ 1 µm in
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diameter) with such geometries have also been synthesized using deposition of reactive

species on monolayers of spheres [259–262] and sintering-induced buckling of shells [263].

Micron-sized, singly dimpled colloids have been synthesized using two consecutive poly-

merizations of a monodisperse silicon oil emulsion of 3-methacryloxypropyltrimethoxy-

silane (MPS, also known as ‘TPM’: 3-(trimethoxysilyl)propyl methacrylate), where

shrinkage of the core induced buckling [34, 264]. As far as we know, the dimple

depth cannot be easily controlled in this synthesis, although the shape of the par-

ticles is stable upon drying and/or solvent exchange. Alternative pathways to ar-

rive at shape-stable, singly dimpled colloids are to nucleate the polymerizable MPS

oil on preexisting polystyrene seeds which are selectively removed afterward [238],

by polymerization-induced shrinkage of the volume of polymerizable species inside

monodisperse polydimethylsiloxane (PDMS) droplets [118], by feeding polystyrene col-

loids with cross-linkers [236], and by removing the polymer from asymmetrically func-

tionalized silica-polymer Janus nanodumbbells [265]. Finally, concave particles can

also be formed from monodisperse, permeable and elastic tetrasiloxane-cross-linked-

polydimethylsiloxane (TC-PDMS) microcapsules. As described in Refs. 41, 52, 114

and Chapter 2a, these capsules are formed around monodisperse PDMS templating oil

droplets in water, after cross-linking an outer shell of the PDMS with tetraethoxysilane

(TES). Five independent methods can be used to transform the as-formed microcapsules

into singly dimpled colloids. First, ethanol-filled spherical capsules can be obtained by

dissolution of the PDMS core in ethanol, after which shell collapse during drying can

result in double-walled (fully buckled) bowls provided that the ratio between shell

thickness (d) and total particle radius (Rt) is between 0.17 and 0.25 [31, 114, 125, 131].

Second, for thinner capsules (d/Rt<0.17) [125,131], dissolution of the PDMS core during

the ethanol transfer step can induce an instantaneous collapse into a double-walled

(fully buckled) bowl geometry [125, 131, 140]. Capsules with such fully buckled (fb)

geometries are referred to as fb-TC-PDMS capsules in this chapter. Methods three to

five, in which the capsules remain in an aqueous medium, preserving the (adjustable)

PDMS core, allow for tunable geometries; ranging from spheres with a small dimple

to bowl-shaped objects. Approach three is based on the use of surfactant micelles

that dissolve the oil and which, via their concentration, also dictate the depth of the

resulting, buckled microbowl [44]. Method four, used in Chapter 4 to create concave

capsules, is based on sample aging that causes a gradual dissolution and evaporation

of the oil core. Finally, adding a second oil with a solubility in water lower than that

of the encapsulated PDMS oil can also induce a gradual buckling [44], over shorter

periods of time when compared to aging, resulting in the last and fifth approach.

Capsules with such partially buckled (pb) geometries are referred to as pb-TC-PDMS

capsules in this chapter. In short, the dimple depth, and hence anisotropy, of TC-PDMS

capsules can be tuned to a high extend for one single batch of particles using these five
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independent methods. Shaping of the TC-PDMS colloids, to match particle pairs for

shape-complementary assembly studies for example, results in an important advantage

over the use of solid particles with a dimple. Also remark that recent advances in capsule

synthesis significantly increased the diameter-to-wall thickness ratio for these capsules

(2d∼50-100 nm and D∼5 µm) [140], such that even the columnar regime can potentially

be achieved experimentally during self-assembly studies with these particles. However

an important disadvantage is the fact that these microcapsules are highly elastic, such

that the shape is often not conserved during drying, aging or solvent transfer. Preserving

the buckled shape of TC-PDMS microcapsules by growth of an additional layer of (a

stiffer) shell material would therefore be a promising achievement to permanently fix

the (adjustable) anisotropic concave shape. Our preliminary results on these TC-PDMS

capsules as starting material for shape-stable concave model particles are described in

this chapter.

In addition to close packed stackings of these buckled TC-PDMS capsules, the aniso-

tropic shape would in principle also allow for the formation of plastic crystal phases,

provided that the particles interact with long-range repulsive interactions extending

significantly beyond the particle size. Such phases, with long-range positional order

but short-range or absent orientational order, were already observed for micron-sized

rod-like particles [33] and hamburger-like particles [232]. However, a coating technique

is required that does not only permanently freeze in the shape of the flexible TC-PDMS

capsules but that also makes these particles compatible with low polar solvents, such

that repulsions extend significantly beyond the particle size [10].

Apart from their tunable anisotropic shape, these flexible TC-PDMS capsules are also

interesting because of their high permeability. In addition to the release of surfactants

from these capsules (Chapter 3), TC-PDMS capsules have already shown promise in

the controlled encapsulation and release of oil and dye molecules [44, 114]. However,

they were found to be impermeable to quantum dots of 3 nm, indicating an upper limit

of the pore size [44]. In general, an important requirement for such delivery vehicles is

the sustained encapsulation and, ideally, the triggered and/or controlled release of the

encapsulated cargo in time or at a certain place. The release rate of the TC-PDMS

capsules can be reduced by exploiting coating techniques that can lengthen and/or

narrow the diffusion paths and, via for example the wetting behavior, also alter the

permeability. Once capsules with impermeable walls, or reduced shell permeablity, can

be synthesized, a controlled but instantaneous release of the cargo can be achieved

using compression forces that break up the shell [48]. One can conclude that growth of

additional shell material around pre-formed TC-PDMS capsules will generate particles

that are not only of interest for self-assembly, but also for controlled encapsulation

studies.
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Review of synthesis requirements and restrictions

This chapter reports coating methods that preserve the anisotropic particle shape of

concave TC-PDMS capsules and that were also found to affect the shell permeability.

Although successful results were obtained using two different approaches (results dis-

cussed below), we will first point out that the coating methods were limited because of

several restrictions.

A conventional method to make the flexible TC-PDMS capsules mechanically stable

would involve the growth of a Stöber silica layer [248]. This method relies on the

use of the solvent ethanol in which the monomer tetraethoxysilane (TES) is dissolved.

However, transfer of the capsules to ethanol also results in an instantaneous dissolution

of the templating oil core. As already discussed, for relatively thick shells (d/Rt>0.17),

solvent transfer to ethanol results in spherical, ethanol-filled capsules [125, 131]. Here,

Stöber growth can transform the flexible capsules into solid, spherical shells as shown

in Ref. 41 but will therefore not generate shape anisotropic colloids. Besides, as ethanol

does not only dissolve the PDMS content instantaneously, but also other encapsulates

such as dye [114] or surfactant (Chapter 3), Stöber growth in ethanol is also not suitable

for sealing prefilled capsules for encapsulation purposes. However, when transferring

thin TC-PDMS capsules to ethanol (d/Rt<0.17), fully buckled capsules, resulting in

double-walled bowls, can be obtained [125, 131]. This geometry, in which the shell

walls are touching each other, allows for the growth of Stöber silica around anisotropic

particles (i.e. fb-TC-PDMS capsules) in ethanol, as we will show in this chapter.

Moreover, we show that the as-formed, mechanically stable bowls can be subsequently

transferred to a low polar oil after coating them with C18 chains, using the procedure

described in Ref. 33.

As already described, in water the extent of buckling can be carefully tuned by

varying the volume of encapsulated oil using three independent approaches, resulting in

partially buckled (pb-TC-PDMS) capsules. Hence, when using water instead of ethanol

as the continuous phase, the adjustable PDMS core can be maintained, allowing growth

around an (adjustable) anisotropic template. As a result, coating approaches in an

aqueous medium were also explored. However, while performing reactions in an aqueous

solution, the reactive species had to be water soluble. Phases insoluble in water (for

example unprehydrolyzed chemicals) can either cause overloading or shrinkage of the

initial oil core, depending on the solubility in water when compared to the initial PDMS

phase [44], hereby affecting the anisotropic shape. For instance, unprehydrolyzed TES,

added to an aqueous solution of capsules, was taken up in the capsule core. Also

the exchange of the PDMS oil core for water-insoluble, polymerizable species (such as

styrene, based on the method described in Ref. 266) was not successful as this material

was released by the capsules (which fully buckled) upon polymerization (result not

shown). In short, for successful reaction conditions in an aqueous medium, prehydrolysis
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of the reactive species is therefore required. Besides, the synthesis procedure must

allow for a relatively rapid growth of material, such that diffusion of cargo material

into the continuous phase is limited. All these restrictions were met when growing

organic-inorganic hybrid silica using the organosilanes vinyltrimethoxysilane (VTMS)

or (3-mercaptopropyl)trimethoxysilane (MPTMS). Such functional tri-alkoxysilanes are

also referred to as silane coupling agents. Both VTMS and MPTMS can be made water

soluble by prehydrolysis, and are known to react in water, at time-scales of minutes, in

the presence of the catalyst ammonia as reported in Refs. 267–271.

5.2. Experimental details

5.2.1. Materials

Dimethyldiethoxysilane (DMDES, 97.0%), the triblock copolymer Pluronic P123

(poly(ethylene glycol)20 - poly(propylene glycol)70 - poly(ethylene glycol)20, Mw - 5800

g/mol), the surfactant sodium dodecyl sulphate (SDS, 99%), tetraethoxysilane (TES,

98.0%), vinyltrimethoxysilane (VTMS, 98%), (3-mercaptopropyl)trimethoxysilane (MP-

TMS, 95%), 3-aminopropyl-triethoxysilane (APTES, 99%), rhodamine B-isothiocyanate

(RITC), polyvinylpyrrolidone (PVP, Mw-58000 g/mol), ammonia (26.3 wt% NH3), oc-

tadecyltrimethoxysilane (OTMS, 90%), butylamine (99.5%), cyclohexyl bromide (CHB,

98%), activated alumina (Al2O3; 58 Å, ∼150 mesh), toluene (99.8%), and cyclohexane

(99.8%) were purchased from Sigma-Aldrich. The dye pyrromethene-567 was purchased

from Exciton and molecular sieves (4 Å, 10-18 mesh) from Acros Organics. Ethanol

(100%, technical grade) was obtained from Interchema. All chemicals were used as

received. Demineralized water with a resistivity of 18 MΩcm was used in all reactions.

5.2.2. Methods

PDMS emulsions

Six batches (A-F) of polydimethylsiloxane (PDMS) oil-in-water emulsions were pre-

pared for which an overview of all final sizes is given in Table 5.1. Batch A was

prepared using 7.5 mL water, 2.5 mL ammonia and 1.0 mL DMDES. The water phase

was pre-mixed with the residue of a styrene-butadiene rubber capliner (Wheaton),

extracted using a rotary evaporator. This capliner residue is known to affect the

polydispersity of the resulting emulsion beneficially (see Chapter 2b). The sample

was directly transferred to a rollerbank (Stuart SRT9D, rotating at a speed of 35 rpm)

to gently homogenize the mixture. Droplets were allowed to age for 1 month.

Batch B was prepared in the presence of the anionic surfactant SDS. First, a SDS

stock solution was prepared by dissolving 0.6 g of SDS in 15.0 mL water. Hereafter,

7.5 mL of pure water, 7.9 µL of the SDS stock solution and 2.5 mL ammonia were

mixed by shaking the sample by hand. Subsequently, 1.0 mL of DMDES was added

and the sample was directly transferred to a rollerbank. The emulsion (3 days old) was
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dialyzed against 1 L demineralized water in 3.5 h, during which the water was refreshed

four times.

Emulsion droplets for batches C-F were synthesized based on the efficient mechanical

mixing method described in Ref. 140 and Chapter 2a, which is a modification of the

original procedure reported in Ref. 51. A 700 mL aqueous ammonia solution (containing

24.4 vol% ammonia solution (26.3 wt% in water)) was mixed with DMDES (21.0 mL

for batch C, 40.0 mL for batch D, 30.0 mL for batch E and 51.0 mL for batch F) using

a Turrax homogenizer (IKA’s Ultra-Turrax with a S25N 10G dispersing element). This

homogenizer was used at a speed of 11,100 rpm for about 10-12 min such that the large

DMDES droplets disappeared. The resulting turbid solution was poured into a 1 L

flask and allowed to stand undisturbed for 2 days (batches E and F) or 3 days (batch

C and D) before start of the shell growth.

First shell growth: s-VTC-PDMS capsules

The monomer VTMS was used for capsule growth directly onto the bare oil-water

interfaces of emulsion batches A and B, resulting in spherical (s) vinyl-trisiloxane-cross-

linked-PDMS (s-VTC-PDMS) capsules. The s-VTC-PDMS capsules, as well as the

TC-PDMS capsules mentioned below, were fluorescently labeled by incorporating the

fluorescent dye rhodamine B-isothiocyanate (RITC) into the shell material by making

use of the coupling agent 3-aminopropyltriethoxysilane (APTES) [114, 249]. To this

end, a mixture of 6.5 mg RITC dye, 40.0 µL APTES and 1.0 mL anhydrous ethanol

was stirred in the dark for a period of 12 h.

Inspired by Ref. 267 and Ref. 268, capsules were grown by prehydrolyzing 0.35 mL

VTMS in 6.65 ml water, in a 20 mL round-bottom flask and under vigorous magnetic

stirring for about 1 h. In a typical synthesis, the clear and prehydrolyzed solution was

added in 5 successive addition steps to an aqueous PDMS dispersion of about 2-3 mL.

During each step, ∼0.4 mL of the VTMS solution was added at an interval of 2 min.

For dialyzed batches, the 2-3 mL droplet dispersion was premixed with 25-38 µL of

ammonia. Fluorescently labeled s-VTC-PDMS shells were grown by adding 3 µL of

the APTES-RITC reaction product in ethanol during each interval. The samples were

diluted with ethanol, by filling up the flask, 5 min after the last VTMS was added.

Successive washing steps were used to separate the resulting capsules from the reaction

medium and to remove secondary nuclei (centrifugation at 540 g, 20 min), sonication

was used to remove (small) aggregates.

First shell growth: TC-PDMS capsules

Batches C-F were first used for growth of tetrasiloxane-cross-linked-PDMS (TC-

PDMS) capsules after which a second layer of shell material was grown either with

MPTMS (MPT@TC-PDMS capsules, batches C and D, see below) or with pure silica

(SiO2@TC-PDMS capsules, batches E and F, see below). For growth of TC-PDMS
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capsules, the as-prepared emulsion (550 mL, still containing ammonia) was gently mixed

with an aqueous polyvinylpyrrolidone (PVP) solution using a stirring bar (1375 mL

water with 2.9 wt% PVP for batches C, D and E, and 1725 mL water with 2.3 wt%

PVP for batch F). The polymer PVP was added to reduce aggregation during the

coating step [140]. The monomers TES (6.6 mL for batch D, 8.0 mL for batches C,

E and F) and DMDES (6.6 mL for batch D, 8.0 mL for batches C, E and F) were

added simultaneously using two separate syringes in one syringe pump (KD Scientific,

10 µL/min). The above described APTES-RITC dye reaction product in ethanol (0.330

mL) was added after a period of about 5 h (batches C, D and E) or 6.5 h (batch F).

