
Self-Assembly of Colloidal Spheres into

One, Two, and Three Dimensional

Structures



Cover design: Yong Guo

Printed by: ProefschriftMaken | Proefschriftmaken.nl

ISBN: 978-94-629-5697-1



Self-Assembly of Colloidal Spheres into

One, Two, and Three Dimensional

Structures
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Chapter 1
Introduction

1.1 Colloids

Colloidal particles are objects with at least one dimension in the order of 1 nm to

1000 nm and that are dispersed in a continuous medium [1, 2]. The most important

consideration behind this definition is that these particles are much larger than the

surrounding medium molecules while much smaller compare to macroscopic objects.

Therefore, the colloidal world exists in between the microscopic (atoms and molecules)

and macroscopic world (visible with naked eye). Colloidal systems are ubiquitous in

our daily life, examples are fog (water droplets dispersed in air), milk (a dispersion of

fine droplets of fat in an aqueous phase), and paints (fine solid particles dispersed in a

liquid medium).

The unique dimensions of colloids (1 nm to 1000 nm, especially with size larger

than hundred nm), on the one hand, allow them to be visualized and studied in situ

by microscopy, such as electron microscopy and optical microscopy; on the other hand,

they still display thermal motion like atoms or molecules, so called Brownian motion

[1, 2]. Consequently, colloids can serve as excellent models to study the phase and

crystallization behaviors of their atomic and molecular counterparts [3–7].

Besides model systems for atoms or molecules, colloids can also act as the building

blocks to assemble into sophisticated functional super-structures that have no molecular

analog and have great potential applications in the areas of photonics, plasmonics,

sensing, catalysis and solar cells [8–15].
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2 Introduction

1.2 Colloidal synthesis

The extensive applications of colloids as model systems for atoms or molecules and

as building blocks for assembling into super-structures stimulate the development of

new approaches for preparing colloids [16–20]. Herein, we will briefly introduce two

methods that are commonly used to prepare monodisperse polymer colloids, namely

emulsion polymerization and dispersion polymerization. We will mainly focus on the

regulation of the size, shape, surface charge and functionalities of the polymer colloids

because the control over these parameters is crucial to better implement and even

broaden the potential applications of the polymer colloids. For example, by introducing

shape anisotropicity, virus-like microcapsules can be spontaneously assembled [21].

Emulsion polymerization is a type of radical polymerization and its initial mixture

is inhomogeneous. The mixture typically consists of water as the continuous phase,

hydrophobic monomer droplets stabilized by surfactant, and monomer-swollen micelles.

A characteristic of emulsion polymerization is that the polymerization takes place in

monomer-swollen micelles [22, 23]. After polymerization, the monomer-swollen micelles

turn into polymer particles. The polymer particles continue to grow by polymerizing

the monomers that diffuse from the oil droplets across the continuous phase into the

particles.

In contrast to emulsion polymerization, the initial mixture for a dispersion poly-

merization is a homogeneous solution of monomer, initiator and stabilizer in a solvent,

typically aqueous alcohol mixtures. Upon initiating the polymerization, polymers

start to grow in the continuous phase. Once they reach a critical molecular weight

the polymers are no longer soluble and precipitate out of the solution. Subsequently,

these precipitated polymers form particle nuclei via aggregating with other polymers

and stabilized by attachment of stabilizers present in the reaction mixtures. After

nucleation, both monomers and stabilizers are transferred to the primary particles

until maximum conversion and hence particle sizes are reached [24–26].

An important difference between emulsion polymerization and dispersion poly-

merization is that emulsion polymerization can be easily extended to synthesize

cross-linked spherical particles while that is problematic in dispersion polymerization

(Chapter 2). However, both methods allow to prepare ‘clean’ particles, i.e., emulsifier-

free or stabilizer-free particles (Chapter 5). The ‘clean’ particles are required in some
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applications where the presence of emulsifiers or stabilizers is not desired [21, 27].

By using emulsion polymerization, particles with sizes in the range of several

tens of nanometers to several hundreds of nanometers can be synthesized. While

dispersion polymerization allows for the preparation of particles in the micrometers

size regime. For both polymerization method, the dimensions of the particles are

readily tunable with monomer concentration, type and concentration of initiator and

stabilizer/emulsifier, reaction temperature and solvent [16, 25, 26]. Therefore, particles

with sizes range from several ten nanometers up to several ten micrometers can be

easily obtained by appropriately choosing the polymerization method and tuning the

experimental conditions.

Spherical particles are typically formed after polymerization due to the minimiza-

tion of the surface energy. However, non-spherical particles can also be synthesized

under some conditions. One method is the asymmetrical shrinkage of surface layer by

increasing the cross-linking density of the surface layer. For example, by the delayed

addition of cross-linker, the shell of the growing particles is cross-linked. When the

cross-linked shell thickness over the particle radius is sufficient small, buckling is

generated, eventually dimple particles are formed via either emulsion polymerization

[28, 29] or dispersion polymerization (Chapter 2) [30, 31]. Another method relies

on the internal phase separation of a monomer-swollen, cross-linked polymer particle.

Upon swelling of the cross-linked seed particles with monomer, an elastic stress is

induced. This elastic stress can be released by heating, which results in a contraction

of the polymer network, finally leads to the formation of a liquid monomer protrusion

on the particle. Subsequent polymerization of the protrusion allows for the preparation

of dumbbell particles as well as Mickey Mouse shaped particles [32–35]. Furthermore,

hollow and yolk-shell particles can be prepared by etching the partially cross-linked

particles.

Particle charge not only is vital for particles stabilization, but also plays a significant

role in particles aggregation behavior (Chapter 3 and 5). In the framework of DLVO

theory, the total interactions between particles are the result of attractive van der

Waals interaction and repulsive electrostatic interaction [2]. The repulsive electrostatic

interaction is an important stabilizing mechanism for particles and it is determined

by the surface charge density of the particles as well as the ionic strength in the

solvent. Introduction of charge on the particles can be achieved by employing charged
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initiator [36, 37], functional monomer [38, 39] and emulsifier [40] or stabilizer [41],

therefore negatively charged, positively charged and even amphoteric particles can

be synthesized by the selection of suitable aforementioned ingredients. Recently, van

Ravensteijn et al. [42] reported a robust way to continuously tune the particle surface

charge, which is achieved by introducing positive charges via the Menschutkin reaction

of tertiary amine with chlorine groups on the negatively charged particles. Another

way to introduce or tune the surface charges is by adsorption of polyelectrolytes [43].

Surface functionality is another key parameter that enable to widen the potential

applications of colloids. Functional groups can be introduced on the colloids by either

polymerizing functional co-monomers together with monomer or using initiators

bearing functional groups (Chapter 2) [42, 44]. The incorporated functional groups

provide a chemical handle for further surface modification. For example, chlorinated

particles can be synthesized by copolymerizing of vinylbenzyl chloride with styrene via

emulsion polymerization, and the surface chlorine groups on these particles can serve

as an initiator to graft a polymer layer via an atom transfer radical polymerization

reaction (Chapter 4). Therefore, the hydrophobicity and the charge density of

particles can be easily tuned via chemical modification of functional groups decorated

particles. Furthermore, the presence of functional groups on the particles also makes

it possible for the immobilization of assembled super-structures.

1.3 Colloidal (self-)assembly

Self-assembly is a spontaneous process in which a disordered system of pre-existing

building blocks forms an ordered structure without human intervention. It is ubiquitous

in nature and can take place on all length scales, from the atomistic to the macroscopic

world. Examples include the formation of virus capsids from proteins, lipid bilayers

from phospholipids, and the collective motion of flocks of birds. In the above examples,

the building blocks are proteins, phospholipids and birds, respectively.

Colloidal (self-)assembly has been gaining increasing attention in recent years

[12, 45–49]. On the one hand, colloidal particles are excellent model systems to

mimic the atomic/molecular world owing to the similarities to the atomic/molecular

systems. For example, self-assembly of colloidal spheres provides valuable insight

into the phase transition behavior of atoms and molecules [3, 4]. On the other hand,
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colloidal (self-)assembly is a versatile and powerful strategy to construct sophisticated

functional materials, which have great potential applications in the areas of materials

science, sensing and biomedical engineering [50–53]. For instance, two-dimensional

photonic crystals for molecular recognition and chemical sensing applications have

been developed by the self-assembly of particle monolayers on the substrate and

subsequent post-treatment [11].

The successful assembly of colloids into desired structures depends on many pa-

rameters, such as the particles shapes, compositions, surface functionalities, sizes and

polydispersity; the ability to balance the attractive and repulsive interactions between

particles and their surroundings. By carefully taking these parameters into account,

a large number of strategies have been developed to assemble colloids into desired

structures [12, 13, 19, 49, 54–59]. The widely employed assembly approaches include

external force driven assembly (gravitational [4], electric [60], magnetic [61], optical

[62] and shear [63] force), interfacial force driven assembly (horizontal deposition

[64], vertical deposition [65] and liquid interface mediated [66]), physical confinement

assembly (patterned surface [67], Langmuir-Blodgett trough [68] and emulsion [69]),

template assisted assembly (layer-by-layer [70], copolymer matrix [71], surfactant

[72] and liquid crystal [73]), de-stabilization induced assembly (introduction of de-

pletion attraction [74] and reduction of electrostatic repulsion [75]), and anisotropic

re-arrangement of the surface layer [76, 77].

The scope of colloidal (self-)assembly has been broadened in recent years, a variety

of super-structures have been developed through (self-)assembly of colloids with various

interactions and shapes by the aforementioned approaches, such as colloidal molecules

[78], raspberry-like clusters [79], one-dimensional [80, 81], two-dimensional [82, 83]

and three-dimensional [84, 85] colloidal crystals. The final structure of the assembly

is mainly governed by the shape of the colloids and the interparticle interactions.

For example, colloidal spheres with hard interactions, i.e. no attraction between the

particles, can self-assemble into hexagonal crystal, while colloidal rods and platelets

can self-assemble into liquid crystal, such as nematic phase and smectic phase [86].

In this thesis, we are trying to gain more insight into self-assembly mechanisms and

develop new strategies to assemble spherical polymer colloids into super-structures,

such as one, two and three dimensional assemblies.
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1.4 Scope of this thesis

The work presented here focuses on the synthesis of anisotropic colloids and the

self-assembly of spherical colloids.

In Chapter 2, we show that dimple particles with a single cavity can be synthesized

by a one-pot dispersion polymerization method which involves the delayed addition of

cross-linker into a reaction mixture. The size of the formed cavity can be tuned either

by the delay time after which cross-linker is added, or by the concentration of the

cross-linker. Furthermore, this method can be extended to synthesize functional dimple

particles by introducing co-monomers during the delayed addition step. Interestingly,

hollow dumbbell particles can be synthesized by using the dimple particles as the seeds

and these hollow dumbbell particles align perpendicular to the applied AC electric

field with their solid parts in closest contact.

In Chapter 3, we report the spontaneous formation of one-dimensional aggregates

of aqueous dispersions of spherical colloidal particles. The one-dimensional aggregates

resemble a so-called Bernal spiral. A Bernal spiral consists of three twisting strands of

particles and each particle is in contact with six neighboring particles. The observations

can be explained by a combination of short-range hydrophobic attraction and relatively

longer-range electrostatic repulsion.

In Chapter 4, we describe a facile method to prepare two-dimensional free-floating

colloidal crystal monolayers (CCM) from isotropic colloids as well as from anisotropic

colloids. The influence of the experimental conditions on the CCM formation is

systematically studied. A possible mechanism of the CCM formation is proposed,

which is similar to the mechanism of the vertical deposition involving the deformation

of the interface and the generation of capillary attraction. A unique feature of this

method is that the prepared CCM can freely float in the dispersion, which is achieved

by using an appropriate extracting solvent that can release the formed CCM from the

wall into the continuous phase.

In Chapter 5, we present an example of pH reversible three-dimensional assembly

(encapsulation) of oppositely charged colloids with a vast size difference. The assembly

process is regulated by pH responsive polyelectrolytes present in solution. The influence

of these polyelectrolytes on the encapsulation behavior with respect to the coverage,

the pH-dependence and the reversibility is systematically investigated.
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Chapter 2
Cavity Size Control, Surface

Functionalization and Applications of

Dimple Particle

ABSTRACT

Monodisperse, micron-sized dimple polystyrene particles with a single cavity are syn-

thesized by a facile one-pot dispersion polymerization method. The procedure involves

the delayed addition of cross-linker into the reaction mixture. The size of the cavity

can be easily tuned either by changing the delayed time after which the cross-linker is

added or by the concentration of the cross-linker. More importantly, by introducing

functional co-monomers together with cross-linker during the delayed addition step,

dimple particles with various surface functionalities are readily synthesized. As ex-

amples, dimple particles with chlorine groups, epoxide groups and thermoresponsive

groups on their surfaces are synthesized by introducing co-monomers vinylbenzyl

chloride (VBC), glycidyl methacrylate (GMA) and N -isopropylacrylamide (NIPAM),

respectively. Afterwards, two applications of the synthesized dimple particles are

conducted: as locks to assemble with shape complementary spheres which act as keys

to form lock-key assembly via depletion interaction, and as seeds to synthesize hollow

dumbbell particles. Eventually, the assembly behavior of the hollow dumbbell particles

in an AC electric field is preliminarily studied.

17
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2.1 Introduction

Colloidal particles with anisotropic shape and composition are getting increasingly

more attentions due to their potential applications in many fields, such as colloidal

assemblies [1, 2], photonic crystals [3], drug delivery [4], and self-propelling systems

[5, 6]. Various shapes of particles, including dumbbell particles [7, 8], Mickey Mouse

particles [9], patchy particles [10, 11], cubic particles [12], ellipsoidal particles [13], and

dimple particles [14–18] are therefore designed and synthesized. Much effort has been

devoted to synthesize dimple particles which have potential applications in lock-key

assembly [16, 19], Pickering emulsion [17], and red blood cell imitation [20, 21]. For

example, Okubo et al. [14] prepared dimple particles by utilizing a dynamic swelling

method, which required several steps including seeds synthesis, seeds swelling by

stepwise adding of bad solvent of monomer into the seeds/monomer mixture, and,

finally, seeds polymerization. Sacanna et al. [16] synthesized dimple particles with

well-defined cavities through polymerization-induced buckling of monodisperse silicon

oil droplets. However, tedious purification steps were required to remove secondarily

nucleated particles. Huang et al. [15] and Xu et al. [22] synthesized dimple particles

with a diameter below 400 nm by a modified emulsion polymerization. This procedure

involved the delayed addition of cross-linker into the reaction mixture. At constant

delayed addition time, slow addition resulted in dimple particles with a single cavity,

while fast addition generated dimple particles with multiple cavities. However, its

inherently relatively small size because of the emulsion polymerization method limits

applications, for example, as a model system to study lock-key interaction in situ

by optical microscopy. To synthesize larger dimple particles, a modified dispersion

polymerization was introduced by Cheng et al. [17]. Dispersion polymerization is

widely used to synthesize monodisperse particles with sizes in the micrometer regime.

Under their experimental conditions, micron-sized dimple particles with multiple

cavities were obtained, while additional swelling/polymerization steps were required

to obtain dimple particles with a single cavity.

However, most previous work focused on the preparation of dimple particles with

multiple cavities, and only relatively few work has been reported on dimple particles

with a single cavity, not to mention on the control of the cavity size systematically.

Moreover, to the best of our knowledge no articles described the preparation of dimple
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particles with various surface functionalities. While the control of the cavity size

and the surface functionalities of the dimple particles are still highly desired, such

as, for studying lock and key interaction in more precise and controllable way, for

covalent immobilization of lock and key structures, and for preparation of chemically

anisotropic dumbbell particles.

In this chapter, we present a facile and versatile route to synthesize monodisperse,

micron-sized dimple particles with a single cavity by a modified one-pot dispersion

polymerization method. The procedure involves the delayed addition of cross-linker

into the reaction mixture. The desired dimple particles are formed in high yield and

purity without significantly secondary nucleation. The influence on the cavity size of

dimple particles is investigated in detail in terms of the delayed addition time and

the concentration of the cross-linker. More importantly, we extend this method to

synthesize dimple particles with various surface functionalities. This is achieved by

introducing additional functional co-monomers together with cross-linker during the

delayed addition step. As examples, vinylbenzyl chloride (VBC), glycidyl methacrylate

(GMA) and N -isopropylacrylamide (NIPAM) are chosen as the functional co-monomers

to obtain dimple particles with various surface functionalities. The accessibility of

the surface functional groups on the dimple particles is demonstrated by making the

surface functional groups react with a fluorescent molecule. Furthermore, the dimple

particles (as locks) can assemble with shape complementary spheres (as keys) to form a

lock-key assembly via depletion interaction. Finally, we show that the dimple particles

can be used as seeds to synthesize hollow dumbbell particles whose assembly behavior

in an AC electric field is also studied.

2.2 Experimental Section

2.2.1 Materials

Styrene (St, 99%), divinylbenzene (DVB, 55% mixture of isomers, tech. grade), 4-

vinylbenzyl chloride (VBC, ≥ 90%, tech. grade), N -isopropylacrylamide (NIPAM,

97%), fluoresceinamine (for fluorescence, mixture of isomers, ≥ 75%), dimethylfor-

mamide (DMF, ≥ 99%) polyvinylpyrrolidone (PVP, K30, Mw = 40,000 g/mol),

polyvinyl alcohol (PVA, Mw = 85-124 kg/mol, 87-89% hydrolyzed), polyethylene gly-
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col (PEO, Mw = 600,000 g/mol), sodium chloride (NaCl, ACS reagent, ≥ 99.5%) were

obtained from Sigma-Aldrich. Azobis(isobutyronitrile) (AIBN, 98%) was purchased

from Acros Organics. Glycidyl methacrylate (GMA, ≥ 97.0%) was purchased from

Fluka Analytical. 2,2’-Azobis(2,4-dimethylvaleronitrile) (V65) was purchased from

Wako chemicals GmbH. Ethanol (p.a., ACS reagent) was purchased from Merck. All

of the chemicals were used as received. The water used throughout all of the synthesis

was purified using a Milli-Q water purification system.

2.2.2 Synthesis of polystyrene dimple particles

5 g PVP, 126 mL ethanol, 0.136 g AIBN, and 14 mL water were charged into a 250 mL

three-neck round bottom flask. Dissolution of PVP and AIBN was aided by sonication

of the mixture for about 1 min. Subsequently, 10 mL St was added. The transparent

mixture was constantly stirred with a magnetic stirrer under nitrogen flow, and the

flask was immersed in a 70 ◦C water bath to initiate polymerization. After 1.5 h of

polymerization, a premixed solution containing 0.3 mL DVB, 2.5 mL St and 5 mL

ethanol was added dropwise, where the total addition time was approximately 30 min.

The reaction was allowed to proceed for another 22.5 h. The final product was washed

with ethanol and water twice, respectively, and stored in water.

To monitor the particle formation in time, 300 µL of sample was withdrawn from

the reaction mixture at 0.1 h, 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 8 h, 10 h, 23 h, 24 h of

polymerization. 150 µL of that was used to measure the solid content; the remainder of

the aliquot was used to measure size by TEM. The monomer conversion was measured

gravimetrically. For TEM measurement, samples were washed with ethanol and water

twice respectively.

2.2.3 Particle etching experiments in DMF

Typically, 15 µL of the dimple particle dispersion (solid content = 18%) was centrifuged,

washed with DMF three times, and re-dispersed in 1 mL DMF. The dispersion was

stirred for 24 h at 80 ◦C using an oil bath. After the etching procedure, the sample

was centrifuged and washed with DMF three times, with water three times. Finally,

the particles were stored in water.
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2.2.4 Synthesis of dimple polystyrene particles with various

surface functionalities

The preparation procedure is essentially the same as in the previous subsection

2.2.2, except that a premixed solution containing 1.5 mL VBC (or 1.5 mL GMA, or

1.2 g NIPAM), 1.5 mL St, 0.36 mL DVB and 5 ml ethanol was added dropwise after

1.5 h of polymerization. The final products were washed with ethanol and water twice,

respectively, and stored in water.

2.2.5 Synthesis of hollow dumbbell polystyrene particles

The seed particles for the synthesis of the hollow dumbbell particles were prepared

by using essentially the same method in subsection 2.2.2, except that no water was

added, and the delayed addition time of the cross-linker was 4 h after the start of

polymerization. By doing so, larger dimple particles with thinner shells were obtained.

For the preparation of dumbbell particles, 15.4 mg V65, 11.3 µL DVB, 750 µL

St, and 9 mL 1 wt % aqueous PVA solution were mixed in an elongated 25 mL vial

and emulsified at 8000 rpm for 6 min by using an IKA T-25 Ultra Turrax with an

S25N 10G dispersing tool. Subsequently, 2.5 mL seeds dispersion (solid content =

3.5%) was added and the vial was placed on a roller-table for 24 h. After that, the

vial was immersed into an oil bath of 70 ◦C to polymerize for 24 h. The final product

was washed with ethanol and water twice, respectively, and stored in water.

The procedure for etching the dumbbell particles is as follows. 100 µL of the

dumbbell particles dispersion (solid content ≈ 2%) was centrifuged, washed with DMF

three times, and re-dispersed in 1 mL DMF. The dispersion was stirred for 6 h at room

temperature. Subsequently, the dispersion was washed with DMF three times and

finally stored in DMF. As a caution we would like to stress that the etching procedure

should not be too harsh like in subsection 2.2.3. Also, sonication should be avoided

during the washing steps. Otherwise, the two lobes of the dumbbell particles break

apart, as shown in Appendix 1.
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2.2.6 Covalent attachment of fluoresceinamine to chlorinated

dimple particles

A 55 µL aliquot of chlorinated dimple particles dispersion (solid content = 18%) was

centrifuged and washed with DMF three times. After the washing steps, the colloids

were re-dispersed in 1 mL DMF. Subsequently, 3.5 mg fluoresceinamine was added to

the dispersion, and the dispersion was heated for 24 h at 90 ◦C, where sample was

wrapped in an aluminum foil to avoid dye bleaching. The particles were sequentially

washed with DMF and ethanol to remove excess dye. Finally the labeled particles

were stored in water and covered by an aluminum foil.

2.2.7 Lock and key assembly process

Typically, 10 µL lock colloids dispersion (solid content = 0.5%), 10 µL key colloids

dispersion (solid content = 1%), 30 µL 2 g/L aqueous PEO solution, 20 µL 100 mM

aqueous NaCl solution and 130 µL water were mixed, and the sample was placed on a

roller-table for 1 h before observation with optical microscopy.

2.2.8 Assembly of hollow dumbbell particles in an AC elec-

tric field

Hollow dumbbell particles were dispersed in DMF with the solid content of approxi-

mately 0.2%. The particles dispersion was filled into a home-made capillary and the

two ends of the capillary were sealed using Bison kombi snel-rapide. Subsequently,

an AC electric field (40 V/mm, frequency of 1 MHz) was applied for 30 min. The

preparation of the home-made capillary was as follows: Two copper wires (diameter =

0.05 mm) were passed through a capillary (4.5 cm × 1 mm × 0.1 mm) and closely

put to the two sides of the capillary separately. Subsequently, the capillary was placed

on a microscope slide (Menzel-Gläser) and fixated using tape.

2.2.9 Characterization

Transmission electron microscopy pictures were taken with a Philips Tecnai 10 electron

microscope typically operating at 100 kV. The samples were prepared by drying a



Results and Discussion 23

drop of diluted aqueous dispersion on top of polymer-coated copper grids.

Scanning electron microscopy images were taken with a Philips SEM XL FEG 30

typically operating at 5 - 10 kV. The dried samples of particles were sputter coated

with 6 nm platinum prior to imaging.

IR spectra were obtained using a PerkinElmer Frontier FT-IR/FIR spectrometer.

The attenuated total reflectance (ATR) mode was used. Measurements were carried

out on powders obtained by drying the particle dispersion.

Confocal microscopy pictures were taken with a Nikon TE 2000U laser scanning

confocal microscope equipped with a Nikon C1 scanning head in combination with an

Ar-ion laser (488 NM, Spectra Physics), a HeNe laser (543.5 nm, Melles Griot) and

an oil immersion lens (100× Nikon Plan Apc, NA 1.4).

Optical microscopy (OM) images were taken with a Nikon Ti-E inverted microscope.

The microscope was equipped with a Nikon TIRF NA 1.49 100× oil immersion

objective, intermediate magnification of 1.5×, and a Hamamatsu ORCA Flash camera.

2.3 Results and Discussion

2.3.1 Influence of the adding time of cross-linker

To select the suitable addition time of DVB, the time-dependent evolution of the

particle size and the monomer conversion of a dispersion polymerization of solely

styrene is studied first. As seen in Figure 2.1, after 0.1 h, particles have already formed.

Macroscopically, the onset of particles formation is evident from the appearance of

turbidity in the initially transparent reaction mixture. After about 6 h of polymer-

ization, the particle size as well as the styrene conversion levels off, indicating the

maximum achievable particle dimensions are reached (under the employed reaction

conditions). In between 0.1 h and 6 h, a steep increase in the particle diameter and

the monomer conversion is observed. Therefore, DVB is added 0.1 h, 1.5 h and 6

h after the polymerization reaction has started in order to investigate the influence

of the addition time on the resulting particles geometry and morphology. All other

experimental conditions are kept constant. As seen in Figure 2.2, when DVB is added

after 0.1 h (PS-0.1h), microspheres with a rough surface are obtained, and no cavity

is observed (Figure 2.2a and 2.2d). When DVB is added 1.5 h after the start of the
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polymerization (PS-1.5h), as seen in Figure 2.2b and 2.2e, the low contrast region in

the TEM images indicating the presence of a cavity, and the cavity has a diameter of

approximately 500 nm. Delaying DVB addition even further to 6 h (PS-6h), leads to

the formation of dimple particles with a cavity diameter of approximately 360 nm,

much smaller compared to PS-1.5h, as depicted in Figure 2.2c and 2.2f.

Figure 2.1. Time-dependent size evolution of polystyrene particles and monomer
conversion during dispersion polymerization. Inset: TEM images of samples withdrawn
from the reaction mixture after 0.1 h, 4 h and 8 h of polymerization. Scale bar: 2 µm
for all images.

