ABSTRACT

ZHU, SHAN. Multi-Dimensional Colloidal Assembly in External Fields. (Under the
direction of Orlin D. Velev).

Use of external fields to drive assembly processes is able to induce tailored, long-
range inter-particle forces with tunable intensity and directionality that can generate highly
ordered and programmable multi-dimensional structures. We employ two methods to achieve
unique multi-dimensional colloidal assembly, one involving multi-directional interaction
resulting from induced dipole interaction in AC electric field and the other including both

electric and magnetic fields in 2D experimental plane.

While much effort has been devoted to exploring the assembly of spherical colloids,
few reports have been focused on the directed assembly of non-spherical particles with Janus
or patchy morphologies. Here, we use photolithographic techniques to fabricate a wide range
of anisotropically shaped patchy particles and follow their assembly in liquid suspensions
under the influence of dielectrophoresis (DEP) in a novel inverse experimental setup. We
analyze specifically the assembly of one-side coated cubic particles across a range of field
parameters, and report distinct, well-ordered assembly architectures. By using numerical
simulations to model the field interactions between these particles, we interpret the results of
the assembly process and explain how they can be controlled by the position of the metal
facet, the intensity and frequency of alternative current. The resulting structures, and similar
ones produced through the field-directed assembly of patchy anisotropic particles, can

possess unique electrical and optical properties and may have potential applications in a



number of future technology applications such as microactuators, metamaterials and

multiferroic materials.

As fabrication of patchy particles take time and much work, the idea of assembling a
bi-responsive 2D percolation based on non-patchy spherical particles by combing different
type of external fields and placing them multi-dimensionally is very convincing. Using the
design where AC electric field and magnetic field are positioned perpendicular to each other,
we are able to percolate chains formed by dielectric particles and magnetic particles in
direction of fields respectively. Two mechanism ‘competitive assembly’ and ‘re-assembly’
based on the order of two fields are analyzed kinetically and statically, in order to achieve
well percolated network with low particle number density. To simplify the characterization,
computer programming is designed to get much more detailed information about particle
interaction, for better understanding the 2D network. The architectures we get may find
potential application as material with anisotropy in electric and magnetic conductivity or low

density gels.
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Chapter 1
Introduction

Colloidal assembly has attracted vast interest among scientists all over the world in the last
couple decades. Due to their unique properties, such as high surface-to-volume ratio, long-
range ordering and large packing density, colloidal particle assemblies can find potential
applications in various areas. For example, they can produce porous materials and be used as
photonic crystals and biosensors.[1-4] Common techniques of colloidal assembly include
evaporation of medium, use of external field, absorption and others, among which the
assembly assisted by external field (AC electric/magnetic/acoustic) draws much attention
recently and is undergoing wide investigation.[5-9] Though approaches, such as
maximization of entropy,[10] sedimentation,[11,12] and dehydration,[13, 14] provide various
ways of assembling ordered structures, they were mostly limited to producing
multidimensional close-packed geometries due to lack of intrinsic mechanism of particle
alignment. However, the use of external fields to drive assembly processes is able to induce
tailored, long-range inter-particle forces with tunable intensity and directionality that can
generate uniform and programmable structures.[5, 8] Dielectrophoresis (DEP) and
magnetophoresis (MAP) are two common methods used in directed assembly that introduce
orientation-dependent interactions between multi-component patchy particles. DEP has been
used to concentrate particles for crystallization by moving charged or uncharged particles
along the gradient of an AC electric field, while a similar mechanism has been demonstrated

for MAP assembly of crystals from magnetic particles.[7, 15]

1.1 Background and goal of dielectrophoretic assembly

Compared to DC electric field, where electrophoretic motion of particles occurs with the
background electro-osmotic flows of the liquid, AC electric field reduces the complication in
the experimental implementation by avoiding electro-osmotic drift. The forces that the AC
electric fields exert on particles include dielectrophoresis and particle chaining. They can be



efficiently controlled by adjusting field parameters such as magnitude, frequency, wave

shape, wave symmetry, and phase. [16-19]

The origin of the AC effects is the frequency-dependent polarization of particles in AC fields
applied across particle suspension. The sign and magnitude of the dipoles induced in the

particles are given by the real part of the Clausius—Mossotti function, K
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where w is the angular frequency of the field, £; and o, are the dielectric permittivity and
conductivity of the media, while &, and o, are those of the particles.[19] Metallic and highly
conductive particles are always strongly polarized (with positive |5 | ) at most AC field
frequencies. Dielectric particles whose bulk permittivity is lower than the water media, such
as polystyrene microspheres, exhibit higher polarizability at low frequencies (positive DEP),
while performing negative DEP behavior at high frequencies. The dielectrophoretic force,
ﬁDEP, based on the interaction of induced dipoles on spherical particles within a non-uniform
AC electric field, is

Fppp= 2me Re|K|r3VE? (3)

where r is the radius of particles and VE? is the gradient of electric field squared. Positive
DEP pulls particles along the gradient into the areas of highest field intensities, while
particles are pushed away from areas with negative DEP.[16, 19] Interactions between
induced dipoles on spherical particles along the direction of the electric field are described by

Fengin = _CT[SleEZ (4)



where the coefficient C ranges from 3 to >10° depending on the distance between the
particles and the length of the particle chain.[7, 17] Notably, the chaining force acting on

particles of similar electrical properties is always positive and attractive.