After shell growth, either dialysis or washing with ethanol was used to remove both

ammonia and unreacted chemical species. Dialysis was used for batches C-E after shell

growth had continued for a period of 3 days during which the samples were gently

stirred. Subsequent dialysis against demineralized water was performed in about 3 h,

during which water was refreshed twice. Because of a prolonged storage period of these

dialyzed batches (1 month for batch C, 2 months for batch D, and 1 up to 1.5 years for

batch E), the microcapsules had buckled partially (batches C and D, resulting in pb-

TC-PDMS capsules) or fully (batch E, resulting in fb-TC-PDMS capsules). Buckling

occurred because the enclosed volume was no longer preserved due to slow dissolution

and evaporation of the PDMS oil in time.

For batch F, solvent transfer to ethanol was used to remove ammonia and unreacted

chemical species, including the uncross-linked PDMS oil phase, after 1 day of shell

growth. The sample (320 mL) was divided over 40 mL sample vials and centrifuged

(500 g for 20 min) after which the concentrated supernatant was collected (about

40 mL) and slowly redispersed in 1 L of ethanol containing 1.0 wt% PVP. This solvent

transfer step induced complete buckling of the thin microcapsules, resulting in fb-TC-

PDMS capsules. Note that for one experiment, before this ethanol transfer step, the

microcapsules of batch F were exposed to an aqueous Pluronic P123 solution (15 wt%).

This was done by filling half of a 0.1x2x50 mm3 capillary (VitroCom) with the aqueous

particle suspension and the other half with the P123 surfactant solution.

Second shell growth: pb-MPT@TC-PDMS capsules

A layer of (3-mercaptopropyl)trisiloxane (MPT) was grown around the preformed,

and partially buckled, pb-TC-PDMS capsules of batches C and D, resulting in pb-

MPT@TC-PDMS capsules. Based on the procedure reported in Ref. 267, 1.5 mL of

MPTMS was added to 25.0 mL of water under vigorous magnetic stirring, in a 100 mL

round-bottom flask. Prehydrolysis continued for about 7 h until the organic droplets

were dissolved and a transparent solution was obtained. By then, 15.0 mL of the

dialyzed, aqueous capsule suspension (batches C and D) and 75.0 µL of ammonia were

mixed using magnetic stirring in a 40 mL vial. Subsequently, prehydrolyzed MPTMS
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was consecutively added to this particle dispersion over 20 steps, each step containing

0.5 mL and added at an interval of 30 s. Fluorescent pb-MPT@TC-PDMS shells were

grown by adding 3.0 µL of an RITC-APTES solution (see above) during some (∼5-10)

of the intervals. Water was used to dilute the sample by filling up the vial, 20 min after

the last addition step. Particles were transferred to ethanol by mixing 1.0 mL of the

aqueous particle dispersion with 3.0 mL of ethanol, followed by successive washing steps

using centrifugation (540 g, 20 min) to remove secondary nuclei and unreacted species.

For permeability studies, particles were transferred to ethanol containing 7x10−3 wt%

pyrromethene.

Attempts were also made to grow a layer of MPT around TC-PDMS capsules contain-

ing an (uncoated) liquid protrusion of cyclohexane. Inspired by Ref. 44, such templates

were created by mixing 10 mL of capsules suspension with ∼100 µL dyed cyclohexane

(the latter containing 0.02 wt% pyrromethene). Typically, samples were stored for

about 24 h on a rollerbank prior to MPT coating, such that the cyclohexane was

taken up by the particles. MPT@TC-PDMS shell growth was performed based on the

procedure described above.

Second shell growth: fb-SiO2@TC-PDMS capsules

A silica layer was grown around the preformed, fully buckled (fb-TC-PDMS) capsules

of batches E and F, resulting in fb-SiO2@TC-PDMS capsules. First, 5.6 mL of the

aqueous dispersion (batch E, buckled by aging, see above) or 40.0 mL of the ethanol

dispersion (batch F, buckled during transfer to ethanol, see above) were washed twice

with ethanol using centrifugation (540 g, 20 min). After this washing step, particles

were dispersed in 8.5 mL ethanol. Subsequently, a layer of Stöber silica [248] was

grown around the buckled capsules by mixing the suspensions with 1.2 ml of water and

380 µL of ammonia, after which TES was added using a syringe pump (100.0 µL at

10 µL/min). Silica growth under Stöber conditions requires next to water (reagent)

and ammonia (basic catalyst) the presence of a lower alcohol to solubilize the apolar

tetraethoxysilane. The dispersions were stirred for 3 days.

Subsequent modification of the particle surface with a C18 chain was achieved using

the procedure reported in Ref 33, which is based on the silane coupling agent OTMS

(containing a silicon atom that is attached to three methoxy groups and a linear

aliphatic alkane chain). First, the bowl-shaped silica particles were washed three

times with ethanol using centrifugation (540 g, 20 min) to remove secondary nuclei and

unreacted species, during which sonication was used to remove aggregates. After the

last washing step, most solvent was removed and any remaining was evaporated using a

N2 stream. Subsequently, 5.0 mL of dried toluene (stored on molecular sieves for about

3 h), 0.5 mL butylamine and 0.5 mL of OTMS were added to the dried particles (about

10 mg). The suspension was sonicated for 2 h (Branson 2510) after which the sample
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was heated in an oven at 50 ◦C for 6 min, followed by 5 min of sonication and subsequent

transfer to a rollerbank where it was stored overnight. Afterward, the colloidal bowls

were sonicated once more for 5 min, followed by washing (540 g, 20 min) in turn with

toluene, cyclohexane and cyclohexylbromide, the latter being deionized using activated

alumina and molecular sieves using procedures described in more detail in Chapter 6.

5.2.3. Characterization

Static Light Scattering (SLS)

Static Light Scattering (SLS) was used to determine the diameters and polydispersi-

ties of the PDMS droplets and was performed on a home-built equipment, as described

in Chapter 2a.

Atomic Force Microscopy (AFM)

Shell thicknesses (d) were measured using an Atomic Force Microscope (AFM, JPK

Nanowizzard II), operating in tapping mode with a Bruker OTESPA R3 tip. AFM

samples were prepared by casting a drop of the microcapsule dispersion (in ethanol)

on a glass cover slip (Menzel-Gläser, Nr. 00) after which the ethanol was allowed to

evaporate. Height profiles were obtained by taking cross sections over the crumpled

shells. Depending on the folding pattern, plateaus in these height profiles correspond

to twice (2d) or four times (4d) the shell thickness (d).

Confocal Scanning Laser Microscopy

Confocal Scanning Laser Microscopy measurements were performed with an inverted

Leica SP2 or Leica SP8 microscope, using a Leica 63x oil confocal immersion objective

with a 1.4 numerical aperture. Only for the plastic crystal studies, a 40x Leica air

objective was used with a 1.25 numerical aperture. The fluorescent dye RITC was

excited with a 543 nm laser line and the pyrromethene dye was excited with a 488 nm

laser line. Sequential line-by-line scanning was used for images recorded with both the

543 and 488 nm lines.

Optical Microscopy

Micrographs of a particle dispersion in ethanol were obtained with a Leica DMRE

optical microscope, equipped with a 63x air objective and a digital Nikon camera (D90).

Scanning Electron Microscopy (SEM)

Micrographs were obtained with a FEI/Philips XL 30 FEG or a Phenom Scanning

Electron Microscope (SEM). Samples were prepared by drying a drop of a concentrated

particle suspension, in ethanol, at room temperature on a TEM grid (G200-Cu, Electron

Microscopy Sciences, carbon and butvar coated). Subsequently, this TEM grid was

placed on a SEM stub that contained a conductive, carbon sticker.
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Transmission Electron Microscopy (TEM)

Capsules were studied with a FEI Tecnai 12 Transmission Electron Microscope (TEM),

with an accelerating voltage of 120 keV. TEM samples were prepared by placing a

droplet of the particle suspension, in ethanol, on a TEM grid (G200-Cu, Electron

Microscopy Sciences, carbon and butvar coated) and allowing the solvent to evaporate

at room temperature.

5.3. Results & Discussion

Six batches (batches A-F) of monodisperse, micron-sized polydimethylsiloxane (PDM-

S) oil-in-water emulsions were prepared by hydrolysis and condensation of the monomer

dimethyldiethoxysilane (DMDES) in an aqueous ammonia solution. An overview of

the droplet diameters and polydispersities, for all six PDMS batches (A-F), is given

in Table 5.1. For four batches (batches C-F), an elastic shell was grown around

the droplets by cross-linking the PDMS with tetraethoxysilane (TES) in the pres-

ence of poly(vinylpyrrolidone) (PVP) which provided colloidal stability, resulting in

tetrasiloxane-cross-linked-polydimethylsiloxane (TC-PDMS) capsules. Details on the

synthesis procedures for both the PDMS droplets and TC-PDMS capsules (see Methods

section) were already reported extensively in Ref. 140 and Chapter 2a. The TC-PDMS

capsules are highly flexible and their shape is dictated by the ratio of shell thickness

to shell radius [114], and by the volume of the encapsulated PDMS core [44]. For the

latter, an example is given in Figs. 5.1a-d, where the amount of released oil was tuned by

adjusting the concentration of surfactant micelles that dissolved the PDMS oil core [44].

The shell itself was highly elastic and deformable, resulting in crumpled particles upon

drying as shown in the scanning electron micrograph of Fig. 5.1e. We exploited the

possibility of growing an additional shell around the flexible TC-PDMS capsules to

potentially preserve the anisotropic shape permanently. These additional layers were

based on the growth of organic-inorganic hybrid silica from functional tri-alkoxysilanes

(also referred to as silane coupling agents), and pure Stöber silica, as briefly described

in the introduction. As we will show, synthesis strategies in this direction generated

particles that are not only of interest for self-assembly studies, because of their preserved

anisotropic shape, but also for controlled encapsulation studies, because of their altered

shell permeability. Details and results on the growth of organic-inorganic hybrid silica

(in water) and pure Stöber silica (in ethanol) are discussed in the sections below. We

fully expect that the same methodology can also be applied to flexible TC-PDMS with

submicrometer sizes as these can be produced by a slight modification of the same

synthesis protocol as used in the present study [41,52,114].
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Table 5.1. Sizes and polydispersities of the PDMS droplets of batches A-F, as determined
by SLS.

Batch Diameter (µm) Polydispersity

A 1.35 3%

B 2.20 3%

C 1.90 3%

D 2.91 2%

E 2.64 2%

F 3.76 2%

ba

c d

e

Figure 5.1. a-d, Confocal micrographs of permeable TC-PDMS microcapsules (RITC dyed,
red, batch F) exposed to a gradient of the triblock copolymer Pluronic P123 (maximum
concentration 15 wt%). Solubilization of the initially encapsulated PDMS oil by the surfactant
micelles caused profound buckling of the microcapsules (Pluronic P123 concentration increases
from (a) to (d)). e, Scanning Electron Microscopy (SEM) image of the corresponding TC-
PDMS microcapsules.

5.3.1. First shell growth: s-VTC-PDMS capsules

The main aim of the present study was to grow additional layers of shell mate-

rial around preformed TC-PDMS capsules. However, before reporting these results

(given below), we would like to highlight the general potential of using prehydrolyzed

organosilanes for capsule growth. As can be seen in Figs. 5.2a,b, capsules could even

be formed around the bare oil-water interface for two batches of PDMS emulsions

(batches A and B). Inspired by Refs. 268 and 267, the inorganic-organic hybrid shell

material was formed by making use of a sol-gel reaction in an aqueous solution using the

prehydrolyzed monomer VTMS. Similar to TES cross-linking with the PDMS to form
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Figure 5.2. a-b, Transmission Electron Microscopy (TEM) images of vinyl-trisiloxane-cross-
linked-polydimethylsiloxane (VTC-PDMS) microcapsules, formed around PDMS templating
oil droplets that were prepared without SDS (batch A) (a) and with SDS (batch B) (b). c,
Confocal micrograph of the VTC-PDMS microcapsules (RITC dyed, red, batch B) in water.

TC-PDMS microcapsules [114], it is expected that the VTMS monomer also results

in a cross-linked network upon co-polymerizing with the PDMS. Although further

studies (based on solid-state NMR) are required to confirm the amount of PDMS

that gets incorporated, the reaction product between the silane coupling agent and

the PDMS will most likely result in vinyl-trisiloxane-cross-linked-polydimethylsiloxane

(VTC-PDMS) capsules. As evident from the electron micrographs in Figs. 5.2a,b,

the resulting VTC-PDMS capsules still buckled upon drying. However, these cap-

sules were found to be spherical in solution, as shown in the confocal micrograph of

Fig. 5.2c, resulting in s-VTC-PDMS capsules. Capsules were fluorescently labeled by

incorporating the fluorescent RITC dye into the shell material using the silane coupling

agent APTES [114, 249], see the Methods section for details. As a result, we can

conclude that prehydrolyzed organosilanes such as VTMS can also be used for growth

of a first layer of shell material. The successful encapsulation expands the already

existing library of capsules synthesized around sacrificial PDMS templates, ranging

from TC-PDMS capsules [52], polydopamine capsules [115], colloidosomes [116, 117]

and polymer microspheres [118,119].

We would like to stress that the encapsulation of SDS-stabilized PDMS droplets with

VTMS resulted in capsules with a rough surface (Fig. 5.2b, batch B). Capsules prepared

around PDMS droplets that were not stabilized with SDS resulted in smooth surfaces

(Fig. 5.2a, batch A). In a study by Zoldesi et al., a rough surface was also reported when

coating SDS-stabilized PDMS droplets with a layer of TC-PDMS or Stöber silica [41].

In the present study, small secondary nuclei were formed as well during the coating

reaction, both in the absence as well as in the presence of SDS. It is likely that the

stability of the nuclei is enhanced by the presence of the SDS such that this surfactant

interferes with the growth of a smooth capsule surface [41].
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On a final note, we would like to remark that a different organosilane, MPTMS

instead of VTMS, was used during growth of an additional shell layer around preformed

TC-PDMS capsules (results discussed in the section below). As reported in litera-

ture [267], both monomers have already been used for the growth of solid, hybrid silica

spheres. Identical reaction conditions resulted in spherical colloids of 513 nm in diameter

for VTMS, whereas 1282 nm diameter colloids were obtained with MPTMS [267]. Also

in the study of Lee et al., larger colloids were obtained for MPTMS [270]. Because

of the ability of MPTMS to grow larger colloids, MPTMS was used instead of VTMS

for growth of additional layers of shell material around the micron-sized (∼2-3 µm)

TC-PDMS capsules.

5.3.2. Second shell growth: pb-MPT@TC-PDMS capsules

The organosilane MPTMS was used for growth of an additional layer of organic-

inorganic hybrid material around preformed, partially buckled (pb-TC-PDMS) capsules

(batches C and D). This resulted in an additional (3-mercaptopropyl)trisiloxane (MPT)

layer, and hence in pb-MPT@TC-PDMS capsules. Before growth of this second layer,

the original capsules crumpled upon drying. Height profiles, obtained by taking cross-

sections over the crumpled shells using AFM (Figs. 5.3a,b,d,e), indicated that the

original capsules were only 17 nm thick (batch C) and 100 nm thick (batch D). These

thicknesses (d), combined with the particle radii (Rt) (sizes listed in Table 5.1), resulted

in a d/Rt ratio of less than 0.05. This indeed corresponds to a regime in which collapsed

TC-PDMS shells crumple and show creases and folds while the shell itself remains

intact [114]. Normally, in an aqueous solution, these capsules would still adopt a

spherical shape because the capsule core is fully filled with PDMS oil. However, aging of

the dispersion (≥1 months, see Methods section) resulted in partially buckled capsules

in batches C and D (results not shown). Capsules with a dimple were formed by the

reduction of the core volume, via dissolution and evaporation of the PDMS templating

oil.

