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1  Introduction 

 

In this chapter, we give a brief introduction to the work described in this thesis. We start 
with a general description of colloids, followed by an overview of recent developments in 
the synthesis of patchy particles with orthogonal functionality. This is continued by a 
discussion of Janus particles at the liquid-liquid interface for self-assembly or as active 
particles. At the end of this chapter, we give an outline of the topics that are presented in 
each chapter of this thesis. 

 
  



   

2   

Colloids 
 

Colloidal particles are defined as objects with at least one dimension in the size range of 
approximately a few nanometers to a few micrometers1,2. These colloids are much larger 
than the surrounding medium molecules, but much smaller than macroscopic objects. 
Colloidal systems are ubiquitous and can be found in our daily life. For instance, colloids 
occur naturally as water droplets dispersed in air resulting in clouds, as fat globules 
dispersed in water in milk, or as solid spheres forming polycrystalline colloidal structures 
in beautiful opals1. Manmade colloidal systems include ice cream1 (oil droplets in water 
stabilized by emulsifiers) and grease lubricant3 (thickener or gellant soap dispersed in the 
oil).  

Although colloids are much larger than atoms and molecules, they exhibit thermal or 
Brownian motion. Brownian motion is the random motion of a suspended particle and the 
randomness of the motion is caused by collisions with solvent molecules. As a 
consequence, colloid assembly is governed by the same thermodynamics that yield 
equilibrium structures in systems of atoms and molecules, although on a much larger time 
scale4–9. Moreover, colloidal particles are sufficiently large and slow that colloidal motion 
occurs on the time scale of seconds and length scale of micrometers, and can thus be 
visualized using microscopes10. Hence, the analogy between colloids and molecules 
implied by statistical thermodynamics is applied to bridge the gap between atomic and 
molecular world to structured materials. For example, colloids are excellent models for 
atomic systems enabling experiments on phenomena such as crystallization, melting, and 
the influence of the range of intraparticle force on phase behavior11–13.  

Colloids have been used for bottom-up self-assembly towards structured materials with 
predetermined arrangement of particles14–21. To date, a variety of uniform anisotropic 
shapes have been prepared by chemical synthesis and used for assembly into well-defined 
structures, such as snowman22,23, rods24,25, cubes26,27 and polyhedral28,29. Adding shape and 
interaction anisotropy to colloids further extends the possible assemblies as those 
structures at the molecular level, such as DNA and graphene. Colloids featuring decorated 
surface with attractive patches (patchy particles) act as promising bricks to assemble into 
complex hierarchical architectures in a controllable and predictable way30. For example, 
particles with bound ligands or anisotropic particles with attractive and deformable 
surface may serve as programmable building blocks to assemble into double-helix 
chains31 and virus shaped capsules32 respectively.  
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Janus spheres  
The simplest example of colloid with surface anisotropy is a colloid having two 
hemispheres with distinct properties. The two halves of the particle may differ in 
electrical, chemical and/or physical properties. Such particles are commonly referred to as 
patchy or Janus spheres. Janus spheres can be used to assemble into new (periodic) 
superstructures with novel and potentially innovative optical, electronic and mechanical 
properties14,15,33; furthermore, these types of particles are increasingly being used to study 
self-propulsion34,35, stabilization of emulsions,36 and have recently been applied in tandem 
catalysis37,38. 

Numerous methods have been developed to generate chemically anisotropic Janus 
particles with high uniformity. For example, colloidal lithography is a well investigated 
technique for fabricating functional colloids with high controllability.15,39–41 Microfluidic 
fabrication also shows great potential in preparation of biphasic Janus particles42,43. 
Moreover, combining electrohydrodynamic co-jetting with synthetic polymer chemistry 
has been demonstrated effective and reliable approach to prepare patchy particles with 
two and three chemically orthogonal patches.44–46 Despite their advantages in fabrication 
and modification of uniform patchy spheres, both techniques are still limited by scale-up 
issues as well as sufficient size and shape selectivity. 

Seeded dispersion polymerization is one of the most broadly applicable methods for the 
preparation of functional particles in a scale manner. In a typical seeded polymerization, a 
targeted monomer is polymerized in the presence of the seeded spheres prepared in 
advance. A variety of morphologies of the resultant particles, such as core-shell, 
raspberry-shaped, acorn-like and hollow particles could be prepared depending on the 
interplay of thermodynamic and kinetic factors47–49. Recently, modified dispersion-based 
synthetic strategies was frequently pursued to prepare large quantities of uniform Janus 
spheres.36,50–52 After swelling seeds with a second monomer, taking advantage of the 
appreciate immiscibility between the newly polymerized domain and the polystyrene 
seeds, the resulting particles feature two discrete patches.  

Generally, the seed particles are polystyrene, which is inert to general chemical 
modification. Hence the resultant Janus particles feature only one functional patch. In 
principle, patchy particles with two functional patches can be prepared via a two-step 
seeded dispersion polymerization. First, by swelling the polystyrene spheres with a 
functional monomer, particles featuring core-shell structure could be prepared based on 
thermodynamic control. Then by repeating the swelling-polymerization process with a 
target functional monomer to allow the newly formed region to phase separate from the 
core-shell seeds, Janus spheres with two distinct regions covered by functional groups for 
orthogonal modification could be achieved. In Chapter 2 of this thesis, we introduce a 



   

4   

scalable synthesis approach toward Janus spheres with orthogonal functionality and 
tunable patch ratio using a two-step seeded dispersion polymerization. 	

Colloidal molecules 
In comparison with Janus spheres, colloidal clusters consisting of functional spherical 
particles offer not only directional interaction, but also diffusion, intriguing packing states 
and diversified phase behaviors53. Taking into account that spherical colloids can be 
treated as if they were atoms and that molecules can form more complex constructs than 
atoms, this class of patchy anisotropic particles has been defined as ‘colloidal molecules’53 
(Figure 1.1). These colloidal clusters with well-defined configuration broaden the range of 
colloidal analogs and shed light on fundamental condensed matter issues. For example, 
snowman shaped particles have been used to assemble into colloidal cluster24,56, (chiral) 
colloidal chains55,56, ordered 2D arrays or fully periodic 3D lattices57,58, the latter being 
particularly useful for their high potential in optical and electrical applications. Colloidal 
molecules can also serve as colloidal surfactants to stabilize Pickering emulsions59,60 or as 
catalyst carrier for tandem catalysis at the liquid-liquid interface61. More complex 
colloidal molecules in the shape of dumbbell, triangle or tetrahedron which carry 
functional groups for specific binding can be used to assemble into more delicate 
structures9,62–64. 
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Various strategies for the synthesis of colloidal particles with anisotropic shapes have 
been improved remarkably in the past decades, such as microfluidics, biomolecule-
assisted self-assembly and controlled clustering etc. 8,30,53,65–68. Yet, fabricating colloidal 
molecules in a scalable manner with control over size, shape, composition and surface 
properties is still a challenge. Notably, two general methods have been frequently used to 
prepare colloidal molecules in a scalable manner. As previously mentioned, seed 
dispersion polymerization can be used to prepare structured colloids and it has been 
demonstrated to be an efficient approach to prepare anisotropic particles such as 
snowman70–72, trimers72–74. This method was developed by Sheu et al.69 based on a 
swelling-polymerization procedure. By swelling cross-linked seed particles with a 
monomer (mixture) followed by a heating step, elastic stress build-up expels the excess 

Figure 1.1. Schematic representation of colloidal spheres, colloidal molecules and 
assembled structures. Colloidal molecules consist of several species of colloidal 
spheres tightly bound together. In this thesis, we focus on particles with anisotropic 
functionality (patchy spheres and colloidal molecules on the right). 
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monomer to phase separate in the form of a protrusion which can be polymerized. The 
resulting asymmetric particles can be viewed as partially penetrating spheres of different 
sizes.  

Another intriguing approach is seed mediated heterogenous nucleation which has been 
highlighted to be an efficient strategy for synthesizing anisotropic particles75–81. After a 
desirable chemical reaction triggered to produce precursor molecules, the newly formed 
materials condense on the surface of seed particles leading to the formation of well-
designed hybrid structures. The geometry of the resulting particle mainly depends upon 
the interfacial reaction between the seeds and the growing materials82. The morphologies 
and the sizes of these hybrid nanoparticles can also be tuned by controlling the reaction 
kinetics of hydrolysis and condensation of new material78. This fundamental property 
allows for preparation of colloidal molecules with continuously tunable size ratio, which 
is very beneficial in understanding the impact of colloidal shape on the self-assembly 
process and the resultant superstructures.  

The number, size and location of the patches on the anisotropic particles have been 
extensively investigated and a number of colloidal molecules have been successfully 
developed. However, the resulting particles prepared by current techniques generally 
feature one functional lobe and colloidal molecules with orthogonal functional patches are 
still elusive. A promising synthetic strategy is to combine the seed dispersion 
polymerization and the seed mediated heterogeneous nucleation to prepare anisotropic 
particles with orthogonally functional lobes (Chapter 3).  

Janus particles at liquid-liquid interfaces 
As a result of the ability to be adsorbed spontaneously at fluid-fluid interfaces thereby 
modifying the interfacial energy, rheology, and permeability, colloids are of high interest 
for applications at the interfaces. The adsorption of a solid particle at the fluid-fluid 
interface is driven by the reduction in the interfacial energy of the three-phase system. The 
decrease in free energy accompanying particle adsorption, ∆𝐸 = −𝛾&𝜋𝑎)(1 − cos 𝜃)), 
depends on the oil-water surface tension 𝛾& , the particle radius 𝑎, and the three-phase 
contact angle 𝜃.	 The total adsorption energy ranges from hundreds to millions of times 
the thermal energy for nanometer to micrometer-sized particles.83 Colloids at liquid 
interfaces deals with a wide range of issues relevant to the stabilization of emulsions and 
foams, and to the development of new materials such as bijels and capsules59,84,85. 
However, the behavior of colloids at an interface is often very different from that in bulk. 
Even though a particle at an interface can still experience the forces as in bulk (for 
instance, electrostatic interactions for charged particles, or hydrodynamic interactions), 
their range and magnitude are strongly affected by the presence of the interface. The main 



Chapter 1: Introduction 

7 

reason is that the properties of the environment around the adsorbed particle are not 
uniform anymore and change vastly when the particle crosses the interface from one 
phase to the other.  

The configuration of adsorbed particles at the interface could influence their interactions 
and their packing behavior. Therefore, a clear understanding of the interaction between 
colloidal particles at fluid interfaces is crucial. On the one hand, Pieranski86 reported that 
homogeneous particles show long-range repulsion, characterized by the formation of a 
hexagonal array of particles with a large interparticle spacing. On the other hand, 
anisotropic shape, chemical heterogeneity or surface roughness of particles can lead to 
undulating three phase contact lines around particles trapped at the fluid interface87 
(Figure 1.2). This undulating contact line causes lateral capillary interaction. 

Self-assembly of Janus dumbbells at the interface 
The undulating contact lines around the adsorbed particles at interfaces induces attraction 
between neighbouring particles. This is because the interface deformations around 
particles cause excess surface area that can be reduced if the particles move closer each 
other to loser the total interfacial area88. Notably, the capillary forces derived from the 
interactions between menisci are attractive for positive to positive or negative to negative 
(Figure 1.2a). Otherwise a positive meniscus is repelled by a negative meniscus (Figure 
1.2b). Such interaction can be used to direct and assemble particles with remarkably 
control over orientation and structure89.  
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To date, most studies of colloids at the interface have been limited to spherical particles or 
particles with homogeneous shapes, such as rods, ellipsoids and cylinders, which is 
mainly caused by the convenient preparation methods of these particles. More 
importantly, such particles feature the uniformity in size and shape, and smooth surface to 
avoid roughness induced capillary force. Roughness on the particle can excite undulations 
that may lead to random aggregates. Ellipsoidal and cylindrical microparticles have been 
demonstrated to create a distortion with quadrupolar symmetry at the interface90,91. 
Furthermore, the order of magnitude of capillary interactions between micron- or 
submicron sized particles is usually so large that these particles generally assemble into 

Figure 1.2. At the interface adsorbed charged particles experience two forces: lateral 
capillary forces (𝑭capillary) due to the overlap of interfacial deformations created by 
the separate particles; and dipole-dipole repulsion (𝑭𝒅𝒊𝒑𝒐𝒍𝒆) from surface charge 
groups. The capillary forces derived from the interactions between menisci have two 
modes: (a) positive meniscus (the convex interface around the green sphere) is 
attracted to a positive meniscus, while (b) a positive meniscus is repelled by a 
negative meniscus (the concave interface around the grey sphere). 
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kinetically trapped configurations, which can evolve with time. For example, at relatively 
small surface coverage, ellipsoids at the water–oil interface have been observed to 
assemble into both tip-to-tip (polystyrene ellipsoids) and side-to-side (silica-coated 
polystyrene ellipsoids)88 configurations due to the quadrupolar mode.92 However, for 
particles with well-designed property, hexapolar capillary interactions could be induced 
assembling the colloids into more complex strucutures93. For example, Soligno et al. 
computationally predicted that cubic colloids can self-assemble into 2D hexagonal and 
honeycomb lattices via hexapolar capillary interactions94. In Chapter 5, we systematically 
study the hexapolar capillary force induced by Janus dumbbells at the interface with 
experimental and numerical methods.  

Active patchy spheres at the interface 
Colloidal particles can not only undergo Brownian motion, but also act as active particle 
moving actively by gaining kinetic energy from the environment95 when, for example, 
they are half coated with a catalyst layer. For example, colloids with the ability to obtain 
mechanical energy from an in situ chemical ‘‘fuel’’ provides an alternative to external 
power sources (e.g., electric or magnetic)96. The active colloids move up a fuel gradient 
through catalysis which takes place at the particle surface. For instance, micrometer sized 
silica or polystyrene spheres half coated with a platinum layer show active motion 
powered by the catalytic hydrolysis of hydrogen peroxide, and the velocity of the 
propelled nanorods are comparable to those of flagellar bacteria. This class of active 
colloids that propel themselves through aqueous media by generating local gradients of 
concentration and electrical potential via surface reactions is called phoretic self-
propulsion97. Such phoretic swimmers rely on asymmetries in the particle shape or surface 
chemistry to direct linear and/or rotation motions through viscous fluid, thereby patchy 
particles are suitable as active particles. 

Taking advantage of the unique characteristics and capabilities, active particles enable 
new applications, such as transporting cargos98,99, degrading water contaminants100 and as 
models to investigate the collective motion of self-propelled agents101. However, such 
application is always accompanied by challenges between the active particles and the 
environment to accurately steer self-propelled particles. For example, catalytic 
nanomotors needs accurate spatial control for real application102. 

So far, walls and microchannels as two effective tools to guide the self-propelling are 
widely investigated103,104. There is much less research on the topics of active particles at 
even stronger confinement condition, for example liquid-air or liquid-liquid interfaces. 
Several new types of activities have been observed experimentally at liquid-air interfaces 
and liquid crystal interfaces.105–108. However, if the active particles are trapped at and 
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confined to liquid–fluid interfaces their motion can be strongly affected by this (quasi) 
two-dimensional (2D) confinement, therefore the exploit active particles trapped at liquid-
liquid interfaces remains an intriguing and important open problem. 

Another important and inevitable issue that is crucial for self-propelling particle is how 
the active particles interact with obstacles. Previous work showed that active particles take 
various behaviour when they encounter different obstacles. For example, Takagi et al. 
showed that self-propelled Au-Pt rods can be captured and orbit closely around solid 
passive spheres resting on a solid substrate109. Dietrich et al. demonstrated that trapped 
self-phoretic active particles in two-dimensional loosely packed colloidal crystals at fluid 
interfaces undergo two types of different motion: the active particles either walk 
throughout the crystal as an interstitial or act as part of the lattice and behave as active 
atoms.110 These findings are important not only to the application for microswimmers as 
cargo transport or degradation of contaminants, but also shed light on theoretical work 
such as how self-propelled constituents affect even denser structures, e.g., crystals or 
glasses. In Chapter 6, we investigate how active Janus spheres behave at a two-
dimensional liquid-liquid interface with hexagonal polystyrene lattice as obstacles. 

Outline of the thesis  
This thesis is organized in two parts. In the Part 1, consisting of Chapter 2-4, we focus 
on the synthesis of patchy particles with orthogonal functionality and with anisotropic 
shapes. First, we develop a new approach based on a modified two-step seeded dispersion 
polymerization to prepare patchy spheres with orthogonal patches. The resulting particles 
feature tunable patch ratio, and chemically orthogonal handles for further chemical 
modification (Chapter 2). Next, we extend the patchy particles to anisotropic shape. In 
Chapter 3 we report a general route towards anisotropic patchy particles by combining 
seeded dispersion polymerization and seed mediated heterogeneous nucleation. By 
varying the hydrophobicity of the seeds, we could achieve anisotropic particle with the 
shape of snowman, dumbbells and trimers etc. (Chapter 3). Then our attention turns 
towards another type of colloids, dimpled particles. We present a facile method to prepare 
dimpled particles using seeded dispersion polymerization and propose a new mechanism 
to prepare dumbbell shaped particles with a transition from solid dumbbells to dumbbells 
with a cavity at the protrusion site. (Chapter 4). 

In Part 2, we transfer patchy particles to liquid-liquid interfaces to investigate how active 
and passive patchy particles behave at the confined environment. First, we show that the 
capillary interaction between Janus dumbbells is induced by both shape and chemical 
heterogeneity of the dumbbells. By controlling the geometry and the difference in surface 
hydrophobicity between two lobes of the Janus dumbbells, we could vary the 
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configuration at the interface and the evolution of the self-assembled micro-structures 
(Chapter 5). Finally, we investigate the behavior of active Janus spheres at a two-
dimensional liquid-liquid interface with hexagonal polystyrene lattice as obstacles 
(Chapter 6).  
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2 Bi-functional Janus spheres with 
chemically orthogonal patches  
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ABSTRACT 
 

 

Bi-functional Janus particles with patches carrying orthogonal surface functionalities that 
can be independently modified are widely seen as promising building blocks for the 
bottom-up assembly of novel materials, due to their full compositional and geometrical 
programmability. However, synthesis of these colloids remains an elusive task. Herein, a 
scalable bulk wet-chemical synthetic method for fabricating bi-functional Janus particles 
following a two-step dispersion polymerization is developed. Patch formation on these 
colloids is driven by the spontaneous phase separation between a brominated outer shell 
and poly (propargyl acrylate) (p(PA)), formed after the seed particles were swollen with 
the corresponding monomer. The size ratio between the two patches is readily tunable by 
controlling the volumetric ratio between the feeding monomers. The distinct patches of 
these Janus particles carry chemical handles facilitating independent and orthogonal 
surface modification using Atom Transfer Radical Polymerization (ATRP) and thiol-yne 
click chemistry for the brominated and alkyne-containing patches, respectively. These 
findings outline a scalable strategy for the synthesis of bi-functional particles, which 
provide a strong tool to control over particle interaction. 
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Introduction 
Janus particles, colloidal particles consisting of two faces (‘patches’) of different materials 
that are merged together, can assemble themselves into new (periodic) superstructures1–3 
with novel and potentially innovative optical, electronic and mechanical properties. 
Besides that, these types of particles are increasingly frequently being used to study self-
propulsion,4,5 stabilization of emulsions,6,7 and have recently been applied in tandem 
catalysis8,9. A synthetic strategy frequently pursued to prepare large quantities of uniform 
Janus particles rely on emulsion or dispersion-based routes.7,10–12 In all these studies, the 
particles consist of at least one patch that is chemically ‘inert’ and hence cannot be 
independently modified. 

Being able to orthogonally modify both patches of the Janus particles is expected to lead 
to new classes of superstructures, to new mechanisms in self-propelling particles, and to 
new applications in the form of ‘tandem’ catalysis. Numerous methods have been 
developed to generate geometrically and chemically anisotropic Janus particles with high 
uniformity, including photolithography13, microcontact printing14,15, microfluidic-assisted 
synthesis16,17and dip-pen nanolithography18. However, a major bottleneck in the field is 
the lack of robust and scalable synthesis routes toward these types of colloids and 
nanoparticles. The current state-of-the-art typically are limited to mono-functional 
colloids or non-scalable lithographic techniques.  

Here, we present a novel synthetic procedure to produce Janus sphere with two chemically 
orthogonal modifiable patches. Using a two-step dispersion polymerization strategy, we 
produce uniform micrometer-sized Janus particles with tunable size ratio of the functional 
patches. Patch formation is driven by a polymerization-induced phase separation of an 
alkyne containing monomer from a functional seed particle carrying ATRP initiators. 
After phase separation, bi-functional particles were obtained where the ATRP initiators 
and the propargyl acrylate (PA)-derived alkyne functionalities are confined into two well-
defined patches. The presented procedure is advantageous compared to conventional 
methods fabricating Janus particles, where lithographic strategies are limited to their 
yield15,19, while previously reported wet-chemical routes are restricted to particles with 
only one functional region. Therefore, the presented strategy outlines a scalable route for 
the synthesis of bi-functional patchy particles and provides a versatile platform for the 
development of new classes of colloidal particles with tailored directional properties. 
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Experimental Section  

2.1.1 Materials 
Styrene (St, 99%), N-isopropylacrylamide (NIPAM, 97%), 2-hydroxyethyl acrylate 
(HEA, 96%, contains 200-650 ppm monomethyl ether hydroquinone as inhibitor), 2-(2-
bromoisobutyryloxy) ethyl methacrylate (BIEM, 95%), propargyl acrylate (PA, 98%), 
sodium 4-vinylbenzenesulfonate (NaSS), toluene (techn., Interchema), fuorescein sodium 
salt (NaFl), (3-aminopropyl)triethoxysilane (APS, 99%), fluorescein isothiocyanate 
(FITC, 90%), rhodamine B isothiocyanate (RITC, mixed isomers), benzoin ethyl ether 
(97%), mercaptoacetic acid (MAA, 98%), cysteamine (CYA, 95%),  N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 98%), copper bromide 
(Cu(I)Br, 98%) and N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA, 99%) were 
obtained from Sigma Aldrich. Sodium bisulfite (NaHSO3, ACS reagent), 3-
(trimethoxysilyl)-propylmethacrylate (TPM, 98%), and azobis(isobutyronitrile) (AIBN, 
98%) were purchased from Acros Organics. Ethanol (EtOH, p.a., ACS reagent) was 
purchased from Merck. Methanol (MeOH, ACS specifications) was obtained from J. T. 
Baker. The water used for all synthesis was purified using a Milli-Q system.  

2.1.2 Synthesis of linear charge-stabilized polystyrene (PS) 
Micron-sized polystyrene particles were synthesized using a stabilizer-free dispersion 
polymerization previously reported in reference20. St (8 mL, 70 mmol), NaSS (0.13 g, 
0.63 mmol), and AIBN (90 mg, 0.55 mmol) were dissolved in a mixture of water (10 mL) 
and EtOH (40 mL) in a 100 mL round bottom flask. The flask was sealed with a stopper 
and then flushed with N2 for 30 min. Polymerization was carried out by immersing the 
flask in an oil bath of 70 ℃ for 1.5 h. After this period, a solution of St (2 mL, 18 mmol) 
and MeOH (10 mL) was added to grow the particles to the desired size. The reaction was 
allowed to continue for another 20 h. The resulting dispersion was washed by 
centrifugation and redispersion in water (3 ×) to remove remaining monomers/oligomers. 
The resulting latex particles had a radius of 1.7 µm with a polydispersity of 5% as 
determined with transmission electron microscopy (TEM). 

2.1.3 Synthesis of brominated polystyrene particles (PS-Br) 
A dispersion containing PS colloids (20 mL, solid content = 18 wt%) was charged into a 
250 mL round-bottom flask, followed by the addition of water (100 mL) yielding a 3 wt% 
dispersion. The reaction flask was transferred to ultra-sonication for 20 min to ensure all 
colloids were fully dispersed. A solution comprised of St (2.5 mL, 22 mmol), BIEM (1.1 
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mL, 5 mmol) and AIBN (35 mg, 0.2 mmol) was added. The sample was then rotated at 
60° for 12 h in order to facilitate the swelling of the colloids with the added monomers. 
After this swelling period, the reaction flask was submerged into a 75 ℃ oil bath to 
initiate polymerization of the swelling monomers. After 12 h of polymerization, the 
samples were washed by centrifugation and redispersion with water for 3 times. The 
resulting latex particles had a radius of 1.9 µm with a polydispersity of 6.5% as 
determined with TEM. Comparison of the infrared (IR) spectra of the bare PS and PS-Br 
revealed the appearance of a new signal at 1730 cm-1, diagnostic for the carbonyl vibration 
(C=O) from the incorporated BIEM. 

2.1.4 Synthesis of brominated polystyrene-poly (propargyl 
acrylate) Janus particles (PS-Br-PA) 
PS-Br-PA Janus particles carrying two chemically orthogonal patches were synthesized 
via a seeded dispersion polymerization similar to the procedure described for PS-Br. A 
monomer solution containing propargyl acrylate (0.8 mL, 7.2 mmol), styrene (0.2 mL, 1.7 
mmol) and toluene (0.3 mL) containing AIBN (10 mg, 0.06 mmol) was added to a PS-Br 
dispersion (30 mL, solid content = 2 wt%). NaSS (8 mg, 0.04 mmol) dissolved in water (2 
mL) was added as co-monomer. The obtained reaction mixture was rotated on a roller 
table at 60 rpm at room temperature for 16 h to allow the particles to swell with the added 
monomers and toluene. After this swelling period, the flask was transferred to an oil bath 
at 80 ℃ where it was kept under stirring for 10 h. After polymerization, the colloids were 
washed with water and EtOH respectively by centrifugation and redispersion for 3 cycles. 
The typical yield is 1010 particles mL-1 and the experiment set up can be easily scaled up 
to 50 mL in one batch without losing control over the particle properties. Scanning 
electron microscopy (SEM) analysis of the resulting particles revealed their spherical 
shape. No visible boundaries were observed between the two patches. The resulting latex 
particles had a radius of 2 µm with a polydispersity of 7% as determined with TEM. 
Successful incorporation of the PA was confirmed by FTIR from the appearance of the 
diagnostic acetylene vibrations located at 3270 cm-1. 

