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ABSTRACT

Self-assembly of colloidal lattices has been of tremendous interest due to their
potential applications in advanced materials, sensors, and electro-optical devices.
However, most research has been focused on lattices at the three-dimensional level and
much less is known at the two-dimensional level, especially at liquid-liquid interfaces.
One of the challenges of forming two-dimensional colloidal lattices is the requirement of
an effective experimental template. Here we use Pickering emulsions as a template to
investigate the formation of colloidal lattices at polydimethylsiloxane-water interfaces.
We have found that single species sulfate-treated polystyrene particles of 0.2 μm, 1 μm,
and 4 μm form ordered colloidal lattices at oil-water interfaces. The colloidal particles
oscillate around their equilibrium positions. We also found that the self-assembly of
colloidal lattices at Pickering emulsions interfaces depends largely on the surface
chemistry of the particles. Finally, we studied the influence of particle size, surface
chemistry, concentration, and charge sign in self-assembly of heterogenous particles at
oil-water interfaces.
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CHAPTER I
INTRODUCTION
The study of colloidal crystals (CC) in colloidal science has quite a number of
appealing aspects to be explored. They occupy a special category in materials science for
their importance and applications in areas such as photonics, sensors, filters, and electrooptical devices.
The formation of colloidal crystals is accomplished through a novel bottom-up
structural process which is known as self-assembly. In this thesis, two-dimensional
colloidal lattices are formed using Pickering emulsions as an experimental template. The
observation of lattice formation of colloids adsorbed at oil-water interfaces is performed
using a confocal laser scanning microscope.
In Chapter II a brief review on “colloidal science” is discussed, in which
terminology like DLVO theory and Brownian motion are introduced. Next, colloidal
crystals and their application are discussed in detail with the experimental template used
in this thesis, Pickering emulsions, briefly discussed with corresponding advantages.
Chapter III focuses on the materials employed, their physical properties and the
sample preparation using a Pickering emulsion template. The characterization of the
sample by the confocal laser scanning microscope is also summarized.
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Chapter IV is the section where the formation of colloidal lattices at oil-water
interfaces is investigated. Finally Chapter V recapitulates the conclusions from the
present work.
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CHAPTER II
BACKGROUND
2.1 Colloidal Crystals
2.1.1 Brief Overview of Colloidal Science
Colloidal science is a subset of multi-phase systems in which one or more phases
are dispersed. It is an interdisciplinary field of physics, materials science, engineering,
biology, and several other disciplines. Colloids are all pervasive in nature and can be
observed in foods, paints, cosmetics, etc.
A colloid by definition is a substance that is insoluble and remains in suspension
and dispersed throughout another fluid medium. The word “colloid” was initially coined
by a Scottish scientist, Thomas Graham, who was credited for the science of this field by
the name colloidal chemistry [1].
Colloid particles range from 1.0 nm to 10 μm. These colloid particles are building
blocks for numerous natural and potential distinctive material applications. One
interesting aspect of colloids is that their characteristic parameters such as size,
composition, phase, surface functional group, etc. can be altered and controlled [2].
Many colloid particles carry electric charges which play an important role for
their stability and structural formation. The charge can be removed from the particles by
adding salt, and as a result, particle aggregation immediately occurs and the system
coagulates [3].The addition of salt at moderate concentrations can even switch the
polarity [4].

3
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The behavior of colloid particles is in the realm of the fundamental concepts of
statistical mechanics (SM). Statistical mechanics deals with the principles and data
involved both from the world of classical mechanics (CM) and quantum mechanics
(QM). So as a coincident to SM, the study of colloids comes in between the macroscopic
and atomic scale due to their particle size range. The scale of colloids with reference to
both levels is shown in Fig.2.1.
Atoms

Colloidal particles

10-10m

10-9m

Macroscopic objects

10-5m

10-4m

Fig.2.1 Colloidal scale is situated between atomic and microscopic dimensions [7]

