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Abstract

Fabrication and Application of Surface-anisotropic Particles

by

Amar B. Pawar

Advisor: Ilona Kretzschmar

Engineering the surface properties of particles has provided a powerful tool to

fabricate novel building blocks for future materials. Techniques that are capable of

producing a diverse spectrum of surface-anisotropic particles in large-scale quantities

by varying easily adjustable experimental parameters are needed. In this thesis, we

present a Glancing Angle Vapor Deposition (GLAD) technique to produce a wide

variety of surface-anisotropic (patchy) particles and study their potential for future

applications.

The GLAD technique is utilized to produce patchy particles with predefined patch

sizes varying from 3.7 to 50 % of the particle surface. The technique is further ex-

tended to fabricate patchy particles with overlapping patches on the same hemisphere

of the particle. The controlled overlap of the patches provides a new engineering di-

mension to these particles. A particle stamping technique is employed to access

the whole particle surface during vapor deposition. The particle-stamping technique

is implemented to produce patchy particles with two independent, non-overlapping

patches on opposite poles by inverting the particles on a polymer stamp.

Patchy particles are investigated under AC electric fields, in concentration gradi-

ents, and in self-assembly. The dielectrophoretic behavior of patchy particles is tuned

from staggered chains to network structure of horizontal and vertical chains as well

as diagonal chains by varying the patch size and number. The autonomous motion

of patchy particles due to a self-inflicted concentration gradient in reactive environ-

ments is studied experimentally and theoretically. Last but not the least, DFT based
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models are employed to investigate the self-assembly of patchy particles into target

structures.

Overall, the GLAD technique is shown to provide precise control over the surface

anisotropy of patchy particles. Further, the degree of surface anisotropy of the patchy

particles is found to influence their properties, which enables their implementation in

functional structures and a wide range of applications.
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Chapter 1

Introduction

Various innovative particle synthesis techniques have led us to the next generation

of materials. Not just limited to isotropic building blocks, a wide variety of anisotropic

particles with diverse anisotropy in size, shape,1–6 and chemical functionality7–14

has been explored. Within such a large diversity of anisotropic particles, significant

attention has been given to the study of surface-anisotropic particles, i.e., particles

exhibiting multiple surface functionalities. The simplest example of particle surface-

anisotropy is a particle possessing two hemispheres with dissimilar properties. The

two halves of the particle may differ in electrical, chemical, or physical properties.

Such particles, with two distinguishable hemispheres are most commonly referred to

as “Janus” particles.15 Janus particles have been an active area of research for the

past few years. A lot progress has been made in the research field of fabrication

and characterization of Janus particles as well as towards testing and exploring their

applications.8,13,16–18 Undoubtedly, Janus particles present an interesting approach

to new materials with dual distinguishable properties. However, not restricting the

surface coverage to 50 %, as is the case for Janus particles, a precise control over

dual or multiple properties of a particle can be achieved by varying the proportion of

the different surface-functionalities. This strategy has led to a new class of particles,

“patchy particles”, i.e., particles with more than one patch or patches that are less

than 50 % of the total particle surface.19

1
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The potential applications of such surface-anisotropic particles lie in fabricating

photonic crystals,20 targeted drug delivery21,22 and electronics23 and have been

reported earlier. It is crucial to put the surface-anisotropic particles together

into a functional form that will be employed in the aforementioned applications.

Implementing the patchy particles in functional, applicable structures has opened a

door to study the self- and directed-assembly of such particles. The directed- or self-

assembly of particles, also well-known as “bottom-up” strategy has a great potential

to overcome the size limitations and processing restrictions of present-day, “top-down”

manufacturing processes such as photolithography.24–27 The anisotropic nature of the

particle-surface enables a certain degree of control over the assembly process, since

the specific interactions between the anisotropic particles can provide a driving force

for the assembly of a target structure. Recently, several computational studies on the

self-assembly of surface-anisotropic or patchy particles have been reported.28–35 But

fabrication of patchy particles is still a developing research area and is gaining more

and more attention rapidly.10–12

This thesis strives towards fabrication of patchy particles with a controlled degree

of surface modification. The patchy particles investigated here possess metallo-

dielectric properties owing to the gold patches on the dielectric polystyrene particle

core. The Glancing Angle Vapor deposition (GLAD) technique is employed to

produce patchy particles with a single patch. The GLAD technique is further

extended to produce multifunctional patchy particles, particles with more than one

patch which can be made up of different materials or of unique patches of the same

material. The produced patchy particles are used to fabricate two-dimensional (2D)

metallo-dielectric crystals by virtue of an external electric field. Our study investigates

the effect of the size of the patch on the assembled crystal structure. Yet another

application of patchy particles as osmotic motors in a suitable chemical environment

is studied. The computational aspect of the thesis involves understanding the effect
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of physical parameters such as interaction energies, temperature, and concentration

on the assembly of such patchy particles into well-defined target structures.

In the following, Chapter 2 presents a detailed literature review on advances

in the fabrication of surface-anisotropic patchy particles along with advantages and

limitations of the available techniques. In the later part of Chapter 2, applications of

surface-anisotropic particles, both the computational and the experimental studies,

are reviewed. Chapter 3 focuses on the fabrication of patchy particles. The two

sections in Chapter 3 describe the fabrication of single-patch particles using GLAD

and the extension of GLAD to produce particles with multiple patches, respectively.

The applications of fabricated patchy particles are explored in Chapter 4. The first

section demonstrates experimental studies of the dielectrophoretic assembly of patchy

particles. The following section contributes the application of patchy particles as

osmotic motors. Computational studies of the self-assembly of patchy particles in

molecular fluids using the principles of lattice density functional theory are reported

in the final section of Chapter 4. The thesis is concluded by a future work chapter,

Chapter 5.



Chapter 2

Patchy particles as novel materials

This chapter gives a brief overview of recent advances in the fabrication of

surface-anisotropic particles and their applications. The first section explains various

techniques currently used for surface modification of particles and their implications

for producing patchy particles. Following the review of fabrication techniques, the

next section discusses applications of patchy particles. Three application are explored:

(i) Self- and external field directed-assembly of Janus particles, (ii) autonomous, self-

propelling motion of osmotic motors, and (iii) computational studies of the assembly

of patchy particles into well-defined target structures.

2.1 Anisotropic surface modification of colloids

Various techniques available for surface modification are broadly classified in

two categories (i) Vapor Phase Deposition (VPD) and (ii) Liquid Phase Deposition

(LPD). The vapor phase deposition techniques include physical vapor deposition,

chemical vapor deposition, and molecular beam epitaxy, while the liquid phase

deposition techniques include layer-by-layer deposition, electrochemical deposition,

and electroless deposition techniques. Both the vapor and liquid phase deposition

techniques have been successfully used for producing surface-anisotropic colloids. A

symmetric coating of the entire object/particle surface leads to core-shell particles,

4
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while asymmetric coating results in only partial coverage of the particle surface

forming asymmetrically modified particles. Selective modification of a partial surface

of a particle is directly feasible in the case of VPD techniques because of the natural

shadow effect, while in the case of LPD techniques various strategies are needed to

shield part of the object surface from the modification.

The initial studies of surface-anisotropic particles are mostly directed towards

fabrication of Janus particles (50 % surface-modified particles) and have provided

us with numerous techniques for their synthesis.8 For example, the direct physical

vapor deposition of gold onto a monolayer of polystyrene particles is one of the

earliest approaches reported for producing Janus particles.16 Cayre et. al. have

used a microcontact printing technique for transferring patterns of surfactants and

colloidal monolayers onto another colloidal particle and have been successful in

producing dipolar particles.7 Temporary masking and demasking of colloids using

gels or elastomers has been a successful strategy in liquid phase deposition techniques

for producing Janus particles.14,36,37 Though a variety of other techniques have also

been developed for producing Janus particles,38,39 very few of them can be extended

or modified to produce patchy particles. Figure 2.1 summarizes recent advances in

the techniques developed for fabrication of patchy particles along with applications

they can be used in.

2.1.1 Particle lithography

The “Particle lithography” technique is a LPD-based technique developed for

patterning individual particles site-specifically.40,46 Figure 2.1(a) shows a schematic

of the technique. Since particle lithography is a LPD-based technique, a mask is

needed to produce site-specific functionalization. The essence of the method is that

the charged polystyrene particles adhere to an oppositely charged surface. The region

of contact between the particle and the surface is used as a mask for functionalization
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Figure 2.1: Synthesis (a) - (d) and applications (e) - (g) of patchy particles. Schematic
and experimental images for patchy particle fabrication techniques (a) particle lithography
technique,12,40 (b) wax-in-water emulsion technique,13,41 (c) micro-fluidic technique,42,43

and (d) nano-sphere lithography technique.10,11,44 Application of patchy particles (e)
experimental studies of self-18 (top panel) and directed-assembly17 (bottom panel) of Janus
particles, (f) Janus particles as osmotic motors,45 and (g) computational studies of self-
assembly of pathcy particles into rings and isohydra of particles.29 The images are adopted
from the references cited.
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of the remaining surface area of the particle. For example, positively charged amidine

functionalized polystyrene particles (3.3 µm) adhere to a negatively charged glass

surface in water. The contact point between the sedimented particle and the glass

surface is used as a mask for anisotropic surface modification of particles. Thus,

negatively charged polyelectrolyte poly(styrene sulfonate) is specifically adsorbed

onto the particle-surface avoiding the contact point. The size of the lithographed

region can be controlled by varying the particle size, the radius of gyration, and

the Debye length of the polyelectrolyte.12 A Layer-by-Layer (LbL) patterning can

be used to adsorb oppositely charged particles on the polyelectrolyte-coated particle

surface area. Figure 2.1(a) shows such an example of a patchy particle produced by

multilayered particle lithography that is composed of 2 layers of particles adsorbed on

a 1 µm amine-functionalized silica particle. The first layer is made up of 10 nm sulfate

polystyrene (PS) particles followed by a layer of poly (allylamine hydrochloride)

(PAH) adsorbed onto them, followed by adsorption of a second layer of 84 nm sulfate

latex PS particles onto the PAH layer.

The particle lithography technique is a versatile liquid phase based technique and

allows coating of particles with liquid-based reagents, which allows site-specific func-

tionalization with proteins or DNA. Despite its advantages, the technique inherently

lags with respect to scale-up issues as the process is based on functionalization of

individual colloids. Also, the time scales required for each step are considerable and

complex base-surface geometries are needed for creating multi-patterned particles.

2.1.2 Oil in water emulsion technique

The scale-up of the techniques for producing large quantities of surface-anisotropic

particles is a big concern when these particles have to be implemented in practical

applications. The emulsion-based techniques are promising techniques for scale-up

as large quantities of patchy particles can be synthesized using these techniques.
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The initial emulsion-based approach suggests to add a small amount of water to a

particle-in-oil dispersion. The silica particles aggregate because of the capillary forces

and form clusters, whose exterior is chemically modified.47 The method is further

modified and extended to produce a large amount of Janus particles where the surface

coverage is controlled by thermodynamic conditions.13 The schematic of the emulsion

technique is presented in Figure 2.1(b) with the epifluorescence microscopy images of

fabricated Janus particles. The silica particles are modified with fluorescently labeled

(aminopropyl)triethoxysilane (APS) in methanol solution.

The proposed emulsion technique to produce Janus silica particles uses molten

paraffin wax as an oil phase for the oil-in-water emulsion. The emulsion is made at

higher temperatures (75 ◦C) when the wax is molten. The particles are adsorbed

at the oil-water interphase and form colloidosomes for surface functionalization of

particles in either the water or the oil phase.48 The distance by which the particles

penetrate into the wax determines the amount of functionalized area. The embedment

of particles in the wax is controlled by controlling the hydrophobicity of the particles.

As the particles become more hydrophobic, they are embedded more into the wax

phase and less surface area is available for functionalization from the water phase.

Thus, the concentration of surfactant is an easily controlled parameter which in-

turn controls the functionalized area of the particle surface. For example, negatively

charged silica particles (3 µm diameter) are observed to embed more and more into a

wax droplet as the concentration of didodecyldimethylammonium bromide surfactant

is increased.41 The particles are trapped at the oil-water interface by lowering the

temperature when the wax solidifies. Finally, after surface functionalization of the

particles at room temperature, the wax is molten by raising the temperature and

the particles are recovered by centrifugation. Such an asymmetric modification of

interfacially adsorbed silica particles with gold on a planar liquid water surface has

also previously been observed by Petit et. al.49
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The emulsion technique has the advantage that large quantities of Janus particles

can be easily fabricated. Also, the amount of surface functionalization is easily

controlled by controlling the concentration of additional reagents. However, the most

critical step in the procedure is the separation of the modified particles from the oil

or wax phase.

2.1.3 Microfluidic synthesis

Apart from just relying on the surface functionalization of isotropic colloids,

attention has been given to the production of multiphasic colloids directly via

polymerization of a mixture of polymers inside a single particle.9,42,43,50,51 Such

colloids contain two or more compartments of different polymer materials. The

individual phases of polymers within a particle can be loaded or functionalized with

a specific type of molecules, which introduces anisotropy to the resulting particles,

not limited to the surface but also in the bulk of the particles.

The microfluidic technique is used to produce Janus or ternary droplets of im-

miscible monomers, emulsified in an aqueous solution. The droplets are polymerized

with UV light for synthesis of Janus or ternary particles with size distributions from

40 to 100 µm.50,51 Electrified co-jetting is used as an alternative to produce Janus

particles with two distinct bulk properties.9 The electrified co-jetting process involves

manipulation of liquid jets at the nanometer scale using electro-hydrodynamic forces.

The process has been extended to produce biphasic and triphasic nanocolloids.42

A typical experimental procedure involves a laminar flow of three distinct polymer

solutions through a modified nozzle opening. The schematic of the flow apparatus is

shown in Figure 2.1(c). The three capillaries are aligned to form a multiphasic liquid

flow. A high voltage electric potential, applied across the conductive capillary and

the substrate, produces electrostatically charged liquid droplets. The jet extension

followed by the jet break down and the solvent evaporation results into multiphasic
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nano-colloids.

Figure 2.1(c) shows a confocal image of triphasic nanocolloids fabricated with the

electrified co-jetting technique. The three phases of the particles contain biomolecules

labeled with FITC, rhodamine B, and Alexa Fluor 647 dye. The electrified co-

jetting technique has the distinct advantage that the process can be operated in

a continuous fashion thereby increasing the scale-up possibility. The main constrain

in this technique is that the particle size distribution is not uniform. Also, the secure

operation of the co-jetting apparatus is facilitated but not limited towards use of

water-soluble polymers.

2.1.4 Nanosphere lithography

Nanosphere lithography52 or natural lithography53 is a vapor phase deposition

based surface modification technique where colloids or nanospheres are used as a

lithographic mask for creating patterns on surfaces. The presence of an external

shadow mask between the source and the substrate creates a deposition pattern on the

substrate in VPD techniques. Thus, the resolution of the shadow mask is of utmost

importance in creating nanoscale patterns. Fabrication of an external shadow mask

is a cumbersome procedure and requires accurate precision. However, nanosphere

lithography represents an intrinsic advantage in lowering the resolution of the patterns

created to the size of the particles used in the technique. Nanosphere lithography

can also be employed to produce patchy particles. It uses upper single or double

layers of particles as shadow masks for patterning spheres in lower layers within a

multilayered colloidal crystal.10 Thus, use of any external shadow mask is avoided

and the resolution of patterns created is as low as ∼ 50 nm.

Figure 2.1(d) represents a schematic of the nanosphere lithography technique.

Vertical vapor deposition is performed on a close-packed multilayered colloid crystal.

As depicted in the schematic, the uppermost layer acts as a shadow mask for the
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second and the third layer, while the first and the second layers act as shadow masks

for the third layer. The experimental results in Figure 2.1(d) show Au patterned 520

nm silica particles within the second layer of the colloidal crystal. The versatility of

the technique is demonstrated by fabricating a variety of Au patterned colloids. The

geometry of the Au pattern produced on the particles is dependent on the orientation

of particles in the different layers. Also, the geometry of the pattern depends on the

position of the layer to which the modified particle belongs.

The nanosphere lithography technique has the intrinsic advantage that the

resolution of the patterns created is dependent on the particle size and not on the

resolution of the external shadow mask. The main drawback of the technique is

that particles within different layers get different amounts of surface modification.

Thus, separation of particles based on the layer they belong to is necessary to obtain

particles with uniform functionalization.

The concept of nanosphere lithography can be modified to avoid the difficulty of

particle separation. Instead of using upper layers as shadow masks, particles within

the same layer can be employed as shadow mask when the vapor deposition is done

on a close-packed monolayer of particles at an inclined angle. Vapor deposition at an

inclined angle is known as glancing angle vapor deposition (GLAD).54,55 The GLAD

technique is commonly used to produce silicon nanocolumns. The shadow effect of the

angle-resolved nanosphere lithography on the substrate below the colloidal monolayer

has been studied and quantified by Haynes et. al.56 In this thesis, we demonstrate

the application of the GLAD technique to fabricate surface-anisotropic particles. The

details of the developed technique are reported in Chapter 3.
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2.2 Applications of patchy particles

As discussed in the previous section a lot of attention has recently been given

to the synthesis of patchy particles. The enormous efforts to produce such particles

are fueled by the aspiration to utilize these particles for various applications. It

is crucial to put these novel particles into functional structures to use them for

practical purposes. One of the strategies is to assemble these particles into desired

target structures, which will further be employed in photonics, electronics, or sensor

applications. Other applications of such surface-anisotropic particles are anisotropy

based switching for displays, self-healing materials, or drug delivery, which have

been reviewed recently.57 Application of patchy particles in assembling desired target

structures and as autonomous osmotic motors are briefly discussed in the following

subsections.

2.2.1 Self- and directed assembly of Janus particles : Exper-

imental Studies

Self-assembly is a process where the building blocks assemble according to the

nature of forces between them without any human intervention. The emerging

approach of directed assembly lies in predefining the instructions for the assembly

by controlling the interactions between the constituent building blocks. Thus, in

the context of assembling target structures, surface-anisotropic particles play an

important role by inducing directionality in the assembly process.

Recent experimental studies involving self- and directed assembly of Janus

particles have shown the potential of transferring the computational predictions into

practical realty. The experimental study of the assembly of Janus particles, particles

with opposite charge on both hemispheres, shows clusters of Janus particles rather

than strings (Figure 2.1(e)).18 The experimentally observed cluster size and shapes of
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colloids are confirmed with Monte-Carlo simulations. Both the experimental clusters

and computational predictions are in very good agreement.

Not just relying on the intrinsic interactions between Janus particles, external

fields such as electric or magnetic fields have been used to study the assembly of Janus

particles. The AC dielectrophoretic assembly of metallo-dielectric Janus particles,

dielectric particles possessing a metallic hemispherical surface, have been studied

by Gangwal et. al.17 Such Janus particles assemble into staggered chains and 2D

metallo-dielectric crystals at higher field frequencies (> 10 kHz). Figure 2.1(e) shows

a metallo-dielectric crystal of Janus particles assembled in an AC electric field at 125

kHz field frequency. The Janus particles are assembled in such a way that the metallic

caps are facing each other and form a conductive lane throughout the staggered chains.

At lower frequencies (< 10 kHz) self-propelling motion of Janus particles is observed

due to ICEP (Induced Charge Electrophoresis).58

Apart from the assembled structures of Janus particle, Janus particles themselves

have also been used in applications such as “electronic paper”. The dipole response

of “gyricon” balls (particles possessing two halves with distinct electrical properties)

to an external electric field has been studied by Crowley et. al.59 The rotation of

such gyricon balls in the electric field has been implemented in “electronic paper”.

2.2.2 Osmotic motors

Designing self-propelling microscale objects has been a challenge especially

concerning the controlled motion of motors. Owing to an increased interest in the

application of such autonomous motors as microrobots in medicine delivery, in fluid

mixing, or for on-chip particle transport, various strategies have been developed to

fabricate them.

One of the successful strategies recently developed includes conversion of chemical

energy into mechanical work of propulsion. In the initial pioneering experiments,
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Paxton et. al. observed autonomous motion of platinum-gold nanorods (370 nm dia.

and 2 µm length) in a hydrogen peroxide solution.60,61 The exact mechanism for the

propulsion of these micro-swimmers is still a developing area of research and various

models have been proposed. The autonomous motion of meso-scale objects (few mm)

by bubble propulsion observed by Whitesides et. al.62 is not responsible for the

motion of nanorods since no bubbles are observed on the nanorod surface. Instead,

it was suggested that the oxygen concentration gradient resulted in an asymmetric

interfacial tension gradient around the PtAu nanorod that induces a slip velocity at

the particle-fluid interface and the motion of particles is related to the interfacial force

gradient across the rod surface.60

In another strategy, phoretic effects are employed to produce net particle motion.