2.1.5 Modification of propargyl acrylates patches on PS-Br-PA 
using thiol-yne Click reactions 
For modifying the alkyne containing patches on PS-Br-PA, thiol-yne click reactions with 
MAA and CyA were performed. PS-Br-PA particles (3 mg) were dispersed in a 3 wt% 
solution of benzoin ethyl ether as photoinitiator. The click reaction with MAA was 
performed in neat thiol (10 mL), while for CyA, the solid thiol was dissolved in MeOH 
(10 mL, 1 M). The solutions were introduced into a glass vial (40 mL) and irradiated with 
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UV light (λ = 254 nm) with a 6-watt UV lamp for 30 min. During irradiation, the sample 
was gently shaken every 10 min to prevent particles sedimentation. After surface 
modification, the particles were washed with EtOH and water by centrifugation and 
redispersion for 3 cycles.  

Functionalization with MAA was confirmed by the presence of a broad signal in the IR 
spectrum at 3300-2600 cm-1 due to the O-H stretching vibration of MAA’s carboxylic 
acid. Probing the surface functionalization with CyA using IR spectroscopy proved to be 
unfeasible as the reaction only occurs at the surface of the particles.10 Alternatively, 
successful modification with CyA was provided by zeta (ζ) potential measurements. 
Before covalently coupling CyA, a ζ potential of -52 ± 1 mV was measured, while this 
value decreased in absolute magnitude to -36 ± 1 mV after the click reaction. The more 
positive value of the zeta potential is caused by the positive charges that are generated 
after protonation of the immobilized amines and is therefore indicative for successful 
surface modification with CyA. 

2.1.6 Modification of brominated patches of PS-Br-PA using 
ATRP 
ATRP was used to graft NIPAM or HEA from the brominated patches on PS-Br-PA 
following a procedure which was adapted from reference21.   NIPAM (180 mg, 1.6 mmol), 
HEA (180 µl, 1.6 mmol), or TPM (130 µl, 0.5 mmol) and Cu(I)Br (25 mg, 0.17 mmol) 
were measured and transferred directly into an oven-dried Schlenk flask. For the grafting 
reaction with NIPAM and HEA, an EtOH / H2O mixture (1:1, v/v) (1 mL) was added, 
while for the polymerization of TPM neat EtOH (1 mL) was used to suppress hydrolysis 
of the TPM monomer. The solution was stirred for 10 min to dissolve the Cu(I)Br, 
resulting in the formation of a light grey-green color. Subsequently, PMDETA (120 µl, 
0.6 mmol) was injected into the reaction mixture, resulting in the appearance of a light 
green color. The mixture was degassed by evacuation and refilled with nitrogen 
repeatedly (3 ×).  

In a separate Schlenk flask, the PS-Br-PA particles dispersed in either the EtOH / H2O 
mixture or pure EtOH (for TPM grafting reaction) (1:1, v/v) (1 mL, solid content = 1 
wt%) were degassed. The degassed particle dispersion was injected into the 
monomer/catalyst mixture under N2 atmosphere. The light green reaction mixture was 
allowed to stir for 6 h for HEA and NIPAM grafting at 40 ℃	(or	1 h for TPM grafting). 
After polymer grafting, the resulting particles were washed several times with EtOH, 50 
mM NaSO3 solution (to promote removal of the copper catalyst) and water, respectively. 
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The polymer grafted colloids were analyzed using IR spectroscopy. After grafting with 
HEA, the signal intensity of carbonyl vibration (1730 cm-1) increased significantly, which 
is attributed to newly formed p(HEA) brushes. Colloids with a (partially) p(NIPAM) 
grafted surface showed the appearance of signals at 3300, 1640, and 1540 cm-1, 
originating from the amide vibrations of the immobilized polymers. After the ATRP 
reaction with TPM two new vibrational bands at 1080 cm-1 and 817 cm-1, attributed to Si-
O-Si and Si-OH groups from p(TPM), were observed, indicative for successful polymer 
grafting. In addition, the signal intensity of the C=O vibration increase significantly after 
p(TPM) immobilization. 

2.1.7 Synthesis of triethoxysilane functionalized dyes (APS-
FITC and APS-RITC) 
Triethoxysilane functionalized dyes, APS-FITC and APS-RITC, were synthesized by 
reacting FITC and RITC with 3-aminopropyltriethoxysilane (APS), respectively.22,23 To 
this end, FITC or RITC (0.014 mmol) and APS (0.8 g, 3.61 mmol) were mixed in EtOH 
(10 mL). This obtained solution was stirred overnight, while maintaining the reaction 
mixture in the dark. Afterwards, the solutions were stored at 4 °C. 

2.1.8 Fluorescent labeling of brominated surface/patches on PS-
Br-(PA) 
To fluorescently label the PS-Br-(PA) particles, a two-step procedure was used. Firstly, 
TPM was grafted on the surface of PS-Br via ATRP (see Section 2.1.6). Secondly, the 
pendant trimethoxyl silyl ether moieties of the immobilized polymers where then used to 
couple a triethoxysilane functionalized dye to the particles (APS-FITC or APS-RITC, see 
Section 2.1.7 for synthetic details).    

The p(TPM) modified PS-Br-(PA) were labelled by mixing APS-FITC or APS-RITC (5 
µL dye solution prepared in the previous step) with an aqueous PS-Br-(PA)-TPM 
dispersion (0.5 mL, solid content = 0.5 wt%). The resulting mixture was stored on a roller 
table (60 rpm) for 20 h at room temperature. To avoid light mediated bleaching for the 
dyes, the vials were wrapped in aluminum foil during the reaction. Afterwards the labeled 
particles were washed with water by centrifugation and redispersion cycles until the 
supernatant turned colorless. The particle fluorescence was imaged using a 480-nm and 
540-nm filter for APS-FITC and APS-RITC labeled particles, respectively. 
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2.1.9 Fluorescent labeling of alkyne containing PA patches on 
PS-Br-PA 
To identify the surface distribution of alkyne groups on PS-Br-PA, a dispersion containing 
CYA-modified PS-Br-PA (0.5 wt%) were incubated in 1 mL aqueous solution with NaFl 
(1 mg) and EDC (20 mg, 0.13 mmol) in a 4 mL aluminum foil covered glass vial. The 
sample was placed on the roller table (60 rpm) for 24 h. Subsequently, the labeled 
particles were washed with water by centrifugation and redispersion cycles until the 
supernatant turned colorless. The particle fluorescence was imaged using a 480-nm filter. 

2.1.10 Characterization 
Transmission electron microscope (TEM) pictures were taken with a Philips Tecnai10 
electron microscope typically operating at 100 kV. The samples were prepared by drying 
a drop of diluted aqueous dispersion on top of polymer-coated copper grids. Scanning 
electron microscopy (SEM) images were taken with a Philips SEM XL PEG 30 typically 
operating at 5 – 10 kV. Optical microscopy and fluorescence images (λexcitation = 480 
nm for FITC and λexcitation = 540 nm for RITC) were taken with a Nikon Ti-E inverted 
microscope. Samples were prepared by placing a drop of the diluted dispersion on a 
microscopy slide. Infrared (IR) spectra were obtained using a PerkinElmer Frontier FT-
IR/FIR spectrometer in attenuated total reflectance (ATR) mode. Measurement were taken 
on powders obtained by drying the sample dispersion. Zeta potentials were determined by 
laser Doppler electrophoresis using a Malvern Zetasizer Nano instrument. Highly diluted, 
aqueous samples were prepared with MilliQ water. The measurements were taken in 7 
runs of 50 individual measurements to achieve statistically reliable data. 
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Results and discussion 

 

As depicted in Figure 2.1, the preparation of bi-functional Janus colloids was achieved via 
a two-step seeded dispersion polymerization. First, uniform charge-stabilized linear 
polystyrene (PS) microspheres (~1.7 µm diameter) were swollen for 20 h with a monomer 
mixture comprising styrene (St) and (2-(2-bromoisobutyryloxy) ethyl methacrylate) 
(BIEM). The subsequent polymerization yields brominated core-shell particles (PS-Br), 
which feature uniform spherical shape and a diameter of 1.9 µm with a polydispersity of 
5%. 4-Vinylbenzenesulfonate (NaSS) was employed as charged co-monomer. The 
permanently charged sulfonate group will preferentially partition on the outer surface of 
the colloids, providing electrostatic repulsion driven colloidal stability. In contrast to 
conventional dispersion polymerization which typically rely on steric stabilization via 
surface-adsorption of polymers, this route safeguards easy accessibility of the surface 
immobilized functional handles facilitating further modification procedures as will be 
discussed later. 

To probe the distribution of functional groups over the particle surface, the PS-Br core-
shell particles were grafted with poly(3-(trimethoxysilyl) propyl methacrylate) (p(TPM)) 
brushes via ATRP and subsequently fluorescent labeling of the immobilized polymers 

Figure 2.1 Schematic representation of the synthetic procedure toward the Janus bi-
functional spheres. Step (a): preparation of brominated core-shell particles; Step (b): 
swelling of the seeds with a monomer mixture and subsequent polymerization leads 
to the phase separation. 
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(Figure 2.2a). Fluorescence microscopy images confirmed a homogeneous distribution of 
the dyes, and therefore BIEM, over the surface of the core-shell spheres (Figure 2.2b).  

 

 

 

Figure 2.2 (a) Surface modification of PS-Br and (b) the fluorescent image of labeled 
PS-Br (the scale bar is 1 µm). (c) The surface was sequentially modified using ATRP 
and thiol-yne Click chemistry as orthogonal functionalization procedures, and 
labeled with corresponding dyes respectively. (d) SEM image of PS-Br-PA. (e) Janus 
spheres solely functionalized through thiol-yne reaction with CyA and (f) subsequent 
labeling with NaFl. 
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Subsequently, the brominated seed particles were swollen with a mixture of St, propargyl 
acrylate (PA), 4-vinylbenzenesulfonate (NaSS) and non-polymerizable toluene. PA was 
selected as co-monomer for the second seeded dispersion polymerization, since this 
monomer has an appreciable miscibility with PS, while the corresponding polymer 
poly(propargyl acrylate) has not10. Therefore, we hypothesized that this polymerization-
induced phase separation leads to the desired bi-functional Janus spheres. Additionally, 
the alkyne groups of p(PA) is an attractive functional handle for post-colloidal synthetic 
modifications as will be shown later. To facilitate phase separation of the newly formed 
p(PA) from the seed particles, toluene was added during the second swelling step. 
Toluene acts as a plasticizer increasing polymer flexibility by lowering the viscosity of the 
colloidal interior.24,25 In the absence of toluene, phase separation of p(PA) is incomplete, 
resulting in the formation of multiple p(PA) domains instead of one well-defined patch 
(Figure S5b). Since patch formation is strictly driven by polymerization-induced phase 
separation from non-crosslinked PS-Br colloids, the resulting bifunctional colloids were 
anticipated to be spherical. As concluded from SEM analysis (Figure 2.2d), the resulting 
particles feature uniform spherical shape with a smooth surface. Successful incorporation 
of the PA was confirmed by FTIR (Figure 2.3d) from the appearance of the diagnostic 
acetylene vibrations located at 3270 cm-1. 

To map the surface distribution of the chemically functional handles on PS-Br-PA the 
particles were labeled via two orthogonal approaches. The p(PA) patches were firstly 
modified via a thiol-yne click reaction with cysteamine (CyA) to install a surface-exposed 
primary amine (Section 2.1.5). Subsequently, fluorescein sodium salt (NaFl) was 
immobilized on the PA patch relying on a 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) coupling between the NaFl’s 
carboxylate functionalities and surface immobilized amines. Fluorescence microscopy 
revealed that one small region of the particles was labeled (Figure 2.2e), confirming the 
localization of the amine, and therefore alkyne functionalities, into a well-defined patch. 
Employing PS-Br-PA without pretreatment with CyA showed no fluorescence signal, 
strengthening our hypothesis that the labeled domain corresponds to the amine-modified 
PA patch (Figure S4e). 

Leveraging the fact that the two chemistries selected to label the brominated and alkyne-
containing patch are orthogonal, the PS-Br-PA particles with a NaFl-labeled alkyne-patch 
were exposed to the labeling procedure previously employed for PS-Br (Figure 2.1a). The 
results of this sequential surface labeling are depicted in Figure 1c. Overlaying the two 
imaging channels clearly reveals that the fluorescence intensity is distributed over two 
distinct patches which are located at opposite sides of the colloids (Figure 2.2f). 
Therefore, these labeling experiments indicated two key features of the presented Janus 
colloids: 1) the particles carry two well-defined patches, in agreement with our hypothesis 
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that PA is able to undergo polymerization-induced phase separation from the brominated 
core-shell particles to drive patch formation and yield the targeted spherical bi-functional 
Janus colloids. 2) The orthogonal surface chemistries, i.e., alkynes and ATRP initiators, of 
these patches allow for independent, site-specific surface modifications.   

With the orthogonal, bifunctional Janus particles in hand, we set out to demonstrate the 
versatility of the presented functionalization strategies. To this end, the brominated patch 
was grafted with two other polymers in addition to the previously discussed p(TPM), 
namely, 2-hydroxyethyl acrylate (HEA) and N-isopropylacrylamide (NIPAM) to yield 
hydrophilic and thermo-sensitive polymer brushes, respectively. Successful grafting of 
p(HEA) was confirmed from the increase in the signal intensity of the C=O vibration (red 
spectrum in Figure S1b) caused by the pendant ester moieties in the repeating units of the 
immobilized p(HEA) polymers. While successful grafting of p(NIPAM) was confirmed 
by the presence of amide vibrational signals attributed to the repeating units of p(NIPAM) 
(blue spectrum in Figure 2.3d). In addition to this spectroscopic evidence, SEM images 
revealed enhanced surface roughness on the reactive brominated lobes of the Janus 
spheres after polymer grafting (Figure 2.3b). This roughness is caused by a collapse of the 
polymer brushes during sample preparation for electron microscopy. The unmodified PA 
patch remained smooth and intact, highlighting the site-specificity of the surface 
modification (highlight by the pink circles, Figure 2.3b). 

Modification of the p(PA) patch was shown through thiol-yne click reaction with 
commercially available thiol mercaptoacetic acid (MAA). Functionalization with MAA 
was confirmed from the disappearance of the alkyne vibration at 3270 cm-1 (red spectrum 
in Figure 2.3d). Moreover, SEM analysis of the colloids after site-selective modification 
with MAA revealed a transition of a perfectly smooth spherical colloid to hazelnut-shaped 
particles (Figure 2.3c). This morphological change can be rationalized by considering that 
coupling of MAA leads to a significant enhancement in the hydrophilicity of the p(PA) 
patch. As a result, the MAA-functionalized patch swells, making it appear as a protruding 
cap on the particle surface. 
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 Furthermore, we demonstrated that the ATRP and click surface modifications could be 

Figure 2.2. SEM image of (a) PS-Br-PA before modification, (b) PS-Br-PA after 
ATRP of NIPAM (the unmodified p(PA) patch is highlighted by the pink circle), (c) 
PS-Br-PA after thiol-yne click reaction with MAA (the modified p(PA) patch is 
highlighted by the orange circle), (d) IR spectra of PS-Br-PA particles of colloids 
shown in panels a - c. 



   

34   

performed in a sequential fashion on the same batch of colloids (Figure 2.4a).  The order 
of sequential modification, which enables tunability of physical and chemical properties 
of both patches simultaneously, were proved to be irrelevant. For example, the p(PA) 
patches of PS-Br-PA could be modified via a thiol-yne click reaction with MAA (the 
disappearance of the alkyne vibration at 3270 cm-1 in the red spectrum of Figure 2.4b) and 
subsequently grafted with p(HEA) (C=O vibration at 1732 cm-1 in the blue spectrum of 
Figure 2.4b). Alternatively, grafting of NIPAM (red spectrum of Figure 2.4c) followed by 
a thiol-yne click reaction with MAA was successful as well due to the presence of O-H 
stretching vibration at 3300-2600 cm-1 (blue spectrum of Figure 2.4c). Prerequisite for this 
last route is that the grafted polymers are not long enough to cover the p(PA) patch. 

Figure 2.3. (a) Schematic image of sequential modification of PS-Br-PA via two 
different routes.  (b) Thiol-yne Click reaction with MAA followed by grafting of a 
p(HEA) polymer brush. (b) Grafting of p(NIPAM) followed by a thiol-yne Click 
reaction with MAA.  
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Leveraging the fact that surface modifications with MAA leads to morphological 
alternations of the p(PA) patch, we investigated the scope of our colloidal synthesis in 
terms of patch size. Theoretically, the size of the p(PA) should scale with the volumetric 
ratio of the swelling monomer solution (St and PA) to the brominated core-shell seed 
particles (VS = Vmonomers/Vcore-shell) used in the second seeded dispersion polymerization 
(Figure 2.1, step b). This geometric control over the patch dimensions was indeed 
confirmed by employing a series of swelling ratios ranging from 0.8 to 3. Within this 
window, PS-Br-PA colloids with a patch size ratio, here defined as the surface of the PA 
patch divided by the surface of the brominated patch, (SPA-patch/SPS-Br-PA) of 0.09 to 0.74 
were achievable (Figure 2.5 a-c). Synthesis of PS-Br-PA colloids carrying even larger 
p(PA) patches proved to be unfeasible. At swelling ratios >2, the added monomer 
(partially) dissolves the polystyrene core, leading to irregularly-shaped and collapsed 
particles after polymerization (Figure 2.5d).  

 

 

 

Figure 2.4. SEM images of MAA-modified Janus particles with different patch ratios 
(SPA-patch/SPS-Br-PA), (a) 0.09 (VS = 0.8), (b) 0.44 (VS = 1.1) and (c) 0.74 (VS = 2). The 
modified PA region are highlighted with pink circles. (d) Collapsed PS-Br-PA at VS = 
3. (e). The PA patch ratio of the Janus particles increased by increasing the swelling 
ratio. 
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Conclusion 
 

In conclusion, this study has introduced an efficient and scalable approach for the 
synthesis of uniform Janus particles with two chemically orthogonal patches carrying 
ATRP initiators and alkyne functionalities. The Janus particles with tunable patch ratio 
were realized via a two-step seeded dispersion polymerization. PS template spheres were 
uniformly coated with a functional brominated shell containing ATRP initiators. Swelling 
these particles with alkyne functionalized monomer (PA) followed by polymerization, 
triggers phase separation between the newly formed p(PA) and the brominated shell, 
yielding the bifunctional Janus colloids. The biphasic functionality of the Janus spheres 
was demonstrated by (sequential) patch modification using click reaction and ATRP. 
Ultimately, we expect that these particles will serve as a versatile starting point for the 
synthesis of tailored multiple-functional building blocks. The unique capability to 
orthogonally tune the properties of well-defined regions on a single colloidal particle will 
provide new opportunities in the fields of directed colloidal assembly, multi-responsive 
self-propelling particles, and (tandem) catalysis. 
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Supplementary information 
 

 
  

Figure S1. (a) Infrared (IR) spectra of PS particles (black, bottom), PS-Br (red, 
middle) and PS-Br after ATRP modification with TPM (blue, top). (b) Infrared (IR) 
spectra of PS-Br-PA particles (black, bottom), PS-Br-PA after ATRP modification 
with HEA (red, middle) and PS-Br-PA after ATRP modification with NIPAM (blue, 
top). 

All spectra are normalized to the signal of the polystyrene core (698 cm-1). The 
labeled signals are diagnostic for verifying the success of the modification 
procedures. 
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Figure S2. (a) Schematic representation of the grafting of polymers p(TPM) from 
PS-Br and subsequent fluorescent labeling via a silane coupling reaction.  (b) 
Transmission electron microscopy (TEM) picture of the PS-Br core-shell particles. 
(c) Optical microscope image of PS-Br-TPM, (d) Fluorescence image of PS-Br-TPM 
labeled with APS-RITC. (e) Fluorescence image of PS-Br-TPM labeled with APS-
FITC. Scale bar = 1 µm. 
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Figure S3. Scanning electron microscope (SEM) images of (a) PS-Br-PA Janus 
spheres, (b) PS-Br-PA modified with mercaptoacetic acid (MAA) to facilitate patch 
observation with SEM (see Main text for discussion). 
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Figure S5. Scanning electron microscope (SEM) images of (a) PS-Br core-shell seeds, 
(b) PS-Br-PA after synthesized in the absence of toluene, (c) PS-Br-PA colloids 
obtained after a limited swelling period of 4h (d) bi-functional PS-Br-PA Janus 
spheres. For panels b-d, the p(PA) patches were modified with mercaptoacetic acid 
(MAA) to facilitate patch observation with SEM (see Main text for discussion).  

For particles prepared without toluene (panel b), we postulate that the high viscosity 
of the entangled polymer microenvironment within each particle during the 
polymerization of PA impedes the polymer diffusion resulting in incomplete phase 
separation and hence the formation of multiple p(PA) patches. Comparable particle 
morphologies were observed after swelling periods of only 4 h (panel c).   

Figure S4. Fluorescence microscopy images of p(TPM) grafted PS-Br labeled with 
(a) APS-FITC or (b) APS-RITC; (c) CyA-modified PS-Br-PA labeled with 
fluorescein sodium salt (NaFl); (d) p(TPM) grafted PS-Br-PA labeled with APS-
RITC, and (e) PS-Br-PA without CyA treatment and incubation with NaFl. The 
fluorescence intensity profiles plotted in panels f – j was recorded along the arrows 
drawn in panels a-e, respectively. 
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3D models of Hydrogen-iodide, Hydrogen-sulfide and Hydronium 

3  Controllable synthesis of patchy 
particles with tunable geometry and 
orthogonal chemistry 
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Abstract 
 

 

 

 

Anisotropic particles can act as colloidal analogues of atoms and molecules that can self-
assemble into diverse structures. The key features to the successful bottom-up 
construction of complex materials are believed to be elementary building blocks with 
well-designed shapes and orthogonal surface properties for directional interactions. It 
remains unexplored to prepare anisotropic colloidal particles displaying chemically 
orthogonal anchor groups on distinct surface patches of the same particle, although much 
activity so far revolves around the synthesis of new types of hybrid particles. Here we 
report a simple and effective method for creating patchy particles with a variety of 
anisotropic shapes via seed-mediated heterogeneous nucleation. By using functional seed 
particles with varied hydrophobicity, a series of patchy particles in the shapes of 
snowman, dumbbells, trimers and trigonal planar geometry can be prepared. With a 
continuous monomer feeding, the size of newly formed patch, thereby patch ratio or bond 
angle between the functional seeds and newly formed nucleates, can be accurately 
adjusted. Furthermore, we can precisely reshape the patches of anisotropic particles by 
selectively polymerizing and liquifying the colloid compartments. This methodology 
offers the ability to finely tune the dimensions of patches, the spatial distribution and the 
number of patches per host particles. More importantly we further demonstrate that this 
strategy enables us to prepare colloidal molecules with orthogonal patches which can be 
selectively and independently functionalized. 
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Introduction 
Owing to the structural similarities with molecular systems, anisotropic colloids have been 
regarded as an important model system to study the molecule world. Recent developments 
in syntheses of anisotropic “colloidal molecules” with chemically or topographically 
distinct surface patches has attracted enormous attention in the scientific community due 
to the fundamental role of anisotropic particles in self-assembly.1,2 For this purpose, 
intensive research has been conducted to tailor colloid sizes, shapes, surface properties, 
and interactions.3–5 The dimension and composition of colloidal assembly can be precisely 
regulated by carefully designed topology, while the control of intraparticle forces is 
generally realized through chemical modification of functional groups on the surface of 
the particles to guide the assembly into specific strucutures.6–8 Numerous methods have 
been developed to prepare functional anisotropic particles with well-designed shapes. For 
example, seeded dispersion/emulsion polymerization has been widely used to prepare 
anisotropic particles in a scalable manner7,9–11. To this end, cross-linked spherical seed 
particles are swollen with monomer(s) and then collapsed to form an additional lobe 
during heating induced polymerization. However, the available structures are still largely 
restricted to limited geometries, and the size ratio of different patches of the resulting 
particles cannot be varied in a wide range. This restriction on the tunability of size ratio is 
due to the swelling-shrinking mechanism: on the one hand, due to the finite swelling 
capability of the seeds the protrusion resulting from swollen monomers has an upper 
limit12; on the other hand, the elastic stress required for phase separation between swollen 
monomers and the seeded spheres determines the approachable minimum size of 
protrusion13. Methods such as cluster-encapsulation14, angle-dependent physical 
deposition on monolayered colloids15, microfluidic fabrication of multi-phasic particles16 
and capillarity-assisted particle assembly into well-defined shape7,18 suffer from intrinsic-
low yield.  

Seed-mediated heterogeneous nucleation/growth has been highlighted to be an efficient 
strategy for synthesizing anisotropic particles19–22. After a desirable chemical reaction 
triggered to produce precursor molecules in a reaction solution, the newly formed 
materials condensed on the seed particles leading to the formation of well-designed hybrid 
structures. The size of heterogeneous nucleated droplets is tunable over a wide range with 
a fixed contact angle between the droplets and the host seeds while the droplets remain 
stable. This fundamental property allows for preparation of colloidal molecules with 
continuously tunable size ratio, which is very beneficial in understanding the impact of 
colloidal shape on the self-assembly process and the resultant superstructures. However, a 
common but very important problem that has not been solved is that chemically 
anisotropic colloids prepared via current routes generally feature at least one “inert” patch 
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towards general chemical modification7,11,23, or the patches contain the identical 
functionality24–27.  