As can be seen in the electron microscopy images of Figs. 5.3c and f, the anisotropic,

buckled, particle shape was preserved after coating the capsules of batch C and D with

an MPT layer, resulting in mechanically stable pb-MPT@TC-PDMS capsules. Because

the initial templates now already contained a first shell layer, we assume that it is less

likely that PDMS from the core co-polymerized within this MPT network, although we

do not fully exclude this option. Optical microscopy studies indicated that the particles

also adopted an anisotropic shape in solution. A typical example is shown in Fig. 5.3g

for batch D. Note that the particles shown in Fig. 5.3g were dispersed in ethanol, a

solvent which is known to dissolve the PDMS templating core [114]. The fact that the

partially buckled geometry was also preserved in this solvent therefore indicated once
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Figure 5.3. a-g, Images of two batches of TC-PDMS microcapsules grown around the PDMS
droplets of batch C (a-c) and batch D (d-g), before and after the second shell growth with
the monomer (3-mercaptopropyl)trimethoxysilane (MPTMS). For both batches, atomic force
microscopy (AFM) images were obtained of the initial TC-PDMS microcapsules (a,d). From
the height profiles (b,e), measured by scanning along lines 1 and 2 through the crumpled
capsules, it was found that the initial shell thickness (d) in batch C was 17 nm (2d=34 nm)
and in batch D was 100 nm (2d=200 nm). SEM images of the resulting pb-MPT@TC-
PDMS capsules, obtained after coating (c,f). Optical micrographs of the pb-MPT@TC-PDMS
microcapsules of batch D in ethanol (g).
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Oil 
(pyrromethene
dyed, green)

TC-PDMS capsule
(RITC dyed, red)

a

b

Figure 5.4. a, Confocal microscopy image, and a schematic illustration, of TC-PDMS
microcapsules (RITC dyed, red) overloaden with pyrromethene dyed cyclohexane (green).
b, Multiple particle shapes were observed after coating the entire structures as shown under
(a) with a RITC dyed (3-mercaptopropyl)trisiloxane (MPT) layer, including buckled shells
with small(er) protrusions.

more that the anisotropic shape was no longer dictated by the core volume, but was

conserved by the growth of a thick(er) layer by the addition of another shell.

Because of the successful organosiloxane shell growth around bare PDMS droplets and

the preformed TC-PDMS capsules, attempts were also done to coat cyclohexane over-

loaden TC-PDMS capsules. Prior to coating with MPTMS, these TC-PDMS capsules

had formed a cyclohexane protrusion as shown in Fig. 5.4a. As reported before [44], both

the shell elasticity as well as a favorable entropic mixing term between cyclohexane and

leftover PDMS can provide the principal driving force for such an expelled volume of oil.

Ideally, by growing a shell layer around the entire structure, hollow dumbbell particles

could be obtained. Unfortunately, after MPT coating, multiple particle shapes were

observed that deviated from the original, uncoated, and quite monodisperse dumbbell-

shape. For example, the liquid protrusions were found to be significantly decreased,

possibly caused by dissolution of the highly soluble cyclohexane in the continuous

medium. This might explain why partially buckled particles, without any protrusion

and coated with an MPT layer, were sometimes even observed. Apart from a decrease

in the cyclohexane volume, a change in the wetting angle upon growth of an MPT layer

could further explain such observations. An example of one of the more succesful results

is shown in Fig. 5.4b. Although the original shells still had buckled, a fluorescent MPT

layer was grown around the entire structure, preserving the protrusion as well.



5.3. Results & Discussion 113

1

2

3 1

2

3

ba c

d
t= 0 s t= 12 s t= 24 s t= 31 s t= 38 s

0 20 40 60 80 100

20

40

60

80

100

120

In
te

ns
ity

 (
a.

u.
)

Position (pixels)

Figure 5.5. a-b, Confocal micrographs of pb-MPT@TC-PDMS microcapsules (RITC dyed,
red, batch D) in pyrromethene dyed ethanol (green) (a) and, at the same location, of the
pyrromethene dyed ethanol alone (b). Arrows in image (a) indicate shells that were found
to be impermeable to the dye up to 1.5 h after transfer to this medium. c, The fluorescence
profiles along lines 1, 2 and 3 revealed that the pyrromethene signal was significantly reduced
inside these impermeable particles. d, Confocal micrograph time series of an impermeable
MPT coated microcapsule.

Our results clearly indicate that the anisotropic shape of preformed (partially buck-

led) TC-PDMS capsules can be preserved by growth of an additional MPT layer. To

investigate whether such an additional MPT layer also affects the permeability, the pb-

MPT@TC-PDMS capsules of batch D were redispersed in pyrromethene dyed ethanol

(Fig. 5.5). From previous studies (Ref. 114 and Chapter 3), we know that capsules

untreated with this MPT layer are almost instantaneously permeable (on a time-scale

of ∼4 min) to a (dyed) ethanol phase. However, after the MPT coating, a small

fraction of capsules (∼5-10%) were found to be impermeable to the dye molecules when

investing the sample up to 1.5 h after transfer to a dyed ethanol phase (Figs. 5.5a and

b). The fluorescence profiles in Fig. 5.5c, revealed that the pyrromethene signal was

significantly reduced inside these ‘impermeable’ particles. These ‘impermeable’ particles

still performed Brownian motion (Fig. 5.5d). When investigating this system again after
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5 days, no particles with un-dyed cores were observed anymore, indicating that the dye

diffusion into the shells was only significantly delayed. In order to make materials

truly impermeable, tetrafunctional silane bonds are required as illustrated by the fact

that, under the right Stöber conditions, ultramicroporous silica structures can be grown

that display ‘molecular sieving’ with a cut-off size of 0.3 nm [250, 272, 273]. However,

the organosilanes such as VTMS and MPTMS are known to result in bifunctional

and trifunctional siloxane bonds [267–269]. Despite the fact that trifunctional siloxane

networks in prinicple have the ability to be cross-linked quite extensively and thus are

expected to form stiff solid structures, it has been observed that particles made from

MPTMS can swell up to a factor of 2.5 [274]. This indicates quite some structural

flexibility. As a result, only kinetic barriers were expected, as is in agreement with our

observations. Most likely, these barriers originate from a change in the permeablity, e.g.

through wetting behaviour, and an increased diffusion path, through shell thickness

and composition. The fact that the permeability was reduced for only a small fraction

of particles (∼5-10%) is indicative of variations in the MPT homogeneity and shell

thickness. However, the decrease in diffusivity through the shell still makes our finding

interesting from a controlled release perspective; growth of a (second) MPT layer might

allow us to keep the payload (such as surfactants, oils, and dyes) encapsulated for

prolonged periods, hereby tuning the release rate.

5.3.3. Second shell growth: fb-SiO2@TC-PDMS capsules

Finally, conventional Stöber silica was grown around the preformed TC-PDMS cap-

sules of batches E and F. Before growth of this silica layer, the capsules crumpled

upon drying, as shown in the Scanning Electron Microscopy images of Figs. 5.6a,d.

AFM studies (Figs. 5.6b,e) revealed that the original TC-PDMS capsules were only

70 nm (batch E) and 15 nm (batch F) thick. Both batches of shells adapted a fully

buckled shape, resulting in double-walled fb-TC-PDMS capsules in an ethanol solution

(results not shown). For batch E, complete buckling was induced by aging, already in

the aqueous medium, via dissolution and evaporation of the PDMS core. For batch F,

complete buckling was induced by the solvent transfer step from water to ethanol which,

for the thin shells used in this study (d/Rt<0.17), can result in such a geometry change

upon dissolution of the PDMS core [125,131] as briefly described already. Unfortunately,

the latter solvent transfer step also resulted in some dumbbell formation. As already

described in the introduction, solvent transfer for thicker capsules (d/Rt>0.17) can

result in spherical ethanol-filled shells [125, 131] which, upon growth of an additional

silica layer, have already been shown to result in thicker, spherical shells that did not

collapse in a dried state [41]. In the present study, the fully buckled shape of the fb-TC-

PDMS capsules in ethanol allowed us to grow additional layers of Stöber silica around

bowl-shaped capsules, resulting in fb-SiO2@TC-PDMS capsules. As clearly indicated
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Figure 5.6. a-f, Images of two batches of TC-PDMS microcapsules grown around the PDMS
droplets of batches E (a-c) and F (d-f), before and after the second shell growth with Stöber
silica. For both batches, SEM images (a,d) and AFM images and the corresponding height
profiles (b,e) were recorded of the original TC-PDMS microcapsules. The shell thickness (d)
was found to be 70 nm in batch E (2d=140 nm) and 15 nm in batch F (2d=30 nm). SEM
micrographs of the microcapsules after growth of the Stöber silica layer around fully buckled
(fb-SiO2@TC-PDMS) capsules, indicating that the bowl-shape was preserved after growth of
this second layer (c,f).
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Figure 5.7. a,c, Confocal micrographs of the long-range repulsive systems, with local
crystalline positional order, formed by the OTMS coated fb-SiO2@TC-PDMS capsules (RITC
dyed, glow) in CHB (batch F). b,d, At both positions, a projection of individual images, which
were recorded at the time steps assigned by the colors in the image, indicated that the particles
rotated freely.

by the scanning electron micrographs of Figs. 5.6c and f, the bowl shape was preserved

by growth of this additional silica layer for both batches of particles.

Subsequently, the silica surface was modified with a layer of octadecyltrimethoxysi-

lane (OTMS), using the procedure reported in Ref. 33 (see Methods section). The

coating with C18 molecules allowed us to disperse the bowl-shaped particles in the low

polar solvent cyclohexyl bromide (CHB). Note that it was shown before that silica

particles with this silane coupling agent acquired a negative charge and that double

layers of several micrometers could be achieved in a similar, low-polar, solvent [33]. Also

in the present study, spontaneous particle charging in the low polar solvent [33, 220],

combined with a low ion concentration, resulted in a long-range repulsive structure

with local positional crystalline order (Fig. 5.7). As can be seen in Figs. 5.7b and d,

a projection of individual images recorded at time steps of ∼30 s, indicated that the
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particles rotated freely, forming a so-called rotator phase or a plastic crystal [33]. One

can therefore conclude that bowl-shaped particles allow for intriguing assemblies, not

only in a closed-packed geometry but also when interacting with long-ranged repulsions

extending significantly beyond the particle’s size.

5.4. Conclusions & Outlook

In this study, we have shown that layers of prehydrolyzed organosilanes can be

grown succesfully on the bare oil-water interface of monodisperse polydimethylsiloxane

(PDMS) emulsions and on elastic, preformed PDMS shells, initially cross-linked using

tetraethoxysilane (i.e. TC-PDMS capsules). The advantage of using prehydrolyzed

organosilanes is that the reactive species are water soluble and react on time-scales

of minutes, in the presence of the catalyst ammonia. These conditions allowed us to

preserve the anisotropic shape of partially buckled (pb-TC-PDMS) capsules, for which

the shape was initially set by the volume of the templating oil core. The additional

shell also reduced the permeability of the capsules to dye molecules. Another coating

method was based on the growth of conventional Stöber silica around fully buckled

(fb-TC-PDMS) capsules in ethanol, resulting in solid particles with a bowl shape.

Subsequent coating of the bowls with a C18 chain rendered anisotropic particles that

were stable in a low polar solvent and which formed a long-range repulsive system, with

local crystalline order, resulting in a plastic crystal phase. As a result, we can conclude

that the two methods generated particles that are of interest for self-assembly studies,

because of their preserved anisotropic shape, and for controlled encapsulation studies,

because of their altered shell permeability.

We do like to point out that denser layers, and hence even more impermeable

shell materials are expected to form when exchanging the organosilanes (trifunctional

molecules) with tetraethoxysilane (tetrafunctional molecules). However, also here,

prehydrolysis will be required to prevent solubilization of reactants into the templating

core, possibly achieved by making use of a procedure similar to that reported in Ref. 275.
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6
Repulsive van der Waals forces enable

Pickering emulsions with non-touching

colloids

Abstract

Emulsions stabilized by solid particles, called Pickering emulsions, enable prom-

ising applications in drug delivery, cosmetics, food science and the manufactur-

ing of porous materials. This potential stems from their high stability against

coalescence and ‘surfactant-free’ nature. Generally, such emulsions require that

the solid particles are wetted by both phases and as a result, the adsorption free

energy is often large with respect to the thermal energy. Here we provide the

first experimental proof for an alternative scenario: non-touching (effectively

non-wetting) particles that are completely immersed in the oil phase. The

main advantage of the present system is that particles can easily be detached

from the interface simply by adding salt. This not only makes the finding

fundamentally of interest, but also enables a triggered de-emulsification and

particle recovery, which is useful for several applications.
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6.1. Introduction

Solid particles at liquid interfaces provide important opportunities for self-assembly

on liquid interfaces [276], studies of 2D phase behavior [277, 278], the formation of

porous colloidosomes [175] and stabilization of liquid-liquid interfaces [62,63]. The latter

results in so-called Pickering emulsions, and has many applications in industry. The

‘surfactant-free’ nature of these Pickering emulsions prevents adverse effects (irritancy,

hemolytic behavior, contamination of the environment) associated with conventional

emulsions stabilized by surfactants [61, 279] which, in addition, are difficult to remove

once used. Moreover, the high resistance to coalescence results in an improved shelf

life [55,61] and even allows for the formation of stable double emulsions and millimeter-

sized droplets [279]. It is generally accepted that interfacial adsorption requires wetting

particles which penetrate the interface, becoming simultaneously wetted by both oil

and water [63, 280, 281]. Shielding of the interface results in an interfacial free energy

gain (V )

V = 2πR2 (γpw − γpo) (1 + cosθ)− πR2γwo
(
1− cos2θ

)
(6.1)

which depends on the size of the particle (radius R), the wetting behavior (contact angle

θ) and the surface tensions of the particle-water (γpw), particle-oil (γpo) and water-oil

interface (γwo) [54, 282].

For micron-sized colloids, this adsorption energy is much larger than the thermal

energy [54, 64], e.g. approximately 3x107 kBT for silica colloids (R=1 µm, θ=90◦) at

a toluene-water interface (γwo=36 mN/m [54]). As a result, interfacial entrapment is

effectively irreversible for these particle sizes [55,64,281], causing interfaces to crumble

upon compression [283,284] and limiting the collapse of the system to lateral directions

when adding salt, as particles do not detach [284, 285]. Particles which are either too

hydrophilic or too hydrophobic will recede into the bulk liquids and will not adsorb at

the interface, resulting in unstable emulsions [54]. As far as we know, particles adsorbed

at oil-water interfaces that do not penetrate the interface are not considered.

Our group recently showed that, surprisingly, poly(methylmethacrylate) (PMMA)

colloids dispersed in the oil cyclohexyl bromide (CHB), were located at the interface

permanently, despite being (almost) non-wetted by the water phase [56,69]. Using the

low-polar medium CHB [286] (dielectric constant εm=7.92 [287]) has the advantage

that particles can acquire charges spontaneously, in contrast to more commonly used

apolar oils like octane (εm∼2) that require charge stabilizing surfactants [142, 288].