The gradients of fields such as concentration, temperature, or electric field can be

used for colloid transport by interfacial forces.63 The field gradient couples with the

surface properties of the particle to produce slip velocity patterns, which results in a

net propulsion of the particle. Such a diffusionphoretic motion of a particle is proposed

by Golestanian et. al.64 They propose that a particle with an asymmetric distribution

of a catalyst on the surface propels itself due to an asymmetric distribution of reaction

products generated by asymmetric surface catalytic activity. The resulting motion of

particles is called “self-diffusiophoresis” of particles.

The concept of self-diffusiophoresis is further examined and experimentally verified

by studying the autonomous motion of Janus particles (1.2 µm) in hydrogen

peroxide solution.45 The 50 % platinum-coated polystyrene Janus particles show an

autonomous motion due to catalytic reduction of H2O2 only on the platinum-modified

surface of the particles. Figure 2.1(f) shows a schematic of the proposed motion of

Janus particles and their trajectories in 5 % and 10 % H2O2 solutions indicating the

particle motion. The authors studied the motion of Janus particles as a function

of H2O2 concentration and proposed a Michaelis-Menten type kinetics for the H2O2
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reduction on the platinum surface at the microscale.

2.2.3 Self-assembly of patchy particles : Computational

Studies

The experimental success of assembling surface-anisotropic Janus particles has

directed more computational studies to predict the assembly of surface-anisotropic

particles. The computational approach gives an advantage over the experiments.

It enables researchers to think beyond the currently fabricated surface-anisotropic

particles and to predict their assembly ahead of time. The results from the

computational studies can be implemented to focus on developing techniques to

fabricate the required patchy particles. In addition, it is time-consuming to test every

possible thermodynamic condition experimentally and thus, theoretical studies of the

assembly of patchy particles present an efficient tool for the prediction of process

parameters and conditions required for the self-assembly.

The initial approach to incorporate directional anisotropic interactions in studying

the phase behavior of globular proteins has been presented by Sear.65 The model

assumes the pair potential between globular proteins as a sum of two parts: a

hard-sphere repulsion and a set of sites (sticky patches), which mediate short-range

attractions. The phase behavior of globular proteins with such directional attractive

interactions has been shown to have a phase diagram similar to that of short-range

isotropic interactions. However, because of the directional attractive interactions, the

solid phase of proteins is not always a hexagonally close-packed or face-centered cubic

structure. Instead it has been reported that the binding site configuration decides

the final phase structure. Although, anisotropic interactions have been included in

the calculations previously, during recent years significant attention has been focused

on assembling target structures using such anisotropic interactions.

The computational study of the assembly of patchy particles into well-defined
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structures has been reported by Glotzer et. al.,29,32 who show that the patchy

particles can be successfully used to produce predefined structures such as rings,

sheets, tetrahedra or diamond-like structures. Patchy particles are modeled in the

simulations as particles with discrete, attractive patches on the particle surface. In the

study by Zhang et. al.,29 the attractive or repulsive interactions between the patches

of the particles are accommodated in the model by assigning arbitrary interactions

to the atoms comprising the particles. Brownian dynamics simulations are used to

simulate an isothermal system and the solvent is implicitly included in the calculation

through the choice of interaction potentials. In the study, the authors have shown

that a wide range of patchy particles with different orientations of patches can be

used to produce a variety of structures such as polyhedra, sheets, rings, etc. Figure

2.1(g) shows the assembly of patchy particles into rings and isohydra as predicted in

the simulations by Zhang et. al.29 The type of patchy particles needed to form rings

or isohydra are shown as insets (bottom left) in Figure 2.1(g).

More studies to include anisotropic interactions in simulations and to understand

the order-disorder transitions in such systems have been reported recently.33,34

Aranovich and Donohue have successfully implemented a 2D Ising lattice model

along with the principles of lattice density functional theory for modeling self-

assembly in molecular fluids. Particularly, phase transitions and the self-assembly

of supramolecular structures such as chains and sheets are observed with anisotropic

monomers.28 Wang has shown that the lattice model with Kawasaki-exchange

dynamics can be employed to understand the dynamics of phase ordering and to

obtain the equilibrium mean field solutions for the lattice model.66 In particular, the

dynamic mean field (DMF) model has been used for studying the phase behavior of

anisotropic monomers.34



Chapter 3

Fabrication of Patchy Particles

In this chapter the application of glancing angle deposition (GLAD) as a means

to produce surface-anisotropic (patchy) particles is reported. The first section

summarizes the fabrication of patchy particles with variable patch size and shape.

Patchy particles with a patch size from 50 % of the particle surface (Janus particle)

to as small as 3.7 % of the particle surface are fabricated using GLAD.67 The

subsequent section demonstrates an extension of GLAD to produce patchy particles

with multiple patches having a variable patch size, shape, and orientation on the

particle surface. In order to access the entire particle surface, a particle stamping

technique is employed using a PDMS stamp. The particle stamping technique along

with GLAD is implemented to yield multifunctional patchy particles having patches

on opposite poles.

3.1 Patchy particles with single patches by GLAD

Vapor deposition onto a close-packed monolayer of colloids is a widely used

technique to produce surface-anisotropic particles.10,11,16,44,68 Straightforward ver-

tical vapor deposition onto a monolayer of particles yields Janus (50 % coated)

particles.16,68 The technique has been extended by Zhang et. al. to yield patchy

particles with patches smaller than 50 % by performing vertical vapor deposition onto

17
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multilayers of particles as discussed in subsection 2.1.4.10 In the modified technique,

the particles in the upper layer of a multilayered crystal act as shadow masks for the

surface modification of particles in the lower layers. The main disadvantage of the

technique is that the particles within each layer get modified in different proportions,

i.e., particles in the top most layer are 50 % modified and the particles in the layer

beneath exhibit four patches covering less than 50 % of the particle surface. Thus,

separation of the particles based on their patch size and the patch number is necessary.

In order to avoid this difficulty and to produce patchy particles with uniform patch

sizes, we employed the GLAD54,55 technique, where vapor deposition on a close-

packed monolayer of particles is performed at an angle. In the current technique,

particles within the same monolayer act as shadow mask and no further separation

of the shadow mask from the fabricated particles is required.

3.1.1 Experimental details

Convective assembly of microspheres into close-packed monolayer

The convective assembly method is used to produce close-packed monolayers of

2.4 µm sulfate latex polystyrene (PS) particles (Invitrogen Inc.). The procedure and

the details of the process are explained in details by Velev et.al.69 The schematic

of the coating apparatus is shown in Figure 3.1(a). The apparatus consists of two

precleaned glass slides (cleaned with conc. sulfuric acid and Nochromix solution)

inclined at an angle (∼ 20◦ - 30◦). Concentrated solution (16 % - 24 % w/v) of PS

particles is injected into the wedge between the two glass slides. Approximately 10

µl of solution is used for each experiment. The bulk of the liquid drop is held in

the wedge due to capillarity and the drop meniscus stretches out as the linear motor

of the syringe pump pushes the deposition plate at fixed speed. The coatings are

deposited at an ambient temperature (20 - 30◦ C) and a relative humidity of 30 -

50 %. The speed of the deposition is adjusted based on the ambient conditions to
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(a) (b)

Figure 3.1: Details of the convective assembly method. (a) Schematic of the film coating
apparatus.69 (b) The process of convective assembly. Top figure70 shows origin of capillary
forces between partially immersed particles. The bottom figure indicates capillary forces
leading to a close-packed monolayer of colloids.

obtain a close-packed monolayer of particles. For 16 % concentrated solution of 2.4

µm colloids a deposition speed of 6 - 8 µm/s is used for producing the close-packed

monolayer.

The top schematic in Figure 3.1(b) shows the details of the origin of immersion

capillary forces between the partially immersed particles leading to the formation

of 2D arrays of colloids.70–74 The net horizontal force F1 exerted on particle 1 is

the net force due to surface tension, σ, integrated along the contact line L1 and the

pressure distribution integrated along the particle surface S1.
70 The bottom schematic

in Figure 3.1(b) shows a drying region in the thin film produced during the film

deposition using the apparatus shown in Figure 3.1(a). Jw is the flux of the solvent

during evaporation, which produces the drag force FD on the particles. The immersion

capillary forces (FC) between the particles lead to a close-packed monolayer. The

dragging speed of the meniscus determines the film thickness during evaporation.

A film thickness of less than a particle diameter is needed to keep the particles

partially immersed. A lower dragging speed leads to higher film thickness, which

results in multilayers of particles while a higher dragging speed leads to sub-monolayer

formation.
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(a) (b) (c)

Figure 3.2: Schematic of monolayer orientation and GLAD with respect to incident vapor
beam. (a) x-y cross section indicating monolayer orientation at α= 0◦, and (b) α = 30◦.(c)
x-z cross sectional view indicating angle of incidence θ.

Close-packed domains of colloids with varying monolayer orientations are observed

within a 2D array of particles produced by the convective assembly. The average

domain size is ∼ 15000 µm2 (∼ 3000 particles of 2.4 µm diameter). The orientation

of the monolayer domains is denoted by the angle α. The monolayer orientation

as shown in Figure 3.2(a), is set as a reference, α = 0◦, and for all the remaining

orientations α is calculated by measuring the domain’s clockwise rotation with respect

to the reference orientation as shown in Figure 3.2(b) for α = 30◦.

Glancing Angle Vapor deposition

Gold or silver vapor deposition on the close-packed colloidal monolayer is

performed inside a bench top vacuum metal evaporation system (Cressington 308 R,

Ted Pella, Inc.) at a pressure of 10−6 mbar. Figure 3.2(c) represents a schematic view

of an angled vapor deposition onto a close-packed monolayer. The angle of incidence

of gold vapor also referred to as the angle of vapor deposition, θ, measured from the

substrate as shown in Figure 3.2(c) (θ = 90◦, being perpendicular to the sample),

is adjusted by tilting the sample in the vacuum chamber. The sample is accurately

tilted using a cell made from rectangular acrylic blocks. The acrylic cell consists of

two vertical parallel plates mounted on a horizontal acrylic block. The sample glass

slide (thickness = 0.12 cm) is cut to a specific length (3.3, 2.2, and 4.4 cm for 30◦,



CHAPTER 3. FABRICATION OF PATCHY PARTICLES 21

10◦, and 5◦ angle of evaporation, respectively) and placed at an inclination between

the two plates. The separation distance between the two vertical plates is adjustable

(1.8 cm for 30◦ and 0.51 cm for 10◦ and 5◦ angle of evaporation) and determines the

tilt angle of the glass slide, which corresponds to the angle of vapor deposition, θ. In

the case of the silicon wafer (∼ 2 × 2 cm2), the wafer is taped to a glass slide using

double-sided sticky tape, and the glass slide is inclined as described above, which also

tilts the wafer. The distance between the source and the inclined sample is ∼ 15 cm.

The small monolayer area ( ∼1 × 1 cm2 ), the long working distance ( ∼ 15 cm), and

the two vertical acrylic plates minimize the divergence from the evaporation source

and lead to a uniform patch geometry across the entire monolayer.

A quartz crystal microbalance mounted in the evaporator at an angle of ∼ 30◦ to

normal incidence is used to monitor the vapor deposition. The evaporation source is

blocked off when a 20 nm thickness is measured by the quartz crystal microbalance.

The actual thickness of the patches depends upon the angle of evaporation and the

position of the sample with respect to the source. After the evaporation, the samples

are imaged using a variable pressure (VP) scanning electron microscope (EVO40

Zeiss).

SEM imaging of patchy particles

The imaging of the particles is performed at a variable pressure (VP) of 30 - 40

Pa, an accelerating voltage of 10 - 15 kV, and a working distance of 6 - 7 mm, using

a VP EVO40 Zeiss scanning electron microscope with a variable pressure secondary

electron (VP-SE) detector. In VP mode, ambient air is leaked into the chamber

and subsequently ionized by the electron beam, leading to a cloud of positive ions

around the beam. The positive ions pick up trapped charges from the surface of the

nonconductive sample, creating a charge equilibrium, which enables the imaging of

nonconductive materials without a conductive coating.75 Note, metals usually appear

brighter than hydrocarbons in SEM because of their higher electron density.
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3.1.2 Mathematical model for patch geometries

A mathematical model is used to analyze the geometries of the patches obtained

with GLAD. The mathematical model solves equations of spheres (representing

particles) and inclined lines (representing incident rays), simultaneously. The

obtained patch geometries are used for calculating the areas of the patches. The

mathematical model allows us to predict the experimental parameters, such as the

angle of vapor deposition, θ, required to deposit a patch of the desired size the particle

surface.

Patch geometry calculations Figure 3.3 shows details of the mathematical model

used for the patch-geometry calculations. The bottom panel (x-y view) shows a top

view of two neighboring particles within a close-packed monolayer with an orientation

of α = 30◦. The red colored boundary in the top view image shows the patch boundary

obtained for vapor deposition at θ = 45◦. The top panel (x-z view) represents a cross

section view in the x-z plane passing through the center of the two particles as shown

by the dashed line in the top view (bottom panel). The red arrows are representative

vapor rays intersecting with the particles.

The vapors depositing on the sample are represented by the equations of lines

hitting the x-y plane at the angle of incidence θ and lying in the x-z plane. For

a unit sphere diameter, the density of the incident rays used for patch calculations

is such that the rays are spaced by 0.0005 units in the x and y directions. The

intersection of rays and the spheres (for example, points C and D in the top panel of

Figure 3.3) visualizes of the patch. In order to calculate the exact patch boundary,

the rays tangent to the particles are determined. For example, points A and B in

the top panel of Figure 3.3 lie on the patch boundary. The coordinates of points A

and B are calculated from the tangents to the particle and the neighboring particle,

respectively. We assume that the rays travel in straight lines parallel to each other
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Figure 3.3: Details of the mathematical model. The cross-sectional view and top view
of two particles in monolayer orientation α = 30◦. Incident rays (red arrows) intersecting
spheres with centers at (x0, y0, z0) and (x00, y00, z00). The blue and black dotted lines are
the constructions lines drawn for calculations.

and hit the sample at the angle θ. This assumption is based on the condition that the

source is at an infinite distance with respect to the particle size, which is consistent

with the experimental set-up, where the source distance to the sample (∼ 10−1

m) can be treated as infinite compared to the particle size (2.4 × 10−6 m). The

calculations are done for a monolayer of 6×6 spheres. The equation of each line is

solved simultaneously with the equation of the sphere with which it intersects. In the

case where the ray intersects multiple spheres, the farthest x distance point (point

closest to the source) is identified as a patch point and the rest of the solutions are

discarded. The patch geometries are obtained by simultaneously solving the equations

of all the rays with the 6×6 sphere matrix.
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The equation of a sphere with a center at (x0, y0, z0) is given as

(x− x2
0) + (y − y2

0) + (z − z2
0) = 1 (3.1)

In an x-z plane as shown in Figure 3.3 (top view), y = y1 and the equation of the

incident ray at (x1, y1, z1) is written as

z = (x− x1) tan θ (3.2)

where θ is the angle of incidence. Solving the equation of the line and the

equation of the sphere simultaneously with y = y1 in the x-z plane gives two

solutions corresponding to the intersecting points C and C′ as indicated in Figure

3.3. Equations (3.2) and (3.1) give a solution in terms of a quadratic equation with

respect to x as:

x2
{

1+ t2
}

−2x
{

x0 +x1t
2 +z0t

}

+
{

x2
0 +(y1−y0)

2 +x2
1t

2 +2z0x1t+z2
0 −1

}

= 0 (3.3)

where t = tan θ. The solution of the quadratic equation (3.3) along with Eq.(3.2)

gives the coordinates of the intersecting points C and C′. Point C is identified as a

part of the patch and point C′ is discarded. In the case of a ray intersecting multiple

spheres the point closest to the source is identified as a patch point (e.g., point D).

The exact patch boundary is calculated by taking into account the rays tangent

to the circles (x − z cross section of a sphere). For example, rays terminating at

points such as point O (Figure 3.3) are used to calculate the coordinates of the points

lying on the patch boundaries of both the spheres (e.g., A′ and B). For a tangent to

a sphere with the center (x00, y00, z00) the x-coordinate of point O (x′) is calculated

as

x′ = x00 −
1

tan(θ/2)
(3.4)
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From the triangle △ A′EO using trigonometry the coordinates of point A′ are

calculated as

x′′ = cos(θ)(x00 − x′) + x′ =
cos(θ)

tan(θ/2)
+ x′ (3.5)

y′′ = y1 (3.6)

z′′ = sin(θ)(x00 − x′) =
sin(θ)

tan(θ/2)
(3.7)

The coordinates of the point B can be obtained by simultaneously solving the equation

of the ray terminating at O and the sphere with the center (x00, y00, z00) as described

earlier.

Patch area calculations The geometry of the patches obtained using the

mathematical model is used to calculate the patch area. The area of the patches

is calculated by numerical integration using the points on the patch boundary. The

patch is divided in stripes along the zenith angle. The area of a stripe is calculated

by assuming the stripe to be a rectangular stripe and the summation over the areas

of all stripes is used to approximate the area of the patch.

3.1.3 Results

Vapor deposition at an angle of incidence, θ, creates patches on the particles

depending on θ and the monolayer orientation of the close-packed domains, α. Figure

3.4 shows 2D arrays of 2.4 µm Au patterned sulfated PS particles at different angles of

incidence, θ = 30, 10, and 2◦ and varying monolayer orientation, α. As θ is decreased

from 90◦ to 2◦, the shadow effect caused by the neighboring particles within the

close-packed monolayer takes effect. The shadow effect determines the size and the

shape of the Au patch created on each particle. As the angle θ becomes smaller,

the shadow effect becomes stronger and smaller patches are formed. As shown in

Figure 3.4, the Au patch size diminishes considerably as θ varies from 30◦ to 10◦ and
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Figure 3.4: Comparison of experimental (top) and calculated (bottom) gold patches on
2.4 µm sulfated polystyrene particles as a function of angle of incidence, θ, and monolayer
orientation, α. The images show the top view (x-y view) of the monolayer. (A) Patches
obtained at an angle of incidence θ = 30◦ and a monolayer orientation of α = 0◦, 15◦,
30◦, and 46◦. (B) Patches obtained at θ = 10◦ and α = 0◦, 18◦, 29◦, and 40◦. (C) Patches
obtained θ = 2◦ and α = 0◦, 14◦, 28◦, and 38◦. Bottom panel insets: y-z view (i.e., view from
source side) of a single patchy particle in the monolayer obtained with the mathematical
model. Scale bars in experimental images correspond to 2 µm.
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further decreases as θ is reduced to 2◦. Scanning electron microscopy (SEM) images

depict the top view (x-y view with respect to Fig. 3.2) of the PS particle monolayers

patterned with gold.

The geometry of each patch obtained with the mathematical model is shown below

each of the experimental SEM images with the corresponding angles. Experimental

patch shapes and mathematically obtained patch shapes show very good agreement.

The insets in the bottom panels of Figure 3.4 show the corresponding images of a

single particle and its patch in a side view (y-z view).

The particle side facing the incidence Au rays is partially shadowed by neighboring

particles from the next rows of particles closer to the source. The other side of the

particle, i.e., the side away from the source, is partially shadowed due to the tangency

of the incident rays to the particle itself. The boundary of the patch on the side of

the particle facing away from the source (lagging boundary) is thus only determined

by the angle of incidence θ, while the boundary on the side facing the incidence

rays (leading boundary) is effected by θ as well as the monolayer orientation, α. As

illustrated in Figure 3.4, the effect of monolayer orientation on the geometry of the

patch is more pronounced at lower θ (10◦ and 2◦) than at θ = 30◦. The pictures

shown as insets indicate that as θ increases from 2◦ to 30◦, patches with sharper

corners are observed on the particles (θ = 30◦). The sharp corners disappear as θ

increases further (θ > 30◦) due to a diminished shadow effect.

3.1.4 Discussion

As observed in Figure 3.4, at a fixed angle of deposition, θ, particles with variable

patch sizes and shapes are obtained. When the monolayer orientation is such that

α = 30◦, the leading boundary is flattened, which leads to rectangular patches with

a curved surface (Figure 3.4). The flattening of the leading boundaries is due to

the fact that these boundaries are caused by particles that are aligned exactly with
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Figure 3.5: Patch area in % surface area of the particle plotted as a function of angle of
incidence θ. Inset: Patch area in % surface area of the particle as function of monolayer
orientation (α).

the particle they shadow. Flattening of the leading boundary is also observed when

α = 0◦ but only at lower θ values (e.g., 10 and 2◦). In case of α = 0◦, flattening

of the leading boundary is caused by particles aligned in alternate rows. Thus, the

flat leading boundary is observed only when alternate rows of particles take part in

the shadow effect (e.g., θ = 10 or 2◦). If the shadow effect is restricted only by the

next row of particles (e.g., θ = 30◦), sharp cornered leading boundaries are observed.

