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ABSTRACT

One key step in selectively forming strong, flexible, and self-assembled chains of
colloidal particles was particle flattening. A technique was developed to partially flatten
spherical colloidal amidine-functionalized polystyrene latex particles of 2.5-3.3 μm
diameter. The particles were electrostatically adhered to a substrate in an aqueous system.
The spreading of the particles on the substrate was achieved by reducing the glass
transition temperature below the room temperature. The glass transition temperature was
lowered by absorbing a plasticizer, toluene, into the particles. The toluene was placed on
top of a water layer 7 mm thick and was allowed to diffuse through to the particles resting
on the substrate at the bottom of the layer. Fick’s 2nd Law and a sintering model derived in
the literature were used to scale the toluene diffusion process. The flat sizes and shapes
were confirmed and quantified by SEM imaging. The required toluene exposure time for a
desired flat size was determined. The times required were 2 hrs 30 min, 3 hrs, and 3 hrs 30
min for particles with flat diameters 25%, 55%, and 90% of the particle diameters in that
order.1 Process design parameters studied where toluene as a solvent, the absorption
mechanism of particles to the substrate, and a siphoning system for quick and copious
rinsing of toluene from the particles after toluene diffusion was completed. Crystalline
silicon was found to be an appropriate substrate that did not leach ions into solution as was
known to be the case with borosilicate glass.
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1. Introduction
1.1

Purpose
Colloids are mixtures with small particles of one or more substances distributed

throughout one or more continuous substances. Any component of the colloid can be any phase
of matter. In contrast to solutions, where the solute molecules and solvent molecules are
comparable in size, in colloids, the solute particles are much larger than the solvent molecules.
In fact, particle size is critical for the stability of a colloid. The typical particle size is a few
microns in a characteristic dimension, although it can vary.
Colloids are ubiquitous in technology. The cellulose fibre and clay filler used to improve
opacity and produce a shiny texture in sheet paper are colloidal.2 The controlled flow of ink
through ball-point pens and printer cartridges is due to the ink’s colloidal nature.2 Shaving
cream, hairspray, cake mixes, insecticides, and weed-killers, all everyday commodities, owe their
success to colloid science.2 Water and air clarification, one of the world’s greatest challenges to
date, can be solved using the absorptive properties of colloidal materials.2
In the present work, there were two objectives:
1.

Design a process to partially flatten spherical particles at room
temperature in a controlled manner. It is necessary to avoid heating
the system as the stability of the particle surface groups is maintained.

2.

Determine processing times given a desired flat size.

These objectives were accomplished by exposing the particles to a plasticizer, toluene, for a set
period of time. The flat formation as a function of toluene exposure time was predicted
theoretically and verified experimentally. An example of flattened particles is shown in Figure 1.
These particles were exposed to toluene for three hours, and flat patch diameters were 55% of
the particle diameters.
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1.5 μm
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Figure 1: 55% Flattened particles exposed to plasticizer for 3 hours
The particles developed in the present work were used to make doublets in a further
project. These particles were connected to one another through their flat patches in order to
selectively form strong and flexible doublets in a controlled manner with high yield (see
Appendix I). These doublets provided a foundation for the development of a technique to
synthesize flexible, self-assembled chains of colloidal particles in which each particle in the chain
has two flats for connection. The success of doublet formation must first be achieved before
chains can be synthesized. The self-assembled, flexible colloidal chain is a novel concept.
Flexibility refers to the chain’s ability to move freely without breaking, much like a string of yarn
would. Self-assembly means that the particles assemble without external mechanical, electrical,
or magnetic work. Chain strength refers to the ability to withstand physical forces.
The principal application of the colloidal chains is to the biological sciences. Colloids are
prevalent in biological systems. For example, synovial fluid in the human joints contains
proteoglycans, heavily glycosylated proteins. These proteins form chains with one another
through non-covalent interactions. It has been suggested that these chains self assemble near
joint boundaries in the human body when the fluid is under shear stresses (such as when the
joint moves) and as a result friction is reduced between articular cartilage as bones move
together.3 When shear stresses are removed, the proteins disassemble. Using the synthetic
colloidal chains, it might be possible to simulate the interactions between these proteins under
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shear forces in order to develop a better understanding of the mechanism through which
synovial fluid lubricates joints.

1.2

Fundamentals of Colloid Science

1.2.1

The Electrical Double Layer
Particles with charged surfaces in ionic solution develop an electrical double layer,

which is essentially a distribution of ions around the particle that satisfies its electric bias. This
double layer consists of a compact layer close to the particle (within 0.5 nm) and a diffuse layer
farther outwards.2 Since cations tend to remain hydrated in solution, they can only come as
close to the particle as the radius of a water molecule allows.2 However anions dehydrate and
are able to come closer.2 The compact layer is the region of closest interaction, between the
particles, the anions, and the closest cations. In the diffuse layer, co-ions and counter-ions are
more sparsely distributed as the attraction to the particle is weaker. The two layers are studied
as capacitors in series. The net sum of the particle charge and the charges of the two layers is
zero. As with all particles, the ions are at the same time subject to Brownian motion due to
changes in thermal energy. Thus the formation of the double layer is a force balance on the ions.
One useful representation of the diffuse layer is the Gouy-Chapman Model, which
assumes that there are equipotential planes parallel to the surface branching outward of the
particle.4 Only linear distance is involved in determining the surface potential. The foundation of
the model is the Poisson-Boltzmann equation which assumes a static system and a constant and
uniform material permittivity. This equation combines the ratio of electrical energy to thermal
energy in the ions, with the ability of the ions to flow in the given medium, to determine how
the electrical double layer will form. There are useful approximations for systems that have
already been studied. Doublet formation as a result of the present work involves the use of KCl
in a solution of charged spherical colloidal particles, and this salt has a 1:1 ion ratio. When it can
be additionally assumed that the electrical energy is small compared with the thermal energy of
the ions, the final result of applying the Gouy-Chapman model is the Debye length, expressed in
equation 1:5
(1)

3

where

is the valence of either K+ or Cl- in solution,

either ion, e is the elementary charge,
the Boltzmann constant and

is the bulk solution concentration of

is the solvent permittivity, T is the temperature, k is

is the Debye length. The Debye length is widely used in colloid

science to estimate the thickness of the electrical double layer.
For the case of multivalent ions and multiple ions in solution, the Debye length is
written more generally in terms of the ionic strength, or concentration of ions, in the solution.
The ionic strength is defined as in equation 2:5
(2)
where

is the concentration and

is the valence of ion species in solution. When applying

the ionic strength in equation 2, the resulting expression is equation 3:
(3)
Higher ionic strengths lead to compression of the double layer. The ionic strength also
determines the rate of aggregation of particles. Below a certain concentration, the aggregation
is considered slow (reaction limited), and above that concentration, the aggregation is
considered fast (diffusion limited). This special concentration of ions is called the critical
coagulation concentration.
1.2.2

Hydrodynamics of Colloids
Colloidal particles that are not suspended in solution will float on top of the solution or

settle at the bottom, depending on the density difference between the particles and the solvent.
In the present work, the particles used were made of polystyrene and the solvent was deionized water. As polystyrene is denser than water, the particles eventually settle at the bottom
of the solution. The settling velocity of colloidal particles through a medium due to gravity was
important in the settling process. The settling velocity can be approximated by Stokes Law,
below in equation 4:5
(4)
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where U is the settling velocity,

is the density of the particle,

g is the gravitational acceleration, and

is the density of the medium,

is the viscosity of the fluid medium. The assumption

made in equation 10 is creeping flow in which case inertial forces are relatively unimportant. It is
also assumed that colloidal particles reach terminal velocity instantaneously as the settling
distances are long compared to the velocities.
1.2.3