Particle-particle interaction, which is critical in colloidal stability, is often
quantitatively explained by a model derived from the Derjaguin-Landau-VerweyOverbeek (DLVO) theory. This model is a result of ground-breaking work by Russian
physicists B. Derjaguin and L. Landau and the Dutch experts in colloid chemistry, E.
Verwey and J. Th. G. Overbeek, who studied the interaction forces between colloidal
particles in the 1940’s [5]. The theory explains surface interaction through liquid
4
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medium, basically, the interaction energy curves between colloid particles by measuring
the kinetic stability [5]. The DLVO theory envisages that an isolated pair of charged
colloidal microspheres will encounter a repulsive screened Coulomb interaction at
significant separations [6].This theory provides fairly accurate solutions to the PoissonBoltzmann equation which describes the nonlinear coupling between electrostatic
potential and distribution of ions in a colloidal suspension [6].
The colloidal particles move around in a random mode, which is coined as the
Brownian motion [7]. The particles which obey Brownian motion are very irregular in
transit, composed of translations and rotations, and the trajectory appears to have no
tangent. In this motion, two particles appear to move independently, even when they
approach one another to within a distance less than their diameter. While the composition
and density of the particles has no effect. The motion is more active the higher the
temperature. Lastly, the motion never ceases [8]. Thus it is important to know the
Brownian motion aspects of colloid particles to analyze their behavioral path and
comprehensive colloid stability.
2.1.2 Colloidal Crystals and Their Applications
Colloidal crystals (CC) are a unique class of materials for their elegance in
distinct areas. Colloid crystals symbolize a class of division that can be assembled into
long-range ordered lattices. In these crystals, not only the shape and size of colloidal
particles could be subjected to modifications, but also the composition and characteristics
of the solvent could be changed. One of the interesting aspects is the existence of
colloidal crystals at the 2-D and 3-D level [2].
5
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The colloidal crystals can be compared with solid state crystals in the formation
of lattice structures such as simple centered cubic (SCC), body centered cubic (BCC),
face centered cubic (FCC), and hexagonal close packed (HCP) [9]. The colloids can also
form some novel structures beyond these which do not have any atomic or molecular
analogy, making them distinctive in their crystal formation [9]. The research on CC has
numerous applications in various areas of science & technology [2].
Currently there are quite a few methods employed by different research groups to
grow, fabricate and orient colloidal crystals. The final aim of them is to engineer
monodisperse colloids into long-range ordered 2-D or 3-D crystals. These crystals can be
characterized by using high tech microscopes such as confocal laser scanning microscope
(CLSM) and scanning electron microscope (SEM).
The forces play a major role in the organization and crystallization of colloids into
lattices. They are strong electrostatic repulsive and van der Waals attractive forces [12].
Interestingly, it has been reported that “gravitational field” may also play a role in the
arrangement of colloidal crystal structures [2]. A group led by Prof.Chaikin at Princeton
University in fact performed a space shuttle test which illustrated that spherical colloids
organize into random hexagonal close-packed (rhcp) structure at volume fractions close
to 61.9% when the gravitational force was not present. This outcome suggests that cubic
close packing (ccp) obtained under gravity might be due to gravity-related stresses. [2]
Colloid crystals (2-D & 3-D) have applications in various areas with some
examples as following [2]:

6
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a) Electro-optical Devices: Colloid crystals can be used in the fabrication of
energy saving photovoltaic (PV) cells. They might be reliable in building light emitting
diodes (LEDs), which are built in by the different solid state semiconductor group
elements.
b) Electrical Circuits: By the self-assembly of colloid crystals, fabrication of
electric circuits is a possibility. The combination of colloidal structures and molecular
electronics has a high potential for scaling down circuits.
c) Sensors & Filters: Colloidal crystals have the capability in building up
chemical, biological and other respective sensors. They can serve as filters that can act to
reject the band of light in the spectral region from UV to near-IR region.
d) Photolithography: It is a process of transferring a pattern from a photomask to
the surface of a substrate. In the microfabrication field, spherical colloidal particles are
used in identifying a lithographic mask and then are deposited in an ordered array over
the desired substrate layer, which can be silicon, glass, etc.

2.2 Pickering Emulsions
Pickering emulsions (solid-stabilized emulsions) are easy and economic novel
experimental templates to investigate self-assembly and dynamics of solid particles at
liquid-liquid interface. This type of emulsion was discovered by a British physical
chemist, Percival Spencer Umfreville Pickering, who was a professor of Chemistry at
Bedford College and published an article entitled “Emulsions” [11].
In conventional emulsions, one liquid phase is dispersed in another immiscible
liquid with surfactants or polymers acting as stabilizers. Common examples of this type
7
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of emulsion are observed in milk (oil-in-water) or butter (water-in-oil). In contrast,
Pickering emulsions are composed of droplets of one immiscible liquid in another liquid
stabilized by solid particles. Pickering emulsions are commonly seen in areas like
cosmetics, petroleum industry, etc. They open new avenues of emulsion stabilization and
many practical applications. Fig.2.2 shows the distinction between conventional and
Pickering emulsions.
Conventional Emulsions

Pickering Emulsions
(Solid-Stabilized Emulsions)

B

B
B

A
A

Examples: Milk (oil-in-water)
Butter (water-in-oil)

γsA A
A
BSA

Examples: Cosmetics
Oil Recovery/Separation

Fig.2.2 Comparison between conventional and Pickering emulsions
An important aspect of Pickering emulsion is that it provides a unique
experimental model system to investigate the dynamics of solid particles at liquid-liquid
interfaces [11-17].Recently, there has been a growing interest in Pickering emulsions
since they open new avenues of emulsion stabilization and have various practical
applications [11-26].
Advantages of using Pickering emulsions as experimental models to study
fundamentals of liquid-liquid interfaces include [11-17]:
8
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a) Fluid Mechanics: It is a good experimental model system due to the easily
changeable interfacial properties such as curvature, tension and rheology.
b) Brownian Dynamics: The confinement at the interface restricts the 3-D
Brownian movement, and makes it possible to investigate 2-D Brownian motions of
microparticles or nanoparticles.
c) Kinetic & Growth Mechanism: By in-situ observation and analyzing the
trajectory movement of particles, cluster formation and fractal dimensions can be
understood.
d) Force Phenomenon: To investigate the multiphase interactions and evaluate the
self assembled structure of micro or nanoparticles and the self assembled structure
directly reflects the balance between attractive and repulsive forces between micro or
nano range particles.