Inspired by the developments in the synthesis of anisotropic particles, herein we introduce 
a general route towards bi-functional anisotropic colloids with chemically orthogonal 
functional patches by combining seeded dispersion polymerization and heterogeneous 
nucleation. As a first step, functional core-shell seeds are synthesized by growing a 
functional copolymer shell on polystyrene core via seeded emulsion polymerization. 
Subsequently the spherical core-shell particles are converted into snowman shaped 
colloids with a poly (3-(trimethoxysilyl)propyl methacrylate) (p(TPM)) lobe via seed 
mediated heterogeneous nucleation at room temperature. The size ratio of the snowman 
shaped particles could be accurately adjusted by feeding additional monomer to the 
reaction system to grow the TPM lobe into the desired size. Moreover, the resulting 
colloids could be precisely reshaped into more complex structures by selectively 
polymerizing and liquefying the colloid compartments. Notably, the morphology was 
varied by tuning the hydrophobicity of the seeded copolymer shell, hence the contact 
angle between the newly formed hydrophilic p(TPM) and the hydrophobic core-shell 
seeds. By steadily increasing the surface hydrophobicity of the seeds, particles in the 
shape of snowman, dumbbells, trimers (with tunable bond angle) and trigonal planar could 
be achieved. More importantly, by utilizing functional core-shell particles as seeds we are 
capable of engineering the particles with chemically functional patches that can be further 
modified with atom transfer radical polymerization (ATRP) and silane coupling reactions. 
ATRP is an effective synthetic technique for preparation of polymers with precisely 
controlled architecture and site-specific functionality, while silane chemistry renders the 
particles variety of functional groups. Taking advantage of ATRP and silane chemistry we 
are able to readily tune the chemical properties orthogonally on distinct patches of the 
same particles. Therefore, the presented strategy outlines a facile route for the synthesis of 
anisotropic particles with tunable morphology and chemically orthogonal patches to tailor 
directional properties for assembly.  

In the previous chapter we already showed preparation of bifunctional Janus spheres with 
chemically orthogonal patches using seeded emulsion polymerization strategy. After 
swelling brominated core-shell spherical seeds with a monomer mixture of propargyl 
acrylate and styrene, subsequent polymerization induced phase separation leads to well-
defined Janus sphere with tunable patch ratio. In this chapter we extend the bifunctional 
particles to more complex, geometrically well-defined anisotropic particles. By taking 
advantage of the characteristic property of seed mediate heterogeneous nucleation, readily 
tunable size ratio and bond angle by continuous monomer feeding, we are able to prepare 
a series of bifunctional colloidal molecules which is an important step towards 
unprecedented functional particles.  
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Experimental section 

3.1.1 Materials 
 

Styrene (St, 99%), 2-hydroxyethyl acrylate (HEA, 96%, contains 200-650 ppm 
monomethyl ether hydroquinone as inhibitor), glycidyl methacrylate (GMA, 97%), 4-
vinylbenzyl chloride (VBC, 90%), sodium 4-vinylbenzenesulfonate (NaSS), toluene 
(techn., Interchema), (3-aminopropyl)triethoxysilane (APS, 99%), Ficoll (PM 400), 
fluorescein isothiocyanate (FITC, 90%), hexamethyldisilazane (HMDS, 99%), 
methacryloxyethyl thiocarbamoyl rhodamine B (MTR), copper bromide (Cu(I)Br, 98%), 
bromotris(triphenylphosphine)copper(I) ((CuBr(PPh3)3), 98%) and N,N,N′,N′,N′′-
pentamethyldiethylenetriamine (PMDETA, 99%) were obtained from Sigma Aldrich. 
Sodium bisulfite (NaHSO3, ACS reagent), 3-(trimethoxysilyl)-propylmethacrylate (TPM, 
98%), 3-(trimethoxysilyl) propyl acrylate (TMSPA, 92%) and azobis(isobutyronitrile) 
(AIBN, 98%) were purchased from Acros Organics. 1-Butanol (BuOH, 99%) and sodium 
azide (99%) was purchased from Fisher Scientific. Ammonium hydroxide (for analysis, 
28-30wt%) was purchased from Antonides CV. Ethanol (EtOH, p.a., ACS reagent) was 
purchased from Merck. Methanol (MeOH, ACS specifications) was obtained from J. T. 
Baker. 2-(2-bromoisobutyryloxy) ethyl acrylate (BIEA) was synthesized and purified by 
Bas van Ravenstijn using the protocol described in the ref28. The water used for all 
synthesis was purified using a Milli-Q system. 

3.1.2 Synthesis of linear charge-stabilized polystyrene (PS) 
 

Linear micron sized polystyrene spheres were synthesized using a two-stage batch, soap-
free emulsion polymerization method described as in literature29. St (8 mL, 70 mmol), 
NaSS (0.13 g, 0.63 mmol), and AIBN (90 mg, 0.55 mmol) were dissolved in a mixture of 
water (10 mL) and EtOH (40 mL) in a 100 mL round bottom flask. The flask was sealed 
with a stopper and then flushed with N2 for 30 min. Polymerization was carried out by 
immersing the flask in an oil bath of 70 °C	for 20 h. The resulting dispersion was washed 
by centrifugation and redispersion in water (3 times) to remove remaining 
monomers/oligomers. The resulting latex particles had a radius of 1.2 µm with a 
polydispersity of 5% as determined with transmission electron microscopy (TEM). 
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3.1.3 Synthesis of functional polystyrene particles (PS-Br, PS-
Cl or PS-GMA) 
A dispersion containing PS colloids (20 mL, solid content = 18 wt%) was charged into a 
250 mL round-bottom flask, followed by the addition of water (100 mL) yielding a 3 wt% 
dispersion. The reaction flask was subjected to ultra-sonication for 20 min to ensure all 
colloids were fully dispersed. A solution comprised of St (2.5 mL, 22 mmol), BIEM (or 
VBC) (1.1 mL, 5 mmol) and AIBN (35 mg, 0.2 mmol) was added. The functional 
comonomer fraction of the whole monomer mixture is 20 v/v%. Epoxied PS-GMA was 
prepared using the same method, but the monomer mixture was St (3.42 mL, 30mmol), 
GMA (0.18 mL, 1.4 mmol) and AIBN (35mg, 0.2 mmol). The sample was then rotated at 
60° for 12 h in order to facilitate the swelling of the colloids with the added monomers. 
After this swelling period, the reaction flask was submerged into a 75 °C oil bath to 
initiate polymerization of the swelling monomers. After 12 h of polymerization, the 
sample dispersion was washed by centrifugation and redispersion with water for 3 times. 
The resulting latex particles had a radius of 1.5 µm with a polydispersity of 6.5% as 
determined with TEM. Comparison of the infrared (IR) spectra of the bare PS and PS-Br 
revealed the appearance of a new signal at 1730 cm-1, diagnostic for the carbonyl vibration 
(C=O) from the incorporated BIEM. The presence of the chlorine groups was confirmed 
from the appearance of a new signal at 1266 cm-1, which corresponds to the -CH2-Cl 
vibration of the incorporated VBC (Figure S1). The epoxide signal (907 cm-1) observed 
after coating with PS-co-P(GMA) shell indicates the successful preparation of PS-GMA. 

3.1.4 Synthesis of bi-functional dumbbells from functional 
spheres 
In a typical experiment, 1 mL of 3-methacryloxypropyl trimethoxysilane (TPM) was 
hydrolyzed in 10 mL deionized water by vigorous stirring for about 5 hours to prepare 
homogeneous aqueous hydrolyzed TPM solution. For TMSPA hydrolyzation the recipe 
was modified to be 0.5 mL of TMSPA hydrolyzed in 15 mL MilliQ water.  Next, 3 mL of 
hydrolyzed TPM/TMSPA solution (h-TPM or h-TMSPA) and 1 µL ammonia (28 wt.%) 
were rapidly mixed with 15 mL of brominated seed spheres (0.5 wt.%) in a 40 mL glass 
vial. Various seeds were used for different functional colloids: chlorinated crosslinked 
spheres, brominated polystyrene spheres and epoxidated spheres. The mixture was left 
undisturbed for up to 2 h to allow the TPM to nucleated on the surface of the seed 
particles. Colloids with the desired size ratio were achieved by feeding hydrolyzed TPM 
(h-TPM) monomers to the reaction system. Finally, to solidify the TPM lobe, oil soluble 
initiator AIBN was utilized to polymerize the droplet. The purified solidified anisotropic 
particles with seeded patch and p(TPM) lobes were analyzed using IR spectroscopy. After 



Chapter 3: Controllable synthesis of patchy particles with tunable geometry and orthogonal chemistry 

51 

the heterogeneous nucleation reaction with TPM two new vibrational bands at 1080 cm-1 
and 817 cm-1, attributed to Si-O-Si and Si-OH groups from p(TPM), were observed, 
indicative for successful preparation of biphasic collids. In addition, the signal intensity of 
the C=O vibration increase significantly after p(TPM) immobilization (Figure S6). 

3.1.5 Reshaping the PS phase of anisotropic particles 
After the nucleation of the TPM droplets, the spherical PS seeds were plasticized and 
progressively deformed by adding small amounts of toluene (typically in the order of 125 
µl of toluene per 30 ml suspension). The suspensions were then left under mild stirring for 
3 hours and the morphological changes were carefully followed by optical microscopy. To 
selectively dissolve the linear polystyrene core, we use a solvent mixture of toluene (125 
µl) and ethanol (625 µl) per 30 mL dispersion. The deformed snowman was fixed by 
stirring the suspension at 80 °C in an open container and allowing the toluene to evaporate 
and the PS phase to re-solidify. To prepare particles with smooth p(TPM) patch and rough 
PS-Br-TPM lobe, the snowman shaped particles underwent a second heterogeneous 
nucleation. Typically, 1 mL of TPM solution and 5 µL ammonia (28 wt.%) were rapidly 
mixed with 18 mL of snowman shaped colloidal dispersion in a 40 mL glass vial before 
solidification. The sample was then left for several hours to obtain particles with desired 
roughness which were solidified via heat induced free radical polymerization. 

 

3.1.6 Functionalized seed lobes 
ATRP was used to graft HEA from the brominated patches following a procedure which 
was adapted from reference30. HEA (180 µl, 1.6 mmol) and Cu(I)Br (25 mg, 0.17 mmol) 
were added directly into an oven-dried Schlenk flask. For labelling experiment monomer 
mixture consists of HEA with 2 mg (1 wt%) methacryloxyethyl thiocarbamoyl rhodamine 
B (MTR) were added. An EtOH / H2O mixture (1:1, v/v) (1 mL) was added to the reaction 
flask and the solution was stirred for 10 min to dissolve the Cu(I)Br, resulting in the 
formation of a light grey-green color. Subsequently, PMDETA (120 µl, 0.6 mmol) was 
injected into the reaction mixture, resulting in the appearance of a light green color. The 
mixture was degassed by evacuation and refilled with nitrogen repeatedly (3 times). In a 
separate Schlenk flask, the PS-Br-TPM particles dispersed in the EtOH / H2O mixture 
(1:1, v/v) (1 mL, solid content = 1 wt%) were degassed. The degassed particle dispersion 
was injected into the monomer/catalyst mixture under N2 atmosphere. The light green 
reaction mixture was allowed to stir for 10 h at 40 °C (for labelling experiment the flask 
was covered with aluminum foil for the protection from light). The resulting particles 
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were washed several times with EtOH, 50 mM NaSO3 solution (to promote removal of the 
copper catalyst) and water, respectively. The polymer grafted colloids were analyzed 
using IR spectroscopy. The signal intensity of carbonyl vibration (1730 cm-1) increased 
significantly after grafting with HEA, which is attributed to newly formed p(HEA) 
brushes (Figure S6).  

The procedure for the transformation of bromide end-functional core-shell seed patch of 
the anisotropic particles into azide end-functionalized particles was adapted from the 
literature. Typically, the anisotropic PS-Br-TPM dispersed in the BuOH / water mixture 
(7:3 v/v) (3 mL, solid content = 1 wt%), sodium azide (23 mg, 0.35 mmol), 
bromotris(triphenylphosphine)copper(I) (8.9 mg, 0.01 mmol) were added in a glass vial. 
Then the reaction mixture was stirred at 70 ºC for 14 h. Then, the azide functionalized 
anisotropic particles were washed with ethanol and water for three times, respectively. 

3.1.7 Functionalized poly(TPM) lobes 
To confirm the functionality of the TPM lobes, we use rhodamine-silane to covalently 
bind to the surface of TPM lobes31,32. First, 0.01428 mmol rhodamine-B isothiocyanate (or 
fluorescein- isothiocyanate) and 3.61 mmol γ-aminopropyltriethoxy silane were mixed 
with 10 mL ethanol. This dye stock solution was stirred overnight in the dark and then 
stored afterwards in a refrigerator (4 ℃).  20 µL of dye solution was added into the 4 mL 
glass vial containing 1 mL of anisotropic particles dispersion (0.5 wt %). The mixture was 
allowed to react in the dark for 24h. The labeled particles were washed with ethanol and 
water 3 times respectively.  

To modifying the silane patches to be hydrophobic and to render the particles functional 
groups with infrared spectroscopy detectable characteristic band after surface 
modification, hexamethyldisilazane (HMDS) was chosen to perform silane coupling 
reaction. Anisotropic particles aqueous dispersion (4 mg) were centrifuged and 
redispersed with ethanol for 5 times for solvent exchange and then dispersed 1 mL of 
ethanol with 8 µL of hexamethyldisilazane. The samples were left on a roller table for at 
least 48 hours. After modification, the resulting particles were washed several times with 
EtOH to remove unreacted chemicals. 

3.1.8 Purification of anisotropic particles 
To separate the target particles from the secondary p(TPM) spheres and seeded spheres, 
the polymerized sample was separated with density gradient centrifugation33. A 30 mL 
continuous gradient of 8-20 wt.% ficoll was prepared in a centrifuge tube and 1000 µL 0.5 
wt.% sample was added on top of the ficoll gradient solution. The sample was then 
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centrifuged at 800 rpm for 15 minutes till the appearance of multiple bands in the solution. 
Each band was removed separately from the sample using a syringe and washed with 
MilliQ water at 2500 rpm for 45 seconds 5 times. 

3.1.9 Characterization 
Transmission electron microscope (TEM) pictures were taken with a Philips Tecnai10 
electron microscope typically operating at 100 kV. The samples were prepared by drying 
a drop of diluted aqueous dispersion on top of polymer-coated copper grids. SEM samples 
were prepared using the same method. However, to achieve SEM images with higher 
magnification, a sputter coater with a platinum target was used to coat the SEM sample 
monolayers. The grids with SEM samples were placed on the stage of a Cressington 108 
sputter coater then the reaction chamber was flushed with argon gas and evacuated to 0.08 
mbar. The coating procedure was allowed for 200 seconds to create a 10 nm thick layer of 
platinum on the exposed section of the samples. Scanning electron microscopy (SEM) 
images were taken with a Philips SEM XL PEG 30 typically operating at 5-10 kV. Optical 
microscopy and fluorescence images (λexcitation = 480 nm for FITC and λexcitation = 
540 nm for RITC) were taken with a Nikon Ti-E inverted microscope. Samples were 
prepared by placing a drop of the diluted dispersion on a microscopy slide. Infrared (IR) 
spectra were obtained using a PerkinElmer Frontier FT-IR/FIR spectrometer in attenuated 
total reflectance (ATR) mode. Measurement were taken on powders obtained by drying 
the sample dispersion. 
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Results and discussion 

Figure 3.1. (a) Schematic representation to the synthetic procedure of anisotropic 
particles with two functional patches. Step (1): introduction of a functional shell (in 
orange) on the polystyrene seed (purple) via a seeded dispersion polymerization. The 
linear polystyrene cores were swollen with a monomer mixture of 2-(2-
bromoisobutyryloxy) ethyl acrylate (BIEA) and styrene, and subsequently 
polymerized into brominated core-shell particles (PS-Br). Step (2): spherical seeds 
are partially engulfed in poly(3-(trimethoxysilyl)-propylmethacrylate) p(TPM) oil 
droplets via seeded heterogeneous nucleation. Step (3,4): the TPM oil droplet (in 
green) grows into desired size by feeding fresh hydrolyzed TPM before solidified via 
a radical polymerization into snowman shaped particles. Representative optical 
microscope images of (b) symmetric snowman particles (the newly formed TPM 
lobes were as large as the seeds), and (c) asymmetric snowman shaped particles (here 
the TPM lobes were larger than the seeds).  
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A schematic overview of the synthesis route towards bifunctional particles is shown in 
Figure 3.1. Our method comprises two main steps in which functional core-shell spheres 
are first synthesized and then used as seeds to induce heterogeneous nucleation forming 
biphasic anisotropic particles (a highly cross-linked silsesquioxanes (polymerized TPM) 
patch, and a linear polymeric core-shell seed). First, uniform charge-stabilized linear 
polystyrene (PS) microspheres (~1.2 µm diameter) were synthesized using stabilizer-free 
dispersion polymerization. Then, in the first swelling step, the linear polystyrene spheres 
in aqueous dispersion were swollen for 20 h with a monomer mixture comprising styrene 
(St) and (2-(2-bromoisobutyryloxy) ethyl acrylate) (BIEA). After subsequent 
polymerization, a brominated copolymer functional shell was coated around the linear PS 
core (PS-Br). Successful incorporation of the bromine functionality of BIEA was 
confirmed by Fourier transform infrared (FTIR) spectroscopy (Figure S1). Comparison of 
the IR spectra of the bare PS and PS-Br revealed the appearance of a new signal at 1730 
cm-1, corresponding to the carbonyl vibration (C=O) from the incorporated BIEA. To test 
the activity of functional groups on the particle surface, the PS-Br core-shell particles 
were grafted with a poly (2-hydroxyethyl acrylate) (pHEA) layer with methacryloxyethyl 
thiocarbamoyl rhodamine B as comonomer to label the particles via ATRP. The signal 
intensity of the carbonyl vibration (1730 cm-1) increased significantly after grafting with 
HEA, which is attributed to newly formed p(HEA) brushes. A homogeneous distribution 
of the dye onto the surface of the resulting particle was confirmed using fluorescence 
microscopy, and therefore BIEA groups are reactive and over the surface of the core-shell 
spheres (Figure S1).  

In the second step, aqueous suspensions of biphasic snowman-shaped particles are 
prepared by seed-mediated heterogeneous nucleation of oil droplets in the presence of 
functional core-shell PS-Br as seeds. The oil consists of 3-methacryloxypropyl 
trimethoxysilane (TPM) oligomers that are generated in situ via an ammonia-catalyzed 
condensation reaction between hydrolyzed TPM monomers. After nucleation, the 
negatively charged seeds tend to sit at the interface of the oil droplets, which were 
solidified by heat induced polymerization of the silsesquioxane oligomers through their 
methacrylate moieties causing from oil soluble radical initiator to achieve snowman 
shaped organo-silica hybrid particles. 

Being able to tune the size ratio of the two lobes in a broad range is a key feature of our 
strategy. As shown in Figure 3.2, for a given size of functional seed particles, we were 
able to control the relative size ratio of the two lobes by feeding various amounts of 
monomer solution to the system to grow the newly formed lobes into the desired size.  As 
confirmed by optical microscopy and transition electron microscopy in Figure 2, the 
relative size ratio of the resulting snowman particles RTPM/Rcore-shell = 0.38, 1.1, 1.8 and 3.2 
respectively. Transmission electron microscopy (TEM) images show that the resulting 
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particles feature two well-defined spherical patches after polymerization. The size of the 
TPM droplets can be tuned during the nucleation step by adjusting the initial 
concentration of hydrolyzed monomer and the amount of base used to initiate the 
polycondensation. An even more precise target size is easily reached by programming 
freshly nucleated droplets with a continuous feed of hydrolyzed monomer.   

 

Figure 3.2. optical microscope images and electron micrographs of dumbbell 
particles, showing that the size ratio of two patches can be adjusted by adding 
hydrolyzed 3-(trimethoxysilyl)-propylmethacrylate monomer solution to the system 
to grow the TPM lobe into desired size. Examples of dumbbell shaped particles with 
RTPM/Rcore-shell = (a, b) 0.38, (c, d)1.1, (e, f) 1.8 and (g, h) 3.2. The brominated seeded 
patches of the snowman particles are highlighted in red ring. 
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Synthesis of trimers with variable geometry 

Interestingly, by using 3-(trimethoxysilyl)propyl acrylate (TMSPA) instead of TPM as 
precursor, trimers consist of two brominated seeded patches and a central poly(TMSPA) 
lobe with controllable bond angle instead of snowman shape could be readily prepared 
using the same seeds. This geometry transition is because compared with hydrolyzed 
TPM the condensation reaction rate of h-TMSPA is slower and the nucleation of the 

Figure 3.3. (a) Schematic representation of the synthetic procedure of trimers with 
tunable bond angles. The brominated core-shell seed (step 1) were incubated into 
hydrolyzed 3-(trimethoxysilyl) propyl acrylate h-TMSPA aqueous solution (step 2). 
Step (3): Spherical seeds partially engulfed with TMSPA oil droplets coalesce with 
each other forming dimers bonded with TMSPA (in blue). Step (4): the TMSPA oil 
droplet grows into desired size by feeding fresh hydrolyzed TMSAP before solidified 
via a radical polymerization to obtain solid trimers. (b)  Representative optical 
microscope image of polymerized trimers: (c-g) optical microscope images and (h-l) 
corresponding scanning electron microscope images of trimers with different bond 
angles. Scale bar of c-g is 2 µm, while for h-l is 1 µm. 
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hydrolyzed TMSPA takes 8 times longer to grow protrusions into comparable size under 
the same condition. Kraft et al.10 have shown that delaying the polymerization of the 
liquid protrusions leads to coalescence of the droplets upon collision, which allows for 
tuning the topology of the patchy particles. The extended nucleates growing procedure 
and the delaying polymerization in the seeded heterogeneous nucleation allow for 
particles coalescing forming dimers bonded with a TMSPA bridge, which gradually grow 
into a discrete lobe of p(TMSPA). 

Similar to the snowman shaped particles with variable size ratio (Figure 3.2), this 
heterogeneous nucleation method also enables us to synthesize trimers with tunable bond 
angle in a broad range. This is clearly an advantage compared to colloidal molecules made 
via perpendicular growth in multistep seeded polymerization featuring fixed V-shape34,35, 
or colloidal molecules prepared from seeded dispersion polymerization, where the fused 
liquid protrusions derive from swelling-shrinking process33 with a limited protrusion size. 
While in our case the hydrolyzed TPM oligomers merged at the initial stage and evolved 
consistently with the amount of feeding monomers, the bond angle between the newly 
formed satellite lobes and central sphere of the colloidal molecules could be varied in a 
much broader range from almost 180º to 20º. The ability to produce large quantities of 
uniform trimers with variable geometry enables the exploration of many new applications. 
For example, theoretically our synthesis technique allows us to experimentally prepare 
H2O-shaped particles (Figure 3.3k) which might be important to address the crystalline 
and glassy phase structures of ice36 and undercooled water. 

Reshaping colloids 
Another advantage of the seed mediated heterogeneous nucleation is that by varying the 
experimental conditions, the colloids can be reshaped into different geometries. For 
example, instead of polymerizing the oil phase straightforwardly, by addition of a small 
amount of nonpolymerizable toluene to liquify the seeded patches before polymerization, 
the immiscibility of liquified seeds and the TPM oil droplet leads to deformed particles 
(Figure 3.4a and 3.4b). The equilibrium shape of the multiphase particle will depend on 
the amount of added toluene, which sets the contact angles between the three liquid 
phases: water, TPM oil and toluene-swollen seeds19. Moreover, taking advantage of the 
linear polystyrene core-brominated shell structure of the seed particles, the linear 
polystyrene core can be selectively liquidized, while the higher solvent-resistance PS-Br 
shell reserved and concaved into dimpled lobes using a solvent mixture of ethanol and 
toluene (Figure 4c and 4d). More specifically, Zhang et al. reported that toluene/ethanol 
can be used to swell the polystyrene lobe easily because of the good swelling capability of 
PS in toluene.14 Therefore high toluene-resistant brominated shell suffer from elastic 
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stress from swollen PS core. During the heat induced polymerization, the brominated shell 
expelled liquidized swollen PS core out and buckled into dimpled seeded patch. Similar 
swelling induced bulking phenomenon has been reported by Liu et al.37. 

The surface roughness of the seeds could be modified by varying the experimental 
conditions, for example, the ammonia concentration19. At higher catalyst concentration the 
anisotropic particles tend to grow into raspberry-shape rather than snowman shaped 
particles (Figure S 3.2). Taking advantage of this characteristic, we could also control the 
morphology of the resulting particles by inducing second-step heterogeneous nucleation 
of hydrolyzed TPM. After snowman shaped particles were formed, we add additional 
fresh hydrolyzed TPM solution to the reaction system as second-step heterogeneous 
nucleation, followed by adding additional amount of ammonia to induce the formation of 
multiple small protrusions nucleated on the seeded particles. Subsequent polymerization 
yields anisotropic particles featuring a smooth TPM lobe and a raspberry shaped PS-Br-
TPM patch as illustrated in Fig. 3.4e and 3.4f. This further extends the number of shapes 
that can be fabricated using our method. 