Plasticizers
Plasticizers are a class of chemicals that have the quality of lowering the glass transition

temperature (Tg) of a polymer. This causes an increase in the polymer’s flexibility. In this work,
a plasticizer was added to a polymer in the presence of a liquid solvent. There are several
theories for how plasticizers work. The theory of solvent action and free volume theory are
briefly discussed.6-9
In order for solvation to occur, the Gibbs Free Energy of Mixing must be negative. In
ideal solutions, ΔHmix is 0, so there is only a ΔSmix term derived from statistics. In high polymer
solutions, it is important to realize that an ideal solution cannot be assumed.7 The ΔSmix values
are much larger than in ideal solutions. Meier’s theory is thought to be the most plausible
explanation for these deviations. He proposed that given a lattice in the polymer/solvent
system, the segments of any polymer chain must occupy a continuous sequence of adjacent
lattice sites.9 As a result, there are many more conformations of polymer segments possible
than in the ideal case, where each molecule in the system has an equal opportunity to occupy a
site. Huggins and Flory independently derived mathematical expressions to test this hypothesis,
and their results support it. The ΔHmix is not as predictable for a wide variety of high polymer
solutions. If it is positive, it must be less in magnitude than the TΔSmix term for the solvation to
occur.
The interactions between the polymer (solute) and liquid (solvent) are characterized by
two phenomena trying to approach equilibrium. The first is between solvation and desolvation.5
Solvation is the joining of solvent and solute molecules, and this joining displaces previous
connections these molecules had. The other equilibrium is between aggregation and
disaggregation.6 Solute molecules favor joining to one another in aggregation.
The cohesive forces between solute molecules originate at points called active centers.6
When two particles are within an active center, aggregation occurs. If a solute is placed in such a
solvent such that the rate of solvation exceeds the rate of desolvation, some of the solvent
5

molecules will become bound to active centers, preventing aggregation of solute molecules. As
a result, the aggregation/disaggregation equilibrium will shift in favor of disaggregation.
Another way to look at plasticizers is through free volume theory. Free volume
measures how much space a polymer’s chains have to move around. Polymers with high free
volume are flexible and those with low free volume are rigid. Adjustments to any of the chains
can increase free volume. For example, an increase in the length of a side chain would increase
free volume. Plasticizers are thought to increase the free volume.8 One way is by increasing the
number of end groups on polymer chains.8 The chains are pushed away from each other
because of the added bulk. Another thought is that solvent molecules simply displace polymer
chain segments and force the polymer to expand.8
It is possible that plasticizer behavior is a combination of many forces. Plasticizers could
prevent aggregation while simultaneously encouraging solvation or they could be adding to the
end groups on polymer chains. The strength of a plasticizer indicates how much will be needed
for the task. Plasticizers are also judged by their volatility, change in strength over a
temperature range (solvation depends on temperature), exudation on aging, flammability,
electrical conductance, and many other properties.
1.3

Methods for Modification of Particle Geometry and Particle Aggregation
One geometric modification of particles described in the literature is the stretching of

spherical particles to form ellipsoids.10 Polystyrene latex particles are adhered to a polyvinyl
alcohol film. The film is stretched in a controlled manner with the system temperature above
the glass transition temperature (~ 105 C) using a hot oil bath, and the spheres are elongated.
Their dimensions depend on the viscoelastic properties of the particles and the extension rate.
The relationship between the draw ratio and the axial ratio of the resulting ellipsoids is
essentially linear. The bond between the film and the particles is thought to be due to hydrogen
bonds and surface groups on the particles.
The particles with flat patches can be thought of as Janus particles, for which a lot of
research exists in the literature. In one work, dipolar particles are prepared using microcontact
printing.11 A film of surfactant is deposited on a treated elastomer stamp. A monolayer of
polystyrene latex is spread on a glass substrate with a glucose film holding the particles in place.
The particles are “stamped” with the surfactant. Only the exposed portions of the particles are
treated while the glucose film protects the rest of the particle surface. The surfactant is water6

insoluble so that the deposit on the particles will not redisperse in solution. The resulting effect
is dipolar micro-particles in solution which can be used to prepare organized patterns of
particles due to “charge-dipole” and “dipole-dipole” interactions. Under low salt concentrations,
the particles acting under their net charges, repulse one another. However, experiments under
high salt concentrations showed linear aggregation of treated particles compared to bulky
three-dimensional aggregates of untreated particles. The repulsive forces are screened in these
conditions and the dipole interactions dominate. This method has also been used to print one
colloid monolayer onto another, such as the printing of sulfate latex particles onto NH2 latex
particles, which forms a “raspberry-like” geometry.
One recent method of doublet formation involves the Salting Out—Quenching—Fusing
technique.12 First, salt is added to charged particles in solution to increase the ionic conductivity
above the critical coagulation concentration to induce rapid aggregation. After a set time period,
the solution is quenched with distilled water to lower the ionic conductivity back to its previous
level and stop coagulation. Then the particles are fused chemically or by raising the temperature
above the glass transition temperature. The method functions through the primary energy
minimum (described in Appendix I, section 7.2) and produces at most 20% doublet yield.12
Further, once aggregation exceeds doublets, there is no control over how it proceeds, thus
leading to large disorganized clusters. These fused particles are generally not suitable for making
chains.
Another method of controlled aggregation involves the use of a template.13 The
template consists of two substrates sandwiched together with a thin layer in between them for
fluid to pass through. One substrate is specially patterned using photolithography. The particles
are to fit in these patterns. The particle solution is injected in between the substrates using a
glass tube. The solvent either evaporates or flows through channels in a thin film covering the
substrate. This dewetting is sufficient to push the particles, into their spots in the template. Both
van der Waals and electrostatic forces are at work here, while gravitational forces are negligible.
The pattern can vary depending on the geometry desired, from doublets, to square-shaped
clusters to hexagonal-shaped clusters. The particle clusters can be fused if desired by heating
above the glass transition temperature. External annealing or an agent that promotes strong
adhesion is required. This method produces self-assembled clusters with control over the shape
and size, but the particles cannot be removed from the template while remaining clustered. This
7