2.3 Motivation for this study
As discussed previously, self-assembled colloidal lattices have demonstrated
unique applications in difference areas. Apart from their technological importance,
colloidal crystals also serve as convenient experimental models in condensed matter
physics to investigate phase transitions with molecular and “atomic” resolution.
However, most research has been focused on lattices at the three-dimension level. One of
the challenges of forming two-dimensional colloidal lattices is the requirement of an
effective experimental template. Here we will use Pickering emulsions as a novel
template to self-assemble colloidal lattices at oil-water interfaces. Furthermore, most
existing work is focused on those composed of single component colloidal particles.
9
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Recently, three-dimensional binary colloidal crystals of oppositely charged particles have
been reported [4,9,10]. Experiments and simulations have shown that by tuning the
electrostatic interactions between oppositely charged particles with salt concentration,
stable 3-D binary colloidal crystals can be formed [4,9,10]. The heterogeneity in such 3D binary colloidal crystals opens new opportunities of engineering materials. However,
to the best of our knowledge, there is no report on 2-D binary colloidal lattices.
In this study, we will investigate the controlling factors of 2-D lattice formation at
oil-water interfaces. We will study the influence of particle size and surface chemistry in
single species colloidal self-assembly, as well as the influence of particle size, surface
chemistry, concentration, and charge sign in heterogeneous self-assembly. Such study is
anticipated to provide a new way for advanced material applications and offer a
heterogeneous two-dimensional experimental model for condensed matter physics study.

10
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CHAPTER III
EXPERIMENTAL METHODOLOGY
3.1 Sample Preparation
3.1.1 Materials
There are three major components in the Pickering emulsions discussed in this thesis.
i) Polystyrene (PS) particles as colloid particles,
ii) Polydimethylsiloxane (PDMS) as the dispersed phase,
iii) Water as the continuous phase.
Polystyrene (PS) particles: These are colloidal particles made of polystyrene
particles. In our experiments, three different types of PS particles are available and
employed depending on the required conditions. They are sulfate ( SO4− ) treated PS,
which is hydrophobic, carboxylate ( COO − ) modified PS which is hydrophilic and amine
(NH 2 ) treated PS which is hydrophilic in nature. It is important to know the physical

properties of these PS particles in order to understand their behavioral pattern at the oilwater interface. The sulfate, carboxylate and amine treated PS particles were purchased
from Molecular Probes with respective micro-diameters in size. These PS come as
suspensions of 2% solids in aqueous solutions. To maintain properly these samples need
to be stored at 2-6ºC and also need to be protected from light.
The physical properties of sulfate treated PS with size of 0.2 μm, 1.0 μm and 4.0
μm are given in the Table 3.1. Those of carboxylate modified PS with size of 1.0 μm and
amine PS with size of 0.2 μm in Table 3.2. The density of PS particles is around 1.055
11
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g/cm3 which is quite close to that of water and oil, thus minimizing the gravity effect in
the experiments. All the FluoSphere sulfate treated PS microspheres are yellow-green in
color, fluorescent in nature which have excitation/emission wavelength of 505/515 nm.
The other FluoSphere carboxylate treated PS is orange in color, fluorescent in nature and
have excitation/ emission as 540/560 nm. Last, the amine treated PS is red, fluorescent
with excitation/ emission as 580/605 nm.
Polydimethylsiloxane (PDMS): It is a silicone oil, organic polymer and known
for its rheological properties. Chemical formula of PDMS is
(CH3)3SiO[SiO(CH3)2]nSi(CH3)3, where n is the number of repeating unit [SiO(CH3)2].
The oil is available in different kinetic viscosities ranging from the 5cSt to 60,000 cSt.
and in this thesis, we used Rhodorsil fluid, 47 with a kinetic viscosity (V) of 5 cSt at
room temperature of 25ºC. It has a low elasticity change versus temperature, high thermal
stability, chemical inertness, dielectric stability, shear stability and high compressibility
[27].

12
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Table3.1Physical properties of sulfate-treated PS microspheres of 0.2 μm, 1.0 μm & 4.0 μm

Diameters

Charge

Surface Area

Surface Charge
Density

Density

Color

0.2 μm

0.6 C / g

2.5 × 10 5 cm 2 / g

1.0 μm

4.0 μm

0.27C / g

0.07 C / g

5.2 × 10 4 cm 2 / g

2.5μC / cm 2

5.2 μC / cm 2

1.055 g / cm 3

1.055 g / cm 3

Yellow

Yellow
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Table 3.2 Physical properties of carboxylate-treated PS particles of 1.0 μm & aminetreated PS particles of 0.2 μm.