It is well-established that during dispersion polymerization, the monomer concen-

tration in the growing particles is very low and decreases further as the polymerization

proceeds [23]. Thus, the growing particles are composed of a relatively dense PS

core and a thin outer layer with a relatively low polymer density. The outer layer is

preferentially swollen with monomer that is present in the reaction mixture. When

DVB is added to the reaction mixture, we speculate it will be trapped in the swollen

thin outer layer [24]. Therefore we hypothesize that the polymerization of DVB leads

to the formation of cross-linked shell, while the core remains linear. With the polymer-

ization proceeding, the thickness of the shell grows as well as its cross-linking density,

which eventually leads to the buckling of the cross-linked shell. The tendency of the
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Figure 2.2. TEM images of polystyrene particles with different delayed addition time
of cross-linker divinylbenzene (DVB): (a) 0.1 h, (b) 1.5 h and (c) 6 h, and (d), (e), (f)
are their corresponding high magnification images; (g), (h), (i) are their corresponding
images after etched with DMF, respectively. Scale bars: top panels, 1 µm; middle
panels, 200 nm; bottom panels, 500 nm.

cross-linked shell to buckle increases with the inverse ratio of the shell thickness over

the particle radius [25]. At an addition time of DVB of 0.1 h after polymerization

starts, as shown in Figure 2.1, the size of the growing particles is relatively small,

approximately one tenth of the final particle size. Thus, the ratio of the shell thickness

over the particle radius is relatively large, and no dimple is observed but the particle

surface is rough. Further delaying the addition time of DVB to 1.5 h and 6 h result

in a decrease of the ratio of the shell thickness over the particle radius, and buckling

is indeed being observed. As shown in Figure 2.2b and 2.2c, both of these delayed

addition of DVB generate cavities. Furthermore, in the case of PS-1.5h (Figure 2.2b

and 2.2e), as polymerization proceeds, the size of the whole particle grows, but the

size of the cavity grows even faster. As seen in Figure 2.3c, the L/D (L is the diameter

of the cavity and D is the diameter of the whole dimple particle) value increases with
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time, and the dimple particles obtained after 24 h of polymerization show much larger

cavities than the one obtained after 3.25 h of polymerization (Figure 2.3a and 2.3b).

This observation is consistent with the observation that growth was heavily restricted

along the axial direction of the cavity, but continued at angles to the axial direction

of the cavity [24]. On the other hand, in the case of PS-6h (Figure 2.2c and 2.2f), the

size of the growing particles after 6 h of polymerization nearly reaches the final size as

seen from Figure 2.1. Probably because of that, the size of the cavity hardly grows

since the overall size of the particles only increases to a limited extent, and eventually,

dimple particles with smaller cavity are obtained compared to the case of PS-1.5h

(Figure 2.2b and 2.2e). In this scenario, one would expect that the as-synthesized

particles should have core-shell structure with linear PS core and cross-linked PS shell

regardless of the presence of a dimple, since it was assumed that DVB does not reach

the particle core. Moreover, the thickness of the cross-linked shell should decrease, or

the size of the linear core should increase, when DVB is added after a longer delayed

time. To verify the core-shell morphology, PS-0.1h, PS-1.5h and PS-6h are treated

with DMF for 24 h at 80 ◦C. DMF is capable of dissolving linear polystyrene, but does

not dissolve cross-linked polystyrene. Subsequently, the dissolved linear polystyrene

is washed away by centrifugation/redispersion of the dispersion with DMF for three

times. Afterwards, the washed particles are transferred into water and TEM samples

are prepared by drying under atmospheric conditions. The treated particles are named

as PS-0.1h-DMF, PS-1.5h-DMF and PS-6h-DMF, and their TEM images are shown

in Figure 2.2g, 2.2h and 2.2i, respectively. Based on the low contrast of the inner

region of the colloids we conclude that all of them are hollow. In agreement with the

hypothesized core-shell morphology, these results prove that the cores are all linear,

while the shells are all cross-linked. Furthermore, the trends observed in the shell

thickness and the core size is also consistent with our hypothesis: the thickness of the

shell decreases and the size of the core increases when the delayed time after which

DVB is added is prolonged. For example, the thickness of the shell decreases from

278 nm (PS-0.1h-DMF), 158 nm (PS-1.5h-DMF) to 50 nm (PS-6h-DMF) when the

addition time of DVB is later. These results demonstrate that the addition time of

DVB is indeed important for the dimple formation, and the size of the cavity on the

dimple particles can be readily tuned by changing the delayed time between the start

of the polymerization and the addition of the cross-linker.
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Figure 2.3. TEM images of PS-1.5h at (a) 3.25 h and (b) 24 h from the start of the
dispersion polymerization, respectively; (c) Time evolution of the diameter (D) of
PS-1.5h and the ratio of the cavity diameter to the particle diameter (L/D) of PS-1.5h.
Scale bar: 1 µm for both images.

2.3.2 Influence of the cross-linking density

From the previous discussion, we conclude that the addition time of cross-linker has

significant influence on the particles geometry and morphology. Next, we investigate

the influence of the total DVB concentration on the resulting particles geometry and

morphology. Therefore particles with cross-linking densities ranging from 0.6% to

10.8% are prepared. The addition time of DVB is fixed at 1.5 h after the polymerization

starts. The results are summarized in Figure 2.4. When the concentration of cross-

linker is too low (0.6%), no dimple is found on the particles. Instead, the particles

have a hemisphere-like structure, as shown in Figure 2.4a. When the cross-linking

density ranges from 1.2% to 10.8%, with the increase of the cross-linking density,
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the diameter of the cavity decreases from 500 nm to 350 nm until to no cavity, as

shown in Figure 2.4b, 2.4c and 2.4d, respectively. To understand the influence of the

cross-linking density on the morphology of the particles, the particles are again treated

with DMF to etch away the linear core. As depicted in Figure 2.5, the ratio of the

shell thickness over the particle radius increases with increasing cross-linking density,

resulting in a decreased tendency to buckle the particles. Therefore, dimple particles

with smaller cavities are observed with increasing cross-linking density. These results

demonstrate that the cavity size of the dimple particles can also be tuned by adjusting

the cross-linking density.

Figure 2.4. TEM images of particles synthesized using cross-linking densities of (a)
0.6%, (b) 1.2%, (c) 4.6% and (d) 10.8%, respectively. The addition time of the cross-
linker is fixed at 1.5 h after the polymerization started. The total addition time is
approximately 30 min. Scale bar: 0.5 µm. Inset: the corresponding SEM images. Scale
bar: 200 nm.
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Figure 2.5. TEM images of particles synthesized under different cross-linking density
after treated with DMF, which is (a) 0.6%, (b) 1.2%, (c) 4.6% and (d) 10.8%,
respectively. Scale bars: 0.5 µm. Inset: the corresponding SEM images. Scale bars: 200
nm.

2.3.3 Synthesis of dimple particles with various surface func-

tionalities

Owing to their special shape, the synthetic dimple particles have been attempted

to mimic the red blood cell (RBC). Up to now, the common approach is to mimic

the shape and mechanical properties of the RBC [20, 21]. Considering the complex

surface functionalities of the RBC, it will be greatly beneficial to mimic the RBC if the

synthetic dimple particles bear functional groups on their surfaces which allow for the

further modifications. Therefore we extend our method to prepare surface chemical

functionalized dimple particles. The procedure is rather straightforward, the only

difference with the method that used to synthesize non-functionalized dimple particles

is that the additional functional co-monomers is added to the polymerization mixture

together with DVB during the delayed addition process. As examples, dimple particles
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with chlorine groups (PS-PVBC), epoxide groups (PS-PGMA) and thermoresponsive

groups (PS-PNIPAM) on their surfaces are synthesized by introducing co-monomer

VBC, GMA and NIPAM, respectively. The results are shown in Figure 2.6. Clearly,

all of the resulting particles have dimple shapes, indicating that the introduction

of the functional co-monomers has no significant influence on the dimple formation

and properties. The incorporation of functional groups is confirmed by infrared (IR)

spectroscopy, as shown in Figure 2.6d. Compared to the IR spectrum of the non-

functionalized polystyrene particles, the spectra of the PS-PVBC, PS-PGMA and

PS-PNIPAM show a new signal at 1266 cm−1, 1730 cm−1, and 1676 cm−1, which

correspond to the CH2-Cl stretching vibration, the carbonyl stretching vibration from

ester groups and the carbonyl stretching vibration from amide groups, respectively. To

further confirm that the functional groups are indeed present on the surface and are

accessible to other chemicals, as an example, the chlorine modified dimple particles

PS-PVBC are selected and treated with dye fluoresceinamine. This dye carries a

primary amine group that can react with benzyl chloride functionalities immobilized

on the surface of the dimple particles. The resulting dye-labeled particles are imaged

by confocal microscopy. As seen from Figure 2.7, the green signals originating from the

fluorescence of the attached dye is homogeneously distributed over the particle surface,

indicating that the initial chlorine groups also are homogeneously distributed over

the particle surface. Additionally, these chlorine groups are reactive towards further

surface modifications, for example, being a initiator to graft a polymer layer on the

particle surface via atom transfer radical polymerization reaction (Chapter 3).

2.3.4 Lock-key assembly via depletion interaction

The dimple particles can be used as the building blocks and assemble with particles of

complementary shape to form lock-key assembly via depletion interaction. Depletion

interaction is an effective attraction that arises between large particles that are sus-

pended in a solution of depletant, which can be polymers or smaller colloidal particles

[26]. The strength of the depletion interaction is proportional to the concentration of

the depletant. The lock-key assembly is favored because it maximizes the free volume

of the depletant by overlapping of the exclude volume of particles and hence results in

the strongest depletion attraction. Up to now, most lock-key experiments accomplished
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Figure 2.6. TEM images of surface functionalized dimple particles (a) PS-PVBC,
(b) PS-PGMA and (c) PS-PNIPAM. (d) FTIR spectra of PS-PNIPAM, PS-PVBC,
PS-PGMA and non-functionalized PS particles (from top to bottom). Scale bars: 1
µm for all the TEM images.

Figure 2.7. Confocal microscopy image of surface functionalized dimple particles
PS-PVBC after surface modification with fluoresceinamine. Scale bars: 2 µm.
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were based on charged lock and key [16, 19, 27]. Sacanna et al. [19] showed that both

locks and keys with a coated hydrophilic polymer layer on their surfaces can also form

lock-key assembly via depletion attraction. By using self-consistent field theory, Egorov

et al. found that the lock-key assembly by using sterically stabilized locks and keys

can be formed, provided that the length of the depletant chains is longer than that of

the stabilizer chains [28]. Herein we experimentally show that the sterically stabilized

locks and keys can assemble to form lock-key assembly via depletion interaction. In

our experiments, both locks and keys used are stabilized by PVP with molecular

weight of 40,000 g/mol. The nonadsorbing polymer PEO with a molecular weight of

600,000 g/mol and a concentration ranges from 0.3 to 0.9 g/L is used as the depletant

to induce the depletion interaction. Figure 2.8 shows two examples of the lock-key

assemblies. Clearly, lock-key assemblies are formed in both cases.

Figure 2.8. Two examples of self-assembled lock-key assemblies in the presence of
depletant PEO (Mw = 600,000 g/mol). (a) Lock with cavity diameter of 1.1 µm and
key with diameter of 1.2 µm; (b) Lock with cavity diameter of 0.47 µm and key with
diameter of 0.46 µm. Scale bars: 2 µm for both images.

2.3.5 Assembly of hollow dumbbell particles in an AC elec-

tric field

The dimple particles can be used as seeds to synthesize hollow dumbbell particles. As

depicted in Figure 2.9, firstly, the dimple particles are swollen by styrene monomer and

the cross-linker DVB. After heating and polymerization, dumbbell particles are formed
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due to the phase separation of the swelling reagents and the seeds [29]. Subsequently,

the dumbbell particles are etched with DMF, the dissolution of linear polystyrene

in the seed part results in the formation of hollow dumbbell particles with one lobe

hollow and the other lobe solid. As shown in Figure 2.10a, dumbbells with similar

sizes of the lobes are obtained, and one of the lobes clearly is hollow. In the following

we term the solid lobe ‘head’ and the hollow lobe ‘tail’.

Figure 2.9. Schematic illustrations for the preparation of hollow dumbbell particles.

In an external AC electric field colloids acquire a dipole moment that is parallel

to the electric field. In that case assembly into chains can occur [30–34]. Therefore,

the obtained hollow dumbbell particles are dispersed in DMF and an electric field

(40 V/mm, frequency of 1 MHz) is applied. Interestingly, in DMF (Figure 2.10b),

the differences in contrast between two lobes are remarkable, the head is smaller and

darker than the tail, which is ascribed to the different density of the head and the tail.

These contrast differences of the lobes are advantageous, and distinguish the heads

from the tails in the assemblies. As can be seen in Figure 2.10b, in an AC electric field,

most particles chains have the heads in closest contact, indicating that the dipole

interactions between the heads are stronger than that of head-to-tail and tail-to-tail.

Overall, approximately 80% of the hollow dumbbell particles are aligned perpendicular

to the electric field. Sometimes, helix structures are found, as marked in Figure 2.10b.

The low yield of helix structures can be ascribed to the following reasons. First, the

size difference between the two lobes is not large enough, in other words, the tail is not

large enough to provide sufficient steric barrier effect; second, the etching process is

not fully complete, some particles kept intact after etching (Figure 2.10a); finally, the

assembly conditions (the concentration of the hollow dumbbell particles, the strength

of the electric field, the time of the electric field that applied) should be optimized [33].

Regardless of these problems, the preliminary results are still promising. We are still

working on optimizing our system and trying to assemble better helix-like structures.

Furthermore, as shown before, the dimple particles can be functionalized by reactive

functional groups, which makes it possible to fix the formed helix-like chains.
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Figure 2.10. (a) TEM image of the hollow dumbbell particles. (b) Optical micrograph
of the hollow dumbbell particles in DMF in an AC electric field. Scale bars: 2 µm for
(a) and 5 µm for (b).
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2.4 Conclusion

We present a facile synthesis procedure towards monodisperse micron-sized dimple

particles with a single cavity which relies on the delayed addition of cross-linker during

a modified dispersion polymerization. The size of the cavity is readily tunable by

the variation of the delayed addition time as well as the concentration of cross-linker.

Furthermore, we show that this method can be readily extended to synthesize dimple

particles with various surface functionalities. This is achieved by introducing additional

functional co-monomers together with cross-linker during the delayed addition step.

As examples, vinylbenzyl chloride (VBC), glycidyl methacrylate (GMA) and N -

isopropylacrylamide (NIPAM) are chosen as the functional co-monomers to obtain

the dimple particles with various surface functionalities. The functional groups are

accessible which is confirmed by their reaction with a dye, leading to fluorescent

particles. Furthermore, the dimple particles can be used as locks and assemble with

shape complementary spheres that act as keys to form lock-key assembly via depletion

interaction. Finally, we show that hollow dumbbell particles can be synthesized by

using the dimple particles as seed particles and these hollow dumbbell particles align

perpendicular to the applied AC electric field.
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Appendix 1

Figure 2.11. Optical micrograph of dumbbell particles after treated in DMF at 80 ◦C
for 15 h. Clearly, some dumbbell particles are broken apart. Scale bar: 5 µm.
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Chapter 3
Self-Assembly of One-Dimensional

Aggregates from Spherical Colloids

with Electrostatic Repulsion and

Hydrophobic Attraction

ABSTRACT

We report the spontaneous formation of one-dimensional aggregates of aqueous dis-

persions of spherical colloidal particles. The one-dimensional aggregates resemble the

structure of a so-called Bernal spiral. The observations can in principle be explained

by a combination of short-range hydrophobic attraction and relatively longer-range

electrostatic repulsion between the colloids. The hydrophobic attraction originates from

the slightly hydrophobic layer grafted on the colloids surface. As far as we are aware,

this is the first experimental observation of such structure in aqueous colloidal disper-

sions. Considering that several proteins can also spontaneously form one-dimensional

assemblies, our system could be a model system to study the microscopic mechanism

of protein aggregation.

41
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3.1 Introduction

The assembly of colloids is not only an important process towards the development

of functional materials for practical applications such as in the areas of photonics,

sensing and catalysis, but also gives fundamental insight in, for example, phase

behavior of atoms and molecules [1–6]. A significant challenge in this area is to

spontaneously assemble the colloids into well-defined and sophisticated super-structures.

The structures of the assemblies are in principle determined by the particles shape

and the interparticle interactions. By altering the particles shape, i.e., introducing a

shape anisotropy on the particles, assemblies with various super-structures can be

formed, such as colloidal micelles [7], microcapsules [8], free-standing monolayers [9]

and colloidal chains [10]. For spherical particles, the super-structures can be achieved

by introducing patches on the particles that are attractive or repulsive towards patches

present on the other particles. By introducing these patches, the interactions between

the particles become directional, which eventually result in the formation of the

super-structures, like colloidal kagome lattice [11], supracolloidal helices [12, 13], and

colloidal molecules [14].

In order to obtain super-structures from spherical colloids with isotropic shape and

surface functionality, several other strategies have been developed, such as by using

the dipolar-dipolar interaction which is intrinsically anisotropic [15–17], or via the

anisotropic re-arrangement of the surface layer [18–20]. By following these strategies,

elongated colloidal chains can be formed. Another elegant approach to assemble

isotropic colloids into the elongated colloidal chains is by delicately tuning the balance

of short-range attraction and long-range repulsion among the colloids. Theory [21] and

simulation [22, 23] studies have shown that elongated colloidal chains can be formed

when short-range attraction is complemented by a long-range repulsion and these

two interactions are elaborately balanced. This was also confirmed experimentally

[24, 25], where electrostatic interaction and depletion interaction were applied as the

long-range repulsion and the short-range attraction, respectively. However, a mixture

of cyclohecyl bromide and cis-decalin was used as the solvent.

Proteins consist of one or more long chains of amino acid residues and contain both

positive and negative charges (referred to as ‘amphoteric’), hydrophobic moieties, and

are flexible which allow them to deform upon assemble (deformable). By a combination
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of these characteristics, proteins can self-assemble into a variety of structures such as

microcapsules and linear chains [26–29].

In this chapter, inspired by proteins, we design and synthesize a type of colloids

that bear all of the above characteristics of proteins: deformability (D), amphotericity

(A) and hydrophobicity (H), which are named as CPS-DAH. We find that these colloids

CPS-DAH can self-assemble into one-dimensional aggregates in aqueous conditions,

similar to some proteins [26, 28–30]. To gain insight into the influence of each of these

characteristics on the formation of one-dimensional aggregates, we first design and

synthesize a series of control colloids with one or two of the above characteristics.

By comparing the assembly results of these control colloids with the one-dimensional

aggregates, we comprehend the importance of the overall charges and the hydrophobic

layer, while the deformability is not prerequisite. Second, we conduct two additional

experiments to further investigate the influence of the electrostatic repulsion and

the hydrophobic attraction on the one-dimensional aggregates formation. In the

first experiment, we study the influence of the electrostatic repulsion by addition

of salt. In the second experiment, we systematically tune the magnitude of the

electrostatic repulsion and hydrophobic attraction. Lastly, based on the above results,

we hypothesize that the delicate balance of the short-range hydrophobic attraction

and the relatively longer-range electrostatic repulsion is responsible for the formation

of the one-dimensional aggregates.

3.2 Experimental Section

3.2.1 Materials

Styrene (St, 99%), divinylbenzene (DVB, 55% mixture of isomers, tech. grade),

4-vinylbenzyl chloride (VBC, ≥ 90%, tech. grade), dimethylformamide (DMF, ≥
99%), acetonitrile (MeCN, GC, ≥ 99.5%), t-butyl acrylate (tBA, 98%), copper

bromide (Cu(I)Br, 98%), 2,2’-bipyridyl (Bpy, Reagentplus, 99%), N,N,N ’,N ’N ”-

pentamethyldiethylenetriamine (PMDETA, 99%), n-butylamine (Bu-NH2, 99.5%),

N,N -dimethyldodecylamine (DMDA, 97%), fluorescein sodium salt (used as fluorescent

tracer), rhodamine B (for fluorescence), trifluoroacetic acid (TFA, Reagentplus, 99%)

were obtained from Sigma-Aldrich. Sodium dodecyl sulfate (SDS) from BDH was
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used. Tetrahydrofuran (THF, for analysis, ACS), dimethyl sulfoxide (DMSO, 99.7%),

sodium bisulfite (NaHSO3, ACS reagent) and potassium persulfate (KPS, > 99%

for analysis) were purchased from Acros Organics. Ethanol (p.a., ACS reagent) was

purchased from Merck. Methanol (exceeds ACS specifications) was obtained from

J.T. Baker. Triethylamine (TEA, puriss. p.a.; ≥ 99.5%) was obtained from Fluka. All

chemicals were used as received. The water used throughout all of the synthesis was

purified using a Milli-Q water purification system.

3.2.2 Synthesis of negatively charged chlorinated

polystyrene colloids (CPS-Cl)

CPS-Cl colloids were kindly provided by Bas van Ravensteijn and were synthesized by

seeds emulsion polymerization. A 500 mL round-bottom flask equipped with a stir bar

was placed in an oil bath of 80 ◦C. 200 mL water was charged into the reactor and

allowed to reach the bath temperature. 21.15 g styrene, 0.635 g DVB, and 0.125 g SDS

dissolved in 25 mL water were added, followed by 25 mL rinse water. The complete

mixture was allowed to heat up to the temperature of the bath. Polymerization was

initiated by addition of 0.78 g KPS dissolved in 37.5 mL water. Reaction was allowed

to continue for 24 hours. The obtained particles were used as seeds for the preparation

of CPS-Cl. 25 mL of the above crude emulsion and 10 mL of water were introduced

into a 50 mL three-neck round-bottom flask equipped with a magnetic stir bar. This

emulsion was bubbled with nitrogen for 30 minutes at room temperature. Subsequently,

1 mL VBC mixed with 20 µL DVB was injected while the flask remained under inert

atmosphere. The seeds were swollen for 1 hour, after which the temperature was raised

to 60 ◦C. When this temperature was reached, the initiator solution of 0.04 g KPS,

0.03 g sodium bisulfite and 2.5 mL water was injected. After 4 hours the reaction

was stopped. The final product was washed with ethanol and water twice respectively.

Finally, the particles were stored in water.
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3.2.3 Synthesis of deformable amphoteric hydrophobic col-

loids (CPS-DAH)

Typically, 14 mg BPy and 6.5 mg Cu(I)Br were added in a small, oven-dried Schlenk

flask, after which the flask was carefully degassed by evacuation and refilling with

nitrogen three times. In another oven-dried Schlenk flask, 1 mL DMF and 73 µL tBA

were added, and the flask was subjected to the same degassing process. Subsequently,

the mixture of monomer and solvent was carefully transferred into the flask containing

BPy and Cu(I)Br by a syringe equipped with a long needle, followed by an additional

degassing cycle. Subsequently, 1 mL degassed CPS-Cl dispersion in DMF (solid content

= 1%) was injected into the above dispersion by a syringe also equipped with a long

needle. Upon mixing, the mixture became dark brown. After a final degassing process,

the reaction flask was placed in an oil bath of 90 ◦C for 24 h. The ATRP reaction was

quenched by exposing the dispersion to air. The product was washed several times

with methanol, 50 mM aqueous NaHSO3 solution and water sequentially, and finally

the particles were dispersed in water.

The ATRP reactions were monitored in time by withdrawing samples from the

reaction mixture. The samples were directly quenched, washed, and subsequently

analyzed by IR spectroscopy and DLS measurements.

3.2.4 Synthesis of amphoteric colloids (CPS-A)

35 µL TEA was injected into 1 mL aqueous CPS-Cl dispersion (solid content = 1%).

The mixture was stirred for 24 h at room temperature. The product was washed three

times with ethanol and water sequentially, and finally the particles were dispersed in

water.

3.2.5 Synthesis of deformable amphoteric colloids (CPS-DA)

1 mL aqueous CPS-Cl dispersion (solid content = 1%) was centrifuged and washed

with DMF three times and finally dispersed in 1 mL DMF. The CPS-Cl dispersed in

DMF was stirred for 24 h at 90 ◦C. The product was washed three times with DMF

and water sequentially, and finally the particles were dispersed in water.
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3.2.6 Synthesis of deformable colloids (CPS-D)

1 mL aqueous CPS-Cl dispersion (solid content = 1%) was centrifuged and washed

with THF three times and finally dispersed in 1 mL THF. The CPS-Cl dispersed in

THF was stirred for 24 h at room temperature. The product was washed three times

with THF and water sequentially, and finally the particles were dispersed in water.

3.2.7 Synthesis of hydrophobic colloids (CPS-H)

The synthesis procedure of CPS-H is essentially the same as described for CPS-DAH

(subsection 3.2.2), except that the acetonitrile/water mixture (v/v = 8:2) was used

as the solvent instead of DMF. Additionally, the reaction temperature was kept at

60 ◦C to minimize the evaporation of acetonitrile.

3.2.8 Synthesis of amphoteric hydrophobic colloids CPS-AH

The synthesis of CPS-AH is also essentially the same as that for CPS-DAH (subsection

3.2.2), except that the ethanol/water mixture (v/v = 7:3) was used as the solvent

instead of DMF, PMDETA was used as the ligand instead of BPy, and the reaction

temperature was kept at 60 ◦C.

3.2.9 Synthesis of colloids CPS-C4N

100 µL Bu-NH2 was added into 1 mL ethanolic CPS-Cl dispersion (solid content

= 1%). The mixture was stirred for 24 h at room temperature. The product was

washed three times with ethanol and water sequentially, and finally the particles were

dispersed in water.

3.2.10 Synthesis of colloids CPS-C12N

20 µL DMDA was added into 2 mL ethanolic CPS-Cl dispersion (solid content = 1%).

The mixture was stirred for 24 h at room temperature. During the reaction, aliquots

of 100 µL dispersion were withdrawn from the reaction system at 5 min, 45 min, 60

min, 90 min, 150 min, 180 min and 480 min. The samples were washed three times

with ethanol and water sequentially, and finally the particles were dispersed in water.
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3.2.11 Hydrolysis experiments of hydrophobic layer on col-

loids CPS-DAH

Typically, 0.5 mL aqueous CPS-DAH dispersion (solid content = 1%) was centrifuged

and the supernatant was discarded. The particles were redispersed in 2 mL TFA/water

mixture (v/v = 9:1) and stirred for 24 h at room temperature. The product was

washed ten times with methanol/water mixture (v/v = 7:3) and water sequentially,

and finally the particles were dispersed in water.