Previous studies focused mainly on spherical particles with or without anisotropic metal
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Figure 1. Examples of various 2D structures formed by spherical particles by DEP involving different types
of dipolar interaction. (A) 2D crystals formed by latex particles, [7] (B) staggered chains of Janus particles,
[8] (C) programmable structures formed by two types of patchy particles. [20]

coating.[7, 8, 20] Simple dipolar interaction among isotropic latex or silicon microspheres
lead to close-packed hexagonal geometric crystals in 2D or 3D depending on the number
density of particle suspension.[7,8] For metal-coated spherical particles, the assembled
structures were dependent strongly on type of metal patch.[8, 20] Janus particles, synthesized
by coating gold on polystyrene microspheres to yield 50% coverage of surface area, have
different properties of each half. [8, 20-23] The dielectrophoretic response of the
metallodielectric Janus particles depended strongly on the frequency and intensity of the
applied field.[8] Low frequency (0.1~10kHz) AC electric fields resulted in unbalanced liquid
flows and nonlinear, induced-charge electrophoretic motion of the particles in direction

perpendicular to the field,[6,8] while particles subjected to high frequency of the field could



form staggered chains due to quadrupolar interaction where strong polarizability of metal
played an essential role.[8] Two types of patchy microspheres were also studied and
interesting structures were found in the experiments.[20] One type of particle had a single
metal patch covering 11% of the total dielectric latex particle surface, and the induced
dipoles in gold patch and the polystyrene core of similar magnitude but in the opposite
direction resulted in alignment in two directions perpendicular to each other. The other type
of particle had two independent metal patches (each covering estimated 25% of the total
surface area) on opposite poles, and diagonal chains have been at 45° to the field.[20] (Figure
1) With anisotropy in polarizability of particle based on metal patches, promising structures
with unique geometries were achieved and its fundamental principle of polar interaction were

understood and interpreted.

In our study, we have focused on even more complex DEP assembly of particles with
anisotropy both in polarizability and particularly in shape. As deep exploration has already
been done for spherical particles, we sought to understand how shape combined with metal
coating of particle may perform in the DEP setting. Initial attempt of dielectrophoretic
assembly of non-spherical particles has been done for various shapes, such as hexnut, rod,
disc, and “boomerang”. [24] Chaining and packing have been observed for each specific
shape design accordingly, while less explanation of fundamentals was included. What’s
more, particles used were not metal-coated, therefore polarizability all over the particles was
uniform, though the shapes of particles were non-spherical and irregular. In addition, when
the shape is taken into consideration, Eqn. 1-4 derived for the specifically spherical particles
need to be modified based on the geometric shape of particles, which would could be
difficult because of the need for integration over the 3D geometry. In this case, simulation

would possibly better serve to understand the system.

In short, our goal is to further understand the DEP assembly of the complex particles with
non-spherical shape and anisotropic metal coating in attempt to producing potential materials

with anisotropic physical properties (conductivity, transparency, etc.).



1.2 Background and goal of producing 2D percolated network in electric and
magnetic fields

So far, with dielectrophretic assembly, as mentioned above, the AC electric field can be used

for assembly of a variety of 2D structures based on spherical particles by modification of

Figure 2. Proposed 2D percolated network by AC and magnetic fields perpendicular to each other.

particle surface with designed metal patching. However, the acquisition of patchy particles
required the fabrication process to be precise and accurate, which made it difficult and time-
consuming. [8, 9] Can we achieve 2D structures in a simpler way? An idea came up for
including the action of a magnetic field in addition to the AC electric field. Since both fields
have the capability of orienting isotropic particles in the direction of each field, combination
of DEP/MAP could create chaining in 2D by placing the fields with certain angle in the plane

of the particle suspension.