method is selective because the template can be adjusted. Particle clusters resulting for this
work are strong. However, the clusters are not flexible and they rely on micro-fabrication of a
template.
In another process, colloidal particles are suspended in an emulsion of an organic and
aqueous phase.14 The emulsion is kept stable by a surfactant. The particles can be discouraged
from aggregation either through steric repulsion between polymer chains or through
electrostatic repulsion due to the adsorption of ionic surfactant to the particle surfaces. The
particles are drawn to the surface of the organic phase thermodynamically to reduce surface
tension. As the organic phase evaporates, capillary forces draw the particles together into
clusters. An example system is: poly(methyl methacrylate) spheres suspended in a
hexane/water emulsion with a triblock copolymer surfactant. The method produces different
size clusters which can be fractionated using a density gradient, but remarkably, for systems
involving different particle size and force magnitudes, cluster configuration distributions are
similar when the number of particles involved in these clusters is less than 11. Beyond that
value, the clusters geometries vary from system to system as the number of configuration
possibilities is large enough to make the clusters sensitive to small changes in system forces.
While self-assembly of clusters is achieved in this method, the method is not selective because
many products are formed in a single batch. There is also limited flexibility, as the organic phase
completely evaporates, leaving no “solvent layer” between particles.
Goubalt et al. describes a technique for forming a colloidal particle chain involving a
magnetic field.15 The colloidal particles used are superparamagnetic and a chemical linker is
needed between them. The particles and linker, polyacrylic acid, are suspended in a thin cell. A
magnetic field is applied perpendicular to the cell surface that causes the particles to assemble
into chains with linkers connecting them. The linkers connect through adsorption. If the field is
strong enough, the linking between the particles and the linkers can be retained when the
magnetic field is turned off. However, the flexibility of the chains is dictated by the elasticity of
the bond between the particles and the linker. One application of this method is for
antibody/antigen sandwiches because there, a linker is involved as well. This method is limited
by the need for special particles that are paramagnetic at room temperature, and it also
requires that the proper linker be found for the given particle.
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Fraden et al. details a technique involving the use of an electric field to form colloidal
particle chains.16 Upon exposure to the electric field, an induced dipole is formed in each
spherical particle. The particles mutually polarize one another and align with the field according
to their dipole moments. Small chains are formed quickly, but after a certain chain length, the
addition of more chain links is diffusion limited because the additional pieces have to migrate to
the ends of the chain. Thus while these chains are flexible, their lengths are limited, and they
disassemble as soon as the electric field is removed.
The previous works described above are representative of the techniques that are
related to the present work. Note that in these methods the altering of the particle geometry is
either accomplished by raising the temperature of the system above the glass transition
temperature or utilizing a surfactant to alter the surface properties of the particles in favor of
controlled aggregation. Additionally, no doublet or particle chain formation method described
resulted in self-assembled, flexible, selective, and strong assemblies. Current techniques only
achieve parts of these objectives. They rely on external forces for assembly, employ the primary
energy minimum for assembly, which indicates inflexibility, or they utilize the secondary energy
minimum (described in Appendix I, section 7.2) but without creating strong assemblies. In the
present work, a novel method was developed that achieves flattening of the particles at room
temperature by utilizing a plasticizer to lower the glass transition temperature of the particles.
By working at room temperature, the surface chemistry of the particles is safely maintained. The
doublets as a result of the present work achieved all of the objectives described.
2.

Experimental Section
2.1

Materials
The particles used in the flat production process and the doublet formation were

monodisperse, surfactant-free amidine-functionalized polystyrene latex (A-PSL) microspheres
(average molecular weight 70,000 g/mol, particle density: 1.055 g/cm3, average diameter: 2.5
μm, coefficient of variation (defined as the ratio of the standard deviation to the mean): 5.2%,
surface charge density: 31.6 μC/cm2, batch no. 1096, 1). In order to better visually observe
particle swelling with increasing toluene absorption, 3.3 μm monodisperse, surfactant-free
amidine-functionalized polystyrene latex microspheres (average molecular weight 70,000 g/mol,
particle density: 1.055 g/cm3, coefficient of variation: 8.7%, surface charge density: 34.9 μC/cm2,
9

batch no. 1414, 1) were also used. Both types of particles were purchased from Interfacial
Dynamics Corporation (Portland, OR).
Containers used for the settling process were polystyrene Petri dishes (60 mm diameter,
15 mm height, VWR International). Containers used for toluene diffusion were 50 mL Nalgene
PMP beakers (VitLab). All containers were cleaned using 70% ethanol in water solution.
The substrates used for particle adhesion and flat production were <1,0,0> Silicon (Si)
wafers (Silicon Quest International, Lot No: IMV3P01-10PRM, 75 mm diameter, 0.5 mm width,
resistivity values of 1-10 Ω*cm). They were RCA-1 cleaned and the surface of the silicon oxidizes
at ambient conditions to give a thin layer of silica. This prevented any leaching of ions.

2.2

Instrumentation

Optical images were taken using a Nikon Eclipse TE2000-U inverted optical microscope.
A Hitachi S-3000H scanning electron microscope (SEM) at the Millenium Science Complex facility
in State College, PA at the Pennsylvania State University was used to acquire images to
determine particle radius and flat radius. For each SEM sample, 2.0 μL of flattened particles in
solution (<0.01% solids) was pipetted onto a small silicon wafer and left overnight to air dry in a
dust-free laminar flow hood. SEM samples were gold sputtered for 30 seconds and were
observed at a working distance of 5-6 mm with an accelerating voltage of 5 kV.
Flattened particles were mixed with a salt solution on a Mini Vortexer (with speed
control) from VWR International. A Penta KB Power Roller with Vari-Drive DC Motor Speed
Control was used to allow doublet formation to occur for long periods of time in a test tube
without gravitational settling of particles.

2.3

Flat Production Procedure
A 20 mm wide square of crystalline silicon was cut and placed in a clean polystyrene

Petri dish. The dish was filled to a height of 1 cm with de-ionized water. Using an automated
pipet, 5 μL of particle solution was swirled into the de-ionized water until homogeneity. The
dishes were covered with lids to prevent water evaporation. They sat at room temperature for
at least 12 hrs. Using tweezers, the silicon substrate was carefully transferred to a 50 mL
Nalgene beaker pre-prepared with 7 mm de-ionized water height. About 1 mL of toluene was
carefully added to the surface of the water. The beaker was first covered with parafilm followed
10

by a polystyrene lid to prevent evaporation of toluene. The beaker was allowed to sit at room
temperature for approximately 3 hours (depends on desired flat size). The lid was then removed
and the beaker with sample was rinsed with 5 L of de-ionized water using a siphoning system.
Care was taken so that the particle-adhered surface of the wafer was not disturbed by rinsing.
The silicon substrate was transferred to a polystyrene Petri dish with about 0.5 mL de-ionized
water (just enough to cover only the silicon substrate). The particles were gently scraped off the
substrate with a plastic pipet to form a concentrated solution of flats. The flats were stored in
1.5 mL Eppendorf tubes in a refrigerator at 4⁰C.
3.

Results for The Flattening Process
3.1

Prior Studies of Flat Formation
The particles in this work were polystyrene latex with amidine functional groups, giving

them a positive charge. This charge was necessary for the particles to adhere to negatively
charged substrates in aqueous solution electrostatically. Using this bond, the intended
modification to the particles could be achieved, as depicted in Figure 2.

+

−
Figure 2: Formation of flat surfaces
Polymers are made from long chains of repeating units. These chains can interact with
one another. Above a certain temperature, every polymer transitions from being in a hard
brittle state to a more relaxed elastic state. On the molecular level, this transition is from loosely
interacting chains to cross-linked chains. This temperature is called the glass transition
temperature (Tg).
Polystyrene is a viscoelastic polymer, which means that this material exhibits both
elastic recoil and viscous dissipation in response to energy input.18 The permanent deformation
of the polystyrene particles at a temperature that is below the Tg is difficult. The elastic recoil is
strong because the particle chains are close to one another. Upon the exertion of force, particle
chains can easily change local configurations and return the polymer to the more
11

thermodynamically favorable state. The viscous dissipation is also strong because the particle is
highly viscous and resists deformation. At a temperature above the Tg the polymers will deform
more readily. The chains expand and increase their free volume. The viscous dissipation
decreases because the viscosity of the polymer decreases. Particle spreading on the surface of
the substrate becomes practical at this stage. This is due to the relationship between viscosity of
polymers and temperature. The relationship is described through the empirical WLF equation,
presented in equation 5:18
(5)

Equation 5 shows that there is a negative correlation between viscosity and
temperature. The magnitude of the viscosity change due to temperature is dependent on the
temperature difference. There are two options for increasing the difference between the set
temperature and the glass transition temperature: either increase the set temperature or
decrease the glass transition temperature. In previous work, the set temperature was increased
to about 120 oC with the glass transition temperature of polystyrene being 100oC.20 However
100°C is too high a temperature to work with because the polystyrene particles have amidine
functional groups on them that will degrade to negatively charged carboxylate groups under
those conditions. If the surface properties change, it is difficult to maintain a bond between the
particles and a substrate in order to facilitate the flattening deformation. Thus the other option,
decreasing the glass transition temperature, was considered next. That was the focus of the
present work.
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3.2

Creation of the Plasticizer-Induced Flattening Technique
A plasticizer was used to lower the glass transition temperature of the polystyrene

particles. The hypothesis was that if the right amount of plasticizer was allowed to diffuse into
the polystyrene particles, the glass transition temperature would be lowered to around room
temperature, at which the whole process was safe from amidine degradation while flattening of
particles could occur. The plasticizer selected in this process was toluene. Figure 3 shows the
change in glass transition temperature of polystyrene/plasticizer mixtures with different weight
fractions of plasticizer.