Additionally, the ion concentration, and hence the inter-particle interaction, can be

varied in CHB (without surfactants): from soft spheres (by deionizing the oil) to almost

hard spheres (by addition of an oil soluble salt like tetrabutylammonium bromide,

TBAB) [10,289]. Meanwhile, the desirable properties of apolar solvents are maintained

(immiscibility with water, low conductivities, micrometer-sized double layers) [220].
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Here we present a new and surprising observation concerning this system. The

particles (PMMA, radius of 1.4 µm) were found to dislodge from the interface when

adding TBAB. This is the first experimental evidence of micron-sized colloids that can

be easily dislodged from an oil-water interface. We explain these new observations

within the framework of a novel adsorption mechanism whereby non-touching colloids,

completely immersed in the oil phase, are kept at a finite distance (h0) from the interface

as a result of a force balance. Additional support for the proposed mechanism was

obtained using a novel adaptation of freeze fracture Scanning Electron Microscopy

studies under cryo conditions. We also demonstrate that this salt-induced particle

dislodgement offers new opportunities for applications in controlled de-emulsification.

6.2. Experimental details

6.2.1. Methods

Particles

PMMA particles were synthesized using dispersion polymerization, and were ste-

rically stabilized by a so-called comb-graft steric stabilizing layer formed by poly(12-

hydroxystearic acid) (PHSA) grafted onto a backbone of PMMA (PHSA-g-PMMA) [220].

This stabilizer was covalently bound to the particles during a ‘locking’ step, resulting in

positively charged particles [220]. The particles were washed with hexane (p.a., Merck)

to remove any unreacted species. Unless indicated otherwise, a batch of locked PMMA

particles (2.8 µm, 3% polydispersity as determined by Static Light Scattering) was used

that was covalently labeled with the fluorophore rhodamine isothiocyanate (RITC).

Only in one experiment (indicated) unlocked (negatively charged) PMMA particles

were used (2.9 µm, 2% polydispersity as determined by Static Light Scattering), which

were dyed with 7-nitrobenzo-2-oxa-1,3-diazol (NBD).

Suspensions

Dry PMMA particles were dispersed in cyclohexyl bromide (CHB, Sigma-Aldrich)

that was purified prior to use. This was done by adding activated alumina to it (Al2O3;

58 Å, ∼150 mesh, Sigma-Aldrich), followed by molecular sieves (4 Å, 10-18 mesh,

Acros Organics) until the conductivity was below 80 pS/cm. Dilute suspensions were

prepared in CHB or CHB-decalin (27.2 wt%, Sigma-Aldrich) with a 3D particle volume

fraction of η=0.001-0.02 (no bulk particles were typically observed in a 2D-setup at

η≤0.006), η=0.02 (for capillary studies, 0.1x2-mm VitroCom capillaries) and η=0.01

(for microelectrophoresis). In some studies tetrabutylammonium bromide salt (TBAB,

≤99%, Fluka) was added from a saturated (∼300 µM) TBAB stock solution in CHB

that was equilibrated for 2 weeks. All oil dispersions were equilibrated for 1 day prior to

use. Interfaces were formed using either pure Millipore water, dyed water (Fluorescein
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isothiocyanate, FITC, Sigma-Aldrich) or salt water (NaCl, ≤99%, Baker, stock solution

0.1 M or TBAB-water, stock solution 0.5 M).

Emulsion preparation

For TBAB-induced particle dislodgement from emulsions, PMMA suspensions were

prepared in CHB-decalin (32 wt%, such that ρPMMA > ρoil > ρwater) at a 3D vol-

umefraction of η=0.024. Hereafter 5.2 vol% of water (containing 1 µM dye; Alexa

Fluor®488 biocytin, Lifetechnologies) was added and the sample was homogenized

(MS2 minishaker IKA, 2 min at 2500 rpm). Imaging was done in 0.1x2-mm capillaries

(VitroCom). Macroscopic phase separation was performed in 3x3-mm capillaries (Vi-

troCom), hydrophobized with hexamethyldisilazane (HMDS, SigmaAldrich) using the

procedure described in Ref. 290.

For cryo-Focused Ion Beam-Scanning Electron Microscopy (cryo-FIB-SEM) studies

on emulsions, particle suspensions at a volume fraction η=0.051 in pure CHB were

mixed with 10.4 vol% dyed water (Alexa Fluor®488 biocytin) and homogenized (MS2

minishaker IKA, 1 minute) and sonicated (Branson 8510, 20 seconds). Both the TBAB-

induced dislodgement studies as well as the cryo-FIB-SEM studies were performed with

freshly prepared emulsions (≤2 days old).

2D-setup

To hydrophobize the bottom glass substrate in the home-built 2D-setup (Fig. 6.1a),

a glass slide (24x24 mm, Thermo scientific, Menzel-Glaser, No.1) was washed with

soap (Liqui Nox, Alconox) and Millipore water, and coated by an adsorbed layer of

Teflon®AF1600 amorphous fluoroplastics (DuPont [291]) using a dipcoater (1-2 mm/s,

based on a NEFF WIESEL linear drive unit). The outer cylinder (20 mm diameter)

was glued to this glass slide with UV-curing optical adhesive (Norland no. 68). The

inner cylinder (8 mm diameter), used to minimize drift effects and to avoid contact

between CHB and any glue, was made hydrophilic by piranha treatment and was loosely

positioned on top of the slide. The water phase (sometimes FITC dyed) was added

first, followed by positioning ∼2 µL of particle suspension on the bottom glass slide by

intersecting the aqueous phase. The system was left to equilibrate for at least one hour

and drift was minimized by sealing the system with a glass cover slide. Time averaged

radial distribution functions g(r) were obtained from the time-series (2 frames/minute)

after equilibration, using the IDL-tracking code of Crocker and Weeks [292].

6.2.2. Characterization

Electrical conductivity measurements

The electrical conductivity (C) in the oil phase (pure CHB or CHB-decalin 27 wt%),

was measured using a model 627 conductivity meter (Scientifica, East Sussex, UK) and

a 4 mL cup-type probe. At TBAB concentrations c=1-300 µM, a CDM230 conductivity
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Figure 6.1. Schematic representation of two different types of setups that were used for
the interfacial studies. a, A home-built 2D-setup, containing an outer cylinder glued on a
hydrophobized glass substrate and filled with demineralized water (green). The inner cylinder
and vacuum greased coverslip minimized drift effects at the oil-water interface, once a drop
of the particle dispersion in oil (yellow) was drop casted onto the glass substrate. The inner
cylinder was made hydrophilic by treating it with piranha, in order to minimize wetting by
the oil droplet. A long working distance objective was used to image the top of the oil droplet.
b, Capillaries with dimensions 0.1 x 2.0 x 50 mm were half filled with the particle dispersion
in oil (yellow) and half filled with an aqueous phase (green) which contained a fluorescent dye
in most studies.

meter was used (Radiometer Analytical). By applying Waldens rule [10, 56, 220, 289]

(Λrev
0 ηrev0 =Λ0η0 with Λrev

0 , ηrev0 , Λ0 and η0 are the limiting molar conductivity and

solvent viscosity in the reference solvent (ethanol or water) and the solvent of interest,

respectively), the ionic strength ci=C/Λ0 and the Debye length κ−1 = (8πλBci)
−1/2

were estimated.

Electrophoretic mobility measurements

The particle mobility profiles, and particle charge number Z (obtained from the

measured mobility), were determined for the locked PMMA colloids in pure CHB

and CHB-decalin 27 wt%, with or without TBAB (c=1-300 µM) using the microelec-

trophoresis procedure described in Ref. 220. Typical DC electric field strengths were

chosen between 2.8 and 3.6 V mm−1. The particle charge Z of the unlocked PMMA

particles in CHB-decalin (20 wt%) was already reported in Ref 220. In the presence of

TBAB, the mobility profiles sometimes became asymmetric due to an unequal coverage

of particles at the opposing capillary walls, caused by a collapse in the long-range

inter-particle repulsion. Here, the absence of well-defined stationary planes allowed us

to only determine the sign of the particle charge from the direction of the particle’s
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electrophoretic motion, and not the charge Z itself. Sample cells consisted of 0.1x2-mm

capillaries (VitroCom) that contained two electrodes formed by two 50 µm-diameter

nickel alloy wires (T2 thermocouple alloy wire, Goodfellow) bent into a 90 ◦ angle, at

the opposing ends.

Confocal Scanning Laser Microscopy

Confocal studies were performed on a horizontal, inverted Leica TCS-SP2 confocal

microscope, apart from microelectrophoresis and macroscopic phase separation studies

for which a Nikon C1 was used in a vertical position. The fluorescent dyes FITC, NBD

and Alexa-488 were excited at 488 nm, and RITC at 532 nm or 543 nm. The objectives

used were: 50x air NA 0.55 HXPL Fluotar (for the 2D-setup), 20x air NA 0.7 HC

PLAN APO (for macroscopic phase separation) and 100x oil immersion NA 1.4 or 63x

oil immersion NA 1.4 Leica, both confocal objectives (for all other studies).

Cryo-Focused Ion Beam-Scanning Electron Microscopy (cryo-FIB-SEM) to-

mography

The emulsion was kept static for 30 min, resulting in a concentrated phase of dispersed

water droplets due to creaming. Subsequently, a small volume (∼5 µL) was pipetted

in a hollow copper rivet (1 mm inner diameter). The bottom of the rivet was sealed

with Tissue-Tek (Agar Scientific), stopping the droplet from running through the rivet.

A second rivet was placed upside down on top of the rivet and the entire ensemble

was plunge-frozen in liquid nitrogen. Once frozen, the ensemble was transferred to the

cryo-preparation chamber (PP2000, Quorum Technologies) under vacuum conditions.

In the cryo-preparation chamber, the top rivet was broken off with a cold knife,

creating a freeze-fracture surface of the concentrated emulsion [293]. Next, the surface

was sputter coated with platinum and the temperature of the sample was balanced with

a FIB-SEM cryo-stage (−160 ◦C) prior to the transfer into the cryo-FIB-SEM (Nova

Nanolab 600 Dualbeam, FEI Company).

The area of interest was selected from SEM images. Prior to FIB-milling, a pro-

tective layer of platinum deposition was applied [294]. An additional advantage is the

electrically conductive nature of the deposited layer, which prevents image drift from

charging of the surface.

A cross section was prepared with the FIB, as well as a fiducial marker next to the

area of interest. The fiducial marker was used for alignment purposes by both the

FIB and the SEM during the automated FIB-SEM tomography routine. The FIB-SEM

tomography routine was a sequence of FIB milling and SEM imaging. The FIB removed

a slice of material and the SEM imaged the resulting cross section.

Two samples were investigated, and from each sample one FIB-SEM tomography

series was used in this study for further analysis. One series was set up with a slice

thickness of 100 nm and another with a slice thickness of 50 nm. Multiple images
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were recorded with varying magnifications. The highest magnification resulted in

series of images with a horizontal pixel dimension of 2.5 nm. The imaging mode was

backscattered electron (BSE), which allowed distinguishing the water phase from the

oil and PMMA phases by gray value. An additional advantage of the BSE imaging

mode was the reduction of charging artifacts in the image.

Cryo-FIB-SEM tomography post-analysis

The structures visible in the series of SEM images were reconstructed in 3D. The im-

ages were aligned using the free image processing software package Fiji [295] (StackReg

plugin). The FIB cross section was tilted with a 38 ◦ angle with respect to the SEM

imaging plane (XY ′ plane and XZ plane, respectively in Supplementary Fig. 6.1a).

As a result, the SEM image had to be stretched by a factor 1/cos(38 ◦) along Z

(horizontal) such that the real dimensions were obtained [296]. In addition, the 3D

reconstruction software (IMOD, version 4.7.8; Boulder Laboratory) assumed a slice

orientation perpendicular to the surface (XY plane in Supplementary Fig. 6.1a), which

is obtained by compressing the same axis by a factor of sin(38 ◦). The combination of

both steps results in a foreshortening by a factor tan(38 ◦), i.e. Y=Ztan(38 ◦) [296].

Note that this correction was also accompanied by an increase of the pixel size along

this Y axis by the same factor, which will be corrected below. Finally, to simplify the

analysis, the image was rotated such that the interface was perpendicular to the X axis.

This was again done using the program Fiji.

After correcting the aspect ratio of the pixels of the SEM images, the boundaries of

the structures of interest (water droplets and PMMA particles) were identified in each

2D slice. Two methods were used for this. The first was based on fitting a pixel intensity

profile with a Gaussian curve. The pixel intensity profile was obtained from an average

over 5 (horizontal) rows of pixels. The surface positions in the image were related to

the full width at half maximum of the peaks (Supplementary Fig. 6.1b). Unfortunately,

the region of closest approach could not be fitted because of the absence of a strong

change in pixel intensity. However, by using a polynomial fit (typical example given in

Supplementary Fig. 6.1c), in the latter case resulting in an extrapolation, a continuous

surface profile was obtained. An overlay onto the original image was always used as a

visual check (Fig. 6.6e and Supplementary Fig. 6.1d). The minimum distance between

the polynomial functions in the image series formed an estimate for the distance h0
and the fit itself resulted in the surface coordinates. Finally we used Mathematica

(Wolfram, version 10) to reconstruct the 2D polynomial fits into a 3D properly scaled

image.

The second method determined the boundaries of the particle and oil-water interface,

in each 2D slice, using the Canny edge detector routine in Mathematica. The Canny

edge detector had three input parameters: the pixel range in the x and y directions
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(which we denote rx, and ry respectively) and a threshold tr. For the reconstruction

shown in Fig. 6.6i, rx = ry = 18 and the threshold was tr = 0.000725, which was the

optimal parameter set we found, e.g. the edges were clearest and there was least noise

in the background. However, as shown in Supplementary Fig. 6.1e the position of the

edges (shown in red for the above mentioned parameters) was not significantly affected

by these parameters: specifically, extreme parameter choices such as 25,25,0.0005 (blue)

and 12,12,0.001 (green) (rx, ry, tr, respectively) result in similar edges. The edges

associated with the particle and interface were extracted and fitted to polynomials

between order 2-12. Finally, as in the previous case, we reconstructed the system in

3D.

6.3. Results & Discussion

6.3.1. Salt-induced particle dislodgement of non-touching particles from an

oil-water interface

We performed experiments by suspending charged, sterically stabilized PMMA col-

loids (1.4 µm in radius, see Methods section) in CHB or a mixture of CHB and cis-

decalin (27.2 wt%). The latter provided not only refractive index matching, but also

density matching. Remarkably, and in agreement with earlier reports [56, 69], these

charged PMMA particles were not found to be wetted by the aqueous phase, because

the particles sit at, and not in, the interface as shown in Fig. 6.2a. Optical tweezer

studies had already verified that on top of any (small) wetting effect, the driving force

for the permanent binding of these particles to a like-charged interface originates from a

long-range image charge attraction [56]. Image charge attractions arise when a particle

with charge Z, dispersed in an oil medium with a dielectric constant εm, is exposed

to a higher dielectric constant (water) phase [56, 69, 212]. An expression for the image

charge attraction [297], which contains a small correction compared to the expression

mentioned in Ref. 56, is:

V (d) =
Z

εmε0

(
Q

d
+

Za

2(a2 − d2)

)
(6.2)

Here, the conducting (water) phase is taken as a sphere with radius a, d is the distance

of the colloid from the droplet center, Q is the charge of the water droplet (here taken

of the same sign), and ε0 is the dielectric permittivity of vacuum.