Similar to the DEP, MAP can induce magnetic dipoles for magnetically polarizable particles
responding to the magnetic field and attractive dipole-dipole interaction lead to chains along

the direction of field. The magnetophoretic force is
Frap=pVV(M,- B + ‘;—X (B-V)B (5)
0

H=B/u (6)



where p and V are density and volume of particle, M, and p, are initial magnetization and
permittivity of free space, Bis magnetic induction, y is susceptibility and His magnetic
field. MAP assembly techniques are tuned in a similar manner by adjusting the field
magnitude and the type of carrier fluid, leading to a corollary set of structures to those
produced by DEP technique. [25-28]

Percolation has been understood to some extent from the perspective of numerical simulation
for colloidal, polymer, and other kinds of systems. [29-30] However, the creation of such
network practically has been barely studied. The novel idea of combination of two types of
fields under the same experimental setupprovides possibility of achieving this by a novel

technique.

Our goal here is to achieve assembly of two-directionally percolated particle networks using
orthogonal electric and magnetic fields. The percolated network may find potential
application as material with anisotropy in electric and magnetic conductivity or low density

gel.



Chapter 2
Dielectrophoretic assembly of complex
particles

2.1 Materials & fabrication
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Figure 3. Fabrication of non-spherical particles with metal coating. (A) SEM images of 10 pum SU-8 cubes, (B)
25 pm tall cylinders top-coated with 15 nm Cr and 50 nm Au before removal from the silicon wafer substrate,
(C) schematic depicting the steps in the fabrication and assembly of anisotropic patchy particles. [31]

The metal-coated particles with anisotropy both in shape and in polarizability were fabricated

via photolithography after which metal evaporation was used to pattern bare particles.

SU-8 negative photoresist (MicroChem, Newton, MA) was used to as base material for
fabrication in favor of its ability to generate large aspect ratio structures. Following the
protocols provided by MicroChem (MicroChem, Inc., Newton, MA), SU-8 was spin-coated
onto silicon wafers (Addison Engineering, Inc., San Jose, CA) with precise thicknesses.
Photomasks (Photo Science, Inc., Torrance, CA) then were used to pattern SU-8 with shapes
(cubes, cylinders, or hexagons) of 5 to 10 pm in size with equal spacing. After exposure to

UV light (365 nm, 120 — 250 mJ €m?, Suss MicroTec MAG/BA6, Garching, Germany), spin



coated wafers were post-baked, developed and rinsed with isopropyl alcohol and dreied in

nitrogen. [31]

To achieve the anisotropy in polarizability, metal layers were deposited on the particles by
Electron Beam Metal Evaporator (EBME) (CHA Industries Solution E-Beam, Fremont, CA).
Patchy particles were made by coating with 15 nm Cr followed by 50 nm Au, and different
types of coating, such as top, angle (adjacent two sides), and side, were well achieved.
Specially, the angle-deposited coating was enabled by tilting the stage of bare cubes to angles
near 45°, while for cylindrical particles, removal and suspension of particles from wafers in
water together with natural evaporation helped sedimentation where side of cylinders faced
up, thus side coating can be well performed by EBME. [31]

Particles after fabrication were suspended in 0.1 vol. % Tween 20 (Sigma-Aldrich, St.
Louise, MO) solution to reduce possible aggregation from their particle sticking and physical
contact due to sedimentation at the bottom of container. Metal coated particles were mixed

well and sonicated before every experiment to guarantee that they were dispersed uniformly.

2.2 Design of experimental setup using inverse cell
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Figure 4. Schematic of the inverted DEP assembly configuration. The DEP assembly cell is loaded, inverted,
and then excited in an AC electric field with a gradient oriented against the direction of gravity. [31]

The experimental cell consisted of microscope grass chip where the co-planar metal (15 nm
Crand 100 nm Au) electrodes with 3 mm gap were deposited. Imaging chamber (Grace Bio-

Labs Inc, Bend, OR) with 20 mm inside diameter and 0.6 mm depth was filled with particle



suspension and attached onto the electrodes where AC signal (~ 30 — 100 V, 100 Hz —
100kHz) was switched on. [31] Using the same design with previous studies for small
microspheres [7, 8, 20] where the chamber was placed above electrodes, the cubic and
cylindrical particles without metal coating demonstrate precise chaining along the direction
of field. In agreement with dielectrophoretic fundamentals, bare particles without anisotropy
in polarizability aligned in the way such that the maximum dipoles among their dimension
‘connected’ head to toe. As shown in Figure 5, cylinders (height = 25 pm, dia. = 10 pm)
formed long chains along the dimension of height, while the cubes aligned isotropically with
their left or right sides pointing from the plane of view. This normal design worked well for

non-coated particles as well.