Figure 3: Effect of several plasticizers on Tg of polysytrene18
The trend in Figure 3 is a linear relationship between Tg and weight fraction of toluene in
polystyrene. Such a trend has been observed several times according to the literature.18,19 Both
the theory of solvent action and free volume theory have been stated as the mechanism behind
the linear trend. According to Figure 3, at about 14% by weight toluene in a toluene/polystyrene
mixture, the glass transition temperature is lowered to room temperature. This was labeled the
minimum requirement for deformation of particles.
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In order to deliver controlled amounts of toluene into the polystyrene particles, a layer
of toluene was forced to diffuse through a de-ionized water layer until it reached the particles at
the bottom of the layer. The toluene was thus absorbed by the particles on the substrate resting
at the end of the diffusion length. Figure 4 is an example of a typical experimental set-up. The
height of the water layer is exaggerated to emphasize the toluene layer placed on top of the
water surface. The height of the water in experimentation was 7 mm. A 50 mL Nalgene beaker
was used to hold the system.

Toluene Layer

Diffusion Layer (DI water)
Substrate with Adhered Particles

Figure 4: Toluene diffusion into particles in a Nalgene beaker
Once the desired flattening of the particles was completed, the system was rinsed
thoroughly of toluene to prevent further flattening. Very small concentrations of toluene
dissolved in water could ruin the flats. Finally the particles were removed from the substrate
and stored as a concentrated solution of flattened singlets in preparation for the doublet
formation.
3.3

Scaling of the Plasticizer-Induced Flattening Technique
The early stages of particle flattening on a substrate are analogous to the process of

sintering. In sintering, small particles merge with one another through diffusion, with the driving
force being the resulting decrease in total surface energy.20 The surface energy is reduced as a
result of this merging because as size increases, surface area to volume ratio decreases. Prime
applications of sintering in industry are in the making of ceramics and metal parts from
14

powders. Only in the early stages of sintering is the interface between two particles a flat
surface. Afterwards, the two particles lose their original form. The formation of this flat surface
is geometrically analogous to the flat surface that develops as a result of a particle spreading on
a substrate. The particle spreads on the substrate surface to reduce surface energy.
Frenkel was the first to devise an expression that modeled the early stages of sintering,
where two spherical particles begin to merge with a flat interface. Conceptually, his model
balances the viscous dissipation within the particle with the interfacial energy. His model has
faulty assumptions however, with one major assumption being that the characteristic length
scale for change in flat radius over time is the radius of the particle.20 For this work, a new model
from the literature was employed, shown in equation 6.20 The derivation of this model is similar
to Frenkel’s, however it differs in the estimation of the magnitude of viscous dissipation and its
use of the flat radius as the length scale.
(6)

Consider for example that a flat patch with a radius of 55% of the total particle radius is
desired in the flattening process. Based on the published work with doublets (see Appendix I),
this flat size was ideal for high yield.1 The surface tension can be assumed to be 15 mJ/m2, the
viscosity of the particle can be assumed to be 100 MPa*s at room temperature, and the particle
diameter is 3.3 μm.20 Then the total time required for particle spreading is 1.73 hrs. This was the
absolute minimum experimental time scale as only the spreading and not the toluene
absorption process was represented.
The minimum weight fraction of toluene in polystyrene to bring the glass transition
temperature to room temperature is about 14% according to Figure 3. However, more than the
15

minimum was required for a large flat of 55%. A more well thought out estimation of the weight
fraction of toluene was necessary.
The initial concentration of toluene in the system was 0. Given a diffusion length of 7
mm, a diffusion coefficient of toluene in water of

at room temperature, a known

equilibrium concentration of toluene in water of 5.1 mol/m3 at one boundary, and a constant
concentration of 0 at the other boundary, the concentration profiles of toluene in water were
calculated using the analytical solution to Fick’s 2nd law of transient diffusion, shown in equation
7:21
(7)
C1 = concentration at water/toluene interface = 5.1 mol/m3
C2 = concentration at substrate = 0
l = diffusion path = 0.007 m
x = distance within diffusion path (m)
D = diffusion constant of toluene in water = 8*10-10 m2/s
t = diffusion time (s)
Figure 5 plots the concentration profiles in the system at select times. Note that at 24000 s (6
hours and 40 minutes), steady state is approximately reached.
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Figure 5: Concentration profiles of toluene diffusion in bulk water phase
The concentration at the substrate was set at 0, indicating that all of the accumulated
toluene were absorbed by the particles, which was essentially the maximum efficiency of the
process. The rationale here was that the diffusion length and time of toluene molecules near the
substrate were much smaller than that in the bulk water phase regardless of whether the
toluene was within absorption range or somewhat off. The following analytical solution to Fick’s
2nd Law was used, as stated in equation 8, in order to determine accumulation of toluene at the
substrate.21
(8)

Qt =Accumulation of Toluene at the Substrate (mol/m2)
Equation 8 assumes one of the boundaries is set at a concentration of 0 and the initial
concentration in the system is 0. Both assumptions were applicable in the present case. The
accumulation of toluene at the substrate as a function of time is shown in Figure 6.
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Figure 6: Toluene arrival at substrate
In order to determine weight fraction of toluene in polystyrene given a Qt value and a
diffusion time, first the following parameters were assumed. The substrate size was 20 mm x 20
mm, the substrate surface density of particles was 0.0201 particles/μm2 based on a
representative microscope image of particle settling presented later in Figure 9, the particle
diameter was 3.3 μm, and the particle density was 1.055 g/cm3. With Qt known at the desired
flattening time, the mass of toluene that reached the substrate over that time was found by
multiplying Qt by the area of the substrate and the molecular weight of toluene. The total
number of particles on a substrate was the substrate area multiplied by the substrate particle
density. The volume of a single particle was found by assuming a sphere. The total weight of the
particles was the total number of particles multiplied by the volume of a single particle and the
density of a particle. The mass fraction of toluene in the particles could now be calculated since
the total mass of the particles and the total mass of diffused toluene were both known. Figure 7
shows the calculation method for weight fraction of toluene in polystyrene under the
assumption of flattening time of 3.14 hours. This time period was thought to be representative
of experiments.
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Figure 7: Calculation of weight fraction toluene in particles after diffusion process
The weight fraction of toluene in polystyrene was calculated to be 0.29 for a toluene
diffusion time of 3.14 hrs. This corresponded to a drop in glass transition temperature to about
-30 oC, which showed qualitatively that a 55% flat required a large driving force. As shown in
Figure 6, in order to obtain the minimum toluene weight fraction in polystyrene of 0.14, 2.27 hrs
of toluene diffusion was required. This 2.27 hrs was considered the minimum absorption time,
which is a different but equally as useful minimum compared to the spreading time. Note that in
Figure 6 the flux of toluene at 2.27 hrs was lower than at 3.14 hrs.
Based on the time scale of 2-3.5 hrs for toluene diffusion, transient diffusion was an
appropriate assumption. The Fickian diffusion calculations were probably more reliable than the
sintering model calculations because equation 6 typically assumes constant properties while in
actuality the properties of surface tension and viscosity change with time. Nonetheless, a
valuable time and magnitude scale of particle spreading and toluene absorption was developed
as a result of both calculations.
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3.4