The lagging boundary is caused due to the tangency of the incident Au rays to the

particle itself. The location of the lagging boundary on particles is independent of

the monolayer orientation α and is always flat. Also, patches are symmetric about

the x-axis passing through the particle center for monolayer orientations α = 0◦ and

α = 30◦. Such patch symmetry is not observed for any other monolayer orientation.

Looking at the particles form the source position, the patch geometries are mirror

images of each other around α = 30◦, i.e., the patch geometries for α = 15◦ and α =

45◦ are mirror images of each other.
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Figure 3.5 shows the plot of the percentage sphere area patterned with Au as a

function of the angle of incidence, θ, at different monolayer orientations. The area of

the patches is calculated from the patch geometries obtained using the mathematical

model. We expect the patch areas to be accurate within ± 0.5 %. The error is due

to the numerical calculation of the areas. As mentioned before, the Au patch area

behaves symmetrically around α = 30◦, i.e., the area of the patches are equal at α =

20◦ and 40◦, α = 10◦ and 50◦, and α = 0◦ and 60◦ for any θ. The plot shows that

all monolayer orientations follow a similar trend of increase in patch area with an

increase in θ. The increase in patch area flattens at higher θ. The inset shows a plot

of the percentage patch area modified as a function of monolayer orientation, α, at

various θ. At lower angles of incidence (e.g., θ = 2◦), the change in the Au patch area

is significant with the change in the monolayer orientation. The patch area varies

from 3.7 % to 5.7 % as the monolayer orientation is varied in between 0◦ and 30◦. At

higher θ the change in the patch area with the monolayer orientation is negligible (<

1 %). At lower θ, the shadow effect is dominant and thus, the monolayer orientation

determines the Au patch area and geometry. As θ is increased, the shadow effect

is diminished, which in turn makes the patch area independent of the monolayer

orientation at high θ.

In summary, we are able to produce particles with patches as small as 3.7 ± 0.5 %

of the total particle surface area employing the glancing angle deposition technique.

We find that the geometry of the patch is dependent on the angle of incidence of

the vapor, θ and the monolayer orientation, α. The following section describes the

extension of GLAD to produce particles with multiple patches also referred to as

“multifunctional patchy particles”.



CHAPTER 3. FABRICATION OF PATCHY PARTICLES 30

3.2 Multifunctional patchy particles by GLAD

Patchy particles with a well-defined patch size and shape, are produced success-

fully by changing the angle of the vapor deposition as described in the previous

section. The GLAD technique is further extended to produce “multifunctional

patchy particles” or particles with unique patches. A particle stamping technique

is developed to gain access to the entire particle surface, which allows fabricating

patchy particles with patches on either side of the particle surface. The flexibility

of GLAD in combination with the particle stamping technique lies in producing

particles with variable patch sizes, patch shapes, and respective patch orientations

on the particle surface. Figure 3.6 shows a schematic of single patchy particles and

multifunctional patchy particles with patches on opposite poles and on the same

hemisphere that can be fabricated by sequential vapor deposition. The previously

mentioned computational model is extended to verify the patch geometries and

relative patch orientations for the multifunctional patchy particles. The patch area

calculations based on the patch geometries obtained from our computational model

are used to decide on the experimental conditions needed to produce particles with

the desired type of functionality.

3.2.1 Sequential multiple vapor depositions

Patchy particles with multiple patches on the same hemisphere of a particle are

produced by sequential vapor depositions on a close-packed monolayer of colloids.

The schematic of the sequential vapor depositions is shown in Figure 3.7. After the

first vapor deposition (right arrow), the second vapor deposition is carried out from a

different direction. The angle between the two vapor depositions is labeled as ξ and

Figure 3.7 shows two examples of (a) ξ = 180◦ and (b) ξ = 60◦. For the second vapor

deposition at ξ = 180◦ (Figure 3.7(a)), the glass slide is simply turned upside down,
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Figure 3.6: Schematic of patchy particles with (a) single patch, and (b) and (c)
multifunctional patchy particles with patches on opposite poles and on the same hemisphere,
respectively.

which rotates the monolayer by 180◦. For other desired angles between the sources,

the sample is rotated by the desired angle and is mounted on a new glass slide. The

dark grey spheres in Figure 3.7 represent the spheres involved in the shadow effect for

the patch on the representative particle during GLAD. The thickness of the patches is

∼ 20 nm measured during the deposition by a quartz crystal microbalance mounted

in the evaporator. Following the evaporation, the samples are imaged using a variable

pressure (vp) scanning electron microscope (EVO40 Zeiss).

The mathematical model described in the previous section is extended to predict

the patch geometries of the multifunctional patchy particles produced as a result of

sequential vapor depositions using the solutions for the single-patch case. When the

source is rotated by the angle ξ for the second vapor deposition (Figure 3.7), the

particles in a domain with a monolayer orientation of α experience a change of the
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Figure 3.7: Schematic top view of particle monolayer during sequential vapor depositions.
(a) Sequential vapor depositions at ξ = 180◦, and (b) ξ = 60◦. The blue and red arrows
represent the direction of the vapor depositions with the resulting patch geometries shown
on a single particle. Patch geometries correspond to patches obtained at a vapor deposition
angle (θ = 5◦) for both sequential depositions and monolayer orientations of (a) α = 0◦,
and (b) α = 30◦. The dark grey spheres are the representative spheres associated in the
shadowing effect for the patchy particle shown.

monolayer orientation to ά where ά = α + ξ . The orientation of the patches obtained

in the second vapor deposition is predicted by the mathematical model by rotating

the patch geometry corresponding to the monolayer orientation ά on the particle

surface by the angle ξ with respect to the first patch. Placement of both patches on

the surface leads to overlapping patches. The predicted patch geometries are used

to calculate the overlapping area of the patches. It should be noted that due to the

hexagonal symmetry of the particles, the monolayer orientation repeats itself every

60◦. Thus, any monolayer orientation can be represented by a value between 0◦ and

60◦ as (α - (60 × n)) where n = 0,1,2 and α ≥ (60 × n).

Figure 3.8 shows a monolayer of patchy particles fabricated with GLAD carrying

two patches. Figures 3.8(a) and (b) show 2.4 µm colloids modified with silver (left

patch) and gold (right patch). The angle between the silver and the gold vapor

deposition is ξ= 180◦. The vapor deposition angle (θ) is set to 5◦, which leads to gold

and silver patches covering ∼ 8 % of the particle surface. The monolayer orientations
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(a) (b)

(c) (d)

Figure 3.8: SEM images of the multi-functional patchy particles obtained by sequential
vapor depositions at an angle of ξ = 180◦ (a and b) and ξ = 60◦(c and d) between vapor
depositions. (a) and (b) are images of particles with a gold (right) and a silver (left)
patch, at a vapor deposition angle of θ = 5◦ and monolayer orientations of α = 0◦ and 35◦,
respectively. The insets are images obtained with the mathematical model with the red
patch corresponding to silver and the blue patch corresponding to the gold patch. (c) and
(d) are multifunctional patchy particles with two gold patches with θ = 10◦ while α = 53◦

and 30◦, respectively. The insets are the patch geometries obtained with the mathematical
model. Scale bar is 2 µm.
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α = 0◦ and 35◦ are represented in Figure 3.8(a) and (b), respectively. The insets show

the patch geometries obtained using the mathematical model with variables (θ, α, and

ξ ) identical to the parameters used in the experimental deposition. The patch with

the red boundary (left patch) corresponds to the silver patch, while the blue boundary

(right patch) corresponds to the gold patch. Note, the two-dimensionality of the SEM

image makes the patches appear to cover more than 8 % of the particle surface, but

the mathematical models shown for a single particle in the insets of Figures 3.8(a)

and (b) confirm a patch size of ∼ 8 % of the particle surface. Figures 3.8(c) and (d)

show the patch geometries obtained when the angle between the two sequential gold

depositions, ξ, is 60◦ and the vapor deposition angle, θ, is 10◦, which results in patches

covering ∼ 11 - 12 % of the particle surface. Two different monolayer orientations

(α = 53◦ and 30◦) are shown in Figures 3.8(c) and (d), respectively. The insets show

the patch geometries obtained using the mathematical model.

As seen in the SEM images (Figure 3.8) and more clearly visualized in the

mathematically calculated patch geometries (insets), the two patches on individual

particles overlap with each other. The extent of the overlap varies with the monolayer

orientation, α, as well as the angle between successive vapor depositions, ξ. The area

of overlap between the patches is calculated numerically from the patch geometries

obtained by the mathematical model and is ∼ 1.7 % of the particle surface for the

particles depicted in Figure 3.8(a) and ∼ 7.6 % for the particles in Figure 3.8(c).

The degree of the patch overlap can be manipulated by controlling the angle

of vapor deposition (θ) and the angle between the vapor depositions (ξ). While

GLAD cannot produce particles with separate patches on the same hemisphere, the

controlled degree of overlap of the patches gives a new engineering dimension. For

example, in cases where both patches are metallic such as gold and silver patches, the

overlap between the patches can be used to achieve electrical connectivity between

the patches. Due to the possible electron transport from one patch to the other, the
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electrically connected patches can be employed as, for example, autonomously moving

particles (colloidal motors) in solvents. Such an autonomous motion of electrically

connected doublets of gold and silver particles in hydrogen peroxide solution has been

demonstrated elsewhere.76 The overlap between the two patches is calculated to be

as small as ∼ 1.7 % of the particle surface (overlapping area in Figure 3.8(a)) and

increases quadratically between θ = 5◦ and 20◦ and linearly afterwards between θ =

20◦ and 80◦, to as high as 44.5 % at θ = 80◦. Eventually the patches will overlap

completely and cover 50 % of the particle at θ = 90◦. The overlapping area between

the patches can also be used to form an alloy, which could then act as a third patch

separating the left patch from the right patch. For example, the 1.7 % overlapping

area separates and reduces the two individual gold and silver patches from 8 % to 6.3

% of the particle surface. It should be noted that during multiple vapor depositions,

the patches produced from the initial vapor deposition may act as an additional

shadow mask during subsequent vapor depositions. The shadow effect of the patch

can be neglected in the examples reported here because the patch thickness (∼20 nm)

used is much smaller than the actual particle size (2.4 µm) and no more than two

overlapping patches are deposited.

3.2.2 Two-pole patchy particles by particle stamping

Multi-functional patchy particles with patches on opposite poles are produced by

vapor deposition on the inverted monolayer of particles with a single patch.

The schematic of the technique is shown in Figure 3.9. After the first vapor

deposition (Figure 3.9(a)), the close-packed monolayer of particles with one patch is

inverted using a PDMS stamp (Figures 3.9(b) and (c)). The second vapor deposition

is performed on the inverted monolayer of particles (Figure 3.9(d)) leading to particles

with patches on opposite poles. Patchy particles resulting from a second vapor

deposition on the inverted monolayer at ξ= 180◦ are schematically shown in Figure
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Figure 3.9: Cross-sectional schematic of the GLAD and particle stamping technique. (a)
Close-packed particle monolayer obtained with GLAD at θ = 30◦ and α = 30◦. The blue
lines on the particles are the patch boundaries obtained by the mathematical model. (b)
Schematic of the patchy-particle monolayer being stamped with a uniform force by the
PDMS stamp. (c) Inverted close-packed monolayer on the PDMS stamp with patches from
the first vapor deposition facing down. (d) Second vapor deposition, leading to two-pole
patchy particles at ξ = 180◦.

(a) (b)

Figure 3.10: Optical microscope images of 2.4 µm PS particles. (a) Close packed
monolayer of particles on a glass slide before particle stamping. (b) Inverted particle
monolayer on a PDMS stamp after particle stamping, schematically shown in Figure 3.9(c).
Scale bar = 35 µm.
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3.9.

The PDMS stamps for inverting the particle monolayer are produced by curing

the elastomer and curing agent (10:1 w/w) (from Dow Corning) at 70◦ C in an oven

overnight. In order to make PDMS stamps with flat surfaces, the viscous mixture of

PDMS is poured onto a glass slide and precured for ∼ 25 minutes at 70◦ C. After 25

minutes the PDMS stamp is partially cured and viscous enough not to flow on the

glass slide, but is still able to deform.14 At this time another glass slide is placed on

the precured PDMS stamp with a uniform force (100 ∼ 200 g/cm2) and is left to cure

at 70◦ C overnight. After curing the PDMS stamp, the top glass slide is removed

leaving behind a flat PDMS stamp (2 ∼ 3 mm thick) sticking to the bottom glass

slide. The top (flat) surface of the PDMS stamp is used for stamping the particle

monolayer by applying a uniform pressure of ∼ 500 g/cm2.

The close-packed monolayer of particles is accurately inverted with the particle

stamping technique (Figure 3.10). Figure 3.10 shows representative optical trans-

mission microscope images of a 2.4 µm PS latex particle monolayer on a glass slide

before monolayer inversion (a) and after inversion with the PDMS stamp (b). The

particles of the inverted monolayer in Figure 3.10(b) are deposited with a 25 % Au

patch prior to the monolayer inversion. The features of the close-packed monolayer

of particles before stamping such as grain boundaries between monolayer domains,

point vacancies, and most importantly the hexagonal close-packing of particles in the

domains are accurately transferred to the inverted monolayer on the PDMS stamp.

The variation in image contrast of the point vacancies results from the different optical

properties of the substrates used for imaging, i.e., a glass slide for Figure 3.10(a) and

a PDMS stamp for Figure 3.10(b).

The second vapor deposition is performed on the inverted monolayer of particles

on the PDMS stamp as discussed earlier and yields two-pole patchy particles. The

modified particles are re-dispersed in water by sonicating the PDMS stamp for ∼
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Figure 3.11: SEM images of multi-functional two-pole patchy particles with gold patches
on opposite poles. (a) and (b) are 2.5 µm PS particles with two patches, each patch covers
∼ 25 % of the particle surface. (c) and (d) are the images of 2.5 µm PS particles with two
patches, each patch covers ∼ 11 % of the particle surface.

45 minutes in a 1 wt. % aqueous solution of Tween20 surfactant. The particles

are washed several times with DI water to remove excess Tween20 surfactant by

centrifuging the particle solution and replacing the supernatant solution with pure

DI water. The samples for SEM imaging are prepared by drying a diluted (< 1 %

w/v) drop of particle solution on a silicon wafer.

The mathematical model is used to predict the geometries of patches obtained on

two-pole patchy particles. The patch geometries due to a second vapor deposition

on an inverted monolayer of particles are obtained by inverting and rotating the

single patch geometry with respect to the first patch. The orientation of an inverted

monolayer during the second vapor disposition changes from α to ά where ά = (60 -

α) + ξ.

Figure 3.11 shows images of four representative patchy particles with patches

on opposite poles (two-pole patchy particles) obtained using the particle stamping
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method followed by GLAD. Figures 3.11(a) and (b) depict the images of 2.5 µm plain

PS particles where each of the gold patches covers ∼ 25 % of the particle surface

(θ = 30◦). Figures 3.11(c) and (d) are the images of 2.5 µm PS particles with each

of the gold patches covering ∼ 11 % of the particle surface (θ = 10◦). For imaging

of the two-pole patchy particles, a diluted drop of particle solution (< 1 % w/v)

is dried on a wafer. This low concentration of particles is used to avoid clustering

and multilayers of particles caused by the convective assembly of particles because

of immersion capillary forces during droplet drying.77 Thus after drying the two-pole

patchy particles are randomly oriented on the substrate wafer as seen in Figure 3.11.

The leading and the lagging segments of the patch boundaries can be identified in

the SEM images of the particles. The leading boundary (LDB) caused by the shadow

effect of neighboring particles within the particle monolayer is sharp, whereas the

lagging boundary (LGB) is diffuse due to the tangency of the metal vapor rays to the

particles.

The particle stamping technique allows us to produce two-pole patchy particles,

particles with two independent, non-overlapping patches. The accuracy of the

stamping technique lies in efficiently inverting the close-packed particle monolayer

and is evaluated by comparing the experimentally observed patch geometries of

two-pole patchy particles with the mathematically predicted ones. The angle of

vapor deposition, θ, the monolayer orientation, α, and the angle between the two

depositions, ξ, are the essential parameters to obtain the mathematically modeled

patch geometries for the two-pole patchy particles. The angles θ and ξ are known

from the experimental conditions and from the assumption that the monolayer is

accurately inverted. The random orientation of the individual particles prevents the

identification of the exact monolayer orientation, α, the particles had in the original

monolayer prior to removal from the PDMS stamp. Thus, α is guessed and fitted

by overlaying of the modeled patch geometries with SEM images of fabricated two-
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Figure 3.12: Mathematical predictions of patch orientations for two-pole patchy particles
overlaid on two-pole patchy particles obtained experimentally. The mathematically
obtained patch geometries are indicated by a solid line and are matched with the
experimental patch geometries through manual rotation. The SEM images show two-pole
patchy particles obtained from a deposition at (a) θ = 30◦ and ξ = 180◦ and (b) θ = 10◦

and ξ = 180◦. The respective mathematically modelled patch geometries are obtained with
(a) θ = 30◦, α = 15◦, and ξ = 180◦ and (b) θ = 10◦, α = 0◦, and ξ= 180◦.

pole patchy particles. The diffusiveness and sharpness of patch boundary segments is

used to distinguish between the lagging and the leading boundary of the individual

patches in the SEM images. The orientation of the monolayer from which the particle

originated is estimated by observing the symmetry of the leading boundary of the

individual patches. Monolayer orientations of α = 0◦ and α = 30◦ always lead to

symmetric leading boundaries and thus, individual patches of particles from 0◦ and

30◦ orientations are symmetric with respect to the axis passing through the center

of the sphere, while the patch geometries of particles from all remaining monolayer

orientations are asymmetric. The estimated monolayer orientation, α, of the first

patch dictates the patch geometry calculated for the second patch. The orientation

of the inverted monolayer (ά) for the second vapor deposition at ξ = 180◦ does not

change for α = 0◦ and α = 30◦ but changes to (60 - α)◦ for all other α values. The

estimated monolayer orientation, α, with the resulting orientation of the inverted

monolayer ά (assuming the monolayer is accurately inverted) is used to predict

the geometries of the two-pole patchy particles mathematically. Figure 3.12 shows

such a prediction from the mathematical model used on two representative two-pole
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patchy particles. The mathematically obtained geometries of the patchy spheres are

then rotated manually to match the orientations observed experimentally. If the

experimental and the modeled spheres with patches cannot be matched, a new α

is used in the mathematical model for calculating the first patch and the matching

procedure is repeated. The accuracy of the predicted monolayer orientation obtained

in this manner is ± 3◦ of α.

3.2.3 Summary

In summary, we have reported the fabrication of patchy particles with controllable

patch size and shape employing the GLAD technique. Particles with a patch

size as small as 3.7 % of the particle surface are fabricated. The experimentally

observed patch geometries show good agreement with the mathematically predicted

geometries. GLAD is further extended to produce multifunctional patchy particles

with a controllable overlap of the patches. The particle stamping technique along

with GLAD is used to fabricate patchy particles with patches on opposite poles.

The experimental technique developed to produce patchy particles has a potential

to produce a wide variety of patchy particles with easily controllable experimental

parameters such as the angle of vapor deposition, the angle between successive vapor

depositions, and the number of vapor depositions.



Chapter 4

Application of Patchy Particles

4.1 Dielectrophoretic assembly of patchy particles

This chapter demonstrates the directed assembly of patchy particles by application

of external electric fields. The AC (Alternating Current) dielectrophoretic (DEP)

assembly of patchy particles into a variety of 2D crystals is investigated. Patchy

particles possess metallo-dielectric properties due to the presence of metallic (Au)

patches on dielectric (PS) particles. The crystal structures assembled from these

particles are strongly dependent on the dielectric properties of the particles used in

the system. Thus, controlling the metallic and the dielectric properties of patchy

particles can be implemented to direct their assembly into a variety of controlled,

predefined structures. The metallo-dielectric properties of particles can be easily

tuned by controlling the amount of metal patch on the particles. In the following, we

show that as the size of the patch is varied from 50 %17 to 25 % to 11 % of the particle

surface, we can tune the DEP assembled crystal structure from staggered chains (50

%17 and 25 %) with a variable chain width to network structures of particles (11 %).

Further, we show that patchy particles with patches on opposite poles lead to the

formation of a network of diagonal chains. This work is performed in collaboration

with Mr. S. Gangwal and Dr. O. D. Velev at NC State University.

