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ABSTRACT

Assembly of colloidal particles has been a hot research topic for past two decades.
Scientifically, these studies have significantly enriched our fundamental understanding in the
physics of soft materials, including crystal nucleation and growth, phase transition, and glass
formation. Practically, the assembled structures can uniquely interact with a broad range of
electromagnetic waves and they are envisioned as important building blocks for metamaterials or
photonic crystals with exotic properties. Previous studies, however, lack the diversity in the
assembled structures, precise tunability of the colloidal interactions, and systematic investigation
of different types of anisotropy. In this thesis, we apply external electric fields to manipulate and
assemble anisotropic particles, particles that possess asymmetric properties in geometry, surface
functionality, or chemical composition.

We have obtained new and rich structures assembled from both spherical particles with
anisotropic interactions and dimers with anisotropic material properties. Spherical colloids can
acquire anisotropic dipolar interactions under AC electric fields and assemble into a variety of
well-defined oligomers. Colloidal dimers with equal lobe sizes also show rich phase behavior
and different assembly regimes. In particular, the formation of two dimensional close-packed
crystals of perpendicularly aligned dimers shows promise in fabricating 3D photonic crystals
based on dimer-like colloids. When dimers are asymmetric, the pair interaction is orientation-
dependent. At low frequencies, two to four lying dimers associate closely with a central standing
dimer and form chiral clusters. At high frequencies, we observe a series of novel structures that
closely resemble one- and two-dimensional antiferromagnetic lattices.

In addition to various types of equilibrium structures, we also discover a new particle

propulsion mechanism that arises from the unbalanced electrohydrodynamic flow surrounding an



asymmetric dielectric dimer when we tune the lobe size, chemical composition, and zeta
potential on two lobes differently. Both the propulsion direction and speed can be conveniently
modulated by field strength and frequency. The propulsion mechanism revealed here is not
limited to colloidal dimers and should be universal for other types of asymmetric particles. Such
knowledge is important for both building intelligent colloidal robots and studying the out-of-

equilibrium behavior of active matter.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Motivation

Colloidal particles are microscopic objects dispersed in a continuous medium. The size of
them typically ranges from several nanometers to a few micrometers, where Brownian motion is
important. They exist everywhere and play important roles in our life. Examples include slurries,
ink, milk, paint, proteins, dusts, fog, bacteria, and even biological cells. The major forces, such
as van der Waals, dipolar, and electrostatic forces, act on colloidal particles in a similar way as
they do on atoms and molecules. Bottom-up assembly of atoms and molecules into well-defined
structures is a natural but complex process through which materials form. However, our current
understanding and ability to control matter at the molecular level are limited due to the difficulty
in observing and characterizing timesitu dynamics at sufficiently small length and time scales.
Therefore, colloidal particles of micrometer in size provide an experimentally accessible system
to study the complex phenomena of soft matter, such as crystal nucleation and growth, phase
behavior, and glass formatid.

Colloidal particles can also interact with electromagnetic fields and exhibit special optical
and electrical propertiesFor example, they can strongly diffract light especially when the light
wavelength is comparable to the particle size. Two- or three- dimensional periodic arrays of
colloidal particles can exhibit exotic optical properties. They are used to build photonic bandgap
material§ and plasmonic solar cellsSingle solid or core-shell nanometer-sized semiconductor
particles can confine photonic states of phosphors due to their sharp and specially well-separated

cavity mode$. 7KH\ FDQ EH XVHG WR PDNH 3TXDQWXP GRWV  ILOPV



In general, the assembly of colloidal particles can be divided into two categories, i.e.,
self- and directed-assembly. Self-assembly is the process that particles spontaneously assemble
into certain structures by intrinsic colloidal interactions. The structures often correspond to the
thermodynamic equilibrium where a minimum energy is reachedwever, the intrinsic
colloidal interactions are often weak and of short range. Furthermore, the assembly kinetics can
be relatively slow. Although advanced colloidal chemistry enables the synthesis of particles with
anisotropic interfacial, geometric, or compositional properties, which can self-assemble into
novel structuré§™* via directional interactions, the syntheses often suffer from low throughput,
limitation to certain types of materials, or poor monodispersity. A better way to modulate the
interactions between colloids in a much wider range is needed.