We designed a setup to study the 2D layer of adsorbed particles at the oil-water inter-

face (Fig. 6.1a). Both the in-plane and out-of-plane interfacial structures were imaged,

as shown in Figs. 6.3a and 6.3c (t=0). The interfacial structure did not alter significantly

after 50 mM salt (NaCl) was added to the aqueous phase (Supplementary Figs. 6.2a,b,g,

t>15 min). Whereas the addition of 150 µM of TBAB to the oil phase caused a collapse

of the in-plane ordering, resulting in a 2D colloidal fluid (Supplementary Figs. 6.2c,d,g,
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Figure 6.2. Non-touching colloidal particles, fully immersed in the oil phase, but attached
to an oil-water interface, as a result of a force balance. a, PMMA particles (1.4 µm in
radius, RITC labeled, red) are completely immersed in the oil phase (CHB-decalin, 32 wt%)
while being permanently bound to an aqueous phase (Alexa-488 dyed, green). b, Schematic
illustration of a non-touching particle, immersed in the oil phase and kept at a finite distance
(h0≤50 nm) away from the interface as a result of a force balance between image charge
attractions and van der Waals repulsions.

t>15 min). This confirmed again that the repulsion was initially dominated by charges

in the oil phase [56, 69]. However, a very surprising observation was made soon after

adding TBAB to the oil (t<15 min): particles dislodged from the interface, resulting in a

decrease in surface coverage as the particles moved into the bulk oil phase (Figs. 6.3b,d).

To exclude drift, we also performed control experiments in capillaries (Figs. 6.3e-h and

Fig. 6.1b) and under density matching conditions (Supplementary Figs. 6.3a-d). Also

in these control experiments, particles dislodged from the interface minutes after adding

TBAB salt.

For wetting particles with a radius (R) of 1.4 µm, adsorption to the interface can be re-

versible only if the interfacial free-energy gain (Eq. 6.1) is reduced to .10 kBT . If we as-

sume realistic surface tensions (γpw=10 mN/m, γpo=1 mN/m and γwo=9.2 mN/m [69]),

this requires a contact angle of ≥179.7◦. However, for such a low desorption energy, one

would also expect detachment in the absence of salt, which we did not observe. Our

findings can be explained by a novel adsorption mechanism, postulated by Oettel [71].

Oettel proposed that a force balance between an image charge attraction [56, 69, 70]

and a van der Waals repulsion [71] can keep the PMMA particles completely immersed

in the oil, a finite distance (h0≤50 nm) away from the interface (Fig. 6.2b). Although

the particles are essentially non-wetting, we use the term non-touching in this context

to stress that the force balance is present irrespective of the exact wetting conditions

of the materials. This means that particles can wet the oil-water interface once pushed

over the repulsive barrier, resulting in irreversibly adsorbed particles. The repulsive van
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Figure 6.3. Salt-induced particle dislodgement of non-touching particles from an oil-water
interface. a-d, Confocal micrographs recorded in a 2D-setup, before (a,c) and directly after
(t∼5 min) (b,d) adding 150 µM TBAB salt to the oil (CHB) phase. The water phase (depicted
in green) was fluorescently labeled with FITC. The interfacial structure of the PMMA colloids
(depicted in glow) was imaged in the xy-direction (a,b), the particle dislodgement from the
interface was imaged in the xz-direction (c,d). e-h, Confocal images of capillaries half filled
with the particle-oil dispersion (CHB) and half filled with water (FITC dyed, green), recorded
in the xz-direction. Without TBAB salt, PMMA particles (shown in glow) formed extended
crystals in bulk oil (e) and were located at the interface (f). In the presence of 300 µM TBAB
in the oil phase, the long-range order in the bulk oil collapsed (g) and no particles were located
at the interface (h). Images e-h were taken ∼1 h after sample preparation. Scale bars in all
images denote 25 µm.

der Waals interaction that prevents wetting exists when the dielectric constant of the

intervening oil medium (εm) is between that of water (εw) and PMMA (εp) over a wide
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frequency range (εw > εm > εp) [298–306]. Due to the use of a low-polar oil medium, the

static dielectric constants of our system fulfill this trend (εw=80 [301], εm=7.92 [287],

εp=2.6 [219]). This, combined with refractive index matching in the visible region,

is predicted to result in a negative Hamaker constant (Awmp) of about -0.3 kBT (see

Supplementary Information). Any Coulomb repulsion between a particle and a like-

charged interface will further impede wetting [307]. The force balance between the

image charge attraction and the van der Waals repulsion is given by [71]:

h0 ≈
R

Z

√
2AwmpR

3kBTλB
. (6.3)

A distance of h0 ∼10 nm was estimated from the Hamaker constant (Awmp=-0.3 kBT ),

the Bjerrum length in CHB (λB=7.1 nm [220]) and the colloidal charge (Z=+930 e, see

below). Note that screening effects are not included in Eq. 6.3 but would be required

to improve the accuracy.

It clearly follows from Eq. 6.3 that the distance h0 depends on the charge Z of the

colloid. This in turn explains the salt-induced particle dislodgement. First, adding

salt reduces the effective charge of the particles via screening (Supplementary Fig. 6.4).

Second, TBAB is known to alter the intrinsic charge Z of the colloid. Specifically, while

PMMA particles are initially positively charged due to the preferred adsorption of H+

ions [220], adding TBAB has been found to induce charge reversal [69, 289, 308]. This

is thought to be due to a larger specific adsorption of bromide ions as compared to

specific adsorption of the cation [69, 289, 308]. To explore the charge Z of the colloids

as a function of the TBAB concentration, we performed electrophoresis experiments in

bulk oil, both in pure CHB and in CHB-decalin (27.2 wt%) (Supplementary Fig. 6.5).

The particle charge, without TBAB, was found to be Z=+930e in CHB and Z=+221e

in CHB-decalin. For high TBAB concentrations (10-150 µM) negative mobilities were

measured, whereas hardly any mobility, indicating a point-of-zero charge, was measured

for 1-5 µM TBAB both in CHB and CHB-decalin. The similar value in the different

compositions is most likely fortuitous and could originate from the initial lower particle

charge and a lower degree of TBAB dissociation in CHB-decalin, compared to pure

CHB, caused by the reduction in εm [220]. Close to the point-of-zero charge, the image

charge attractions can become small enough compared to the thermal energy to allow

the repulsive forces to dominate the behavior and thereby induce particle dislodgement

from the interface. Dislodgement was not observed for positively charged PMMA at

a TBAB concentration below the concentration required for charge inversion (i.e. at

0.5 µM) (Supplementary Fig. 6.3g). This suggests that charge inversion plays a key

role in particle dislodgement. This is further evidenced by the observation that no sig-

nificant dislodgement was seen for negatively charged PMMA particles (Supplementary

Fig. 6.3h-k) (Z=-280e in CHB-decalin, 20 wt% [220]), for which TBAB can only screen,

but not invert, the particle charge.
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6.3.2. Pickering emulsions with non-touching colloids

Importantly, we found that the salt-induced particle dislodgement occurred not only

for macroscopic interfaces in a 2D-setup or in a capillary, but also for microscopic

emulsion droplets. Stable water-in-oil emulsions formed in which PMMA particles

stabilized and bridged the interfaces (Fig. 6.4a,b). Such bridging requires contact angles

significantly larger than 90◦ in the case of wetting particles [309], but is completely

decoupled from the surface tension of the particles in our case of non-contacting ad-

sorption. Note that the PMMA particles were always present in excess. The particles

were initially spaced with distances significantly larger than the particle size because of

the long-range repulsions (Figs. 6.4a,e). As expected, for large TBAB concentrations

(up to ∼220 µM) such long-range order collapsed (Fig. 6.4f), followed by salt-induced

PMMA-particle dislodgement, resulting in partially (Fig. 6.4g) and even fully (Fig. 6.4h)

uncoated water droplets. We found that particle release from smaller droplets, formed

upon sonication, was not fully complete. It is possible that the larger interfacial area

resulted in a faster leakage of TBAB to the water phase [69], limiting the salt effect.

Remark that most droplets contained a few remaining particles that could still stabilize

the droplets by bridging (Figs. 6.4c,d).

The salt-induced particle dislodgement also enabled a macroscopic de-emulsification

when concentrating the dispersed phase in a gravitational field. The oil density (CHB-

decalin, 32 wt%) was tuned to be between that of water (droplets cream up) and

PMMA (excess and dislodged particles sediment). Without TBAB, the compressed

emulsion phase was stable, and we observed no strong indications for coalescence

before (Fig. 6.5b) and after centrifugation at 300 g (Figs. 6.5a,c). This is in strong

contrast to the system containing 90 µM of TBAB, in which we observed larger,

irregularly-shaped droplets before centrifugation (Fig. 6.5e) and macroscopic phase

separation after centrifugation at 300 g (Figs. 6.5d,f). In some attempts, the system

became quenched into a state similar to Fig. 6.5e, even after centrifugation. We

speculate that TBAB leakage into the water-rich phase (now concentrated) limited

the effect of salt. Moreover, coalescence between partially uncoated droplets will

make the coalescence process self-limiting. However, the ability of the non-touching

Pickering emulsion to respond to an external trigger is an important requirement for

potential applications, enabling liquid-phase extraction [310] and particle recovery in

fields like enhanced oil recovery (EOR) [279], heterogeneous catalysis, and emulsion

polymerization [61]. Hence, non-touching Pickering emulsions can form an interesting

alternative to the stimuli-responsive Pickering emulsions which have, in recent years,

received a considerable amount of attention [61].
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Figure 6.4. Water-in-oil emulsions, initially stabilized by non-touching PMMA colloids,
became uncoated in the presence of TBAB salt. a,b, Water droplets (Alexa-488 dyed, green)
bridged and stabilized by non-touching PMMA colloids (radius of 1.4 µm, RITC labeled,
red). The oil phase was composed out of a mixture of CHB and cis-decalin (32 wt%). c,d,
Water droplets, only partially coated by PMMA particles due to the presence of TBAB salt,
still stabilized by the bridging PMMA colloids. e-h, Confocal images of the water-in-oil
emulsion within a TBAB gradient (maximum TBAB concentration ∼220 µM), imaged after
about 30 min of equilibration. Far away from the TBAB salt (e), excess PMMA colloids still
showed long-range behavior and water droplets were fully coated by PMMA. At increasing
TBAB concentrations, first the long-range behavior of the excess particles collapsed (f) after
which salt-induced PMMA dislodgement resulted in partially (g) and fully uncoated (h) water
droplets. All images were recorded in the xy-direction.

6.3.3. Imaging the non-touching behavior

Finally, imaging the existence of an intervening oil layer between the particle’s surface

and the interface would further confirm the existence of non-touching colloids in this

system (Fig. 6.2b). Given the theoretical h0∼10-30 nm distance, methods like X-ray

microscopy (spatial resolution 43 nm [311]) and confocal microscopy (spatial resolution

30 nm [311]) are excluded based on their resolution. Another state-of-the-art technique

is based on freeze-fracture cryo-Scanning Electron Microscopy (cryo-SEM), but requires

particles that are partially immersed in both phases [312]. We therefore adapted

this novel in − situ method, adding Focused Ion Beam (cryo-FIB-SEM) milling [313],

resulting in a FIB-SEM tomography series through an emulsion droplet. Although

images were recorded with a pixel size of 2.5 nm, the actual resolving power is lower

because of the interaction volume of the electrons [313]. Typical SEM images are shown
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Figure 6.5. Emulsion breakage, triggered by the addition of TBAB salt. a-c, Images
of the water-in-oil emulsion without TBAB salt. A compressed emulsion phase (a),
stabilized by the non-touching PMMA colloids, was observed in the absence of salt, after
centrifugation. Confocal micrographs of this compressed phase before centrifugation (b)
and after centrifugation (c) reveal that no (significant) coalescence occurred under these
conditions. The water phase (green) was dyed with Alexa-488, the colloids (red) with RITC.
d-f, Images of the water-in-oil emulsion, with approximately 90 µM TBAB salt in the oil
phase. After centrifugation, emulsion breakage was achieved (d) due to the salt-induced
particle dislodgement. Already before centrifugation (e) the increase in the droplet size and
the irregular droplet shape indicated droplet coalescence. This was enhanced by centrifugation
(f), resulting in macroscopic phase separation. Scale bars in all images denote 100 µm.

in Figs. 6.6a-c, which show no breaching of the oil-water interface by the particles. From

the SEM images, we made two 3D reconstructions of the particle surfaces which were

initially identified in 2D. One method for the 2D surface identification was based on
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Figure 6.6. Cryo - Focused Ion Beam - Scanning Electron Microscopy (Cryo-FIB-SEM)
images and 3D surface reconstructions of the non-touching PMMA colloids at a CHB-water
interface. a, A FIB milled cross section through water droplets covered with non-touching
PMMA colloids. Water droplets charged up in secondary electron imaging mode, allowing
direct discrimination between the droplets and the PMMA particles. b,c, No breaching of the
oil-water interface by the PMMA particles was observed, images recorded in back scattering
mode. d-i, FIB-SEM tomography series were used to image the intervening oil layer between
the PMMA particles and the interface. Images (d-f) and (h,i) are close-ups of the regions
indicated with the white squares in (c) and (g), respectively. Surfaces were located using
either a fit with a polynomial function (e) or an edge detection method (h), and resulted in
the 3D surface reconstructions shown in (f) and (i), respectively.
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polynomial fits (Figs. 6.6d-f) and another one on an edge detection algorithm based on

intensity gradients (Figs. 6.6g-i) (see also Supplementary Fig. 6.1). The processed FIB-

SEM tomography data showed that the particles were non-touching with a distance h0
of less than 60 nm, in accordance with the theoretical prediction (Eq. 6.3) [71]. The

interfacial deformations (white arrows in Figs. 6.6a,b,g) indicate the existence of both

attractive forces (leading to protrusions) and repulsive forces (leading to indentations).

Such deformations have also been predicted by theory [71], however for much smaller

length-scales (<1 Å). The deformations are possibly related to manufacturing artifacts,

including, for example, shear. Note that a non-zero h0 is not in contradiction with the

previously reported wetting angle of PMMA at a water-decalin interface in Ref. 311, as

this system does not meet the requirements, i.e. for pure decalin εm=2.176 [219,314].

6.4. Conclusions & Outlook

In conclusion, we have shown that PMMA particles (1.4 µm in radius), which were

initially permanently trapped at the oil-water interface, dislodged spontaneously after

adding TBAB, an oil soluble salt. Our experimental observations could not be inter-

preted in terms of wetting particles, providing evidence for the existence of a force

balance between image charge attractions [56,69,70] and van der Waals repulsions [71]

that keeps the particles at a finite distance (h0≤50 nm) from the interface. Dislodgement

of the non-touching particles is driven by salt-induced particle charge inversion. Specifi-

cally, particles are dislodged by their thermal energy and the repulsive forces when their

charge, and hence the image charge attraction, becomes sufficiently small. Moreover,

we demonstrated that non-touching Pickering emulsions can be formed, enabling salt-

induced de-emulsification for liquid-phase extraction, which is an important requirement

for applications [61]. Finally, additional evidence for the non-touching behavior was

obtained from high-resolution, 3D reconstructions of the particle surfaces using cryo-

FIB-SEM tomography. Overall, our study implies that the classical argument that

wetting particles are required to form stable emulsions [54], is not always valid.