However, in the experiments, the metal coated particles didn’t show distinct structures if we

placed the chamber on top of the electrodes. Since metal has much larger polarizability
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Figure 5. Optical micrographs of DEP assemblies of cubes and cylinders. (A) chains of bare cylinders in normal
cell, (B) chains of bare cubes in normal cell, (C) one-side coated cubes without field, (D) one-side coated cubes
in inverse cell, (E) side coated cylinders without field, (F) side coated cylinders in inverse cell.

compared with particle polymer SU-8 and positive dielectrophoresis tends to drag these
particles to the highest field intensity, it should play the significant role of orienting particles

in the field. But in a normal cell, particles initially placed randomly faced obstacle to rotate



or flip over to their preferential orientation, because both the gravity and dielectrophoretic
force by co-planar electrodes onto the particles were in the same direction pointing down to
the bottom. The relatively large size compared with microspheres in previous experiments
and edges of cubes contributed to arrested motion. Therefore, the structure formed in normal
cell for metal coated particles depended more on the initial placement whether the metal was

on top/bottom or on the side.

To apply the experimental setup for non-spherical metal coated particles, innovation was
made by inverting the normal cell 180°, so that the dielectrophoretic force now pulls in the
direction opposite to the gravity offered the capability for particles to be lifted and rotate.
Figure 5 shows how one-side coated cubes and side coated cylinders aligned in the new
inverted experimental design. One-side coated cubes, appeared transparent when the metallic
patch was on one of the sides (not in the viewing plane) of particles, whereas they appeared
opaque when the metal was on the top or bottom of the particles within the viewing plane.
Side-coated cylinder particles appeared darker, as the transparent SU-8 allowed the light
transmission reflecting half side of metal. Regardless of their initial position, metal coated

particles formed uniform structures within the inverse experimental cell.

2.3 Configurations of one-side coated cubes under various conditions

Among variety of shape and metal coating, our study initially focused on one-side coated

cubes which seemed to be less complicated. It is shown by Figure 6 that the manipulation of
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Figure 6. Diagram of configurations formed by one-side coated cubes depending on the voltage as well as
frequency of the field.
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the AC electric field strength and frequency provide the two main parameters to tailor the

assembly.

At relatively low volume fraction, the one-side coated cubes, they form different
configurations as a function of field strength and frequency. At low frequency (1 kHz — 10
kHz) and low voltage (10 V- 30 V), dark configuration where metal is on the top or bottom
predominated. Subjected to the field, single, isolated dark particles oriented at an angle of
45° in the viewing plane with respect to the field. This diagonal orientation prevails because
the maximum dipole (diagonal between opposite corners) in the field direction is induced
across the metal coating. The transparent particles either rolled over to appear dark before
getting contact with other particles or aligned with others first then flipped over. As particles
were attracted toward each other by dipole-dipole interaction, they reoriented and aligned,
such that their edges were parallel and orthogonal to the field direction. They didn’t form
rhombic asymmetry where all particles oriented at an angle of 45° with regard to the field
direction, since there is torque t exerted on the particles when they are at an angle to the
field. The toque is proportional to the size of the particle (a3), square of field intensity (E2)
and angle to the field direction (8). [19] As the equation below shows, the maximum toque

will be exerted if the angle is 45°.
T o< a3E? cos 20 (7)

When more and more particles came together, they organized into dark chains along the

direction of field.

When we increased the voltage at frequencies lower than 10 kHz, the configuration became
less uniform for there was no favorable orientation. Dark and transparent particles seemed to
assemble randomly, suggesting the field strength was sufficient to induce chaining prior to
reorientation. These mixed structures existed under two kinds of circumstances. One
occurred at very low frequency and relatively high voltage, while the other happened when
the volume fraction of the particle suspension was quite large. Both lead to mixed

configuration because of rapid assembly and strong attraction of particles, where kinetically

11



trapping happened. It is essential and the reason why we kept on doing the experiments at

low volume fraction of suspension.

In contrast, at high voltage and high frequency (> 10 kHz), the transparent configuration
became predominant. It’s hard to tell which side of metal stays for the transparent particles in
the microscopic image, but it is clear that the metal is on one of possible four sides of the
square at the plane of view. Once field was turned on, the randomly placed isolated
transparent particles rotated to their preferential position with edges parallel or perpendicular
the field direction, by which the maximum dipole induced in the metal coating aligned in the
same direction of field. Meantime, the dark particles rolled over to transparent appearance
during the assembly. Chaining based on dipole-dipole attraction became faster at higher
voltage, which is expected. If assembly was achieved by forming dark chains at low voltage
and switching to high voltage, the dark chains then rolled over simultaneously. It’s always
exciting to see particles in vision changing from dark to bright. In addition, at even higher

frequency, the required voltage for the configuration changing became lower.
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Figure 7. Analogy of one-side coated cubes to Janus particles in AC field. (A) Bhase diagram of Janus
particles corresponding to intensity and frequency of the field, [8] (B) dark configuration of one-side
coated cubes, (C) transparent configuration of one-side coated cubes, (D) 3D bundles formed by one-side

coated cubes.
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In short, we achieved turning the assembly of one-side coated particles into well uniform
process of making distinctive structures by manipulating the frequency and voltage of the
field. It agreed with the fundamental of dielectrophoresis and is in line with what was
previously reported for Janus microspheres [8, 32]. We found similarity with analogic polar
interaction between two systems. But from the perspective of potential application, one-side
coated cubes could be more meaningful, as their physical properties (heat/electric
conductivity, transparency) are anisotropic, which might be useful in the making of novel

material.