Directed-assembly using external fields is efficient for tailoring the interactions between
colloids in addition to entrop¥. The external fields can be magnéfié’ electric?*®
hydrodynamic®*! or optical??**® The introduction of external fields can significantly strengthen
the colloidal interactions and shorten the time for assembly. In addition, as the entropy-
controlled equilibrium can be overwhelmed by external fields, novel non-equilibrium structures
can be formed too. Among different types of external fields, the electric field is of particular
interest. It provides a powerful means to assemble colloids since most particles are responsive to
electric fields due to a mismatch of the dielectric properties between the particle and ffedium.
It is also feasible to precisely control the field-induced interactions by carefully tuning the field
strength, frequency, and waveform. Moreover, an electric field can possibly induce anisotropic
interactions even between intrinsically isotropic spheres. Therefore, it has been extensively

employed to manipulate colloidal particles.



The most commonly used colloidal particles for the electric-field driven assembly are
isotropic spheres. Studies of them have enriched our fundamental knowledge in crystallization,
phase transitions, and glass formation. However, the isotropic spheres are fundamentally
different from molecules and atoms. As illustrated in Figure 1.1a, the interactions between atoms
and molecules are often orientation-dependent and shape-specific, while the interactions between
isotropic particles usually depend on their cemterenter distance$S. Therefore, colloidal
particles with anisotropic properties (Figure 1.1b) in geometry, chemical composition, or surface

functionality have been envisioned as more faithful building blocks for mimicking molecules and
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Figure 1.1 Examples of colloidal particles with anisotropic properties. (a) Unlike isotropic
spheres, the interactions between anisotropic particles are orientation-dependent and shape-
specific*® Reprinted with permission from ref [45]. Copyright 2011 Elsevier. (b) Examples of
the anisotropic particles that have been synthesized. They are classified by the types of
anisotropy from the top to bottom rows and with increasing sizes in the same row from left to
right.*® Reprinted with permission from ref [46]. Copyright 2007 Nature Publishing Group.



Among different types of anisotropic particles, colloidal dimers are of particular interest.
They can be bulk-synthesized with high monodispersity in“éeThe differences in surface
functionality, geometric size, and bond length can also be tuned conveniently (Figuyé'1.2 a
For example, by tuning the bond length from one to zero, dimers change from rod-like particles
to Janus spheres. Moreover, the size ratio between two lobes can be tuned independently (Figure
1.2b). Therefore, the colloidal dimer is a good candidate for investigating the impacts of
individual types of anisotropy on both self- and directed-assembly. Moreover, numerical
simulations® have shown that dimers could be potential building blocks for creating photonic
crystals with diamond-like lattices (Figure 1.2c), which exhibit robust and complete photonic
band gaps. This further motivates our current study in the electric-field driven assembly of

colloidal dimers.
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Figure 1.2 Colloidal dimers with a variety of anisotropic properties. (a) Colloidal dimers with
anisotropic geometric and interfacial propertleReprinted with permission from ref [51].
Copyright 2014, American Chemical Society. (b) Different types of anisotropy can be obtained
E\ WXQLQJ WKH GLPHUYfV VL]H UDWLR ERQG OHQJWK FRPSRYV
Colloidal dimers have been predicted for building photonic crystals with diamond-like I&ttices.
Reprinted with permission from ref [52]. Copyright 2001, John Wiley and Sons.

In addition to assembly, self-propelling motors have recently received extensive attention
due to their diverse applications in drug delivery, mini-surgery, and bios€fgbrat the
micro/nano-scales, the Reynolds number is very small and inertia which maintains the
PDFURVFRSLF REMHFWYVY & RiN\addRtiQn, RS Qe Bitjec® HelcOnhe) snialer,

Brownian motion becomes more significant. Therefore traditional swimming strategies cannot be
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used to propel small objects in fluid. A variety of new mechanisms have been proposed, which
can be divided into three categories: (1) external-field driven propulsidr2) deformation
driven propulsion? and (3) chemical reaction driven propulsf8rAmong them, the electric-
field driven propulsion is of particular interest. The power that drives the particle motion can be
precisely controlled by tuning both field strength and frequency. The particles used are also easy
to fabricate than those driven by other methods.
1.2 Background