Importantly, the stabilization of emulsions by non-touching colloids is not unique to

the suspensions we examine here and can be generalized to a wide range of systems.

Specifically, the only requirements include: 1) the system contains two immiscible

liquids, A and B, with εA>εB, 2) particles are dispersed in phase B which is not too

apolar (εB> 4), and 3) the overall trend in dielectric constants meets εA>εB>εparticle.

Potential candidates include colloidal particles that are stabilized by polymer layers

such as the PMMA used in this study or dense alkane layers. For these materials,

the dielectric constants are often lower than a range of slightly polar solvents like 1,2-

dichloroethane or pentanol that do not mix with water. Moreover, in these systems

particle dislodgement can be induced by adsorption of an ionic species of opposite
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charge to the particles. In conclusion, we expect this to be an important new avenue

for stabilizing reversible emulsions.
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6.6. Supplementary Information

6.6.1. Effect of adding TBAB salt to the aqueous phase

We would like to mention that experiments were also performed in which TBAB was

initially added to the aqueous phase. Also here, ion transport from the water to the oil

phase can result in inversion of the PMMA charge which becomes visible by formation

of bands of particle aggregates in the oil phase [69]. In agreement with Ref. 69, this

typically happened at about 0.2-0.3 M TBAB in water in the current study. Upon

addition of 50 mM TBAB to the aqueous phase, not enough to cause charge inversion,

instead of particle dislodgement, particles were found to move towards the interface both

in a 2D-setup (Supplementary Figs. 6.2e,f) as well as in the capillaries (Supplementary

Figs. 6.3e,f,l,m). Certainly this is helped by screening of the electrostatic repulsion

between the particles and the interface, allowing more particles to enter the interfacial

region. Moreover, diffusiophoresis (i.e. particle movement toward the region high in

salt) could also be involved [315,316], explaining this observation as well.

6.6.2. Hamaker constant

Unfortunately, for the exotic oil CHB, we do not know the full dielectric spectrum

over all imaginary frequencies (iνn). Before proceeding, we do want to point out that

we are aware that these data are required for reliable predictions on any repulsive van

der Waals interactions in our system [298–306]. However, an indication for the possible

existence of a repulsive force can be derived using Lifshitz’s theory that uses the static
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dielectric constants (ε(iν = 0)) and refractive indices of the three materials [300, 301].

The values are set to εw=80 (water) [301], εm=7.92 (medium, CHB) [287], εp=2.6

(PMMA) [219], n25
D=1.49345 for CHB [287], n25

D=1.492 for PMMA [219] and n20
D=1.333

for water [133]. Assuming that the absorption frequencies (νe) of all materials are the

same (set to the value for water [301], 3x1015 s−1), the equation for the non-retarded

Hamaker constant (Eq. 6.4a) reduces to Eq. 6.4c. Even though contributions from

the visible and UV frequency region typically dominate the interaction (Aν>0, which

might or might not be repulsive), the static term (Aν=0, leading to repulsions because

here εw > εm > εp) might dominate in our system. First, this is caused by the large

differences in ε(iν = 0) between water and the oil CHB, which reduces in the visible and

UV frequency region (ε(iν > 0)) due to the dielectric constant drop for water [300,301].

Second, the negative Aν=0 term possibly stands out because of the refractive index

match between PMMA and CHB in the visible region which significantly lowers the

contribution for Aν>0. With all these assumptions, we can roughly estimate that the

negative Hamaker constant (Awmp), resulting in a repulsion, might be of order -0.3 kBT .

We are also aware of the fact that at distances of ∼20 nm retardation has set in and

the calculated Awmp is therefore an upper limit.

Awmp =
3kBT

2

∞∑
n=0

′
(
εp(iνn)− εm(iνn)

εp(iνn) + εm(iνn)

)(
εw(iνn)− εm(iνn)

εw(iνn) + εm(iνn)

)
, (6.4a)

Awmp = Aν=0 + Aν>0, (6.4b)

Awmp ≈
3kBT

4

(
εp − εm
εp + εm

)(
εw − εm
εw + εm

)
+

3hνe

8
√

2

(
n2
p − n2

m

)
(n2

w − n2
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6.6.3. Supplementary Figures
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Supplementary Figure 6.1. a, A schematic illustration of the orientations in the cryo-FIB-
SEM. b-d, Results of the interface reconstruction based on fits with polynomial functions.
The pixel intensity profile of 5 averaged pixel rows (b) (black, scatter) fitted with a Gaussian
curve (red, line). Interface positions in the images were related to the full width at half
maximum of the Gaussian fits. This step was repeated for all pixel rows in the entire image.
c, The interface positions (black, scatter) were fitted with a polynomial function (red, line).
The resulting polynomial functions were used for the 3D reconstruction. d, An overlay of the
polynomial fit onto the original picture, used for a visual check. e, Results of the interface
reconstruction based on the Canny edge detection method which used three input parameters:
the pixel range in the x and y directions (rx, and ry respectively) and a threshold (tr). The
edges were not significantly affected when changing these parameters from 18,18,0.000725
(red, used in the final reconstruction), 25,25,0.0005 (blue) and 12,12,0.001 (green) (rx, ry, tr,
respectively).
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Supplementary Figure 6.2. Salt-dependency of the 2D structure and of the interfacial
coverage. a-f, 2D structures of the PMMA particles at a CHB-water interface before adding
salt (a,c,e) and the corresponding systems (>15 min) after adding 50 mM NaCl to the aqueous
phase (b), 150 µM TBAB to the oil phase (d) and 50 mM TBAB to the aqueous phase
(f). The interfacial structure was imaged in the xy-direction (left) and the location of the
particles with respect to the interface (dashed line) was imaged in the xz-direction (right). g,
2D radial distribution functions for the system before adding any salt (corresponding to (a),
inter-particle spacing 9.4 µm), in the presence of 50 mM NaCl added to the aqueous phase
(corresponding to (b), inter-particle spacing 7.8 µm), 150 µM TBAB added to the oil phase
(corresponding to (d), inter-particle spacing 5.2 µm) and 50 mM TBAB added to the aqueous
phase (corresponding to (f), inter-particle spacing 3.4 µm).
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Supplementary Figure 6.3. Particle-charge dependence on the interfacial coverage. a-
g, Capillary experiments performed with positively charged particles (locked PMMA, charge
Z=+930 e determined in CHB). Confocal micrographs taken in bulk oil (a) and at the interface
(b) for the system without TBAB salt, as well as in bulk oil (c) and at the interface (d) for
the system with 150 µM TBAB in the oil. Confocal micrographs taken in bulk oil (e) and at
the interface (f) for the system containing 50 mM TBAB in the aqueous phase, and for the
interface (g) at a low (0.5 µM) TBAB concentration in the oil. h-m, Capillary experiments
performed with negatively charged particles (unlocked PMMA, charge Z=-280 e determined
in CHB-decalin 20 wt%). Confocal micrographs of the bulk oil (h) and the interface (i)
without TBAB salt, as well as of the bulk oil (j) and interface (k) with 180 µM TBAB added
to the oil. Confocal micrographs of the the bulk oil (l) and the interface (m) recorded for
systems containing 50 mM of TBAB salt in the water phase. All confocal micrographs were
recorded in the xz-direction. Water (green) was dyed with FITC. In all experiments, the oil
phase was composed of CHB-decalin (27.2 wt%), except for the system in image (g) which
was prepared with pure CHB. Systems were equilibrated beforehand for ∼1 h.
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Supplementary Figure 6.4. TBAB-salt dependency of the Debye screening lengths κ−1.
The experimentally determined Debye screening lengths κ−1 (nm) as a function of the TBAB
concentration in CHB and CHB-decalin (27.2 wt%). The solid lines are guides to the eye.
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Supplementary Figure 6.5. ((a)-(f) on previous page). TBAB-salt dependency of the
charge of the locked PMMA colloids. a-i, Mobility profiles measured in pure CHB at 0 (a),
0.5 (b), 1 (c), 5 (d), 10 (e) and 150 µM TBAB (f), and in CHB-decalin (27.2 wt%) at 0 (g),
5 (h) and 150 µM TBAB (i). The dotted lines indicate the positions of the capillary walls.
The stationary planes are indicated with a black arrow for the few cases in which the location
could be determined. The DC electric field strengths were 3.6 (a), 2.9 (b), 3.0 (c), 3.0 (d),
2.9 (e), 2.9 (f), 2.7 (g), 3.3 (h) and 2.8 (i) V mm−1.
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Summary

In this thesis, the results are reported of experimental studies in which oil, water

and colloidal particles meet. Colloidal particles are particles that have at least one

characteristic length-scale in the range between a few nanometers (nm) and several

micrometers (µm). Because of this size limit, colloids are observable with microscopes.

Simultaneously, colloids show the same phase behavior as atoms or molecules because

of the Brownian motion that they perform, and hence because of the thermodynamic

temperature that is defined. As a result, colloidal dispersions can be used as model

systems to study fundamental questions in condensed matter physics. Moreover, be-

cause colloids are also encountered in many products ranging from foams, creams, gels

and films in the cosmetics, food and paint industries for example, there is significant

technological relevance too. Mixtures of oil and water, one finely dispersed in the other

(called emulsions), are also colloidal systems and have applications in for instance the

petroleum and detergent industries. Besides, emulsion droplets can also be used to

create solid shells; by using these droplets as templates for the growth of colloidal

capsules which encompass a liquid interior.

In Chapters 2-5 we focused on a templating technique in which monodisperse, micron-

sized oil droplets in water were used as a scaffold for the synthesis of capsules. We

highlighted the potential of the as formed capsules in encapsulation and release studies

as well as in self-assembly experiments in which these particles spontaneously formed

ordered arrangements. In Chapter 6, we described a different system based on non-

touching colloids. In this system, spherical, colloidal particles were fully immersed in

the oil phase yet adsorbed onto the oil-water interface as a result of a force balance.

Hence, although this thesis covers a broad variety of topics, ranging from emulsification,

colloidal synthesis, self-assembly and encapsulation, all reported experimental results

involved an interplay between oil, water and colloidal particles.

In Chapter 2a we first describe the synthesis of monodisperse oil droplets, with

diameters of at least 3 µm, and the subsequent encapsulation of these droplets by elastic

microcapsules. The template droplets were prepared by ammonia catalyzed hydrolysis

and condensation reactions of the monomer dimethyldiethoxysilane (DMDES), resulting

in monodisperse polydimethylsiloxane (PDMS) droplets via a nucleation and growth

process. The synthesis possesses two important characteristics. First, the DMDES
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reaction shows strong resemblance to the famous Stöber synthesis, in which monodis-

perse silica particles are generated from tetra-alkoxysilanes, usually tetraethoxysilane

(TES). Whereas ethanol is typically added to enable solubilization of TES during the

Stöber synthesis, a pure aqueous phase was used in the present system such that the

DMDES monomer was not fully dissolved. As a result, insoluble monomer droplets

were initially present. The surface area of the phase separated droplets determined

the hydrolysis speed and, via the ionized species that were formed, also controlled the

stability of the as-formed droplets. This resulted in a dependency of the synthesis

conditions on the surface area of the initial monomer droplets. Second, the PDMS

droplets that were formed were stabilized both by surface charges and by the short,

linear and surface active oligomers that were present in the heterogeneous PDMS

phase. In Chapter 2a, we showed that we developed various methods for the growth

of the PDMS oil droplets. One method entailed an efficient mixing method with a

Turrax homogeneizer such that the hydrolysis speed of the reaction was increased and

monodisperse droplets, larger than 3 µm in diameter, were obtained on a bulk (750 mL)

scale. In a second method, prehydrolyzed DMDES was used for droplet formation and

in a third method, a polydisperse emulsion was (re)shaken. Both methods resulted in

monodisperse droplets, indicating that readily hydrolyzed and condensed species can

speed up the nucleation rate and/or assist in the redistribution of dispersed material.

The fourth and final method entailed a seeded growth method in which oils, such

as DMDES and hydrocarbon oils, were found to swell the PDMDS droplets if their

solubility in water was higher than that of the seed droplets. This way, larger droplets

with mixed composition, and even loaded with oil-soluble dyes, were prepared. Finally,

it was shown that the as-formed droplets, typically ranging between 3 and 8 µm, could

be encapsulated by an elastic shell that was formed by cross-linking the PDMS with

TES. The PDMS core of these tetrasiloxane-cross-linked-polydimethylsiloxane (TC-

PDMS) capsules could be dissolved in ethanol. In addition to encapsulation studies,

these sub-10 µm capsules are also of interest for granular matter studies.

In Chapter 2b we reported that the nucleation and growth process of the PDMS

droplets was susceptible to contaminants that leaked out of specific styrene-butadiene

capliners. Monodisperse emulsion droplets could only be prepared under the reaction

conditions reported in Chapter 2b when the capliner contaminants were present. It was

possible to extract the pollutant from an aqueous phase that had been in contact with

the capliner, allowing characterization experiments on the material that beneficially

affected the monodispersity. Strong indications were found for some aspects of this

material, being most likely surface active in nature. However no experimental proof

could be given for its exact chemical composition, such that this chapter can only be
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seen as a warning concerning the use of disposable sample vials with inner liners when

preparing colloidal suspensions.

In Chapter 3 we highlighted the potential of the as formed capsules in encapsulation

and release studies. We efficiently filled the monodisperse TC-PDMS capsules with the

liquid surfactant IGEPAL CO-520 by dispersing ethanol filled capsules in an ethanol-

IGEPAL mixture. A new and efficient loading procedure was developed by evaporating

the alcohol phase such that the capsules became fully filled. The surfactant material was

sustained in the hydrophobic capsules when redispersing the surfactant filled particles

in water, most likely because of the poor water solubility of IGEPAL and the presence

of some (excess) surfactant in the continuous phase. However, in the vicinity of an oil-

water interface, the surfactant cargo was found to be spontaneously released, followed

by refilling of the cores with water. The driving force for this localized delivery was the

preferred partitioning of the surfactant over the oil-water interface, and the oil phase,

when compared to the aqueous phase. From a general perspective, the specific release

induced by such an asymmetric cargo distribution over two phases might therefore form

an additional and alternative delivery mechanism when compared to release driven

by stimuli-responsive changes in shell morphologies, which nowadays receive a lot of

attention. For release studies performed with a highly water soluble oil, it was found

that in addition to surfactant release and refilling of the core with water, an oil droplet

adsorbed at the outside of the capsule shells. As a result, the capsules did not only

show promise as surfactant delivery vehicles but also showed potential for the uptake

of oil, making them potentially of interest for enhanced oil recovery purposes.

In Chapter 4 we describe the potential of the TC-PDMS capsules in self-assembly

studies. Anisotropic, bowl-shaped colloids were obtained by a well-controlled buckling

process that was driven by the evaporation of oil from the capsule core by aging of

the aqueous capsule dispersions. In the presence of an AC electric field, these bowl-

shaped particles were found to align in strings, in which the concave bowls adapted

an alternating orientation. When mixed with complementary, convex, shaped colloidal

spheres, the bowl-shaped capsules were found to form lock-and-key composite particles

in time after applying an electric field, a phenomenon that was generalized to both silica

and polystyrene spheres. The capturing of spheres by the bowls required strings of at

least three particles, as indicated both during experiments and during theoretical studies

on the relevant inter-particle interactions, the latter being performed in a collaborative

study by Tropenz et al. When compared to depletion interactions, which can also

result in such lock-and-key assemblies, the additional advantage of the current system

is that the interactions were reversible and controllable on millisecond time-scales; the

assemblies were found to break apart directly after switching off the field. Besides, we
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showed that the force balance could also be tuned (by adding salt and varying the bowl

and sphere number ratio) such that even irreversibly bound composites were formed.