3.2.12 Procedure for colloids assembly

Typically, the aqueous CPS-DAH dispersion (the solid content is approximately

0.5%) was first sonicated for approximately 30 min to destroy the possible clusters.

Subsequently, the sample was centrifuged at 2100 g for 2 h. After centrifugation,

the sample was redispersed by manual shaking. Subsequently, 5 µL of the dispersion

was placed on a home-made microscopy cell (for details see the Characterization

subsection). The samples were directly observed with optical microscopy.

3.2.13 Characterization

Transmission electron microscope (TEM) pictures were taken with a Philips Tecnai

10 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 grid. In

order to freeze-dry TEM samples, 1 µL dispersion was brought on a polymer coated

copper grid. The grid was vitrified in liquid nitrogen and mounted onto a cryo transfer

unit which was brought under vacuum of approximately 10−4 Pa. Temperature was

increased to −90 ◦C at 5 ◦C/min and kept constant for roughly six hours under vacuum

to allow the water to sublimate.

Scanning electron microscopy (SEM) images were taken with a Philips SEM XL

FEG 30 typically operating at 5 - 10 kV. The freeze-dried samples of particles were

sputter coated with 6 nm platinum prior to imaging.

Energy dispersive X-ray (EDX) spectra were recorded on a TechnaiF20 from FEI

with an acceleration voltage of 200 kV. The microscope was equipped with an EDX

system from EDAX using Emispec software in STEM mode.
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Infrared (IR) spectra were obtained using a PerkinElmer Frontier FT-IR/FIR

spectrometer. The attenuated total reflectance (ATR) mode was used. Measurements

were carried out on powders obtained by drying the particles dispersion. All the IR

spectra were normalized with respect to the polystyrene signal (695 cm−1).

Optical microscopy (OM) images were taken with a Nikon Ti-E inverted microscope.

The microscope was equipped with a Nikon TIRF NA 1.49 100× oil immersion

objective, intermediate magnification of 1.5×, and a Hamamatsu ORCA Flash camera.

The used microscopy cell was constructed as follows: all glass slides were cleaned with

water, ethanol and Kimtech precision wipes before use. Two coverslip glasses (VWR,

#0, 22 × 22 mm) were placed at a distance of approximately 15 mm from each other

on a microscope slide (Menzel-Gläser) and fixated using tape. Subsequently, a drop of

dispersion was injected in between the coverslips. The sample cell was then closed by

taping an additional coverslip (Menzel-Gläser, #1.5, 22 × 22 mm) on top of the two

immobilized coverslips. The sample was monitored through the coverslip side of the

sample cell.

Confocal microscopy pictures were taken with a Nikon TE 2000U laser scanning

confocal microscope equipped with a Nikon C1 scanning head in combination with an

Ar-ion laser (488 NM, Spectra Physics), a HeNe laser (543.5 nm, Melles Griot) and

an oil immersion lens (100× Nikon Plan Apc, NA 1.4).

The hydrodynamic diameters of the particles were measured using dynamic light

scatting (DLS). Measurements were performed on a Malvern Zetasizer Nano instrument.

The measurements were taken in seven runs of 15 individual acquisitions at a scattering

angle of 173◦. The data was analyzed using the cumulant method.

Zeta (ζ) potentials were determined by laser Doppler electrophoresis using the

same instrument as used for DLS. Highly diluted, aqueous samples were prepared

at various pH values. The radii of particles (R) were approximately 200 nm, while

the Debye length (κ−1) is on the order of 100 nm under the conditions at which

the electrophoresis measurements were conducted (Milli-Q water). Hence, κR > 1,

justifying the use of the Smoluchowski limit of the Henry equation to convert the

measured electrophoretic mobilites into the reported ζ potentials [31].
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3.3 Results and Discussion

3.3.1 Synthesis of deformable amphoteric hydrophobic col-

loids CPS-DAH

In the following we abbreviate deformable, amphoteric and hydrophobic characteristics

as D, A and H, respectively. Colloids with all of these three characteristics are named

as CPS-DAH, where CPS refers to cross-linked polystyrene. CPS-DAH colloids are

synthesized by using chlorinated colloids CPS-Cl (Appendix 3.1) as seeds. The

preparation involves three processes: the growth of a hydrophobic layer on the seeds

via an atom transfer radical polymerization (ATRP) reaction, the charge reversal

through a Menschutkin reaction, and the formation of a yolk-shell structure by an

etching process. These three processes occur simultaneously when dimethylformamide

(DMF) is used.

The first role of DMF is that as the solvent for the ATRP reaction used in

order to grow a hydrophobic poly(tert-butyl acrylate) (PtBA) layer on the surface

of the colloids CPS-Cl. ATRP is a commonly employed controlled living radical

polymerization method, by which we can easily tune the thickness of the polymer

layer that grows onto the colloids via tuning the reaction time or the initial monomer

concentration during the ATRP process (Appendix 3.2) [32–34]. The growth of PtBA

layer on the surface of the colloids CPS-Cl is confirmed by Infrared (IR) spectroscopy.

Figure 3.1a shows the IR spectra of CPS-Cl and CPS-DAH. Evidently, compared to

the spectrum obtained for CPS-Cl, the spectrum of CPS-DAH contains an additional

signal at 1726 cm−1. This signal corresponds to the C=O stretching vibration of the

ester groups of the incorporated tBA, indicating the hydrophobic PtBA layer is grafted

onto the colloids [35]. However, since the presence of the Menschutkin reaction which

will be discussed in the following paragraph, it is difficult to quantify the grafting

density of the hydrophobic polymers and thereafter estimate the hydrophobicity of the

colloids. Nevertheless, the observation that the colloids CPS-DAH are well dispersed in

water indicates that the colloids are not very hydrophobic. Thus we regard CPS-DAH

as being mildly hydrophobic.

The second role of DMF is to alter the surface charge of the colloids by reacting with

the benzyl chloride functionalities that are immobilized on the colloids. Van Ravensteijn



50 One-Dimensional Colloidal Assembly

et al. reported that the thermal degradation of DMF at elevated temperature generates

dimethylamine which can react with benzyl chloride groups [36]. This type of reaction

is called Menschutkin reaction and can lead to the formation of a positively charged

quaternary amine. In the experimental conditions performed here, sufficient amount

of quaternary amines are generated which finally reverse the charge of the colloids.

This is confirmed by measuring the ζ potential of the prepared CPS-DAH. Compared

to the ζ potential of CPS-Cl (-37.9 ± 3.9 mV), a value of 30 ± 4 mV is determined

for CPS-DAH. This indicates that the charge of the colloids is reversed. However,

the experimental conditions in our reaction are not completely the same as that for

van Ravensteijn et al.’s situation. A key difference that might also contribute the

charge reversal of the colloids is that Cu(I)Br is present in our system, whose complex

with the ligand 2,2’-bipyridyl acts as the catalyst for ATRP reaction. The possible

adsorption of copper ions onto the colloids might reverse the colloid charge. However,

the copper ions adsorption scenario is excluded by energy dispersive X-ray (EDX)

measurements (Appendix 3.3). Furthermore, even though the overall ζ potential of

CPS-DAH is positive as shown before, the negative charges originating from sulfate

groups are still present, therefore we regard CPS-DAH as being amphoteric.

The final role of DMF is that as an etching agent to create a yolk-shell structure of

the colloids. A yolk-shell structure refers to a movable yolk inside a hollow shell [37].

DMF is a good solvent for linear polystyrene, dissolution of the linear polystyrene part

of CPS-DAH in DMF results in the formation of the yolk-shell structure (Appendix

3.4) [38]. Figure 3.1b shows a representative TEM image of the colloids CPS-DAH

which displays a yolk-shell structure. The TEM samples are prepared by drying the

aqueous colloidal dispersion under atmospheric conditions, unless stated otherwise.

The diameters of the whole colloids are 415 ± 7 nm and the diameters of their inner

cores are 251 ± 8 nm. The colloids have a thin shell with thickness of approximately

45 nm, and the shell slightly shrink and deform which can be ascribed to the drying

process of the TEM sample preparation. This shell consists of two parts: an inner

layer which originating from the seeds CPS-Cl and an outer layer which is the grafted

hydrophobic polymer layer. The thickness of the hydrophobic polymer is approximately

6 nm. Considering the shell is thin and can be deformed, we regard here the colloids

with a yolk-shell structure as being deformable.

Figure 3.1c is a schematic illustration of the colloids CPS-DAH that summarizes
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all the characteristics discussed before, which are deformability, amphotericity and

hydrophobicity, and the corresponding apparatuses that are used to confirm these

characteristics.

Figure 3.1. (a) Infrared spectra of deformable, amphoteric and hydrophobic colloids
CPS-DAH (top, red) and chlorinated colloids CPS-Cl (bottom, black). (b) TEM image
of CPS-DAH, the TEM sample was prepared by drying the aqueous colloidal disper-
sion under atmospheric conditions. (c) schematic illustration of the CPS-DAH that
summarizing all the characteristics: Deformability, Amphotericity and Hydrophobicity,
and these characteristics are abbreviate as DAH. Scheme also shows the corresponding
apparatuses that are used to confirm these characteristics. Scale bar: 500 nm.
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3.3.2 Assembly and characterization of one-dimensional ag-

gregates

3.3.2.1 Sedimentation induced assembly of Bernal spiral-like structure

Before starting the assembly process, the aqueous CPS-DAH dispersion of approx-

imately 0.5% volume fraction is first sonicated for approximately 30 min to ensure

all colloids are well dispersed. Figure 3.2a shows an optical micrograph of the initial

aqueous CPS-DAH dispersion, clearly the particles are well dispersed, random ag-

gregates are barely observed. Subsequently, the sample shown in Figure 3.2a is kept

at rest for one week. During this period particles gradually sediment due to gravity

and finally are concentrated at the bottom. Afterwards, the sample is redispersed

by manual shaking and observed with optical microscopy again. As shown in Figure

3.2b, intriguingly, one-dimensional aggregates are formed. These elongated colloidal

assemblies are relatively monodisperse in diameter while polydisperse in length. Their

diameters are approximately 2 µm, and their lengths vary between 10 µm up to 50

µm. Subsequently, the sample shown in Figure 3.2b is placed in a sonication bath for

15 min to study the stability of the one-dimensional aggregates under sonication. After

sonication, the one-dimensional aggregates are still present but with reduced length

(Figure 3.2c). To further confirm the one-dimensional nature of the aggregates and

obtain more details, the sample is characterized using scanning electron microscopy

(SEM). The SEM samples of the assemblies are prepared by a freeze-drying process

such that the shrinkage and collapse of the assemblies are prevented [39]. Figure 3.2d

and 3.2e show that the one-dimensional assemblies are indeed formed. In the assem-

blies, the particles are slightly deformed compared to the non-aggregated ones (Figure

3.2e), which might be ascribed to the interparticle forces during the formation process

of the one-dimensional aggregates. We observe that the colloids are close-packed and

most colloids have six nearest neighbors. Due to the deformation of the colloids, the

structure of the aggregates is not perfectly ordered. However, this one-dimensional

structure observed here is reminiscent of a so-called Bernal spiral (Figure 3.2f). A

Bernal spiral consists of three twisting strands of particles and each particle is in

contact with six neighboring particles [12].

The spontaneous formation of the Bernal spiral-like structure is further confirmed

by following experiments. The dispersion with the aggregates is slowly centrifuged to
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remove the Bernal spiral-like aggregates, and the supernatant containing the separated

particles is carefully collected. As shown in Figure 3.17a (Appendix 3.5), the colloids

are well dispersed and no Bernal spiral-like aggregates are observed. After being kept

at rest for one month, once more, the Bernal spiral-like aggregates are formed (Figure

3.17b).

Figure 3.2. (a-c) Optical micrographs of (a) initial CPS-DAH dispersion, (b) sample a
after being kept for one week, and (c) sample b after sonicating for 15 min. (d) Low
and (e) high magnification of SEM images of the one dimensional colloidal assemblies
of CPS-DAH. The SEM samples were prepared by freeze-drying process. (f) Scheme
of a Bernal spiral. Scale bars: 10 µm for all images.

3.3.2.2 Centrifugation induced assembly of tube-like structure

Our results indicate that the densification of colloids CPS-DAH by sedimentation

results in the formation of the one-dimensional aggregates. Therefore, in the next

step, we employ centrifugation to concentrate the colloids. After centrifugation, the

sample is redispersed by manual shaking and observed with optical microscopy again.

Surprisingly, except the similar Bernal spiral-like structures as shown in Figure

3.2b, several tube-like structures are also observed (Figure 3.3a and 3.3b). These

tube-like assemblies are relatively polydisperse both in diameter and length, their

diameters are in the range of 2 to 4 µm, and their lengths vary between 20 µm up to
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100 µm. Furthermore, no aggregation between the one-dimensional aggregates after

centrifugation are observed, implying the repulsions between the one-dimensional

aggregates are sufficiently large. From the optical micrographs, the hollow structure

of the aggregates is not obvious. Therefore, confocal microscopy is used in order to

visualize the hollow structure of the aggregates. To do so, a small amount of dye is added

into the dispersion. After mixing, the samples are imaged with confocal microscopy.

Two types of water soluble dyes are used, negatively charged fluorescein sodium salt

(Figure 3.3c) and positively charged rhodamine B (Figure 3.3d). Clearly, both samples

show the hollow structure of the assemblies with a wall thickness of approximately one

colloidal diameter. The hollow structure is further confirmed by scanning the samples

in different z -values using confocal microscopy (Appendix 3.6). The formed one-

dimensional aggregates by centrifugation are also robust against sonication, only their

lengths are reduced after sonication for 1.5 hour, similar phenomenon to the aggregates

obtained by sedimentation. Furthermore, the fact that both negatively charged and

positively charged dyes can adsorb on the CPS-DAH indicates that the particles are

indeed amphoteric. Additionally, by tuning the composition and the concentration of

the initial monomers during the ATRP process, we synthesize CPS-DAH with grafted

hydrophobic polymer layer of different thickness and composition. Appendix 3.7

shows several additional assembly results of these colloids after centrifugation, the

tube-like aggregates are found in all samples.

Further experiments show that only for the colloids CPS-DAH regardless of

the thickness and composition of the grafted hydrophobic polymer layer, by using

centrifugation, Bernal spiral-like aggregates as well as tube-like aggregates are formed.

For the rest of colloids (the control colloids in the following subsections, including

CPS-AH, CPS-C4N and CPS-C12N), centrifugation can only accelerate the formation

of the Bernal spiral-like aggregates, no tube-like aggregates are observed.

Regardless of the assembly methods (sedimentation or centrifugation) and the

assembly structures (Bernal spiral-like or tube-like), we observe that the formed

one-dimensional aggregates are quite stable. No attachment of the colloids on or

detachment of the colloids from the aggregates are observed during an observation

time of approximately 1 hour, suggesting that these one-dimensional aggregates are

irreversibly formed.
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Figure 3.3. (a) Low and (b) high magnification of optical micrographs of the tube-like
colloidal assemblies of CPS-DAH, (c) fluorescein sodium salt and (d) rhodamine B
dyed confocal micrographs of the tube-like colloidal assemblies of CPS-DAH. Scale
bars: 5 µm for all images.

3.3.3 Synthesis of control colloids

We conclude from the previous sections that deformable, amphoteric and hydrophobic

colloids CPS-DAH self-assemble into one-dimensional colloidal aggregates. To gain in-

sight into what characteristics are responsible for the formation of the one-dimensional

assemblies and thereafter propose a possible mechanism, a series of control colloids

with one or two of the above characteristics are designed and synthesized.

3.3.3.1 Synthesis of deformable amphoteric colloids CPS-DA

To synthesize CPS-DA, CPS-Cl are dispersed in DMF and heated to 90 ◦C for 24 h.

As discussed before, under these conditions, DMF will etch the linear polystyrene part

of CPS-Cl to generate the yolk-shell structure, as well as react with benzyl chloride

groups to reverse the charge of the colloids. Figure 3.4a shows a representative TEM

image of CPS-DA which reveals their yolk-shell structure with an outer diameter of
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392 ± 7 nm, while the diameter of their inner cores is 258 ± 11 nm. The shell thickness

of the CPS-DA is approximately 44 nm. Electrophoretic mobility measurements reveal

a positive ζ potential of CPS-DA equal to 37.4 ± 4.5 mV. These results show that

the CPS-DA with deformable and amphoteric characteristics are synthesized.

Figure 3.4. TEM images of (a) deformable amphoteric colloids CPS-DA, (b) amphoteric
colloids CPS-A, and (c) deformable colloids CPS-D. Scale bars: 0.5 µm for all images.

3.3.3.2 Synthesis of amphoteric colloids CPS-A

To exclusively reverse the charge of the colloids without etch the colloids, DMF is

avoided to use. Van Ravensteijn et al. showed that the colloids charge can also be

reversed when the Menschutkin reaction is performed in water with the presence of

amines [36]. Therefore CPS-A are synthesized by dispersing CPS-Cl in water and

reacting the benzyl chloride groups of CPS-Cl with triethylamine at room temperature

for 24 h. Figure 3.4b shows that the colloids CPS-A maintain their morphology, since

no yolk-shell structure is observed. This is expected as water is a bad solvent for

polystyrene, no etching process would occur. Diameter of 420 ± 7 nm is measured for

this type of colloids from TEM images. It has a ζ potential of 46.9 ± 6 mV obtained by

electrophoretic mobility measurements, indicating that charge reversal of the colloids

is indeed successful. These results show that the CPS-A with merely amphoteric

characteristic are synthesized.

3.3.3.3 Synthesis of deformable colloids CPS-D

To synthesize CPS-D, CPS-Cl are dispersed in THF and magnetically stirred at room

temperature for 24 h. Herein THF is used instead of DMF as THF can also etch the

linear polystyrene part of CPS-Cl while no reaction occurs between THF and benzyl

chloride groups. Indeed colloids with a yolk-shell structure are observed (Figure 3.4c).



Results and Discussion 57

The obtained colloids have an outer diameter of 398 ± 7 nm, and the diameter of

their inner cores is 257 ± 10 nm. The shell thickness of the CPS-D is approximately

40 nm. Electrophoretic mobility measurements reveal a negative ζ potential of CPS-D

equal to -42.8 ± 4.75 mV. These results indicate that the CPS-D with only deformable

characteristic are prepared.

3.3.3.4 Synthesis of hydrophobic colloids CPS-H

ATRP reaction is employed to grow a hydrophobic poly(tert-butyl acrylate) (PtBA)

layer on the surface of CPS-Cl. To avoid both the etching of the colloids and the

reversal of their charge, acetonitrile/water mixture (v/v = 8:2) is used as the solvent

instead of DMF to synthesize CPS-H. Since acetonitrile is volatile, relatively low

reaction temperature is required to limit its evaporation (60 ◦C in this case instead

of 90 ◦C in DMF). The other parameters are kept constant. Figure 3.5a shows a

representative TEM image of CPS-H, as expected, no yolk-shell structure is observed.

The CPS-H have a diameter of 434 ± 9 nm. The presence of the hydrophobic layer

is confirmed by IR spectroscopy. Figure 3.5b shows the IR spectra of CPS-Cl and

CPS-H. Evidently, compared to the spectrum obtained for CPS-Cl, the spectrum of

CPS-H contains an additional signal at 1726 cm−1 which corresponds to the C=O

stretching vibration of the incorporated tBA, indicating a thin hydrophobic PtBA is

grew on the colloids. Additionally, its ζ potential remains negative with value of -31

± 4 mV, which is obtained by electrophoretic mobility measurements. These results

show that the CPS-H with only hydrophobic characteristic are prepared.

Figure 3.5. (a) TEM image of hydrophobic colloids CPS-H. (b) Infrared spectra of
CPS-H (top, red) and CPS-Cl (bottom, black). Scale bar: 500 nm.
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3.3.3.5 Synthesis of deformable hydrophobic colloids CPS-DH

We have endeavored to perform ATRP reaction in THF to synthesize the deformable

hydrophobic colloids CPS-DH. In principle, we would obtain CPS-DH, since ATRP

reaction allows us to grow a hydrophobic PtBA layer and THF etches the colloids.

However, in practice, this direct synthesis method becomes problematic, since THF

rapidly evaporates during the degassing process due to its high vapor pressure. There-

fore, CPS-DH is prepared indirect, which is achieved through the etching of CPS-H

by THF. Figure 3.6a shows a representative TEM image of CPS-DH, which reveals

that monodisperse colloids with a diameter of 416 ± 8 nm are obtained. The reduced

diameter of the CPS-DH compared to that for CPS-H (434 ± 9 nm) confirms that

the etching process has taken place. However, the etching process is incomplete as

can be seen in Figure 3.6a, less hollow areas are present compared to that for CPS-D

(Figure 3.4c), which might due to the presence of the hydrophobic layer that limits

the diffusion of the dissolved polystyrene from the colloids interior into the continuous

phase. Furthermore, the remaining of the C=O stretching vibration signal at 1726

cm−1 in the IR spectrum of CPS-DH verifies that the hydrophobic PtBA layer still

exists on the colloids after the etching process (Figure 3.6b). Therefore, these results

show that the deformable hydrophobic colloids CPS-DH are synthesized.

Figure 3.6. (a) TEM image of deformable hydrophobic colloids CPS-DH. (b) Infrared
spectra of CPS-DH (top, red) and CPS-H (bottom, black). The blue circle highlighted
the signal of the C=O stretching vibration. Scale bar: 500 nm.
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3.3.3.6 Synthesis of amphoteric hydrophobic colloids CPS-AH

Once more an ATRP reaction is employed to grow a hydrophobic PtBA layer on the

surface of CPS-Cl to obtain CPS-AH. In this case, ethanol/water (v/v = 7:3) is used

as the solvent instead of DMF to avoid the etching of the colloids. More importantly,

N,N,N ’,N ’N ”-pentamethyldiethylenetriamine (PMDETA) is used as the ligand instead

of 2,2’-bipyridyl (Bpy), since the catalytic reactivity of the complex of PMDETA with

copper ions is higher than that of Bpy with copper ions, such that compromises the

relatively low reactivity of ATRP reaction in ethanol/water mixture [40]. Furthermore,

PMDETA also serves as the amines source to react with benzyl chloride groups thereby

introduce positive charges onto the colloids. Figure 3.7a shows a representative TEM

image of CPS-AH, as expected, no yolk-shell structure is observed. The CPS-AH have

a diameter of 436 ± 8 nm. The presence of the hydrophobic layer is confirmed by IR

spectroscopy. Figure 3.7b shows the IR spectra of CPS-Cl and CPS-AH. Once more,

an additional signal at 1726 cm−1 which corresponds to the C=O stretching vibration

of the incorporated tBA is observed in the spectrum of CPS-AH. Additionally, an

extra strong signal at 1093 cm−1 is appeared in the spectrum of CPS-AH, which

corresponds to the C-N stretching vibration from the PMDETA, indicating the reaction

between the benzyl chloride groups on the CPS-Cl and the amine groups of PMDETA

takes place[35]. The occurrence of this Menschutkin reaction is further confirmed by

electrophoretic mobility measurements. The charge of CPS-AH is indeed reversed, as

indicated by its ζ potential of 35.5 ± 4.7 mV. These results show that the CPS-AH

with amphoteric and hydrophobic characteristics are prepared.

Figure 3.7. (a) TEM image of hydrophobic colloid CPS-AH. (b) Infrared spectra of
CPS-AH (top, red) and CPS-Cl (bottom, black). Scale bar: 500 nm.
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Table 3.1 summarizes the characteristic properties of the synthesized control

colloids.

Table 3.1. Summary of the deformability, amphotericity and hydrophobicity of the
synthesized control colloids

Colloids Deformability Amphotericity Hydrophobility

CPS-DAH
√ √ √

CPS-Cl × × ×
CPS-A ×

√
×

CPS-DA
√ √

×
CPS-D

√
× ×

CPS-H × ×
√

CPS-DH
√

×
√

CPS-AH ×
√ √

3.3.4 Assembly of control colloids

In this subsection, we show the assembly results of the above synthesized control

colloids. Even though the Bernal spiral-like aggregates formation is a spontaneous

process, the centrifugation assembly process is employed in all of the samples here since

this process accelerates the Bernal spiral-like aggregates formation. For comparison,

the assembly results of CPS-Cl as well as CPS-DAH are also included here. As shown

in Figure 3.8, three scenarios of assembly behaviors of the colloids are observed. Firstly,

for the cases of CPS-Cl (Figure 3.8a), CPS-A (Figure 3.8b), CPS-D (Figure 3.8c)

and CPS-DA (Figure 3.8d), the colloids remain dispersed and no clusters are found.

Secondly, for CPS-H (Figure 3.8e) and CPS-DH (Figure 3.8f), the colloids form random

aggregates and few individual colloids remain. Lastly, for CPD-AH (Figure 3.8g) and

CPS-DAH (Figure 3.8h), Bernal spiral-like aggregates are present regardless of the

presence of many individual colloids.