Studies of Flat Production Process Parameters
The theoretical calculations of mass transfer of toluene and sintering rate provided an

important foundation for the flattening process. With this foundation, the rationale behind the
flattening process and the time scale was now set. Effort was now focused on manufacturing the
flattened particles and understanding the challenges along the way. Theory was again utilized in
this aspect of the project but now trial and error became a useful tool. The flat formation
process improved greatly through experimentation.
3.4.1

Toluene as a Plasticizer
A very important aspect of the particle deformation process that was considered

carefully was the selection of a plasticizing agent. Toluene is a relatively non-toxic, inexpensive
chemical, which makes it attractive for use as a plasticizer.17 However, in order for the plasticizer
to be thoroughly effective, the polymer and plasticizer must first be compatible. Compatibility is
defined by how much the polymer favors interaction with the plasticizer as opposed to
interaction with itself.19 If a polymer favors a plasticizer, it will expand as it absorbs the
plasticizer. As a result the glass transition temperature will be lowered. If the polymer favors
itself, it will shrink and little absorption will take place. Intersegment forces will dominate. The
intramolecular expansion factor (α) is a dimensionless parameter that measures compatibility.22
It defines the plasticizer as a solvent that will absorb into the polymer. It corrects the radius of
gyration, or the root mean square radius of the polymer coil in solution. If α is unity, the radius
of gyration is unaffected by the solvent, and the solvent is considered neutral. This solvent is
then called a theta (θ) solvent.23 If α is greater than unity, the solvent/polymer combination is
compatible, the solvent is considered a good solvent, and the radius of gyration expands. Flory
defines α as in equation 9:23

(9)

Where

is the mean square radius of gyration in a good solvent and

is the mean

square radius of gyration in a theta solvent. This definition assumes random coil orientation and
excludes volume effects. The parameter α is dependent on molecular weight of the polymer as
shown in Figure 8, obtained from the literature.
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Figure 8: For a toluene/polystyrene mixture, the dependence of intramolecular expansion factor
(α) on molecular weight of polystyrene of 70,000 g/mol shows that the mixture operates at the
highest level of compatibility23
In Figure 8, two curves are presented. The bottom curve of αexcl excludes inherent
differences in polymer chain dimensions while αexp does not. The difference in the curves is
substantial but unimportant for the purposes of this work. What was most important was that
the toluene/polystyrene mixture was compatible since

for all molecular weights. For the

70,000 g/mol molecular weight particles used in this work, α is in the plateau region of the
curve, indicating that the compatibility of the solvent/polymer mixture was as high as possible.
In order for diffusion of toluene to provide the largest expansion of particles, it was important to
work with high molecular weight polymers.
The present work required that the plasticizer be compatible for use with de-ionized
water as a diffusion layer. The plasticizer must not favor the environment more than the
polymer to which it is meant to absorb. Otherwise there will be no motive for the toluene to
diffuse into the polystyrene. Toluene and water are practically immiscible, so this criterion is
met. The driving force of diffusion of toluene through water into the polystyrene is
unobstructed. At the same time, this also means rinsing of toluene out of the particles will be
difficult.
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3.4.2

Particle Settling
Before any diffusion of toluene can occur, the particles must be settled properly. There

should be uniformity, and the particles should have enough space between them so that when
toluene diffusion into the particles occurs, merging of particles is avoided. Equation 4 was
applied with the following parameters,
,

,

,

,

. The resulting settling velocity of the particles is

. For

a polystyrene Petri dish container of height 1 cm, the time needed for a particle at the top of the
solution height to settle onto the substrate is 33783 s or 9.4 hours. This was an important time
constraint to consider. Particle settling and toluene diffusion could not be performed on the
same day. One sample of flats could be produced in two days. The strategy used here was to
work with many samples at a time in the lab in order to have large batches of particles. Settling
was allowed to take place overnight. A representative sample of properly settled particles is
shown in Figure 9.
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Figure 9: 3.3 μm amidine polystyrene latex particles adhered on glass microslides
The adsorption mechanism can vary based on the assumption of reversibility. When
adsorption is considered reversible, the change in surface coverage of particles over an
extended time period resembles a Langmuir isotherm for monolayer deposition. Figure 10 is
experimental data taken from a study in the literature of surface coverage of hard
monodisperse amidine latex particles on mica surfaces over a period of 25 hours at varying ionic
strengths at room temperature.24 The particle radius was 58 nm. The volume fraction of
22

particles in solution was 10-4 (very representative of volume fraction in the present work). The
reversible adsorption mechanism is most applicable in the early stages of deposition, where
space limitations are not a concern.

Figure 10: Time-dependent study of surface coverage on mica substrates of polystyrene particles with 58
nm radius24
When space is a concern, the most appropriate mechanism for particle adsorption is
random sequential adsorption, an idealization where no two particle placements overlap and
particles are placed one by one at random locations on a uniform surface.22 A monolayer of
particles is formed such that when another particle attempts to bond to a deposited particle, it
is repulsed. These repulsed particles will then deposit directly onto the beaker surface. This
mechanism is most applicable when adsorption is assumed to be irreversible.
According to random sequential adsorption, the deposition of particles depends on the
available space on the substrate. When space starts to become crowded, particle exclusion will
begin. The maximum surface coverage fraction due to space constraint, known as the jamming
limit, can be a good first estimate for deposition capability. The jamming limit of monodisperse
hard spheres in 2D is 0.547.25
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The surface coverage fraction can be determined quickly through calculation of
occupied surface area. Figure 9 was divided into four parcels of area. The parcels were not
equally sized in order to reduce the amount of particles caught at the intersection between two
boundaries. The particles were counted in these parcels. A result of 80.1 ± 13.7 particles per
parcel was determined assuming 95% confidence. Each particle was assumed to occupy surface
area equal to a square with length equal to the diameter of the particle. In Figure 9, the
diameter is assumed to be a constant 3 μm (scaled from 2 mm) from particle to particle. From
knowing the number of particles and the size of a particle in each parcel, a surface coverage can
be calculated for each parcel. The mean surface coverage fraction for the four parcels was
calculated to be 0.158 ± 0.027 with 95% confidence, which is well under the jamming limit. This
coverage corresponds to a particle density of 0.0201 particles/μm2. The particle settling was
performed in de-ionized water, with a pH of 5.5 and a corresponding ionic strength of 0.0025
μM. These experimental conditions are very similar to the 0.003 mM ionic strength data points
in Figure 10. In this figure the saturation surface coverage occurs at about 16%. Assuming Figure
10 applies to the larger particles of the present work, the reversible mechanism is a plausible
explanation for the deposition patterns observed in Figure 9 since the jamming limit is not
reached.
Since the jamming limit is not reached at any ionic strength in Figure 10, surface
coverage is not solely limited by geometric factors. Interparticle forces also play a role. In the
particle settling process in this work, the Debye length corresponding to particles in distilled
water with an ionic strength of 2.5 μM is 6.1 μm according to equation 3. Clearly this is a large
Debye length considering the particle diameter is 3.3 μm. More importantly, particles within 6.1
μm of one another will begin to feel an electrostatic repulsion force due to the particles having
the same charge. If the Debye length is small, then the particles will pack more tightly. Thus in
order for particles to reach the jamming limit, the Debye length must sufficiently small.24 This
phenomenon is exhibited by Figure 11, taken from the same study in the literature as Figure 10.
In Figure 11, the jamming limit was estimated by the dashed line. The black diamond data points
are estimated values for saturation surface coverage (θ