Surface Treated / Diameter

Carboxylate – 1.0 μm

Amine – 0.2 μm

Charge

1.428C / g

25.29C / g

Surface Area

5.7 × 10 4 cm 2 / g

2.7 × 10 5 cm 2 / g

25.05μC / cm 2

93.68μC / cm 2

Density

1.055 g / cm 3

1.055 g / cm 3

Color

Orange

Red

Surface Charge Density

14
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3.1.2 Preparation of Pickering Emulsions
The PDMS (oil)-water of Pickering emulsions containing surface treated PS solid
particles were prepared using an ultrasonic processor (Sonics Vibracell, 500W model).
The following flowchart details the experimental procedures.

15
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Glass
Vial

Clean with
Acetone

Subject to
nitrogen

Place on
balance

Add polystyrene
particles

Subjected
before to
Ultrasonic
bath

Add 1.0g water
into the glass vial

Mix water & PS

Subjected to
Ultrasonic processor

Then, add ~ 0.1g of
PDMS into same
glass vial

Again whole sample
kept in the ultrasonic
processor

Fig.3.1 Flow chart for the preparation of Pickering emulsions
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3.2 Characterization of Sample
The major objective of the experimental work is to observe whether colloidal
crystals form at Pickering emulsion interfaces. This is done by using a confocal laser
scanning microscope, Olympus FV300, which is located at the TTU imaging center.
3.2.1 Confocal Laser Scanning Microscope
Microscopes are used in scientific arena to characterize specimens or objects
which cannot be properly seen or observed by naked eyes. The history and development
of various microscopes used in the present day are quite interesting too since early times
till present era, the basic aim of all of them is a simple concept i.e., to see the object
under observation as clearly and enlarged as possible so that one can obtain the required
images which can be interpreted and analyzed efficiently.
Confocal laser scanning microscope (CLSM) is an innovative microscope with
many advantages over conventional optical microscopic techniques. The essential
components of a CLSM are a scanning laser, quality microscope and a computer. This
microscope allows the visual generation of 2-D and 3-D images of the sample under
study.
Confocal microscope was invented and patented by Marvin Minsky in 1950’s
[28]. The basic part of this microscope is to perform point-by-point image construction
by focusing a point of light sequentially across a specimen and then collecting some of
the returning rays. Fig 3.2 shows the inventor’s confocal microscope apparatus which
was filed on Nov 7th, 1957. The actual name given by Minsky at that time was “double
focusing stage scanning microscope” and later after the sophistication of the optical
17
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equipments, usage of different lasers as light source and computer revolution as time
proceeded, the tag changed to the present known equipment as confocal laser scanning
microscope.
The contemporary confocal microscope still has the actual building blocks of
Minsky’s design that are pinhole apertures and point-by-point illumination of the
specimen under study. In the present days the majority of confocal microscopes take
images either by reflecting light off the specimen or by exciting fluorescence from dyes
applied to the specimen. Thus the mode is fluorescent confocal microscopy and its aim is
to characterize the fluorescent specimens.

18
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Fig.3.2 Marvin Minsky microscopy apparatus of Confocal Microscopy [28]
19
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Fig.3.3 sketches the basic set up of a confocal microscope In Fig.3.3 the laser
supplies an excitation light source. Once the light reflects off a dichroic mirror, it passes
through a section of vertical and horizontal scanning mirrors. These motor-driven mirrors
have the property to scan the laser across the specimen. The main idea behind this is to
keep the optics static but scan the targeted specimen by moving the stage back and forth
in the respective direction. The specimen is excited by the laser light and fluoresces. The
fluorescent light is descanted by the same mirrors as before which are used to scan the
laser of excitation light and passes through dichroic mirror. Finally, the light passes
through the pinhole and is measured by a detector – PMT which stands for
photomultiplier tube. Thus, for visualization the detector is fastened to a reliable
computer, which gives the image one pixel at a time. To give an idea on how fast it works
a 512 × 512 pixel image the frame rate is done at 0.1-30 Hz. The image generated by the
confocal is a case of thin planar region of the specimen, where out-of-plane unfocussed
light is not taken into account and results in a sharper and better image. Fig.3.4 shows
some of the 2-D and 3-D confocal microscope images by Pickering emulsion samples.
Lastly, a confocal scanning microscope like any optical counterpart has its
limitations and trade-offs in its performance. The ones which need to be taken into
account are such as its resolution, pinhole size, intensity of incident light, and
fluorophores.

20
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5

6
4

7

8

3

2

1

Fig.3.3 Basic setup of a confocal microscope where the numerical numbers stand
for: 1: fluorescent specimen 2: microscope 3, 4: rotating mirrors 5: laser
6: dichroic mirror 7: screen with hole 8: detector (PMT) [29].
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Fig.3.4 Examples of 2-D & 3-D confocal microscope images of fluorescent PS particles
in Pickering emulsions