 

Figure 3.4. Reshaped particles. Our synthetic scheme involves three different 
approaches. (a, b) deformed snowman and trimers by using toluene to liquidity the 
linear seeds and change the surface tension between the seeds and TPM droplet; (c, 
d) dimpled composite particle consisting of brominated dimple region and intact 
p(TPM) patch using a solvent mixture of toluene and ethanol to selectively liquidize 
the linear PS core of the functional seeds; (e, f) particles with smooth patch and 
raspberry-morphology patch(es). Scale bars are 1 µm. 
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Orthogonal functionalization of anisotropic particles 
 

The composite colloids resulting from the polymerization of TPM now comprise two 
different polymers: a highly cross-linked silsesquioxanes (polymerized TPM), and a linear 
brominated core-shell lobe (PS-Br). The difference in chemical nature of the two discrete 
patches ensures that further modification could be performed independently. We exploit 
the anisotropic functionality of the seed lobe by modifying particles orthogonally. To 
show that the chemically functional handles on brominated PS-Br core shell seeds remains 
intact, the seeded patch was labeled using the same method for spherical seeds labelling 
we described previously, i.e. using monomer mixture consists of HEA and 
methacryloxyethyl thiocarbamoyl rhodamine B (MTR) as comonomers for ATRP grafting 
(Figure 5a). Fluorescence microscopy revealed that only one small region of the 
anisotropic particles was labeled (Figure 3.5c and 3.5f), confirming the localization of the 
ATRP intiator functionalities. A variety of silane coupling agents can be utilized to 
selectively modify the organosilica patch, without affecting the seed lobes. For example, 
fluorescent Janus colloids could be prepared using dye molecules containing ethoxysilane 
groups, the same strategy to label Janus spheres as described in chapter 2. Here we use the 
reaction product of γ-aminopropyltriethoxysilane and fluorescein-isothiocyanate (APS-
FITC) as indicator to label the TPM lobe (Figure 3.5a). Fluorescence microscopy shows 
that one lobe is clearly brighter than the other, which suggests that the dye molecules are 
covalently bound to the TPM lobes (Figure 3.5d and 3.5g). The weak signal in the seed 
patch is attributed to physical adsorption of dye molecules. 

In addition, SEM images revealed enhanced surface roughness on the reactive brominated 
lobes of the Janus spheres after polymer grafting (Figure 3.6). To facilitate the observation 
of the modified patches with microscopy, here the grafted polymer layer was intentionally 
overgrown so that the difference was visible even with optical microscope (Figure 3.6b 
and 6e). Compared with the particles grafted with thin layer of labelled polymers in 
Figure 5b and 5e, we can clearly confirm that the modified particles with overgrown 
grafted polymers from ATRP reserved only on the brominated patches. The roughness 
(Figure 3.6c and 6f) is caused by a collapse of the polymer brushes during sample 
preparation for electron microscopy. The unmodified p(TPM) patch remained smooth and 
intact, highlighting the site-specificity of the surface modification.  
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Both fluorescence and SEM images confirmed the chemically orthogonal patches of the 
anisotropic particles. Combined with the bifunctional Janus spheres described in chapter 2 
we developed a series of bifunctional particles in shape of spheres, snowman, dimers et al. 
However, the bifunctional anisotropic particles have not been labelled successfully with 
two different dyes as we mentioned previously via sequential labelling in chapter 2. After 
labelled with methacryloxyethyl thiocarbamoyl rhodamine B and APS-FITC, the 
difference in fluorescent intensity between brominated lobes and p(TPM) lobes of the 
anisotropic particles was not pronounced. This is due to the physical adsorption of the 
hydrophobic dyes onto the surface of both patches. We are still working on the sequential 
labelling with different dyes to avoid the hydrophobic adsorption and thus highlight the 
chemical difference between the hybrid materials using distinct fluorescence. 

Furthermore, the brominated functional groups can be substituted to azide groups for 
further modification23 by conducting a nucleophilic substitution reaction with sodium 
azide (NaN3). The azide groups are easily detectable in IR spectroscopy and show strong 
vibration at 2096 cm-1 (Figure S 3.6). Modification of the p(TPM) patch could be readily 
achieved through silane coupling reaction. To facilitate the observation of the 
modification with infrared spectrum, here we used hexamethyldisilazane (HMDS) to 

Figure 3.5. (a) Schematic image of orthogonally labelling modification of anisotropic 
snowman and trimers using ATRP and silane chemistry with corresponding dyes 
respectively. (b, e) Microscope image of particles in reflection mode. (c, f) 
Fluorescence microscopy images of labelled particles with ATRP using 
methacryloxyethyl thiocarbamoyl rhodamine B (MTR). The red patches correspond 
to modified PS-Br seeded region. (d, g) Fluorescence microscopy images of 
functionalized p(TPM) or p(TMSPA) patches (in green) via silane chemistry using 
APS-FITC as indication dye. Scale bars are 1 µm. 
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hydrophobized the TPM region as trimethylsilyl groups derived from HMDS are easily 
detected with IR spectroscopy (844, 800, and 758 cm-1 of -Si(CH3)3 functional groups) 
without overlapping with signals from the polystyrene core or p(TPM). 

Varying the shape by using seeds with different hydrophobicity 
Heterogeneous nucleation reactions occur at preferential sites of the seed nanoparticles 
lowering the overall surface energy when the contact angle between the newly formed 
nuclei and the seeded surface falls in the range of 30º-150º. Depending on the reaction 
conditions, single-site or multiple-site nucleation can be initiated on each seed particle. 
Taking advantage of this property, by using more hydrophobic chlorinated seeded 
spheres, we could then prepare dumbbells with bent molecular geometry as shown in 
Figure 3.7. Unlike trimers with two brominated seeds patches as introduced previously, 
here the satellite lobes are TPM labeled to be fluorescent in Figure 3.7e. This transition 
from trimers with two seeds to dumbbells with two TPM lobes is attributed to the 
increased hydrophobicity of the shell, as the large contact angles between overgrown 
material and the seeds correspond to poor wetting, and this poor wetting leads to the 
formation of particles with multiple nucleation sites.22 The more hydrophobic the seeds 
are, the larger the contact angles between the h-TPM droplets will be, which leads to the 
formation of particles with multiple TPM protrusions.  

Figure 3.5. SEM image of (a, d) anisotropic particles before modification. (b, e) 
Optical microscope images and SEM images (c, f) of modified particles with ATRP 
using HEA as monomer. The smooth unmodified patch(es) corresponds to p(TPM) 
or p(TMSPA). 
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4-Vinylbenzyl chloride (VBC) is slightly more hydrophilic than styrene and the majority 
of this monomer located at the particle surface to provide the slightly enhanced surface 
hydrophilicity23. Hence a more straightforward option to prepare even more hydrophobic 
seeds is to increase the fraction of PS in the copolymer shell. Increasing the percentage of 
styrene of the monomer mixture in step 1 in Figure 1 result in a more hydrophobic shell. 
To functionalize the seeds a small fraction of hydrophobic comonomer glycidyl 
methacrylate (GMA) was added forming hydrophobic core-shell seeds (PS-GMA). The 
resulting particles featuring three TPM lobes around a central PS-GMA seed in trigonal 
planar shape were then synthesized.  

 

Figure 3.6. (a, b) Schematic representation to the synthetic procedure of functional 
hydrophobic seed particles PS-Cl and PS-GMA (step 1) and the formation of 
dumbbells and trimers with multiple TPM lobes around the hydrophobic seeds (step 
2). (c, d) Optical microscope and SEM images of the dumbbell shaped particles 
synthesized using the chlorinated seeds. (e) Fluorescence microscopy images of APS-
FITC labelled dumbbell via silane chemistry. The green patches are labelled p(TPM) 
lobes and the central dark area corresponds to the PS-Cl seed. (f, g) Optical 
microscope and SEM image of the anisotropic particles in trigonal planar shape 
synthesized using the epoxied PS-GMA seeds. (h) Fluorescence microscopy images of 
APS-FITC labelled trigonal particle via silane chemistry. The green patches are 
labelled p(TPM) lobes and the central dark area corresponds to PS-GMA seed. 
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Conclusion 
 

To conclude, this study has introduced a novel and general route to fabricate bi-functional 
colloids featuring tailored shape and functionality via a combination of seeded dispersion 
polymerization and heterogeneous nucleation. By using functional seed particles with 
varied hydrophobicity, a series of patchy particles in the shapes of snowman, dumbbells, 
trimers and trigonal planar geometry were prepared. The size of the patch, the patch ratio 
or bond angle between the overgrown lobe and seeds, can be accurately adjusted by 
regulating the amount of feeding monomers to the reaction system. Furthermore, the 
patches of anisotropic particles can be precisely reshaped by selectively polymerizing and 
liquefying the colloid compartments. More importantly we demonstrated that this strategy 
enables us to prepare colloidal molecules with chemically orthogonal patches carrying 
ATRP initiators and silane functionalities. The capability to precisely tune resulting 
anisotropic particles into well-defined configurations (snowman, dumbbells, trimers with 
tunable bond angle and triangle shaped particles) presents a significant step towards the 
construction of complex anisotropic particle materials with diverse geometries and 
versatile functions. With this approach, we believe that various anisotropic particles with 
well-controlled size ratio have potential applications in fundamental research, the self-
assembly of materials, tandem catalysis, multi-responsive self-propelling particles and 
emulsion stabilization as colloidal surfactants. 
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Supplementary Data 
 

 

Figure 3.S1. (a, b) Optical microscope image and (d) fluorescence microscope image 
of PS-Br grafted with HEA and methacryloxyethyl thiocarbamoyl rhodamine B 
(MTR) via ATRP. (c) Infrared (IR) spectra of polystyrene particles (black), 
brominated core-shell particles (red) and brominated particles after grafting poly (2-
hydroxyethyl acrylate) (p(HEA)) on the surface via ATRP (the small amount of 
polymerized MTR was not detectable with IR). (d) IR spectra of PS (black) after 
coating with a chlorinated shell (red) and epoxidated layer (blue).  The presence of 
the chlorine groups (1266 cm-1 corresponds to the -CH2-Cl vibration) and the 
epoxide signal (907 cm-1) are indicated with arrows. All spectra are normalized to the 
signal of the polystyrene (695 cm-1).  
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Figure 3. S2. Scanning electron microscope images of linear polystyrene spheres PS 
(a) and PS-Br core-shell (b). Scanning electron microscope images of PS-Br core-
shell particles before (a), and after (b) coated with a layer of TPM lobes forming 
raspberry shaped particles. 
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Figure 3. S3. Hydrophilic PS-TMSPA core-shell particles with multiple TPM 
nucleates could be achieved using relative high ammonia hydroxide concentration 
and convert to snowman shaped particles by simply using heating induced TPM 
droplets coalesce on the surface of the seeds.  (a) Hydrophilic PS-TMSPA core-shell 
seeds with multiple TPM droplets on the surface. (b) Snowman shaped particles 
obtained after being transferred into the oil bath at 70 ºC for 4h without adding 
initiator. (c) The schematic showing the oil-nucleation, droplets migration on the 
seed surface. The droplets were still mobile on the surface and subsequently fused 
together with the heating accelerated Ostwald ripening process. (d) SEM image of 
solidified snowman particles. This provides us a facile approach for controlling over 
the anisotropy of the resulting particles. 

The PS-TMSPA core-shell seeds were prepared using the similar method described in 
3.2.3 (synthesis of functional polystyrene particles). Whereas to prepare PS-TMSPA 
particles the monomer mixture to swell the PS core consists of styrene with 10 v/v% 
TMSPA (instead 20 v/v% for PS-Cl or PS-Br) as comonomer and 2 wt% 
azobisisobutyronitrile (AIBN) as initiator. The rest is same as described previously. 



   

72   

 

Figure 3. S4. (a) Schematic representation of the synthetic procedure to obtain 
dumbbell particles using chlorinated anisotropic particles as seeds. The resulting 
dumbbells feature three chemically orthogonal patches, chlorinated lobe, polystyrene 
lobe and newly formed p(TPM) patch. Chlorinated core-shell particles were firstly 
prepared using linear polystyrene as seeds (step 1), then subsequently converted to 
be anisotropic particles with chlorinated patch and a polystyrene protrusion lobe 
(PS-Cl) via seeded dispersion polymerization (step 2). The chlorinated snowman PS-
Cl were used as seeds to induce hydrolyzed TPM heterogeneous nucleation on the 
polystyrene protrusion patch of the PS-Cl forming PS-Cl-TPM dumbbell shaped 
particles. (b) Optical microscope image of PS-Cl-TPM dumbbell. Inset is transition 
electron microscope image of PS-Cl snowman particles of which the relative larger 
lobe with rough surface is chlorinated seed lobe. The roughness of the chlorinated 
seed surface was caused by the swelling-shrinking procedure of seeded dispersion 
polymerization. 
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Figure 3. S5. A typical purification process of 1-mL snowman suspension produces. 
(a) The snowman consists of particles with different densities: PS (1.05 g/cm3) and 
p(TPM) (1.23 g/cm3)38. The equivalent density of the symmetric snowman is about 
1.14 g/cm3. When centrifuged in a tube layered with a density-gradient step, the 
target particles stop at the middle band of the gradient solution and can be readily 
extracted (b). The extracted band was inspected under a microscope to survey the 
purity. (c, d and e) Microscope images of particle populations obtained after careful 
fractionation of the corresponding stripes in image (b): PS-Br seeds (c), snowman (d) 
and p(TPM) spheres.    

Notably, Purification of anisotropic particles could also be achieved using glycerol-water 
solution with different concentration3. The mixture is suspended in an approximately 35 
wt% glycerol/water (1.08 g/cm3 at 25ºC) solution and centrifuged at 3,500g for 20 min, 
during which the light seeds (core-shell seeds) rise to the top of the vial and the heavier 
p(TPM) spheres sediment at the bottom. The exact glycerol concentration is empirically 
tuned to yield a clear split of the two species. For the purification of dimers and other 
anisotropic particles, glycerol/water solution could be varied in the range of 22 wt% 
(1.052 g/cm3 at 25ºC) to 90 wt% (1.235 g/cm3 at 25ºC). 
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Figure 3. S6. (a1) substitution of surface bromine groups with azides by addition of 
sodium azide in butanol/water with bromotris(triphenylphosphine)copper(I) 
(CuBr(PPh3)3) as catalyst. (a2) Surface hydrophobization using hexamethyldisilazane 
in ethanol. (b) Infrared spectra of PS-Br seeds (black), PS-Br-TPM snowman (red), 
and snowman after surface modification with HMDS (blue), substitution with 
sodium azide (pink) and grafting with poly (2-hydroxyethyl acrylate) (p(HEA)) 
(green). The characteristic bands derived from the modification were highlighted in 
circles.  
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4 Dimpled dumbbells  
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Abstract 
 

Lock-key assembly has been used to prepare colloidal clusters and flexible colloidal 
polymers via depletion interaction by employing colloidal spheres as keys and dimpled 
particles as locks. However, the geometry of the dimpled particles has so far been limited 
to a single lobe. To allow for more shapes, here we report a controllable synthetic route 
towards dimpled-dumbbells with a continuous transition from dumbbell shaped particles 
to single dimples. The shallowness and size of the cavity can be varied by tuning 
experimental parameters such as swelling ratio, the surface property of the seeds, as well 
as the crosslinker density of the protrusion. Furthermore, we demonstrated that by tuning 
the surface hydrophobicity and rigidity of the surface of the crosslinked seeds, we could 
prepare a family of dimpled particles with a transition from dimpled spheres to dimpled 
dumbbells. These delicate particles are of special interest for the application of self-
assembly. As proof of principle, the dimpled dumbbells (locks) were used with shape 
complementary spheres (keys) in assembly experiments to form successful lock-key 
binding via depletion attraction. 
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Introduction  
A wide range of structures can be self-assembled from building blocks of different shapes, 
components and functionalities1. However, anisotropic forces are required to assemble 
colloids into complex hierarchical architectures in a controllable and predictable way2. For 
example, with anisotropic forces particles can be used for fabricating superstructures such 
as colloidal micelles3,4 open lattice structures5 as well as colloidal polymers6, which are 
usually not accessible for particles with isotropic interactions. Anisotropic attractions can 
be achieved experimentally via chemical patches7,8, capillary interaction at the liquid-
liquid interface9, or through a combination of particle shape and depletion forces10. The 
latter has been used to assemble anisotropic colloids such as  Janus dumbbells with both 
rough and smooth patches4 or particles with flat faces11,12 into well-defined structures. 

“Lock-key” structure is another important demonstration of depletion interaction directed 
assembly. This concept of lock-key was demonstrated experimentally by Sacanna in 
colloidal assembly for the first time13. By employing colloidal spheres as keys and 
dimpled particles (colloidal particles with a spherical cavity) as locks, the two types of 
colloids bind spontaneously and reversibly into complex colloidal clusters and even 
flexible colloidal polymers via the depletion interaction. The remarkable flexibility of 
lock–key junctions is attributed to the soft attraction between shape complementary 
building blocks by carefully tuning the depletant concentration. Therefore, lock-key 
interaction as a directional, selective and reversible interactions regardless of colloidal 
composition and surface property shows great potential for engineering functional 
materials. 

Ever since the first lock-key assemble demonstration, there has been considerable interest 
in the synthesis of colloidal dimpled particles with different morphologies. For example, 
uniform spheres with a controlled dimple have been developed with different 
approaches14–16. Furthermore, single spherical or cubic particle with multiple cavities were 
prepared for three-dimensional lock-key assembly17–19. However, a common but important 
remaining problem is that the majority of synthesized dimpled particles feature the similar 
geometry, that is single (spherical and cubic) seeded particles with one or more cavities17–

19. Adding shape and interaction anisotropy to the particles further extends the possible 
assembles. For example, Janus dumbbells have been used to assemble into colloidal 
cluster24,56, (chiral) colloidal chains22,23, ordered 2D arrays or fully periodic 3D 
lattices24,25, the latter being particularly useful for their high potential in optical and 
electrical applications. 

Inspired by recent advances in the synthesis of dumbbell-shaped polymer particles 
prepared via seeded polymerization method26–28, and the mechanism for preparing 
concaved particles through swelling induced buckling process of core-shell particles15,29, 
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here we report a novel, flexible approach for fabricating uniform dumbbell shaped 
particles consisting of a functional seeded lobe and a dimpled protrusion in a bulk process.  
Functional core-shell spheres with continuously tunable hydrophobicity were used as 
seeds for seeded dispersion polymerization. Our approach allows us to tune the geometry 
of the obtained particles from snowman with a small protrusion to symmetric dumbbells 
by changing the composition of the monomer mixture that swell the seeds. In addition, 
here we conceptually demonstrated that by tuning the crosslinker fraction in the monomer 
mixture, therefore the crosslink density of the protrusion, dimpled dumbbells with a well-
defined cavity in the protrusion site can be achieved. Moreover, the geometry of the 
resulting particles can also be tuned continuously from single dimpled spheres to dimpled 
dumbbells by gradually changing the composition of the seed shell. Furthermore, as proof 
of principle, the dimpled dumbbells were used with shape complementary spheres in 
assembly experiments to form successful lock-key binding via site-specific depletion 
attraction. This synthesis strategy allows us to generate uniform anisotropic particles with 
continuously tunable shape in high yield, which make them promising candidates for self-
assembly systems. 
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Experimental section 

4.1.1 Materials 
Styrene (St, 99%), divinylbenzene (DVB, 55% mixture of isomers, tech. grade), 
Vinylbenzyl chloride (VBC, ≥90%, tech. grade), 4-styrenesulfonic acid sodium salt 
hydrate (NaSS), Fluoresceinamine (for fluorescence, mixture of isomers, ≥75%), Dextran 
(Average molecular weight 𝑀> ≈ 500	Kgmol-1), 2-bromoisobutyryl bromide (BiBb, 
98%), 2-hydroxyethyl acrylate (96%, contains 200-650 ppm monomethyl ether 
hydroquinone as inhibitor), Sodium sulfate (Na2SO4) dimethylformamide (DMF, ≥99%) 
and azobis(isobutyronitrile) (AIBN, 98%) were purchased from Sigma-Aldrich. Sodium 
dodecyl sulfate (SDS) was purchased from BDH. Pyridine (> 99%) was purchased from 
Acros Organics. Dichloromethane (DCM, peptide synthesis) was obtained from Biosolve. 
All chemicals were used as received. The water used throughout all of the syntheses was 
purified using a Milli-Q water purification system. 

4.1.2 Synthesis of 2-(2-bromoisobutyryloxy) ethyl acrylate 
(BIEA) 
The BIEA used in the present work was synthesized by Bas van Ravenstijn30. A solution 
of 2-hydroxyethyl acrylate (40 mL, 348 mmol) and pyridine (31 mL, 383 mmol) in DCM 
(250 mL) was stirred and cooled in an ice bath. Under nitrogen atmosphere, a solution of 
2-bromoisobutyryl bromide (36.45 mL, 348 mmol) in DCM (50 mL) was added dropwise 
in 1 h. During the addition white precipitates were observed (HBr-pyridine). After 
complete introduction of the BiBb solution, the reaction mixture was stirred for another 3 
h at room temperature.  

The precipitate was filtered off and DCM was evaporated under reduced pressure. A 
yellow oil and additional precipitate were formed. The additional precipitate was filtered 
off and washed with DCM. Then the DCM from rinsing and the yellow oil were combined 
and washed with water (3 times, 50 mL per washing step). The oil phase was dried over 
Na2SO4 and finally, the DCM was evaporated under reduced pressure. The resulting 
yellow oil was distilled to complete the purification procedure yielding a colorless oil. 1H-
NMR: 400 MHz (CDCl3) δ: 6.43 (d, 1H); 6.14 (dd, 1H); 5.85 (d, 1H); 4.4 (s, 4H); 1.9 (s, 
6H).  
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4.1.3 Synthesis of charge-stabilized, surfactants free polystyrene 
spheres (PS) 
Micron-sized polystyrene particles were synthesized using a stabilizer-free dispersion 
polymerization method previously described in literature31. Typically, St (8 mL, 0.07 
mol), NaSS (0.13 g, 26 mmol) and AIBN (0.09 g, 0.5 mmol) were dissolved in a solvent 
mixture of 10 mL water and 40 mL ethanol in a 150 mL round bottom flask. The flask 
was sealed with a stopper and then the solution was flushed with N2 for 10 min. 
Polymerization was carried out by immersing the flask in an oil bath at 70 ℃ for 1.5 h. 
Then, a mixture of St (2 mL, 0.017mmol), DVB (100 µL, 0.7 mmol) and 10 mL MeOH 
was added to the reaction system. The reaction was allowed to continue for another 20 h 
to grow the particles to their final size. The resulting dispersion was washed by 
centrifugation and redispersion in water for 3 times to remove remaining monomers or 
oligomers for further processing.  The resulting latex particles had a radius of 1.6 µm with 
a polydispersity of 3.5% as determined with transmission electron microscopy (TEM).  

4.1.4 Synthesis of chlorinated core-shell particles 
The crosslinked polystyrene spheres (5 mL, solid content = 10%) were subsequently 
transferred into a 40 mL elongated glass vial, followed by adding a monomer mixture 
containing styrene (1 mL, 8.7 mmol), DVB (20 µL, 0.14 mmol), VBC (0.2 mL, 1.4 
mmol), NaSS (10 mg, 0.05 mmol, dissolved in 5 mL water) and AIBN (10 mg, 0.06 
mmol). The sample was placed on a roller table at 60 rpm for 24 h. After the swelling 
procedure, polymerization was induced by immersing the glass vial in a 70 °C oil bath at 
an angle of 60°. Shell formation was allowed to continue for 24 h, while continuously 
rotating the vial at 70 rpm. After polymerization, the particles were washed by 
centrifugation and redispersion in water to remove secondary nucleation. This procedure 
yielded charge stabilized particles with a diameter of 900 nm and polydispersity of 5%, as 
determined with TEM. 

4.1.5 Synthesis of brominated core-shell spheres 
PS prepared in section 4.1.3 were dispersed in MilliQ water to get a particle dispersion 
(20 mL, solid content 18 wt%). Then the PS dispersion was charged into a 250 mL round-
bottom flask, followed by the addition of water (100 mL) to dilute the dispersion into 3 
wt%. The particles were then redispersed aided by ultrasonication for 20 min. The oil 
phase consisting of styrene (2.5 mL, 0.21 mol), BIEA (1.1 mL, 3.8 mmol), DVB (0.2 mL, 
1.5 mmol) and AIBN (35 mg, 0.05 mmol) as initiator. The sample was then rotated at 60° 
for 12 h before being transferred into a 70 ℃ oil bath for polymerization.  After 12 h of 
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polymerization, the samples were washed by centrifugation and redispersion with water 
for 3 times. 

4.1.6 Procedure for the synthesis of anisotropic particles based 
on functional seeds 
Typically, the spherical chlorinated seed particles (PS-Cl) were converted to anisotropic 
colloids using the method described by Kraft32 and Ravensteijn33. SDS (80 mg. 0.28 
mmol) was introduced into a 40 mL elongated glass vial. To this vial a dispersion 
containing the functional seeds (8 mL, solid content = 5%) and water (24 mL) were 
added. The particles were swollen for 48 h with a mixture consisting of styrene (5.3 mL, 
0.046 mol) and DVB (53 µL, 0.37 mmol). These volumes lead to a swelling ratio of 
approximately 6. The swelling ratio is here defined as the mass of added monomer 
divided by the mass of polymer in the seed particles. After this swelling period, the 
sample was transferred into an oil bath at 80 °C for 16 h. The resulting particles were 
washed using centrifugation and redispersion in water to remove unwanted aggregates and 
secondary nuclei.  

4.1.7 Covalent attachment of fluoresceinamine to chlorinated 
lobes 
To prove that the chlorine groups did not migrate during the phase separation and only 
reserved on the seed lobe of the dumbbells, fluoresceinmine was used to couple to the 
reactive patch of the dumbbells via a reaction between the surface chlorine groups and the 
amine functionality of the dye. A 1 mL aliquot of the dispersion (1 wt%) containing the 
dimpled-dumbbells was used. First, water was replaced with DMF for the reaction by 
centrifugation and redispersion for 3 times. 3 mg Fluoresceinmine was added to the DMF 
dispersion and the mixture was heated to 90 °C for 24 h. During the whole reaction the 
sample was protected with aluminum foil from the light. The particles ware washed with 
DMF and ethanol to remove unreacted dye, and then redispersed back into water. The 
samples were investigated with fluorescent microscope. 