) based on theory while the circles are

measured values of θ. Both are representative of adsorption after a 24 hour period. The
parameter a is the mean particle radius and κ is the inverse Debye length.
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Figure 11: Surface coverage of polystyrene latex particles on mica as a function of dimensionless
length22
A 95 % confidence interval was assumed in Figure 11 and error bars indicate the
precision of the many measurements used to compose a single data point. If the particle radius
is assumed to be constant, an increase in κ (decrease in Debye length) corresponds to
asymptotic approach of the jamming limit. For the experimental condition of 6.1 μm Debye
length and a 1.65 μm particle radius, Figure 11 indicates a surface coverage of about 16%.
In the particle settling process, there is evidence to support an equilibrium adsorption
mechanism. As a result, one method to increase the yield of flattened particles could be to shift
the equilibrium by increasing the ionic strength during the settling process. For the purposes of
this work, 16% was sufficient surface coverage but there is merit in experimentation with low
ionic strengths to obtain higher yield of flats.
3.4.3

Leaching of Borosilicate Glass Substrates
During the first experiments, settling went well. However, over time, problems started

to arise. Very cluttered samples were being produced as shown in Figure 12. In some samples,
settling was sparse and mass aggregations were observed in solution. This is shown in Figure 13.
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15 μm
Figure 12: 3.3 μm amidine polystyrene latex particles clustered on glass microslides

Unsettled and Coagulated Particles

15 μm
Figure 13: Coagulation and sparseness of 3.3 μm amidine polystyrene latex particles
functionalized
polystyrenewere
latex particles
the settling
processadherence, and
Borosilicate
glass microslides
used as during
substrates
for particle
toluene diffusion was performed in 50 mL borosilicate glass beakers. However, when optical
microscope images as in Figures 12 and 13 were produced, there was suspicion that the
conventional laboratory glassware was leaching ions into aqueous solution. If the ionic strength
of the solution is increased substantially, two problems can arise due to excessive compression
of the double layer. Particles either aggregate before settling if the aggregation is more
favorable than formation of electrostatic bonds between the particles and substrate.
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Alternatively particles can aggregate once depositing onto the substrate. Both scenarios were
observed.
PYREX® by Corning, ideal for most laboratory applications, is 80.6 % SiO2, 13.0 % B2O3,
4.0 % Na2O, 2.3% Al2O3, and 0.1 % miscellaneous traces.26 The leaching of ions from borosilicate
laboratory glass has been studied in the literature. Figure 14 shows the results of a study
conducted in the literature.27 Glasses of varying B2O3 content were placed in solutions of
aqueous HCl at 90 ⁰C and at a buffered pH of 8.5. The leaching was studied until it reached a
plateau. The experiments were run at a S/V ratio (surface area of glass exposed to solution
divided by volume of solution in which glass is placed) of 100 m-1 which is a reasonable value for
conditions of the particle settling process.

Figure 14: Estimation of total leaching of ions in borosilicate glass samples27
For a B2O3 content of 13 %, about 18 % of that B2O3 will leach into solution at the
experimental conditions given enough time. The temperature and pH are not representative of
the system in which settling or toluene diffusion were performed, but they are not extreme
conditions.
Ionic conductivity measurements in the present work confirmed that leaching had
occurred.

The ionic conductivity of pure de-ionized water was 1.23 μS/cm. The ionic

conductivity of clean glass microplates in de-ionized water increased to 5.5 μS/cm. This provided
enough evidence to conclude that borosilicate glass materials were leaching ions into solution
and were not suitable for experimentation. Laboratory glass was avoided in every stage of the
27

process. The advantage of transparent samples for convenient microscope imaging was lost, but
in hindsight, much was gained. Settling was performed in polystyrene Petri dishes. Crystalline
silicon wafers were a good choice for a substrate because they developed a negative charge in
aqueous solution, they had smooth polished surfaces with crystalline structure for uniform
settling, and they did not affect the ionic conductivity of the solution. Toluene diffusion was
performed in Nalgene beakers which would not influence the electrostatic forces in any way.
3.4.4

Effective Toluene Diffusion and Rinsing
Time and temperature needed to be controlled for proper flat formation. In the first

experiments, flats were formed in the refrigerator at 4⁰C with the concern that too much
exposure of the particles to room temperature conditions would cause them to degrade. It was
found that flat formation would take as long as 6-8 hours which was not suitable for the
experimenter’s schedules. Diffusion at room temperature was more efficient and experiments
showed that room temperature did not affect the particles negatively for short periods of time.
Also, in the ambient laboratory setting it was more likely that the temperature would remain
constant. It was found through trial and error that about 3 hours were required for proper flat
formation when at room temperature.
The effectiveness of the flat production process was judged initially through optical
microscope imaging. The particles should look swollen. Figure 15 shows properly swollen
particles. The merging of a few singlets indicated that a proper level of deformation had
occurred. When the particles are exposed to toluene for too long, excessive sintering occurs, as
depicted in Figure 16.
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Indication of Proper Swelling

15 μm

Figure 15: Proper deformation due to toluene diffusion in 3.3 μm A-PSL particles

15 μm

Figure 16: Particle overexposure to toluene – Deformation is unacceptable
It was observed through experimentation that the addition of toluene plasticizer
accelerated the merging between particles. One of the explanations for this could be in free
volume theory. The rationale is that the absorption of toluene into the polymer matrix causes
displacement of polymer chains and increased mobility of these chains. There is more space for
polymer chains from different particles to interact.
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Once the toluene diffusion stage was complete, the toluene was quickly and thoroughly
rinsed from the system to prevent further deformation. This rinsing was initially done manually
using syringes. It was found that 4-5 L of de-ionized water would be needed, making manual
rinsing tedious and inefficient. A continuous flow siphoning system driven by gravity was set up
to automatically rinse the samples. The system ran at pseudo steady-state with an average flow
rate of approximately 0.2 L/min. The flow was gentle enough that no particles were lifted off the
substrate and lost. The same cannot necessarily be said for manual rinsing. Flats rinsed using the
siphoning system were observed after resting in a 4 ⁰C environment for weeks and no further
deformation was observed. As a result, there is much confidence in such a rinsing system and it
is recommended for further experimentation. Figure 17 depicts the siphoning system.

Inflow of Distilled Water
Distilled Water Reservoir at an
elevated position.

Particle Adhered Substrate
of which the toluene in
solution must be rinsed.

Outflow of Distilled Water

Figure 17: Continuous flow siphoning system for rinsing of toluene
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3.4.5

Flat Removal and Storage
The flattened particles were scraped from the substrates using plastic pipets. This

requires being careful not to cause aggregation of particles due to physical agitation. With
silicon substrates, it is easy to see when particles are removed and when too much force is being
exerted on the sample. Removal was performed in Petri dishes, with just enough added deionized water to keep the system wet. The particle solution needed to be concentrated so that
doublet yield would be high per sample. Particles were stored in 1 mL Eppendorf tubes at 4 ⁰C.
Figure 18 depicts the scraping process.