42
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4.1.1 Introduction

The fabrication of 2D crystals or 3D structures of particles has been an area of

interest for research in the past few years. Particle assembly can be directed into well-

defined structures by external agents such as organic linker molecules or external fields

such as electric or magnetic fields.78–80 Application of an external electric field has

the clear advantage that the experimental parameters such as intensity and frequency

of the applied field can be easily varied. Thus, precise tuning of the forces exerted on

the particles in a DEP experiment is achievable.

A suspension of dielectric particles when subjected to an external electric field,

E0, leads to polarization of the particles. For a dielectric particle suspended in a

dielectric fluid, charge of opposite sign accumulates at either side of the particle when

an electric field is applied. This charge separation gives rise to a dipole moment

around the particle. The induced dipole moment of a spherical particle (radius r)

in an electric field is dependent on the dielectric properties of the particle and the

medium in which the particle is suspended and is given as81

p = 4πr3ε1

{

ε̃2 − ε̃1

ε̃2 + 2ε̃1

}

E0 (4.1)

where subscripts 1 and 2 refer to medium and particle respectively. The complex

dielectric constant (ε̃) is defined as

ε̃ = ε+
σ

iω
(4.2)

where ω = 2πf is the angular frequency of the external electric field, i =
√
−1, and σ

is the conductivity. The significant characteristic of the complex dielectric constant

is that it is frequency dependent (i.e., it contains an ω term). At higher frequencies

(ω → ∞), the imaginary term vanishes and ε̃ is dominated by the permittivity, while
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at lower frequencies (ω → 0), ε̃ is dominated by the conductivity. The bracketed term

in Eq.(4.1) is called the Clausius-Mossotti factor (K).

Colloidal particles when subjected to an external electric field experience elec-

trokinetic phenomena due to the electrostatic interactions of the particles with the

environment. The well-known electrokinetic phenomena, electrophoresis, is produced

as an effect of the force exerted on a charged particle due to the attraction between the

electrodes and the charged particle. Another important electrokinetic force, known as

dielectrophoresis, is the force exerted on particles due to a non-uniform electric field.

Application of an AC electric field across a colloidal suspension is the most commonly

used technique to manipulate particles since in an AC electric field, particles are not

directly attracted towards the electrodes as the sign of the electrode polarization is

changing continuously. The induced dipoles within the particles interact with the

non-uniform external electric field, which results in a dielectrophoretic (DEP) force

acting on them. The exerted DEP force is proportional to the gradient of the field

square, ∇E2, and is given as:

F = (p · ∇)E (4.3)

where p is the dipole moment given by Eq.(4.1). Thus the DEP force can be

expressed as:

FDEP = 2πr3ε1Re|K(ω)|∇E2 (4.4)

The sign and the magnitude of the polarizability of the particles is given by the

real part of the Clausius-Mossotti factor, K,

Re|K| =
ε2 − ε1

ε2 + 2ε1

+
3(ε1σ2 − ε2σ1)

τMW (σ2 + 2σ1)2(1 + ω2τ 2
MW )

(4.5)

where ε1 and σ1 are the dielectric permittivity and conductivity of the medium
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and ε2 and σ2 are that of the particle. τMW is the Maxwell-Wagner charge relaxation

time. If the particles are more polarizable than the medium, they are attracted

towards a region of maximum field intensity, which is referred to as positive DEP. On

the other hand, if the particles are less polarizable than the medium, it is referred

to as negative DEP. The polarizability of the particles and the medium is dependent

on the field frequency. Thus, for a particle it is possible to experience either positive

DEP or negative DEP depending on the frequency of the applied field.

The induced dipoles within the particles not only interact with the external

electric field but also interact with other induced dipoles of neighboring particles.

The interaction between the induced dipoles results in an attractive chaining force

given as:

Fchain = −Cπε1r
2K2E2 (4.6)

The chaining force is always attractive and positive. The attractive chaining force

leads to the assembly of dielectric particles into chains. The chains attract each

other (attractive force between chains) leading to 2D crystals of the particles with

hexagonal close packing.

The assembly of particles in an AC electric field is controlled by physical

parameters such as field strength and field frequency. Apart from these external

forcing parameters, the intrinsic dielectric properties of patchy particles play an

important role in governing the assembly. The phenomenon of the assembly of

metallo-dielectric patchy particles in AC electric fields is more complex than that of

regular plain particles, as patchy particles have both metallic and dielectric properties.

Assembly of patchy, metallo-dielectrophoretic particles into staggered chains and

network structures is reported and the proposed model is discussed in the section

following the experimental results.
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4.1.2 Experimental Setup for the DEP assembly

The schematic of the DEP experimental cell is shown in Figure 4.1. The cell

consists of two co-planar gold electrodes deposited on the same side of a glass slide.

The width between the two electrodes is ∼ 2 - 3 mm. The gold electrodes are deposited

on a glass slide in a metal evaporator (Cressington 308 R, Ted Pella, Inc.). A thin

titanium layer (4 - 6 nm) is deposited prior to gold deposition as an adhesion layer.

The thickness of the gold electrodes is ∼ 80 nm. The glass slide is precleaned with

sulfuric acid and Nochromix solution prior to use. A liquid blocker pen marker is

used to draw a hydrophobic spacer well on the electrodes. The well is drawn such

that it covers ∼ 1 cm2 area. A concentrated drop (2 - 3 µl) of patchy particle solution

in water is placed inside the well. The concentration of the suspension is adjusted to

cover the entire well-area with a particle monolayer. A glass coverslip is then directly

placed onto the suspension spreading the drop inside the hydrophobic well.

Figure 4.1: Schematic of the experimental cell for DEP experiments with cross sectional
view.

An alternating electric field is generated by an Agilent 33220A function generator,

which can generate a square waveform up to 20 MHz and is connected to a high voltage

amplifier (Tegam-2350). For our experiments, alternating electric fields varying from

20 V to 100 V and frequencies from 20 kHz to 1 MHz are applied to the particle

suspension. The assembly of particles is observed using an Olympus microscope BX
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51 and the images are recorded by a u-eye camera model 2240c, which is mounted on

the microscope. A suspension of patchy particles, with gold patches covering 50 %,

25 %, and 11 % of particle surface are used for the DEP experiments.

4.1.3 DEP assembly of patchy particles

This subsection describes the experimental results of the DEP assembly of patchy

PS particles with 50 %, 25 %, and 11% gold caps. First, the assemblies observed for

different types of particles are presented. Then, a unifying model for the observed

assemblies is discussed.

Staggered chains of Janus (50 % gold-coated) particles Dielectrophoretic

assembly of Janus particles into staggered chains and 2D metallo-dielectric crystals

has been previously reported by Gangwal and Velev.17 For our experiments with

patchy particles, we first reproduced the results obtained with the Janus particles

and then moved on to the patchy particles. Figure 4.2 shows the assembly of Janus

particles in staggered chains at low particle concentrations (Fig. 4.2(a)) and 2D

crystals at higher particle concentrations (Fig. 4.2(b)). The assembly of staggered

chains is verified for two different sizes of particles 5 µm and 2.4 µm, respectively.

The assembly of Janus particles into staggered chains is described in detail by Velev

et.al.17 and a brief description is given here.

When subjected to an AC electric field, the metallic (gold) half of a Janus particle

is infinitely polarized as compared to the bare polystyrene half. In an electric

field Janus particles orient in such a way that the plane between the gold and the

polystyrene section is parallel to the external electric field (for schematic see Figure

4.7). This orientation of Janus particles is preferred as it leads to the largest induced

dipole moment in the direction of the electric field. Such a preferred orientation of

Janus particles is understood by the minimum energy of such orientations over the
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(a) (b)

Figure 4.2: Optical microscope images of (a) staggered chains of 5 µm Janus particles in
an AC electric field of 14.67 Vcm−1 and 75 kHz, and (b) 2D metallo-dielectric crystal of
2.4 µm Janus particles in an AC electric field of 23.33 Vcm−1 and 150 kHz. The direction
of the electric field is from top to bottom and the scale bars are 20 µm.

other orientations in simulations.17 Once the preferred orientation of the particles is

established, the double stranded chains of Janus particles are assembled in such a

way that the gold caps are in contact with each other and the polystyrene halves of

the particles are facing outward. Such an assembly of staggered chains is depicted

in Figure 4.2(a). In optical images, the gold caps of particles in contact with each

other can be identified as a lane of black gold lines along the chain in the direction

of the applied electric field. Increasing the particle concentration in the experimental

cell leads to 2D crystals of Janus particles (Figure 4.2(b)). Such a behavior of Janus

particles in an AC electric fields is observed at higher frequencies (> 10 kHz) and at

electric field strengths of 1 - 100 Vcm−1. At lower frequencies either straight chains of

particles or motion of Janus particles perpendicular to the electric field due to ICEP

(Induced Charge electrophoresis) are observed.58

Staggered chain assembly of 25 % gold-coated patchy particles Dielec-

trophoretic assembly of 25 % gold-coated patchy particles leads to the formation of

staggered chains and 2D metallo-dielectric crystals (Figure 4.3) similar to the behavior
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(a) (b)

Figure 4.3: Optical microscope images of (a) staggered chains of 2.4 µm patchy particles
(25 %) in an AC electric field of 33.33 Vcm−1 and 175 kHz and (b) 2D metallo-dielectric
crystal of 2.4 µm Janus particles in an AC electric field of 66.66 Vcm−1 and 75 kHz. The
direction of the electric field is from top to bottom and the scale bars are 10 µm.

observed for Janus particles. Lower concentrations of particles lead to staggered

chains of 25 % gold-coated patchy particles and increasing the particle concentration

leads to 2D crystals. The orientations of the gold caps of the patchy particles is similar

to that found for Janus particles, i.e., the particles are oriented such that the caps are

oriented perpendicular to the direction of the electric field. The staggered chains are

assembled in a way to form a gold lane of caps along the chain. A higher concentration

of particles (Fig. 4.3(b)) assembles the staggered chains into 2D crystals of patchy

particles.

Analysis of staggered chains obtained using 50 % (Janus) and 25 % patchy

particles, reveals the difference between the two configurations. Figure 4.4 shows two

exemplary staggered chains and the schematic of assembled Janus and 25 % gold-

coated patchy particles. Although the chains are assembled in a similar arrangement

with respect to the gold caps, the width of two staggered chains varies between the

two configurations. The width of the chains is determined to be ∼ (1.65 ± 0.5) D

in case of Janus particles and ∼ (1.8 ± 0.5) D in case of 25 % gold-coated patchy

particles (image analysis of 10 - 15 chains). When subjected to an AC electric field,
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(a) (b)

Figure 4.4: Optical microscope images and schematics of staggered chains of 5 µm (a)
Janus particles and (b) 25 % gold-coated patchy particles in an AC electric field. The
direction of the electric field is from top to bottom and D is the particle diameter.

metallo-dielectric patchy particles are polarized. The gold-coated part of particles is

infinitely polarized compared to the remaining dielectric polystyrene particle. The

assembly of the patchy particles into staggered chains is governed by the infinitely

polarized gold-coated part of the particles. The Janus/patchy particles assemble in

such a way that the largest dipole (inside the gold cap) is aligned in the direction of

the applied electric field. As a result, staggered chains with a conductive central lane

of gold caps are formed in the direction of the electric field.17

In the case of a 25 % gold-coated patchy particle, the portion of the particle

having a gold cap is concentrated towards the pole rather than extending towards

the equator of the particle as is the case for a Janus particle. Thus, the largest

dipole induced within the gold-coated part of the particle is concentrated at the gold-

capped pole. Concentration of the dipole at the particle pole, leads to an increase of

the chain width of the staggered chain formed by 25 % gold-coated patchy particles

to enable the dipole alignment in the direction of the electric field while allowing the

gold caps to touch each other for formation of a conductive lane along the center of

the staggered chains.



CHAPTER 4. APPLICATION OF PATCHY PARTICLES 51

(a) (b)

Figure 4.5: Optical microscope images of (a) horizontal and vertical chains of 11 % gold-
coated 5 µm patchy particles in an AC electric field of ∼ 50 Vcm−1 and 500 kHz and (b)∗

Network structure of 11 % gold coated particles at ∼ 30 Vcm−1 and 400 kHz. The direction
of the electric field is from top to bottom and the scale bars are 20 µm. (∗ obtained from
Gangwal from Expts. done at NCSU)

DEP assembly of 11 % gold-coated patchy particles DEP assembly of 50

% (Janus) and 25 % gold-coated patchy particles leads to staggered chains and 2D

metallo-dielectric crystals of patchy particles. Further reduction of the patch size

to 11 % of the particle surface leads to the assembly of such particles into chains

vertical and horizontal to the external electric field. Figure 4.5(a) shows such vertical

and horizontal chains assembled with the 11 % gold-coated 5 µm PS particles in an

AC electric field of ∼ 50 Vcm−1 and 500 kHz. A few staggered chains of particles

are also observed in addition to the vertical and horizontal chains. The vertical and

horizontal chains connect to each other to form a 2D network structure of particles

(Figure 4.5(b)). The orientation of the gold patches of the particles in the horizontal or

vertical chains can not be determined from the optical microscope images. However,

preliminary experiments with instantaneous field removal show rotation of particles,

which hints at a patchy particle orientation where the gold patches are aligned in

the horizontal direction of the chains. This observation of patch orientation is in

good agreement with the FEMLAB calculations of a stationary particle orientation
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(a) (b)

Figure 4.6: Optical microscope images of diagonal chains of two-pole patchy particles in
an AC electric field of (a) ∼ 40 Vcm−1 and 400 kHz and (b)∗ ∼ 30 Vcm−1 and 400 kHz.
Inset shows schematic of the two-patch particle assembly. The direction of electric field is
from top to bottom and the scale bars are 20 µm. (∗ obtained from Gangwal from Expts.
done at NCSU)

performed by our NCSU collaborators.

DEP assembly of patchy particles with patches on opposite poles. Patchy

particles with two patches on opposite poles are prepared as mentioned in Chapter 3.

The dielectrophoretic assembly of two-pole patchy particles with patches of ∼ 25 %

of the particle surface is shown in Figure 4.6. The two-pole patchy particles assemble

into diagonal chains.

The schematic of the DEP assembly of two-pole patchy particles is shown as an

inset in Figure 4.6(b). As indicated in the schematic, the gold caps on the poles

are infinitely polarized compared to the bare polystyrene particle core. At higher

frequencies, the dipoles in the caps are oriented in the direction of the electric field,

while the dipoles within the PS cores experience negative DEP and are oriented in

the opposite direction. Thus, the infinitely polarized gold caps control the assembly

of the two-pole patchy particles. Similar to the Janus and 25 % patchy particle case,

the two-pole patchy particles are assembled in such a way that the dipoles within the

gold caps are aligned and connected, leading to the assembly of diagonal chains.
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4.1.4 Discussion

In order to understand the differences between the assembly behavior of different

kinds of patchy particles, it is important to understand the frequency dependence of

the DEP force for dielectric particles.

The sulfate terminated latex particles have ionizable sulfate (SO−
4 ) groups on their

surface. In an electrolyte (e.g., water), at neutral pH these groups are negatively

charged and in order to maintain the charge neutrality, ions of opposite charge (+

ve) are attracted to the particle surface forming a thin layer of counter ions, which

is called a double layer. The double layer is composed of a bound or stern layer

and a diffuse layer. In the presence of an external electric field, the charges in the

bound layer move around the particle towards the opposite electrode and accumulate

at the interface between the particle and the bulk electrolyte. However, the ions

in the outside diffuse layer can exchange with the bulk, attempting to maintain the

electroneutrality by accumulating on the other side of the particle. Thus, the induced

dipole moment at lower field frequencies is attributed to the polarization of the double

layer.

Now, if the field direction is reversed, the induced dipole must reverse by the

movement of mobile ions in the double layer. Following the application of the field the

charges do not move instantaneously but the diffusion of charges has a characteristic

time required for electro-migration, which is O(l2/D) where D is characteristic ion

diffusivity. At low frequencies, the transport rates (movement of free charge) are fast

relative to the external forcing by the alternating field. Thus, at low frequencies, the

induced dipoles follow the imposed field exactly and are attributed to the polarized

double layer. At higher frequencies, the ion transport can no longer match the

frequency of the change in the direction of the imposed electric field. Thus, the free

charge movement is no longer a dominant mechanism responsible for the charging

at the interface, instead polarization of the bound charges (permittivity) dominates.
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Figure 4.7: Proposed model for DEP assembly of (a) 50 %, (b)25 %, and (c) 11 % patchy
particles in AC electric field at low and high frequency.

Because the dielectric constant of polystyrene (2.4 - 2.7) is much smaller than the

dielectric constant of water (80 - 88 at 25◦C), PS particles experience negative DEP,

where the induced dipoles are aligned opposite to the direction of the external electric

field.

Figure 4.7 depicts our proposed model for DEP assembly of patchy particles. Plain

polystyrene particles experience positive DEP at low frequencies and then negative

DEP at higher frequencies (Fig. 4.7(a)). The frequency at which the transition

takes place is referred to as Maxwell-Wagner cross over frequency.82,83 In the case of

patchy particles, the gold-coated part of the metallo-dielectric polystyrene particles

is infinitely polarized due to the free electron transport through the metal. Thus, the

cross over frequency of the gold-coated half is well above the operating frequency range

of the experiments. As a result the free electron transport in metals always dominates
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the external forced switching of the AC electric field. At lower field frequencies, both

the metal-coated and uncoated parts of patchy particles experience positive DEP,

where the dipoles are oriented in the external field direction. However, at higher field

frequencies the uncoated polystyrene part experiences negative DEP and the gold-

coated part still experiences positive DEP. Owing to the fact that the induced dipole

within the gold-coated part is larger than that of the PS part, the assembly of such

particles is governed by the gold-coated portion of the spheres. As a result Janus (50

% coated) and 25 % gold-coated particles assemble into staggered chains to align the

dipoles of their gold caps.

In order to understand the assembly of 11% gold-coated patchy particles into

chains perpendicular to the direction of the external electric field, a review of DEP

assembly of mixtures of particles experiencing positive (particles more polarizable)

and negative (particles less polarizable) DEP is helpful. Figure 4.8 shows the electric

field distribution for two different particles, one more polarizable (dark sphere) and

the other less polarizable (white sphere) than the medium, when aligned along or

perpendicular to the external field. Figure 4.8(a) suggests that the more polarizable

particle is attracted to the high-field regions around the less polarizable particle,

which are located at the poles along the axis perpendicular to the field direction.

Similarly, the less polarizable particle is attracted to the low-field regions of the more

polarizable particle, which are located at the poles perpendicular to the field direction.

Thus, the assembly in Figure 4.8(a) represents an unstable configuration and the one

in panel 4.8(b) is the stable configuration, which is in the direction perpendicular to

the direction of the external field.83 Note, the direction of the electric field is from

left to right.

Such perpendicular chains have been observed experimentally by Giner et. al. in

the mixture of particles.84 Exactly the same mechanism is observed in the case of 11

% patchy particles, i.e., the particles behaves as “quadrapoles”. To minimize the field
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Figure 4.8: Magnitude of electric field around two particles, one more polarizable (dark)
and the other less polarizable (light) than the medium. Particles aligned (a) parallel and
(b) perpendicular to the field.83

potential, such quadrapoles assemble into vertical and horizontal chains as shown in

Figure 4.7 and lead to a network structure of patchy particles. Apart from these

structures simulations have also suggested that the staggered chains of 11 % patchy

particles are the next favorable configurations at a slightly higher energy, which occurs

due to aligning of gold-cap dipoles. The DEP assembly of two-pole patchy particles

into diagonal chains can be explained in a similar fashion, where the two caps on

the opposite poles of the particles are polarized infinitely. The two caps experience

positive DEP at higher field frequencies, which leads to diagonal chains as shown

schematically in the inset of Figure 4.6.

4.1.5 Summary

In this section we have presented the directed assembly of patchy particles in

the presence of an external AC electric field. The dielectrophoretic assembly of

patchy particles in AC electric fields is qualitatively different from that of plain

polystyrene particles. The metallo-dielectric properties of the patchy particles lead

to their assembly into unique crystal structures such as staggered chains or network

structures, which are not accessible via regular plain PS particles.
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The DEP assembly depends on physical parameters such as the field strength and

the field frequency. Our studies indicate that the assembly can be controlled not

only by these experimental conditions but also by controlling the metallo-dielectric

properties, i.e., the patch size of the patchy particles. Janus particles (50 % patch)

and 25% gold-coated patchy particles assemble into staggered chains with variable

chain widths. Further reduction of the patch size to 11 % of particle surface leads

to horizontal and vertical chains of particles and the formation of particle network

structures. The assembly of patchy particles is explained by a simple theoretical

model taking into account that the highly polarizable gold patches of the patchy

particles govern the DEP particle assembly.