3.3.4.1 Influence of the hydrophobicity

The influence of the hydrophobicity on the formation of the Bernal spiral-like aggregates

is firstly studied by comparing Figure 3.8a-3.8d to Figure 3.8e-3.8h. Clearly, the
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Figure 3.8. Optical micrographs of the assembly results of (a) Seeds CPS-Cl, (b)
Amphoteric colloids CPS-A, (c) Deformable colloids CPS-D, (d) Deformable and
amphoteric colloids CPS-DA, (e) Hydrophobic colloids CPS-H, (f) Deformable and hy-
drophobic colloids CPS-DH, (g) Amphoteric and hydrophobic colloids CPS-AH and (h)
Deformable, amphoteric and hydrophobic colloids CPS-DAH after the centrifugation
assembly process. Scale bars: 5 µm for all images.
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colloids with a hydrophobic layer tend to aggregate in all cases regardless of the final

aggregation morphologies (one-dimensional aggregates or random clusters), while the

colloids are still well dispersed if the hydrophobic layer is absent. To further confirm

that the colloids aggregation is driven by the hydrophobic attraction, CPS-DAH and

CPS-H are treated with trifluoroacetic acid (TFA). TFA is commonly used as a strong

acid to hydrolyze the ester groups in the PtBA, thereby converting hydrophobic

PtBA into hydrophilic polyacrylic acid (PAA) (Appendix 3.8) [41]. After hydrolysis,

the colloids are subjected to the same centrifugation assembly process as described

before. As shown in Figure 3.9, after hydrolysis, for CPS-DAH (Figure 3.9a), the

Bernal spiral-like aggregates are still present while the diameter and length of these

Bernal spiral-like aggregates are approximately 2 µm and 5 µm, respectively, both are

much smaller compared to that for the Bernal spiral-like aggregates before hydrolysis

(Figure 3.8h). For CPS-H (Figure 3.9b), after hydrolysis, colloids disperse much better

compared to that before hydrolysis (Figure 3.8e). However, in both samples, some

small aggregates are still observed. The presence of these small aggregates could be

ascribed to the incomplete hydrolysis of the ester groups on the colloids (Appendix

3.8), i.e., the presence of the hydrophobic patches. Regardless of the presence of small

amount of the small clusters, in both systems the colloids disperse much better than

before hydrolysis. Based on these results, we conclude that the hydrophobic layer on

the colloids is essential for the formation of the Bernal spiral-like aggregates, which

acts as a driving force for the colloids to aggregate.

Figure 3.9. Optical micrographs of (a) CPS-DAH and (b) CPS-H after hydrolyzed
with trifluoroacetic acid. Scale bars: 5 µm for all images.
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3.3.4.2 Influence of the amphotericity

The influence of the amphotericity on the Bernal spiral-like aggregates formation is

studied by comparing Figure 3.8e-3.8f to Figure 3.8g-3.8h. The colloids with amphoteric

characteristic can assemble into Bernal spiral-like aggregates, while for negatively

charged colloids random clusters are observed. To further investigate the influence of

the amphotericity, we design and synthesize a new type of colloids CPS-C4N. These

colloids are prepared by reacting benzyl chloride groups on the CPS-Cl with a primary

amine n-butylamine (Bu-NH2). The synthesized colloids also bear both amphoteric and

hydrophobic characteristics as CPS-AH. However, the significant difference between

CPS-C4N and CPS-AH is that the CPS-C4N is pH-responsive, it protonates at low

pH while deprotonates at high pH (pK a, N−methylbutylamine ≈ 10.9). Therefore, at low

pH, the colloids CPS-C4N are amphoteric and overall positively charged; at high

pH, they are non-amphoteric and overall negatively charged. If the amphotericity is

prerequisite, we would expect that at high pH where CPS-C4N are non-amphoteric

(pH > pK a, N−methylbutylamine), no Bernal spiral-like aggregates should be observed. As

shown in Figure 3.10, clearly, Bernal spiral-like aggregates are observed both at low

(Figure 3.10a) and high (Figure 3.10c) pH, indicating that the amphotericity is not a

prerequisite for the formation of the Bernal spiral-like aggregates. While at pH 11, the

colloids strongly aggregate (Figure 3.10b). Because of the aggregation, the ζ potential

at pH 11 by electrophoretic mobility measurements cannot be determined accurately.

However, a rough estimate is possible. In pure water (pH ≈ 6), both sulfate groups

(pH >> pK a, sulfate ≈ 2) [42] and amine groups (pH << pK a, N−methylbutylamine ≈
10.9) [43] are highly charged. The ζ potential of CPS-Cl and CPS-C4N in pure

water are -37.9 and 50.1 mV, respectively. Therefore, the total number of positively

chargeable groups on the colloids CPS-C4N is approximately twice the total number of

negatively chargeable groups. At pH 11 (pH ≈ pK a, N−methylbutylamine), approximately

half of the amine groups are deprotonated while most of the sulfate groups are still

charged, therefore the overall charge is approximately zero, suggesting the lack of the

effective electrostatic repulsion which results in the random aggregation of the colloids.

These results show that it is the overall charge rather than the amphotericity of the

colloids finally determines the aggregation behaviors. In other words, the electrostatic

interaction plays a significant role in the Bernal spiral-like aggregates formation.
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Furthermore, we also notice that in pure water, except the relatively rigid Bernal

spiral-like aggregates, flexible colloidal single chains with diameter of only one colloid

are also observed (Figure 3.11a). While at pH 11.7, except the relatively rigid Bernal

spiral-like aggregates, some spherical aggregates instead of colloidal single chains are

observed.

Figure 3.10. Optical micrographs of n-butylamine modified CPS-Cl (CPS-C4N) in
aqueous solution with pH (a) 6, (b) 11 and (c) 11.7, respectively. Scale bars: 5 µm for
all images.

3.3.4.3 Influence of the deformability

While no noticeable differences of aggregation behavior are observed with respect to

the deformability of the colloids (Figure 3.8a and 3.8c, 3.8b and 3.8d, 3.8e and 3.8f,

or 3.8g and 3.8h). For instance, both CPS-AH (Figure 3.8g) and CPS-DAH (Figure

3.8h) form the one-dimensional aggregates after the assembly process even though the

former is not deformable while the latter is. Therefore, we exclude the deformability

as the most important characteristic to lead to the formation of the one-dimensional

aggregates.
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3.3.5 Two additional experiments

3.3.5.1 Influence of ionic strength on clusters structure

The increase of ionic strength results in the decrease of the electrostatic repulsion

with respect to both its range and magnitude. Therefore, if sufficient amount of salt is

added, the electrostatic repulsion will not be strong enough to stabilize the formed

one-dimensional assemblies, and hydrophobic attraction is expected to dominate. In

such conditions it is expected that the one-dimensional assemblies collapse into more

compact aggregates. To confirm our hypothesis, the ionic strength of the dispersion

with colloidal single chains is tuned to 2 mM by addition of aqueous NaCl solution.

As shown in Figure 3.11, after increasing the ionic strength, the colloidal single chains

collapse and indeed transform into spherical clusters.

Figure 3.11. Optical micrographs of n-butylamine modified CPS-Cl in (left) Pure
water and (right) 2 mM aqueous NaCl solution. Scale bars: 5 µm for all images.

3.3.5.2 Influence of magnitude variation of electrostatic repulsion and

hydrophobic attraction on clusters structure

The morphology and surface property of the colloids CPS-DAH are complex and not

well-defined. Even without the addition of TFA, the ester groups on the grafted PtBA

polymers hydrolyze gradually in water (Appendix 3.9). The hydrolysis of the ester

groups generates carboxylic acids, which results in the decrease of the hydrophobicity

and increase of the number of negatively charged carboxylic acid groups. Furthermore,

the influence of the yolk-shell structure on the formation of the one-dimensional
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aggregates is not fully understood and difficult to investigate. Therefore, we have

endeavored to design a new type of colloids: CPS-C12N. These colloids are synthesized

by the Menschutkin reaction between the benzyl chloride groups on the colloids CPS-Cl

and N,N -Dimethyldodecylamine (DMDA) in ethanol at room temperature. By doing

so, there are several advantages. Firstly, the ATRP reaction step is avoided, which

makes the synthetic process much easier. Secondly, the hydrophobicity is introduced

by the C12 moiety of the DMDA, no ester groups are present in the DMDA, and

therefore no hydrolysis reaction of ester groups takes place to complicate the surface

properties of the colloids. Thirdly, by performing the Menschutkin reaction in ethanol,

the morphology of the colloids remains intact, and no yolk-shell structure will be

formed. Lastly and most importantly, by withdrawing samples at different time

intervals during the reaction, we can obtain colloids with systematically changed ζ

potential and hydrophobicity. That would be prohibitively difficult for CPS-DAH as

the ATRP reaction is extremely sensitive towards oxygen, while oxygen is hard to

avoid during the withdrawal step. In other words, the electrostatic repulsion and the

hydrophobic attraction between the colloids can be systematically regulated by using

the Menschutkin reaction. Figure 3.12 summarizes the results. At the very beginning

state, the conversion of the Menschutkin reaction is low, the overall charges are still

highly negative and the grafting degree of the hydrophobic groups is low, hence the

electrostatic repulsion still overwhelms the hydrophobic attraction and van der Waals

attraction. Therefore the colloids are well dispersed, and no aggregates are formed

(Figure 3.12a and 3.12b). With the Menschutkin reaction proceeding, more positive

charges are generated, the overall charges decrease and the ζ potential approaches

to zero after about 60 min, where the magnitude of the electrostatic repulsion is

minimal. At the same time, the hydrophobic attraction constantly increases since

more hydrophobic groups are grafted onto the colloidal surface. The combination of

the reduced electrostatic repulsion and the increased hydrophobic attraction results

in the aggregation of the colloids (Figure 3.12c-3.12e). Since in these conditions

the electrostatic repulsion is too weak to overcome the hydrophobic attraction and

van der Waals attraction, colloids randomly aggregate. As the reaction continues,

the charge sign reverses and the overall charges increase again, the increase of the

charges results in the increase of the electrostatic repulsion, therefore the colloids

start to re-disperse again. At the conditions where the electrostatic repulsion and the
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hydrophobic attraction are appropriately balanced, one-dimensional aggregates are

formed (Figure 3.12g and 3.12h).

Furthermore, we also study the time-dependent evolution of the aggregation

behavior of the CPS-DA (Appendix 3.10). In this case, the hydrophobic attraction

is absent. After charge reversal, colloids are well dispersed and no one-dimensional

aggregates are observed. This set of experiments further confirms the importance of

the hydrophobic attraction on the formation of the one-dimensional aggregates.

Figure 3.12. (a-h) Optical micrographs of CPS-C12N withdrew at different reaction
times. (a) 0 min, (b) 5 min, (c) 45 min, (d) 60 min, (e) 90 min, (f) 150 min, (g) 180
min, and (h) 480 min. (i) zeta (ζ) potentials of CPS-C12N at different reaction time.
The aggregation behaviors of CPS-C12N at different reaction times are also shown.
Scale bars: 5 µm for all images.
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3.3.6 Discussion on a possible mechanism for one-

dimensional aggregates formation

Colloids with strong, dominant short-range attraction randomly aggregate to form

gels [44]. However, it was found that when the short-range attraction is supplemented

by a long-range repulsion, colloids tend to form equilibrium clusters of certain size

which can stably disperse in the continuous phase [21, 22, 24, 25, 45]. This can be

explained as follows: as the particles are attractive at short range and repulsive at

long range, for a cluster with N particles, when N is large enough, addition of an

another particle to the cluster non-linearly increases the total repulsion in the cluster,

hence further growth is energetically not favored. The shape and size of the clusters

are sensitively dependent on the balance between the short-range attraction and

the long-range repulsion. By estimation of the ground-state configuration of isolated

clusters of different size, Mossa et al. reported that through varying respectively the

magnitude and the screening length of the long-range repulsive Yukawa potential,

clusters of different morphologies can be formed [45]. In particular, when the clusters

diameter exceeds the screening length, and simultaneously the magnitude of the long-

range repulsion is sufficiently large, the shape of the aggregates crosses from spherical

to linear, i.e., one-dimensional clusters can be generated. Once the one-dimensional

clusters are formed, the electrostatic double layers of the individual colloids are

rearranged into a uniform double layer surrounding the whole one-dimensional clusters

and stabilize them against aggregation [18]. This scenario of the one-dimensional

clusters formation that governed by the delicate balance between the short-range

attraction and the long-range repulsion has been reported in theory [21], simulation

[22, 23] and experiments [24, 25]. More specifically, the formation conditions of the

Bernal spiral-like structures in the system of colloids with short-range attraction

and long-range repulsion have also been investigated by simulation. Sciortino et al.

reported that in the case where the screening length of the repulsion is comparable

to the particle radius, particles locally cluster into the Bernal spiral-like structures

when the short-range attraction is larger than 15 kT, where kT is the thermal energy

[22]. Similarly, Mani et al. also obtained the Bernal spiral-like structures when the

short-range attraction is in the range of 10 kT to 20 kT, while compact clusters were

observed when the short-range attraction ranges from 6-8 kT. This trend can be
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explained by non-equilibrium affect [46].

The control experimental results showed in subsection 3.3.4 and 3.3.5 strongly

indicate the importance of the hydrophobic attraction and the electrostatic repulsion

on the formation of the Bernal spiral-like aggregates. As seen in Table 3.2, for CPS-Cl,

CPS-H and CPS-DAH, they display quite different aggregation behavior which is

ascribed to the different surface hydrophobicity as discussed before. The hydrophobic

interaction is a short-range attraction whose effective range is on the order of 10 nm

and it decays exponentially with decay length of about 1 nm [47]. The hydrophobic

attraction VH can be expressed as

VH = −2γA exp(
−h
DH

) (3.1)

where γ is the hydrophobic-water interfacial tension, A is the contact area, h is

the particles surface separation, DH is the decay length which is on the order of 1 nm

[47, 48]. The exact value of γ is difficult to determine. Kegel et al. estimated that the

γ of virus capsid proteins is approximately 5 mN/m [48]. In analogy to proteins, the

CPS-DAH can also be dispersed in water. Therefore, the γ of 5 mN/m is used here to

roughly estimate the hydrophobic attraction. According to the equation, we calculate

that VH between the CPS-DAH already reaches to -17 kT when the h is 4 nm, and it

becomes stronger with the reduction of the h. The particles surface separation of 4

nm is naively selected since the particles possess a rough surface with a typical length

scale on the order of a few nanometers. We notice that this attraction strength is

comparable to the value of Sciortino and Mani’s systems in where Bernal spiral-like

structures are also observed [22, 46]. In the case of CPS-Cl, due to the lack of the

hydrophobic layer, the particles are well dispersed. While for CPS-H, according to

the preparation procedure, we suspect that the hydrophobic layer of CPS-H is much

denser than that of CPS-DAH since no etching process and Menschutkin reaction occur

during the colloids preparation. Therefore the hydrophobic attraction between CPS-H

is expected to be much stronger, which eventually results in the random aggregation

of CPS-H.

The concentration of particles at which aggregates start forming can be regarded

as a critical micelle concentration (cmc) of a system of surfactants. For a system

with aggregates present, this cmc is also the concentration of coexisting monomers.

Therefore, another indication of the attraction can be estimated from the fraction of
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coexisting monomers in a sample with aggregates via

φmonomer =
Vc

Vs
exp(

U

kT
) (3.2)

with φmonomer the volume fraction of coexisting monomers, Vc the volume of a

colloid, Vs the volume of a solvent molecule, U the average potential per particle

at contact [7, 49]. Considering only a few aggregates are formed, the initial volume

fraction of colloids (≈ 0.5%) is taken as the φmonomer. We obtain the average potential

a value of U ≈ -27 kT , acceptable considering the boldness of the estimate of γ.

Besides the hydrophobic attraction, van der Waals attraction is another candidate

driving force for the colloids to aggregate. However, the experimental observation that

the colloids restored colloidal stability after charge reversal implies the particles were

not trapped in a deep attractive (van der Waals) potential well close to the isoelectric

point. Van Ravensteijn ascribed it to the rough surface of the colloids which provides

a limit to the minimal inter-particle distance and therefore, to the magnitude of the

van der Waals attraction [50]. Therefore, we speculate the van der Waals attraction is

not the main driving force for the colloids to aggregate.

To study the influence of the electrostatic repulsion on the Bernal spiral-like aggre-

gates formation, we introduce a parameter Ψ2

κR
which is a measure for the magnitude

of the electrostatic repulsion, where Ψ = eζ
kT

, with e the elementary charge, ζ the zeta

potential, κ the inverse Debye length and R the radius of the colloids. As shown in

Table 3.2, for the cases with medium hydrophobic attraction (VH ≈ -17 kT ), when
Ψ2

κR
is small, for example, in the case of CPS-C4N-B ( Ψ2

κR
= 0.1), spherical clusters are

observed. With increasing value of Ψ2

κR
, the morphology of the clusters changes from

spherical to linear and the linear clusters become thinner with even higher values of

the Ψ2

κR
. This tendency of the clusters morphology is consistent with previous report in

what Mossa drew the same conclusion by simulation study and a comparable (but not

the same) measure for the magnitude of the electrostatic interactions [45]. Therefore,

we propose that for the formation of one-dimensional aggregates, the short-range

attraction should be on the order of 10 kT and the relatively longer-range repulsion

should be sufficiently high. For the formation of the tubes-like aggregates, the mecha-

nism behind it is not so clear, however, from the experimental results, we hypothesize

that the combination of centrifugation and the colloids CPS-DAH is responsible for

the tubes formation.
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Table 3.2. The ζ, κ, Ψ2

κR
, hydrophobicity and aggregation states of several representative

colloidal systems

Colloids ζ (mV) κ−1 (nm) Ψ2

κR
Hydrophobility states

CPS-Cl -38 ≈ 100a 1.25 low monomers
CPS-H -31 ≈ 100a 0.83 high random clusters
CPS-DAH 30 ≈ 100a 0.78 medium Bernal spirals + tubes
CPS-C4N-Ab 50 ≈ 100a 2.17 medium Bernal spirals + single chains
CPS-C4N-Bc 42 6.7 0.1 medium spherical clusters

(a) The ionic strength of MQ water used here is approximately 10−5 M. (b) In MQ water. (c) In water with ionic

strength of 2 mM. Ψ = eζ
kT

, with e the elementary charge, ζ the zeta potential, κ the inverse Debye length and R the
radius of the colloids, kT the thermal energy.

3.3.7 Ageing of the tube-like aggregates

After two months, we observed the assemblies sample of CPS-DAH made by centrifu-

gation once more (Figure 3.3), surprisingly, we found some interesting structures as

shown in Appendix 3.12, we are still working on understanding these phenomena.

Our first assumption is that these phenomena are related to the gradual self-hydrolysis

of the ester groups in water (Appendix 3.9), since for the assemblies sample of

CPS-C12N, we did not observe these structures.

3.4 Conclusion

In this chapter, we show that spherical colloids CPS-DAH with isotropic shape and

surface functionality can self-assemble into one-dimensional colloidal assemblies in

water. The colloids CPS-DAH bear three main characteristics, which are deformability,

amphotericity and hydrophobicity. We also synthesize a series of control colloids which

only have one or two of the characteristics, and compare the assemblies of the control

colloids with the one-dimensional aggregates. We find that deformability is not a

prerequisite, that is, colloids which are not deformable can also form one-dimensional

aggregates. For amphotericity, we find that the overall charges of the colloids are much

more important than the amphotericity. Hydrophobicity is a crucial characteristic,

being the main driving force for aggregation. Finally we propose that the formation of

the one-dimensional aggregates is the consequence of the delicate balance between

the short-range hydrophobic attraction and the relatively longer-range electrostatic
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repulsion.

There are three types of one-dimensional aggregates observed: single chains, Bernal

spiral-like aggregates, and tube-like aggregates. The single chains are formed at high
Ψ2

κR
(≈ 2) and they collapse into compact clusters by increasing the ionic strength of

the continuous phase. Bernal spiral-like aggregates are observed in the system with

the attraction on the order of 10 kT and Ψ2

κR
≥ 0.78. For the tube-like aggregates,

we hypothesize that the combination of centrifugation and the colloids CPS-DAH is

responsible for their formation.

Considering that several proteins can also spontaneously form one-dimensional

assemblies, our system could be a model system to study the microscopic mechanism

of protein aggregation.
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Appendix

A3.1 Synthesis of chlorinate colloids CPS-Cl

CPS-Cl are synthesized by seeds emulsion polymerization [51]. First, cross-linked

polystyrene colloids CPS as the seeds for the preparation of CPS-Cl are synthesized

by emulsion polymerization. Subsequently, a chlorinated, cross-linked thin layer is

coated onto the CPS by copolymerizing vinylbenzyl chloride (VBC) and cross-linker

divinylbenzene (DVB). The incorporation of VBC is confirmed by infrared (IR)

spectroscopy. Figure 3.13a shows IR spectra of CPS and CPS-Cl. A new signal

at 1266 cm−1 is appeared in the spectrum of CPS-Cl, which corresponds to the

stretching vibration of the C-Cl of the incorporated VBC [35]. Electrophoretic mobility

measurements reveal a negative ζ potential of CPS-Cl equal to -37.9 ± 3.9 mV. The

negative charges on the CPS-Cl are originating from the sulfate groups, which are

generated from the decomposition of potassium persulfate and sodium bisulfite that

act as an initiator system. Figure 3.13b shows a representative TEM image of CPS-Cl

which reveals monodisperse colloids with a diameter of 418 ± 8 nm. Dynamic light

scatting (DLS) measurements show a hydrodynamic diameter of 460 ± 13 nm. These

colloids CPS-Cl would be extensively used as seeds for the synthesis of the model

colloids as well as the control colloids.

Figure 3.13. (a) Infrared spectra of CPS-Cl (top, red) and CPS (bottom, black). (b)
TEM image of chlorinated colloid CPS-Cl. Scale bar: 500 nm.
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A3.2 Controlled growth of hydrophobic layer onto colloids by

ATRP reaction

The ATRP reaction is employed to grow a hydrophobic PtBA layer on the surface

of chlorinated colloids CPS-Cl. The thickness of the grown layer is regulated using

two strategies: by changing the initial monomer concentration or the reaction time. In

the first set of experiments, the initial monomer concentration is varied while other

parameters are kept constant. Figure 3.14a shows the IR spectra of the obtained

colloids with varying initial monomer concentrations. All IR spectra are normalized

with respect to the polystyrene signal at 695 cm−1 to fairly compare the PtBA content.

As can be seen, the signal at 1726 cm−1 corresponds to the carbonyl stretching

vibration increases as the initial monomer concentration increases. Figure 3.14b and

3.14c quantitatively plot the normalized intensity of the carbonyl signals from IR

spectra and hydrodynamic diameters from DLS measurements of the obtained colloids

as a function of the initial monomer concentration. A linear relation is obtained for

both cases, implying that we can tune the thickness of the PtBA layer by easily

adjusting the initial monomer concentration. In the second set of experiments, the

initial monomer concentration is kept at 0.25 M, the time-dependent evolution of the

IR spectra of the obtained colloids is recorded and plotted in Figure 3.14d. Clearly,

the IR spectra show a gradual increase in the normalized intensity of the carbonyl

signals in time. The intensity of the carbonyl signals is indicative for the monomer

conversion (p). Here we assume that full conversion is achieved after 24 h of reaction.

Therefore we can plot the normalized intensity of the carbonyl signals as a function

of reaction time as shown in Figure 3.14e (black squares). For a typical controlled

polymerization, the semi-logarithmic plot should be linear [52]. Therefore we rearrange

the data and ln(1/(1-p)) versus reaction time is plotted. As shown in Figure 3.14e

(blue dots), a straight line up to 4 h of reaction is obtained, indicating the reaction is

indeed controlled. We also plot the hydrodynamic diameter of the obtained colloids as

a function of the reaction time, as expected, the hydrodynamic diameter increases in

time and levels off after 4 h of reaction (Figure 3.14f). These results show that we

can vary the thickness of the hydrophobic layer grafted from the colloidal surface by

changing the initial monomer concentration or the reaction time of ATRP reaction.
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Figure 3.14. (a) IR spectra of colloids after growing PtBA layer on the surface of
chlorinated colloid CPS-Cl via ATRP reaction with varying initial monomer con-
centration. (b) Plot of the normalized intensity of the carbonyl signals shown in (a)
versus the initial monomer concentration. (c) Z -average diameters obtained from DLS
measurements versus the initial monomer concentration. (d) Overlay of the carbonyl
signals from IR spectra obtained at varying reaction time. (e) Black squares: plot
of the normalized intensity of the carbonyl signals shown in (d) versus the reaction
time. Blue dots: semi-logarithmic kinetic plot based on monomer conversion (p). The
straight line indicates the theoretical curve for a controlled radical polymerization. (f)
Z -average diameters obtained from DLS measurements versus the reaction time.
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A3.3 Investigation of the influence of possible copper ions ad-

sorption on the colloids charge reversal

To determine if the adsorption of copper ions on the colloids also plays a role in

the charge reversal of the colloids, energy dispersive X-ray (EDX) measurements are

conducted to detect the presence of copper ions on the colloids. Figure 3.15 shows that

the signals correspond to copper are absent on both colloids CPS-Cl and CPS-DAH,

thereby excluding the adsorption of copper ions on the colloids as a key contribution

to the charge reversal of CPS-DAH.

Figure 3.15. Energy dispersive X-ray (EDX) spectra of CPS-DAH (top, red) and
CPS-Cl (bottom, black).
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A3.4 Discussion of the formation mechanism of the yolk-shell

structure

The CPS-Cl are synthesized by a two-step emulsion polymerization process. For the

colloids made by emulsion polymerization method, it is known that the cross-linking

density decreases radially from the colloid center [38, 53, 54]. This is not surprising,

as the cross-linker has higher reactivity hence a large portion of the cross-linker

are incorporated during the initial growth of the colloids, eventually results in high

cross-linking density in the center while polymer network with a low fraction or even

no chemical cross-linkers are present at the periphery of the colloids. Since the CPS-Cl

is synthesized by two-step emulsion polymerization, we speculate the cross-linking

density of the CPS-Cl from the center to the periphery is high-low-high-low. This

internal structure of the CPS-Cl results in the formation of the yolk-shell structure

after the colloids etched by DMF, which is a good solvent for non-cross-linked or

even low cross-linked polystyrene but not for high cross-linked polystyrene. If this

hypothesis is correct, we would expect that for the seed colloids of the CPS-Cl (CPS),

no yolk-shell structure but diminished size should be observed after it is etched by

DMF. As shown in Figure 3.16, for CPS, after treated with DMF, no yolk-shell

structure is observed, while the diameter decreases from 381 nm to 319 nm. This

result confirms that the yolk-shell structure is originating from the inhomogeneous

distribution of cross-linking density within the CPS-Cl, or more precisely say, radially

decreases from center to periphery.
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Figure 3.16. (a) Schematic illustration of the etching process. (b-e) TEM images of
CPS before (b) and after (d) etching by DMF, TEM images of CPS-Cl before (c) and
after (e) etching by DMF. Scale bars: 1 µm for (b) and (d), 500 nm for (c) and (e).
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A3.5 Additional proof of the spontaneous formation of the

Bernal spiral-like structure

After removing the one-dimensional aggregates, the remaining supernatant with

individual colloids can self-assemble into one-dimensional aggregates after keeping at

rest for one month.