22

Texas Tech University, Shashidhar Mini Guttula, Aug 2007

CHAPTER IV
RESULTS AND DISCUSSIONS
In this thesis, we have performed experiments using Pickering emulsions as a
novel model system to investigate the self-assembly of polystyrene (PS) colloidal
particles and to understand the dynamics and arrangement of PS crystal formation
adsorbed on the oil-water interface in 2-D. The main focus of the work was to evaluate
the influence of PS particle size, surface chemistry and mixture effect on colloidal
formation at the (PDMS) oil-water interface.
The PS particles were kept at low particle surface concentrations at the emulsion
interfaces. The characterization of these PS particles was done by using a confocal
microscope. The sequential scanning technique presented in the confocal microscopy was
employed to differentiate the simultaneous assemble of different PS particles (sulfate- ,
carboxylate- or amine- treated PS particles ) by exciting one fluorescent species at a time.
In Pickering emulsions, the sulfate treated PS solid particles are strongly adsorbed
at the oil-water interface and the Gibbs free energy to remove one solid particle away
from the interface is on the order of 106 kT / particle, which is much higher than those of
surfactants in conventional emulsions [13]. Thus the adsorption of sulfate PS is almost
irreversible at the oil-water interface since the particles have an ultrahigh desorption
energy [14]. The assembled particles are confined at the oil-water interface and can only
move laterally along the droplet contour, when the emulsion interface is partially covered
with solid particles.

23
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4.1 Self-Assembly of Single Species – Effect of Particle Size

(

)

In this case, sulfate SO4− treated PS colloidal particles, sizes of 0.2 μm,1.0 μm
and 4.0 μm, can form arrays of nearly ordered crystal like lattice structure when they are
adsorbed individually at the (PDMS) oil-water interface.
4.1.1 Sulfate-treated PS colloidal particles of 1.0 μm
Fig.4.1 illustrates a self-assembled colloidal lattice of 1.0 μm sulfate-treated PS
particles (hydrophobic, fluorescent excitation/emission wavelengths of 505/515 nm,
surface charge density of 5.2 μC/ cm2) at an oil-in-water Pickering emulsion interface.
These sulfate treated colloids organize themselves in 2-D long-range ordered crystal
structures which are nearly in shape of hexagonal crystal lattice at the oil-water interface.
The average lattice spacing is 4.3 ± 0.46 μm. Sometimes these lattices contain defects as
the three- particle cluster in Fig.4.1. The colloidal particles oscillate around their
equilibrium positions as shown in Fig.4.2.

Fig.4.1 Sulfate-treated PS 1.0 μm at oil -water interface, the scale bar 4.0 µm [12]
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Fig.4.2 Trajectory of the labeled particles for 150s for the sulfate-treated PS 1.0 μm [12]
The stability of colloidal lattice at the oil-water interface is assumed to be
controlled by three types of forces i.e., the electrostatic repulsion, the Van der Waals
forces and the capillary forces [13]. So an important consensus was reached which stated
that the electrostatic repulsion was enhanced for charged particles at the interface
between an aqueous phase and a low dielectric constant medium including air and oil.
The enhanced repulsion usually resulted in a long-range ordered structure of charged
solid particles at the interface [14]. By careful observation it was noticed that the 1.0 μm
colloid particles in the crystal lattice oscillate around their equilibrium position, which is
due to the fact that colloid crystals (CC) behave like damped harmonic oscillators. The
equilibrium position is the “local minima of the periodic (Peierls) potential due to the
underlying crystalline lattice as well as the thermal fluctuations over the barriers
separating local minima” [31].
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4.1.2 Sulfate-treated PS colloidal particles of 0.2 μm
Fig 4.3 illustrates a self-assembled colloidal lattice of 0.2 μm sulfate-treated PS
particles (hydrophobic, fluorescent excitation/emission wavelengths of 505/515 nm,
surface charge density of 2.5 μC/ cm2) at an oil-in-water Pickering emulsion interface.
These diminutive sulfate treated colloids organize themselves in 2-D long-range ordered
crystal structures which are nearly in shape of hexagonal crystal lattice at the oil-water
interface.

Fig.4.3 Sulfate-treated PS 0.2 μm in diameter at oil -water interface, the scale bar 5.0 µm
At discrete time intervals, as shown in Fig.4.4, there is no observed change in the
phase transformation of the lattice structure of 0.2 μm at the oil-water interface. Some of
the particles coalesce as time proceeds at room temperature, but the overall structure
looks very much like a crystalline array as before and is relatively stable at the oil-water
interface. The motion of these individual PS particles undergoes Brownian motion,
making the path of them irregular but is still constrained as a damped harmonic solid
[30]. The coalesce between PS particles at the oil-water interface is a point-like defect in
2-D and known as dislocation [31].These dislocations help in the study of static and
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dynamic behavior of defects and critical in determining the response to mechanical,
electrical and thermal properties [31].

t = 0.0s

t = 4.0s

t = 18.0s

t= 25.0s

Fig.4.4 Different time interval images of 0.2 μm sulfate-treated PS at oil –water interface