4.2 Patchy particles as osmotic motors

This chapter demonstrates an application of patchy particles as autonomously

moving osmotic motors. The autonomous motion of polystyrene particles coated

with platinum (Pt) patches in hydrogen peroxide (H2O2) solution is analyzed. The

trajectories of the particles obtained from particle-tracking are used to determine the

particle velocities. Our studies show that the velocity of particles can be controlled

by varying the Pt patch-size on the particle surface. The particle velocity increases

exponentially as the patch-size increases from 11 % to 25 % to 50 % of the particle

surface. The particle motion is analyzed mathematically using a model proposed

by Anderson et. al.,85 which had been previously developed to study the motion of

particles in a concentration gradient of non-electrolyte solutes. Our extended model

solves the Stokes equation of flow analytically with an additional body force term

generated by the concentration gradient due the surface reaction.
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4.2.1 Motion of particles in chemical gradients

When a particle is placed in a fluid with a non-uniform solute concentration,

the particle moves towards higher or lower concentration depending on the specific

interaction of the solute with the particle. A detailed theoretical analysis of the

motion of particles placed in a non-uniform solute concentration has been reported

by Anderson.63,85 The analysis solves the equations of mass and momentum balance

in the vicinity of the particle.

The concentration gradient of the solute does not necessarily have to be imposed

on the particle by the surrounding medium, but the particle itself can generate such

a gradient through a reaction on part of its surface. Such a motion of particles

caused by a solute gradient generated by the particle itself is also referred to as

self-diffusiophoresis. Self-diffusiophoretic motion of Pt-Au nanorods60,61 and Janus

particles coated with 50 % Pt45 has been reported recently. Various mechanisms such

as an interfacial tension gradient,60 a propulsion mechanism,62 and an effective slip

velocity model86 have been proposed to explain the motion. Recently, Figueroa and

Brady proposed an osmotic pressure model to explain the self-propulsion of colloidal

particles immersed in a dispersion of bath particles.87

In our study, we analyze the motion of patchy particles with platinum patches in a

3 % (v/v) H2O2 solution. The effect of the patch size on the particle motion is studied

for two particle sizes. The platinum patch covering a part of the particle surface

decomposes hydrogen peroxide into water and oxygen, which generates a solute

(H2O2) and O2 gradient around the particle. The H2O2 concentration gradient leads

to an imbalance of body force acting on the particle, resulting in their autonomous

motion. The experimental study of the motion of patchy particle is reported in

the next subsection. Following the experimental subsection, a mathematical model

is presented, which has been developed to describe the autonomous motion of the

particles.



CHAPTER 4. APPLICATION OF PATCHY PARTICLES 59

4.2.2 Experimental details

Patchy particles (5 µm and 2.4 µm sulfate latex PS) with Pt patches covering 50 %,

25 %, and 11 % of the particle surface are fabricated using GLAD. After deposition,

the particles are redispersed in DI water. The experimental cell for studying the

particle motion is comprised of a glass slide and a silicone isolator well (Invitrogen

Corp.). The silicone well (9 mm dia. and 0.5 mm depth) adheres to the precleaned

glass slide with the help of an adhesive present on the well surface. 6 % (v/v) H2O2

solution is prepared from a stock solution of 30 % H2O2. For the experiments, 10 µl

of the 6 % (v/v) H2O2 solution is mixed with the 10 µl of the patchy particle solution

in the well, which results in a 3 % (v/v) or 4.3 % (w/v) H2O2 solution. The cell is

covered with a cover slip to avoid any motion within the liquid due to air currents

and to reduce evaporation.

The particle motion is observed using an Olympus BX-51 microscope with a ×20

objective and is recorded with a u-eye 2240c camera at a rate of 10 frames per second.

A movie of 500 frames (50 s) is recorded for each particle. ImageJ software is used to

adjust the contrast threshold of the frames obtained from the movie and to obtain the

particle positions (x,y) in each frame. The particle trajectories (x,y,time) are then

obtained using a modified Matlab program originally written by John C. Crocker.

The trajectories of the particles are used to calculate the particle velocities. For

each type of patchy particle, at least 15 separate particle trajectories are tracked and

analyzed. Only the particles sitting in the proximity of the glass slide are used for the

analysis. Particles in solution away from the glass surface cannot be tracked as their

random motion takes them out of focus of the microscope hindering image analysis.

Using the × 20 and × 50 objectives of the microscope, no evolution of oxygen bubbles

is observed on the particle surface. After ∼ 10 minutes, oxygen bubbles of about 10

µm size are observed on the glass slide. Following the appearance of oxygen bubbles

in the cell, the particle tracking is stopped as the particle motion might be affected
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by the bubbles in the solution.

4.2.3 Analysis of particle motion by particle tracking

All the experiments of the particle tracking are performed at a fixed 4.3 % (w/v)

H2O2 concentration. Figure 4.9 shows a representative overlay of optical microscope

images at different time intervals (△t = 10 s) representing the autonomous motion

of 25 % Pt-coated 5 µm patchy particles in a 4.3 % (w/v) H2O2 solution. The

autonomous motion of 5 µm and 2.4 µm Pt-coated patchy particles is studied varying

the patch size from 50 % to 11%.

Figure 4.10 shows 50 s trajectories of four 2.4 µm particles as the patch size is

varied from (a) 50 %, to (b) 25 %, to (c) 11 % of the particle surface. Figure 4.10(d)

shows the trajectories of four particles without Pt modification exhibiting Brownian

motion. The trajectories of the 4 particles per patch size shown in Fig. 4.10 are

scaled to start from the same origin. The velocity of the particles is obtained by

calculating the mean square displacement of the trajectories. The Brownian motion

of a particle with a radius a shows a linear mean square displacement in time with

the slope controlled by the diffusion coefficient, D = kBT/(6πµa), where µ is the

viscosity and kBT is the thermal energy.

The particles also undergo rotational diffusion with a rotational diffusion coef-

ficient τ−1
R = kBT/(8πµa

3). Brownian diffusion is a completely random motion of

particles. On the other hand, the motion observed in the case of patchy particles is

a directional motion at small time scales and becomes random over time. A particle

propelled with a velocity V leads to the coupling of rotational and translational

diffusion. The 2D mean square displacement is given as,45,88

∆L2 = 4D∆t+
V 2τ 2

R

2

{

2∆t

τR
+ e−2∆t/τR − 1

}

(4.7)
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Figure 4.9: Overlay of optical microscope images from different frames (10 s time interval)
of seven autonomously moving 5 µm PS particles coated with 25 % Pt. The displacement
of particles between two subsequent frames is represented by arrows.

(a) (b)

(c) (d)

Figure 4.10: 50 s trajectories of four representative (a) 50 %, (b) 25 %, (c) 11 % Pt-coated
and (d) unmodified 2.4 µm PS particles. The x and y axes represent a pixel scale with 200
pixels = 16 µm. Particle trajectories of different particles are differentiated by colors.
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Figure 4.11: Mean squared displacement as a function of time for 25 % Pt-coated patchy
particle with trajectory shown as the inset. The trajectory is fitted to Eq.(4.7), resembling
a parabola (red dotted line) at ∆t << τR and a straight line (blue dotted line) at ∆t >> τR.

(a) (b)

Figure 4.12: Velocities of patchy (a) 5 µm, and (b) 2.4 µm PS particles determined from
their t << τR behavior as a function of patch size (50 %, 25 %, and 11 % of the particle
surface).

∆L2 = 4D∆t+ V 2∆t2 ∆t << τR (4.8)

∆L2 = (4D∆ + V 2τR)∆t ∆t >> τR (4.9)

The limiting forms of Eq.(4.7) indicate that at short times (∆t << τR) the

displacement is linear in time, while at higher times (∆t >> τR) the displacement is
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random with an effective diffusivity Deff = D + (1/4)V 2τR.45 Figure 4.11 shows a

plot of the mean square displacement of a 25 % Pt-coated 2.4 µm PS particle, as a

function of time fitted to equations (4.8) and (4.9). The particle trajectory is shown

in the inset. The parabolic nature of the plot during short times is explained by the

propulsion due to the particle velocity V . The plot is fitted to determine V,Dparticle,

and τR. For each type of particle at least 15 particle trajectories are tracked and

analyzed to find out the effect of the patch size on the particle velocity. Figure 4.12

shows the particle velocity plotted as a function of the patch size for (a) 5 µm and

(b) 2.4 µm particles. The velocities represented in Fig. 4.12 are the average velocities

obtained from 15 - 20 particles and the error bars indicate the standard deviation of

the measured velocities. The velocity plots indicate that for both 5 µm and 2.4 µm

PS particles the velocity increases with the patch size. The velocity behavior shows

that as the patch size becomes larger and larger, the effect of the patch size on the

velocity is diminished.

4.2.4 Autonomous particle motion due to a self-inflicted

concentration gradient

Different possible hypotheses have been postulated to describe the motion of Janus

particles including, models based on an interfacial tension gradient,60 a slip velocity

on the particle surface,86 or an osmotic force propulsion.87 Since oxygen bubbles are

not observed on the platinum caps in our studies, we can neglect the interfacial tension

gradient and describe the motion of the patchy particles based on the concentration

gradient of the H2O2 solute. The sharp concentration gradient across the particle is

generated due to the surface-catalyzed decomposition of H2O2 only on the part of the

particle surface covered with platinum. The motion of the particles is attributed to an

imbalance in the body force of H2O2 and O2 around the particle. A comparable kind

of particle motion caused by an imbalanced body force but in a linear concentration
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gradient has been analyzed by Anderson et. al.85 In our study, we have a non-

linear H2O2 concentration profile around the patchy particles, which is a function of

the patch size. Owing to the H2O2 decomposition catalyzed by Pt, the concentration

profile determines the imbalanced body force. The Stokes equation at small Reynolds

numbers including the body force term is solved analytically to determine the particle

velocity. The analytical solution is briefly discussed in this sub-section and a detailed

derivation of all the equations is provided in Appendix A.

The diffusion equation in the absence of convective transport (low Péclet number)

for hydrogen peroxide can be written as:

D∇2C = 0 (4.10)

Assuming the azimuthal symmetry, the axisymmetric Laplace equation in spher-

ical coordinates can be written as:

D

{

∂

∂r

(

r2∂C(r, θ)

∂r

)

+
1

sin(θ)

∂

∂θ

[

sin(θ)
∂C(r, θ)

∂θ

]}

= 0 (4.11)

subject to the boundary conditions:

lim
r→∞

C(r, θ) = C∞ (4.12)

and
C(a, θ) = 0, 0 ≤ θ < αPt (4.13)

∂

∂r
C(a, θ) = 0, αPt < θ ≤ π (4.14)

where a is the particle radius and αPt is the platinum cap angle. The platinum

cap angle, αPt, is the percentage circumference covered by the Pt cap expressed

in an angle, assuming an azimuthal symmetry. The boundary condition (4.13) is

based on the assumption of an instantaneous reaction and Eq.(4.14) represents a

no-flux boundary condition at the particle surface. The radial coordinate and the
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concentration are non-dimensionalized by,

R =
r

a
, C̄(R, θ) =

C(r, θ)

C∞

. (4.15)

Separation of variables gives the solution of the Laplace Eq.(4.11) in terms of a

non-dimensionalized concentration as:

C̄(R, θ) =

∞
∑

n=0

[

BnR
n + AnR

−(n+1)

]

Pn(cos θ) (4.16)

where Pn(cos θ) are Legendre polynomials of the order n. Using the non-dimensionalized

form of the boundary condition (4.12), we get

B0 = 1, Bn = 0, n > 0 (4.17)

∴ C̄(R, θ) = 1 +

∞
∑

n=0

AnR
−(n+1)Pn(cos θ) (4.18)

Substituting Eq.(4.18) into the boundary conditions (4.13) and (4.14) yields the

dual Fourier-Legendre series

∞
∑

n=0

AnPn(cos θ) = −1, 0 ≤ θ < αPt (4.19)

and
∞

∑

n=0

(n + 1)AnPn(cos θ) = 0, αPt < θ ≤ π (4.20)

The constants An are obtained by solving the dual series (4.19) and (4.20), which

gives the concentration distribution (4.18). The analytical solution for the dual

Fourier-Legendre series is adopted from the literature.89 Figure 4.13 depicts a

non-dimensionalized concentration profile of hydrogen peroxide around the patchy

particles with patch sizes of 50 %, 25 %, and 11 %, respectively. The blue-colored

region indicates low H2O2 concentration (near Pt cap on the particle surface) and
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Figure 4.13: Non-dimensionalized concentration profile (C̄(R, θ)) of H2O2 around a patchy
particle coated with Pt (a) 50 % patch (cap angle = 0.5 π), (b) 25 % patch (cap angle =
0.26 π), and (c) 11 % patch (cap angle = 0.2 π). The blue-colored region indicates low H2O2

concentration (near Pt cap on the particle surface) and the red-colored region indicates the
uniform bulk concentration far away from the particle.

the red-colored region indicates the uniform bulk concentration far away from the

particle.

The short range physical interaction between the solute (hydrogen peroxide) and

the particle is described by a potential of mean force φ. The solute molecules

experience a force of −∇φ in the proximity of the particle within a thin interfacial

layer. In our analysis φ is assumed to be only a function of r. The coupling of the

concentration field near the particle and the force field −∇φ produces stresses near

the particle surface, which results in the motion of the fluid. The continuity and the

Naiver-Stokes equation at low Reynolds number are

∇ · v = 0, (4.21)

µ∇2v −∇p− C∇φ = 0, (4.22)

v = 0 (r = a), (4.23)

v → −Ueφ (r → ∞), (4.24)

where U is the unknown particle velocity. A stream function (ψ) is defined by

v =
eφ

r sin θ
×∇ψ(r, θ) (4.25)
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The pressure gradient term in Eq.(4.22) is eliminated by taking the curl of both sides

of the equation.90,91 Simplification of Eq.(4.25) gives,

∴ µ
eφ

r sin θ
E4ψ = (∇C) × (∇φ) =

(

− 1

r

∂C(r, θ)

∂θ

∂φ

∂r

)

eφ (4.26)

The simplified non-dimensionalized form of the Eq.(4.26) is given as

E4Ψ = −Λ

∞
∑

n=1

An

R(n+1)
Qn(η)(n)(n+ 1)

∂Φ

∂R
(4.27)

Λ =
C∞akT

µU
(4.28)

where R = r/a, Ψ = ψ/Ua2, and Φ = φ/kT . For convenience, we replace

cos(θ) = η and C
−1/2
n+1 = −Qn in Eq.(4.27) where polynomial functions C

−1/2
n+1 are

called Gegenbauer polynomials of degree (-1/2). The solution to Eq.(4.27) leads to

the particle velocity U . Eq. (4.27) can be split into two second-order equations.

E2Ψ = ω, (4.29)

E2ω = F. (4.30)

F = −Λ
∞

∑

n=1

[

An

R(n+1)
(n)(n + 1)

∂Φ

∂R

]

Qn(η) (4.31)

where the E2 operator takes the simplified form

E2 =
∂

∂R2
+

(1 − η2)

R2

∂2

∂η2
(4.32)

The homogeneous solution of Eq.(4.30) is obtained by the method of separation

of variables.92

ωhomo =

∞
∑

n=1

(anR
n+1 + bnR

−n)Qn(η) (4.33)

The non-homogeneous solution is obtained through a substitution of the form93
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ωnon−homo =

∞
∑

n=1

HnQn(η) (4.34)

Applying the operator E2 to ω (ω = ωhomo + ωnon−homo) and substituting in

Eq.(4.30), we obtain a second order equation for Hn as:

R2∂
2Hn

∂R2
− (n)(n+ 1)Hn = −Λ

An(n)(n + 1)

Rn+1

∂Φ

∂R
R2 (4.35)

The method of variation of parameters is used to obtain a non-homogeneous

solution of Hn, which leads to the complete solution of ω as, ω = ωhomo + ωnon−homo,

ω =

∞
∑

n=1

{

AnR
n+1 +BnR

−n − Λ̃

∫ R

R0

(s−(2n+1)Rn+1 −R−n)
∂φ

∂s
ds

}

Qn(η) (4.36)

Λ̃ = Λ
An(n)(n + 1)

(2n+ 1)
=
AnC∞akT (n)(n + 1)

µU(2n+ 1)
(4.37)

Substituting ω in Eq.(4.29), we get a non-homogeneous equation for Ψ, which is

similar in structure to Eq.(4.30). Following the same solution procedure from (4.33)

to (4.36), we get the solution for Ψ as:

Ψ =
∞

∑

n=1

{

AnR
n+3 +BnR

−n+2 + CnR
n+1 +DnR

−n − gn(R)

}

Qn(η) (4.38)

gn(R) =
1

(2n+ 1)

∫ R

R0

(t−nRn+1 − R−ntn+1)fn(t)dt (4.39)

fn(t) = Λ̃

∫ t

R0

(s−(2n+1)tn+1 − t−n)
∂Φ

∂s
ds (4.40)

The solution to Eq.(4.38) is sought with respect to the boundary conditions

Ψ(1) = Ψ′(1) = 0 (4.41)
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Ψ(∞) → 1

2
R2 sin2 θ (4.42)

Substituting the boundary conditions (4.41) and (4.42) in (4.38) and matching the

powers of sin θ, we get the constants as:

An = 0, (n ≥ 1) (4.43)

C1 = −1, Cn = 0, (n > 1) (4.44)

B1 = −3

2
C1 +

1

2

(

g1 +
∂g1

∂R

)

R→1

, Bn =
1

2

(

gn +
∂gn

∂R

)

R→1

, (n > 1) (4.45)

D1 =
1

2
C1 +

1

2

(

g1 −
∂g1

∂R

)

R→1

, Dn =
1

2

(

gn − ∂gn

∂R

)

R→1

, (n > 1) (4.46)

Thus, the solution for Ψ is given as:

Ψ =
(

B1R + C1R
2 +D1R

−1 − g1(R)
)

Q1(η)

+

∞
∑

n=2

{

BnR
−n+2 +DnR

−n − gn(R)

}

Qn(η) (4.47)

The drag on the particle in a non-dimensional form is calculated as :93,94

Fz

2πµUa
=

∫ π

0

{

R4 ∂

∂R

(

E2Ψ

R2

)−Q1(η)

sin θ
dθ

}

(4.48)

Eq.(4.48) does not contain a term for the body force, because of the assumption

that −∇Φ is only a function of R and not of θ. Note, E2Ψ = ω and is given by

Eq.(4.36). Also, using the orthogonality of Qn(η) polynomials, Eq.(4.48) can be

simplified to,

Fz

2πµUa
= B1 +

1

3

[

R4 ∂

∂R

(

f1(R)

R2

)]

R→1

(4.49)

where f1(R) is described by Eq.(4.40).

In order to obtain an expression for U in terms of known parameters, another

physical constraint is needed. This is achieved by equating the net drag force to zero.

Thus from Eq. (4.49):
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U = −1

3

{(

g̃1(R) +
∂g̃1(R)

∂R

)

R→1

}

− 2

9

{

R4 ∂

∂R

(

f̃1(R)

R2

)}

(4.50)

where g̃n and f̃n are obtained from Eq.(4.39) and Eq.(4.40) by multiplying gn and

fn by U .

g̃1(R) =
1

3

∫ R

R0

(t−1R2 − R−1t2)f̃1(t)dt (4.51)

f̃1(t) = Υ1

∫ t

R0

(s−3t2 − t−1)
∂Φ

∂s
ds (4.52)

Υn =
AnC∞akT (n)(n+ 1)

µ(2n+ 1)
(4.53)

It should be noted that the velocity obtained using Eq.(4.50) is based on the H2O2

concentration gradient only. The velocity is corrected by taking into account the drag

exerted by the concentration gradient of oxygen in Eq.(4.48). The concentration

gradient of water generated due to the reaction is negligible as the solvent is water

itself. Then it can be easily shown that the corrected particle velocity is,

U = −1

3

{

1

2

(

g̃1(R) +
∂g̃1(R)

∂R

)

R→1

+
1

3

(

R4 ∂

∂R

f̃1(R)

R2

)

R→1

}

H2O2

−1

3

{

1

2

(

g̃1(R) +
∂g̃1(R)

∂R

)

R→1

+
1

3

(

R4 ∂

∂R

f̃1(R)

R2

)

R→1

}

O2

(4.54)

Eq.(4.54) can be used to calculate the particle velocity for a given potential

function Φ, which appears in g̃1(r) and f̃1(r) through equations (4.51) and (4.52).