4.1.8 Selective etching of dimple site 
Typically, a 0.1 mL aliquot of the dispersion (1 wt%) containing the dimpled-dumbbells 
was used. First, the solvent was replaced with DMF by centrifugation and redispersion. 
The particle dispersion in DMF was vortexed for 20 min. After the etching procedure, the 
sample was washed and redispersed into water by repeating centrifugation and 
redispersion for 3 times. 
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4.1.9 Synthesis of dimple particles with controllable dimple 
morphology 
Variations on the synthesis procedure to tune the shell composition and correspondingly 
the shell properties were conducted by variation of the volume of the monomer mixture 
which was added to a fixed amount of CPS particles. In all case, the monomer mixture 
that was added contained 3 v/v% DVB. Four volume ratios of VBC to BIEA, 20:80, 
40:60; 60:40, 80:20 were investigated following the previous procedure (section 4.1.4 and 
4.1.5).  

4.1.10 Synthesis of silica spheres with a diameter of 900 nm 
Monodispersed silica spheres with a diameter of 900 nm was prepared based on seeded 
growth synthesis34. To a mixture of ethanol (48.4 mL) and ammonia (11.6 mL), a solution 
of tetraethoxysilane (TEOS, 0.5 mL) in ethanol (2.0 mL) was added and stirred 
magnetically for 2 hours. Within a few minutes the dispersion turned opaque indicating 
the formation of the core particles. These core particles were grown into by adding TEOS 
(5 mL) solution diluted with ethanol (20 mL) dropwise over a period of 2h. The dispersion 
was stirred overnight and subsequently washed by repeated centrifugation and 
redispersion in ethanol.  

4.1.11 Lock-key assembly process 
Typically, 0.3 mL dimpled dumbbells with a dimple diameter of 850 nm dispersion (0.3 
wt%), 0.3 mL SiO2-900 as keys (0.3 wt%), 0.2 mL aqueous NaCl solution (100 mM), and 
0.2 mL Dextran (50 g/L) was mixed. The sample was added to a 4 mL glass vial and then 
placed on a tube roller at 60 rpm for 1.5 h. Then the sample was observed using an 
inverted optical microscope.  

4.1.12 Characterization 
Transmission electron microscopy (TEM) images were taken with a Philips Tecnai10 
electron microscope operating at 100 kV. Bright field images were recorded using a SIS 
Megaview II CCD camera. The samples were prepared by drying a drop of diluted 
aqueous particle dispersion on top of Formvar (R1202 Agar Scientific) coated copper 
grids (square 300 mesh, G2300C Agar Scientific). Scanning electron microscopy (SEM) 
images were taken with a Philips SEM XL FEG 30 typically operating at 5-10 kV. 

Fluorescent optical microscopy (OM) images were taken with a Nikon Ti-E inverted 
microscope. The microscope was equipped with a Hamamatsu ORCA flash camera. Light 
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microscopy was performed with a Zeiss Axioplan microscope. Pictures were captured 
with a Basler scout camera.  

Infrared (IR) spectra were obtained using a PerkinElmer Frontier FT-IR/FIR spectrometer. 
The attenuated total reflectance (ATR) mode was used. All measurements were performed 
on powders obtained by drying the corresponding particle dispersion. 
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Results and discussion 

The overall synthesis procedure for chemically anisotropic dimpled-dumbbell is 
schematically depicted in Figure 4.1. First, monodisperse cross-linked (1%, w/w, 
divinylbenzene) polystyrene spheres (PS) were prepared using stabilizer-free dispersion 
polymerization procedure. The resulting colloidal PS had a diameter of 1.6 µm with a 
polydispersity of 3.5% (determined by transmission electron microscopy (TEM)). Then 
cross-linked polystyrene spheres were swollen with a monomer mixture of 4-vinylbenzyl 
chloride (VBC) and styrene (St) via a seeded-dispersion polymerization (Figure 4.1, Step 
a). As a result, the spherical cores were coated with a thin, chlorinated layer which 
provides required hydrophilicity for protrusion formation35. The obtained core-shell 
particles had a size of 1.8 µm in diameter and a polydispersity of 5%. Successful 
incorporation of the chlorine functionality was confirmed with infrared spectrum (IR). 
After coating with the functional shell, a clear signal at 1266 cm-1, which is characteristic 
vibrational band for the -CH2-Cl vibration, was observed in the IR spectrum (Figure 4. 
S1). These chlorinated spherical seeds (PS-Cl) were subsequently converted into 
anisotropic colloids. To achieve this, an aqueous PS-Cl dispersion was swollen with a 
monomer mixture of styrene and divinylbenzene (DVB) (Scheme 1, Step b) in the 

Figure 4.1. Synthetic approach to fabricate colloids with tunable geometry. (a) 
Spherical PS seeds are swollen with a monomer mixture of styrene (St), 
divinylbenzene (DVB) and vinylbenzyl chloride (VBC) and subsequently 
polymerized to yield chlorinated functional seeds (Step a). Afterwards, the 
chlorinated core-shell seeds were swollen with St and DVB (Step b). The elastic 
stress induced by the swollen monomers (Step c) and subsequent heating force the 
monomers phase separate from the cross-linked particle interior forming a liquid 
protrusion. (Step d) polymerization of the liquid protrusion yields solid (dimpled) 
dumbbell-shaped particles. The colloid geometry is tunable by variation of the 
swelling ratio and the crosslink density of the protrusion. 
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presence of sodium dodecyl sulfate (SDS). SDS was used to facilitate the swelling 
process, by lowering the surface free energy penalty the system has to pay upon 
generating oil-water interface associated with the formation of a liquid protrusion35, and to 
stabilize the newly formed protrusion lobe by means of electrostatic repulsion. The 
absence of SDS leads to spherical or ill-defined particles instead of dumbbells (Figure 4. 
S2).  

We define the swelling ratio to be the monomer mass added to the system divided by the 
mass of the seed particles (𝑆	 = 	𝑀DEFEDGHI	/	𝑀IGGKI). The swelling of the polymeric 
spheres creates a viscoelastic stress on the polymer network and this elastic stress on the 
swollen cross-linked particles gets released via internal phase separation during heat-
induced polymerization.36 In the process of polymerization, the swelling monomers are 
expelled from the seeds forming a liquid protrusion on the surface of the seeds (Figure 1, 
Step c). The protrusion formation depends heavily on the temperature: at room 
temperature we could barely observe protrusions within days; while the phase separation 
can be sped up by heating the monomer-swollen seeds instead to form uniform snowman 
shaped particles with a small protrusion within 2 hours at 80	℃. Polymerization of the 
protrusions yields solid, (dimple-) dumbbell shaped colloids which consist of a functional, 
chlorinated seeded lobe and a polystyrene protrusion lobe (with a dimple at the tip of the 
protrusion depends on the synthesis condition) (step d). In previous work, the number, 

Figure 4.2. Scanning electron microscope (SEM) images (a, b and c) and transition 
electron microscope (TEM) image (d, e and f) of the yield particles feature various 
morphology from different swelling ratio (S): Asymmetric dumbbells when (a, d) S = 
1 and (b, e) S = 2; symmetric dumbbells when (c, f) S = 4. The chlorinated seed lobes 
are highlighted in red circles. 
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size and location of the patches on the anisotropic particles have been extensively 
investigated35–37. However, the resulting patchy particles always featured smooth and 
complete semispherical protrusions. Here we extend the family of dumbbell-shaped 
colloids by the in-situ introduction of well-defined dimples into protrusions. Dimple 
formation is driven by the buckling of thin crosslinked shell around the protrusion38,39. 
The cavity shallowness and size are tunable by controlling the swelling ratio and crosslink 
density of the protrusion. 

When the swelling ratio is within the range of 1 to 4, the geometry of the resulting 
particles evolved from snowman with small protrusion to symmetric dumbbells. The size 
ratio between chlorinated seed and protrusion is controllable by varying the swelling ratio 
as the protrusion lobes derived from swollen seeds. This robust way to tune the overall 
particle geometry was confirmed by recording transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM) images of dumbbell shaped particles (Figure 
4.2). Protrusions were distinguished from chlorinated seed lobes by the difference in size 
and surface roughness of two-patch particles. As we can see the seeded lobe almost 
maintain the same size (2 µm), while the protrusion kept increasing in diameter. 
Meanwhile, the chlorinated seed particles became rough during the monomer swollen and 
elastic cased shrinking process, yet the protrusion lobe remains smooth as this region 
resulting from liquid monomer protrusion polymerization.  

Representative transmission electron microscopy (TEM) and scanning electron 
microscope (SEM) images of the resulting colloidal dumbbells with different size ratio are 
shown in Figure 4.2. Evidently, the protrusions produced by employing a swelling ratio of 
1 (Figure 4.2a and 4.2d) are significantly smaller than seeded lobes. Although, the 
chlorinated seed particles were able to take up the added monomer, which induce enough 
elastic stress onto the seed polymer network to actually drive the monomer phase 
separation. The limited amount of swelling monomer leads to particles with small 
protrusion. At a swelling ratio of 2 (Figure 4.2b and 4.2e), the size of polymerized 
protrusion resulted into relatively larger protrusion than that at the swelling ratio of 1. The 
protrusion lobe has grown into comparable size as the seed patch with the swelling ratio 
going up to 4, which is due to the increasing volume of the monomer mixture. The 
increased elastic stress from the swelling monomers leads to larger protrusion.  

When the swelling ratio was increased to 6, as we can see from the SEM images (Figure 
4.3b and 3c), the size of the seeded lobes seemed to be unaffected by swelling compared 
to the dumbbells prepared at swelling ratio 4. On the basis of the monomer swelling-phase 
separation mechanism, we conclude that these dumbbells carry the maximum achievable 
protrusion size as simply not all monomer was absorbed by the seed particles in the 
swelling stage35. The unabsorbed monomers remained in the bulk and swelled the 
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protrusion lobe during the polymerization step, which will be addressed later. The seeded 
lobes were not affected by the swelling ratio, however, the protrusion morphology 
changed dramatically from smooth semispherical lobe to intriguing dimpled shape  
(Figure 4.3). The dimples are observed at the tip of the protrusion site typically with sizes 

Figure 4.3. (a) Schematic illustration of the formation of dimpled dumbbells. The 
chlorinated seeds were swollen with a monomer mixture of styrene and 
divinylbenzene (DVB), and subsequently heated to form a liquid protrusion (in 
green). The protrusion gets crosslinked by divinylbenzene during heating induced 
polymerization and reacted with the DVB in the bulk forming a higher crosslinked 
shell. The inhomogeneous crosslinked density of the protrusion eventually yields a 
dimpled protrusion lobe because of the network shrinking. (b and d) TEM and SEM 
images of dimpled protrusion prepared at S = 6 and DVB = 1 v/v%. (c and e) TEM 
and SEM images from the particles prepared at S = 6 and DVB = 3 v/v%. The higher 
crosslinked density of the protrusion leads to smaller size and shallow dimples. 



   

88   

of 850 nm and 550 nm as shown in Figure 4.3b, 3c respectively. Unlike most dimpled 
particles reported before where dimple(s) remained on the same spherical host particle, 
the dimpled dumbbell morphology with a well-defined cavity in the protrusion site is 
intriguing as it extends the dimpled particles to dumbbell shape.  

In the following we propose a mechanism for the formation of dimpled dumbbells based 
on internal phase separation of seeded dispersion polymerization and the bucking of the 
crosslinked particles under elastic pressure and volume constraint. We speculate that at 
the initial stage the phase separation generates only a small liquid protrusion36. On the one 
hand, after initiating polymerization of the protrusion, an osmotic flow of monomer is 
generated in situ from the swollen seed to the protrusion droplet. The swollen seeds act 
simultaneously as reservoirs of reactive species until the monomer is depleted. 
Polymerization proceeds in the newly formed lobes until maximum conversion is 
reached36.  However, at the beginning of the polymerization reaction, copolymer 
oligomers are formed, the total DVB content of which is higher than the DVB content of 
the monomer mixture owing to the higher reactivity of the crosslinker40. Meanwhile, most 
DVB units incorporated bear a pendant double bond, and only a few participate at this 
stage in branching (intermolecular) or cyclization (intramolecular) reactions41. When the 
copolymer reaches the gel point, where the crosslinking density of the copolymer increase 
dramatically, the average length of the elastically effective network chains become shorter 

Figure 4.4. Dimpled dumbbells etched with DMF with to fabricate particles with 
controlled cavities. Transition electron microscope (TEM) images (a, b) and the 
scanning electron microscope SEM images (c) show particles with dimples in the 
diameter of 550 nm and 850 nm, respectively. TEM (e, f) and SEM images (g) show 
the particles selectively etched by DMF, respectively. (d) optical microscope images 
of dimpled particles after modified with fluoresceinamine in DMF for 24 h, (h) 
fluorescence microscope image of modified dimpled dumbbells. 
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forming densified polymeric network42. On the other hand, the unabsorbed monomer 
mixture in the bulk provide DVB which reacted with the outer layer of the protrusion 
droplet with time forming a relative highly crosslinked shell. The high crosslinked density 
shell, successive volume shrinkage and the slow compression rate of the crosslinked 
polystyrene of the prepolymer internet in the swollen protrusion contributed to the 
buckling at the tip of the newly formed lobe43,44. 

The dimple at the protrusion lobe is induced by the elastic contraction of the cross-linked 
polymer network and the buckling of the crosslinked shell, both of them depends heavily 
on the crosslink density required to drive this process35,38. For particles prepared from 
swelling ratio at 1 to 4, the overall DVB content could be polymerized to form the 
crosslinked network is not sufficient, and the protrusion is strong enough to resist the 
buckling forming a smooth spherical protrusion lobe. In contrast, at swelling ratio at 6, the 
total amount of DVB in the swelling monomers was 1.5 times than at S = 4, the high 
crosslinking shell and the volume shrinkage of the liquid protrusion eventually leads to 
the buckling of the protrusion to form a dimple. If the mechanism that we propose is 
correct, we would expect that increasing the crosslink density would result in a smaller 
protrusion and a more shallow dimple. This change in the protrusion size is because the 
swelling capacity of seeds decreased with increasing cross-link density35, and the buckling 
time arrives earlier with higher DVB concentration. Thus, we attempt to increase the DVB 
to 3% while the swelling ratio remains 6, and we found that the size of the formed 
protrusions and the dimple decreased significantly (Figure 4.3c and 3e). This is because 
the cross-linked network became much more compact when the concentration of DVB 
increased to 3%, making it difficult for St monomer to access the particle. The declined 
swelling capacity of particles also impaired the degree of phase separation. As a result, the 
majority of the monomers in the system were polymerized into secondary nucleates 
instead of a larger protrusion.  

More evidence that support our proposed mechanism is the observation that geometry of 
the resulting particles could also be achieved by selectively etching using DMF by taking 
advantage of the different crosslink density between the protrusion interior and the 
protrusion shell. The shape change in the dimpled dumbbells shape after DMF etching 
was characterized by TEM and SEM images. As we can see from Figure 4.4e and 4f, after 
vortexed in DMF for 20 min the dimples seem more hollow. However, SEM image of 
etched dimpled dumbbells (4.4g) shows that the seeded lobe maintains solid and the 
whole particle maintains the dimpled dumbbell shape. This is because the interior of the 
protrusion was partially dissolved while the highly crosslinked shell of the protrusion 
remains stable. Although the surface of the protrusion became rough due to the dissolution 
of linear PS chains in the protrusion lobe.  
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To map the distribution of the chlorine groups on the surface of the anisotropic particles, 
the dimpled dumbbells were labelled with fluoresceinamine. After the substitution 
reaction with fluoresceinamine in DMF for 24 h, the chlorinated seed lobes show 
significant fluorescence (figure 4.4h). At the same time, after 24 hours reaction in DMF 
(Figure 4.4d) the dimples are selectively etched to be even larger than short-time etched 
particles in Figure 4.4f. This selectively etching provide us a convenient approach to tune 
the geometry of the resulting colloids after polymerization. 

The hydrophobicity and stiffness of the shell has an important effect on the particles 
morphology prepared from seeded polymerization32,38,45. We have investigated the effect 
of the shell property on the final particle morphology by progressively tuning the shell 
composition. As it is well known the incorporation of pendant groups on the main 
polymer backbone is one of the most useful methods in altering the glass transition 
temperature (Tg) of the polymers46, i.e. altering the stiffness of the polymers. 
Asymmetrical substitution of bulky pendant groups, such as a benzene ring and halogen 
atom can restrict rotational freedom hence increase Tg and the rigidity of the materials. 
While flexible pendant groups, such as aliphatic chains and ester groups, tend to limit the 
packing density and therefore increases rotational motion and lowers Tg.47 As we 
analyzed above, benzyl chloride as a bulky pendant group increased the Tg and the 
stiffness of the shell, at the same time the chlorine groups of VBC ensure a slightly 
hydrophilic character of the seed surface26. In contrast, another commonly used functional 
monomer, 2-(2-bromoisobutyryloxy) ethyl acrylate (BIEA) featuring aliphatic and ester 
groups decreases the Tg of the polymers and enhance the hydrophilicity due to the two 
ester moieties in the polymer chains. To continuously tune the shell content without losing 
the functionality of the seeds, here we use a comonomer mixture of BIEA, VBC and St to 
tune the hydrophobicity and stiffness of the shell.  

As illustrated in Figure 4.5 we used a series of ingredients to invest the effect of the shell 
properties on the morphology of the final particles. First, we replace the comonomer VBC 
with BIEA (the ratio between VBC to BIEA is 0:100) to investigate the effect of BIEA on 
the final results. We fixed the swelling ratio at 6, and the crosslinked density is 5%. Below 
5%, the decreased stiffness from BIEA loosen crosslinked network and fails to provide 
enough elastic stress to drive the monomer phase separation. However, when the crosslink 
density of the shell is above 5%, the swollen brominated core-shell particle will buckle 
into a dimpled shape due to swelling induced plastic deformation of the shell.29 As we can 
see from Figure 4.5a and 5e, the resulting brominated dimpled particles feature a uniform 
cavity and smooth surface. Figure 4.5b and 5f show that when the ratio between VBC and 
BIEA is 80:20 and the crosslinked density of the shell at 5%, the particles tend to phase 
separated into two phases because of the rigidity of the shell increase from incorporated 
p(VBC) induced phase separation, one smooth patch with a tiny dimple at the tip is the 
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protrusion. When the ratio is 40:60, the particles already became dimple dumbbells 
(Figure 4.5c and 5g) similar to particles prepared with chlorinated seeds, though the 
contact angle was not much pronounced as particles in Figure 4.2b. Moreover, when the 
swelling ratio is 4 and the monomer ratio of BIEA to VBC is 80:20, we were able to 
prepare particles with protrusion larger than the seeded particles, which is not feasible for 
chlorinated seeds as we showed in Figure 4.2. As comparison the sample (in Figure 4.1e 
and 4h) was prepared with chlorinated seeds and swelling at 2 show the particles feature 
relative smaller protrusion. As we can see the smooth patches in Figure 4.5d (protrusion 
lobe) are evidently larger than the rough seeded region. As mentioned before, 
conventional polystyrene particles are able to take up monomer volumes several times 
larger than their original volume, so clearly the protrusion size of the dumbbells in Figure 
4.2 is limited as a consequence of the core-shell composition of our chlorinated seeds. 
Directly coupled to this restricted monomer uptake is the inability to grow protrusions 
larger than the employed seed particles for pure chlorinated seeds. While with BIEA as 
comonomer, the stiffness of the shell decreased, and the seed particles were able to take 
up more monomer, eventually yield dumbbells with larger protrusions than the seed lobe. 
Therefore, the shell properties play an important role in dictating the final morphology of 
polymer particles during the seeded swelling polymerization.  

Figure 4.5. Transition electron microscope (SEM) and scanning electron microscopy 
(SEM) images of representative resulting particles from different composite (v/v) 
particles, (a, e) BIEA/VBC = 100/0; (b, f) BIEA/VBC = 80/20; (c, g) BIEA/VBC = 
60/40; (d) BIEA/VBC = 20/80; (h) BIEA/VBC = 0/100. The protrusion lobe in d and 
h are highlighted in red and yellow circle, respectively. 
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The reproducible and well-defined geometry of our buckled dumbbells allows them to be 
used as elementary building blocks in a lock-key assembly together with particles of 
complementary shape. We used silica spheres with a diameter of 900 nm as the key 
particles, and the polymerized dimpled dumbbells as the lock particles. Figure 4.6a and 6b 
shows the key spheres and the dimpled dumbbells have complementary shape. Notably 
the lock-key units shown in SEM and TEM images are due to drying procedure from the 
sample preparation and they were taken to prove the complementary sizes between locks 
and keys. Figure 4.6c shows the specific bonding between two types of particles via 
depletion interaction which was calculated using Equation 4.1. Here the depletion 
interactions caused by a dissolved nonadsorbing polymer dextran were used to drive the 
assembly. As we can see from the enlarged inset in Figure 4.6d, the majority of locks own 
one key in the dimple site forming uniform lock-key structures via noncovalent bonding. 
Because depletion interaction is proportional to the overlap excluded volume region 
between a lock and a key, and the overlap of the exclusion volumes is maximized when 
the cavity of the lock particle is occupied by a spherical key particle whole size matches 
that of the cavity. The relatively weak non-specific depletion interaction strength between 
the lock and key particles (on the order of -15 𝑘N𝑇) is likely responsible for the 
observation in the Figure 4.6d that three key spheres attached on the surface of the top 
particle47. Similar unsuccessful lock-key binding structure (non-equilibrium state) can be 
found in Figure 4. S3. The depletion interaction strength between lock particles that 
contributed to the formation of the string-like structures of lock particles is on the order of 
-25 𝑘N𝑇 if we assume that the surface of the lock particles is smooth.  

Figure 4.6. (a) SEM and (b) TEM images of lock-key structure by the assembly of 
dimpled dumbbell and silica spheres dimpled particles. (c, d) Low and high 
magnification of optical micrograph of lock-key assembly in the presence of 
depletant dextran (𝑴𝒘 ≈ 𝟓𝟎𝟎 Kgmol-1, 𝒓𝑷 = 𝟏𝟗	𝒏𝒎) at depletant volume fraction 
𝝓𝒑 = 𝟎.𝟑𝟏. 
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To calculate the depletion attraction of the lock-key configuration, here we take simple 
approximate approach: since the radii of the cavity and sphere (key) are large compared to 
both the depletant size, the depletion attraction is modeled as between flat plates. 

The area 𝐴	 = Ω𝑅) , with Ω = 1.3𝜋 being the solid angle of the maximum overlapping 
area, R the radius of the key sphere. 

𝑉EaGHbcd=2𝐴𝑟g where 𝑟g = 19 nm is the radius of the gyration of the polymer. 

The magnitude of the depletion attraction between two colloids 𝑈KGdb depends on the 
overlap of their excluded volumes 𝑉EaGHbcd and the osmotic pressure of the depletant 
∏K:49,50  

                                                          𝑈KGdb = −𝑉EaGHbcd∏K                                         (4.1) 

∏K = 𝑛d𝑘N𝑇 where 𝑛d =
F
m
 is the depletant particle number density. 

𝑈KGdb=	−𝜙d ×
pqrs

)tHus
 𝑘N𝑇 where the volume fraction of depletants	𝜙d =

v
v∗

 . The overlap 

concentration of the polymers follows as 𝑐∗ = pyz
{tru|}~

 where 𝑀d is the polymer’s molar 

mass and Na is Avogadro’s number.  

The depletion force between lock-key configuration is on the order of -300 𝑘N𝑇. 
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Conclusion 
In summary, we reported the synthesis of a family of chemically anisotropic, (dimple-) 
dumbbell shaped colloids starting from chlorinated cross-linked polystyrene particles 
functionalized by the internal phase separation of functional seeded spheres and in situ 
crosslinking of the protrusion lobe. Systematic variation of the properties of the swelling 
ratio, crosslink density of the protrusion lobe and the shell properties of the seeds, we 
could readily tune the geometry of the resulting anisotropic particles. Dumbbells with 
protrusions smaller or equal to the size of the seed particles are easily accessible by 
increasing the swelling ratio. Moreover, dimpled dumbbells could be achieved and the 
geometry of the dimples at the protrusion site could be tuned via three different routes: the 
crosslink density of the protrusion lobe, the selective etching with DMF and the shell 
properties of the seed particles. Those dimpled dumbbells could be used as a model for 
lock-key system and reversibly assembled by depletion to form flexible clusters whose 
shape and composition can be programmed. The wide variety of particle geometries 
accessible via this robust synthesis route and the high yield due to the wet-chemical, 
dispersion polymerization-based procedures serve as ideal starting point for the 
preparation of tailored building blocks for (self-)assembly studies. For example, 
theoretically, dimer structures formed by two dimpled dumbbells and one key could be 
lined up into helical structures if they bind together tightly23, which could be a new route 
to assemble new colloidal architecture. 
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Supplementary information 
 	

Figure 4. S1. Infrared spectra of polystyrene (black), chlorinated particles (red) and 
brominated spheres (blue). 
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Figure 4. S2. SEM images of ill-defined particles after seed dispersion 
polymerization at swelling ratio 𝑺=4 resulting from lacking SDS. 
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Figure 4. S3. Optical micrograph of lock-key assembly and the insets highlight the 
in-process assembly (unsuccessful lock-key binding yet) via a higher magnification. 
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Figure 4. S4. Schematic of depletion effect for the self-assembly of lock key 
structure. The depletion attraction potential between lock and key is proportional to 
the overlapping excluded volume while the lock-key configuration has the largest 
overlapping volume.  