4.1.3 Sulfate treated PS colloidal particle size of 4.0 μm
Fig.4.5 is an example where the 4.0 μm sulfate-treated PS (hydrophobic,
fluorescent excitation/emission wavelengths of 505/515 nm, surface charge density of 5.5
μC/ cm2 ) form a colloidal lattice at an oil-water interface. Similarly it has point-like
defects i.e., dislocations present in the form of two particle clusters in its formation as
observed. The image in Fig.4.6 is another example of structural formation of 4.0 μm
sulfate-treated PS at the oil-water interface. The square mark highlights a hexagonal
structure with a defect in the form of two particle cluster.
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Fig.4.5 Sulfate treated PS - 4.0 μm at oil-water interface, scale bar of 10.0 µm

Fig.4.6 Sulfate-treated PS - 4.0 μm at a different oil-water interface, scale bar of 10.0 µm

It has been observed that the chance of crystalline formation of 4.0 μm is not so
patterned and regular as compared with 0.2 μm and 1.0 μm sulfate-treated PS. Comparing
the oscillations of individual PS particles around their equilibrium positions, the smallest
particle 0.2 μm oscillate the fastest and the 4.0 μm particles oscillate slowly and barely
visible.
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4.1.4 Force Calculations
The following calculation details the electrostatic force calculation for the sulfatetreated PS particles of 0.2 μm, 1.0 μm & 4.0 μm. The electrostatic repulsion force
“ Felectrostatic ” between two different arbitrary sulfate PS particles for sizes of 0.2 μm, 1.0
μm and 4.0 μm, respectively, is calculated by assuming it follows the force relation of
[32]

Felectrostatic

2
6ε oil qwater
=
2
4Πε 0ε water
k 2 L4

(4.1)

where ε 0 is the permittivity of vacuum - 8.8542 × 10 −12 C 2 / N .m 2 , ε oil & ε water are the

relative permittivity of oil - 2.6 and water - 78.5, k is the reciprocal of the Debye
screening length k −1 ~1.54 × 10-8 m, q water is the charge of water immersed section of the
particles. It is determined by the product of the Debye length and the radius of the
particle, which is given by
q water = 2ΠRSinθk −1σ partilceα water ,for kR 〉〉 1

(4.2)

R is the radius of the particle, θ is the three-phase contact angle (measure
through the water phase) to be 117º, σ particle is the surface charge density of the
polystyrene particle (2.50 × 10-2 C/m2 for 0.2 μm, 5.17 × 10-2C/m2 for 1.0 μm, 5.5 × 102

C/m2 for 4.0 μm) and α water is the degree of dissociation of water and equal to 0.25 [32].

q water is 5.39 × 10-17C for 0.2 μm, 5.57 × 10-16C for 1.0 μm and 2.37 × 10-15C for 4.0 μm, L
is the distance between two PS particles varying from 1.0 μm to 10.0 μm. Fig.4.7 shows
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the electrostatic forces of 0.2 μm, 1.0 μm and 4.0 μm. The overall pattern of the
electrostatic force is similar but differs in magnitude between 0.2 μm, 1.0 μm and 4.0 μm.

1e-13
1e-14

Electrostatic Force (N)

1e-15
1e-16
1e-17
1e-18
1e-19
1e-20
1e-21
1e-22
0

2

4

6

8

10

12

Distance between two particles L (um)
F-(0.2 um) vs L
F-(1.0 um) vs L
F-(4.0 um) vs L

Fig.4.7 Plot of electrostatic force of sulfate-treated PS for 0.2 μm, 1.0 μm and 4.0 μm
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The van der Waals interaction is the likely secondary force which is important in
the colloidal lattice formation The van der Waals force was calculated using the equation
F vanderWaal

s

= − A eff a

f ( p)
12 L 2

(4.3)

where Aeff is the modified Hamaker constant which has a value of 1.52 × 10-20 , a
is the radius of the solid particle, L is the distance between two particles and f(p) is an
adjustable parameter which makes the van der Waals equation suitable to all distances
[13,33,34].
The adjustable parameter f (p) is given by

f ( p) =

1 + 3 . 54 p
,p <1
1 + 1 . 77 p
(4.4)

and

f ( p) =

0.98 0.434 0.067
−
+
, p >1
p
p2
p3

(4.5)

where p is given by
p=

2∏ L

λ1

(4.6)

λ1 is the London retardation length, which has a value approximately of 100nm.
In this study for interparticle distances from 1-10μm, p is greater than 1 and hence
equation 4.5 is used to calculate the adjustable parameter f(p).
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Fig.4.8 shows the van der Waals force for the PS particles of 0.2 μm, 1.0 μm and
4.0 μm. The path for all the three particle sizes nearly follows the same pattern but differs
in magnitude due to the particle size. Comparing the electrostatic and van der Waals
forces between PS particles at the oil-water interface, it is fair to say that the electrostatic
repulsive force is responsible for the long range ordering in colloidal lattices.
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F(4.0 um) vs L