A viscosity step-gradient was used to successfully separate these irreversible assemblies

from the excess single components. We have therefore shown that this electric-field-

induced method did not only provide a new route for colloidal assembly, but also for

the synthesis of complex-shaped colloids with mixed composition.

In Chapter 5 we continued with the use of TC-PDMS capsules for (potential) self-

assembly studies. We showed that we were able to permanently preserve the shape of

the (partially) buckled and elastic TC-PDMS by the growth of an additional (thicker

and/or more rigid) shell. Two methods were used for this second shell growth. One

method was based on the use of prehydrolyzed organosilanes in an aqueous medium.

By using such an aqueous medium, the (adjustable amount of) oil in the capsule core

was preserved. The reactants were made water soluble by prehydrolysis such that

(significant) changes in the volume of the encapsulated core, and hence of the capsule

morphology, were prevented. After this organosilane coating, the configuration of the

(partially) buckled capsules was preserved even upon drying and solvent exchange.

Moreover, the permeability of the shells to dye molecules was reduced. The second

method entailed the growth of a conventional Stöber silica layer in an ethanol solution,

under the influence of ammonia. For the thin capsules used in this study (d/Rt<0.17,

with d the shell thickness and Rt the total particle radius), transfer to ethanol typically

results in complete buckling of the capsules upon dissolution of the oil core, resulting

in double-walled colloidal bowls. The shape of the flexible bowls was permanently

preserved after the growth of this additional Stöber silica layer. A subsequent surface

modification with a linear aliphatic C18 chain resulted in the formation of a plastic crys-

tal phase, or rotator phase, after the particles were transferred to a low polar medium

in which the colloids interacted via long-range repulsions. Overall, the experiments

described in this chapter indicated that the synthesis procedures generated particles not

only of interest for self-assembly studies, because of the preserved anisotropic shape,

but also for controlled encapsulation studies, because of the tunable permeability of the

shell.

Finally, in Chapter 6, we also investigated a system consisting of oil, water and

colloidal particles but we used spherical PMMA colloids instead of the TC-PDMS

capsules and we used the low polar solvent cyclohexyl bromide (CHB). It was already

reported in the literature that the PMMA particles, dispersed in CHB, were not found

to (significantly) wet the water phase when exposed to a CHB-water interface. However,

this truly non-contacting adsorption was only confirmed in the present study after it

was observed that the PMMA particles dislodged from the interface after the oil-soluble
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salt tetrabutylammonium bromide (TBAB) was added. This salt-induced dislodge-

ment could not be interpreted in terms of the conventional adsorption mechanism in

which particles are wetted by both water and oil, because any (partial) wetting of

the 2.8 µm sized colloids would result in irreversibly trapped colloids. Instead, an

alternative and novel adsorption mechanism was used to explain the observations: a

force balance between image charge attractions and van der Waals repulsions that keeps

the non− touching particles at a finite distance (<50 nm away) from the interface. We

showed that the salt-induced dislodgement was caused by a salt-induced particle charge

inversion, involving a point of zero charge at which the image charge attraction was

minimized, allowing the particles to detach by their thermal energy and any repulsive

forces. This salt effect was also generalized to emulsion droplets, and even enabled salt-

induced de-emulsification. As a result, these non-touching Pickering emulsions formed

an interesting alternative to stimuli-responsive Pickering emulsions, which have received

a considerable amount of interest because of their potential applications in oil recovery

and catalysis. Moreover, additional indications for the non-touching behavior were

obtained using cryo-Focused Ion Beam-Scanning Electron Microscopy (cryo-FIB-SEM)

tomography. The corresponding 3D surface reconstructions confirmed the presence of

an intervening oil layer between the particle surface and oil-water interface. Finally,

we emphasized in Chapter 6 that this non-touching behavior can be generalized to

other systems as long as particles are dispersed in a low polar phase (εoil>4) and the

overall trend in the dielectric constants meets εwater>εoil>εparticle, enabling respectively

spontaneous particle charging and repulsive van der Waals forces.
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Lieve lezer, wat leuk dat je de tijd neemt om iets meer te weten te komen over het

onderzoek beschreven in mijn proefschrift. In dit hoofdstuk zal ik uitleg geven over

de behaalde resultaten, en wellicht kan ik zelfs een beetje van mijn fascinatie voor dit

onderzoek met je delen.

Zoals de titel doet vermoeden, beschrijft dit proefschrift de resultaten van experi-

mentele studies waarin olie, water en collöıden samenkomen. Natuurlijk is iedereen

wel bekend met olie en water: twee vloeistoffen die typisch niet met elkaar willen

mengen. Ook al zijn collöıden wellicht minder bekend, toch tref je ook deze dagelijks

aan: bijvoorbeeld in de melk die je drinkt, de verf die je op de muur smeert, het

bloed dat door je aders stroomt en de tandpasta en crème die je dagelijks gebruikt.

Wat zijn collöıden dan precies? Collöıden zijn hele kleine deeltjes die als het ware

‘dwarrelen’ in een medium (ofwel een continue fase). Zowel de collöıden als de continue

fase kunnen bestaan uit een vloeistof, een gas of een vaste fase. Wat collöıden kenmerkt,

is dat ze een een afmeting hebben van enkele nanometers (nm) tot enkele micrometers

(µm). Om deze afmeting in perspectief te zetten, heb ik een foto gemaakt van mijn

eigen haar (ca. 60 µm dik) waarop (en waarnaast) enkele collöıden zijn te zien (zie

Fig. 1). De collöıden in Fig. 1 zijn ongeveer 3 µm (∼3000 nm) groot, waardoor er dus

ongeveer 20 naast elkaar passen op een enkele haar. Vaak gebruiken we naast de term

collöıden ook de generaliserende term ‘deeltjes’, maar besef dat collöıden veel groter

zijn dan ‘elementaire’ deeltjes (zoals bijvoorbeeld elektronen) en ook veel groter zijn

dan atomen en moleculen. Deze grotere afmeting heeft als voordeel dat we collöıden

tenminste kunnen observeren met verschillende soorten microscopen; vaak zijn ze zelfs

op een enkel deeltjes niveau goed waar te nemen in de tijd. Tegelijkertijd zijn collöıden

dan wel weer veel kleiner dan bijvoorbeeld zandkorrels (die zijn immers alweer met het

blote oog te zien). Zoals bekend zakken zandkorrels, in bijvoorbeeld een emmer water,

vrij snel naar de bodem; dit proces wordt sedimentatie genoemd. Doordat collöıden

kleiner zijn, en dus ook de zwaartekracht kleiner is, sedimenteren collöıden minder snel

naar de bodem; ze blijven dus langer in de oplossing ‘dwarrelen’ (ofwel, ze blijven

langer gedispergeerd). Naast de verminderde zwaartekracht is er nog een bijdrage die

de collöıden gedispergeerd houdt. De moleculen uit de continue fase botsen namelijk

constant tegen de collöıden aan. Nou gebeurt dat natuurlijk ook bij grotere deeltjes,
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Figuur 1. Een elektronenmicroscopische opname van een menselijke haar met daarop, en
ernaast, komvormige collöıden met een doorsnede van ca. 3 µm.

en zelfs bij ons mensen; immers de temperatuur die wij voelen op onze huid, is het

resultaat van botsingen van moleculen met ons lichaam (hoe hoger de temperatuur, hoe

hoger de gemiddelde snelheid van de moleculen). Echter, omdat wij mensen zo groot

zijn, zijn deze botsingen in alle richtingen typisch uitgemiddeld. Wanneer het oppervlak

daarentegen erg klein wordt, zoals bij collöıden, ontstaan er wel degelijk fluctuaties

in deze ‘botsingskracht’. Dit resulteert in de zogenaamde Brownse beweging, ookwel

dronkemanswandeling genoemd, aangezien de collöıden dus een random traject afleggen

als gevolg van deze continue reeks aan botsingen met de moleculen uit de omgeving.

Door deze eigenschap zijn de collöıden tevens een soort modelatoom (of modelmolecuul)

geworden, met het voordeel dat ze veel makkelijker zijn te observeren. Als het mogelijk

zou zijn geweest, had ik nu graag een filmpje opgenomen zodat een ieder met eigen

ogen (en hopelijk vol verwondering) deze spontane beweging zou kunnen observeren.

Realiseer je dat ook tijdens de eerste observaties (in 1827 door de botanicus Robert

Brown) vol verbazing naar deze beweging werd gekeken aangezien het in eerste instantie

een teken van leven suggereert. Immers; hoe kan het anders dat zelfs ‘dode’ materialen

zoals steen en glas - als ze maar fijn genoeg zijn vermalen - bewegen? Het was pas in

1905 dat (onder andere) Albert Einstein de verklaring op basis van deze botsingen met

moleculen verwoordde; erg revolutionair omdat het bestaan van moleculen toendertijd
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zelfs nog niet algemeen was geaccepteerd. Dit alles, en andere algemene concepten

worden in meer detail in hoofdstuk 1 gëıntroduceerd.

Tegenwoordig kunnen we collöıden in het laboratorium in een enorme verscheidenheid

aan vormen maken, ofwel synthetiseren: van ‘simpel’ rond, tot kubisch, staaf-vormig,

schijf-vormig en ga zo maar door. In dit proefschrift gaat het in hoofdstukken 2

t/m 5 om schilvormige deeltjes. Deze collöıdale schillen (ofwel capsules) kunnen we

gemakkelijk maken doordat we ze laten groeien op druppels die als mal (ofwel template)

fungeren. Het voordeel van het gebruik van druppels als mal, is dat ze vrij gemakkelijk

zijn op te lossen na de synthese van de schillen, waardoor je de inhoud van de schillen

kunt veranderen als ze eenmaal zijn gemaakt. Gebruik je bij het synthetiseren van de

schillen een mal van een vaste stof, dan moet je deze eerst wegbranden of oplossen met

agressieve oplosmiddelen, en dit komt de kwaliteit van de reeds gevormde schillen niet

ten goede. Echter, voor druppels geldt weer de moeilijkheid dat deze vaak sterk in

grootte variëren. Dat zal je wellicht ook zelf hebben gezien als je een mengsel van olie

en water schudt om een mengsel (emulsie) te vormen. Een sterk variërende grootte

(ookwel polydispers systeem genoemd), heeft als nadeel dat ook de diameters van de

uiteindelijke schillen zullen variëren. Dit is niet alleen onhandig voor verdere analyse

(voor fundamentele studies zijn monodisperse schillen gemakkelijker), maar ook voor

eventuele toepassingen aangezien de grootte van de schillen bijvoorbeeld bepaalt hoeveel

volume erin past. In hoofdstuk 2a worden speciale synthese methoden beschreven

waarmee monodisperse olie-druppels (in water) konden worden gesynthestiseerd met

een diameter van minimaal 3 µm. Dat deze druppels wél monodispers waren, komt

voort uit het feit dat ze werden gevormd via een nucleatie en groei methode. In een

dergelijk proces onstaan er eerst kernen (nuclei) die uit kunnen groeien tot volwaardig

druppels. Het is hierbij de uitdaging om de condities zó te tunen dat het nucleatieproces

van de druppels tegelijk op gang wordt gebracht en dat, wanneer eenmaal gevormd, deze

nuclei stabiel blijven en uit kunnen groeien tot monodisperse druppels. Gelukkig is het

na lang zoeken gelukt om verschillende methoden te ontwikkelen; niet alleen door de

condities van dit proces iets te variëren, maar ook door reeds bestaande druppels verder

te laten zwellen met (andere) oliën die relatief goed wateroplosbaar zijn. Vervolgens

hebben we schillen gegroeid op deze monodisperse druppels en deze schillen, tijdens de

groei, voorzien van een kleurstof waardoor ze naderhand nog beter te zien waren met een

microscoop. Het zal duidelijk zijn dat het druppelformatieproces wel gevoelig is voor

allerlei soorten interferenties. Dat bleek ook toen we onder bepaalde condities alleen

monodisperse druppels konden vormen wanneer we een bepaald dopje in aanraking

brachten met de oplossing. Uiteindelijk bleek er een ‘magisch middeltje’ uit de rubber

binnenkant van de dopjes te lekken, welke de nucleatie en groei van de druppels

dus positief bëınvloedde. Helaas is, zelfs na veel detective werk zoals beschreven in
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hoofdstuk 2b, nooit de precieze compositie van dit magisch middeltje gevonden. Maar

gelukkig hebben we in hoofdstuk 2a dus andere methoden beschreven die ook zonder

dit magische dopje werken.

In hoofdstuk 3 beschrijven we een mogelijke toepassing van de collöıdale schillen. We

hebben namelijk laten zien dat we de schillen, na oplossen van de originele template

druppels, gemakkelijk konden vullen met een vloeibare zeep. De efficiëntie van deze

vulmethode is gebaseerd op het feit dat we de continue fase verdampten waardoor de

schillen enkel nog omgeven waren door het vloeibare zeep. Typisch werden schillen tot

nu toe gevuld zonder deze verdampingsstap, waardoor het systeem veel meer verdund

bleef en de maximale efficiëntie veel lager lag. In het onderzoek liet ik verder zien dat

we de gevulde schillen konden re-dispergeren in water, waarbij de inhoud behouden

bleef, maar dat de zeep spontaan vrijkwam uit de schillen in de nabijheid van een olie-

water grensvlak. We verklaarden deze spontane delivery doordat de gebruikte zeep

liever vrijkomt (zich partitioneert) op een olie-water grensvlak, en in de olie, dan in

de water fase. We zagen dat de schillen zich hervulden met water nadat ze de zeep

hadden afgegeven en dat, voor een olie die (relatief) goed oplosbaar was in water, er

zelfs olie-druppels nucleërden op de schilwand. De potentie van deze schillen om als

collöıdale zeepdispensers te werken, en olie te kunnen opnemen, in de nabijheid van

een olie-fase, is mogelijk interessant voor de olie-industrie. Immers, vaak kan maar een

klein deel (ca. 30%) van de ruwe olie uit de grond worden gewonnen en zou - net als

tijdens het doen van de afwas - zeep kunnen helpen om de mengbaarheid (en daarmee

de opbrengst) van de olie te vergroten. Een collöıdale zeepdispensers kan in zo’n situatie

voorkomen dat er veel kostbare zeep tijdens de oliewinning weglekt en/of op ongewenste

plekken adsorbeert omdat het zeep pas vrijkomt in de aanwezigheid van een olie-water

grensvlak.