Figure 3.17. (a) the supernatant of the assemblies dispersion. (b) one month aging of
the supernatant (a). Scale bars: 5 µm for both images.

A3.6 Snapshots of confocal microscope images of the colloidal

tubes of CPS-DAH in different z -directions

Figure 3.18. Snapshots of confocal microscope images of the colloidal tubes of CPS-
DAH in different z -directions. Scale bars: 5 µm for all images.
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A3.7 Several additional colloidal tube examples self-assembled

from CPS-DAH with different composition and initial

monomer concentrations

Figure 3.19. Several extra colloidal tube examples self-assembled from CPS-DAH with
different monomer and initial monomer concentrations. (a) CPS-DAH-0.25M-0, (B)
CPS-DAH-0.5M-0, (c) CPS-DAH-0.25M-0.25M, (d) CPS-DAH-0.5M-0.25M. Note:
The first and second number represents the initial concentration of the monomer
tert-butyl acrylate and styrene, respectively. Scale bars: 10 µm for all images.
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A3.8 Hydrolysis of CPS-DAH

Figure 3.20a shows a representative TEM image of CPS-DAH after hydrolysis. Instead

of yolk-shell structure, the shell of the colloids collapses which might ascribe to the

hydrolysis process. Regardless of the collapse of the shell of the colloids, the hydrolysis

process is successful as confirmed with IR spectroscopy (Figure 3.20b). The signal

at 1726 cm−1 which corresponds to the C=O stretching vibration of ester groups of

PtBA dramatically decreases, while a new signal at 1688 cm−1 which corresponds to

the C=O stretching vibration of carboxylic acid groups of PAA appears [35]. However,

there is still a small signal presented in the spectrum of CPS-DAH after hydrolysis

(marked with blue circle), which indicates that the hydrolysis process is not complete.

Figure 3.20. (a) TEM image of CPS-DAH after hydrolysis. (b) IR spectra of CPS-DAH
before (bottom, black) and after (top, red) hydrolysis. The blue circle highlighted the
presence of residual ester groups. Scale bar: 500 nm.
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A3.9 Self-hydrolysis of ester groups of CPS-DAH in water

Figure 3.21. IR spectra of CPS-DAH measured immediately after synthesis (black) and
measured after stored in water for four months (red). Clearly, after stored in water for
four months, the signal at 1726 cm−1 corresponds to ester groups decreases while the
signal 1690 cm−1 corresponds to acid groups generates, indicating the self-hydrolysis
of ester groups gradually takes place in water.
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A3.10 Time-dependent evolution of the aggregation behavior

of CPS-DA

In this experiment, CPS-Cl are reacted with DMF, the samples are withdrew in time

and characterized with optical microscope. In this case, the hydrophobic attraction

is absent and the overall surface charges undergo from negative cross the zero point

to positive. We study the time-dependent evolution of the aggregation behavior of

CPS-DA. The CPS-DA also experience the disperse-aggregate-disperse transformation

in time (Figure 3.22). However, due to the lack of the hydrophobicity, after charge

reversal, no one-dimensional aggregates are found in this CPS-DA system (Figure

3.22f).

Figure 3.22. Optical micrographs of CPS-DA withdrew at different reaction times. (a)
0 min, (b) 15 min, (c) 45 min, (d) 90 min, (e) 120 min, and (f) 240 min. Scale bars:
10 µm for all images.
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A3.11 ATRP reaction in DMSO

After we observed that DMF etches the colloids during ATRP reaction and before

trying to perform ATRP reaction in acetonitrile/water mixture to synthesize CPS-H,

we have also endeavored DMSO as the ATRP solvent. The other parameters are kept

the same. Figure 3.23a shows a representative TEM image of the obtained colloids.

Indeed, not yolk-shell is observed even though the colloids slightly deformed after

ATRP reaction. Additionally, its ζ potential keeps negative with value of -31 ± 4

mV which is obtained by electrophoretic mobility measurements. However, compared

the IR spectrum of the obtained colloids (Figure 3.23b3, top green) to that for the

CPS-Cl (Figure 3.23b1, bottom black), a new signal at 1700 cm−1 instead of 1726

cm−1 is appeared in the spectrum of the obtained colloids. This new signal is not

expected to be corresponding to the C=O stretching vibration of the ester groups of

the tBA. On one hand, it shifts away from the region of the C=O stretching vibration

signal of the ester groups; on the other hand, the signal intensity is extremely high

compared to that for the C=O stretching vibration peak of the ester groups obtained

before (Figure 3.1a, top red). This hypothesis is confirmed by the following experiment.

We performed the same experiment but without the addition of tBA. Figure 3.23b2

(middle red) shows that the signal at 1700 cm−1 is also present even without tBA.

Since this signal appears only when DMSO is used, there must be some reactions

take place in this system. It was reported that DMSO can react with benzyl chloride

groups to yield aldehyde groups [55]. And the peak at 1700 cm−1 well fits the C=O

stretching vibration signal of the aldehyde groups [35]. Therefore we speculate that

in our experimental conditions, the reaction of DMSO and benzyl chloride groups

to generate aldehyde groups also takes place, even though the mechanism is not

fully understood. These results show that DMSO is not a suitable solvent for ATRP

reaction.
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Figure 3.23. (a) TEM image of colloids after ATRP reaction performed in DMSO. (b)
IR spectra of (1) CPS-Cl (bottom, black ), (2) CPS-Cl after ATRP reaction performed
in DMSO without tBA (middle, red), (3) CPS-Cl after ATRP reaction performed in
DMSO with tBA (top, green). Scale bar: 500 nm.
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A3.12 Some new structures of the assemblies of CPS-DAH

made by centrifugation after ageing two months

Figure 3.24. Some new structures of the assemblies of CPS-DAH made by centrifugation
after ageing two months. Scale bars: 5 µm for all images.
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Chapter 4
Floating Colloidal Crystal Monolayers

ABSTRACT

Well-defined two-dimensional colloidal crystal monolayers (CCM) have numerous

applications, such as photonic crystal, sensors, and masks for colloidal lithography. In

this chapter we report a facile method to prepare CCM with building blocks with sizes

on the order of the wavelength of visible light. A unique feature of this method is that

the prepared CCM can freely float in the dispersion. The key to obtain floating CCM

is the selection of an appropriate solvent to release the formed CCM from the wall of

the centrifugal tube. This solvent is termed extracting solvent. There are two steps

involved in the preparation of floating CCM: in the first step, colloids are dispersed in

a solvent termed ‘dispersing solvent’. Evaporation of the dispersing solvent results in

the formation of a meniscus structure of the air-liquid interface between the colloids

that are on the wall of the centrifugal tube. The deformation of the meniscus gives rise

to capillary attraction, driving the colloids towards each other. Once a crystallization

nucleus is formed, a convective flow of further colloids sets in, resulting in the formation

of CCM on the wall of the centrifugal tube. In the second step, the remaining bulk

dispersion is replaced by an extracting solvent that wets the wall and peels the formed

CCM off. During this process, the CCM remains a close-packed layer. The influences

of the dispersing solvent, the wall material, the extracting solvent and the types of

colloids on the CCM formation are investigated systematically.
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4.1 Introduction

Colloidal lithography is a powerful tool to prepare two-dimensional (2D) ordered

nanostructures, which have potential applications in the areas of photonics, plasmonics,

sensing, and solar cells [1–4]. 2D colloidal crystal monolayers (CCM) are the facile,

flexible, and efficient templates for colloidal lithography [5–9]. Therefore, numerous

effort has been devoted to assemble colloids into CCM. The methods developed up

to now include drop casting [10], convective deposition [11], spin coating [12], and

electrophoretic deposition [13]. However, the major drawbacks of these methods are

the requirement of very hydrophilic substrates onto which colloids assemble, and the

difficulty to transfer the formed colloidal crystals to other substrates. Therefore, a

variety of approaches have been attempted to prepare so called floating CCM. As the

term suggests, floating CCM is not attached to a substrate but can freely float in the

continuous phase, allowing easy transfer to desired substrates. The most commonly

used approach to prepare floating CCM are the liquid interface mediated methods.

Instead of using solid substrates like glass and mica, a liquid interface is used in these

methods, such as gas-liquid interface and liquid-liquid interface [14–16]. For example,

Kondo et al. [14] prepared floating CCM by spreading monodisperse hydrophobic

alkoxyl chains coated silica particles at the air-benzene interface and picking the

formed monolayer up with a mica substrate. However, to increase the ordering and

packing density in monolayer, the control of the hydrophobicity of colloids [14], the

utility of Langmuir-Blodgett trough [17] or the addition of various polymers [18]

or surfactants [19] are usually required. Except for the commonly employed liquid

interface mediated methods, some other methods are also exploited. Ramos et al.

reported a surfactant-mediated method to prepare floating CCM [20]. By mixing

aqueous charge-stabilized polystyrene latex particles with a mixture of an oppositely

charged and a neutral surfactant which self-assembled into vesicles, 2D colloidal

crystal monolayers were formed on the vesicles. In that system, besides 2D colloidal

crystal monolayers, there also were many free particles and random clusters present.

Furthermore, the requirement of two types of surfactants as well as the formation of

vesicles makes the system complicated and difficult to extend. Tang et al. reported the

spontaneous formation of floating CCM of CdTe nanoparticles with tetrahedral shape.

He ascribed the formation of floating CCM to a combination of electrostatic repulsion
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and anisotropic hydrophobic attraction [21]. However, the requirement of anisotropic

shape limits the potential applications of this method. Geerts et al. reported that

colloids coated with long DNA strands can spontaneously form a crystalline 2D

“colloidal carpet” that hovered several microns above the support surface [22]. The

formation of these colloidal crystal monolayers was facilitated by the weak, non-specific

adsorption of the DNA-coated colloids to a weakly oppositely charged lower surface

of the sample cell. However, the “colloidal carpets” were not truly free-floating, they

hovered on top of the substrate surface.

In this chapter, we present a new and facile method to prepare floating CCM. As

illustrated in Figure 4.1, cross-linked polymer colloids are first dispersed in a volatile

dispersing solvent and stored in a centrifugal tube. Subsequently, the centrifugal

tube containing the colloidal dispersion is placed in a fume hood with the centrifugal

cap opened for approximately 20 minutes. The monolayers are formed onto the

inner wall of the centrifugal tube during this period. After removal of the remaining

bulk dispersion and addition of an extracting solvent, followed by manual shaking,

the formed monolayers are peeled off and dispersed in the extracting solvent. With

that procedure, floating CCM are obtained. Firstly, we demonstrate that the formed

assemblies are indeed monolayers and these monolayers can freely float in the dispersion.

Subsequently, we confirm that these monolayers are formed onto the inner wall of

the centrifugal tube due to evaporation of the dispersing solvent. Afterwards, we

investigate the influence of the dispersing solvents, the wall materials, the extracting

solvents and the types of colloids on the formation of the floating CCM in more

detail. Finally, a possible mechanism similar to the mechanism of vertical deposition is

proposed, which involves the capillary attraction that originated from the deformation

of a meniscus structure of the air-liquid interface between the colloids.

4.2 Experimental Section

4.2.1 Materials

Styrene (St, 99%), divinylbenzene (DVB, 55% mixture of isomers, tech. grade), 4-

vinylbenzyl chloride (VBC, ≥ 90%, tech. grade), acrylic acid (AA, 99%), dimethyl-

formamide (DMF, ≥ 99%), 1, 4-dioxane (DOX, ACS reagent, ≥ 99.0%), N -Methyl-
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Figure 4.1. Schematic illustration for the proposed method to prepare two-dimensional
floating colloidal crystal monolayers (CCM). (A) Colloids disperse in a dispersing
solvent. (B) CCM are formed onto the wall of the centrifugal tube after evaporation
of the dispersing solvent. (C) CCM are peeled off and freely floated in a extracting
solvent after the remaining bulk dispersion is replaced by the extracting solvent. Red
terms represent no CCM are observed in those samples.

2-pyrrolidone (NMP, anhydrous, 99.5%), polyvinylpyrrolidone (PVP, K30, Mw = 40

kg/mol), polyvinyl alcohol (PVA, Mw = 85-124 kg/mol, 87-89% hydrolyzed), poly-

acrylic acid (PAA, Mv ≈ 450 kg/mol) were obtained from Sigma-Aldrich. Sodium

dodecyl sulfate (SDS) was purchased from BDH. Azobis(isobutyronitrile) (AIBN,

98%), tetrahydrofuran (THF, for analysis, ACS reagent), sodium bisulfite (NaHSO3,

ACS reagent) and potassium persulfate (KPS, > 99% for analysis) were purchased

from Acros Organics. Ethanol (p.a., ACS reagent) was purchased from Merck. 2,2’-

Azobis(2,4-dimethylvaleronitrile) (V65) was purchased from Wako chemicals GmbH.

All of the chemicals were used as received. The water used throughout all of the

experiments was purified using a Milli-Q water purification system.
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4.2.2 Synthesis of negatively charged chlorinated

polystyrene nanospheres (CPS-Cl)

CPS-Cl colloids were kindly provided by Bas van Ravensteijn and were synthesized by

seeds emulsion polymerization. A 500 mL round-bottom flask equipped with a stir bar

was placed in an oil bath of 80 ◦C. 200 mL water was charged into the reactor and

allowed to reach the bath temperature. 21.15 g styrene, 0.635 g DVB, and 0.125 g SDS

dissolved in 25 mL water were added, followed by 25 mL rinse water. The complete

mixture was allowed to heat up to the temperature of the bath. Polymerization was

initiated by addition of 0.78 g KPS dissolved in 37.5 mL water. Reaction was allowed

to continue for 24 hours. The obtained particles were used as seeds for the preparation

of CPS-Cl. 25 mL of the above crude emulsion and 10 mL of water were introduced

into a 50 mL three-neck round-bottom flask equipped with a magnetic stir bar. This

emulsion was bubbled with nitrogen for 30 minutes at room temperature. Subsequently,

1 mL VBC mixed with 20 µL DVB was injected while the flask remained under inert

atmosphere. The seeds were swollen for 1 hour, after which the temperature was raised

to 60 ◦C. When this temperature was reached, the initiator solution of 0.04 g KPS,

0.03 g sodium bisulfite and 2.5 mL water was injected. After 4 hours the reaction

was stopped. The final product was washed with ethanol and water twice respectively.

Finally, the particles were stored in water.

4.2.3 Synthesis of negatively charged polystyrene

nanospheres (CPS)

CPS nanospheres were synthesized by surfactant-free emulsion polymerization. 45

mL water, 4.7 mL St, and 140 µL DVB were added into a 100 mL three-necked

round-bottom flask, followed by 156 mg KPS dissolved in 7.5 mL water. The flask was

constantly stirred with a mechanical stirrer under nitrogen flow. Subsequently, the

flask was immersed in a 80 ◦C water bath to initiate the polymerization. The reaction

was allowed to proceed for 24 hours under nitrogen atmosphere. The final product was

centrifuged at 15000 g for 15 minutes, and washed with ethanol and water sequentially

to remove unreacted reagents. Finally, the particles were stored in water.
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4.2.4 Synthesis of negatively charged PAA decorated

polystyrene nanospheres (CPSAA)

CPSAA were prepared using a similar method as described for CPS. The key difference

was the presence of AA in the reaction mixture. 45 mL water, 5.5 mL St, 381 µL

AA, and 27.5 µL DVB were added into a 100 mL three-necked round-bottom flask,

followed by 25 mg KPS dissolved in 5 mL water. While being bubbled with nitrogen

gas, the mixture was constantly stirred with a mechanical stirrer. After 15 minutes, the

nitrogen inlet was raised above the liquid level for another 15 minutes. Subsequently,

the flask was immersed in a 70 ◦C water bath to initiate the polymerization. The

reaction was allowed to proceed for 24 hours under nitrogen atmosphere. The final

product was centrifuged at 15000 g for 15 minutes, and washed with ethanol and

water sequentially to remove unreacted reagents. Finally, the colloids were stored in

water.

4.2.5 Synthesis of PVP stabilized dimple polystyrene

nanospheres (d-CPS)

5 g PVP, 126 mL ethanol, 0.136 g AIBN, and 14 mL water were charged into a 250 mL

three-neck round bottom flask. Dissolution of PVP and AIBN was aided by sonication

of the mixture for about 1 min. Subsequently, 10 mL St was added. The transparent

mixture was constantly stirred with a magnetic stirrer under nitrogen flow, and the

flask was immersed in a 70 ◦C water bath to initiate polymerization. After 1.5 h of

polymerization, a premixed solution containing 0.3 mL DVB, 2.5 mL St and 5 mL

ethanol was added dropwise, where the total addition time was approximately 30 min.

The reaction was allowed to proceed for another 22.5 h. The final product was washed

with ethanol and water twice, respectively, and stored in water.

4.2.6 Synthesis of dumbbell particles (db-CPS)

Seed particles of db-CPS were synthesized by dispersion polymerization. 2 g PAA, 45

mL ethanol, 0.15 g AIBN, and 5 mL water were charged into a 100 mL three-neck

round-bottom flask. Dissolution of PAA and AIBN was facilitated by mechanical

stirring. Subsequently, 5 mL St was added and the mixture was constantly stirred
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under nitrogen flow. After half hour, the nitrogen flow was stopped and the flask

was immersed in a 70 ◦C water bath to initiate polymerization. 1.5 hours later, a

solution containing 0.15 mL DVB, 1.25 mL St and 2.5 mL ethanol was added dropwise

(the total addition time was approximately 15 minutes). The reaction was allowed to

proceed for another 22.5 hours. The final product was washed with ethanol and water

twice respectively. Finally, the seed colloids were stored in water. For preparation of

the dumbbell particles db-CPS, 10.2 mg V65, 7.5 µL DVB, 500 µL VBC, and 6 mL 1

wt % aqueous PVA solution were added to an elongated 25 mL vial and emulsified

at 8000 rpm for 6 minutes by using an IKA T-25 Ultra Turrax with an S25N 10G

dispersing tool. Subsequently, 8 mL seeds dispersion (solid content = 4.4 wt %) was

added and the vial was placed on a roller-table for 24 hours. After that, the vial was

immersed in an oil bath of 70 ◦C to polymerize for 24 hours. The final product was

washed with ethanol and water twice respectively. Finally, the colloids were stored in

water.

4.2.7 Preparation of 2D floating colloidal crystal monolayers

Figure 4.1 illustrates the formation process of the colloidal crystal monolayers. Typical

procedures to form floating colloidal crystal monolayers were as follows: 10 µL aqueous

colloids dispersion (solid content = 5 wt %) and 190 µL water were added into a

1.5 mL centrifugal tube (Eppendorf Safe-Lock Tubes, colorless) and centrifuged, the

supernatant was removed and 200 µL THF was added to re-disperse the particles.

Subsequently, the centrifugal tube with colloidal dispersion was put in a fume hood

with the centrifugal cap open for approximately 20 minutes. Afterwards, the remaining

bulk dispersion was removed and another 200 µL THF was added. After manual

shaking, the dispersion was filled into a capillary (0.20 mm × 2.00 mm internal

dimensions, Vitrotubes). The filled capillary was placed on a microscope slide (Menzel-

Gläser), sealed with high vacuum grease (DOW Corning, Sigma-Aldrich) and fixated

using tape. Finally, the sample was observed with optical microscope.

4.2.8 Characterization

Transmission electron microscopy (TEM) images were taken with a Philips Tecnai

10 electron microscope typically operating at 100 kV. The samples were prepared by
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drying a drop of diluted aqueous dispersion on top of polymer-coated copper grids.

For freeze-drying sample, 1 µL dispersion was brought on a polymer coated copper

grid. The grid was vitrified in liquid nitrogen and mounted on a cryo transfer unit

which was brought under vacuum of about 10−4 Pa. Temperature was increased to

-90 ◦C at 5 ◦C/minute and kept constant for about six hours under vacuum to allow

the water to sublimate.

Scanning electron microscopy (SEM) images were taken with a Philips SEM XL

FEG 30 typically operating at 5 - 10 kV. The dried samples of particles were sputter

coated with 6 nm platinum prior to imaging.

Optical microscopy (OM) images were taken with a Nikon Ti-E inverted microscope.

The microscope was equipped with a Nikon TIRF NA 1.49 100× oil immersion

objective, intermediate magnification of 1.5×, and a Hamamatsu ORCA Flash camera.

4.3 Results and Discussion

4.3.1 Experimental proof of the existence of floating CCM

THF is introduced as both the dispersing solvent and the extracting solvent for

CPS-Cl colloids, which are kept in a centrifugal tube made of polypropylene. After

evaporating THF for approximately 20 minutes in a fume hood, we directly shake the

centrifugal tube manually to re-disperse the formed aggregates, since THF itself is

a good extracting solvent for CPS-Cl colloids. By following that procedure, floating

colloidal crystal monolayers (CCM) are observed. Figure 4.2a and 4.2b show the optical

microscopy images of the same two-dimensional colloidal assembly captured at different

times. Clearly, the colloidal assembly can freely move and rotate in the continuous

medium. In a closer view, the individual particles can clearly be distinguished in Figure

4.2b, revealing the monolayer structure of the formed colloidal assembly. The monolayer

feature is further confirmed by scanning electron microscopy measurement (SEM).

The SEM sample of the assemblies is prepared by first transferring the assemblies

into water, followed by drying under atmospheric condition. As shown in Figure

4.2c, from the curved edge of the colloidal assembly we can clearly see the colloidal

assembly is a monolayer. Figure 4.2d shows that a number of CCM can be prepared

in one batch. The formed CCM are quite polydisperse in size, with typical dimensions
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Figure 4.2. (a, b) Optical microscopy images of the same colloidal crystal monolayer
(CCM) captured at different times. (c) SEM image of the CCM, sample is dried under
atmospheric conditions. (d) Low magnification of optical microscopy image of the
CCM. Scale bars: 2 µm for a, b and c, and 20 µm for d.

in between roughly 25 µm2 and 10000 µm2. The shape of these CCM is irregular,

sometimes even curved monolayers are observed. Both the size polydispersity and

the shape irregularity can be ascribed to the mechanical force generated during the

peeling-off process. Additionally, Figure 4.2 also shows that the colloids in the CCM

are close-packed mostly in a hexagonal way. These results show that close-packed

floating CCM with high yields are prepared.
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4.3.2 Determination of the location where the CCM form

Before investigating in more details the influences of experimental conditions on the

formation of floating CCM and thereafter proposing a possible formation mechanism,

it is crucial to find out first the location where the CCM form. In this system, there

are roughly three potential locations for monolayers formation, namely on the wall, in

the bulk or at the air-liquid interface. Therefore further experiments are conducted to

determine where in the sample the monolayers tend to form. In the first experiment,

a sample is carefully taken far from the walls and interface, while not shaking the

sample. A polypropylene pipette with a very sharp and long tip is used to withdraw

the sample to guarantee the accuracy of the sample location. As shown in Figure

4.3a, no monolayer structures appear in this region. In the second experiment, after

evaporating THF for approximately 20 minutes in the fume hood, the remaining bulk

dispersion is removed carefully and THF is added again, followed by manual shaking.

Figure 4.3b (low magnification) and 4.3c (high magnification) show the results. Clearly,

floating CCM are found. These results preliminarily indicate that monolayers formed

onto the wall of the tube rather than in the bulk.

To eliminate the possibility that the shaking induced monolayer formation, and

further demonstrate the importance of the evaporation process on the formation of

CCM, another control experiment is conducted. A THF dispersion with colloids is

again stored in a centrifugal tube, but this time the tube is closed and firmly sealed

by parafilm to prevent evaporation of THF. The sample is left in the fume hood for

approximately 20 minutes and subsequently shaken manually. As shown in Figure

4.3d, no monolayers are found in this experiment. Therefore, we conclude that the

monolayer is formed on the wall during the evaporation process of the dispersing

solvent. Shaking the sample itself does not induce the formation of CCM but only

transfers the CCM from the walls into the bulk. Furthermore, this experiment also

implies that CCM are not likely formed at the air-liquid interface.

Given the observation that the CCM are formed on the wall due to the evaporation

of the dispersing solvent and these CCM are released from the wall into the extracting

solvent by manual shaking, it is natural to investigate the influences of the nature of

the dispersing solvents as well as the extracting solvents, the vessel wall materials,

and the types of colloids. These variables will be investigated systematically in the
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Figure 4.3. Optical microscopy images of the samples. (a) The sample is carefully
withdrawn far from the walls and interface after the centrifugal tube with colloidal
THF dispersion is placed in the fume hood for approximately 20 minutes with the cap
opened, no shaking before withdrawal. (b, c) The sample is prepared by removing the
remaining bulk dispersion of (a), refilling the centrifugal tube with THF, following by
manual shaking. (b) Low and (c) high magnification. (d) The sample is withdrawn
from the centrifugal tube after the centrifugal tube with colloidal THF dispersion is
placed in the fume hood for approximately 20 minutes with the cap firmly closed.
Shaking is carried out before withdrawal. Conditions: CPS-Cl colloids are used, THF
is used as both the dispersing solvent and the extracting solvent. The centrifugal tubes
are made of polypropylene. Scale bars: 10 µm for all images.

following subsections.