2.4 Characterization of the system

To verify the existence of various stable configuration, we employed statistical analysis. By

A Distribution vs voltage @ 30kHz B Distribution vs wvoltage @ 40kHz C Distribution vs voltage @ 70kHz
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Figure 8. Distribution of dark and transparent particle orientation versus voltage at various frequencies of
field. (A) 30 kHz, (B) 40 kHz, (C) 70 kHz.

counting the number of two kinds of particles, the distribution of dark and transparent
particle orientation was calculated and evaluated at frequencies and low to high voltage.
Figure 8 illustrated the same trend as mentioned above: at frequency larger than 10 kHz, the
dark still prevailed if the voltage was low, but with increase of voltage the transparent
configuration became dominating; as frequency went higher, the voltage needed for
configuration transition was lower. However, during this process, we observed some
interesting sedimentation phenomena of these one-side coated cubes, where shaking and re-
dispersion between experiments resulted in more dark particles thus not random placement at
initial. To better represent the influence of electric field, we improved by taking into account

the initial particle distribution and calculated how many particles transited to the other

13



configuration. An example is shown in Figure 9, the conclusion is still that high voltage

favors the transparent configuration, while at low voltage small amount of initial transparent

Percentage change of transparent particles
compared with initial condition @ 70kHz
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Figure 9. Percentage change of transparent particles compared with initial condition at 70 kHz.

particles turned into dark orientation at 70 kHz, (Figure 9).

To understand the formation of two different configurations, we used numerical simulation.
For the transparent configuration, COMSOL simulation was used to predict the most likely
orientation of the particles as well as the kinetics during the particle-particle interaction. In
the 2D simulation, the complex permittivity (&) was calculated for four domain components
in the system including thin conductive counter-ionic layer around the particle, gold layer,

SU-8 core, and water media. With calculation of electric distribution by Laplace equation

Figure 10. Example of meshing of single one-side coated cube in AC field.
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(Egn. 9) and local electric energy based on result of Eqgn. 9 (Egn. 10), the overall energy of

the system (Egn. 11) was got by integration over the volume. [8]

&= goe, — 2 (8)
Ao = (9)
Wes =5 DE =~y E? (10)
We = fV WesdV (11)

The numerical modeling over a range of frequencies shows that at low frequencies (<10 kHz)

both the metallic coatings and the counterionic layers around the SU-8 facets have greater

E (Vim)

O B

Total electrical energy (x 10" J)

Total electrical energy (x 10" J)

. * ° V:E”‘

Figure 11. COMSOL simulation of one-side coated cubes in AC field. (A) distribution of electric energy of
single particles under different frequencies, [31] (B) total electric energy of six possible configurations of two
adjacent transparent particles,[31] (C) a dark particle approaching a transparent one, (D) electric energy during
the process of dark particle approaching a transparent one.

electrical polarizability than the aqueous medium surrounding them. Thus the particle has
features qualitatively similar to a point dipole. At higher frequencies, the ionic mobility

hardly plays a role and SU-8 becomes less polarizable than water, such that the field of the
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composite structure resembles a quadrupole (Figure 11A, 10 MHz). The result of this
numerical simulation agrees with results of Janus particle [8] and the analogy again draws
attention to the similar dielectrophoretic behavior for particles with different shapes and in
different experimental cells. One main reason for employing COMSOL simulation is to
predict the precise configuration of transparent particles at high frequency and voltage, as
from the microscopic image, the 65 nm metal coating is not visible, given the resolution of
camera and magnification of microscope. The electrical energies of six possible
configurations of a couple of transparent particles were calculated (Figure 11B). When both
metallic faces were in parallel to the field and on the same side of the cube, the total energy
was minimized. If the metallic faces parallel to the field but on different sides, the energy
was the second lowest. These two cases were more likely to occur in real system compared
with other four where at least one metal face was perpendicular to the direction of the field.

Figure 12. Laser check of metal side of transparent particles. (A) schematics of shining laser from upper right of
experimental cell, (B) chain involving dark and transparent particles without laser, (C) distinction of transparent
particles by side of metal using laser in dark phase of microscope.

In fact, as we have discussed, the metal parallel to the field helped creating the maximum
dipole, polarization mostly likely leading to assembly into the configuration with lowest

energy projected here.