Fig.4.8 Plot of van der Waals forces of sulfate-treated PS for 0.2 μm, 1.0 μm and 4.0 μm
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4.2 Self-Assembly of Single Species - Effect of Surface Chemistry
So far, we have demonstrated success of self- assembling single species sulfate
treated PS particle lattices at the oil-water interface. One intuitive question to ask is the
effect of surface chemistry. In this section, we worked on carboxylate ( COO − ) treated PS
colloidal particles of 1.0 μm and found that they do not form any array of nearly ordered
crystal like lattice structure when they were adsorbed individually at the (PDMS) oilwater interface.
Fig.4.9 illustrates colloidal particles of 1.0 μm carboxylate-treated PS particles
(hydrophilic, fluorescent excitation/emission wavelengths of 540/560 nm, surface charge
density of 25.05 μC/ cm2) at an oil-in-water Pickering emulsion interface. There is no
particular structural formation of the carboxylate polystyrene particles at the oil-water
interface. It can be observed from the image that the PS particles remain single or double
form, triplet aggregation and even a chain like pattern at the oil-water interface. The
carboxylate-treated PS particles are distributed erratically at the interface as compared to
the more crystalline structure in sulfate PS at the oil-water interface. The nature of
carboxylate PS is hydrophilic in nature and it is possible that most of the particles prefer
to stay in water as to the self-assemble at the oil-water interface. Fig. 4.10 shows four
images taken at different time intervals
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Fig.4.9 Carboxylate-treated PS of 1.0 μm at oil - water interface, scale bar of 10.0µm

t = 0.0s

t = 2.0s

t = 9.0s

t = 20.0s

Fig.4.10 Time interval images of 1.0 μm carboxylate-treated PS at oil–water interface,
scale bar of 10.0µm.
Similarly, we also calculate the electrostatic and van der Waals forces, as
discussed previously. The only differences comparing to previous calculations are that
the three-phase contact angle θ of the carboxylate PS is 59º, σ particle the surface charge
density of the carboxylate-treated PS particle is 2.51 × 10-1 C/m2 , q water is 2.82 × 10-15C
and Aeff is 5.41 × 10-19.Fig.4.11 shows the electrostatic and van der Waals forces between
carboxylate-treated PS particles of 1.0 μm at the oil-water interfaces. When the two
particles approach each other, the electrostatic repulsion becomes dominant and arises
steeply. Although the force profiles here appear to be similar compared to those between
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sulfate-treated particles, they fail to explain the lack of lattice formation at the oil-water
interfaces.Fig.4.12 compares the electrostatic forces of sulfate-treated and carboxylatetreated PS particles, and surprisingly, the latter even has a higher magnitude. This
observation contradicts the hypothesis that electrostatic repulsion is responsible for the
long-range ordering of colloidal lattices formed by sulfate-treated PS particles. Further
investigation is needed to better understand this discrepancy. There are some potential
possibilities. First, the carboxylate-treated PS particles prefer to remain in the water phase
and self-assemble less to the oil-water interfaces, likely due to the hydrophilic nature of
the particles. The low concentration at the emulsion droplets may inhibit the lattice
formation. Second, the carboxylate-treated PS particles may introduce some unknown
effects for the particles adsorbed at the oil-water interfaces and inhibit the lattice
formation.
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Fig.4.11 Plot of electrostatic / van der Waals forces of carboxylate-treated PS for 1.0μm.
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Fig.4.12 Plot of electrostatic forces of sulfate-treated & carboxylate-treated PS for 1.0 μm
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4.3 Self-Assembly of Mixed Colloidal Particles
The sulfate-treated PS particles (hydrophobic, fluorescent excitation/emission
wavelengths of 505/515 nm, surface charge density of 5.5 μC/ cm2 ) and carboxylatetreated PS particles (hydrophilic, fluorescent excitation/emission wavelengths of 540/560
nm, surface charge density of 25.05 μC/ cm2 ) of size 1.0 μm were mixed in different
weight concentration ratios 1:1, 2:1, 3:1, 4:1, 6:1 and 8:1 respectively, but keeping the
overall total weight of PS particles same. Similar experiments were performed on these
mixtures to investigate the effect of mixture on colloidal lattice formation.
4.3.1Equal weight mixture of sulfate-treated & carboxylate-treated PS particles of 1.0 μm
When equal concentration of sulfate-treated and carboxylate-treated PS were
mixed together there was no particular ordered array observed at the oil-water interfaces.
However, it is observable that both hydrophobic and hydrophilic solid particles could
simultaneously aggregate to the same oil-water interface. Fig.4.13 shows the sequential
scanning image of sulfate-treated and carboxylate-treated polystyrene particles at the
(PDMS) oil-water interface, from the self assembly of both particles with equal bulk
concentration of 0.015%. It has been reported that the wettability of solid particles in
Pickering emulsions is a key controlling factor, with hydrophilic particles tending to
stabilize oil-in-water Pickering emulsions and hydrophobic particles tending to stabilize
water-in-oil Pickering emulsions [13]. Interestingly, here both the hydrophobic and
hydrophilic particles can simultaneously aggregate at the same emulsion interface. The
hydrophobic and hydrophilic nature particles respectively was verified by measuring the
three-phase contact angle (measured through the water phase) which were found to be ~
117º and ~ 59º , when incorporating only a single species in the Pickering emulsion [13].
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Fig.4.13 Sulfate and carboxylate–treated PS - 1.0μm at oil- water interface, scale 20.0µm