Chapter 5: Self-assembly of dumbbells at the oil-water interface via capillary interactions 

103 

5 Self-assembly of dumbbells at the 
oil-water interface via capillary 
interactions 

 
_________ 

* The simulations were carried out by Carmine Anzivino, Marjolein Dijkstra and René 
van Roij. 
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Abstract 
 

Colloidal particles confined at liquid interfaces are of high interest due to their important 
applications, for example in the stabilization of emulsions and foams as colloidal 
surfactants or in tandem catalysis as catalyst carriers. Taking advantage of the interactions 
between colloidal particles at interfaces different from those in bulk, colloidal 
microstructures that are generally not feasible in bulk can be achieved at an interface. In 
this work we present experiments and numerical calculations of assembly behavior of 
dumbbell shaped particles at the decane-water interface. First, the effect of wetting 
properties and geometry of the dumbbells on the self-assembly of particles at a fluid-fluid 
interface is studied. Charge-stabilized, stabilizer-free, monodisperse micrometer-sized 
Janus dumbbells were prepared by a seeded dispersion polymerization method. When the 
particles were introduced to the decane-water interface, anisotropic shape and 
heterogeneous surface chemical induced capillary interactions compete with the intrinsic 
electrostatic repulsion. The initial microstructure of charged dumbbells at the decane-
water interface consists of individual dumbbells coexisting with small clusters of 
dumbbells in side-side configuration, aligned with their long axis. Eventually the 
competition between electrostatic and capillary forces gave rise to 2D dense network 
structure consisting of rigid linear chains with dumbbells assembled tightly in side-side 
configuration.  
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Introduction 
Objects floating at a liquid interface, such as breakfast cheerios floating in a bowl of milk 
or bubbles at the surface of a cup of coffee, aggregate together as a result of capillary 
attraction1. This attraction for the Cheerios effect arises from deformation of the liquid 
interface due to gravitational forces; these deformations cause excess surface area that can 
be reduced if the particles migrate closer each other. In this case, the heavy particle 
adsorbed at the interface create a downward distortion that induced monopole capillary 
force2 to support the particle weight. While for micrometer-sized colloids, the 
gravitational force is too small to generate significant interfacial deformations. Bond 
number is defined as the ratio of gravitational force to the interfacial tension force, 𝐵E =
∆𝜌𝑎)𝑔/𝛾(1 − cos 𝜃), with ∆𝜌 the density difference between the particle and the liquid. 
For micrometer sized particles, 𝐵E is typically orders of magnitude smaller than 1, e.g. 
𝐵𝑜~10�� ≪ 1. Thus the monopole from local interface deformation around each particle 
due to gravity can be safely neglected3.  

 

However, anisotropic shape, chemical heterogeneity and surface roughness of the surface 
of micron and submicron particles can also create distortions to induce capillary force 
between neighboring particles, which as a directional force can be used to assemble 
particles into well-designed structures at the interfaces4. Generally, the leading-order 
distortion for micrometer sized particles has a quadrupolar structure at sufficient distance 
from the particle surface regardless of the specific boundary conditions.2 Ellipsoidal and 
cylindrical microparticles have been demonstrated that they can create a distortion with 
quadrupolar symmetry. These distortions have been characterized in simulation by 
interferometry, and by SEM imaging using the gel trapping technique5,6. Notably, the 
strength of the capillary interactions between micron- or sub-micron particles is usually so 
large that these particles generally assemble into kinetically trapped configurations, which 
can evolve with time. For example, at relatively small surface coverage, ellipsoids at the 
water–oil interface have been observed to assemble into both tip-to-tip (polystyrene 
ellipsoids) and side-to-side (silica-coated polystyrene ellipsoids)7 configurations. 
Similarly, upon spread to the liquid-liquid interface from very dilute suspensions, 
cylinders of moderate aspect ratio spontaneously and consistently assemble end-to-end on 
planar interfaces, forming straight and remarkably rigid chains5. Such chains, if slowly 
compressed at an interface, can form ‘‘bamboo’’ structures. Anijali et al. reported shape-
induced deformation, capillary bridging, and self-assembly of cuboidal-shaped hematite 
particles at planar interface.8 The type of interface deformation around cuboidal particles 
varied from monopolar to octupolar mode depending on particle configuration at the 
interface. Correspondingly, the cuboids can subsequently assemble into linear chains, 
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triangle with radial orientation and orthoradial square arrangements through capillary 
attraction. 

 

So far, recent developments mainly focused on understanding the behavior of anisotropic 
particles with homogeneous chemical properties at fluid–fluid interfaces. Chemically 
isotropic but geometrically anisotropic particles prefer to adopt a configuration that 
maximizes the displaced area of the fluid–fluid interface by the presence of the particles9. 
However, Janus particles tend to take more complex configurations depends on the 
wetting property and the geometry of the particles. For a spherical Janus particle 
(chemically anisotropic spheres) trapped at a fluid–fluid interface it takes the 
configuration that each hemisphere is exposed to its preferred fluid phase, and the 
wettability separation line between the two hemispheres coincides with (pinned) the 
interface. For Janus anisotropic particle each side of which can be modified independently 
have different equilibrium configuration at the interface depends heavily on the particle 
characteristics10–13. Oblique orientations of the Janus anisotropic particles can be induced 
by the fact that the liquid wets each patch differently. Moreover, when the boundary 
between the patches pins the contact line, an out-of-plane distortion of the interface can 
also emerge. Janus dumbbell as an interesting class of Janus particles have been 
demonstrated to be efficient colloidal stabilizer14 and catalyst carrier for tandem 
catalysis15 at the liquid-liquid interface. Recent experiments by Park et al. showed that 
micron-sized dumbbells at the water-oil interface experience strong shaped-induced, long-
range capillary quadrupole interactions16. However, the research of Janus dumbbells at the 
flat oil-water interface remains an open problem. 

 

The present work is an experimental and numerical study of the self-assembly of Janus 
dumbbells at interfaces. Specifically, the effect of size ratio and wetting properties of two 
distinct lobes of the dumbbell on self-assembly of particle monolayers are investigated 
using optical microscopy. First, the effect of wetting property on the particle assembly 
was explored by tuning the hydrophobicity of the functional seed lobes of the dumbbells 
using silane chemistry. Then by using dumbbells with different size ratio we study how 
the particle morphology affects the final structures of the particle monolayer. The 
evolution of self-assembly with time is monitored to provide mechanistic insight into this 
phenomenon. Finally, we compare the experimental observation with the numerical 
results, and demonstrate that numerical calculation is consistent with experimental 
observation nicely. 
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Experimental section 

5.1.1 Materials 
Styrene (St, 99%), sodium 4-vinylbenzenesulfonate (NaSS), aluminium oxide (99.99%, 
trace metal basis, extra pure), polyvinyl pyrrolidone (PVP, 𝑀> = 40 Kgmol-1), decane 
(reagent grade, 99%), isopropyl alcohol (ACS reagent, ≥99.5%), polyvinyl alcohol (PVA, 
𝑀> = 85 − 124 Kgmol-1, 87-89% hydrolysed) and 3-(Trimethoxysilyl) propylacrylate 
(TMSPA, 98%) were purchased from Sigma Aldrich. Azobis(isobutyronitrile) (AIBN, 
98%) were purchased from Acros Organics. Toluene (99.8% for analysis) was purchased 
from Fisher Scientific. 2,2’-Azobis(2,4-dimethylvaleronitrile) (V-65) was purchased from 
Wako Chemical GmbH. Hydroquinone (99%) was purchased from Riedel-de Haen. 
Ethanol (EtOH, p.a., ACS reagent) was purchased from Merck. All water used was 
purified using a Milli-Q water purification system. Decane was purified prior to use to 
remove polar components through a column of aluminum oxide17. All other chemicals 
were used as received. 

5.1.2 Synthesis of uncharged dumbbells 
Non-charged dumbbells were prepared using the method described by Wolters et al18. 
First, linear polystyrene spheres were synthesized using dispersion polymerization. For 
this, 126 mL of ethanol and 14 mL water was added in a 250 mL round bottom flask with 
PTFE stirrer, after which 5 g polyvinyl pyrrolidine (PVP), 10 mL styrene and 0.136 g 
azobisiobutyronitrile (AIBN) were added to the flask and dissolved under magnetic 
stirring. The flask was flushed with N2 and sealed tightly with a stopper and Teflon tape. 
Polymerization was carried out by immersing the flask in an oil bath at 70 ℃	at an angle 
of 60° and rotating it at ~100 rpm for 24 hours. 

Subsequently, these cross-linked spheres were coated with functional layer. A monomer 
mixture consists of styrene with 10 v/v% comonomer 3-(Trimethoxysilyl) propylacrylate 
(TMSPA), 1 v/v% divinylbenzene (DVB) as a crosslinker and 2 wt.% 2,2’-azobis(2,4-
dimethylvaleronitrile) (V-65) as an initiator. The swelling emulsion was prepared by 
adding 1 part of this monomer mixture solution to 4 parts of aqueous phase containing 1 
wt.% polyvinyl alcohol (PVA) to stabilize the emulsion. A total of 10 mL of this mixture 
was added to an elongated 25 mL vial. The content of the vial was then emulsified for 5 
minutes at 8 krpm using an IKA T-25 Ultra Turrax with an S25N 10G dispersing tool. 
This swelling emulsion was added to a 20 v/v% dispersion of the liner polystyrene seeds 
to a swelling ratio of the volume ratio of 𝑆 = 𝑉DEFEDGHI/𝑉�� = 4 , with 0.75 mM 
hydroquinone exist. The hydroquinone catches free radicals in the aqueous phase, greatly 
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suppressing the formation of secondary nucleates. This vial was flushed with N2 for 5 
minutes then sealed with parafilm. The swelling was allowed for 18 h on a roller table at 
50 rpm before transferred into an oil bath at 70℃ to initiate polymerization. After 
polymerized for 24 h, the resulting particles were washed with water to get rid of 
secondary nucleates. 

Finally, the cross-linked spheres were used for second seeded emulsion polymerization to 
prepare dumbbell shaped particles. First, a 20 v/v% aqueous dispersion of the cross-linked 
particles was added to a 10 mL of swelling emulsion with 1 part of monomer mixture 
consisting of styrene, 1.3 v/v% DVB and 2 wt.% V-65 in 9 parts of aqueous phase 
containing 1 wt.% PVA. Typically, symmetric dumbbells could be achieved when the 
swelling ratio 𝑆 = 2. After swelling and polymerization in the same way described in the 
last step, sterically stabilized dumbbells with smooth surface were obtained. 

5.1.3 Synthesis of charge-stabilized dumbbells 
We prepared linear polystyrene spheres (PS) via a soap-free dispersion polymerization. 
An amount of 90 mg azobis(isobutyronitrile) (AIBN) was dissolved in a mixture of 40 mL 
methanol and 8 mL styrene (St,) in a 250-mL round bottle ask. Then an aqueous solution 
of 10 mL H2O with 130 mg sodium 4-vinylbenzenesulfonate (NaSS) was added. The flask 
was flushed with N2 for 30 minutes and sealed tightly with a stopper and Teflon tape. 
Polymerization was carried out by placing the flask in an oil bath of 70	℃ for 20 hours 
under magnetic stirring. 

The dumbbells were then prepared in two steps (see Fig. 6.3). This procedure is a 
modified version of the synthesis described in Ref.19. 3-(Trimethoxysilyl) propylacrylate 
(TMSPA) was used as comonomer to prepare functional core-shell spheres with a 
functional shell for further modification. First, PS/poly(St-co-TMSPA) core-shell particles 
were prepared using seeded dispersion polymerization. Typically, a monomer mixture 
consisting of styrene with 10 v/v% co-monomer (TMSPA) and 1.5 wt.% 
azobisisobytyronitrile (AIBN) was prepared. Then a swelling emulsion was prepared by 
adding monomer mixture to the particle seed dispersion (5 wt.%). The volume ratio of 
𝑉DEFEDGHI/𝑉�� was fixed at 1. After swelling for 20 h on a roller table at 60 rpm, the 
polymerization was conducted at 70	℃ in an oil bath. The resulting core-shell particles 
with uniform spherical shape were used as seed particles for the second dispersion 
polymerization. 

In the second step, we mixed 10 mL of core-shell suspension (5 wt.%) with a mixture of 
styrene, toluene (5 v/v% to the styrene) and AIBN (1 wt.%) in a 40 mL glass vial, the 
swelling ratio 𝑉DEFEDGHI/𝑉vEHG�I�Gbb was varied to get anisotropic particles. The second 
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swelling process was allowed for 4 hours on a roller table followed by polymerization at 
70 ℃. Similar to charge stabilized PS spheres, the anisotropic particles were stabilized 
with NaSS (1 wt.% to the polystyrene) to bring charges to the surface of the protrusion. At 
swelling ratio 2, the resulting particles are symmetric dumbbells (see Fig.6.3), while at 
swelling ratio 1.5, slightly asymmetric dumbbells with a relatively small protrusion lobe 
could be prepared.  

5.1.4 Surface modification and particle labelling 
Methoxysilane groups on the surface of the seeded lobe of the dumbbells could be further 
modified to be hydrophobic to change the equilibrium particle configuration at a liquid-
liquid interface. To render the particles hydrophobic surface, these -SiOH groups are 
converted to be -Si(CH3)3 groups using hexamethyldisilazane.20 

The chemical asymmetry of the dumbbells was confirmed by labelling the seeded lobe 
with (3-Aminopropyl) triethoxysilane-Fluorescein isothiocyanate (APS-FITC) via silane 
coupling reaction using the same strategy described in chapter 2 and chapter 3. 

5.1.5 Preparation of monolayer containing dumbbell particles 
A monolayer containing dumbbell particles was prepared by spreading dumbbell 
dispersion onto a fluid-fluid interface17. About 10 𝜇L of dispersion with a particle content 
of 1.5 wt% was used with a mixture of isopropyl alcohol (IPA) and water (7:3 v/v) as 
spreading solvent. Aluminium oxide (basic) purified decane was used as the oil phase and 

Figure 5.1. Experimental cells used for the decane-water interface experiments. 
Glass cell consisting of an aluminium outer ring and a Teflon inner ring connected 
with glass spacers was used to ensure a pinned liquid interface. The flatness of the 
interface could be easily adjusted by changing the height of water phase from outer 
ring. 
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MilliQ water as a sub-phase. Glass cell consisting of an aluminium outer ring and a Teflon 
inner ring connected with glass spacers was used to ensure a pinned liquid interface. The 
dumbbell particles suspension with the mixture of IPA-water as solvent was injected at 
the interface using a micro syringe. Notably, the tip of the syringe should be slightly under 
the interface when we inject the particles to the interface system and ensure all particles 
were brought to the interfaces via spreading solvent. Otherwise the dumbbells might form 
aggregates in the oil phase before reaching the liquid-liquid interface. In the experimental 
cell, the aluminum ring and Teflon ring ensure the interface pinned, and the spacer 
between inner aluminum ring and the outer glass ring allows us to tune the height of the 
water phase to get at target interface. 

5.1.6 Characterization 
Transmission electron microscope (TEM) pictures were taken with a Philips Tecnai10 
electron microscope typically operating at 100 kV. The samples were prepared by drying 
a drop of diluted aqueous dispersion on top of polymer-coated copper TEM grids. 
Scanning electron microscopy (SEM) images were taken with a Philips SEM XL PEG 30 
typically operating at 5 – 10 kV. Optical microscopy and fluorescence images (λexcitation 
= 480 nm for FITC) were taken with a Nikon Ti-E inverted microscope. For fluorescence 
images, samples were prepared by placing a drop of the diluted dispersion on a 
microscopy slide.  

Results and discussion 
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5.1.7 Synthesis of Janus dumbbells 

Figure 5.2. (a1) Functional core-shell spheres were prepared using seeded dispersion 
polymerization. The liner polystyrene spheres were coated with a copolymer shell 
poly(styrene-co-3-(trimethoxysilyl) propylacrylate) (PS-TMSPA). (a2) Swelling the 
PS-TSMPA with styrene leads to dumbbell shaped particle with a liquid styrene 
protrusion which was stabilized by sodium styrene sulfate. (b) The liquid protrusion 
of dumbbell shaped particles was solidified via heat-induced polymerization. 
Depends on the swelling ratio of the monomers in the second step seeded 
polymerization, dumbbells with varied size ratio could be achieved (c, d and e). If 
fusion of the liquid protrusion occurs before polymerization, dimers with two 
functional seeds and a fused polystyrene lobe could be obtained (f). 
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A schematic overview of the synthesis route towards bifunctional particles is shown in 
Figure 5.2. Our method comprises two sequential seeded dispersion polymerizations in 
which functional core-shell spheres are first synthesized and then used as seeds for a 
second swelling procedure to induce phase separation forming dumbbell shaped particles 
with a liquid protrusion patch.19 First, uniform charge-stabilized linear polystyrene (PS) 
microspheres (~1.7 µm diameter) were synthesized using stabilizer-free dispersion 
polymerization. Then, in the first swelling step, the linear polystyrene spheres in aqueous 
dispersion were swollen with a monomer mixture comprising styrene (St) and 3-
(trimethoxysilyl) propylacrylate (TMSPA). After subsequent polymerization, a functional 
copolymer shell was coated around the linear PS core (PS-TMSPA). To test the activity of 
functional groups on the particle surface, the PS-TMSPA core-shell particles were 
labelled with a APS-FITC using the same protocol described in Chapter 2. A 
homogeneous distribution of the dye onto the surface of the resulting particle was 
confirmed using fluorescence microscopy, and therefore silane groups are reactive and 
over the surface of the core-shell spheres. 

In the second step, aqueous suspensions of core-shell seeded particles (PS-TMSPA) were 
swollen with styrene at room temperature and the swelling styrene phase separated out 
from core-shell seeds forming a tiny liquid protrusion. The liquid protrusion of the 
dumbbells was solidified subsequently in situ via heat-induced polymerization. The 
polymerized particles feature smooth surface on both patches, which is crucial to 
minimize the effect of the surface roughness induced capillary force on the self-assembly 
of dumbbells at interfaces. The size ratio between two distinct lobes of the resulting 
dumbbells was varied by the swelling ratio in the second swelling step. Notably, 4-
vinylbenzenesulfonate (NaSS), was employed as charged comonomer. The permanently 
charged sulfonate group will preferentially partition on the outer surface of the colloids, 
providing electrostatic repulsion driven colloidal stability. This strategy is important to 
avoid using surfactants as it is known that introduction of surfactants such as sodium 
dodecyl sulfate (SDS) in the aqueous phase of the liquid-liquid system results in a 
significant decrease in the repulsion between particles.17  
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5.1.8 Microstructure evolution of dumbbells at a decane-water 
interface                                                                          
Park et al. reported16 that upon spreading the dispersion containing symmetric dumbbells 
onto the liquid-liquid interface, the long-range attractive capillary force between particles 
leads to the formation of aggregates immediately. By contrast in our case, the dumbbells 
behaved similarly to the polystyrene spheres forming crystal structures in the beginning21. 
This is attributed to the dipole-dipole repulsions from the charges on both lobes (Zeta 
potential ζ = -56 mV) of the dumbbells at the interfaces, and the relatively smooth surface 
by taking advantage of the non-crosslinked core-shell PS-TMSPA seed particle. As a 
comparison, Figure 5.4 shows non-charged dumbbells form aggregations upon spreading 
at the decane-water interface. Madivala et al.6 also reported that compared with non-
charged ellipsoid forming network structure immediately, whereas many individual 
particles were present for charged ellipsoid, suggesting that the long-range electrostatic 

Figure 5.3. The structure evolution of dumbbells at the flat decane-water interface: 
(a) soon after spreading; (b) 15 h; (c) 25 h; (d) 50 h. 
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repulsion is of the same order of magnitude as the capillary forces. Nowadays, it is 
generally accepted that the repulsion has been considered to take place through the oil 
phase due to residual charges at the particle-oil interface which lead to dipolar 
repulsions.22–24  

Unlike monolayers of charge stabilized spheres can be stable for days, charge stabilized 
Janus dumbbells in the monolayer aggregate even in the absence of salt/surfactant. As we 
can see from Figure 5.3a, the majority dumbbells were present as individuals with a few 
short linear chains exist, suggesting that charge stabilized lobes of the dumbbells provide 
long-range electrostatic repulsion preventing aggregation. The initial microstructure 
densified with time as shown in Figure 5.3b, 3c, and 3d. This shows that although the 
electrostatic forces create a barrier for aggregation, the final structure seems to be 
determined by the capillary forces which overcome the energy barrier. Eventually as 
shown in Figure 5.3d the microstructures evolved into a locally densified network 
consisting predominantly linear dumbbell chains in side-side configuration.  

 

 

Figure 5.4. Self-assembly of non-charged dumbbells at the decane-water interface 
(inset SEM image of non-charged dumbbells with polyvinyl pyrrolidone (PVP) as 
stabilizer). 
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Loudet et al.7 reported that depending on surface chemistry, ellipsoids aggregate into open 
structures or chains. Park et al. demonstrated numerically that chemically anisotropic 
particles take different equilibrium orientation at an oil-water interface depends on the 
difference in the wettability of the two regions of Janus particles.10  Therefore here we 
modify the functional core-shell seeded lobe to be hydrophobic to investigate how the 
difference in the wettability of the two lobes of the dumbbell affect the microstructure 
evolution at the interface. As we see from Figure 5.5, initially the modified dumbbells 
almost form perfect crystal structures   consisting of individual particles similar to 
hexagonal crystal lattice formed by charge stabilized polystyrene spheres21. Compared to 
unmodified dumbbells, initially the modified dumbbells remain more uniform at the 
interface with few small clusters exist even at a higher surface coverage. Horozov et al. 
have shown that very hydrophobic silica spheres with large contact angles (with contact 

Figure 5.5. The structure evolution of modified dumbbells at the flat decane-water 
interface: (a) soon after spreading; (b) 25 h; (c) 50 h; (d) 120 h. The scale bars 
correspond to 20 µm. 
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angle larger than 130°) gave well-ordered monolayers at the octane-water interface; in 
contrast, the monolayers of less hydrophobic particles (with contact angles smaller than 
115°) were totally disordered and aggregated.25 By modifying PS-TMSPA spheres to be 
hydrophobic we achieve comparable disorder-order structure transition as shown in Figure 
5.6. Before modification hydrophilic PS-TMSPA core shell form random aggregates 
immediately upon spreading at the decane-water interface. After modification with 
hexamethyldisilane, the monolayer structure was transformed from random clusters to 
well-defined hexagonal lattice.  

The enhanced repulsion from hydrophilization of the PS-TMSPA seeded lobe of the 
dumbbells also slows down the evolution of the microstructures at the interface. Figure 
5.5b show that after 25 hours there were only few small clusters formed, and after 50 
hours the small clusters of dumbbells evolved into linear dumbbells chains with many 
individual dumbbells exist (5.5c). While at the same time scale, unmodified dumbbells 
already reached the final densified network structures. After 150 hours the modified 
dumbbells concentrated into identical network structures consists of rigid dumbbells 
chains in side-side configurations.  

Next, we investigate the effect of geometry of the dumbbells on the self-assembly 
behaviour of particles at the interfaces. Park et al. reported that the capillary interaction 
between dumbbells (the particles consist of two fused polystyrene spheres) is quadrupolar 
mode, therefore particles form linear chains in side-side configuration16. However, 
numerical calculation* (Figure 5.7) shows that Janus dumbbells have a hexapolar 
distortion around the particles at the interface when the contact angle of two lobes are 
different. Since for symmetric dumbbell shaped particles we could not distinguish which 
capillary mode particles take, here we use asymmetric dumbbells as models.  

 

Figure 5.6. Monolayers of PS-TMSPA spheres at the decane-water interface (a) 
before and (b) after hydrophobization with hexamethyldisilane. 
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____ * The simulations were carried out by Carmine Anzivino, Marjolein Dijkstra and 
René van Roij. 

Figure 5.7. (a) Homogeneous dumbbells with a contact angle 𝜽 = 𝟗𝟎°  have no 
interfacial deformations. (b) Homogeneous dumbbells with a contact angle 𝜽 ≠ 𝟗𝟎 
feature quadrupole distortion around the particle at the interface. (c) Janus 
dumbbells of which two lobes featuring different contact angle induce hexapolar 
distortion. (d) Interaction energy per particle of the two parallel Janus 
spherocylinders, adsorbed in their equilibrium configuration for laterally aligned 
(black) and anti-aligned (orange) orientations.  
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From the simulation results we find that homogeneous dumbbells with a contact angle 
𝜃 ≠ 90 induce quadrupolar capillary interactions which are attractive for both lateral 
aligned and anti-aligned configuration (Figure 5.7b). Janus dumbbells induced hexapolar 
capillary interactions (Figure 5.7c) are attractive for the lateral aligned configuration 
(black), while repulsive for the anti-aligned configuration (orange) (Figure 5.7d). 
Interestingly, this result is only expected when the dominant mode of the interfacial 
deformation field induced by the two particles is a hexapole, as in our results. Instead, if 
the dominant mode had been a quadrupole, attractive capillary interaction would have 
been found for both laterally aligned and anti-aligned configuration. The simulation 
results that hexapolar capillary interaction shows attractive for the lateral aligned 
configuration and repulsive for anti-aligned is consistent with our experimental results as 
shown in Figure 5.8. In Figure 5.7d we chose spherocylinders as model as the distortion 
induced by spherocylinders is similar to that by dumbbells, but more pronounced. 
Notably, the inhomogeneous electrostatic interaction caused by anisotropic double-layers 
that prevent anisotropic particles forming aggregates could in principle also attribute to 
the mutual orientations of neighbouring particles. Similar to the interface distortion 
around the dumbbells caused by their difference in hydrophobicity, these inhomogeneous 
electrostatic interactions are most likely not only have a dipolar, but also higher multipolar 
character for these particles sticking through the interface in these anisotropic/complicated 
ways.  