The direction of the particle motion is governed by the contributions from the H2O2

and O2 concentration gradients in Eq.(4.54).
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4.2.5 Validation of the proposed theory using the experimen-

tal results

In order to explain the motion of the patchy particles through the proposed theory,

it is essential to correlate the experimentally observed particle velocities (Fig. 4.12)

with the theoretically derived expressions for the particle velocities (Eq.(4.54)). More

precisely, the theory can be validated by determining the direction of the particle

motion and the measured velocity of the particles.

The direction of the motion of the patchy particles has not yet been confirmed

experimentally but can be determined by labeling the Pt patches with fluorescent

probes. Such fluorescently labeled patchy particles can visualize the direction of the

particle motion using fluorescence microscopy.

The correct choice of the potential function in the theoretical model will yield both

the direction and the magnitude of the velocity of the patchy particles. Although,

the exact potential functions cannot be determined experimentally, Lennard-Jones

(R−9 + R−3)or exponential potential function can be used in these equations.

Unfortunately, the Lennard-Jones potential goes to infinity at R = 1 (at the surface)

and the integrals in Eq.4.54 go to infinity. Thus, the velocity of the particle has to

be determined using another form of a potential such as an exponential potential.

4.2.6 Summary

In this section we demonstrated the application of patchy particles as au-

tonomously moving osmotic motors. The autonomous motion is attributed to the

solute concentration-gradient produced by the catalytic activity of the patches on

the particle surface. The motion of the Pt-coated patchy particles in an oxidative

environment of H2O2 is investigated as the patch size is varied from 11 % to 25 % to

50 % of the particle surface. Our study demonstrates that as the patch size increases,
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the particle velocity increases accordingly.

The motion of the patchy particles is analyzed mathematically using the hypoth-

esis that the imbalance of the solute concentration leads to an imbalance of the

body force experienced by the particle, which in turn propels the particle. The

concentration gradient of the solute is obtained around a patchy particle by solving

the diffusion equation. Note, the concentration gradients obtained here are based on

the assumption that the reaction is instantaneous on the patch surface. The Stokes

equation of motion with an additional body force term arising from the concentration

gradient is solved analytically to obtain an expression for the particle velocity. The

expression for the particle velocity, when fitted with the potential energy function, can

be implemented to estimate the particle velocity produced due to the concentration

gradient.

4.3 Self-assembly of T-structures using an Ising

lattice model

In this chapter we discuss a computational approach towards self-assembly of

specific target structures using patchy particles. The thermodynamic Ising lattice

model with principles of lattice Density Functional Theory (DFT) is employed

to describe the equilibrium self-assembly of anisotropic particles into a target T-

structure (Figure 4.14) as a function of interaction energies, concentration of particles,

and temperature. The T-structure is chosen as it represents an interesting model

structure for plasmonic waveguides,95 three-way connectors,96,97 and spin filters.98

The thermodynamic model shows the possibility of formation of the T-structure at

equilibrium but does not take into account the dynamics involved in the self-assembly.

The Dynamic Mean Field (DMF) model is employed to account for the dynamics

involved in the assembly. This section emphasizes the results obtained from the
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lattice DFT approach on assembling the T-structure with concluding remarks on the

implications of preliminary DMF calculations for future simulations.

(a) (b)

Figure 4.14: The model T-structures. (a) Symmetric middle particle : B1, and (b)
Asymmetric middle particle : B2

4.3.1 Ising Lattice model with principles of lattice DFT

Figure 4.15: The four orientations a four-pole particle can assume on each site of a planar
lattice. xk,p,i,j (p = A, Bn, or C and k = 1− 4) is the probability that the lattice site (i, j)
is occupied by a p type particle with orientation k.

The model used in the simulations is an Ising lattice model employing a lattice

density functional approach with anisotropic interactions between particles, as

developed by Aranovich and Donohue (AD).28 The Initial AD model (based on a

single anisotropic particle) is extended for a mixture of three types (A, Bn, and C) of

anisotropic particles. For generalization, the model is developed based on anisotropic

particles having four patches on their poles (Fig. 4.15). In the present model, particles

having three (A), two (Bn), and one (C) patches are used and the remaining pole

patches are considered as particle surfaces. Such four-pole patchy particles can orient

themselves in any of the four orientations on a lattice site (i, j) (i = −10 to 10 and

j = −10 to 10) as illustrated in Figure 4.15. The lattice site is either occupied by a



CHAPTER 4. APPLICATION OF PATCHY PARTICLES 74

particle or empty (i.e., occupied by a solvent molecule). The interactions between the

solvent molecule and the particle are neglected in the analysis. The order parameters

xk,p,i,j give the probability that the lattice site (i, j) is occupied by a p type particle

(p = A, Bn, C) with the kth orientation (k = 1−4). The probability for the site to be

occupied by a specific particle (A, Bn, or C) comes from the contribution of the four

orientations at the site and hereafter is referred to as the total density distribution of

this particle (ρp(i, j)) as given by Eq.( 4.55):

ρp(i, j) = x1,p,i,j + x2,p,i,j + x3,p,i,j + x4,p,i,j (4.55)

The anisotropic interactions between the particles are incorporated in the model

by assigning different interactions between different patches. The total Hamiltonian

of the system is calculated based on the interaction energy between two particles

sitting on neighboring sites. The Hamiltonian for two neighboring lattice sites in the

mean field approximation is given by Eq.( 4.56):

E =

(

1

2

) particle3
∑

a=particle1

particle3
∑

b=particle1

orientation4
∑

m=orientation1

orientation4
∑

n=orientation1

(ǫabmnp(a,m)p(b, n)) (4.56)

where ǫabmn is the interaction energy between the ath and bth type of particle (a,b

= 1 - 3) with contact points m and n (m,n = 1 - 4). P (a,m) and P (b, n) are the

respective probabilities for the neighboring lattice sites being occupied by an ath and

bth type of particle in such a way that they have a contact point m on the ath particle

and n on the bth particle. The Helmholtz free energy, F , is calculated based on the

total Hamiltonian, U , and the entropy (per site), S.

F = U − TS (4.57)

For an open system the grand potential, Ω, must be minimized at equilibrium, which
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gives a variational Eq.( 4.59) in the absence of an external potential.99

Ω[xk,p,i,j] = F [xk,p,i,j] −
p=3
∑

p=1

µp

{ i∗
∑

i=−i∗

j∗
∑

j=−j∗

k=4
∑

k=1

xk,p,i,j

}

(4.58)

δF [xk,p,i,j]

δxk,p,i,j

− µp = 0 (4.59)

where µp is the chemical potential of the species p. Using the equation for the intrinsic

Helmholtz free energy, F , a set of equations given by Eq.( 4.59) can be solved for the

equilibrium density distribution of the A, Bn, and C particles.

The bulk densities of the particles, x∞A, x∞Bn
, and x∞C referred to as the

concentrations of A, Bn, and C particles, respectively, are themselves solutions for

the equilibrium density distribution equations (4.59) due to the self-consistent nature

of the lattice density functional equations. In order to obtain non-uniform density

profiles, the system is perturbed by placing an A particle with a particular orientation

at the center point (0, 0) of the lattice. The equilibrium density distributions of A,

Bn, and C particles are studied around the A particle at (0, 0) and are calculated

based on the equality of the chemical potentials, which result from classical Ono

- Kondo theory. The non-linear simultaneous lattice density functional equations

for the equilibrium density distribution are solved using the method of successive

substitution with an initial guess of a random density distribution at all lattice sites.

The initial random density distributions at all lattice sites represent the mathematical

starting point for the successive substitution calculations and are not related to the

density distributions in the real system evolving towards equilibrium. The details of

the equations and the solution procedure are given in Appendix B.



CHAPTER 4. APPLICATION OF PATCHY PARTICLES 76

Table 4.1: Range of Parameters Explored in Calculations

Parameter Case 1a Case 2b

Temperature [K] 275 − 375 300

Interactions [eV]

Specific interactions strong attractive : 1.0 - 8.0 strong attractive : 2.5 - 3.5
in the T-structure weak attractive : 0.5 - 7.5 weak attractive : n.a.

Non-specific rest all attractive : 0 - 0.047 weak attractive: 1.0 - 2.0
interactions rest all repulsive: n.a. rest all repulsive 0.3 - 2.0

Concentration

A 0.001 0.0001 - 0.0005
Bn 0.003 0 - 0.0031
C 0.003 0 - 0.016

a T-structure with symmetric B1 particle. b T-structure with asymmetric B2 particle

4.3.2 Effect of parameters on the self-assembly of the T-

structure

Choice of parameters in the mathematical model : A system of three types

of particles with four poles gives rise to 82 independent parameters in three sets;

i.e., concentration (3), inter-particle interactions including only distinguishable pairs

(78), and temperature (1). The inter-particle interactions can be categorized as (i)

the interactions that lead to the formation of the T-structure including A - Bn and

Bn - C particle patch interactions, and (ii) the interactions that do not take part

in the formation of the T-structure and are responsible for uncontrolled particle

condensation such as A - C particle patch interactions and non-specific interactions

between patches and bare particle surfaces. The large number of parameters (82)

would require numerous calculations. Thus, we have reduced the parameter space to

8 parameters using the arguments given in the following subsection. The parameter

space investigated is summarized in Table 4.1.
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Case 1. Symmetric two-patch particle (B1): To form the T-structure shown

in Figure 4.14(a), both the A - B1 and B1 - C particle patch interactions must

be attractive. To ensure the binding of C particles to B1 particles in the T-shape

precursor, the B1 - C particle patch interaction should not only be attractive but has

to be more attractive than a certain threshold in order to avoid formation of an A and

B1 particle network. Thus, for Case 1 the B1 - C particle patch interaction is defined

as a strong attractive interaction, the A - B1 particle patch interaction is defined as a

weak attractive interaction. All other non-specific interactions between non-binding

patches and bare surfaces are summarized under the term rest all interactions. Since

rest all interactions account for attractive physical interactions, e.g., van der Waals

interactions (0.02 - 1.3 eV), the maximum attractive rest all interaction the system

can tolerate without non-specific condensation of particles are calculated.

Case 2. Asymmetric two-patch particle (B2) : In Case 2 (Figure 4.14(b)),

attractive interactions between identical patches are used to form the T-structure.

The asymmetry of the B2 particle patches ensures that the A particles will not bind to

the B2 particles in the T-shaped precursor formed by attractive interactions between

identical patches; therefore both the A - B2 and B2 - C particle patch interactions

are defined as strong attractive interactions. Note the strong attractive interactions

between identical patches not only allow binding of A - B2 and B2 - C particles

but also allow interaction of same-type particles (A-A, B2-B2, and C-C) leading to

various structures such as dimers, trimers, and chains (Figure 4.16). Thus, the relative

concentrations of A, B2, and C particles play an important role in the formation of the

T-structure. The equilibrium density distributions around the A particle at (0,0) are

studied with varying concentrations of A (0.0001 - 0.0005), B2 (0 - 0.0031), and C (0 -

0.016) particles. In contrast to Case 1, two groups of non-specific interactions; (i) weak

attractive interactions between non-identical patches and (ii) rest all interactions
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between patch/bare and bare/bare surfaces are defined.

4.3.3 Results and Discussion

This subsection describes the computational results of the effect of different

parameters such as concentration of (A, Bn, C) particles , interaction energies (strong

attractive, weak attractive, and rest all interactions), and temperature on finite

structures assembled at low concentrations of particles (< 1 %). The term “finite

structures” refers to structures formed by covalent interactions. An increase in either

the attractive interactions between the finite structures or the concentrations of

particles, can lead to a network of finite structures, hereafter referred to as phase

of non-specific condensation. The equilibrium density distributions of A, Bn, and C

particles around the A particle at (0,0) are used to differentiate the structure phase,

which can be either the finite structure or the non-specific condensation phase, from

the solvent-rich phase. Lattice sites with equilibrium density distributions of particles

of ∼ 1 (sites occupied by particles) constitute the structure phase, while the sites with

equilibrium density distributions of particles similar to the bulk density of particles

belong to the solvent-rich phase. Structural phase diagrams indicating regions with

particular structures observed in the simulations are constructed form the obtained

results. Figure 4.16 summarizes all the structures that form in Case 1 (Figure 4.16(a)-

(b)) and Case 2 (Figure 4.16(c)-(h)). The dotted ovals indicate binding sites that are

accessible to more than one particle. Note that in structures with more than one oval

all possible combinations of particles are accessible, i.e., 8 possible structures for the

T-structure in Figure 4.16(d).

Phase transition between different structures Multiple solutions of the

equilibrium density distribution equations are expected at the phase boundaries

between two structure phases and in the phase of non-specific condensation of particles
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Figure 4.16: Schematic representation of all structures observed in the two systems of
particles. Case 1: (a) T-structure and (b) non-specific condensation of particles. Case 2:
(c) T-structure, (d) incorrect T-structure, (e) condensation of A particles, (f) dimers of
B2/C particles, (g) chains of B2 particles, and (h) extended T-structure.
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each corresponding to a local minimum. The existence of such a large number of

degenerate low-energy states has been previously shown by Witman and Wang.34

The successive substitution method used to solve the density distribution equations

fails when multiple solutions to the equations exist and a different algorithm is

required.100 Thus, the phase boundaries described are not defined by the equality of

the chemical potential of the two adjacent phases with our method, but rather report

phase transition regions within which the exact transition boundary is located.

Case 1. Symmetric two-patch particle (B1): In all calculations performed

either T-structure formation in the finite structure phase (Fig. 4.16(a)) or non-specific

condensation (Fig. 4.16(b)) is observed. Within the T-structure, the positions in the

T-structure are occupied specifically by A, B1, and C particles, i.e., no distributions

of particles are observed at those lattice sites. An increase of the attractive rest

all interactions above a certain threshold results in a phase transition from the

T-structure to non-specific condensation, which is propagated through the strong

attractive B1 - C particle patch interactions. The attractive rest all interactions the

system can tolerate without the non-specific condensation can be determined and are

ploted in Figure 4.17 as strong and weak attractive interactions are varied.

Figure 4.17(a) shows that the attractive rest all interactions required for transition

from the T-shaped structure to non-specific condensation decrease with increasing

strong and weak attractive interactions. The attractive rest all interactions calculated

represent the maximum rest all interactions the system can tolerate without non-

specific condensation of particles. Every parameter combination below the line, where

strong and weak attractive interactions are equal (y = x), leads to a network of A and

B1 particles due to the competition of A and C particles for the terminal positions

in the T-shaped precursor. Figure 4.17(b) illustrates the effect of temperature

and strong attractive interactions on the maximum attractive rest all interaction
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(a) (b)

Figure 4.17: (a) Effect of strong and weak attractive energies on maximum rest all

attractive interaction energy for Case 1 at T = 300 K. The color bar indicates the magnitude
of attractive rest all interactions in eV., and (b) Effect of strong interaction energy at various
temperatures (275-375K) in Case 1 on maximum rest all attractive interaction energy. The
weak attractive interaction energy is kept constant at 0.5 eV.

leading to the transition. Parameter combinations below the curves lead to the T-

shaped structure, while those above lead to non-specific condensation. Lower strong

attractive interaction energies and higher temperatures allow the system to tolerate

higher attractive rest all interactions without particle condensation. Further, the

larger the strong attractive interactions, the smaller the effect of temperature on the

attractive rest all interaction is.

Case 2. Asymmetric two-patch particle (B2): The non-specific condensation

due to attractive rest all interactions as observed in Case 1 is avoided due to repulsive

rest all interactions in Case 2. In contrast to Case 1 where only the T-structure is

observed, several structures are found within the finite structure phase in Case 2 such

as (i) a mixture of T-structures (Figs. 4.16(c) and (d)), (ii) chains and extended

T-structure (Figs. 4.16(g) and (h)), (iii) condensation of A particles (Fig. 4.16(e)),

and (iv) dimers of C/B2 particles (Fig. 4.16(f)). Analysis of the density distribution

plots for the T-structure in Case 2 shows that the positions in the T-shaped precursor

surrounding the center A particle, are occupied specifically by A or B2 particles, while
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(a) (b)

Figure 4.18: Phase diagrams for system of particles in Case 2 at T = 300 K, showing (a)
the effect of the A particle concentration at constant interaction energies (strong = -3 eV,
weak = -1 eV and rest all = +1 eV) (b) the effect of repulsive rest all interactions at X∞A

= 0.0001.

a distribution of C and B2 particles is observed at the lattice sites corresponding to

the terminal positions in the T-structure as indicated by the dotted ovals in Figure

4.16(d). Thus, the density distribution of the T-structure is referred to as a mixture

of T-structures (Fig. 4.16(d)) since the terminal positions of the T-structure can

either be occupied by C or B2 particles.

Variation of both the relative particle concentrations of B2 and C particles and

the interaction energies at various A particle concentrations enables the construction

of structure phase diagrams within the finite structure phase (Fig. 4.18). Four

structured phase regions are identified and labeled I, II, III, and IV in Figure 4.18(a).

The regions correspond to phases with a mixture of T-structures (Figs. 4.16(c)

and (d)), extended T-structure and chains (Fig. 4.16(g) and (h)), condensation

of A particles (Fig. 4.16(e)), and formation of particle dimers (Fig. 4.16(f)),

respectively. The region where T-structures are formed is region I, which includes

correct (terminated by C, Fig. 4.16(c)) and incorrect (terminated by B2, Fig. 4.16(d))

T-structures and is delimited by a triangle in the B2 - C particle concentration plane.

Note, the solid lines indicate density distributions corresponding to a new structure

phase and not the exact phase boundary between two adjacent phases.
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The boundary between region I and region II corresponds to the change of the

equilibrium density distributions at the terminal positions of the T-structure from

a distribution of C/B2 particles to B2 particles only. The transition occurs at high

B2 particle concentration with increasing C particle concentration. The boundary

between region III and region I represents the transition where the equilibrium density

distribution at the lattice sites adjacent to (0,0) changes from an A (region III) to a B2

particle (region I). The III-I transition is independent of the C particle concentration.

At high C and B2 particle concentrations, dimers of B2/C particles form (region IV).

An increase in the C particle concentration favors the (B2)2, C2, and (B2C) dimer

formation near the A particle at (0,0), thus limiting the formation of T-structures

(region I). Figure 4.18(a) also shows the effect of the absolute A particle concentration

on region I at constant strong attractive, weak attractive, and repulsive rest all

interactions of -3, -1, and +1eV, respectively. As the A particle concentration is

increased from = 0.0001 (solid line) via = 0.0002 (dotted line) to = 0.0003 (dashed

line) the T-structure phase (region I) is reduced. Figure 4.18(b) shows the effect

of the repulsive rest all interactions (0.3-2 eV) on region I. As the repulsive rest

all interactions increase from 0.3 to 1 eV, region I increases by a tenfold, whereas

repulsive rest all interactions above 1 eV reduce the phase space for the T-structure

by approximately 40 %. In the range of parameters used for our calculations, no

evidence of the T-structure formation is found when attractive rest all interactions

are used in the calculations.

As mentioned above, a mixture of correct (C-terminated) and incorrect (B2-

terminated) T-structures is formed in region I. Figure 4.19 investigates the relative

distribution of the two structures within region I. The C/B2 concentration ratio

is optimized as a function of the A particle concentration such that a maximum

percentage of C-terminated T-structures is obtained. We find that lower A particle

concentrations enable larger amounts of correct, C-terminated T-structures at higher
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Figure 4.19: Plot of C/B2 particle concentration ratio leading to maximum percentage
of correct T-structure (numbers at each point) within region I as a function of A particle
concentration.

C/B2 particle ratios, i.e., bottom-right corner of region I.

Comparison of Case 1 and Case 2: The inherent difference between both cases

is that in Case 1 either the T-structure is formed or non-specific condensation occurs

owing to the carefully chosen patch interactions. In contrast, the patch interactions

for Case 2 enable the formation of chains, extended T-structures, dimers, incorrect

T-structures, and the targeted T-structure in the structured phase, while non-specific

condensation is avoided because of repulsive rest all interactions.

In Case 1, each of the three particles (A, B1 and C) has patch(es) specific to the

particle. The A and C particle patches can only interact with the two identical B1

particle patches thereby enforcing the formation of the T-structure. The parameter

sets leading to T-structure formation can be found for the complete temperature range

accessible to water (275 to 375 K), which is a potential solvent for the assembly. A

wide range of strong (1 - 8 eV) and weak attractive interactions (0.5 -7.5 eV) between
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B1-C and A-B1, respectively, lead to the formation of the T-structure with attractive

rest all interactions ranging from 0 to 0.047 eV. The magnitude of the attractive

rest all interactions overlaps sufficiently with the range of known van der Waals

interactions (0.02 to 1.3 eV).71

Case 2 is based on the strong attractive identical patch interactions, where the

B2 particle carries two different patches. The patch anisotropy of the B2 particle

leads to chain formation and B2-terminated T-structures, while the strong attractive

interaction between identical patches is the cause for A particle condensation and

B2/C particle dimerization. As can be seen in Figure 4.18, structure-phase diagrams

with a complex dependence on B2 and C particle concentration and repulsive rest all

interactions result. Within the T-structure phase space, the C- and B2-terminated

T-structures compete. Formation of the correct, C-terminated T-structure is favored

by the highest possible C/B2 ratio and the lowest possible A particle concentration. A

high C/B2 ratio leads to a higher probability of C-termination and a lower A particle

concentration decreases the threshold for condensation/T-structure transition.