4.3.3 Influence of the dispersing solvent

The influence of the dispersing solvent on the colloidal crystal monolayers formation is

studied in terms of the evaporation rate of the dispersing solvent. The evaporation rate

can be characterized by the vapor pressure, which is an intrinsic feature of a solvent
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Table 4.1. The dielectric constant, vapor pressure and dipole moment of selected
solvents

Solvent Dielectric Constanta Vapor Pressure/kPab Dipole Moment/Da

Acetone 21.01 24 2.88
Acetonitrile 36.64 9.7 3.93
N,N -Dimethylformamide 38.25 0.35 3.83
Dimethyl sulfoxide 47.24 0.061 3.96
1,4-Dioxane 2.22 4.1 -
Ethanol 25.3 5.9 1.69
Methanol 33.0 12.8 1.7
Methyl acetate 7.07 22 1.73
N -Methyl-2pyrrolidone 32.55 - 4.1
Tetrahydrofuran 7.52 20 1.75
Water 80 .1 1.75 1.85

a) Obtained from “W. M. Haynes, CRC Handbook of Chemistry and Physics, 97th Edition, CRC Press 2016”. b)
Obtained from “Christian Reichardt, Solvents and Solvent Effects in Organic Chemistry, Wiley-VCH Publishers, 3rd
ed., 2003”.

and varies among different solvents. Therefore, various dispersing solvents including

ethanol, acetonitrile, methanol, methyl acetate and acetone are tested. The above

dispersing solvents are selected for two reasons. On the one hand, all of them disperse

CPS-Cl well. On the other hand, they all have relatively high vapor pressures (Table

4.1). The high vapor pressure under atmospheric conditions allows us to perform the

experiments in a relatively short time. The other conditions are kept constant: CPS-Cl

colloids are used, the centrifugal tubes are made of polypropylene, the evaporation

time is approximately 20 minutes and after evaporation, the remaining bulk dispersion

is removed and replaced by THF, as shown in Figure 4.4. In all these samples CCM

are observed (Figure 4.5). From the observations we draw two conclusions. First, the

selected dispersing solvents have significantly different dielectric constant and dipole

moment (Table 4.1), while CCM are found in all the selected dispersing solvents,

hence we conclude that the variation of the van der Waals interaction, the electrostatic

interaction and the dipolar-dipolar interaction is not large enough to lead to significant

differences in this system. Second, considering that the vapor pressure of the selected

dispersing solvents are quite different, the difference of the vapor pressure can be

as large as 4 times, and the vapor pressure is an indication of the evaporation rate

of solvent, therefore we conclude that the evaporation rate of the dispersing solvent

within that range has only a limited influence on the CCM formation in this system.

However, even though CCM are found in all the samples, the CCM obtained in
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Figure 4.4. Schematic illustration for investigating the influence of the dispersing
solvent on the colloidal crystal monolayers formation.

different dispersing solvents are found to have slightly different structures. As shown in

Figure 4.5, in ethanol and acetonitrile, CCM with more cracks are formed; in methanol

and acetone, relatively smaller CCM are observed; while in THF and methyl acetate,

larger CCM with less cracks are obtained. This will be discussed later.

4.3.4 Influence of the wall material

Previous results show that CCM form on the wall of the centrifugal tube, herein we

investigate the influence of the wall material on the formation of CCM systematically.

Therefore centrifugal tubes made of different materials, including polypropylene (PP),

low-density polyethylene (LDPE), polypropylene-copolymer (PPCO), polycarbonate

(PC), polyallomer (PA, ethylene propylene copolymer) and glass are tested. Since

THF is a good solvent for most of the above materials while ethanol is not, ethanol

is employed as the dispersing solvent [23]. CPS-Cl dispersed in ethanol is stored in

the above centrifugal tubes, after evaporation for approximately 20 minutes in the

fume hood, the remaining bulk dispersion is removed and THF used as the extracting

solvent is added. After manual shaking, samples are taken and inspected with optical
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Figure 4.5. Optical microscopy images of the colloidal crystal monolayers obtained
in the dispersing solvent of (a) ethanol, (b) acetonitrile, (c) methanol, (d) THF, (e)
methyl acetate and (f) acetone. Conditions: CPS-Cl colloids are used, THF is used as
the extracting solvent. The centrifugal tubes are made of polypropylene. Scale bars: 5
µm for all images.

microscope (Figure 4.6). As shown in Figure 4.7, CCM are found in all the samples

except for the glass one. Considering that the glass is hydrophilic while most of the

polymer materials used here are hydrophobic, the fact that CCM only form on the

organic polymer-based substrates while not on the glass implies the importance of

the hydrophobicity of wall materials on the CCM formation. The hydrophobicity of

a material can be quantified by the contact angle of the material with water. The

contact angle of a liquid drop on a solid surface is the angle measured through the

liquid, where a liquid-vapor interface meets a solid surface. If the water contact angle

of the materials is smaller than 90◦, the solid surface is considered hydrophilic while it

is hydrophobic if the water contact angle is larger than 90◦. The water contact angle of

the glass is approximately 10◦ indicating that glass is quite hydrophilic [24], while the

organic polymer-based materials have contact angles in the range from 82◦ (PC) to

102◦ (PP) [25]. Therefore, we conclude here that slightly hydrophilic or hydrophobic

substrate is required for the formation of the CCM.

Figure 4.7 also shows that all of the formed CCM have cracks, which is consistent
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Figure 4.6. Schematic illustration for investigating the influence of the wall material
on the colloidal crystal monolayers formation.

with previous observation that CCM with cracks are formed when ethanol is used as

the dispersing solvent (Figure 4.5a). Again we will discuss this later.

4.3.5 Influence of the extracting solvent

The key difference between the method shown here and the classical vertical deposition

reported before [9, 11] is that the formed CCM can readily peel off and freely float in

the solvent by using the method described here. Since THF is used as the extracting

solvent in our method instead of water being commonly used in classical vertical

deposition, we speculate that the properties of the extracting solvent have significant

influence on the detachment of the CCM. To study the influence of the extracting

solvent, water is employed as the extracting solvent at first. In the experiments

conducted here, THF and CPS-Cl are used as the dispersing solvent and the colloids,

respectively, and the centrifugal tubes are made of PP. After evaporating colloidal

THF dispersion for approximately 20 minutes in the fume hood and removing the

remaining bulk dispersion carefully, water as the extracting solvent is refilled and the
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Figure 4.7. Optical microscopy images of samples prepared in the centrifugal
tubes made of (a) polypropylene (PP), (b) low-density polyethylene (LDPE), (c)
polypropylene-copolymer (PPCO), (d) polycarbonate (PC), (e) polyallomer (PA, ethy-
lene propylene copolymer) and (f) glass. Conditions: CPS-Cl colloids are used, ethanol
and THF are used as the dispersing solvent and the extracting solvent, respectively.
Scale bars: 5 µm for all images.
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Figure 4.8. Schematic illustration for investigating the influence of the extracting
solvent on the colloidal crystal monolayers formation.

sample is manually shaken, as shown in Figure 4.8. Figure 4.9a shows that no CCM

are found when water is used as the extracting solvent. There are two possibilities for

the absence of CCM in this sample. The first possibility is that the CCM disintegrate

into their separate colloidal building blocks. The dielectric constants of THF and

water are 7.52 and 80.1 respectively (Table 4.1), in the experimental conditions here,

the electrostatic repulsion between particles in water is much higher than that in

THF. The dramatically increased repulsion between particles in water may result

in the disintegration of CCM. The other possibility is that water is too polar, the

solubility of water towards CCM is poor (CCM is made of CPS-Cl which mainly

consists of polystyrene), the CCM still stay on the wall and hence no CCM are found

in water. To find out, further experiments are conducted. In the first experiment,

the water in the above sample is removed, subsequently THF is added, followed by

manual shaking. Clearly, CCM are observed as shown in Figure 4.9b, excluding the

possibility that water disintegrates the CCM. In the second experiment, ethanol and

N -Methyl-2pyrrolidone (NMP) are deliberately selected as the extracting solvent for

two reasons. On the one hand, they have similar dielectric constant (Table 4.1). On
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Figure 4.9. Optical microscopy images of samples obtained by using extracting solvent
of (a) water, (c) ethanol, (d) N -methyl-2-pyrrolidone (NMP), (e) 1, 4-dioxane and (f)
DMF. (b) Remove water in (a), then THF is added. Conditions: CPS-Cl and THF
are used as the colloids and the dispersing solvent, respectively. The centrifugal tubes
are made of polypropylene. Scale bars: 10 µm for all images.
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the other hand, they have different solubility to polystyrene, NMP is a good solvent

for polystyrene while ethanol is not [26]. If the absence of CCM in water is due to

increased electrostatic repulsion, we would expect that similar results in ethanol and

NMP would be observed since they have similar dielectric constant. If the solubility of

the extracting solvent is the determining factor, then we would expect that NMP can

peel the CCM off while ethanol cannot, hence CCM would be present in NMP but

not in ethanol. Clearly, no CCM are found in ethanol (Figure 4.9c) while a number of

CCM are present in NMP (Figure 4.9d). Therefore, we can conclude that the solubility

of the extracting solvent is more important than the dielectric constant to peel the

CCM off. To further confirm this point, 1, 4-dioxane and DMF are selected as the

extracting solvent which are both good solvents for polystyrene but with significantly

different dielectric constant (Table 4.1) [26]. As show in Figure 4.9e (1, 4-dioxane) and

4.9f (DMF), once more CCM are observed in both solvents.

4.3.6 Influence of the types of colloids

To investigate the versatility of the present method, various types of colloids are

tested. THF is used as the dispersing solvent as well as the extracting solvent, and

the centrifugal tubes used here are made of polypropylene. As shown in Table 4.2 and

Figure 4.10, regardless of the materials, the morphologies, the size and the surface

chemical functionalities of the colloids, CCM are existed in all cases, indicating the

versatility of the present method.

Table 4.2. Materials, morphologies, size and surface chemical functionalities of the
colloids CPS-Cl, CPS, CPSAA, CPS-NH2, d-CPS, db-CPS and PMMA

colloid Materials Morphologies Diameter Surface chemical functionalities

CPS-Cl PS sphere 460 nma -OSO−
3 / Cl

CPS PS sphere 470 nma -OSO−
3

CPSAA PS sphere 461 nma -OSO−
3 / -COO−

CPS-NH2 PS sphere 460 nma -OSO−
3 / -NH+

3
d-CPS PS dimple 871 (400c) nmb PVP
db-CPS PS dumbbell 820 (476d) nmb PAA/Cl
PMMA PMMA sphere 1080 nmb PHSe

a) Obtained from DLS. b) Obtained from TEM. c) Diameter of the cavity of the dimple particle. d) Diameter of the
small lobe. e) Poly(12-hydroxystearic acid) graft copolymer.
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Figure 4.10. Optical microscopy images of the colloidal crystal monolayers made from
(a) positively charged PS nanospheres; (b, c) negatively charged PS nanospheres; (d)
PVP stabilized PS dimple particles; (e) PMMA nanospheres; (g) dumbbell particles.
Conditions: THF is used as both the dispersing solvent and the extracting solvent.
The centrifugal tubes are made of polypropylene. Scale bars: 10 µm for (a), 5 µm for
(b-f).

4.3.7 Formation mechanism hypothesis

Based on the experimental results, we now propose a mechanism for the CCM

formation, as summarized in Figure 4.11. Firstly, a wetting film of the dispersion

arises upward along the wall of the centrifugal tube as the wall is wettable by the

dispersing solvent (the contact angle is significantly smaller than 90◦ as the dispersing

solvent can spread over the surface of the centrifugal tube), as shown in Figure 4.11a.

With the evaporation of the dispersing solvent, the thickness of the upper part of the

wetting film decreases which presses the colloids towards the wall, resulting in a dense

layer of colloids onto the wall, as shown in Figure 4.11b [10]. Further evaporation of

the dispersing solvent results in the formation of a meniscus structure of air-liquid

interface between the colloids on the wall. The deformation of the meniscus structure

gives rise to capillary attraction, driving the colloids towards the nucleus, hence a

monolayer is formed onto the wall. Simultaneously, more colloids are delivered towards

the monolayer growth front by a solvent flux which is built up by the evaporation of
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Figure 4.11. Schematic illustration of possible mechanism for the colloidal crystal
monolayers formation.

the dispersing solvent, as shown in Figure 4.11c and 4.11d [9, 11]. During this process,

the capillary attractions are responsible for pushing the colloidal particles through

their stabilizing electrical double layer and steric stabilization layer. Once the particles

surface separation is sufficiently close, van der Waals attraction starts dominating

and it is probably the attraction that ultimately stabilize the CCM. After replacing

the dispersing solvent by a extracting solvent, the extracting solvent penetrates the

gap between the colloidal monolayers and the wall surface. Since the attractive forces

between the CCM and the wall are weak in the presence of the extracting solvent,

the CCM prefer to go to the extracting solvent, therefore the monolayers peel off

from the wall and freely float in the extracting solvent, as shown in Figure 4.11e.

In this proposed mechanism, there are two main steps: CCM form on the wall and

CCM peel off into the extracting solvent. The first step of the proposed mechanism is

similar to the classical vertical deposition mechanism. In a classical vertical deposition,

(super-)hydrophilic substrate (usually glass or mica after treatment with strong acidic



114 Floating Colloidal Crystal Monolayers

solution) is inserted into the aqueous colloidal dispersions and withdrawn with a

velocity of typical several µm/s. With that procedure, monolayer or multiple layers

colloidal crystals are formed [9, 11]. However, there are three crucial differences between

the method reported here and the classical vertical deposition. The first difference is

the dispersing solvent. While water is generally being used in the classical vertical

deposition, here we use volatile solvents which apparently accelerates the formation of

CCM. Second, hydrophobic material (organic polymers) instead of (super-)hydrophilic

glass is used as a substrate, and the tedious pretreatment of substrate is avoided. The

last and most important distinction is that by using the method present here, CCM

can be peeled off easily, and freely float in the dispersion, which is ascribed to the

selection of the appropriate extracting solvents.

4.3.8 Influence of the solvent on the properties of CCM

As already shown in Figure 4.5 and Figure 4.7, CCM with cracks as well as relatively

small size are formed when ethanol, acetonitrile, methanol and acetone are used as the

dispersing solvent, while in THF and methyl acetate, larger CCM and with less cracks

are obtained. It is well known that the last solvents are good solvent for polystyrene

while the first mentioned solvents are not. Therefore, we speculate that the solubility

of the dispersing solvent towards polystyrene might contribute to the slightly different

CCM structures obtained in different dispersing solvents. Before investigating the

influence of the solubility of dispersing solvent on the formed CCM structures, we

first look into the morphologies of the colloids CPS-Cl after treatment with different

types of dispersing solvents. Ethanol and THF are chosen as representatives for bad

solvent and good solvent for polystyrene, respectively. The colloids are first dispersed

in either ethanol or THF, and subsequently in water after washing for three times.

Afterwards, both samples are placed on the TEM grids and dried by a freeze-drying

process so that shrinkage of the CPS-Cl is prevented [27]. Figure 4.12a and 4.12b

are the TEM images of CPS-Cl after treatment with ethanol and THF, respectively.

Evidently, CPS-Cl remains intact after treatment with ethanol, while a yolk-shell

structure is formed when CPS-Cl is treated with THF. The formation of the yolk-shell

structure in THF is ascribed to the etching of the linear polystyrene in CPS-Cl by

THF (see Appendix 3.4 of Chapter 3 for more information).
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Figure 4.12. TEM images of CPS-Cl after treated with (a) ethanol and (b) THF, the
samples are dried by the freeze-drying process. (c) TEM image of the freeze-drying
colloidal crystal monolayers (CCM) sample. The CCM are prepared by using THF as
both the dispersing solvent and the extracting solvent. (d) SEM image of the CCM
sample dried under atmospheric conditions. The CCM are prepared by using THF as
both the dispersing solvent and the extracting solvent. Scale bar: (a, b) 200 nm, (c, d)
1 µm.

Based on these results, we further speculate that the yolk-shell structure formed in

THF allows the colloids to pack closer and even interpenetrate upon evaporation. Figure

4.12c shows a TEM image of CCM obtained by using THF as the dispersing solvent.

This TEM sample is also prepared by using the freeze-drying method. Compared

to the free yolk-shell colloids in Figure 4.12b, the yolk-shell colloids in CCM have

hexagonal shapes. The colloids are deformed and compressed by the neighboring

colloids, resulting in compression and flattening of the shell at the contact regions.

Furthermore, the colloids center-to-center separation in CCM is approximately 343

nm, significantly smaller than the diameter of the free yolk-shell colloids (394 nm),

further indicating that the colloids are compressed by the neighboring colloids. Figure

4.12d shows a SEM image of CCM dried under atmospheric conditions, as can be
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seen, the spherical colloids are also deformed into hexagonally shaped colloids, further

indicating that the shell of the colloids is deformable. These results show that in good

solvent, the colloids are etched into yolk-shell structure and the shell is deformable,

which allows the colloids to pack closer and interpenetrate during the evaporation

process, eventually resulting in the formation of relatively larger CCM with fewer

defects. On the other hand, even though CCM can form on the wall when ethanol is

used as the dispersing solvent, however, a good solvent such as THF is required to

peel off the CCM. The use of THF during the peel off procedure may interfere the

structure of the formed CCM. Therefore, we do not have TEM or SEM images of

CCM in ethanol.

4.3.9 Stability of CCM

Figure 4.13a shows an optical microscopy image of a CCM sample after storing in

THF overnight. Clearly, the CCM keep intact, neither aggregation nor disintegration

of the CCM is observed. In contrast, sonication of a sample even only for 1 min, CCM

completely disintegrate. As shown in Figure 4.13b, free colloids instead of CCM are

found. However, the stability of CCM against sonication can be improved to some

extent by centrifuging the sample. Before placing the CCM sample in the sonication

bath, it is centrifuged at 10600 g for 2.5 minutes. As indicated in Figure 4.13c, CCM

are still presented. It is found that after the centrifuge process, the sonication can

only break the CCM and make them smaller, instead of completely disintegrate them.

Interestingly, no aggregation of the CCM are found, even when the monolayer sample is

centrifuged, indicating that the CCM are quite stable. Moreover, the CCM can readily

be transferred into water. Figure 4.13d shows a representative optical microscopy

image of CCM dispersed in water. The appearance of CCM in water is quite different

compared to that in THF (Figure 4.13a), we do not fully understand at this point, one

possibility is the difference in refractive index between water and THF. However, from

the edge of the CCM, we can clearly distinguish the individual particles, indicating

that they are CCM instead of some other materials such as dusts. Considering that

water is ubiquitous and environmentally friendly, the fact that the CCM can transfer

into water from organic solvents widens the potential applications of the CCM, makes

the present method more practical.
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Figure 4.13. Optical microscopy images of CCM samples (a) after storing in THF
overnight. (b) after sonication for 1 min. (c) after centrifugation at 10600 g for 2.5
min, followed by sonication for 1min. (d) in water. Scale bars: 5 µm for all images.

4.4 Conclusion

We report a facile and robust method to prepare well-defined, two-dimensional floating

colloidal crystal monolayers consisting of building blocks with sizes on the order of

the wavelength of visible light. The method involves two steps. In the first step, we

make plausible that evaporation of the dispersing solvent results in the formation of a

meniscus structure of the air-liquid interface between the colloids on the wall of the

centrifugal tube. The deformation of the meniscus gives rise to capillary attraction,

driving the colloids towards the crystal zone, therefore monolayers are formed on

the wall. The capillary attractions are responsible for pushing particles together
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while it is probably the van der Waals attractions that ultimately stabilize the CCM.

Subsequently, the remaining bulk dispersion is replaced by an extracting solvent which

is a good solvent for polystyrene. Floating CCM are obtained by peeling the colloidal

monolayers off from the wall.

The influences of the dispersing solvents, the wall materials, the extracting sol-

vents, and the nature of the colloids on the formation of the CCM are investigated

systematically. We find that the evaporation rate of the dispersing solvent indicated

by its vapor pressure has negligible influence on the formation of the CCM, while

the solubility of CCM in the dispersing solvent has to some extent influence on the

structure of the formed CCM. Larger CCM with less cracks can be prepared provided

that the dispersing solvent is a good solvent for polystyrene. The key to peel the CCM

off from the wall is the selection of the appropriate extracting solvent which is also a

good solvent for polystyrene. Furthermore, the CCM formation process is robust in

terms of the wall material and the types of the colloids. Eventually, CCM can easily

be transferred into water which might broaden potential applications.
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Chapter 5
pH Reversible Encapsulation of

Oppositely Charged Colloids

Mediated by Polyelectrolytes

ABSTRACT

We report the first example of reversible encapsulation of micron-sized particles by

oppositely charged submicron smaller colloids. The reversibility of this encapsulation

process is regulated by pH-responsive polyacrylic acid (PAA) present in solution. The

competitive adsorption between the small colloids and the polyacrylic acid on the

surface of the large colloids plays a key role in the encapsulation behavior of the

system. pH offers an experimental knob to tune the electrostatic interactions between

the two oppositely charged particle species via regulation of the charge density of the

polyacrylic acid. This results in an increased surface coverage of the large colloids by

the smaller colloids when decreasing pH. Furthermore, the polyacrylic acid also acts

as a steric barrier limiting the strength of the attractive forces between the oppositely

charged particle species, thereby enabling detachment of the smaller colloids. Finally,

based on the pH tunability of the encapsulation behavior and the ability of the small

colloids to detach, reversible encapsulation is achieved by cycling pH in the presence

of the PAA polyelectrolytes. The role of polyelectrolytes revealed in this work provides

a new and facile strategy to control heteroaggregation behavior between oppositely

charged colloids, paving the way to prepare sophisticated hierarchical assemblies.

123
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5.1 Introduction

Heteroaggregation is a clustering process that occurs between different species of

particles and has proven to be a facile strategy for the preparation of a wide variety

of (colloidal) clusters/assemblies [1–4]. The shape and structure of the formed clusters

depend strongly on the size ratio and volume fractions of the participating particle

species. Following this strategy a variety of super-structures have been prepared,

including colloidal chains [4] and colloidal crystals [2, 3]. A particularly interesting

class of heteroaggregates are so-called raspberry-like composites. These clusters are

formed when aggregation is induced between particles with vastly different dimensions

(size ratio of Dlarge/Dsmall > 3, where Dlarge and Dsmall represent the diameters of

large colloid and small colloid respectively). The resulting cluster comprises a central

large particle which is encapsulated by the smaller particles [5, 6]. The morphology

of these clusters is characterized by large surface areas and high surface roughness.

Naturally these parameters are set by the choice of the smaller encapsulation particles.

Additionally, by using chemically modified smaller colloids, raspberry-like composites

with controllable surface chemistry can be prepared. Owing to these key features,

raspberry-like composites have great potential in applications such as catalyst immo-

bilization platforms [7–9], super-hydrophobic films [10, 11], and sensors [12, 13]. To

optimize the performance of these rough particles, many efforts have been devoted to

precisely control the formation process of raspberry-like composites by using a variety

of heteroaggregation strategies. Commonly applied strategies include electrostatics

[14, 15], azide-alkyne click reactions [16], colloidal steric stabilization [12, 17], epoxy-

amine reactions [10, 18], and non-covalent host-guest interactions [1]. Despite this

variety of strategies, the majority of the resulting raspberry-like aggregates are formed

irreversibly due to strong attractions compared to the thermal energy between the two

particle species. An exception is the work of Yang et al. [1] who reported reversible

raspberry-like composites by utilizing photo-responsive host-guest interactions to

induce aggregation between the participating particle species. The disadvantage of

their method is the requirement of extensive surface functionalization procedures.

Heteroaggregation is obviously not limited to synthetic (colloidal) constructs, but

is also frequently exploited in biological systems. For example, the heteroaggregation

of negatively charged nucleic acids (DNA or RNA) and net positively charged proteins
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is for a large part responsible for the formation of virus capsids. In contrast to the

synthetic strategies towards heteroaggregates mentioned above, the formation of

virus capsids often is a fully reversible process. The reversibility is governed by a

pH-responsive charge density of the individual capsid proteins due to the presence of

acidic and basic moieties [19–22].

Inspired by the reversibility of nucleic acid encapsulation displayed by many

viruses, we set out to design a reversible encapsulation system consisting of positively

charged large polystyrene microspheres and negatively charged small polystyrene

nanospheres which were decorated with a pH-responsive polyacrylic acid (PAA)

polyelectrolyte outer layer. Since the charge density of the PAA-coated particles

can be regulated by adjusting pH of the dispersion, we anticipated to observe pH-

dependent encapsulation. At high pH, where the immobilized PAA polyelectrolytes

are deprotonated, the particles bear their maximum negative charge, which should

result in a high tendency for heteroaggregation. By lowering pH, the surface charge

of the PAA-coated particles decreases, which is expected to lead to disintegration of

the heteroaggregates. However, although we found a distinct pH-dependence on the

encapsulation behavior, interestingly, the trend we observed was completely opposite to

our expectation. These initially unexpected results could be rationalized by taking into

account the presence of very low concentrations of free PAA-rich polyelectrolytes in the

continuous phase that had leached from the PAA-coated particles. By systematically

investigating the influence of free PAA on the encapsulation behavior, we were able to

identify an experimental window in which the electrostatic mediated encapsulation

process was completely reversible.

5.2 Experimental Section

5.2.1 Materials

Styrene (St, 99%), divinylbenzene (DVB, 55% mixture of isomers, tech. grade), acrylic

acid (AA, 99%), [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METMAC,

80 wt.% in water), polyacrylic acid (PAA, Mw = 450 kg/mol), polyvinylpyrrolidone

(PVP, Mw = 40 kg/mol), methanol, sodium chloride (NaCl, ACS reagent,≥ 99.5%), and

sodium hydroxide (NaOH) were obtained from Sigma-Aldrich. Potassium persulfate
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(KPS, > 99% for analysis) and azobis(isobutyronitrile) (AIBN, 98%) were purchased

from Acros Organics. Hydrochloric acid (HCl, 36-38%, chem. pure) was obtained from

Merck. All chemicals were used as received. The water used throughout all of the

experiments was purified using a Milli-Q water purification system.

5.2.2 Synthesis of positively charged large polystyrene mi-

crospheres (PLPS)

PLPS were synthesized by stabilizer-free dispersion polymerization using METMAC as

co-monomer [23, 24]. 37.5 mL methanol, 12.5 mL water, 10 mL styrene, 91 mg AIBN

and 123 µL METMAC were added into a 100 mL three-necked round-bottom flask

equipped with a condenser, mechanical stirrer and nitrogen gas inlet. The monomer

mixture was purged with nitrogen for 30 min. After degassing, the mixture was

mechanically stirred and heated to 75 ◦C to initiate the polymerization. The reaction

was allowed to proceed for 8 h under nitrogen atmosphere. The final product was

centrifuged at 500 g for 3 min, and washed with ethanol and water sequentially to

remove unreacted reagents as well as secondary nuclei. Finally, the resulting particles

were stored in water.