As we can see from Figure 5.8b. the asymmetric dumbbells feature a slightly smaller 
protrusion lobe. The asymmetric Janus dumbbells were spread at the interface using the 
same strategy. Similar to symmetric dumbbells forming units in side-side configuration, 
asymmetric dumbbells arranged tightly in a dominant side-side, more specifically laterally 
aligned configuration (5.8d). This dominant configuration clearly demonstrated that Janus 
dumbbells have a hexapolar distortion around the particles (Figure 5.7b). While the 
hexapolar deformation field induces capillary attractions for aligned Janus dumbbells and 
repulsions for anti-aligned ones, which is consistent with our experimental observation 
(5.8f). 
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Figure 5.8. Transmission electron microscope images of symmetric Janus dumbbells 
(a) and slightly asymmetric Janus dumbbells (b); the linear string of symmetric 
Janus dumbbells (c) and curved chain of slightly asymmetric Janus dumbbells (d) 
formed at an interface. In case (c) and (d) the scale bar corresponds to 10 𝝁m. 
Schematic images of the observed structures: (e) linear string of laterally aligned 
symmetric Janus dumbbells, (f) curved chain of laterally aligned and slightly 
asymmetric Janus dumbbells. 
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Conclusion 
In this work we experimentally studied the assembling behavior of Janus dumbbells at the 
decane-water interface using capillary interaction. First, we synthesized uniform Janus 
dumbbells with controllable wettability and tunable size ratio. The effect of wetting 
properties of the dumbbells on the self-assembly of particles at a fluid-fluid interface was 
studied.  The results showed that dumbbells with hydrophilic or hydrophobized seeded 
lobe can be assembled into dense structures, with side-side arrangement. Initially charged 
dumbbells at the decane-water interface formed crystal structures and eventually the 
competition between electrostatic and capillary forces gave rise to 2D dense network 
structure consisting of rigid linear chains with dumbbells assembled tightly in side-side 
configuration. Curved chains of asymmetric dumbbells confirmed that the capillary 
interaction arise from Janus dumbbell shape is hexapolar mode, which is consistent with 
numerical calculations. These self-assembled networks, formed by capillary force and 
tailored by wetting, surface charge and the size ratio of the dumbbells could be of 
relevance to stabilize Pickering emulsions. 
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6 Active particles in passive 2-D lattice 
at the oil-water interface 

 

The active particle moving through the lattice structure with the red arrow showing 
its direction of movement. 
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Abstract 
Differently from passive Brownian particles, active particles, also known as self-propelled 
Brownian particles or micro swimmers and nanoswimmers, are capable of taking up 
energy from their environment and converting it into directed motion. In recent years, a 
significant and growing effort has been devoted to advancing the active matter system. 
Among of these exploration, one open problem is how self-propelled particles interact 
with obstacles or boundaries. Here we study experimentally and numerically the motion 
of a self-phoretic active particle in a very strong confinement condition, two-dimensional 
(2D) passive colloidal crystals at fluid interfaces.  

Two scenarios emerge depending on the interaction between the active particle and the 
lattice. On the one hand, the results show that the active particles swimming at a bare 
interface change direction frequently whereas when the swimmers are confined in a 2-
dimensional lattice they take a more linear track. This steering of the particle allows for an 
increase in the mean squared displacement for the swimmers in the lattice and also an 
increased velocity. On the other hand, the swimming particles seem to display an 
interesting capture and release mechanism of the lattice particles. Upon calculating the 
velocities of the swimming particles while touching a lattice particle and not touching one, 
we saw little change in the velocities. This shows that the interaction between the active 
and inactive particles does not affect the velocity of the swimmer. The increase in velocity 
most likely comes from the lower frequency in directional changes within a lattice. Our 
results shed new light on the behavior of dense active phases and constitute the first step 
towards the realization of non-close-packed crystalline phases with internal activity.  
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Introduction 

6.1.1 Active particles 
Active colloids are an emerging and promising class of colloidal particles which are 
designed to keep in an out-of-equilibrium state by transforming chemical and other forms 
of energies into mechanic work and propulsion1. This is typical for many biologically 
relevant systems, which by exploiting chemical energy can self-organize into complex 
structures that lack any equilibrium counterpart. Examples include motor proteins in 
biology, whose motion is driven by the consumption of adenosine triphosphate (ATP)2. 
Synthetic active particles can be now designed not only by tailoring precisely the size, 
surface functionalities and interaction, but also by rendering their motion directional and 
controllable, overcoming the limitation of random Brownian walks3–5. In this respect, 
these active colloids are currently investigated as promising systems which are able to 
perform specific tasks such as transporting cargos6,7, degrading water contaminants8 and 
as models to research the collective motion of self-propelled agents9.  

However, such application is always accompanied by challenges that understand the 
interaction between the active particles and the environment. For example, active colloids 
for selective cargo transport needs to attract or repel specific targets enabling dynamic 
control of target selection6; catalytic nanomotors needs accurate spatial control for real 
application10; while the collective motion of microorganisms and artificial 
microswimmers or active colloids in liquid crystal have been performed in a quasi-2D 
geometry where the particles move in a plane bounded by one or two walls11,12.  

So far, walls and microchannels as the effective way to guide the self-propelling have 
been widely investigated13,14. While much less understood for active particles at even 
strong confinement condition, for example liquid-air or liquid-liquid interfaces. Several 
new types of activities have been observed experimentally at liquid-air interfaces and 
liquid crystal interfaces. Wang et al. have observed enhanced active motion of Janus 
colloids at the water interfaces15. Malgaretti et al. used a model of an active, spherical 
Janus colloid they showed that under certain conditions the persistence length of such a 
particles is significantly larger than the corresponding one in the bulk, which explains 
Wang’s experimental observation16,17. Di Leonardo et al. reported that when the boundary 
condition on the wall changes from no slip on a solid wall to the almost perfect slip on a 
liquid-air interface, the direction of E. coli’s circular swimming is reversed.18 Furukawa et 
al. reported that using self-propelled ion gel as self-propellant to generates a powerful and 
durable motion at air-water interfaces and variety of motions were observed due to the 
millimetre gel size lacking freedom in motion19. However, if the Janus particles are 
trapped at and confined to liquid–fluid interfaces their behaviour can be strongly affected 
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by this quasi two-dimensional (2D) confinement20, therefore the exploit active particles 
trapped at liquid-liquid interfaces remains an intriguing and important open problem. 

Another important and inevitable issue that is crucial for self-propelling particle for real 
application is that how the active particles interact with obstacles. Takagi et al. showed 
that self-propelled Au-Pt rods are captured and orbit closely, with little decrease in their 
speed, around solid passive spheres resting on a solid substrate21. The hybrid system of 
active particles and dense passive media were widely explored  by Ni et al.22–26 and the 
results showed that the active particles trigger distinct crystallization or phase separation 
behaviours from pure passive systems. Chamolly et al. investigated numerically the 
behaviour of a single spherical micro-swimmer located in an infinite, periodic body-
centred cubic lattice27. Dietrich et al. showed that the self-propelling patchy colloids at 
planar 2D confinement uptake two main orientations which lead to two particle 
populations with velocities that differ up to one order of magnitude.28 Furthermore, they 
demonstrated that when the self-phoretic active particles are trapped in two-dimensional 
loosely packed colloidal crystals at fluid interfaces, the active patchy colloids also 
undergo two different motion: the active particles either walk throughout the crystal as an 
interstitial or act as part of the lattice and behave as active atoms.29 These researches are 
important not only to the application for microswimmers as cargo transport or 
contaminants degrading, but also helpful for theoretical work such as how self-propelled 
constituents affect even denser structures, e.g., crystals or glasses, which may pave the 
way for the fabrication of new phases of matter.  

Inspired by these discoveries of active matter at liquid interfaces and their intriguing 
behaviour when active particles encounter obstacle or even located in a well-defined 
lattice structures. Here we show the motion of self-propelled platinum half coated 
polystyrene Janus spheres within a passive hexagonal polystyrene lattice monolayer, 
which was formed at a flat water-oil interface. Two scenarios emerge depending on the 
interaction between the active particle and the lattice. On the one hand, the active spheres 
undergo stable linear swimming when they are confined in the particles lattice, whereas 
the active particles swimming at the liquid-liquid interface change direction frequently 
when there are no obstacles. Correspondingly, this steering of the active matter allows for 
an increase in the mean squared displacement for the swimmers in the lattice and also an 
increased velocity. For example, the MSD of the particles with a lattice present is 
approximately 4.7 times larger than particles with no lattice. Meanwhile, on their linear 
pass route, the swimming particles seem to display an interesting capture and release 
mechanism of the lattice particles. The captured passive particles could be dragged off 
their equilibrium position more than 1 µm and the whole lattice structure deformation get 
recovered once the captured particle get released. Surprisingly, the velocity of swimming 
particles in the lattice was found to be independent of these capture and release interaction 
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with the neighbouring passive lattice colloid atoms, which suggests that the attraction 
between active matter and captured passive sphere are encountered with the rest 
hexagonal lattice. Our results shed new light on the behaviour of dense active phases and 
constitute the first step towards the realization of non-close-packed crystalline phases with 
internal activity. 

6.1.2 Theory 

6.1.2.1 self-diffusiophoresis 
micrometre-sized active matter self-propelled in a regime where the effect of viscous drag 
and Brownian randomization has a determinant effect on motion. The Reynolds number 
(Re) is defined as the dimensionless ratio of inertial and viscous forces present in the 
system: 	

𝑹𝒆 =
𝝆𝒗𝑳
𝝁 								(6. 1) 

Where ρ is particle density, v is particle velocity, L is the characteristic length scale of an 
object and µ is the viscosity of the surrounding medium. For microscale particles the 
inertial forces decrease, due to a decreasing L, and become negligible as viscous forces 
dominate. Which means inertia can no longer sustain motion as any motile force applied 
is immediately counteracted by the viscous drag. 

To effect self-propulsion of individual colloids in dilute systems, the movement of these 
motors has to be nonreciprocal. Therefore, it is necessary to break symmetry to create 
instantaneous force to generate continuous motion. The most reproducible and easy 
approach of inducing movement of a particle is to partially coat the particle with a 
platinum layer which catalysed decomposition of hydrogen peroxide to form oxygen gas 
and water (2H2O2(l) → O2(g) + 2H2O(l)).30 Howse et al. showed that for polystyrene 
particles with an asymmetric coating of platinum catalyst in a dilute hydrogen peroxide 
solution31, as depicted in Figure 6.1, the particle will take directed motion at short time 
scales before reverting to a random-walk. This reaction creates local chemical 
concentration gradients inducing self-propulsion of the particle. This movement by a 
chemical gradient is referred to as self-diffusiophoresis. 
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Ke et al.32 studied the motion of 1 µm platinum coated silica spheres and, by using optical 
microscopy, concluded that the motion of the particles in the opposite direction to the Pt 
side, as per Figure 6.1. As more catalytic products from reactants are formed at the 
platinum coated surface, a higher chemical concentration is formed here which propels the 
particle away in the opposite direction. They also observed a ballistic regime at short time 
scales and an enhanced Brownian motion at times longer than the rotational diffusion 
time. This self-diffusiophoresis is only valid for particles of less than 5 µm. For particles 
larger than 10 µm, bubble propulsion is thought not to be this type of motion. Because 
microbubbles of oxygen form at the platinum coated surface, the microbubbles grow in 
size until they are released and induce motion of the particle by their detachment30. 
Different coating approach also leads to various swimming modes and active matter with 
rough coating and high catalytic activity could change the propulsion mode from self-
diffusiophoresis to bubble propulsion.33 

6.1.2.1 Mean Squared Displacement 
To characterise the motion of the active particles we calculate the mean squared 
displacement (MSD) of the particle. The MSD is a measure of the deviation of the 
position of a particle with respect to a reference position over time and can generally be 
defined as:   

𝑴𝑺𝑫 = 〈(𝒓 − 𝒓𝟎)𝟐〉 =
𝟏
𝑵
�(𝒓𝒏(𝒕) − 𝒓𝒏(𝟎))𝟐
𝑵

𝒏�𝟏

								(6. 2) 

where 𝑵 is the number of particles to be averaged, 𝒓𝒏(𝑡) the position of the particle at 
time t and 𝒓𝒏(0) the reference position of each particle. 

Figure 6.1. Decomposition of hydrogen peroxide to water and oxygen with a 
platinum catalyst on a polystyrene sphere. The blue arrow shows the expected 
direction of movement of the Janus particle. 
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Along with directed active motion the particle simultaneously undergoes Brownian 
motion, due to thermal fluctuations, which can be characterized by its diffusion coefficient 
𝑫𝟎, from the Stokes-Einstein relation: 

𝑫𝟎 = 	
𝒌𝑩𝑻
𝟒𝝅𝜼𝑹

								(6. 3) (Valid for 2D) 

Where 𝑹 is the radius of a spherical particle, 𝜼 is the viscosity of the surrounding medium, 
𝒌𝑩 is the Boltzmann constant and 𝑻 the absolute temperature in kelvin. 

Howse et al.31 described the full range of motion taken by an active particle in 2-
dimensions by combining the active and Brownian motion: 

𝑴𝑺𝑫 = 〈𝒓𝟐〉 = 𝟒𝑫𝟎𝜟𝒕 +
𝑽𝟐𝝉𝒓𝟐

𝟐 	ª
𝟐∆𝒕
𝝉𝒓

+ 𝒆�
𝟐∆𝒕
𝝉𝒓 − 𝟏«								(6. 4) 

Where 𝑫𝟎 is particle diffusion coefficient, 𝝉𝒓 is rotational time, 𝑽 is particle velocity.  

At short time scales, with 𝒕≪ 𝝉𝒓, the equation has the limiting form: 

〈𝒓𝟐〉 ≈ 𝟒𝑫𝜟𝒕 +	𝑽𝟐∆𝒕𝟐								(6. 5) 

Here MSD scales with 𝒕𝟐, indicating a non-diffusive, directed movement of the particle, 
this regime is described as super-diffusive and will show an increasing slope. 

At longer time scales, 𝒕	≫𝝉𝒓, the equation becomes: 

〈𝒓𝟐〉 ≈ (𝟒𝑫 + 𝑽𝟐𝝉𝒓)∆𝒕								(6. 6) 

Showing the particle moving into a diffusive regime as MSD scales with time, this plot 
shows a linear slope as seen for a particle only undergoing Brownian motion. 

6.1.2.2 Monolayers at Interface 
Charged particles adsorbed at oil-water interfaces have been shown to form stable lattice 
structures with a high degree of uniformity.34,35 The presence of these stable lattices shows 
a long range repulsive interaction must be at work over the interface. According to 
Pieranski, the repulsive forces present here are dipolar interactions.36 As only a section of 
the polystyrene particle is immersed in the polar phase, the surface charges are distributed 
asymmetrically around the particle due to dissociation of the sulfonic acid groups. Thus, 
leading to a dipolar moment forming perpendicular to the interface, shown in Figure 6.2 
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Some charges could also be present on the particles surface in the oil phase which could 
lead to long-range Coulomb repulsions arising from charges present at the particle-oil 
interface from polar surface groups.37 Nowadays it is generally accepted that the majority 
of the repulsion has been considered to take place through the oil phase due to residual 
charges at the particle-oil interface which lead to dipolar repulsions.38–40  

Materials and Methods 

6.1.3 Materials 
2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%) and hydrogen peroxide (35 wt%) were 
purchased from Fisher Scientific. Styrene (St, 99%), decane (reagent grade), 
divinylbenzene (DVB, 55% mixture of isomers), polyvinylpyrrolidone (average mol wt 
40,000) (PVP-40) and 4-styrenesulfonic acid sodium salt hydrate (NaSS) were obtained 
from Sigma Aldrich. Ethanol (EtOH, p.a., ACS reagent) was purchased from Merck. 
Methanol (MeOH, ACS specifications) was obtained from J. T. Baker. The water used for 
all synthesis was purified using a Milli-Q system. Gellan gum were purchased from VWR 
International. 

All water used was filtered through a MilliQ® water purification system. 5 µm 
polystyrene particles were obtained from Daniël ten Napel, semi-coated in platinum, so 
can be assumed to undergo self-diffusiophoresis. Decane was purified by removing the 
polar components by adsorption onto aluminium oxide powder.41 All other chemicals 
were used without further purification. 

Figure 6.2 The asymmetric charge distribution around particle at the interface due 
to the dissociation of sulfonic acid groups on the polystyrene surface immersed in the 
water phase. 
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6.1.4 Synthesis of polystyrene spheres 
Polystyrene particles were used to create a stable lattice structure at the oil-water 
interface. The procedure used for the preparation of 1.5 µm polystyrene particles is as 
follows: 90 mg 2,2′-Azobis(2-methylpropionitrile) (AIBN), 8 mL styrene and 40 mL 
methanol were added to a 100 mL round bottom flask. 130 mg 4-Styrenesulfonic acid 
sodium salt hydrate (NaSS) was dissolved in 10 mL milliQ water and added to the flask. 
The reaction vessel was degassed under nitrogen for 30 minutes with continuous stirring, 
then heated to 80°C in an oil bath to initiate the reaction. After 2.5 hours of heating a 
second batch of chemicals was added to increase the particle size. 10 mL methanol, 30 µL 
divinylbenzene (DVB) and 2 mL styrene were combined and then added to the flask. The 
reaction was left to run for 20 hours. Once reaction was complete flask was removed from 
oil bath to quench the reaction and the solution was transferred to a 100 mL centrifuge 
tube. The solution was washed at 2000 rpm for 30 minutes with milliQ water 3 times. 

Polystyrene particles with diameter of 5 µm were semi-coated with platinum and then 
used as active particles at the oil-water interface. The procedure used for the preparation 
of 5 µm polystyrene particles is as follows: 191 mg 2,2′-Azobis(2-methylpropionitrile) 
(AIBN) were dissolved in 20.5 mL styrene with gently shaking in a 40 mL glass vial. 563 
mg polyvinylpyrrolidone (PVP-40) were dissolved in 61 mL ethanol under magnetic 
stirring in a 150 mL round bottom flask. Then the flask was sealed tightly with rubber 
septa and transferred into an oil batch at 70°C. The styrene solution was degassed with 
nitrogen for 5 minutes before added dropwise into the reaction flask. The monomer 
solution feeding was finished with 5 minutes. Finally, the reaction was allowed for 24 
hours under magnetic stirring.  

6.1.5 Preparation of Janus Particles 
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The following procedure was used to prepare Janus particles of 5 µm polystyrene particles 
semi-coated with platinum. Firstly, a 2 wt.% solution of 5 µm polystyrene particles in 
ethanol was prepared. A 100 mL beaker was partially filled with milliQ water and a glass 
slide placed below the surface of the water using the experimental set up shown in Figure 
6.3. 30 µL of polystyrene solution was then added slowly to the surface of the water, 
allowing for the formation of a monolayer of particles on the water surface. The water was 
pumped out of the beaker from its base at a rate of 48 rpm, using a Gilson Minipuls 3 
pump, until the surface of the water was below the glass slide. The glass slide, now 
containing a monolayer of particles, was removed from the beaker and its underside 
cleaned with ethanol to remove excess particles. 

A sputter coater with a platinum target was used to coat the particle monolayers. The glass 
slides were placed on the stage of a Cressington 108 sputter coater and the reaction 
chamber flushed with argon gas and evacuated to 0.08 mbar. The coating procedure was 
then allowed to occur for 200 seconds to create a 10-nm thick layer of platinum on the 
exposed section of the monolayer. To redisperse the Janus particles, the glass slides were 
then placed in a beaker with 3 mL of ethanol and sonicated for 3 minutes to remove the 
particles from the substrate. The ethanol containing the particles was transferred to an 
Eppendorf tube and centrifuged at 11,000 rpm for 3 minutes. The supernatant was 
removed and replaced with fresh ethanol, and the centrifugation repeated. This washing 
procedure was carried out three times before redispersal of the Janus particles in ethanol. 

Figure 6.3. Monolayer formation experimental set up. The polystyrene particles were 
first spread at the water air interfaces forming a particle monolayer. With the water 
pumping out particle monolayer falls on the glass slide. 
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6.1.6 Interfacial Experiments 
A fluid cell was used to create a flat and stable oil-water interface42. The fluid cell consists 
of a glass base with a glass outer ring in the center (Figure 6.4). Outside of the outer ring 
the base has a thickness of 1 mm to allow for mounting of the cell on a microscope, inside 
the glass ring the base thickness is 150 µm to allow for clear imaging of the interface. The 
outer glass ring houses an inner ring consisting of an aluminium ring with a Teflon insert. 
The aluminium ring has four large spacers (100 µm thick) in its base to allow for the flow 
of liquid between the inner and outer rings. The entire glass ring is covered by a glass cap 
to protect the sample and prevent evaporation. The fluid cell structure is shown in Figure 
6.4. 

To transfer the Janus particles to the interface, 2 µL of a suspension of Janus particles in 
ethanol was injected just below the interface and the particles allowed to spread at the 
interface. To observe the Janus particles in a lattice structure at the interface, 5 µL of a 0.2 
wt.% solution of 1 µm polystyrene particles in ethanol, which as spreading solvent to 
bring the particles to the interface, was injected below the interface. Following this 2 µL 
of a suspension of Janus particles in ethanol was injected just below the interface. Decane 
is passed through a column of aluminium oxide (Al2O3) (Acros Chemical, basic activated) 
to remove any polar contaminants that may be present. Purified decane was used as super-
phase and hydrogen peroxide solution was used as aqueous phase. 

There are two routes to prepare hydrogen peroxide solution-decane interface system. One 
way is firstly to prepare water-decane interface system and then spread the particles to the 
interface, however, the followed dropwise adding hydrogen peroxide might lead to 
inhomogeneous state in the beginning. To rule out any possible effect of inhomogeneous 
distribution of H2O2, we first prepared the solution at a 5 wt%. This solution was prepared 
by diluting 1.4 g 35 wt.% hydrogen peroxide with 8.4 g milliQ water. Though the velocity 

Figure 6.4. schematic image of the fluid cell components (inset is the picture of fluid 
cell). 
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of the active particles increases with the fuel concentration, under higher concentration 
than 5 wt%, the oxygen bubbles from the catalysis reaction will gather at the liquid 
interface rapidly and destroy the whole flat interface system. Hence for the active particle 
at the interface experiments we fix the concentration of hydrogen peroxide solution at 5 
wt.%. All glassware and particles are carefully washed using ultra-purified water prior to 
use in order to prevent the potential effect of impurities. 

A motorised Nikon Ti Eclipse inverted optical microscope was used to image the 
interface, with a Nikon 60x air objective with a working distance of 1.3 mm. The 
microscope is controlled by NIS Elements software and videos of nd2 format were 
recorded. 

6.1.7 Determination of the Particle Position at the Interface  
In order to observe the position of the particles at the oil-water interface the following 
procedure was used, adapted from43. A 2 wt.% Gellan solution was prepared by dissolving 
100 mg of Gellan in 5 g milliQ water. This solution was heated to 95 °C in an oil bath for 
15 minutes to allow the gel to liquefy, along with a vial containing 1 mL decane. The fluid 
cell was placed in an 85 °C oven for 20 minutes to prevent Gellan from solidifying 
immediately upon contact with the glass. The oil-water interface was then prepared as 
described above using 2 wt.% Gellan as the aqueous phase. 5 µL Janus particles in ethanol 
solution was injected slightly below the interface. The cell was then left at room 
temperature for 30 minutes to allow the gel phase to fully set. A polydimethylsiloxane 
(PDMS) solution was prepared by adding 1g of curing agent to a 100 mL centrifuge tube 
containing 10 g polydimethylsiloxane and mixing thoroughly. The PDMS solution was 
centrifuged for 15 minutes at 7400 rpm to allow dust to settle at the base of the tube. The 
decane was then removed from the fluid cell with a syringe and any reside soaked up with 
the edge of a tissue paper. 0.8 mL PDMS solution was then added on top of the Gellan in 
the fluid cell using a positive displacement pipette, shown in Figure 6.5. The PDMS was 
left to cure for 48 hours and then peeled off the Gellan layer. The PDMS layer was 
washed in 95°C milliQ water for 10 minutes to remove any Gellan residues. The sample 
was then imaged using SEM. To achieve a better resolution and to tell the difference 
between the coated part and the naked polystyrene area, we use back-scattered electrons 
mode for SEM. 
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6.1.8 Analysis of Particle Tracking 
Analysis of the particle’s movement was tracked using MATLAB (version R2016b). The 
nd2 videos were recorded at a rate of 25 frames per second and converted to 8-bit TIFF 
stacks using ImageJ software before being loaded into MATLAB. Particles were tracked 
first in the bulk of H2O2 solution. We monitored the speed of the Janus colloids over time; 
it keeps the same within 3 hours and it slowly decreases for 24 hours. In fact, the 
concentration of H2O2 is hardly affected during the measurement time as the interfacial 
regimes are extremely diluted with few particles populating the interface and a negligible 
number of particles in the bulk. 

Figure 6.5: Gel trapping technique used to measure the orientations of the Janus 
particles at the interface. Adapted with permission from ref. 32. Copyright (2003) 
American Chemical Society. 
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Results and Discussion 

6.1.9 Janus Particle Synthesis 
Uniform Janus particles consisting of 5 µm polystyrene particles (with a polydispersity of 
5%) with one hemisphere coated in platinum were produced. The interfacial configuration 
of the particles was determined by utilising the gel trapping technique described above, 
are later imaged using a SEM operated in back-scattering mode. This imaging mode is 
sensitive to material contrast and unveils the orientation of Pt cap with respect to the 
interfacial plane. As we can see from the back-scattered electrons SEM images in Figure 
6.6, the white parts of the particles in the images are the platinum coated regions with the 
darker parts being the polystyrene area of the particles, as heavy elements (high atomic 
number) backscatter electrons more strongly than light elements (low atomic number), 
and thus appear brighter in the image. However, these images are taken through the 
“water phase” so the particles are oriented the opposite way up to the interface in the fluid 
cell. 