16



In order to verify this prediction of metal facing in transparent configuration, a red laser was
used to shine light from the upper right or left side of the chamber. As the powerful laser has
spatial coherence allowing it to be focused to a tight spot, it’s used here to detect the metal
placement. The transparent SU-8 allows transmission of laser, while the metal blocks and
was bright red, from which we can tell the position of the metal. As demonstrated in Figure
12c, there was no light blocking occurred on the dark particles, because we were shining
laser from left or right with regard to the image and the reflex wouldn’t be seen through
objective lens. But for the transparent ones, it’s clear that metal of the first and fifth from
above were on the right, while the middle three had their metal facing left. Illumination also
helped checking whether all particles were assembled on the same plane. As might have been
noticed, the last transparent particle tilted and didn’t fully align with other particles (Figure
12c). Using the laser observation method, we examined transparent configuration over a
large range of frequency (> 10 kHz) and voltage (> 50 V). The result definitely agreed with
what we have predicted with modeling, where majority particles had metal facing the same

side and minority were facing different sides parallel to the field direction.

For the dark chain orientation, laser wouldn’t have helped much, as shining from the right
top is not applicable and reflex wouldn’t differ between metal on the top and on the bottom,
unless SU-8 has low transparency. Instead, we managed to fabricate fluorescent particles
based on the same method of photolithography and metal evaporation but adding fluorescent
dye (2 mg Nile red / 1 mL SU-8) before spin-coating. The fluorescing method worked well
for visualizing the metal side for dark configuration at low voltage. When the metal was on
the bottom, particles flowed red, as the fluorescent parts of the SU-8 cubes were exposed to
the objective. But compared with optical image, some particles ‘disappeared’ in fluorescence
mode. That’s because the non-fluorescent metal coating was on the top, blocking the
fluorescent material underneath and resulting in appearing like dark background. Applying
fluorescent particles for dark configuration at low voltage over a range of frequencies, we
found that most particles assembled had their metal facet on the bottom and the minority with
metal on the top would likely be isolated rather than aligned into chain, which was against

our assumption that highly polarizable metal should be pulled upwards by the AC field in an
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inverse cell due to positive dielectrophoresis exerted on it [31]. One possible explanation is
that the initial particle distribution accounts for it to some extent. To verify this, we checked
the ratio of particles with metal on the top against ones on the bottom using statistical
methods. The results were convincing, since 3.5/1 bottom/top ratio clearly stated that it
wouldn’t be surprising if more dark particles stayed initially with metal on the bottom and
the field with low voltage didn’t provide enough energy to turn it over. Notably, these cubic
particles are much larger and heavier than that of microspheres [7, 8, 31]. Moreover, once
particles with metal on the bottom formed chains, it would be hard for the metal on the top to
join, since the dipole-dipole interaction was not strong for metal on different planes. This
natural sediment phenomenon is novel and hasn’t been reported, and later on needs more

attention and further investigation.

Figure 13. Discrimination between metal on the top and on the bottom for dark configurations using
combination of optical and fluorescent microscopic images. Particles with metal on the top are circled by white
while ones with metal on the bottom were circles with yellow squares. (A) 1 kHz and 31.90 V, (B) 20 kHz,
27.21V.
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In summary, the ‘quadrupolar’ interaction for one-side coated particles predominated at high
voltage, while at low voltage and frequency dark configuration with interesting

sedimentation process involved was against our assumption.

2.5 Summary and outlook

The one-side coated cubes have been explored using various methods, such as statistical
distribution, laser illumination, and fluorescent imaging. Since we found that the distribution
of particle configuration under various conditions was influenced by initial isolated particle
distribution, using the calibration method mentioned in the paper, we need to represent the

data in new way and obtain better understanding how they respond to the field.

Though the particle statics and kinetics were understood well with the help of COMSOL
simulation at high frequencies, the simulation had limitation on investigating the 3D real
environment of experiment where the field was non-uniform and real volume with cubic
shape with each coordinate inside or outside experienced different field intensity and
direction. Given the difficulties for studying the fundamental at low frequencies for dark
orientation, we will continue on using fluorescent particles and clarify the relationship

between configuration and sedimentation.

The one-sided coated cubes were also tested with magnetic field [31], forming zigzagged
chains and elongated rods, which inspired our next step by including the magnetic field in
addition to the electric field. We have obtained particles fabricated with two sides of metal
coating where one was gold and the other was gold and nickel. Similar to the magnetic
particles we used in assembling 2D responsive network, these particles respond both to the
electric and the magnetic fields. The cubic shape would give them larger or smaller
flexibility in assembling in two fields, which is surely going to be unique and fascinating.
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Chapter 3
Assembling a 2D responsive colloidal

network by combined electric and
magnetic fields

3.1 Material and experimental setup
Two kinds of particles of similar size were used to form 2-D responsive network. Fluorescent
green dielectric particles (Thermo Fisher Scientific Inc., MA) with 4.8 um diameter only

respond to AC electric field as other non-patch microspheres [6]. The 5.8 um in diameter

AC signal
£
‘z
Electrodes I

Ground

Figure 14. Schematics of 2-field assembly experimental setup where electric and magnetic field are exerted
perpendicularly to each other.

latex particles with included iron in polymer matrix (Bangs Laboratories, Inc., IN) obey
similar assembly rules in electric field but also respond to magnetic field because of their
iron core. Both particles were cleaned with Milli-Q water with centrifuging and mixed before

experiment.