Particles Adhered to Substrate

Bare Silicon Wafer

Minimal Distilled Water

Figure 18: Gentle scraping of swollen particles from silicon substrates
3.5

SEM Imaging: Final Experimental Conclusions
The geometries and sizes of the flat patches created on the particles were examined by

SEM. Figures 19 and 20 show SEM images of 55% flats and 90% flats respectively. The flat sizes
were measured. Table 1 was the culmination of the present work, as it confirms that the flat
size can be predicted given a toluene diffusion time.
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1.3 cm

1.2 cm
2.1 cm
2.2 cm

2.1 cm

1.3 cm

Figure 19: 55% flats obtained experimentally with 3 hours diffusion time of toluene1

1.6 cm
1.5 cm
1.8 cm
1.8 cm

1.8 cm
1.5 cm

Figure 20: 90% flats obtained experimentally with 3 hours 30 minutes diffusion time of
toluene1
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Not included but also part of the results is 25% flattened particles with a toluene
diffusion time of 2 hrs and 30 min.1 It is important to note that diffusion time decreases
exponentially with increase in flat size. It only took 30 minutes more to produce a 55% flat
compared to a 25% flat and 30 minutes on top of that to produce a 90% flat. This agrees with
the exponential relationship between temperature difference and viscosity presented by
equation 5.
4. Conclusions
In the present work, a technique was developed to partially flatten amidinefunctionalized polystyrene latex particles while they were electrostatically adhered to a
substrate. Spreading of particles on the substrate was achieved by lowering the glass transition
temperature below room temperature through the addition of toluene plasticizer to the
particles in a controlled manner. The flat size was predictable for any given exposure time to
toluene. These flattened particles were intended for use in the selective production of doublets
that were flexible, strong, and self-assembled.
All experiments were conducted at room temperature as it was known from previous
work that operation at higher temperatures caused degradation of the surface groups on the
particles needed to form the bonds between the particles and the substrate. By employing the
plasticizer, the glass transition temperature could be lowered enough to facilitate an
appropriate level of flattening at room temperature.

This required that the toluene in

polystyrene exceed the 14% by weight needed for the glass transition temperature to be
decreased below room temperature. Fick’s 2nd law of transient diffusion showed that for the
minimum 14% toluene in polystyrene, 2.27 hrs of toluene diffusion time was required. For a
rather large flat of 55%, it was thought that a larger driving force would be required and thus
more toluene absorption. Assuming a typical experiment took 3.14 hrs, it was found that 29%
toluene by weight was needed for the flattening process. Application of a sintering model
resulted in the time scale of 1.73 hrs required solely for particle spreading on the substrate.
Several process parameters in the flattening process were then investigated. In the
settling process, a one-particle thick layer was adhered to a substrate with careful, uniform
spacing out of particles. The settling process was determined to be reversible with both
interparticle forces and geometrical limitations affecting the coverage. Borosilicate glass was
proven to leach ions into solution that would terminate the bond between the particles and the
substrate. Crystalline silicon, a material that would not influence the ionic conductivity of the
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solvent while becoming negatively charged in solution, replaced the glass substrates, and glass
was removed from the process altogether. Toluene was proven to be a good solvent for
polystyrene. When sufficient toluene had diffused into the particles, the toluene needed to be
removed quickly and thoroughly. This was accomplished using a siphoning system which
employed 5 L of water at a flow rate of 0.2 L/min to quickly and copiously rinse the particles
while being gentle not to remove the particles from their substrates. The flattened particles
were then gently scraped from the substrates and stored in concentrated solutions in a 4⁰C
environment.
Successful settling and toluene absorption were observed through optical microscopy.
However, the culminating images were obtained through SEM, in which the formation of flats
was proven and the flat sizes were measured. The SEM images showed consistent size and
shape flats. It was found that toluene diffusion times of 2 hrs 30 min, 3 hrs, and 3 hrs 30 min
corresponded to flat sizes of 25%, 55%, and 90% respectively.1 The exponential relationship
from the WLF equation (equation 5) was confirmed. The flat size could be predicted given a
toluene diffusion time.
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6. Appendix I: Doublet Formation with Flattened Particles
The present work continued with the pursuit of doublet formation between these
flattened particles. In the published doublet formation technique, the ionic strength of the
solution is increased temporarily only to where a secondary energy minimum occurs. This is key
for flexible particle interactions, but at the same time the interactions can be weak. When there
is a flat patch on the particles, the flat surface to flat surface interaction is favored
thermodynamically over the round surface to round surface and flat surface to round surface
interactions. This is because the flat-flat interaction is essentially between two flat plates which
have the most surface area contact. According to the Hamaker approach, the quantity of atoms
in close proximity to another dictates how strong the attractive forces between the particles will
be.
In the salt-quench-fuse method, the ionic strength is increased to a primary energy
minimum for a short period of time. Rapid aggregation occurs. Doublets do form, but along with
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them higher order aggregates form in considerable numbers. Also the doublets are rigid. The
salt-quench-fuse method ordinarily produces low yields of doublets, 20% of lower.12 The
doublets made from flattened particles were determined to be flexible because they were
formed using a secondary energy minimum, where a layer of solvent lubricates the connection.
The doublets were also strong because of their connection through flat patches which allows for
the most surface area contact out of any geometric interaction. Yields were as high as 65% using
this method. Note that a yield of about 60% was achieved using 55% flattened particles, the flat
size obtained in the present work. Results are shown in Figure 21.1

Figure 21: Statistical Analysis of Doublet Formation Process1
The optical microscopy in Figure 22 shows a yield of approximately 60% doublets resulting from
the use of particles with 55% flat size. Note that only singlets account for the remaining 40% of
the particles, and no higher-order clusters are present.
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Figure 22: Selective and controlled doublet formation from 55% flattened particles1
In order to prove that the flat-flat interaction is indeed the strongest and most

favorable, DLVO plots of the various geometric interactions were used. The DLVO energy was
evaluated. The major difference in geometry for the different scenarios is expressed in the
function h, the particle separation distance. For the attractive van der Waals force, the Hamaker
constant depends on h. For the repulsive electrostatic force, the function h is explicitly part of
equation 6. The key result of this analysis was a lowered secondary energy minimum for the flatflat interaction in comparison to the other geometries.1 This minimum has energy
indicating a strong interaction, while the other minima had energy

, indicating weak

interactions. In this way doublet formation is selective and strong. Particle connections that
otherwise are fleeting are maintained. Coagulation is discouraged because each particle is
strongly influenced to connect to another via the flat patch. The flocculation is thus controlled
effectively in this technique. Figure 23 shows the results of DLVO modeling.
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Secondary Energy Minima

Figure 23: DLVO modeling of geometric interactions Indicating that flat-flat is the most
thermodynamically favorable1
The flexibility of the doublets is indicated by Figure 24, which shows a particle rotating
as it is in contact with another particle. The rotation of the particle is indicated by a change in
the position of the dark patch on the particle, which represents the flat patch. After 30 seconds
of contact, the particles lock into the flat-flat conformation demonstrating that that is the most
thermodynamically favorable interaction. This is shown in the figure by no observable particle
rotation from 30 seconds up to 2 minutes. Note that the doublet formation can be reversed by
an appropriate change in the ionic strength of the solution.
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5 μm

Figure 24: Flexible Doublet Formation Observed through Microscopic Imaging1
The doublets formed are self-assembled, flexible, and strong. The challenge with
colloidal particle chains is two-fold. First particles with two opposing flats must be created while
maintaining flexibility, spherical structure, and strength. Second those particles must be
connected through self-assembly without coagulation. These objectives are undoubtedly
coupled and will require much learning through theory and trial and error experimentation just
as the flat formation and doublet formation process did.