5.2.3 Synthesis of negatively charged PAA-decorated small

polystyrene nanospheres (CPSAA)

CPSAA were synthesized by surfactant-free emulsion polymerization using acrylic acid

as comonomer [25]. 45 mL water, 5.5 mL St, 381 µL AA, and 27.5 µL DVB were added

into a 100 mL three-necked round-bottom flask, followed by 25 mg KPS dissolved in 5

mL water. While being bubbled with nitrogen gas, the mixture was constantly stirred

with a mechanical stirrer. After 15 min, the nitrogen inlet was raised above the liquid

level for another 15 min. Subsequently, the flask was immersed in a 70 ◦C water bath

to initiate the polymerization. The reaction was allowed to proceed for 24 h under

nitrogen atmosphere. The final product was centrifuged at 15000 g for 15 min, and

washed with ethanol and water sequentially to remove unreacted reagents. Finally,

the obtained colloids were stored in water.
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5.2.4 Synthesis of negatively charged small polystyrene

nanospheres (CPS)

CPS nanospheres were prepared using a similar method as described for CPSAA. The

key difference was the absence of AA in the reaction mixture. 45 mL water, 4.7 mL St,

and 140 µL DVB were added into a 100 mL three-necked round-bottom flask, followed

by 156 mg KPS dissolved in 7.5 mL water. The flask was constantly stirred with a

mechanical stirrer under nitrogen flow. Subsequently, the flask was immersed in a

80 ◦C water bath to initiate the polymerization. The reaction was allowed to proceed

for 24 h under nitrogen atmosphere. The final product was centrifuged at 15000 g for

15 min, and washed with ethanol and water sequentially to remove unreacted reagents.

Finally, the particles were stored in water.

5.2.5 Encapsulation process

For all experiments, the small colloids were added in large excess. The number ratio of

small colloids over large colloids was approximately 18000. Typical procedures to form

clusters of oppositely charged colloids were as follows: 146 µL 13.7 mM aqueous HCl

solution and 4 µL water were added into a 1.5 mL conical centrifuge tube and mixed

via shaking by hand. Subsequently, 5 µL PLPS dispersion (solid content = 0.5 wt% )

was added and mixed. Finally, 45 µL CPSAA dispersion (solid content = 1 wt% ) was

added and homogenized by shaking. The final dispersion was immediately placed on a

roller-table and left to equilibrate for 1 h. After this period, 5 µL of the dispersion

was placed on a home-made microscopy cell (for details see the Characterization

section of Chapter 3). The resulting aggregates were directly observed by optical

microscopy. Exact quantities and variations on this standard procedure are listed in

Appendix 5.1.

To investigate the desorption of the smaller colloids and the reversibility of the

encapsulation process, 13.7 mM aqueous NaOH solution was added to tune the pH to

a desired value. After addition, the sample was equilibrated for 1 h before observation.

To investigate the influence of dissolved PAA on the surface coverage of the large

positively charged particles by the smaller negatively charged colloids, commercial

PAA was added to the particle dispersion during the heteroaggregation process. A final

PAA concentration of 5×10−6 g/ml was used. The samples were prepared following an
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analogous procedure as described before. Firstly, PAA was dissolved in water followed

by the addition of the negatively charged colloids. Lastly, the positively charged

colloids were added.

5.2.6 Characterization

Transmission electron microscope (TEM) pictures were taken with a Philips Tecnai

10 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.

Infrared (IR) spectra were obtained using a PerkinElmer Frontier FT-IR/FIR

spectrometer. The attenuated total reflectance (ATR) mode was used. Measurements

were carried out on powders obtained by drying the particle dispersion.

Optical microscopy (OM) images were taken with a Nikon Ti-E inverted microscope.

The microscope was equipped with a Nikon TIRF NA 1.49 100× oil immersion

objective, intermediate magnification of 1.5×, and a Hamamatsu ORCA Flash camera.

The hydrodynamic diameters of the particles were measured using dynamic light

scatting (DLS). Measurements were performed on a Malvern Zetasizer Nano instrument.

Highly diluted, aqueous samples were prepared at various pH values. The total ionic

strength was adjusted to 10 mM for all samples. The measurements were taken in

seven runs of 15 individual acquisitions at a scattering angle of 173◦. The data was

analyzed using the cumulant method.

Zeta potentials were determined by laser Doppler electrophoresis using the same

instrument as used for DLS. Highly diluted, aqueous samples were prepared at various

pH values. The total ionic strength of these samples was equal to 1 mM. The radii

of particles (R) were approximately 250 nm, while the Debye length (κ−1) is on the

order of 10 nm under the conditions at which the electrophoresis measurements were

conducted. Hence, κR >> 1, justifying the use of the Smoluchowski limit of the Henry

equation to convert the measured electrophoretic mobilites into the reported zeta

potentials [26].
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5.3 Results and Discussion

5.3.1 Synthesis of particles PLPS, CPS and CPSAA

Dispersion polymerization was chosen to synthesize PLPS since it allows for the

preparation of particles in the micrometer size regime. The relatively large size of the

resulting particles enables us to study the encapsulation behavior in situ by optical

microscopy. METMAC was used as co-monomer during the dispersion polymerization.

The permanently charged quaternary amine functionality of the co-monomer provides

a highly hydrophilic character to this monomer, ensuring that the charged moieties will

predominantly reside at the outer surface rather than in the hydrophobic interior of

the formed colloids. The presence of positive charges also ensures colloidal stability of

the particles. Figure 5.1a and 5.1b show an optical micrograph and corresponding size

distribution of the prepared PLPS, respectively. The size distribution was obtained by

measuring 100 particles in several optical micrographs of as-synthesized PLPS. The

PLPS had a broad size distribution with a diameter of 5 ± 1 µm. Since the smaller

particles used for the encapsulation experiments are significantly smaller than even

the smallest PLPS particles, curvature effects are expected to be absent and hence the

polydispersity of PLPS has no influence on the encapsulation behavior. Electrophoretic

mobility measurements revealed a highly positive zeta potential equal to 55.7 ± 8.2

mV, indicating successful incorporation of METMAC onto the particle surface.

To synthesize CPS, emulsion polymerization was used, being the method of choice

to synthesize submicron, charge stabilized particles. The typical dimensions of colloids

obtained using emulsion polymerization procedures guarantee that they are sufficiently

large to be observed using optical microscopy, but small enough compared to PLPS. As

mentioned before, this large size difference between PLPS and the smaller negatively

charged colloids is key in ensuring efficient encapsulation. The emulsion polymerization

was performed using KPS as radical initiator. Upon decomposition of KPS, negatively

charged sulfate radicals initiate the polymerization. These charged moieties eventually

reside at the particle surface generating the desired negatively charged particles. Figure

5.1c shows a typical TEM image of the obtained CPS colloids, revealing relatively

monodisperse particles with a diameter of 460 ± 50 nm. DLS measurements showed a

hydrodynamic diameter of 470 ± 18 nm. As anticipated, the particles were negatively



130 pH Reversible Encapsulation of Oppositely Charged Colloids Mediated by Polyelectrolytes

Figure 5.1. (a) Optical micrograph of positively charged large particles (PLPS). (b)
The size distribution of PLPS determined from optical micrographs as shown in panel
a. The distribution shows a diameter of 5 ± 1 µm. TEM images of negatively charged
small particles (c) CPS (without acrylic acid) and (d) CPSAA (with acrylic acid as
co-monomer). Scale bars: 20 µm for a, 2 µm for c and d.

charged as reflected by their zeta potential of -61.7 ± 7.0 mV.

CPSAA was synthesized following essentially the same emulsion polymerization

procedure as employed for the preparation of CPS. The key difference was that during

the CPSAA synthesis, acrylic acid (AA) was present as co-monomer, resulting in

particles decorated with a PAA-rich surface shell [25]. Figure 5.1d shows a representa-

tive TEM image of CPSAA which reveals monodisperse colloids with a diameter of

400 ± 15 nm. To confirm the incorporation of AA, infrared (IR) spectroscopy was

used. Figure 5.2a shows IR spectra of CPS (bottom, red) and CPSAA (top, black).

Evidently, compared to the spectrum obtained for CPS, the spectrum of CPSAA

contains an additional signal at 1706 cm−1. This vibration corresponds to the C=O

stretching of the incorporated AA. Successful AA incorporation was further confirmed

by measuring the zeta potential and the hydrodynamic diameter of CPSAA as a
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function of pH. As depicted in Figure 5.2b, the zeta potential increased from -53 to

-33 mV by lowering pH from 6 to 3. The hydrodynamic diameter of CPSAA decreased

from 455 nm to 425 nm by tuning pH from 6 to 2. The clear dependence of the zeta

potential and the hydrodynamic diameter on pH find their origin in the pH-responsive

properties of the PAA-rich outer shell on the CPSAA colloids. The pK a of AA is 4.25

without interaction with other carboxyl groups in water [27], at pH = 6, the charge

density of the colloids is large due to the deprotonation of the carboxylic acids of

the incorporated acrylic acid co-monomers. This increased charge density generates a

more pronounced electrostatic repulsion between the PAA-rich segments, resulting

in swelling of the particles. The observation that the hydrodynamic diameter keeps

increasing, while the zeta potential is fairly constant in a pH range of 4 to 6 might

be rationalized by counter ion condensation [28]. While not fully understood at this

point, we expect that the high surface density of chargeable groups causes counter ion

condensation, leading to a fairly constant surface potential as a function of pH in the

pH range from 4 to 6. In contrast, pH has only negligible influence on the hydrody-

namic diameter and zeta potential of CPS (see Appendix 5.2). pH independent size

and zeta potential were anticipated for these non-functionalized polystyrene particles

since the surface-immobilized sulfate groups are not pH-responsive within this pH

window (pK a ≈ 2)[27]. Table 5.1 summarizes all physicochemical properties of the

synthesized particles.

Figure 5.2. (a) Infrared spectra of CPSAA (top, black) and CPS (bottom, red).
The highlighted signal at 1706 cm−1 is characteristic for the carbonyl stretching
vibration of incorporated acrylic acid monomers. (b) Zeta potential (black triangles)
and hydrodynamic diameter (blue squares) of CPSAA as a function of pH.
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Table 5.1. Charged surface functionalities, size and zeta potentials of as-synthesized
particles PLPS, CPS and CPSAA

Colloid Charged surface functionalities Diameter Zeta potential/mVc

PLPS -N+(CH3)3 5 ± 1 µma 55.7 ± 8.2

CPS -OSO−
3 470 ± 18 nmb -61.7 ± 7.0

CPSAA -OSO−
3 /-COO− 461 ± 11 nmb -62.3 ± 7.1

Obtained by analyzing 100 particles from optical micrographs; b) hydrodynamic diameter as determined with DLS,
measured in Milli-Q water; c) Measured in Milli-Q water.

5.3.2 Influence of polyelectrolytes on encapsulation behavior

in water

For all encapsulation experiments, the smaller, negatively charged colloids were added

in large excess with respect to the larger positively charged spheres to achieve complete

encapsulation (see Appendix 5.3 for the details). As a starting point we investigated

the encapsulation behavior of the CPS/PLPS system. Figure 5.3a shows an optical

micrograph of a typical aggregate obtained after mixing PLPS and CPS in pure

water. As can be seen, only a small fraction of the PLPS surface was covered by

CPS. The resulting surface coverage was approximately 6%. Details on calculations

of these surface coverages can be found in Appendix 5.4. The surface coverage can

be increased by addition of salt. As shown in Appendix 5.5, the surface coverage

reached approximately 20% when particles were mixed in 10 mM aqueous NaCl

solution. The fact that the surface coverage increases by addition of salt implies that

electrostatic repulsions between the adsorbed CPS plays a role in the encapsulation

process. However, in 10 mM aqueous NaCl solution, the Debye length is approximately

3 nm, while the surface separation between the adsorbed CPS is on the order of 100

nm. The remarkable large surface separation between the adsorbed CPS even with

small Debye length excludes a direct effect of the electrostatic repulsions. As will be

discussed later, the influence of the electrostatic repulsions on the surface coverage

may be indirect via coupling with hydrodynamics.

Surprisingly, at least at first glance, a distinctly different clustering behavior was

observed when PLPS were mixed with CPSAA. In pure water, CPSAA adsorbed

to a significantly lesser degree onto PLPS than CPS (Figure 5.3a and 5.3b). This

low coverage was measured regardless of the ionic strength of the continuous phase
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Figure 5.3. Representative optical micrographs of a mixed dispersion contain-
ing (a) CPS/PLPS, (b) CPSAA/PLPS, (c) washed-CPSAA/PLPS, (d) washed-
CPSAA/PAA/PLPS and (e) CPS/PAA/PLPS in pure water. (f) Schematic illustration
of the proposed mechanism in the CPSAA/PLPS system. Scale bar: 5 µm for all
images.

(Appendix 5.5, Figure 5.9b). Since both particle species are oppositely charged, we

expected to observe encapsulation efficiencies of the CPSAA/PLPS system comparable

to those observed for the CPS/PLPS system. The fact that CPSAA hardly adsorb

implies the existence of other factors that prevent efficient attachment of CPSAA onto

PLPS.

One possible explanation is the steric repulsion caused by the diffusive PAA surface

layer of the CPSAA particles. This steric effect was excluded by performing the

heteroaggregation experiments of PLPS and PVP stabilized polystyrene particles

(PS(PVP)), the results of which are comparable to those observed for the CPS/PLPS

system (see Appendix 5.6 for the details).

In different types of cross-linked particles, it has been observed that cross-linking

is incomplete resulting in a (small) fraction of polymers that remains unbound to
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the overall cross-linked network. Consequently, these non-cross-linked polymers can

migrate from the particle’s interior into the continuous phase [29]. If we extend

these findings to our systems, we might expect a (very) small fraction of PAA-rich

polyelectrolytes to be leaching out from the CPSAA particles. Based on the monomer

feeds used to synthesize CPSAA and PLPS, we can roughly estimate the minimal

fraction of the initially incorporated acrylic acid moieties that should be expelled

in order to neutralize the positive charges on PLPS. If we assume full monomer

conversion, 1 g of CPSAA particles contains 10−3 mol AA, while 1 g of PLPS has

5.6×10−5 mol METMAC units. Combining these numbers with the volume fraction

ratio of CPSAA to PLPS employed during the encapsulation experiments (Table 5.2),

leads to the conclusion that the negatively chargeable groups from incorporated AA

are in an approximately 300 times excess compared to the positive METMAC-related

charges. This calculation reveals that only 0.3% of PAA leaching from the CPSAA

particles would be sufficient to neutralize the charges of PLPS. The fact that only a

small fraction of free polymer is required to significantly alter the surface charge of

PLPS makes this hypothesis plausible. Moreover, leaching of PAA-rich polyelectrolytes

from CPSAA into the aqueous solution is favored by the hydrophilic nature of these

polymers.

To experimentally verify if PAA-rich polyelectrolytes were being expelled from

CPSAA, a CPSAA dispersion was centrifuged and the top half of the supernatant was

carefully collected. PLPS were subsequently dispersed in the collected supernatant and

its zeta potential was measured. To be consistent with respect to the encapsulation

experiments, the volume fraction ratio of CPSAA to PLPS in this experiment is the

same as the one used throughout all encapsulation experiments. The obtained zeta

potential of PLPS dispersed in the supernatant was -35 ± 7.3 mV. Compared to its

value of 55.7 ± 8.2 mV in pure water, the zeta potential clearly reversed, providing

experimental evidence of PAA-rich polyelectrolytes leaching into the continuous phase.

Evidently, the amount of expelled polymer is sufficient to reverse the charge of

PLPS. The leaching of the PAA-rich polyelectrolytes was independently corroborated

by measuring the IR spectrum of the dried supernatant. The obtained spectrum

revealed the presence of signals at 1706 cm−1 and 700 cm−1 corresponding to the

C=O stretching vibration of the polymerized AA, and the aromatic C-H out-of-

plane vibration of incorporated styrene monomers, respectively. These results clearly
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indicate that polyelectrolytes composed of AA and styrene monomers are present

in the supernatant and have leached out of the colloidal particles (Appendix 5.7).

As the intensity of the C=O stretching vibration relative to the C-H vibration of

styrene is significantly larger in the spectrum of the dried supernatant than it is in

the spectrum of the particles CPSAA, we refer to the free polymer as ‘PAA-rich’.

Given the fact that free polyelectrolytes are present in our mixed dispersions, we

can speculate the effect this has on the heteroaggregation of the two particle species.

Kinetically, the free PAA-rich polyelectrolytes are expected to attach onto PLPS

faster than CPSAA. The exact molecular weight of expelled PAA-rich polyelectrolytes

is unknown, but for a typical soap-free emulsion polymerization reaction, polymers

with maximum molecular weights on the order of 105 g/mol are formed [30]. The

radii of gyration of these polymers are roughly 15 nm [31]. Based on the Stokes-

Einstein equation this translates into diffusion coefficients that are at least an order of

magnitude larger than those for CPSAA [32]. Naturally, adsorption of free PAA-rich

polyelectrolytes leads to a decreased tendency for the CPSAA particles to aggregate

with the partially charge neutralized or even charge reversed PLPS colloids (Figure

5.3f).

With these considerations and experimental evidence in hand, the following exper-

iments were conducted to investigate the influence of free PAA on the encapsulation

behavior in more detail. Firstly, we thoroughly washed CPSAA to remove any unbound

PAA-rich polyelectrolytes. After washing, we immediately performed the same encap-

sulation experiment as described before in order to avoid remaining non-cross-linked

PAA-rich polyelectrolytes to migrate from the particle’s interior to the aqueous phase.

As shown in Figure 5.3c, after the additional washing steps, significantly more CPSAA

particles attached onto PLPS compared to the unwashed particles (Figure 5.3b).

In the second experiment, we deliberately mixed PLPS and washed-CPSAA with

commercial PAA. Before doing this, we mixed PLPS with solutions containing different

concentrations of the commercial PAA and measured their zeta potentials. To be

consistent with respect to the amount of leached PAA-rich polyelectrolytes in the

CPSAA/PLPS system, the concentration of free PAA was chosen such that the

resulting zeta potential of PLPS in this experiment (-33.6 ± 9 mV) closely matched

the zeta potential previously measured after dispersing PLPS in the supernatant of

CPSAA (-35 ± 7 mV). As shown in Figure 5.3d, the washed-CPSAA/PAA/PLPS
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system showed similar encapsulation behavior as that of the CPSAA/PLPS system,

where an extremely low coverage was observed.

The final experiment was conducted by introducing the same amount of commer-

cial PAA as that used in the second experiment into the CPS/PLPS system (the

CPS/PAA/PLPS system, Figure 5.3e). Once more the introduction of PAA in the sys-

tem resulted in similar encapsulation behavior as that observed for the CPSAA/PLPS

system.

This set of experiments shows that the low coverage of the CPSAA/PLPS system

obtained in pure water can be ascribed to the presence of free PAA-rich polyelectrolytes

which leached from the CPSAA colloids. Interestingly, making use of this serendipitous

observation, we are able to control the encapsulation behavior of oppositely charged

colloids by simply adjusting the solution pH in the presence of polyelectrolytes. We

elaborate on this in the next subsections.

5.3.3 Influence of polyelectrolytes on encapsulation behavior

as a function of pH

As shown in the previous subsection, the competitive adsorption between leached

PAA-rich polyelectrolytes and CPSAA results in extremely low coverage of CPSAA

onto PLPS in pure water. Since PAA is pH-responsive, one would expect that at low

pH, where the PAA chains are partially protonated, a fraction of the positive charges

on PLPS will become accessible, promoting adsorption of CPSAA onto PLPS. In other

words, the surface coverage of CPSAA on PLPS should be higher at lower pH. Note

that CPSAA particles not only contain carboxyl groups, but also approximately 2%

sulfate groups relative to the number of carboxyl groups, according to the feed molar

ratio between KPS and AA. The sulfate groups are still expected to be negatively

charged at low pH, at least as long as pH ≥ pK a, sulfate group. Therefore, at low pH,

significant surface coverage is expected driven by the negatively charged sulfate groups

on CPSAA and positively charged quaternary amine moieties on PLPS. To verify

this hypothesis, we carried out encapsulation experiments in aqueous solutions with

pH values ranging from 2 to 6. As shown in Figure 5.4, for pH < 4 (Figure 5.4a and

5.4b), relatively high surface coverages of approximately 30% were indeed observed.

The maximum coverage of approximate 30% observed here is in agreement with those
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Figure 5.4. (a-h) Representative optical micrographs of coverage as a function of pH
for the system of CPSAA/PLPS (left column) and CPS/PLPS (right column). pH =
(a, e) 2, (b, f) 3, (c, g) 4, and (d, h) 6. (i) Schematic illustration for the encapsulation
process of the CPSAA/PLPS system in dispersions of high and low pH values. Blue
and green represent negatively charged PAA and protonated PAA, respectively. (j)
Surface coverage as a function of pH for the system of CPSAA/PLPS (black open
squares) and CPS/PLPS (red solid dots). Ionic strength = 10 mM. Scale bar: 5 µm
for all images.

reported by Harley who used electron microscopy to analyze the surface coverage after

heteroaggregation [33]. The relatively low value of the maximum coverage (i.e., only

30%) is ascribed to random sequential adsorption in combination with hydrodynamic

interactions (see Appendix 5.8 for the details), although the detailed mechanism is

not clear [34, 35]. For pH values ranging from 4 to 6 (Figure 5.4c and 5.4d), microscopy

analysis of the heteroaggregates revealed a low coverage (less than 5%). The trend

in surface coverage within this pH range is in agreement with our expectations. As
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depicted in Figure 5.4i, at high pH (Figure 5.4i, left), the PAA-rich polyelectrolytes

are highly charged and therefore capable of efficiently reversing the charge of the large

particles, which prohibits CPSAA attachment. At low pH (Figure 5.4i, right), the

PAA-rich polyelectrolytes are protonated, leading to the situation where sufficient

positive charges on the large particles are accessible for CPSAA, resulting in relatively

efficient encapsulation with a coverage of approximately 30%. In contrast, for the

CPS/PLPS system without polyelectrolytes, the encapsulation efficiency was found to

be only weakly dependent on the solution pH (Figure 5.4).

From these experiments we conclude that we can readily tune the surface coverage

by adjusting the solution pH and that the aggregation process is largely governed by

the charge density of the polyelectrolytes.

5.3.4 Reversible encapsulation of CPSAA/PLPS

With experimental evidence that the degree of encapsulation is effectively determined

by the charge density of the PAA-rich polyelectrolytes, we proceeded by investigating

the influence of polyelectrolytes on the ability of small particles to detach from PLPS.

For all the systems we investigated, high coverages of approximately 30% were observed

at pH 2 (Figure 5.5). While increasing pH to 7 by addition of aqueous NaOH solution,

different degrees of detachment were observed depending on whether or not PAA had

been present. pH 7 was chosen as the highest pH in our studies in order to prevent

hydrolysis of the ester groups of METMAC, which would result in an irreversible

charge reversal of PLPS (see Appendix 5.9 for more information). In the CPS/PLPS

(Figure 5.5b) and washed-CPSAA/PLPS system (Figure 5.5f), no detachment of small

particles from PLPS was observed. In contrast, the CPSAA/PLPS (Figure 5.5d) and

CPS/PAA/PLPS systems (Figure 5.5h) showed that the majority of the small particles

detached after an increase in pH, revealing the essential role of PAA in facilitating

particles detachment. Furthermore, comparing the degrees of detachment observed for

the CPSAA/PLPS and washed-CPSAA/PLPS systems, again confirms that it is the

free PAA leached from CPSAA rather than the PAA chemically bound to CPSAA that

dominates the detachment behavior (Figure 5.5d for CPSAA/PLPS system and 5f for

washed-CPSAA/PLPS system). Furthermore, we speculate that the free PAA acts as

steric barrier restricting the minimal distance that CPSAA and PLPS can approach,
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resulting in a weaker Van der Waals attraction, facilitating particle desorption even

further.

Figure 5.5. Optical micrographs of detachment results of (a, b) CPS/PLPS, (c, d)
CPSAA/PLPS, (e, f) washed-CPSAA/PLPS, and (g, h) CPS/PAA/PLPS from pH 2
(a, c, e, g) to pH 7 (b, d, f, h) by addition of aqueous NaOH solution. Scale bar: 5 µm
for all images.

With experimental evidence that the coverage is pH dependent and CPSAA are

able to detach from PLPS by raising pH in the CPSAA/PLPS system, we accomplished

a fully reversible and repeatable encapsulation of PLPS by CPSAA. We started at pH

2.5 instead of 2 since it yields a dispersion with a lower ionic strength and allows for
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Figure 5.6. Reversible encapsulation of CPSAA/PLPS. (a-e) Optical micrographs
of CPSAA/PLPS in pH = 2.5 and pH = 7 repeatedly; (f) Schematic illustration of
reversible encapsulation behavior of CPSAA/PLPS. (g) Surface coverage by cycling
pH for the CPSAA/PLPS system. Scale bar: 5 µm for all images.

more reversible encapsulation cycles. As shown in Figure 5.6a, CPSAA significantly

covers the PLPS surface under this condition. When we raised pH to 7, most of

the CPSAA particles desorbed from PLPS (Figure 5.6b). Encapsulation could be

triggered again by lowering pH back to 2.5, as shown in Figure 5.6c. This reversible

adsorption and desorption could be repeated 3 times up to the point where the ionic

strength of the dispersing medium was too high, causing aggregation of both types

of particles. The number of cycles could probably be increased by cycling between

closer pH values. Furthermore, as already shown in Figure 5.5g and 5.5h, we expect

the system of CPS/PAA/PLPS to show similar reversible encapsulation behavior. The

aggregation is dominated by the free polyelectrolytes rather than by the chemical
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details of the participating species, making this approach a general strategy to control

heteroaggregation processes.

5.4 Conclusion

A colloidal model system capable of undergoing reversible encapsulation mediated

by polyelectrolytes was developed. The system consists of positively charged large

polystyrene microspheres and negatively charged smaller polystyrene particles that

were decorated with a pH-responsive PAA outer layer. Reversible encapsulation was

observed in the presence of small concentrations of unbound PAA polyelectrolytes in

the continuous phase. At high pH, the PAA polyelectrolytes are highly charged, and

therefore, when adsorbed, able to reverse the charge of the large positively charged

particles. Charging reversal causes an effective electrostatic repulsion between the

two particle species, eventually resulting in low coverage of the large particles by the

small particles. At low pH, the PAA polyelectrolytes are protonated. Under these

conditions, positive charges on the large particles are accessible for the small oppositely

charged particles, which leads to relatively high coverage. Furthermore, the presence

of the PAA polyelectrolytes also allows small particles to desorb from large particles

under appropriate change of pH. Finally, reversible encapsulation of large particles

by small particles was achieved by cycling pH between 2.5 and 7 in the presence of

polyelectrolytes.