The experimental setup (Figure 14) consisted of a glass slide with co-planner electrodes (2
mm gap in the middle), same with slide for previous studies [6-8]. Two spiral coils

connecting DC electric signal were placed symmetrically at each end of the gap, so that the
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axles of coils aligned along the middle and stayed at the same height of the experimental cell.
An imaging spacer with 20 mm diameter and 0.12 mm depth (Electron Microscopy
Sciences,) containing particle suspension was placed onto the electrodes. AC signal (10 kHz,
0 —100 V) was applied to the electrodes, and magnetic fields was on when DC current (1 —
20 V, 0.1 -5 A) was passed through the coil. The experimental setup was capable of
applying electric and magnetic field perpendicular to each other on the same plane where
colloidal assembly went on. Two switches were used to control the AC and DC signal
separately, so that the order of turning on field could be designed.

3.2 Study of 2D percolation process

With same number density of two particles, 2-dimensional chaining grew when both fields
were on, and the rate depends on the intensities of the fields. As particle alignment went on at
one specific direction, there was no way to avoid encountering chain in other direction, if the
number density was high enough. During the meeting of chains in perpendicular directions,

the magnetically responsive particles in horizontal direction acted like point or part of chain

Figure 15. 2D percolated network. (A) chaining of fluorescent particles along the field respectively, (B)
equilibrium state achieved at H = 700 A/m and E = 10 kHz, 12 VV/mm, (C) optical microscopic image of 2D
percolation, (D) fluorescent view of percolation, (E) fully percolated particle system in a larger view using
small magnification of objective.
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intersection and connected two chains, because they responded not only to the magnetic field
but also to the electric field and stayed stable as part of dielectric and magnetic alignment.
With time, the horizontal and vertical chains got intersected more and more, leading to 2D
percolation. After certain period of time depending on the field intensities (< 10 min), the
networking process proceeded much slower and approached its equilibrium state, such that
the well percolated colloidal assembly formed with fully connectivity in both vertical and
horizontal directions and highly condensed junctions. Four parameters we observed so far
played important roles determining the structure of 2-D percolated network, including
particle number density, ratio of two kinds of particles, intensity of electric and magnetic
fields.

For now, to investigate the fundamental of mechanism of system, we kept the ratio (1:1) and
number density constant to simply the study. Here’s an example (Figure 15), under certain
condition of magnetic and electric field intensity, highly cross-linked, fully percolated
structure formed under two fields perpendicular to each other. By increasing the intensity of
the electric field, the shape of the 2D colloidal network transformed to state where area of
interspace units created by four adjacent particle chains were enlarged, resulting from higher
rate of assembly in the vertical direction before being intersected. It is much clear from the
fluorescent image how particles percolated as the red magnetic microspheres aligned
horizontally and connected the green dielectric particles in vertical direction. A broader view
of the percolation (Figure 15) convinced us that it has the ability to achieve a uniform and
well percolated 2D network covering flat surface, which provides potential for industrial

reproduction in large scale.

3.3 Two different mechanism of assembly

In our study, we managed to manipulate two kinds of particles to form 2D percolated
network by two different mechanisms. The resulting distinction was dependent on the nature
of the magnetic particles. As mentioned above, the magnetic particles were produced by
adding iron component into latex microsphere matrix, offering their capability of being
induced by both AC electric and magnetic fields. Turning on either of fields, the magnetic
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particles could form chains in the direction of field, which means with only magnetic

particles in the system electric and magnetic fields competed for the particle alignment based
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Figure 16. Two mechanism of assembly with two fields. (A) re-assembly by electric then magnetic field, (B)
competitive assembly by two fields at the same time.

on the intensities. The magnetic particles then could also form 2D network on their own, and
adjusting the intensities of two fields would provide flexibility of transformation among
various percolated structure. However, from the perspective of material application, it is
more interesting if we can assemble 2D percolated networks showing anisotropic properties

such as electric or magnetic conductivity.