In hoofdstukken 4 en 5 beschreven we onderzoek dat is gedaan met de collöıdale

schillen terwijl ze een ‘ingeklapte’ vorm aannamen en daadoor kom- of lensvormig

werden. Deze vorm is op verschillende manieren te verkrijgen. Eén manier, waarmee

we een (steeds groter wordend) kuiltje in de initieel bol-vormige schil konden maken,

is door de schillen in water te houden en langzaam de hoeveelheid olie (binnenin de

schillen) te verkleinen; bijvoorbeeld doordat de olie langzaam verdampt in de tijd. Net

als bij een waterballon, waarin de hoeveelheid vloeistof de schilvorm bepaalt, kan ook

voor onze elastische schillen de hoeveelheid olie in de binnenkant van de schil de vorm

bepalen. Een andere, meer rigoureuze manier, was door de gehele oliedruppel op te

lossen in ethanol. Voor schillen die dik genoeg zijn, blijft de ronde vorm behouden en

vult de kern van de schil zich met ethanol. Voor erg dunne schillen, zorgt het oplossen
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van de oliedruppel ervoor dat de schil in zijn geheel inklapt en zo een (dubbel-wandig)

komvormig deeltje wordt verkregen.

In hoofdstuk 4 lieten we zien dat zulke komvormige collöıden, samen met collöıdale

bollen, konden resulteren in intrigerende ‘lock-and-key’ interacties (ofwel pen-en-gat

verbindingen) wanneer ze werden blootgesteld aan een elektrisch veld. Als gevolg van

de gëınduceerde polarisaties door dit veld, ontstonden lange ketens van deze gemengde

deeltjes; redelijk vergelijkbaar met hoe magneten oplijnen in een magnetisch veld bij-

voorbeeld. Het bleek, zowel uit experimenten als (in samenwerking uitgevoerde) theo-

retische studies, dat het gunstig werd voor de komvormige collöıden om een bol te

vangen wanneer de ketens bestonden uit minstens 3 deeltjes. Zo vormden de collöıdale

kommen als het ware een ‘collöıdale pacman’. Wanneer het elektrisch veld werd uitgezet,

vielen deze composieten weer uit elkaar. Kortom, het veld vormde dus een mooie - en

tevens snelle - manier om reversibele ‘lock-and-key’ interacties tussen de complementair

gevormde kommen en bollen te vormen (zelfs voor verschillende materialen). Ook in de

natuur worden complementaire vormen gebruikt ter herkenning en om objecten samen

te binden. Dit is bijvoorbeeld het geval bij een enzym waar de active site en het

substraat vaak een complementaire vorm hebben. Voorheen is één andere studie in de

literatuur beschreven over dergelijke ‘lock-and-key’ interacties tussen complementair

gevormde kommen en bollen, echter was deze gebaseerd op een depletie interactie

i.p.v. op een elektrisch veld gëınduceerde polarisatie. Voor een depletie interactie

moet je een derde type deeltje (component 3) toevoegen aan het bestaande mengsel

van kommen en bollen. Nou kun je je afvragen hoe deze toevoeging ervoor kan zorgen

dat kommen en bollen wel opeens een pacman-composiet gaan vormen? Hiervoor is

het handig om te kijken naar de tafels, en de mensen, zoals opgesteld in bijvoorbeeld

een restaurant (een mooie analogie die ik ooit heb gehoord van een bekende professor

uit Cambridge). Is de concentratie mensen laag, dan zijn de tafeltjes (met mensen

er omheen) verspreid over de gehele ruimte. Wordt het een stuk drukker - zoals

bijvoorbeeld tijdens een buffet - dan worden automatisch de tafels tegen de muur

gedrukt, omdat dit de bewegingsvrijheid van de mensen ten goede komt. Besef dat

ook collöıden, door de bovengenoemde Brownse beweging, constant in beweging zijn.

Het kan dus, bij voldoende hoge concentraties van component 3, gunstig worden dat de

kommen en bollen in elkaar gaan zitten, zodat er meer ruimte overblijft voor component

3 om te bewegen. Nu is ook voor te stellen dat, op basis van de depletie interactie, de

gevormde composieten alleen reversibel zijn te maken door met het ingenome volume

van component 3 te spelen (bijvoorbeeld door de concentratie te verkleinen). Kortom,

de elektrisch veld gëınduceerde interactie had t.o.v. de depletie interactie dus het

voordeel dat wij nu snel, en van buitenaf, zonder met de deeltjesconcentraties te spelen,

de interacties reversibel aan en uit konden zetten met behulp van een elektrisch veld.
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Bovendien, wellicht nog wel interessanter, konden we de interacties zo sterk maken dat

de deeltjes in de composieten ook blijvend aan elkaar bleven plakken; zo bleven de

composieten (als nieuw deeltjes type) zelfs na uitzetten van het veld behouden. We

hebben laten zien dat we deze irreversibele composieten zelfs konden opzuiveren uit het

(overgebleven) mengsel van losse kommen en bollen.

In hoofdstuk 5 probeerden we de variërende vormen van de komvormige schillen

permanent in te vriezen. De flexibiliteit van de elastische schillen heeft als voordeel

dat je de vorm kunt instellen; van rond, naar rond met een kuiltje en naar volledig

lens/komvormig. Idealiter wil je natuurlijk dat, eenmaal ingesteld, deze vorm blijft

behouden, en deze niet meer verandert doordat er bijvoorbeeld nog meer olie uit de

binnenkant verdampt of dat de elastische schillen zelf bij contact vervormen. Zoals hier-

boven aangegeven, kunnen komvormige deeltjes gebruikt worden voor zelforganisatie

studies waarbij spontaan structuren ontstaan in een (initieel) chaotisch systeem. Terwijl

bolvormige collöıden bijvoorbeeld structuren vormen die lijken op de ordening van

sinaasappels bij een geordende marktkoopman, zullen de komvormige deeltjes stacks (en

kristallen) kunnen vormen die lijken op de ordening van de soepkommen of theekopjes

in een keukenkastje. Momenteel wordt er veel onderzoek gedaan naar hoe de vorm

van een collöıd de structuur van het kristal kan dicteren. Door met enkel de vorm

(en nog niet eens met het materiaal-type) te spelen, kun je bijvoorbeeld niet alleen de

dichtheid veranderen van de gevormde structuur, maar zelfs ook de verstrooiing van het

licht of de stroming van elektriciteit manipuleren. Gecombineerd met (spontane) zelf-

organisatie ligt hier veel potentie voor veelbelovende optische, elektrische en chemische

toepassingen. In het licht van deze grotere context, hebben we twee verschillende

methoden ontwikkeld waarbij we de vorm van de flexibele, komvormige colloiden konden

invriezen door de aangroei van een extra (dikkere en/of stevigere) schil. Eén methode

vond plaats in water, waardoor de (aanpasbare hoeveelheid) olie binnenin de schil

kon worden behouden. Hiervoor was het nodig dat de chemicaliën, die de extra schil

vormden, water oplosbaar waren zodat ze bijvoorbeeld niet werden opgenomen binnenin

de schil (immers zou hierdoor de schilvorm veranderen). Na groei van deze extra schil

bleek niet alleen de komvorm behouden te blijven (zelfs bij drogen, zie bijvoorbeeld

de deeltjes in Fig. 1), maar tevens dat de permeabiliteit (ofwel de mate waarin andere

stoffen door de schil werden gelaten) was verminderd. Kortom: zo’n schilgroei is niet

alleen interessant om de vorm vast te zetten, maar wellicht ook om chemicaliën voor

langere tijd in de schil te vangen. De tweede methode vond plaats in ethanol, met hele

dunne schillen die volledig waren ingeklapt tot een lensvorm. Ook hier werd deze vorm

permanent behouden na de tweede schilgroei en kon, na overbrengen van de deeltjes

in een ander medium, zelfs een plastisch kristal worden verkregen. In een dergelijke

structuur bevinden de deeltjes zich in een geordend (kristal-) rooster maar, omdat de
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onderlinge afstoting de collöıden genoeg bewegingsvrijheid geeft, kunnen ze nog wel vrij

roteren op de vaste roosterpunten.

Tot slot, in hoofdstuk 6, hebben we eigenlijk naar een totaal ander systeem gekeken,

al kwamen ook hier weer olie, water en collöıden samen. Zoals aangegeven, mengen

olie en water niet; dit zie je bijvoorbeeld als je de afwas doet zonder sop. Echter,

voeg je nu zeep toe, dan zullen de twee vloeistoffen wel mengen. Dit komt omdat

zeepmoleculen deels bestaan uit een stuk dat van water houdt, en deels bestaan uit een

stuk dat van olie houdt. Hierdoor vindt zeep het fijn om op het grensvlak van de twee

fasen te zitten, waardoor olie en water wél kunnen gaan mengen (een emulsie vormen).

Net als zeep kunnen ook collöıden ervoor zorgen dat olie en water kunnen mengen.

Hierbij ontstaan zogenaamde Pickering emulsies. In dit geval zijn het de collöıden die,

wanneer ze zowel van olie als van water houden, op het grensvlak tussen de twee fases

gaan zitten. Je kunt je voorstellen dat elke keer dat een collöıd hier plaatsneemt, het als

het ware een stukje grensvlak ‘weghapt’; immers op die plek is het contact tussen olie en

water verdwenen. Dit laatste is zo gunstig dat, wanneer eenmaal geadsorbeerd op het

grensvlak, deze collöıden dus eigenlijk helemaal niet meer loskomen; ze zitten permanent

vast. Voor sommige toepassingen, bijvoorbeeld in de voedselindustrie, is zo’n grote

stabiliteit erg belangrijk omdat ook de emulsies zeer stabiel zijn. Echter, in bijvoorbeeld

oliewinning en heterogene katalyse is juist een tijdelijke (gecontroleerde) stabiliteit

wenselijk. Bijvoorbeeld, de olie opbrengst kan worden vergroot door toevoegen van

collöıden die olie laten mengen met het water dat in de grond wordt gepompt. Echter,

omdat een auto niet op een emulsie, maar op pure olie rijdt, is het ook belangrijk dat

de emulsie weer is op te breken. Gerelateerd hierhaan hebben wij met toeval, maar

na hard werken, een zeer interessante en nieuwe bevinding gedaan. Wij gebruikten

voor dit onderzoek een collöıdaal systeem dat eerder al was onderzocht in onze groep,

bestaande uit een (speciale) olie, water en ronde collöıden. In dit systeem leek het er

eerder al op dat de collöıden, vastgeplakt aan het olie-water grensvlak, bijna niet in

de water, maar volledig in de olie fase, zaten. We observeerden iets verrassends toen

we aan dit systeem een olie-oplosbaar zout toevoegden; de collöıdale deeltjes kwamen

namelijk spontaan los van het grensvlak. Omdat normaliter de grensvlakadsorptie

van de collöıden dusdanig groot is, konden we deze observatie niet verklaren met het

conventionele plaatje waarbij een collöıd door het grensvlak heen steekt. Gelukkig was

er al een theoretische studie beschreven, waarin een ander mechanisme werd geopperd;

een mechanisme waarbij de collöıden niet door het grensvlak heen steken, maar vanuit

de olie tegen het grensvlak aanplakken zonder daarbij de waterfase te raken. Deze zoge-

naamde non-touching deeltjes zijn geladen en worden alleen aan het grensvlak gebonden

door een elektrostatische aantrekking (elektrostatische attractie) tussen het deeltje en de

waterfase (de zogenaamde spiegellading). Een andere, afstotende (repulsieve), kracht
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(de van der Waals repulsie) zorgt er vervolgens voor dat deze deeltjes op een vaste

afstand van het grensvlak worden gehouden, en voorkomt hiermee dat de deeltjes

alsnog door het grensvlak heen steken. We hebben met systematische studies kunnen

aantonen dat toevoegen van het olie-oplosbare zout ervoor zorgt dat de lading van de

deeltjes omslaat; ze zijn eerst positief geladen en worden vervolgens negatief geladen

via een tussenliggend punt waarop de deeltjes nog amper geladen zijn. Op het moment

dat de lading nihil is, zal ook de elektrostatische spiegellading, en dus de attractie

minimaal zijn, waardoor de deeltjes als gevolg van de repulsieve krachten en Brownse

beweging kunnen loskomen. Het interessante van deze zout-gëınduceerde (triggered)

desorptie was dat het niet alleen werkte voor een macroscopisch grensvlak, maar ook

voor de microscopisch kleine grensvlakken van emulsie-druppels. Zelfs dusdanig dat

we initieel stabiele emulsies konden destabilizeren na toevoegen van het zout omdat

de deeltjes loskwamen van het grensvlak; iets dat dus voor mogelijke toepassingen -

zoals voor de bovengenoemde oliewinning - zeer interessant is. Bovendien hebben we

het non-touching gedrag ook met een speciale microscoop in beeld kunnen brengen.

Dit was een uitdaging, omdat de theoretisch voorspelde afstand tussen het oppervlak

van de collöıden en het grensvlak zeer klein is: minder dan 50 nm (realiseer je dat een

gemiddelde nagel van een mens ca. 1 nm per seconde groeit om een schatting te krijgen

voor deze afstand). Voor deze meting hadden we de emulsiedruppels, met de deeltjes

eraan, ingevroren en er - steeds na het afslijpen van een dun plakje - een foto van

gemaakt met een elektronenmicroscoop. Vervolgens kregen we via de plaatjes, en de

bijbehorende reconstructies, inderdaad verdere bevestiging voor dit nieuwe adsorptie

mechanisme. Tot slot beschreven we in hoofdstuk 6 de algemene condities waaraan

moet worden voldaan om zo’n non-touching adsorptie te bewerkstelligen, omdat we

geloven in de generalisatie van onze resultaten naar andere systemen.
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gelukt. Matthijs, dank dat je hier tijd voor wilde vrijmaken ondanks je eigen promotie-

drukte en het feit dat experimenten vaak pas na 17 uur interessant werden. Ook Hans



Dankwoord 177

Meeldijk en Yang Liu; thank you for your help and useful discussions. Dan wil ik ook

het ‘detective-team’ bedanken dat mij bijstond bij het (proberen te) achterhalen van

de ‘magic cap’ vervuilingen. Dank voor jullie hulp en inzet, Esther van Duijn, Mirjam

Damen en Reinout Raijmakers (Bijvoet Center for Biomolecular Research) en Robin

Jastrzebski (Anorganische Chemie en Katalyse).

My former officemates (OL172), including Bing Liu, Thijs Besseling, Marlous Kamp

and Somil Gupta, and my current officemates (OL012), including Jessi van der Hoeven

en Wessel Vlug, are highly acknowledged for the great, and fruitful, working atmos-

phere and valuable discussions. Wessel, jou wil ik, naast de gezellige en inhoudelijke

gesprekken, ook expliciet danken voor je heerlijke baksels en het proeflezen van dit

dankwoord. In addition to the people already mentioned, I also acknowledge the

following (former) group members for help in the lab, help during data interpretation

and analysis, feedback on written work and/or supplying me with particles. So thank
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Kristina Milinković, Chanming Fang, Weikai Qi, Ran Ni, Siddarth Paliwal and anyone

I may have missed.

Within the Debye Institute there are many opportunities to share information with

each other. In this context I want to thank my fellow board members in the Debye AiO

Committee (DAC). I also acknowledge my colleagues from the Biophysics group for nice

conversations and useful discussions, and explicitly want to thank Hoa Truong, Jantina

Fokkema, Dave van den Heuvel (dank voor de Alexa-488 dye), Sasha Agronskaia, Gerard

Blab, Tim van Werkhoven en Helene Knaus. Helene, fijn dat we de PhD-perikelen (en nu

de banenjacht) met elkaar konden delen, en dank voor gezellige etentjes, thee-momenten

en yoga sessies. Tim, ook jij bedankt voor de gezelligheid en gezamenlijke racefiets-

tochten. Ook (oud-)leden van de Fysische en Collöıd Chemie groep wil ik hartelijk
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