Although for both cases, Case 1 and Case 2, the synthetic scenarios are possible,35

Case 1 requires a much more involved synthesis steps than Case 2. However, Case 1

has the clear advantage of resulting only in T-structures, when the attractive rest all

interactions are chosen carefully, and neither chain nor dimer formation occurs.

Limitations of the Ising lattice DFT model: The lattice DFT model is one of

the simplest approaches to understand the self-assembly of anisotropic particles. This

model enables determination of thermodynamic equilibrium structures at the cost

of very little computational time. However, the model makes several assumptions;

(i) the dynamics of the self-assembly process are not considered in the model, (ii)

the calculated density distributions are local density distributions around a center A

particle at (0,0) and thus do not represent all assembled structures in the system, (iii)
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particle-particle, particle-solvent molecule, and solvent-solvent molecule interactions

are restricted to four specific points ignoring solvation and drag forces, and (iv) the

effect of kinetic factors such as reaction rates are not included.

Including the dynamics in the calculations is a major challenge and sophisticated

techniques such a molecular dynamics (MD) simulations are needed to understand

the more realistic details of the assembly. As an extension of the current DFT model,

we have implemented the dynamic lattice model with dynamic mean field (DMF)

approximations for our system of particles. The proposed dynamic lattice model

presents a simple extension of the DFT model which, by construction, evolves towards

a free-energy minimum using a Monte Carlo (MC) method.34

4.3.4 The dynamic lattice model : dynamic mean field

simulations

The lattice DFT model as discussed in subsection 4.3.1 yields equilibrium density

distributions of particles on lattice sites, that correspond to the equilibrium self-

assembled structures. The equilibrium density distributions are obtained by solving

the coupled non-linear equations, that are the solutions for the density distributions

at minimum free energy. Since multiple solutions are expected for the equilibrium

density distributions Eq.(4.59), the calculated equilibrium density distributions are

the density distributions representing a local free energy minimum and not the global

minimum. Within the energy landscape, the transition path from initial random

configurations to the equilibrium density distribution is not included in the DFT

analysis. This time evolved transition of the initial state to the final equilibrium

state is accounted when the dynamic DMF model is used.66

The DMF simulations are similar to the DFT method and include dynamic rules of

motion for the particles on the lattice sites. The dynamic rules evolve the mean-field

probabilities for the lattice sites from a given initial condition towards equilibrium.
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The application of DMF simulations to the study of the structural phase behavior

of anisotropic T-shaped molecules has been reported earlier.34 We adopt the same

technique to study the self-assembly of a mixture of three types of anisotropic particles

(A, B2 and C) into a T-structure.

Details of the calculations 34,66 A lattice model with an identical nomenclature

(subsection 4.3.1) to the DFT model is used for the DMF simulations. Dynamic

rules of motion are defined for the time evolution from the initial state to the final

state. The particles can undergo translational and rotational diffusion at each time

step. During rotation, the particles can interchange between four orientations (Figure

4.15) at a lattice site. The translational diffusion takes into account the self diffusion

to the neighboring sites or exchange between neighboring particles.

The probability that a lattice site (i, j) is occupied by a p type of particle (p =

A, B2, and C) with orientation k (k = 1 - 4) at time t is given by xt(k, p, i, j). The

master dynamic equation under the mean field approximation including rotation and

translation is written as:

xt+1(k, p, i, j) = xt(k, p, i, j) + (4.60)

∑

l 6=k

{

qt(i, j; p, l → p, k)xt(l, p, i, j) − qt(i, j; p, k → p, l)xt(k, p, i, j)

}

+

∑

í,j́

∑

s

∑

l

{

qt(́i, j́, p, k ↔ i, j, s, l)xt(k, p, í, j́)xt(l, s, i, j)

−qt(́i, j́, s, l ↔ i, j, p, k)xt(l, s, í, j́)xt(k, p, i, j)

}

In the above equation (4.60) the summation over l includes the four orientations,

the summation over s includes different types of particles in the system (A, B2, and

C), and the summation over í, j́ includes the neighboring sites of i, j. The term

qt(i, j; p, l → p, k) is the transition probability by rotation from orientation l to

orientation k for the p particle. The transition probability for translation qt(́i, j́, p, k ↔

i, j, s, l) involves exchanging the states between a p particle in orientation k at the
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nearest neighbor site (́i, j́) and an s particle in orientation l at site (i, j). In particular,

the positive term in the second summation contributes to an increase in xt(k, p, i, j)

due to the event that the í, j́ site is occupied by a p particle with a k orientation

and the i, j site is occupied by an s particle with an l orientation and the two sites

exchange states with a transition probability qt(́i, j́, p, k ↔ i, j, s, l). Similarly, the

negative term indicates a decrease in xt(k, p, i, j) by exchanging the site i, j with a p

particle in the orientation k with an s particle with orientation l at site í, j́. Consistent

with the mean field approximation, the transition probabilities can be written as:

qt(i, j; p, l → p, k) = ω1
exp[−βEt(k, p, i, j)]

exp[−βEt(l, p, i, j)] + exp[−βEt(k, p, i, j)]
(4.61)

qt (́i, j́, p, k ↔ i, j, s, l) = (4.62)

ω2

exp
{

− β
[

Et(k, p, i, j) + Et(l, s, í, j́)
]}

exp
{

− β
[

Et(k, p, i, j) + Et(l, s, í, j́)
]}

+ exp
{

− β
[

Et(l, s, i, j) + Et(k, p, í, j́)
]}

In our calculations, we set ω1 to be 1/6 and ω2 to be 1/88. The temperature in the

calculations is set to be the final temperature of the system. The energies appearing

in the transition probabilities are calculated from the Hamiltonian of the system from

the mean field approximations, for example:

Et(k, p, i, j) =
∂H

∂x(k, p, i, j)
(4.63)

The master equation given by Eq.(4.60) evolves with each time step till it reaches a

stationary equilibrium state. The equilibrium stationary state is given by

qt(i, j; p, l → p, k)xt(l, p, i, j) = qt(i, j; p, k → p, l)xt(k, p, i, j) (4.64)

qt(́i, j́, p, k ↔ i, j, s, l) xt(k, p, í, j́)xt(l, s, i, j) = (4.65)

qt(́i, j́, s, l ↔ i, j, p, k)xt(l, s, í, j́)xt(k, p, i, j)
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The deterministic nature of the DMF equations will evolve the initial configuration of

particles towards the equilibrium or a metastable state. The steady-state solution of

the DMF equations leads to a structural arrest of the solutions and ceases to evolve

further. Thus, the DMF solutions can also be used for searching and locating the

local free energy minima.34

4.3.5 Preliminary Results and discussion

The preliminary calculations for the mixture of A, B2, and C particles (con-

stituents of the T-structure for Case 2 as shown in Figure 4.14(b)) are done using

the DMF simulations. Since Case 2 leads to a mixture of various structures (Figure

4.16), this systems of particles is chosen for calculations to demonstrate occurrence

of such structures in calculations. The initial configuration of particles on the lattice

is chosen with the assumption of an equal probability for any of the four orientations

(Fig. 4.15) on a lattice site. Thus the initial condition states that the probability that

a site (i, j) is occupied by a k orientation of the A particle is given by x(k, A, i, j) =

x∞A/4. Identical initial conditions for B2 and C particles are used. The initial state

can be identified as a liquid phase at high temperatures. The system is perturbed

by an A particle at the center position (0, 0). At lower temperatures, the system

of particles evolves such that A, B2, or C particles are strongly oriented in one of

the four orientations at the lattice sites around the center A particle. This state is

called an inhomogeneous phase. The probability of occupying the lattice sites with

specific orientations of specific particles (A, B2, or C) is governed by the interaction

energies between the particles. The occurrence of such an inhomogeneous phase is

identified as a structure phase. Note that there might be a number of other minimum

free energy states and the obtained particular lowest energy state does not have any

energetic advantage over the other lowest energy states. Occurrence of a particular

inhomogeneous phase is a result of a system of particles following a particular path.
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(a) (b)

Figure 4.20: Density distribution plots for A, B2, and C particles at (a) position 1 and
(b) position 2 as the concentration of B2 particles is varied. The position 1 and position 2
in the T structure are shown in the inset T-structure. x∞A = 0.0001 and x∞C = 0.0003.
strong attractive interaction energy = 3 eV, weak attractive energy = 0.5 eV and rest all

attractive interaction energy = 0.1 eV. The surface density distribution plots corresponding
to the dotted lines representing x∞B2

= 0.003, 0.01 and 0.02 are shown in Fig. 4.21

Figure 4.20 shows density distribution plots of A, B2, and C particles at two

positions (position 1 and position 2 indicated in Figure 4.20) in the T-structure.

The parameters for the calculations are defined as strong attractive energy = 3

eV and weak attractive energy is 0.5 eV. Unlike the DFT calculations the rest all

interactions are defined as attractive interactions (0.1 eV), which represents van

der Waals interactions. The density distribution plots are obtained with increasing

concentration of B2 particles to study its effect on the inhomogeneous structure phase

observed in the calculations. Figure 4.21 shows surface plots of the total density

distribution (xA + xB2
+ xC) with parameters shown by dotted lines in Figure 4.20.

The surface plots are used to understand the inhomogeneous structure phases existing

in the calculations. The schematic of particle structures existing in the surface plots

are shown in Figure 4.22.

The probability to form the T-structure is higher when the probabilities of position

1 occupied by a B2 particle and position 2 occupied by a C particle are higher. Figures
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Figure 4.21: The total density distribution ( xA + xB2
+ xC) surface plots around the

center A particle at (0,0). The surface plots shows density distributions on 15 × 15 lattice.
The plots corresponds to x∞A = 0.0001 and x∞C = 0.0003 and (a) x∞B2

= 0.0001, (b) x∞B2

= 0.003, (c) x∞B2
= 0.01, and (d) x∞B2

= 0.02. The (a) - (d) surface plots corresponds to
the density distributions corresponding to the conditions shown by dotted lines in Fig. 4.20

Figure 4.22: Schematic of structures existing in calculations representing the surface plots
in Figure 4.21 around the center A particle shown in dark grey color. Figures (a)-(c) shows
different structures observed as concentration of B2 particles is increased.
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4.20 (a) and (b) show that both probabilities are higher at x∞B2
= 0.003 and any

increase or decrease in B2 decreases the probability of forming the T-structure and

leads to formation of other structures.

At lower concentration of B2 particles (x∞B2
= 0.0001), the concentrations of A

and C particles (x∞A = 0.0001 and x∞C = 0.0003) are high enough that attractive

weak interactions dominate and lead to structures depicted in Figure 4.21(a) or

as shown schematically in Figure 4.22(a). Increasing the B2 particle concentration

(x∞B2
= 0.003) favors position 1 for B2 and position 2 for C particles through strong

attractive interactions. Thus, the probability of T-structure formation is higher as

shown in Figure 4.21(b). With further increase of the concentration of B2 particles

(x∞B2
= 0.01 and 0.02), the concentration of B2 particles dominates the system

leading to formation of chains of B2 particles as observed in Figure 4.21(c) and (d)

and schematically shown in Fig.4.22(c).

It should be noted that a similar trend in transition of structures from condensa-

tion of A particles to T-structure to chains of B2 particles is observed in the static

DFT model as the concentrations of A and C particles are fixed and the concentration

of B2 particles is increased (Figure 4.18(a)).

The main constraint in both the static DFT and the dynamic DMF simulations

in our approach is that the local structure phase around a center A particle is

studied. Thus, the density distributions obtained are the local distributions of

particles around A particles and results do not represent the whole system dynamics or

thermodynamics as the local structures around the B2 or C particles are not accounted

for in the calculations. Calculations with B2 or C particles at the center position

need to be considered to reflect the self-assembly in the entire system of particles.

Our preliminary calculations with B2 and C particles at the center position have

shown that chains and dimers of B2 and C particles are formed preferably. Also more

sophisticated techniques such as MD simulations should be implemented in the future
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for a more realistic study of the assembly of patchy particles.



Chapter 5

Conclusions and Future work

5.1 Concluding remarks

In this thesis, we have presented a systematic study of the fabrication of surface-

anisotropic (patchy) particles. Exploring the applications of patchy particles in

directed assembly by virtue of an external electric field, as osmotic motors, and the

computational study of the assembly of a target T-structure, we have demonstrated

the novelty of these materials.

The Glancing angle vapor deposition technique is successfully employed to fab-

ricate metallo-dielectric patchy particles with gold patches on polystyrene particles.

The versatility of the technique is demonstrated by fabricating patchy particles with

patch size varying from 3.7 % to 50 % of the particle surface. We have further extended

the GLAD technique to produce multifunctional patchy particles with identical or

different patches. We have shown that the adjustment of simple vapor deposition

parameters such as the deposition angle and the angle between two depositions can

be used to control the overlap of multiple patches and the relative patch orientations

on the particle surface. The particle stamping technique is successfully used to

gain access to the entire particle surface for surface modification, which produces

independent, non-overlapping patches.

The AC dielectrophoretic assembly of patchy particles is investigated towards the

94
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fabrication of 2D metallo-dielectric crystals. Our findings suggest that the directed

assembly of metallo-dielectric patchy particles is controlled by the relative proportion

of metallic patch on the particle surface. We show that, as the patch size is varied from

50 % to 25 % to 11 % of the particle surface, the DEP assembled crystal structure

can be tuned from staggered chains (50 % and 25 %) with a variable chain width

to network structures of particles formed through horizontal and vertical chains (11

%). Further, network structures with diagonal chains have been demonstrated using

patchy particles with two non-overlapping patches (25 % each) on opposite poles.

For the use of patchy particles as osmotic motors, we primarily focused on

studying the effect of the patch size on the particle motion. The concentration

gradient produced due to the surface-catalyzed decomposition of hydrogen peroxide

by platinum patches on the surface of patchy particles leads to autonomous motion

of such particles. As the patch size is increased from 11 % to 25 % to 50 % of the

particle surface, the increase in the particle velocity is characterized experimentally.

A concentration gradient model is proposed to understand the effect of the patch size

on the particle motion. An analytical solution for the particle velocity is obtained in

terms of the potential for solute - particle interaction.

A lattice density functional approach has been used to investigate the assembly of

three types of patchy particles into a T-structure. The effect of particle concentration

and particle interaction energies on the assembly has been elucidated. It has been

shown that the careful choice of particle patch interactions can lead to desired target

structures, such as a T-structure. Density distributions around a particle with three

patches are used to analyze the structures formed. These distributions represent

conditional probabilities of finding certain particles as neighbors to the three-patch

particle. However, a detailed study including the dynamics of the assembly is needed.

In summary, this research suggests that patchy particles present a new challenging

class of materials. Control of the surface-anisotropy provides a handle to tune their
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properties. The demonstrated results indicate many interesting new avenues for the

application of patchy particles.

5.2 Future work

Specific thoughts about the directions for the future work are discussed below.

1. In the present study we developed a technique to produce patchy particle using

GLAD. The technique can be extended to produce a wide variety of patchy

particles by changing simple experimental parameters. Thus, not limited to the

particles described here, a variety of other patchy particles can be fabricated.

For example, a simple extension of rotating the sample during vapor deposition

will lead to azimuthally symmetric patches. Also, multiple vapor depositions

(i.e., more than two), can lead to more complex patch geometries.

2. Secondly, the self-assembly of patchy particles by organic linker molecules that

bind specifically to the patches presents an interesting proposal towards the

practical application of these particles. For example, di-thiol molecules can be

used to bind particles possessing gold patches together into dimers, trimers, or

more complex structures such as a T-structure.

3. In future studies of patchy particles as osmotic motors, it is necessary

to determine the direction of particle motion with respect to the patch.

The direction of motion can be studied by labeling the platinum patches

with fluorescent probes and using fluorescent microscopy for imaging. Also,

determination of a potential function that can be fitted in the proposed model

to determine the particle velocities as a function of patch size is necessary.

4. More detailed computational study of the self-assembly of patchy particles

using sophisticated Monte-Carlo or Molecular Dynamics algorithms are essential
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for understanding the dynamics behind the assembly. Based on the patch

geometries obtained in the experiments various kind of model patchy particles

can be implemented in the simulations to understand their assembly into specific

target structures.



Appendix A

Osmotic motor : Calculations

The analytical solution for the concentration profile of hydrogen peroxide around

the patchy particle and the particle velocity are described in this appendix.

Concentration gradient around the particle:

The diffusion equation in absence of convective transport (low Péclet number) for

hydrogen peroxide can be written as:

D∇2C = 0 (A.1)

subject to the boundary conditions:

lim
r→∞

C(r, θ) = C∞ (A.2)

and

C(a, θ) = 0, 0 ≤ θ < αPt (A.3)

∂

∂r
C(a, θ) = 0, αPt < θ ≤ π (A.4)

where a is the particle radius and αPt is the platinum cap angle. The radial co-

ordinate and the concentration are non-dimensionalized by,

R =
r

a
, C(R, θ) =

C(r, θ)

C∞

. (A.5)

Separation of variables gives the axisymmetric solution of the Laplace Eq.(A.1) in

98
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terms of non-dimensionalized concentration as

C(R, θ) =
∞

∑

n=0

[

BnR
n + AnR

−(n+1)

]

Pn(cos θ) (A.6)

where Pn(cos θ) are Legendre polynomials of order n. Using the non-dimensionalized

form of the boundary condition (A.2), we get

B0 = 1, Bn = 0, n > 0 (A.7)

∴ C(R, θ) = 1 +
∞

∑

n=0

AnR
−(n+1)Pn(cos θ) (A.8)

Substituting Eq.(A.8) into the boundary conditions (A.3) and (A.4) yields the dual

Fourier-Legendre series

∞
∑

n=0

AnPn(cos θ) = −1, 0 ≤ θ < αPt (A.9)

and
∞

∑

n=0

(n + 1)AnPn(cos θ) = 0, αPt < θ ≤ π (A.10)

The constants An are obtained by solving the dual series (A.9) and (A.10), which

gives the concentration distribution (A.8). The solution procedure for the dual series

is adopted from the literature89 and the constant An are obtained as:

An = −sin(nαPt)

nπ
− sin[(n + 1)αPt]

(n + 1)αPt

+
2

π

∫ π

αPt

ψ(ϕ̃)cos

[(

n+
1

2

)

ϕ̃

]

dϕ̃ (A.11)

where ψ(ϕ̃) is obtained as:

ψ(ϕ) = −γ
π

∫ αPt

0

cos(ϕ̃/2)L(ϕ̃, ϕ)dϕ̃+
γ

π

∫ π

αPt

ψ(ϕ̃)L(ϕ̃, ϕ)dϕ̃ (A.12)



APPENDIX A. OSMOTIC MOTOR : CALCULATIONS 100

where γ = -1/2 and

L(ϕ̃, ϕ) = ln

∣

∣

∣

∣

cos(ϕ̃/2) + cos(ϕ/2)

cos(ϕ̃/2) − cos(ϕ/2)

∣

∣

∣

∣

(A.13)

Eq.(A.12) is solved numerically by introducing n nodal points between αPt and π

at ϕi = αPt + ih where i = 0, 1, 2...., n − 1 and n = (π − αPt)/n. Then, Eq.(A.12)

becomes

ψ(ϕi) −
γ

π

∫ π

αPt

ψ(t)L(t, ϕi)dt = −γ
π

∫ αPt

0

cos(t/2)L(t, ϕi)dt (A.14)

The left hand side term is solved by numerical integration. Eq.(A.14) is solved to

obtain ψ(i), which when substituted in Eq.(A.11) gives the coefficients An.

Derivation of the particle velocity

The coupling of the concentration gradient near the particle and the force field −∇φ

produces stresses near the particle surface, which results in the motion of the fluid.