7. Appendix II: Expanded Fundamentals of Colloid Science
7.1

Stability of Colloids
A colloid is defined as stable when the particles in it do not aggregate. In order for a

colloid to remain stable, a force balance must be preserved. Thermodynamically stable colloids
are lyophilic, which means that the particles are attracted to the solvent molecules.2 The solvent
to particle interactions are strong enough to oppose the attractive van der Waals force between
particles which are generally comparable to thermal energy kT (

.4. Lyophobic colloids

on the other hand are usually only kinetically stable.2 The attractive forces between particles are
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large compared to kT (

.4 The two types of stability inducers in lyophobic colloids are

electrostatics and sterics. In the case of electrostatics, the same charge is present on all of the
particles, creating a repulsive force. In sterics, a lyophilic material (usually a polymer) coats the
particles such that when two particles wander close to another, the interaction between the
adsorbed polymer chains results in a decrease of favorable solvent-particle interactions. This
causes an increase in free energy and thus a repulsive force between the particles. Steric
stabilization is most important in non-aqueous solvents because there electrostatic stabilization
is rarely possible. When colloids destabilize, closely packed masses of particles or loose, porous
aggregation can occur. The former is called coagulation, and it can also be described by large
attractive forces compared to kT. The latter is flocculation, which can be described by attractive
forces comparable to kT.
Colloidal particles have thermal energy, which is apparent in Brownian motion, the
random movement in a medium. It is easily observed under a light microscope. In solution,
particles collide with solvent molecules and exchange momentum with them. These collisions
are slightly asymmetric so one side of a particle may have more momentum than the other. This
imbalance drives the particle to the next collision in the opposite direction. The particle
continues to push solvent molecules out of its way as it dissipates its momentum until it reaches
another asymmetric collision, and the process repeats. Each colloidal particle has kinetic energy
equal to the average kinetic energy of the solvent molecules around it.2
7.2

DLVO Theory
The Derjaguin, Landau, Verwey, Overbeek (DLVO) theory mathematically describes a

colloidal system which involves both repulsive electrostatic forces and attractive van der Waals
forces by simply adding their effects together. The assumptions of perfect spherical particles
and low surface potentials apply here. Additionally, the van der Waals forces and electrostatic
forces are assumed to arise from the same geometric surface. The DLVO energy is defined as in
equation 10:5
(10)
DLVO theory can provide valuable predictions of colloid stability. Figure 25 demonstrates this:
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Interparticle
Distance

Figure 25: DLVO theory depicts interaction energy as a function of interaction distance5
The van der Waals energy is represented by VA and the electrostatic energy is
represented by VR. The solid line represents the DLVO energy. At very short distances, less than
the Debye length, attractive forces dominate. The vertical rise of the DLVO energy into positive
energy at short distances is a mathematical artifact. It is a result of the particles beginning to
occupy the same space, which is physically impossible. A peak in DLVO energy is reached at
short distances called the primary energy minimum. At this interaction distance, particles in
solution rapidly coagulate and they are rigidly bound to one another. As the interaction distance
increases, the repulsive energy increases until the primary energy maximum due to repulsive
forces. Further along is the secondary energy minimum, where attractive forces again dominate
but flocculation occurs. Aggregation is slow and interactions are flexible as opposed to rigid in
the primary energy minimum. The flexibility is due to a thin solvent layer that exists between
the particles. Beyond the secondary energy minimum, particle interactions are generally too
weak to cause significant aggregation even if they are attractive.
The section of the DLVO energy curve in between the secondary energy minimum and
the primary energy maximum indicates how sensitive the colloid is to ionic strength changes.
Broader curves indicate prolonged stability at higher ionic strengths. Steep curves indicate that
the colloid is sensitive to high ionic strength. Note that to work in the primary energy minimum,
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high salt concentrations are required to effectively screen the electrostatic forces on the
particles. The Debye length is relatively short. For the secondary energy minimum, lower salt
concentrations can be utilized.
7.3

The Electrostatic Force
The electrostatic force between two infinite like-charged plates in aqueous solution can

be determined most easily at the midplane between them, where the change in potential with
respect to distance is equal to 0. The difference in interaction energy of particles between the
plates and outside of the plates in the bulk solution is needed. The rate of change of this energy
then is the electrostatic force. With the additional assumption of low surface potentials on the
particles, the result for electrostatic force between two plates is given by equation 11:5
(11)
Where h is the distance between the two plates,

is the surface potential of the particle, and

is the same as in the Debye length. The potential on the particle surface is difficult to
determine. What is often used instead is the zeta potential, which is the charge on the particle
plus the charge in the compact layer of the electrical double layer. The zeta potential can be
measured. It is a most accurate estimate of the particle surface potential when the capacitance
of the compact layer is low.2 Usually the diffuse layer has much more charge present within it,
so its capacitance is much higher than that of the compact layer. This is the case in the present
work, so low capacitance of the compact layer is an appropriate assumption. Integrating the
force in equation 11 over h gives the potential energy per unit area between two plates,
expressed in equation 12:5
(12)
Where

is the electrostatic energy per unit area between two plates, and

is the Debye

length mentioned earlier. In the doublet formation technique, the electrostatic energy between
two spheres is estimated assuming the Gouy-Chapman model this time applied to a spherical
geometry. This is where the Derjaguin approximation can be used.
The Derjaguin approximation considers each spherical particle’s charged surface as
composed of infinitesimally thin rings. Thus when two particles are within electrostatic
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interaction of one another, their rings directly face one another. Each ring is treated as a
charged flat plate. The total electrostatic energy then is the summation of the potentials
between corresponding rings with each potential being represented by equation 12. Figure 26 is
a visualization of the Derjaguin approximation, assuming two particles of equal radius and
charge density. The general form of the Derjaguin approximation is given in equation 13 where
h, the particle separation distance, is a function of the radial distance from the central z-axis (r )
and the distance of closest separation ( ).5 The resulting electrostatic energy between the two
spherical particles from the Derjaguin approximation is given by equation 14.5

Figure 26: Visualization of the Derjaguin approximation5
(13)
(14)
Where

is the electrostatic energy between the two particles,

is 3.14, and is the radius of

the particle. Note that equation 14 represents the electrostatic energy in equation 10.
7.4

The van der Waals Force
London dispersion forces caused by interactions between atoms with induced dipoles

are present in colloidal particles. Between individual atoms, this interaction is small. However,
between micron sized particles of many atoms, these additive intermolecular forces can pull
particles together over considerable distances especially since the weights of these particles are
negligible. The combined effect of the attractive forces is known as a long-range van der Waals
force (or simply the van der Waals force). The van der Waals force typically decreases according
to the inverse of the separation distance squared whereas the London dispersion force
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decreases according to the inverse of the separation distance to the sixth power.5 All colloidal
particles experience both forces but van der Waals forces are far more influential.
Quantification of the van der Waals force is conceptually based on quantum mechanics.
This work assumes the Hamaker approach. Consider two spherical particles of the same material
and radius. Every atom of particle 1 interacts with every atom of particle 2. No other atom in the
particles or intervening fluid affects this interaction. The summation of all these interactions is
the van der Waals force. In the case where the closest particle separation distance ( ) is much
less than the particle radius (a) where

=

, the integral can be simplified to equation

15:5
(15)
where A is the Hamaker constant, a factor that encompasses all the complicated quantum
mechanics, a is the particle radius, and δ is the closest separation distance between two
particles. Equation 15 constitutes the attractive force component of equation 10.
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