The orientation of the Pt coated cap at the interface is an important parameter for the 
active motion at the surface. As the Pt face points to the interface normal and no 
propulsion is expected in the direction parallel to the interfacial plane as the catalyst has 
no access to the fuel, and self-phoresis of active particles is characterized by very small 
Reynolds (Re) numbers (i.e., inertia does not play a role)44,45, this leads to a motionless 

Figure 6.6. SEM images of the active particle orientations at the oil-water interface. 
The brighter parts of the particle are the uncoated polystyrene side and the darker 
areas the platinum coated side. The particles which are fully white have the platinum 
side fully engulfed in the oil phase, the fully dark particles have the platinum fully in 
the water phase and other particles are tilted at the interface. 
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state once the axis is aligned with the normal of the interface. i.e. the particles which are 
fully white have the entire platinum region in the oil phase so therefore will not swim. The 
Janus particle trapped at the interface typically exhibits a configuration in which the 
particle axis is not aligned with the normal of the interface. This tilted configuration is 
attributed to the particles pinned at the interface due to the surface roughness from the 
coating.46 Therefore, upon ‘‘turning on’’ the chemical reaction, motion along the interface 
may be achieved. Meanwhile, we assume that the activity of the particle does not affect 
the surface tension of the interface and that the interface can be assumed to be flat with 
the reaction undergoing, that is both fluid phases are homogeneous and isotropic. 

As we can see from Figure 6.7, the majority of the Janus particles take a tilted orientation 
at the interface with a section of the platinum face in the water phase and in the oil phase, 
with almost 60% of the particles in this position. 25% of the particles have the platinum 
phase completely in the oil phase and 15% of the particles sit with the platinum phase 
completely in the water phase. This agrees well with results from literature15,46. 70% of 
colloids have the Janus boundaries not parallel to the air-water interfacial plane. For 20% 
of the particles the Pt face is completely immersed in water, while only less than 10% of 
the particle have their silica face completely immersed. 
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Optical microscopy images also indicated that the coating procedure was successful. In 
6.8, the platinum coated section of the particle is evident as the darker side of the particle, 
as less light can penetrate this section of the particle.  

Figure 6.7 Histogram of the particle orientation distribution. With the bars 
representing particles with a tilted orientation, particles with platinum surface fully 
in the oil phase and particles with platinum surface fully in the water phase. The 
majority of the particles sit at a tilted orientation. 

Figure 6.8. Optical Microscopy image of Janus particles in water, with platinum 
coating on the darker side of the particle. 
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6.1.10 Janus Particle in bulk 
To examine the quality of the sputter coating, also as control experiment, the Janus 
particles movement in a solution of 5 wt.% hydrogen peroxide solution was measured. 
Upon exposure to the H2O2 aqueous phase, the Pt-coated PS particles start to swim. The 
active process can also be tracked by the time evolution of the mean square displacement 
(MSD). In Figure 6.9 A, an averaged mean squared displacement plot of the particles’ 
movement shows an increasing slope which scales with t2 which is characteristic of an 
active particle. The slope scales with a cubic function but does not reach long enough time 
scales to see a switch in behavior from directed to diffusive. 

 

By plotting log(MSD) versus log(t) we could obtain a straight line which tell us the slope 
of the log plot. A slope in log-log plot close to 2 indicates the active matter takes ballistic 
motion, while slope closer to 1 on a log-log plot means the particles take diffusive mode. 
The log plot of the MSD, in Figure 6.9Error! Reference source not found. B, has an 
initial slope of approximately 2.5 which decreases to approximately 1.67 at longer time 
scales. Wang et al. reported that the motion of active particles at the interface shift from 
diffusive mode to ballistic motion with the increasing of the hydrogen peroxide 
concentration.  

Figure 6.9. A: MSD of four single particles, the plots agree well initially before 
diverging at longer time scales. B: Trajectories of active particles two of which seem 
to take a circular motion.  
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However, in our case, the oxygen bubbles from hydrolysis increased vastly with the 
increasing of the hydrogen peroxide concentration, hence it’s difficult to perform 
experiment with even higher concentration. The track diagram, in Figure 6.10b, shows the 
tracks active particles took over a video of 30 seconds, showing the particles are not just 
undergoing Brownian motion but also a directed motion. The plots do not show linear 
movement as the particle able to rotate and change direction freely in the bulk solution. 
The circling of the particles could be due to imperfections in the platinum coating. 

6.1.11 Janus Particle at Oil-Water Interface 

Figure 6.10．a: MSD plot for Janus particles in bulk hydrogen peroxide, scales with 
a cubic function. b: Log plot of MSD of active particles with an initial slope of 2.51 
which decreases to 1.67 at longer time scales.   
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As we mentioned in 6.11, particles have different behavior depends on their configuration. 
Due to the inhomogeneous sputter coating from physical deposition, the coated particles 
feature a jugged contact line in the middle of coated patch and uncoated region. For 
particles have the Pt-coated patch wetted in the oil phase, they form clusters with 
neighboring PS particles due to the roughness induced capillary interaction (Figure 
6.11b). While for particles with coated region mostly in the water phase, Janus particles 
become active matter. The movement of the active particles at a decane-hydrogen 
peroxide interface was then tracked with the time evolution. All the following 
experiments were performed with a 5 wt.% hydrogen peroxide solution. Figure 6.11a 
shows MSD plot of the active particles, with an increasing slope evidencing their ability 
to still self-propel at the interface. Figure 6.11 B shows a log plot of the MSD with an 
initial slope of 2.01 before transitioning to a slope of 1.73 at longer time scales.  Which 
means initially, a slope close to 2 indicating the particles at interfaces take ballistic 
motion. There follows a time interval of slope the slope is more consistent and the whole 
system became more stable. 

 

6.1.12 Lattice Structures at Interface 

Figure 6.11．A: Average MSD plot of active particles at interface. B: Log plot of 
MSD of active particles at the interface with an initial slope of 2.01 and a slope of 
1.73 at longer time scales. 
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Upon addition of 1.5 µm uncoated polystyrene particles to the interface, a 2-dimensional 
lattice structure was formed, shown in the optical microscopy image in Figure 6.12a. The 
lattice was well ordered and stable, and displayed a hexagonal conformation with a 
separation of approximately four particle diameters. The loose packed crystalline 
monolayer at interface formed by passive particles after spreading are due to dipolar36, 
pair-additive, repulsive forces with a potential 𝑈dd/(𝑘N𝑇) = 𝑎dd𝑟�p ,47 where 𝑘N  is 
Boltzmann's constant and 𝑇  is the temperature, 𝑟  is the center-to-center separations 
between the two particles, 𝑎dd is the amplitude of the dipolar interactions. The dipole-
dipole repulsion stems from asymmetric charge effects across the interface. Due to the 
inhomogenous sputter coating, the coated particles feature a jugged contact line in the 
middle of coated patch and uncoated region. For particles have the Pt-coated patch wetted 
in the oil phase, they are not expected in the direction parallel to the interfacial plane as 
the catalyst has no access to the fuel. Instead they form clusters with neighbouring PS 
particles due to the roughness induced capilalry interaction (Figure 6.12b). Park et al 
reported that attractive interactions associated with the amphiphilic Janus particles at the 
oil–water interface originates from capillary interactions due to an undulating contact line 
around the particle surface.46 Figure 6.12c and 6.12d are the schematic images of the 

Figure 6.12. (a) Optical microscopy image of polystyrene lattice structure at oil-
water interface; (b) the clusters of Janus spheres with passive polystyrene lattice; (c, 
d) the schematic side view and bottom view of clusters forming at the interface. 
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Janus particles at the interface forming clusters with passive polystyrene spheres. Figure 
6.12c is the side view of the particles at the interface and the jugged line is from the 
uniform coating. The rough boundary line between the coated patch and the uncoated area 
will distort the interface and cause capillary interactions to attract neighboring particles.  

6.1.13 Movement of Swimmer in Lattice 

If the water phase does not contain any fuel, i.e. a 0 wt.% H2O2 solution, the particles will 
not swim at the interface. This is shown by the linear MSD plot of an active particle in the 
lattice with no fuel present, in Figure 6.13 a, which confirms only diffusive motion of the 
particles is occurring. Figure 6.13b shows a log plot of the MSD, which has a slope of 1 
on a log-log plot means the particles take diffusive mode and only Brownian motion is 
present here. This shows the lattice is not inducing any movement of the active particle. 

Figure 6.13. A: MSD plot swimming particle in lattice with no fuel in water phase B: 
log plot swimming particle in lattice with no fuel in water phase, the trend line of the 
data has a slope of 1. 
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Active particles were then added to the lattice structure at the interface with hydrogen 
peroxide solution as aqueous phase to measure how the lattice affected the motion of the 
particle and if the lattice’s structure could be affected by the movement. As illustrated in 
Figure 6.14. The active particles moving through the lattice show a capture and release 
mechanism with the passive lattice particles being the “prey particles”. More specifically, 
as the active particle moves toward the lattice particle, the targeted particle is pulled 
momentarily from its position when the active matter move close enough, and then it get 
released again and return to its original position. The lattice particles move approximately 
one particle diameter from its lattice position, which is about 1.5 µm. 

As we can see in figure 6.14, the active particle moving direction is indicated by red 
arrow. (a) At t = 0 s, the active started approaching to the passive particle which was light 
in yellow circle. (b-d) the passive particle was captured by the active matter and dragged 
away from the original equilibrium position. (e) After being captured for about 0.25s, the 
passive particle got released from the active matter which kept going along the red arrow 
direction. (f) The passive particle was released and returned to the equilibrium state. This 
is very interesting as we already know that the active particles can be captured by fixed 
obstacles and orbit around the passive objects20, at the same time shows little change in 
speed in the speed. 

Figure 6.14. The active particle moving through the lattice structure with the red 
arrow showing its direction of movement. The yellow circles show the original 
position of the lattice particle being approached by the swimmer and how the lattice 
particles position is changed over time. 
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Particle Average Velocity of Swimmer 
approaching Lattice Particle (µm/s) 

Average Velocity of Swimmer 
away from Lattice Particle (µm/s) 

 

I 4.502 4.933  

II 3.831 3.766  

III 4.511 4.933  

IV 

Average 

4.547 

4.348 

4.661 

4.573 

 

We also measured average velocity of swimmers approaching the lattice particles and 
away from the lattice particles. Both average swimming velocity at the liquid interface 
were about 4.5 µm/s, which is much smaller than the active particles at the water air 
interface (16 µm/s with a coated Pt layer of 20 nm).15 This is because the thickness of the 
coated Pt layer determines the catalytic speed which also affect the swimming speed of 
active particles. Here the coated Pt layer is 10 nm, and it’s risky to increase the thickness 
of Pt layer as they might peel off during the ultrasonication process (to remove the coated 
particles from the glass substrate) leads to inhomogeneous coating. Notably, the average 
velocity of swimmers shows no evident difference between approaching and leaving the 
lattice particle, which indicates that the main driving force of the microswimmers are 
exclusively local concentration gradients (i.e., reactants and products of the catalytic 
decomposition of H2O2) between the Pt-coated and the bare PS portions of the particle 
surface, and that the interaction between the lattice particles and the active particles is not 
the cause of the increased velocity of the particles.  
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Self-propelled spheres nearly maintain their typical speed while they capture and release 
neighboring spheres. While a passive lattice particle is captured, it gets dragged away 
from the equilibrium position about 1.5 µm and captured by the active matter for about 
half second. Given that the active sphere speed depends on the local fuel concentration, 

Figure 6.15. (a, c) With no lattice present particles are allowed to take more random 
trajectories with more directional changes. Average Velocity: 2.9 µm/s; passive 
lattice steers active particles on more linear trajectories allowing for an increased 
velocity and MSD (b with a surface coverage of 6%, d with a surface coverage of 
15%). Average Velocity: 4.2 µm/s. The images are from 100 s movies. Scale Bar: 20 
µm. 
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this points to uniform fuel near the sphere as in the bulk. The nearly constant swimming 
speed and the lack of direction change suggest that the active particle hardly experience 
any additional drag force despite moving close to the passive spheres. This attraction 
between active matter and captured passive sphere is likely encountered with the rest 
passive hexagonal lattice. To summary, our experimental observations are that passive 
lattice particles are captured by active matter, the swimming particles maintain their 
speed, and the swimming spheres are unaffected by the lattice.  

Eventually, the active particle releases the captured passive spheres and keep going in a 
relative straighter forward direction. Two theories might explain why the captured particle 
get released. On the one hand, just as the orbiting of active particles around large circular 
obstacles observed in other recent works and has been ascribed thermal fluctuations flip 
the swimming rods over and enable them to escape, 21,48 the thermal fluctuation might 
affect the configuration of the swimming spheres and push the captured passive objects 
away. Another possible reason is that the attraction between the active particles and 
passive lattice is due to the surface roughness of the colloids, which is of the order of few 
nm. The self-propulsion itself is sufficiently strong to allow the particles to escape 
contact.49 Moreover, the dipole-dipole repulsion from neighboring charged lattice 
polystyrene may also contribute to the releasing mechanism. 

The experimental trajectories of active particles at the oil-water interfaces with and 
without colloidal lattice was shown in Figure 6.15 (a) and (b). As we can see the 
swimming particles take more linear mode in the lattice due to the attraction with passive 
lattice. As a result, the MSD of the active particles is increased evidently by the lattice 
particles at the interface. For example, the MSD of the particles with a lattice present is 
approximately 2600 µm2 for 50s, while for the particles with no lattice the MSD is 
approximately equal to 550 µm2. 

The active particles swim along straight paths with large persistence in the charged 
polystyrene lattice. However, we can see from Figure 6.15 (b and d), the swimming 
velocity in (b, at a passive particle surface coverage of 6%) and (d, a passive particle 
surface coverage of 15%) remains very similar. Although for lattice with higher surface 
coverage there is a higher possibility that the active particles encounter passive particles, 
and it seems the swimming particles walk in a more linear path. 
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A comparison of MSD log plots of the active particles at the interface with and without 
the lattice particles is shown in (Figure 6.16d). The slope of the log plot also increases by 
addition of the lattice structure to the interface, from m=1.73 for swimming with no lattice 
to m=2.07 for swimming within a lattice. This shows the increase in velocity for lattice 
swimmers, which could be due to the lattice structure steering the particles on more linear 
tracks preventing directional changes which slow down the particle, unlike the more 
random movement the particle takes when no lattice structure is present. The initial slope 
of the particles swimming with no lattice present is 2.01, showing that the velocity of the 
particles on a short time scale does not change due to the presence of a lattice structure.  

Figure 6.16. (a) Experimental trajectories of 7 active particles at the oil-water 
interface without colloid lattice; (b) experimental trajectories of 5 active particles at 
the oil-water interface with colloid lattice.  (C) Average MSD of active particles with 
(red) and without lattice (black) at interface. (c) average log plots of MSD for active 
particle in the colloidal lattice (in red, m=2.07) and without-lattice (in black, initial 
m=2.01, m=1.73) particle. 
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This shows that the interfacial lattice structure has an unexpected effect on the swimmers’ 
movement. Although the particles are encountering obstacles, their velocity is increasing 
instead. This could be due to the lattice particles steering the particles trajectories into a 
more linear movement. The lattice swimmers travel longer distances linearly before 
changing direction allowing for a higher velocity before the direction change. 
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Conclusion and Outlook 
In this project the motion of active particles at an oil-water interface was studied. Janus 
particles which showed a directed motion in hydrogen peroxide solutions were 
successfully prepared. The movement of these particles was then tracked in bulk, at a bare 
oil-water interface and at an oil-water interface with a lattice of passive particles present.  

The results show that the active particles swimming at a bare interface change direction 
frequently whereas when the swimmers are confined in a 2-dimensional lattice they take a 
more linear track. This steering of the particle allows for an increase in the mean squared 
displacement for the swimmers in the lattice and also an increased velocity.   

The swimming particles seem to display an interesting catch and release mechanism of the 
lattice particles. Upon calculating the velocities of the swimming particles while touching 
a lattice particle and not touching one, we saw little change in the velocities. This 
indicates that the main driving force of the micro swimmers are exclusively local 
concentration gradients between the Pt-coated and the bare PS portions of the particle 
surface, and that the interaction between the lattice particles and the active particles is not 
the cause of the increased velocity of the particles. A prospective application of this 
research could be cargo transport at the interface using the capturing and releasing 
mechanism. Moreover, that the active particles change the crystal structures consistently 
by dragging away the captured particles from the original equilibrium position might help 
us understand the formation and diffusion of crystal defects, and the swimming matter-
captured passive lattice could be the model of vacancy-interstitial pairs50. 
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Summary 
 

Colloidal particles are defined as objects with at least one dimension in the size range of 
approximately a few nanometers to a few micrometers. The analogy between colloids and 
molecules is applied to bridge the gap between atomic and molecular world to structured 
materials. A wide range of structures can be self-assembled from building blocks of 
different shapes, components and functionalities. However, directional forces are required 
for programmable self-assembly of colloids into complex hierarchical architectures. 
Directional interactions can be achieved experimentally via chemical patches, the 
combination of particle shape and depletion forces, or through capillary interaction at the 
liquid-liquid interface. In this thesis, we aim to develop anisotropic particles that can be 
used for directional assembly. 

In Part 1, consisting of Chapter 2-4, we focus on the synthesis of patchy particles with 
orthogonal functionality and anisotropic shapes. 

Chapter 2 describes the synthesis procedure of uniform Janus particles with two 
chemically orthogonal patches. The preparation of Janus particles with tunable patch ratio 
is realized via a two-step seeded dispersion polymerization. Polystyrene template spheres 
are first uniformly coated with a functional shell. Then swelling these seed spheres with 
alkyne functionalized monomer followed by polymerization, triggers phase separation 
between the newly formed region and the functional shell forming well-defined Janus 
spheres. The biphasic functionality of the Janus spheres is demonstrated by (sequential) 
patch modification using click reaction and atom transfer radical polymerization.  

In Chapter 3 we extend the scope of patchy particles to anisotropic shape. We fabricate 
bi-functional colloids featuring tailored shape and functionality via a combination of 
seeded dispersion polymerization and heterogeneous nucleation. By using functional 
spheres as impurities to induce heterogeneous nucleation on the surface of the seeds, a 
series of patchy particles in the shapes of snowman, dumbbells, trimers and trigonal 
planar geometry can be achieved. Intriguingly, the patch ratio or bond angle between the 
overgrown lobe and seeds can be accurately adjusted by regulating the amount of feeding 
monomers to the reaction system. More importantly we demonstrate that this strategy 
enables us to prepare colloidal molecules with chemically orthogonal patches.  

In Chapter 4, our attention turns towards another type of colloids, dimpled particles 
(colloidal particles with a spherical cavity). By employing dimpled particles as locks and 
colloidal spheres as keys, the two types of colloids assemble spontaneously and reversibly 
into “lock-key” structures via depletion interaction. Here we report a controllable 
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synthetic route towards dimpled-dumbbells with a continuous transition from dumbbell 
shaped particles to single dimples via seeded dispersion polymerization. By tuning 
experimental parameters such as swelling ratio, the surface property of the seeds, as well 
as the crosslinker density of the protrusion, the shallowness and size of the cavity can be 
varied. As proof of principle, the dimpled dumbbells (locks) are used with shape 
complementary spheres (keys) in assembly experiments to form successful lock-key 
binding via depletion attraction. 

In Part 2, we transfer patchy particles to liquid-liquid interfaces to investigate how active 
and passive patchy particles behave at the confined environment.  

Capillary interaction at the liquid-liquid interface can also be used for directional 
assembly. In Chapter 5 we experimentally study the assembling behavior of Janus 
dumbbells at the macroscopic decane-water interface using capillary interaction. Janus 
dumbbells can be assembled into linear or curved colloidal chains with side-side 
arrangement. The experimental results point to capillary hexapolar mode, which is 
consistent with numerical calculations that Janus dumbbells induced deformation field has 
a strong hexapolar mode while non-Janus particles of the same shape has a strong 
quadrupolar mode. 

In Chapter 6, we transfer active Janus spheres to the oil-water (hydrogen peroxide 
solution) interface to study the behavior of active particles confined to two dimensions. 
Due to the dipole-dipole repulsion between charged polystyrene spheres at the oil-water 
interface, polystyrene particles form hexagonal lattice structure which are used as host 
particles for self-propelled spheres. Two scenarios emerge based on the interaction 
between the active particle and the lattice.  On the one hand, the active spheres confined in 
the lattice undergo stable linear swimming, whereas the active particles swimming 
without obstacles change direction frequently. Moreover, the swimming particles display 
an interesting capture and release mechanism of the lattice particles on their linear pass 
route. 
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Samenvatting 
 

Colloïdale deeltjes zijn gedefinieerd als objecten met ten minste één dimensie met een 
grootte van ongeveer enkele nanometers tot enkele micrometers. De overeenkomst tussen 
colloïden en moleculen wordt hier toegepast om een verbinding te maken tussen de 
atomische en moleculaire wereld aan de ene kant en gestructureerde materialen aan de 
andere kant. Zelfassemblage van bouwstenen met verschillende vormen, componenten en 
functionaliteiten leidt tot een scala aan structuren. Directionele krachten zijn echter 
noodzakelijk voor programmeerbare zelfassemblage van colloïden in complexe, 
hiërarchische structuren. Directionele interacties kunnen, experimenteel gezien, bereikt 
worden door chemische patches, door een combinatie van deeltjesvorm en 
depletiekrachten of door capillaire interacties op het vloeistof-vloeistof grensvlak. In dit 
proefschrift hebben wij anisotrope deeltjes ontwikkeld die gebruikt kunnen worden voor 
gerichte zelfassemblage. 

 

In Deel 1, bestaande uit Hoofdstukken 2-4, ligt de focus op de synthese van patchy 
deeltjes met orthogonale functionaliteit en anisotrope vormen.  

Hoofdstuk 2 beschrijft de synthese van uniforme Janusdeeltjes met twee chemisch 
orthogonale patches. De bereiding van Janusdeeltjes met een regelbare patchratio werd 
gerealiseerd door middel van dispersie polymerisatie. Allereerst werden polystyreenbollen 
uniform gecoat met een functionele schil. Door het zwellen van deze deeltjes met 
alkynmonomeren gevolgd door een polymerisatiereactie, wordt fasescheiding veroorzaakt 
die leidt tot de vorming van goed gedefinieerde Janusbollen. De twee gezichten van de 
Janusbollen zijn afzonderlijk van elkaar gemodificeerd met zogenaamde clickreacties en 
atom transfer radical polymerization.  

In Hoofdstuk 3 bestuderen we patchy deeltjes met anisotrope vormen. We creëren bi-
functionele colloïden met op maat gemaakte vorm en functionaliteit door een combinatie 
van dispersie polymerisatie en heterogene nucleatie. Heterogene nucleatie werd 
geïnduceerd door gebruik te maken van functionele bollen als onzuiverheden. Dit leidde 
tot verschillende patchy deeltjes in de vorm van sneeuwpoppetjes, trimeren en deeltjes 
met een vlakke trigonale geometrie. De ratio van de patches en de hoek tussen de twee 
delen van de sneeuwpopdeeltjes kunnen nauwkeurig worden aangepast door de 
hoeveelheid toegevoegde monomeren te reguleren. Belangrijker nog is dat we hebben 
laten zien dat we met deze methode colloïdale moleculen met chemisch orthogonale 
patches kunnen maken.  
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In Hoofdstuk 4 richten we onze aandacht op een ander type deeltje, colloïden met een 
bolvormig kuiltje op het oppervlak. Deze colloïden kunnen fungeren als sloten voor 
kleinere colloïdale bollen die precies in het kuiltje passen, de zogenaamde sleutels. Als 
een gevolg van depletie interactie kunnen slot-en-sleutel structuren gevormd worden. Wij 
beschrijven de gecontroleerde synthese van sneeuwpopdeeltjes door middel van dispersie 
polymerisatie. De grootte en diepte van het kuiltje kan worden gevarieerd door 
experimentele parameters zoals de zwelratio, het oppervlak of de crosslink dichtheid te 
variëren. Assemblage experimenten zijn uitgevoerd met de sneeuwpopdeeltjes met 
kuiltjes en deeltjes met een complementaire vorm om de slot-en-sleutel binding succesvol 
aan te tonen.  

In Deel 2 brengen we de patchy deeltjes naar een vloeistof-vloeistof grensvlak om te 
onderzoeken hoe actieve en passieve patchy deeltjes zich gedragen in deze omgeving. 

Capillaire interacties die zich manifesteren op vloeistof-vloeistof grensvlakken kunnen 
ook gebruikt worden voor gerichte assemblage. In Hoofdstuk 5 bestuderen we 
experimenteel hoe Janussneeuwpoppen zich gedragen op het macroscopische grensvlak 
tussen decaan en water als gevolg van capillaire interacties. Janussneeuwpoppen 
assembleren in lineaire of gebogen colloïdale ketens. De verkregen resultaten doen 
denken aan hexapolaire capillaire interacties en dit is ook consistent met numerieke 
berekeningen. Berekeningen laten namelijk zien dat Janusdeeltjes een sterke hexapolaire 
vervorming van het grensvlak induceren terwijl niet-Janusdeeltjes met een soortgelijke 
vorm kwadrupolaire interacties laten zien.  

In Hoofdstuk 6 bestuderen we het gedrag van actieve Janusdeeltjes in twee dimensies. 
Deze deeltjes werden opgesloten op het grensvlak tussen olie en water met 
waterstofperoxide. Vanwege de dipool-dipool repulsies tussen de geladen 
polystyreenbollen op het olie-water grensvlak, vormen polystyreendeeltjes een 
hexagonaal rooster. De interactie tussen actieve deeltjes en het rooster leidt tot twee 
mogelijke scenario’s. De actieve deeltjes die opgesloten zitten in het rooster bewegen 
recht vooruit; daarentegen veranderen actieve deeltjes ongehinderd door een rooster vaak 
van richting. Bovendien laten de zwemmende deeltjes interessant gedrag zien bij het 
passeren van de roosterdeeltjes. 
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