Even under optimal conditions, a relatively low maximum coverage of approximately

30% was observed which is ascribed to a random sequential adsorption mechanism

combined with hydrodynamic interactions.

We showed that polyelectrolytes can be used to control heteroaggregation of

oppositely charged colloids. Moreover, the tunability of the coverage and reversibility

of encapsulation of our system provides a potential platform to prepare sophisticated

hierarchical assemblies, such as raspberry-like composites, colloidal molecules and

colloidal chains [1, 4, 36].
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Appendix

A5.1 Experimental conditions of encapsulation studies

Table 5.2. Experimental conditions of encapsulation studies

Entry φPLPS(104)a φCPSAA(104)a φCPSAA(104.washed)a φCPS(104)a pH wPAA(106)b

a1 1.25 0 0 22.5 6c 0
a2 1.25 0 0 22.5 2 0
a3 1.25 0 0 22.5 7d 0
b1 1.25 22.5 0 0 6c 0
b2 1.25 22.5 0 0 2 0
b3 1.25 22.5 0 0 7d 0
c1 1.25 0 22.5 0 6c 0
c2 1.25 0 22.5 0 2 0
c3 1.25 0 22.5 0 7d 0
d1 1.25 0 22.5 0 6c 5
d2 1.25 0 22.5 0 2 5
d3 1.25 0 22.5 0 7d 5
e1 1.25 0 0 22.5 6c 5
e2 1.25 0 0 22.5 2 5
e3 1.25 0 0 22.5 7d 5

a). φ = volume fraction of particles; b). w = mass fraction of commercial PAA (Mw = 450 kg/mol); c) pure water
(pH ≈ 6); d) Obtained by adding 13.7 mM aqueous NaOH solution into corresponding dispersion at pH 2.
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A5.2 Zeta potential and hydrodynamic diameter of CPS as a

function of pH

Figure 5.7. Zeta potential (black triangles) and hydrodynamic diameter (blue squares)
of CPS as a function of pH.
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A5.3 Theoretical calculation of the maximal number of small

particles adsorbing onto a larger central sphere

When larger particles and an excess of small particles with opposite surface charge are

mixed, the small particles can adsorb onto the large particles to form raspberry-like

heteroaggregates. The theoretical maximum number of small particles that can be

accommodated on a single larger central sphere (Γhcp) is obtained when the smaller

particles are hexagonally close packed. hcp can be estimated using the following

equation [38]:

Γhcp =
2π√

3
(
R + r

r
)2 (5.1)

where R and r are the radii of large central particle and small particle, respectively.

In our case, R is approximately 2.5 µm and r is 0.25 µm, which yields a Γhcp of 440.

From the volume fraction of the dispersion used throughout the aggregation

experiments (Table 5.2) and their radii, the feeding ratio of small particles compared

to the larger colloids N was calculated using:

N = (
φCPS

φPLPS

)(
R

r
)3 (5.2)

where φPLPS and φCPS are the volume fraction of particles PLPS and CPS, respec-

tively. In our experiments, N proved to be approximately 18000. Comparing this to

the theoretical value of Γhcp, the employed feeding ratio translates into a 40 times

excess. Therefore we expect to observe raspberry-like heteroaggregates for all the

performed encapsulation experiments.
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A5.4 Calculation of surface coverage

Figure 5.8. Calculation method of surface coverage.

Figure 5.8a shows an optical micrograph of a typical cluster observed after the

heteroaggregation process. Clearly, from these images it is very difficult to determine

the boundary of cluster and to extract the number of smaller particles. To obtain

an estimate of the number of adsorbed smaller colloids, the following procedure was

performed. Firstly, a circle is drawn from the center of the aggregate. The dimension
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of the circle is chosen such that it encloses a large number of small particles, but does

not extend completely to the identifiable edge of the aggregate.

The surface area of the spherical cap of drew circle is

S = 2π(R + r)[(R + r)−
√

(R + r)2 − d2] (5.3)

The total surface area is

Stotal = 4π(R + r)2 (5.4)

Therefore, the total number of small particles adsorbed per large particle is

Γ =
Ncount

S
Stotal = 2(R + r)Ncount/[R + r −

√
(R + r)2 − d2] (5.5)

In theory, the maximum number of small particles adsorbed per large particle is

equal to [38]

Γhcp =
2π√

3
(
R + r

r
)2 (5.6)

So the surface coverage is

θ =
Γ

Γhcp

(5.7)

where R and r are the radii of large particle and small particle, respectively, d is

the radii of drew circle. N count is the number of small particles in the circle.

To eliminate the influence of the size polydispersity of the PLPS, approximately

30 clusters with different size were averaged.
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A5.5 Typical heteroaggregates observed when mixing

CPS/PLPS and CPSAA/PLPS in 10 mM aqueous NaCl solu-

tion

Figure 5.9. Representative optical micrographs of a mixed dispersion containing (a)
CPS/PLPS and (b) CPSAA/PLPS in a continuous phase containing 10 mM NaCl.
Scale bar: 5 µm for both images.
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A5.6 Encapsulation behavior of PLPS/PS(PVP) system in

pure water and 10 mM aqueous NaCl solution

Figure 5.10. Representative optical micrographs of mixed dispersions containing
PLPS/PVP stabilized polystyrene particles (PS(PVP)) in (a) pure water, and (b)
water containing 10 mM NaCl. Scale bar: 5 µm for both images.

One possible explanation is the steric repulsion caused by the diffusive PAA surface

layer of the CPSAA particles. In pure water (pH ≈ 6), the PAA chains are charged

(pK a of AA is 4.25 without interaction with other carboxyl groups in water) and

therefore extend into the solution (Figure 5.2b) [27]. Upon contact of CPSAA and

PLPS this charged layer has to be compressed, which is unfavorable. To investigate

the influence of this steric effect, we synthesized PVP stabilized polystyrene particles

(PS(PVP), subsection 2.2.2) by conventional dispersion polymerization. Although

not anticipated by the polymerization mechanism and monomer feed, particles with a

negative zeta potential of -24 ± 5.8 mV were obtained. While not understood at this

point, the observation that the particles are electrically charged is in agreement with

several other reported observations [39, 40]. Performing heteroaggregation experiments

using PLPS and PS(PVP) resulted in encapsulation efficiencies of 5% and 20.5% in

pure water and in 10 mM aqueous NaCl solution, respectively (Figure 5.10). These

efficiencies are comparable to those observed for the CPS/PLPS system, indicating a

negligible influence of the steric repulsion of surface-immobilized polymers. Therefore,

we can exclude the steric effect as the (most) important contribution to the extremely

low coverage of CPSAA on PLPS.
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A5.7 Infrared spectra of pure polyacrylic acid (PAA), the

dried supernatant (PS-PAA) and CPSAA

Figure 5.11. Infrared spectra of pure PAA (Mv ≈ 450000 g/mol, Sigma-Aldrich) (top,
black), the dried supernatant (PS-PAA) (middle, red) and CPSAA (bottom, violet).
The highlighted signal at 1706 cm−1 is characteristic for the carbonyl stretching
vibration of incorporated acrylic acid monomers and 700 cm−1 corresponds to the
aromatic C-H out-of-plane vibration of incorporated styrene monomers.
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A5.8 Discussion of relative low maximum coverage

As shown in Figure 5.4, the maximum coverage can be reached in the system of

CPSAA/PLPS is approximately 0.3. This result is in agreement with those reported

by Harley who used electron microscopy to analyze the surface coverage after encap-

sulation [33]. While the theoretical maximum coverage is 0.9, which is obtained by

assuming the small particles pack in a close-packed hexagonal array on the surface of

a large particle [41]. To investigate the origin of the observed relatively low maximum

coverage, the adsorption process was monitored in situ with optical microscope. As

revealed by Figure 5.12, CPSAA attached onto PLPS in a sequential fashion and once

attached, they were unable to detach or move over the PLPS surface, revealing the

aggregation process is following a random sequential adsorption mechanism. Feder

[34] reported that for random sequential adsorption in a two-dimensional system the

theoretical maximum coverage is approximately 0.54. Any inter-particle interaction

were neglected in these calculations. To this end, Ko et al. extended the results of

Feder and studied the influence of electrostatics and hydrodynamic interactions on

the random sequential adsorption of positively charged latex colloids onto packed

columns of negatively charged glass beads. They found that the coverage increased

with increasing ionic strength or decreasing approach velocity. A theoretical maximum

coverage of approximately 0.3 was derived [35].

In our system, the maximum coverage was reached at pH 2. Under these conditions,

the Debye screening length is approximately 3 nm, which is much shorter than

the average particles separation between CPSAA. Therefore the direct influence of

electrostatic double-layer interaction on the low maximum coverage can be excluded.

From this we speculated that, the random sequential adsorption mechanism combined

with hydrodynamic interaction account for the relative low maximum coverage in this

system.
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Figure 5.12. Snapshots of optical microscope images of the adsorption process
of CPSAA onto PLPS. Interval time: 5 s. The full movie can be found in
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b00845. Scale bars: 5 µm for all
images.
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A5.9 Charge reversal of PLPS via base-catalyzed hydrolysis

of METMAC ester moieties

Figure 5.13. Zeta potential of PLPS as functions of time and pH. Under basic conditions
(pH = 9 (blue upward triangles) and 10 (green downward triangles)), the ester groups
that link the permanently charged quaternary amine functionality to the surface of
the particles hydrolyze gradually leading to a decrease in surface charge. This decrease
in surface charge originates from the consumption of positively charged quaternary
amine and the formation of negatively charged carboxylic acid. At pH = 11 (pink
leftward triangles) hydrolysis is sped up significantly, resulting in a charge reversal.
Under neutral (pure water, red dots) and acidic (pH 3, black squares) conditions, the
ester groups are more stable resulting is a no change or less drastic in zeta potential.
Furthermore, the zeta potential of PLPS in pure water has no significant change for
months.
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Summary

The main goal of this thesis is to increase our understanding of colloidal self-assembly

processes and develop new strategies to assemble colloidal building blocks into more

sophisticated and well-defined super-structures. The building blocks we are particularly

interested in are spherical colloids with isotropic shape and surface functionalities.

Self-assembly is a spontaneous process in which a disordered system of pre-existing

building blocks forms an ordered structure without human intervention. It is ubiquitous

in nature, for example, virus capsid proteins can self-assemble into virus microcapsules.

The study of self-assembly processes not only may lead to a better understanding of

that aspect of nature, but in principle also enables to develop new functional materials

with sophisticated super-structures. However, direct investigation of the self-assembly

process of, for examples, proteins and other molecules in situ, is difficult since those

objects are too small and move too fast to be tracked directly by techniques such

as electron and optical microscopy. Therefore, colloids are extensively employed as

models of (macro) molecules to study self-assembly.

In China, we have a proverb “even a clever chef cannot cook a meal without a

necessary foodstuff”. As an experimentalist, the first thing that need to be done is

to synthesize necessary building blocks for self-assembly. In Chapter 2 and part of

Chapter 3, we synthesize several new colloidal model systems. In Chapter 2, we

develop a novel method to synthesize monodisperse, micron-sized dimple polystyrene

particles with a single cavity based on a facile one-pot dispersion polymerization

method. The procedure involves the delayed addition of cross-linker into the reaction

mixture. By changing the delayed addition time or the concentration of the cross-linker,

the size of cavity can be readily tuned. More importantly, by introducing functional
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co-monomers together with cross-linker during the delayed addition step, dimple

particles with various surface functionalities are synthesized. We have successfully

synthesized dimple particles with chlorine groups, epoxide groups or thermoresponsive

groups on their surfaces. The functional groups on the surface of dimple particles

allow for further chemical modification. As an example, the chlorine modified dimple

particles are selected and reacted with the fluorescent dye fluoresceinamine. The

resulting dye-labeled particles show bright fluorescence, indicating the accessibility

of the surface functional groups. Furthermore, the dimple particles are used as seeds

to prepare hollow dumbbell particles. In Chapter 3, we utilize several methods

to tune the properties of the colloids. As examples, we introduce an atom transfer

radical polymerization (ATRP) reaction to graft a hydrophobic polymer layer onto

chlorinated spherical colloids. Moreover, we use the Menschutkin reaction to reverse

the colloids charge and make the colloids amphoteric. As a final example, the etching

of colloids with dimethylformamide (DMF) or tetrahydrofuran (THF) allows for the

preparation of colloids with a yolk-shell structure. In summary, in Chapter 2 and

part of Chapter 3, we show various methods to tune the properties of the colloids,

including shape (spheres, dimple particles and dumbbell particles), charges (positive,

negative and amphoteric), morphology (solid, hollow, yolk-shell), size (ranges from

400 nm up to 5 µm) and surface properties (hydrophobic, hydrophilic, chlorine groups,

epoxide groups). The controllable regulation of these parameters is crucial to better

study colloidal self-assembly processes.

Chapter 3-5 focus on the self-assembly of some of the aforementioned colloids

into one, two and three-dimensional colloidal aggregates using different principles. The

building blocks mostly used are spherical colloids with isotropic shape and surface

functionalities. In Chapter 3, we report that the colloids with deformable, amphoteric

and hydrophobic characteristics can self-assemble into one-dimensional aggregates

in an aqueous colloidal system. To gain insight into the influence of each of these

characteristics on the formation of the one-dimensional aggregates, we first design

and synthesize a series of control colloids with one or two of these characteristics.

Subsequently, we perform the same assembly process as before. By comparing the

assemblies of these control colloids with the one-dimensional aggregates, we comprehend

the importance of the overall charges and the hydrophobic layer, while deformability

is not prerequisite. Thereafter, we propose a possible mechanism for the observed one-
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dimensional aggregate formation, which involving the delicate balance of short-range

hydrophobic attraction and relatively longer-range electrostatic repulsion. Finally, we

confirm our hypothesis by systematically investigating the influence of the electrostatic

repulsion and the hydrophobic attraction on the formation of the one-dimensional

aggregates.

In Chapter 4, we describe a facile method to prepare two-dimensional colloidal

crystal monolayers (CCM). A unique feature of this method is that the prepared

CCM can freely float in the dispersion. The developed method consists of two main

steps: firstly, we make plausible that the evaporation of dispersing solvent (a solvent

in which the colloids are initially dispersed) results in the formation of monolayers

on the wall of centrifugal tube; secondly, an extracting solvent is used to peel the

monolayers off the wall into the continuous phase. We systematically investigate the

influences of the dispersing solvent, the wall material, the extracting solvent, and the

nature of the colloids on the formation of the CCM. The results show that in the

first step, the formation of the CCM on the wall can be described by the vertical

deposition mechanism: the evaporation of dispersing solvent results in the formation

of a meniscus structure of the air-liquid interface between the colloids that are on the

wall of the centrifugal tube. The deformation of the meniscus gives rise to capillary

attraction, driving the colloids toward the crystal zone, which leads to the formation

of CCM on the wall of centrifugal tube. In the second step, the key to release the CCM

from the wall is the selection of an appropriate extracting solvent in which colloids

partly dissolve.

In Chapter 5, we study the self-assembly behavior of a binary colloidal system.

We present an example of pH reversible three-dimensional assembly (encapsulation) of

oppositely charged spherical colloids with a vast size difference. The reversibility of this

encapsulation process is regulated by pH-responsive polyacrylic acid (PAA) present in

solution. The PAA plays two essential roles: firstly, its competitive adsorption with the

small colloids on the surface of the large colloids determines the encapsulation behavior

of the small colloids onto the larger colloids. By tuning the pH, the charge density of

the PAA changes, therefore the surface coverage of the large colloids by the smaller

colloids changes. For example, the surface coverage increases by decreasing the pH.

The second role of the PAA is as a steric barrier limiting the strength of the attractive

forces between the oppositely charged colloids species, thereby enabling detachment
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of the smaller colloids. Consequently, based on the pH tunability of the encapsulation

behavior and the ability of the small colloids to detach, reversible encapsulation is

achieved by cycling pH in the presence of the PAA.



Samenvatting in het Nederlands

De focus van dit proefschrift is gericht op het verkrijgen van een beter inzicht in de

zelf-assemblage van collöıdale systemen en het ontwikkelen van nieuwe strategieën om

goed-geordende collöıdale superstructuren te vormen. We zijn met name gëınteresseerd

in heb gebruik van bolvormige deeltjes met een isotrope vorm en distributie van

oppervlakte functionaliteiten als individuele bouwstenen.

Zelf-assemblage is een spontaan proces waarin een niet-geordende verzameling

bouwstenen een geordende structuur vormt zonder enige menselijke interventie. Deze

processen komen veelvuldig voor in biologische systemen, bijvoorbeeld virus capside

eiwitten die assembleren tot complete virus microcapsules. Het besturen en onderzoeken

van zelf-assemblage processen levert niet alleen beter begrip op van deze in de natuur

voorkomende voorbeelden, maar levert ook nieuwe routes op naar het verkrijgen van

functionele materialen met fascinerende superstructuren. Echter, het direct bestuderen

van de zelf-assemblage karakteristieken van bijvoorbeeld eiwitten en moleculen, wordt

enorm bemoeilijkt door de extreem kleine dimensies en daaraan gerelateerde snelle

dynamica van deze bouwstenen. Dit maakt het vrijwel onmogelijk om de structuur-

vormende processen direct te volgen met optische of elektronenmicroscopie. Collöıden

zijn significant groter dan typische moleculen en worden daarom veelvuldig gebruikt als

model bouwstenen voor het bestuderen van de zelf-assemblage van (macro)moleculen.

In China hebben we het volgende gezegde: zelfs een getalenteerde kok kan geen

goede maaltijd bereiden zonder de benodigde ingrediënten. Als een experimenteel

colloid chemicus die gëınteresseerd is in het beter begrijpen van zelf-assemblerende

systemen, de eerste stap die daarom gezet moet worden is het synthetiseren (maken)

van de benodigde bouwstenen. In Hoofdstuk 2 en een gedeelte van Hoofdstuk 3,
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beschrijven we enkele nieuwe routes om collöıdale model systemen te verkrijgen. In

Hoofdstuk 2, ontwikkelen we een methode voor het synthetiseren van polystyreen

deeltjes met een goed gedefinieerd kuiltje op hun oppervlak. Deze deeltjes zijn enkele

micrometers groot en kunnen verkregen worden via een eenvoudige, op dispersie

polymerisatie gebaseerde procedure. De belangrijkste stap in het synthese protocol is

de gecontroleerde toevoeging van een netwerk-vormende monomeer enige tijd na de

start van de dispersie polymerisatie. Het systematisch variëren van de concentratie en de

periode waarna het netwerk-vormende monomeer werd toegevoegd maakt het mogelijk

om de afmetingen van het gevormde kuiltje te controleren. Daarnaast waren we in staat

om de deeltjes van chemische functionaliteiten te voorzien door samen met de netwerk-

vormer functionele co-monomeren toe te voegen. Deze strategie leverde deeltjes op met

chloride, epoxide of temperatuurgevoelige functionaliteiten. De aanwezigheid van de

chemisch reactieve groepen maakt het mogelijk om de oppervlakte eigenschappen van

de deeltjes met een kuiltje verder te modificeren met een grote variëteit aan moleculen.

Om dit te illustreren, immobiliseren we een fluorescent label met amine functionaliteit

op het oppervlak van gechloreerd deeltjes. De intense fluorescente eigenschappen

van de resulterende deeltjes bevestigde de reactiviteit en toegankelijkheid van de

oppervlakte chloride groepen. Hoofdstuk 2 wordt afgesloten met het beschrijven van

een experimentele methode om de deeltjes met kuiltjes te gebruiken als startpunt voor

de synthese van holle sneeuwpop-vormige deeltjes.

In Hoofdstuk 3, passen we een variëteit aan methodes toe om de oppervlakte

eigenschappen van collöıdale deeltjes te controleren en te bëınvloeden. Een van deze

voorbeelden is gebaseerd op Atom Transfer Radical Polymerization (ATRP) reacties

en stelt ons in staat om op gecontroleerde wijze hydrofobe polymeren te groeien op

oppervlakken van collöıdale deeltjes. Daarnaast kunnen we gebruik maken van de

zogenaamde Menschutkin reactie om permanente positieve ladingen te introduceren

op initieel negatief geladen deeltjes. De effectieve oppervlaktelading te controleren van

deze deeltjes wordt in dit geval bepaald door de verhouding van negatief en positief

geladen groepen. Als laatste voorbeeld laten we zien dat we polystyreen collöıden

chemisch kunnen etsen met dimethylformamide (DMF) of tetrahydrofuran (THF),

resulterend in collöıden met een massief centraal deeltje opgesloten in een holle schil.

Samenvattend, in Hoofdstuk 2 and een gedeelte van Hoofdstuk 3 presenteren

we een aantal experimentele protocollen om eigenschappen, zoals geometrie (bolvormig,
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collöıden met een kuiltje op het oppervlak en sneeuwpop-vormig), oppervlaktelad-

ing (positief, negatief en een combinatie van beide), morfologie (gevuld/massief, hol,

massief mobiel deeltje in een holle schil), afmeting (400 nm - 5 µm) en oppervlakte

functionaliteit (hydrofoob, hydrofiel, gechloreerd, ge-epoxideerd) van collöıdale sys-

temen te controleren. Controle over deze parameters is cruciaal en bevordert het

systematisch bestuderen van collöıdale zelf-assemblage.

In Hoofdstuk 3 - 5 richten zich op de zelf-assemblage van de eerder genoemde

collöıden in één-, twee- en drie-dimensionale aggregaten. De focus ligt hierbij op het

gebruik van bolvormige deeltjes met een isotrope vorm en verdeling van oppervlakte

functionaliteiten. In Hoofdstuk 3 laten we zien dat collöıdale deeltjes die vervorm-

baar zijn, zowel positieve als negative oppervlakte ladingen bezitten en hydrofobe

oppervlakte eigenschappen hebben een-dimensionale clusters vormen in waterige me-

dia. Om beter inzicht te krijgen in de invloed van deze deeltjes eigenschappen op

de formatie van de geobserveerde één-dimensionale aggregaten, een serie collöıdale

deeltjes met slechts één of twee van deze eigenschappen werd gesynthetiseerd. Deze

referentie collöıden werden vervolgens geassembleerd volgens de zelfde procedure als

toegepast voor de deeltje die over alle drie de eigenschappen beschikken. De referentie

experimenten lieten overtuigend zien dat de netto lading en een collöıdaal oppervlak

met een hydrofoob karakter essentieel zijn voor de formatie van één-dimensionale

aggregatie. Vervormbaarheid van de individuele bouwstenen bleek niet vereist te

zijn. Op basis van deze experimentele observaties nemen we aan dat de formatie

van de één-dimensionale structuren gereguleerd wordt door een samenspel van korte

dracht hydrofobe interacties en langere dracht elektrostatische repulsie tussen de

individuele deeltjes. Deze hypothese werd vervolgens experimenteel bevestigt door het

effect van elektrostatica en hydrofobe attracties op de zelf-assemblage systematisch te

onderzoeken.

In Hoofdstuk 4 beschrijven we een methode voor de vorming van twee-

dimensionale collodale kristallen. Deze kristallen bestaan uit slechts een monolaag van

deeltjes. Een unieke eigenschap van de gevormde kristallen is dat deze vrij is dispersie

kunnen bewegen. De formatie procedure bestaat uit twee essentiële stappen: allereerst

maken we aannemelijk dat de verdamping van de continue fase waarin de individuele

deeltje gedispergeerd zijn leidt tot de formatie van monolagen van deeltjes aan de

wand van de centrifuge buizen; na de formatie gebruik we een ‘extractie’ solvent om
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de monolagen los te weken van de wand. De invloed van de dispergerende continue

fase, de chemische eigenschappen van de wand waaraan de monolagen vormen, het ‘ex-

tractie’ solvent en de fysisch-chemische eigenschappen van de deeltjes werd vervolgens

systematisch onderzocht. Uit deze set van experimenten bleek dat monolagen vormen

via de verticale depositie van collöıdale deeltjes. De verdamping van het dispergerende

solvent resulteert in de vorming van een meniscus aan het lucht-solvent grensvlak.

Deformatie van deze meniscus geeft aanleiding tot attractieve capillaire krachten die

de gedispergeerde deeltjes naar de kristallisatie zone drijft. De gevormde kristallijne

monolagen konden vervolgens van de wand losgeweekt worden door een ‘extractie’

solvent toe te voegen waarin de collodale deeltjes gedeeltelijk oplosbaar zijn.

In Hoofdstuk 5 bestuderen we de zelf-assemblage van een binair collöıdaal sys-

teem. We presenteren de pH-reversibele, drie-dimensionale assemblage van tegengesteld

geladen deeltjes. De positief geladen deeltjes zijn significant groter dan de negatieve

geladen deeltjes, wat resulteert in superstructuren waarin de grotere, positief geladen

deeltjes bedekt zijn met de negatief geladen deeltjes. In de aanwezigheid van moleculair

opgelost, vrij poly(acrylzuur) (PAZ) dit assemblage proces bleek reversibel te zijn.

De competitieve adsorptie van PAZ en de kleinere negatief geladen deeltjes op het

oppervlak van de grotere positief geladen collöıden dicteert het assemblage proces. De

ladingsdichtheid van de PAZ polymeren kan gereguleerd met de pH van de dispersie.

Omdat PAZ adsorbeert op de positief geladen deeltjes biedt de pH een experimentele

knop om de effectieve lading van de positief geladen deeltjes en daarmee de oppervlak-

tebedekking van de kleinere deeltjes, te controleren. Experimenteel werd aangetoond

dat de oppervlaktebedekking toeneemt met afnemende pH. Naast het reguleren van de

oppervlakte lading van de positief geladen deeltjes, genereren de geadsorbeerde PAZ

polymeren een sterische barrière voor de adsorberende negatief geladen deeltjes. Dit

zorgt ervoor dat de elektrostatische attractie tussen de tegengesteld geladen deeltjes

beperkt blijft, wat desorptie van de geadsorbeerde deeltjes bevorderd. De experimentele

data laat daarom duidelijk zien dat we in staat zijn on grotere positief geladen deeltjes

reversible in te kapselen met kleinere negatief geladen deeltjes in de aanwezigheid van

PAZ polymeren.
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