The two different mechanism were named ‘re-assembly’ (sequential assembly) and
‘competitive assembly’ (simultaneous assembly). The sequential assembly took advantage of
the bi-responsive characteristics of magnetic particles, and was achieved by turning on AC
electric field first and magnetic field later. When DEP was carried out, all particles formed
chains vertically regardless of what type they were. Magnetic and dielectric particles in these
vertical chains were in random sequence independent of small difference in polarizability,
which related to size and modification of particles. After formation and equilibrium of long
vertical alignment, magnetic field with intensity large enough compared to the electric field
came in. Once the magnetic field was turned on, magnetic particles started to re-arrange
themselves to align in horizontal direction and connect the modified vertical chains. The
equilibrium was established and 2D percolation was achieved by turning on fields

sequentially.

In contrast to sequential assembly, the simultaneous assembly worked faster under same

condition by switching on two fields at the same time in the beginning. The dielectric
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particles surely assembled into vertical chains, while there was competition between
magnetic and electric fields for the bi-responsive magnetic particles. By adjustment of
relative field intensities, we were able to align more magnetic particles in horizontal direction

and percolate the 2D chains as in Figure 16.

Both mechanism worked differently but well for succeeding in formation of 2D bi-responsive

colloidal network.

3.4 Kinetics study of particle networking
To understand the two mechanism from the perspective of fundamental principle, we
employed again the statistical method for kinetic analysis. For each of the two mechanism,

we chose experiments done in the same condition and analyzed by counting the number of
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Figure 17. Fraction of particles in chains versus time in direction of fields respectively. (A) re-assembly, (B)
competitive assembly.
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particles in chains (vertical and horizontal) respectively at increasing time point. Calculation
of percentage of particles involved in either direction (Figure 17) illustrated how particles
assembled with regard to time. It’s not surprising that the ‘re-assembly’ process resulted in
almost all particles aligned in vertical direction and magnetic field later on took out bi-
responsive magnetic particles inserted and forced them in horizontal chaining. With time
going, number of particles in each direction equaled, which was also true with ‘competitive

assembly’. However, the assembly rate determined by the slope of curve at small times was
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different for two chain direction, as the vertical chains grew faster than the horizontal ones.
This inspired us to suggest a concept how to formulate the 2D network with lowest density
but largest porosity. If we could adjust the field intensities in a way to equal the growing rate
of particle chaining in each direction, given constant number of particles with 1:1 particle
ratio, the square interspace within percolation would be large. Over a confined area, the
density of particles would be lowest. However, more experiments and further study are

required to verify this hypothesis.

3.5 Characterization by programming

Software processing was also used to analyze the percolated network, for its convenience,
accuracy and additional informational function. ImageJ™ and SciLab™ were combined to
realize the goal. In ImageJ™, data for each particle were collected after pretreatment of the

microscopic image, especially the pixel coordinate (x, y). A big matrix with more than 500
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Figure 18. Software output of chaining in two specific direction. (A) vertical chains, (B) horizontal chains.

rows of coordinate information was then input into the coding we coded with SciLab™,
whose output includes pair distribution function and distribution of angle with adjacent
particles [29, 30]. To check whether it worked precisely, we drew two images ourselves, one
with all alignment in the vertical direction and other had only horizontal chains. These two
cased were process with steps mentioned above and results are shown in Figure 18. Indicated

by the distribution of angle which represented the direction of alignment, all particles in both
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cased were definitely at the same angle but different value, where 90° showed vertical
alignment and 0° meant horizontal connection. The pair distribution function was used to
calculate all the possible distance between each pair of particles, which was determined using

the relation

SN
2nrér

9(r) = (12)

Where r is distance between particles, 87 is the increment in r, §N is the number of particles
in the distance range 6r. Initially, all the distances were in the units of pixels. [33]
Normalized distances r/D were obtained by dividing the distances with average particle
diameter (in pixels). In both cases, the results showed a distinct maximum at a pair distance
equal to the diameter of the particle (r/D= 1) and further weak maximum at a pair distance of
integer number (2, 3, 4...), indicating the formation of linear chains. Output of these two
cases was in perfect agreement with what we could observe clearly from the images
designed, which showed the liability of the method. Thus, we now have the tools to better

understand the system and characterize it more precisely.

3.6 Summary and outlook

il%ﬁ’-%‘ L
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Figure 19. Percolation with lowest number density achieved at 2.76 A and 48 V. (A) optical image with 50X
magnification objective, (B) image with 10X magnification.

We have developed technique to understand better the kinetics and equilibrium 2D
structures, though more experiments and application of technique need to be performed.

Deeper exploration towards the fundamental is required for simple system with similar size
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and fixed ratio of particles, and further investigation of the effect of the conditions will be
needed. The optimalization should be continued for identifying proper cases of low density

and high porosity percolation.

In addition, it would be interesting to show the structure assembled corresponding to the
intensities of fields in a phase diagram, just like Janus particles [8], to give a better
macroscopic view of what kind of percolation we can achieve and their potential application.
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