The continuity and the Naiver-Stokes equation at low Reynolds number are

∇ · v = 0, (A.15)

µ∇2v −∇p− C∇φ = 0, (A.16)

v = 0 (r = a), (A.17)

v → −Ueφ (r → ∞), (A.18)

where U is the unknown particle velocity. A stream function ψ is defined by

v =
eφ

r sin θ
×∇ψ(r, θ) (A.19)

The pressure gradient term in Eq.(A.16) is eliminated by taking the curl of both sides

of the equation.90,91 We know,

∇2v = ∇(∇.v) −∇× (∇× v) (A.20)
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∴ −∇× (∇p) + µ

[

∇×∇(∇.v) −∇×∇× (∇× v)

]

= ∇× (C∇φ)

From the identities of vector algebra

∇× (C∇φ) = C(∇×∇φ) + (∇C) × (∇φ)

Noticing that the curl of divergence is 0, and

∇×∇×∇× v = − eφ

r sin θ
E4ψ

∴ µ
eφ

r sin θ
E4ψ = (∇C) × (∇φ) =

(

− 1

r

∂C(r, θ)

∂θ

∂φ

∂r

)

eφ (A.21)

Eq.(A.21) is non-dimensionalization by defining the variables as:

R =
r

a
, Ψ =

ψ

Ua2
, C(R, θ) =

C(r, θ)

C∞

, Φ =
φ

kT
. (A.22)

substituting the non-dimensionalized C(R, θ) from Eq.(A.8), we get

∂C(r, θ)

∂θ
= C∞

∞
∑

n=0

AnR
−(n+1) ∂

∂θ
Pn(cos θ)

= C∞

∞
∑

n=1

AnR
−(n+1)

(

− C
−1/2
n+1 (cos θ)(n)(n+ 1)

sin θ

)

(A.23)

where polynomial functions C
−1/2
n+1 are called Gegenbauer polynomials of degree (-1/2).

For convenience, we replace cos(θ) = η and C
−1/2
n+1 = −Qn in Eq. (A.23). Therefore,

Eq.(A.21) leads to;

E4Ψ = −Λ
∞

∑

n=1

An

R(n+1)
Qn(η)(n)(n+ 1)

∂Φ

∂R
(A.24)
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Λ =
C∞akT

µU
(A.25)

The solution to Eq.(A.24) leads to the solution for the particle velocity U . Eq.

(A.24) can be split into two second-order equations.

E2Ψ = ω, (A.26)

E2ω = F. (A.27)

F = −Λ

∞
∑

n=1

[

An

R(n+1)
(n)(n + 1)

∂Φ

∂R

]

Qn(η) (A.28)

The homogeneous solution of Eq.(A.27) is obtained by separation of variables.

The homogeneous equation can be written as:

E2ω = 0 (A.29)

where the operator E2 is simplified as,

E2 =
∂

∂R2
+

(1 − η2)

R2

∂2

∂η2
(A.30)

To solve (A.29), we assume that

ω = S(R)H(η) (A.31)

Hence substituting into (A.29) we obtain

R2

S2

d2S

dR2
+

(1 − η2)

H

d2H

dη2
= 0 (A.32)

The first term is a function of R only, whereas the second term is a function of η.

Hence, we assume they both must be equal to a constant n(n + 1). The equation

(A.32) thus splits into two equations,

R2 d
2S

dR2
− n(n+ 1)S = 0, (A.33)
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and

(1 − η2)
d2H

dη2
+ n(n+ 1)H = 0. (A.34)

Equation (A.33) is a particular case of Euler’s equation which gives two independent

solutions of S as

S = Rn+1, R−n. (A.35)

The later equation (A.34) is closely related to the Gegenbauer’s equation of degree

-1/2, solution to which can be written in term of Gegenbauer’s polynomial or in terms

of Qn(η). Thus the homogeneous solution of Eq.(A.29) can be written as

ωhomo =

∞
∑

n=1

(anR
n+1 + bnR

−n)Qn(η) (A.36)

The non-homogeneous solution is obtained through a substitution of the form93

ωnon−homo =

∞
∑

n=1

HnQn(η) (A.37)

Applying the operator E2 to ω (ω = ωhomo + ωnon−homo) and substituting in

Eq.(A.27), taking into account that Qn(η) satisfies Eq.(A.34), we obtain a second

order equation for Hn as

R2∂
2Hn

∂R2
− (n)(n+ 1)Hn = −Λ

An(n)(n + 1)

Rn+1

∂Φ

∂R
R2 (A.38)

Hn has two independent homogeneous solutions of form Hn,homo = Rn+1 and R−n,

and the non-homogeneous solution obtained for Eq.(A.38) by method of variation of

parameters gives the complete solution for Hn. The solution of ω is obtained as,

ω = ωhomo + ωnon−homo (A.39)
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ω =
∞

∑

n=1

{

AnR
n+1 +BnR

−n − Λ̃

∫ R

R0

(s−(2n+1)Rn+1 −R−n)
∂φ

∂s
ds

}

Qn(η) (A.40)

Λ̃ = Λ
An(n)(n + 1)

(2n+ 1)
=
AnC∞akT (n)(n + 1)

µU(2n+ 1)
(A.41)

Substituting ω in Eq.(A.26), we get a non-homogeneous equation for Ψ which is

of similar kind to Eq.(A.27). Following the same solution procedure from (A.29) to

(A.40), we get the solution for Ψ as

Ψ =

∞
∑

n=1

{

AnR
n+3 +BnR

−n+2 + CnR
n+1 +DnR

−n − gn(R)

}

Qn(η) (A.42)

gn(R) =
1

(2n+ 1)

∫ R

R0

(t−nRn+1 − R−ntn+1)fn(t)dt (A.43)

fn(t) = Λ̃

∫ t

R0

(s−(2n+1)tn+1 − t−n)
∂Φ

∂s
ds (A.44)

The solution to Eq.(A.42) is sought with respect to the boundary conditions

Ψ(1) = Ψ′(1) = 0 (A.45)

Ψ(∞) → 1

2
R2 sin2 θ (A.46)

Substituting the boundary conditions (A.45) and (A.46) in (A.42) and matching the
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powers of sin θ we get the constants as:

An = 0, (n ≥ 1)

C1 = −1, Cn = 0, (n > 1)

B1 = −3

2
C1 +

1

2

(

g1 +
∂g1

∂R

)

R→1

, Bn =
1

2

(

gn +
∂gn

∂R

)

R→1

, (n > 1)

D1 =
1

2
C1 +

1

2

(

g1 −
∂g1

∂R

)

R→1

, Dn =
1

2

(

gn − ∂gn

∂R

)

R→1

, (n > 1)(A.47)

Thus, the solution for Ψ is given as:

Ψ =
(

B1R + C1R
2 +D1R

−1 − g1(R)
)

Q1(η)

+

∞
∑

n=2

{

BnR
−n+2 +DnR

−n − gn(R)

}

Qn(η) (A.48)

The drag on the particle in non-dimensional form is calculated as:93,94

Fz

2πµUa
=

∫ π

0

{

R4 ∂

∂R

(

E2Ψ

R2

)−Q1(η)

sin θ
dθ

}

(A.49)

Eq.(A.49) does not contain a term for the body force, because of the assumption

that −∇Φ is only a function of R and not of θ.

E2Ψ = ω =
∞

∑

n=1

{

AnR
n+1+BnR

−n−Λ̃

∫ R

R0

(s−(2n+1)Rn+1−R−n)
∂φ

∂s
ds

}

Qn(η) (A.50)

The polynomial functions Qn(η) satisfy the orthogonality condition

∫ 1

−1

Qn(η)Qm(η)

(1 − η2)
dη = 0 n 6= m

=
2

n(n + 1)(2n+ 1)
n = m (A.51)

substituting η = cos θ, the orthogonality condition becomes
∫ π

0

Qn(cos θ)Qm(cos θ)

sin θ
dθ =

1

3
(A.52)
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Substituting (A.50) into (A.49) and substituting the constants An = 0 from

Eq.(A.47)

Fz

2πµUa
=

∫ π

0

{

R4

∞
∑

n=1

[

(−n− 2)BnR
−n−3 − ∂

∂R

(

fn(R)

R2

)]

Qn(η)

}{−Q1(η)

sin θ

}

dθ

(A.53)

Using the orthogonality of Qn’s (A.52),

Fz

2πµUa
= B1 +

1

3

[

R4 ∂

∂R

(

f1(R)

R2

)]

R→1

(A.54)

In order to obtain an expression for U in terms of known parameters, another

physical constraint is needed. This is achieved by equating the net drag force to zero.

Thus, substituting B1 from (A.47) in (A.54):

3

2
+

1

2

(

g1 +
∂g1

∂R

)

R→1

+
1

3

[

R4 ∂

∂R

(

f1(R)

R2

)]

R→1

= 0 (A.55)

∴ U = −1

3

{(

g̃1(R) +
∂g̃1(R)

∂R

)

R→1

}

− 2

9

{

R4 ∂

∂R

(

f̃1(R)

R2

)}

R→1

(A.56)

where g̃n and f̃n are obtained from (A.43) and (A.44) by multiplying gn and fn

by U .

g̃1(R) =
1

3

∫ R

R0

(t−1R2 − R−1t2)f̃1(t)dt (A.57)

f̃1(t) = Υ1

∫ t

R0

(s−3t2 − t−1)
∂Φ

∂s
ds (A.58)

Υn =
AnC∞akT (n)(n+ 1)

µ(2n+ 1)
(A.59)

Accounting for the oxygen concentration gradient the corrected particle velocity
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can be written as,

U = −1

3

{

1

2

(

g̃1(R) +
∂g̃1(R)

∂R

)

R→1

+
1

3

(

R4 ∂

∂R

f̃1(R)

R2

)

R→1

}

H2O2

−1

3

{

1

2

(

g̃1(R) +
∂g̃1(R)

∂R

)

R→1

+
1

3

(

R4 ∂

∂R

f̃1(R)

R2

)

R→1

}

O2

(A.60)



Appendix B

Lattice DFT calculations

Details of the calculations:

x1,p,i,j, x2,p,i,j, x3,p,i,j, and x4,p,i,j are the probabilities of finding a p type particle

(p = A, Bn : n = 1, 2, or C ) with a particular orientation at the lattice site (i, j).

The total density ρ(i, j) for a p type particle at site (i, j) is thus given by:

ρp(i, j) = x1,p,i,j + x2,p,i,j + x3,p,i,j + x4,p,i,j (B.1)

The Hamiltonian for the two neighboring sites has contributions from the interactions

between the same types of particles (AA, BnBn, and CC) as well as between different

types of particles (ABn, AC, and BnC) and can be written as:

E =

(

1

2

) particle3
∑

a=particle1

particle3
∑

b=particle1

orientation4
∑

m=orientation1

orientation4
∑

n=orientation1

(ǫabmnp(a,m)p(b, n)) (B.2)

where ǫabmn is the interaction energy between the ath and bth type of particle (a, b

= 1 − 3) with the contact points m and n (m,n = 1 − 4). p(a,m) and p(b, n) are

the respective probabilities of finding the ath and bth type of particle on neighboring

sites to have a contact point m on the ath type of particle and a contact point n on

108
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the bth type of particle. The total Hamiltonian thus can be written as:

U =

(

1

2

) 3
∑

p=1

3
∑

q=1

i∗
∑

i=−i∗

j∗
∑

j=−j∗

(B.3)

(x1,p,i,jx1,q,i+1,jǫpq24 + x1,p,i,jx2,q,i+1,jǫpq23 + x1,p,i,jx3,q,i+1,jǫpq22 + x1,p,i,jx4,q,i+1,jǫpq21

+x2,p,i,jx1,q,i+1,jǫpq14 + x2,p,i,jx2,q,i+1,jǫpq13 + x2,p,i,jx3,q,i+1,jǫpq12 + x2,p,i,jx4,q,i+1,jǫpq11

+x3,p,i,jx1,q,i+1,jǫpq44 + x3,p,i,jx2,q,i+1,jǫpq43 + x3,p,i,jx3,q,i+1,jǫpq42 + x3,p,i,jx4,q,i+1,jǫpq41

+x4,p,i,jx1,q,i+1,jǫpq34 + x4,p,i,jx2,q,i+1,jǫpq33 + x4,p,i,jx3,q,i+1,jǫpq32 + x4,p,i,jx4,q,i+1,jǫpq31)

+(x1,p,i,jx1,q,i−1,jǫpq42 + x1,p,i,jx2,q,i−1,jǫpq41 + x1,p,i,jx3,q,i−1,jǫpq44 + x1,p,i,jx4,q,i−1,jǫpq43

+x2,p,i,jx1,q,i−1,jǫpq32 + x2,p,i,jx2,q,i−1,jǫpq31 + x2,p,i,jx3,q,i−1,jǫpq34 + x2,p,i,jx4,q,i−1,jǫpq33

+x3,p,i,jx1,q,i−1,jǫpq22 + x3,p,i,jx2,q,i−1,jǫpq21 + x3,p,i,jx3,q,i−1,jǫpq24 + x3,p,i,jx4,q,i−1,jǫpq23

+x4,p,i,jx1,q,i−1,jǫpq12 + x4,p,i,jx2,q,i−1,jǫpq11 + x4,p,i,jx3,q,i−1,jǫpq14 + x4,p,i,jx4,q,i−1,jǫpq13)

+(x1,p,i,jx1,q,i,j+1ǫpq13 + x1,p,i,jx2,q,i,j+1ǫpq12 + x1,p,i,jx3,q,i,j+1ǫpq11 + x1,p,i,jx4,q,i,j+1ǫpq14

+x2,p,i,jx1,q,i,j+1ǫpq43 + x2,p,i,jx2,q,i,j+1ǫpq42 + x2,p,i,jx3,q,i,j+1ǫpq41 + x2,p,i,jx4,q,i,j+1ǫpq44

+x3,p,i,jx1,q,i,j+1ǫpq33 + x3,p,i,jx2,q,i,j+1ǫpq32 + x3,p,i,jx3,q,i,j+1ǫpq31 + x3,p,i,jx4,q,i,j+1ǫpq34

+x4,p,i,jx1,q,i,j+1ǫpq23 + x4,p,i,jx2,q,i,j+1ǫpq22 + x4,p,i,jx3,q,i,j+1ǫpq21 + x4,p,i,jx4,q,i,j+1ǫpq24)

+(x1,p,i,jx1,q,i,j+1ǫpq31 + x1,p,i,jx2,q,i,j−1ǫpq34 + x1,p,i,jx3,q,i,j+1ǫpq33 + x1,p,i,jx4,q,i,j−1ǫpq32

+x2,p,i,jx1,q,i,j−1ǫpq21 + x2,p,i,jx2,q,i,j−1ǫpq24 + x2,p,i,jx3,q,i,j−1ǫpq23 + x2,p,i,jx4,q,i,j−1ǫpq22

+x3,p,i,jx1,q,i,j−1ǫpq11 + x3,p,i,jx2,q,i,j−1ǫpq14 + x3,p,i,jx3,q,i,j−1ǫpq13 + x3,p,i,jx4,q,i,j−1ǫpq12

+x4,p,i,jx1,q,i,j−1ǫpq41 + x4,p,i,jx2,q,i,j−1ǫpq44 + x4,p,i,jx3,q,i,j−1ǫpq43 + x4,p,i,jx4,q,i,j−1ǫpq42)

i∗ and j∗ indicate the lattice size. The lattice site (0, 0) is occupied by a three patch

particle (A particle) with the orientation 1 (i.e. x1,A,0,0 = 1).

The entropy of the system (per one site) in the mean field approximation can be
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written as:

S = kB

∑ ∑

(i,j)6=(0,0)

{[ 3
∑

p=1

(x1,p,i,j ln x1,p,i,j + x2,p,i,j ln x2,p,i,j + x3,p,i,j ln x3,p,i,j

+x4,p,i,j ln x4,p,i,j)

]

+

[

1 −
3

∑

p=1

(x1,p,i,j + x2,p,i,j + x3,p,i,j + x4,p,i,j)

]

[

ln
(

1 −
3

∑

p=1

(x1,p,i,j + x2,p,i,j + x3,p,i,j + x4,p,i,j)
)

]}

(B.4)

The free energy, F , can be obtained from Eqs.(B.3) and (B.4) as:

F = U − TS (B.5)

For an open system the Grand potential, Ω, Eq.(B.6) must be minimized at

equilibrium, which gives a variational equation (B.7)99 in the absence of an external

potential.

Ω[xk,p,i,j] = F [xk,p,i,j] −
3

∑

p=1

µp

{ i∗
∑

i=−i∗

j∗
∑

j=−j∗

k=4
∑

k=1

xk,p,i,j

}

(B.6)

∂Ω[xk,p,i,j]

∂xk,p,i,j

= 0 (B.7)

where µp is the chemical potential of the species p. Eq.(B.7) and Eqs.(B.3 -B.5) give:

Ek,p + kBT ln

{

xk,p,i,j

1 −
∑3

q=1(x1,q,i,j + x2,q,i,j + x3,q,i,j + x4,q,i,j)

}

= µp (B.8)

where the terms Ek,p are defined by:

E1,p =

3
∑

q=1

{

x1,q,i+1,jǫpq24 + x2,q,i+1,jǫpq23 + x3,q,i+1,jǫpq22 + x4,q,i+1,jǫpq21

+x1,q,i−1,jǫpq42 + x2,q,i−1,jǫpq41 + x3,q,i−1,jǫpq44 + x4,q,i−1,jǫpq43

+x1,q,i,j+1ǫpq13 + x2,q,i,j+1ǫpq12 + x3,q,i,j+1ǫpq11 + x4,q,i,j+1ǫpq14

+x1,q,i,j−1ǫpq31 + x2,q,i,j−1ǫpq34 + x3,q,i,j−1ǫpq33 + x4,q,i,j−1ǫpq32

}

(B.9)
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E2,p =

3
∑

q=1

{

x1,q,i+1,jǫpq14 + x2,q,i+1,jǫpq13 + x3,q,i+1,jǫpq12 + x4,q,i+1,jǫpq11

+x1,q,i−1,jǫpq32 + x2,q,i−1,jǫpq31 + x3,q,i−1,jǫpq34 + x4,q,i−1,jǫpq33

+x1,q,i,j+1ǫpq43 + x2,q,i,j+1ǫpq42 + x3,q,i,j+1ǫpq41 + x4,q,i,j+1ǫpq44

+x1,q,i,j−1ǫpq21 + x2,q,i,j−1ǫpq24 + x3,q,i,j−1ǫpq23 + x4,q,i,j−1ǫpq22

}

(B.10)

E3,p =

3
∑

q=1

{

x1,q,i+1,jǫpq44 + x2,q,i+1,jǫpq43 + x3,q,i+1,jǫpq42 + x4,q,i+1,jǫpq41

+x1,q,i−1,jǫpq22 + x2,q,i−1,jǫpq21 + x3,q,i−1,jǫpq24 + x4,q,i−1,jǫpq23

+x1,q,i,j+1ǫpq33 + x2,q,i,j+1ǫpq32 + x3,q,i,j+1ǫpq31 + x4,q,i,j+1ǫpq34

+x1,q,i,j−1ǫpq11 + x2,q,i,j−1ǫpq14 + x3,q,i,j−1ǫpq13 + x4,q,i,j−1ǫpq12

}

(B.11)

E4,p =
3

∑

q=1

{

x1,q,i+1,jǫpq34 + x2,q,i+1,jǫpq33 + x3,q,i+1,jǫpq32 + x4,q,i+1,jǫpq31

+x1,q,i−1,jǫpq12 + x2,q,i−1,jǫpq11 + x3,q,i−1,jǫpq14 + x4,q,i−1,jǫpq13

+x1,q,i,j+1ǫpq23 + x2,q,i,j+1ǫpq22 + x3,q,i,j+1ǫpq21 + x4,q,i,j+1ǫpq24

+x1,q,i,j−1ǫpq41 + x2,q,i,j−1ǫpq44 + x3,q,i,j−1ǫpq43 + x4,q,i,j−1ǫpq42

}

(B.12)

The values of µp can be obtained from the requirement that all xk,p,i,j = x∞,p/4, as

the distance from the center molecule goes to infinity. Thus from Eq.(B.8) we get:

E0,p + kBT ln

{

x∞,p/4

1 −
∑3

q=1 x∞,q

}

= µp (B.13)

where E0,p is obtained from Eqs.(B.9 - B.12) and xk,p,i,j = x∞,p/4. Combining



APPENDIX B. LATTICE DFT CALCULATIONS 112

Eq.(B.8) and Eq.(B.13) results in:

kBT ln

{

xk,p,i,j

(

1 −
∑3

q=1 x∞,q

)

(

1 −
∑3

q=1 x1,q,i,j + x2,q,i,j + x3,q,i,j + x4,q,i,j

)(

x∞,p/4
)

}

+ Ek,p − E0,p = 0

(B.14)

which can be represented in the following form:

xk,p,i,j =

{

x∞,p exp
[

E0,p−Ek,p

kBT

]

4
(

1 −
∑3

q=1 x∞,q

)

+
∑3

q=1

∑4
s=1 x∞,q exp

[

E0,q−Es,q

kBT

]

}

(B.15)

.
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