4.3.2 Uneven mixture of sulfate & carboxylate PS particles of size 1.0 μm
The images of Fig.4.14 were obtained for different weight concentrations of
sulfate-treated/ carboxylate-treated PS – 1.0 μm at oil-water interface by keeping the
overall weight concentration constant. It is observable that when the particle
concentration of carboxylate-treated PS decreases in the mixture there is a good chance
of sulfate-treated PS forming an array of ordered structure with few point-like defects in
the form of clusters as shown in ii), iii) & iv). So it is clear that only the sulfate PS can
form ordered crystalline structure at oil-water interfaces and a small amount of
carboxylate-treated PS particles does not disturb the lattice formation.
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.
i) 2:1

ii) 3:1

iii) 4:1

iv) 8:1

Fig.4.14 Different ratios of sulfate and carboxylate treated PS - 1.0 μm at oil - water
interface
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4.3.3 Mixture of sulfate-treated ( SO4− ) PS of different size 0.2 μm and 1.0 μm
In this sulfate-treated polystyrene blend, the particles are mutually of the same
surface chemistry but different size. The experiment was done at equal particle weight
concentration. Here, the surface charge density of these PS particles is different, with 0.2
μm having a value close to 2.5 μC/cm2 and 1.0 μm having a value around 5.2 μC/cm2.
The main purpose of the task is to observe any colloidal lattice formation at the
oil-water interface. As observed in Fig.4.15 it can be clearly seen that the miniature PS of
0.2 μm individually forms a crystalline structure which looks like a spider web at
the first look. At close observation, it is noted that they form nearly hexagonal structure
at the oil-water interface. The PS of 1.0 μm scatter randomly and doesn’t form any
regular pattern on the adsorbed droplet interface but embed into the lattice formed by PS
of 0.2 μm. Fig.4.16 shows the stability of such lattices at different time intervals.

Fig.4.15 Different particle size of sulfate-treated PS - 0.2 μm and 1.0 μm at oil-water
interface
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t= 0.0s

t=5.0s

t = 22.0s

Fig.4.16 Discrete intervals of particle size of sulfate-treated PS - 0.2 μm and 1.0 μm

4.3.4 Unequal size mixture of amine-treated ( NH 2 ) PS - 0.2 μm and sulfate-treated
( SO4− ) 1.0 μm.
The final question we try to address is the effect of charge sign on the formation
of colloidal lattices. Here, the colloidal mixture of amine-treated PS (red, 0.2 μm),
positively charged and sulfate-treated PS (green, 1.0 μm), negatively charged is used. The
surface charges of these surface treated PS particles are different with NH 2 -treated PS 0.2 μm having a value near to 93.68 μC/cm2 and SO4− treated PS 1.0 μm having its value
close to 5.2 μC/cm2. So the amine-treated PS has a higher surface charge density of
nearly 18 times that of sulfate-treated PS.
Fig.4.17 shows that on different oil-in-water droplets there was no regular
pattern of the amine-treated PS or the sulfate-treated PS particles at the oil-water
interface. The other observation is even when the weight concentration ratio of sulfatetreated PS and amine-treated PS was changed from 1:1 to 4:1, as shown in Fig.4.18, there
was no observation of any crystalline structure. One of the possible reasons for not
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forming any crystalline structure is due to the positive charge of amine-treated PS.
Another possibility is that the surface chemistry of amine inhibits the formation of
colloidal lattices.

Fig.4.17 Equal % conc. of amine-treated PS - 0.2 μm and sulfate-treated PS -1.0 μm
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Fig.4.18 Unequal % conc. of amine-treated PS - 0.2 μm and sulfate-treated PS-1.0 μm
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CHAPTER V
CONCLUSIONS
In this thesis, we have used Pickering emulsions as a novel template to
investigate the self-assembly of colloidal lattices at polydimethylsiloxane (oil)-water
interfaces. First we have studied the self-assembly of single species colloid lattices and
found that the surface chemistry of polystyrene particles plays an important role in
colloidal lattice formation. The sulfate-treated polystyrene particles, with particle size of
0.2 μm, 1.0 μm, and 4.0 μm, form nearly ordered colloidal lattices at the oil-water
interfaces. The colloidal particles oscillate around their equilibrium positions. However,
same approach does not result in any colloidal lattices when using carboxylate-treated
polystyrene particles. Although the enhanced electrostatic forces between colloidal
particles likely explain the long-range ordering between sulfate-treated particles, they fail
to interpretate the lack of lattice formation of carboxylate-treated particles.
In addition, we have investigated the possibility of self-assembling
heterogeneous colloidal lattices at the oil-water interfaces. Sulfate-treated polystyrene
particles of mixed size, 1.0 μm and 0.2 μm, can form nearly ordered lattices mainly made
of smaller particles. A small percentage of carboxylate-treated particles in colloidal
mixture does not disturb the formation of sulfate-treated polystyrene particles of 1.0 μm.
However, mixtures amine-treated polystyrene of 0.2 μm and sulfate-treated polystyrene
of 1.0 μm do not result in any colloidal lattices at oil-water interfaces.
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