In this section, the major interactions between colloidal particles in aqueous will be
reviewed first to help better understand the assembly mechanism.
1.2.1 DLVO interaction and colloidal stability

The stability of colloids in a suspending medium is primarily governed by the forces
between them, among which the most important interactions are van der Waals and double-layer
interactions. Dispersion forces are the main contribution to the van der Waals interaction. They
include the charge-fluctuation force, London force, and induced dipole-induced dipole force. The
van der Waals interaction between two identical spherical particles can be written as

Aa

1oh (1.2)

W(hH

wherea is the particle radiud) is the surfacee-surface distance, an#l is the Hamaker

constant

A §kT( 1 H2)2 IQ (M m)?

A ey .

Where H (n,) and 4 (n,) are the dielectric constants (refractive indices) of the spheres

and the medium, respectively.
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Figure 1.3 Schematic for the van der Waals and double-layer interactions between two identical
spheres in solution. The sphere on the left shows the formation of negatively charged particles
(carboxyl groups) in aqueous solution. And the right sphere is surrounded by a double layer.

During the synthesis of colloidal particles, some chemical groups, such as carboxyl or
sulfonate groups, are bounded to the polymer chains. When patrticles are dispersed in water,
these functional groups can be ionized. For example, the carboxyl group will lose one proton and
become negatively charged in water when pH > piG®OOH o COO  H (Figure 1.3). An
egual amount of counter-ions is attracted to the charged surface and forms the so-called electrical
double layer (Figure 1.3). The double layer interaction originates from the overlap of the double
layer of two neighboring surfaces. In order to obtain the double layer interaction, one needs to

know the spatial distribution of ions which can be determined by solving the Poisson-Boltzmann

(PB) equation:

N
H#f X 1 zepexp zel3 (1.3)
i1 KeT ©

Where | is the electrostatic potential at poixt z is the valence number of ionseiis

the elementary charg®,, is the number density of ions i at bulk, arfds the solvent dielectric



constant. When the electrostatic potential is low, the right hand side of the PB equation can be

further simplified into the Debye-Huckel Equatith:
d’1 /d¢ N | (1.4)
Where A is the Debye length and can be written as:

1N 2
o LA (15)

H H
Note that the Debye length is only dependent on the ion concentrations in bulk. Beyond

the Debye length, ion concentration is close to that in the bulk and the double layer interactions
are typically weak. When/ is large, i.e., the particle radius of curvature is much larger than
the Debye length, the Derjaguin approximation can be used to obtain the interactions between
two spheres within the Debye-Huckel theory and the result is called the Hogg-Healy-Fuerstenau
(HHF) formula® which is accurate for larged and small M (h is the particle surface-surface
distance). Later, Sadet al modified the HHF theory and got a simple formula which is valid up

to moderate to high potentials, Eq $36:urthermore, the modified HHF formula is accurate for

all M.
K [e | & Mo
u(h) 16 J—/(EL)tanH m )a—h Inl e™ (1.6)

The total interaction between two charged spherical particles in solution includes both
double layer and van der Waals interactions. The double layer interaction is sensitive to the
particle surface potential and bulk salt concentration, while and the van der Waals interaction
depends on the permittivities and refractive indices of the particle and solvent. The combined
interaction (DLVO) was developed by Derjaguin, Lanffaverwey, and Overbeék

The DLVO theory can be applied to predict the stability of colloidal suspensions and be

employed for assembly. Yale af® developed a simple, rapid, and scalable method for making

7



colloidal homo- or hetero-doublets based on DLVO theory. Colloidal spheres were firstly
dispersed in high salt concentration solution, where the double layer repulsion was strongly
screened and particles aggregated into clusters due to the van der Waals attraction. When there
were enough doublets in the solution, a considerable amount of deionized water was added in, so
that the aggregates remain stable due to long-range double layer repulsion.

The van der Waals interaction is of short-range (~ a few nanometers) and is dominant
only when patrticles get very close. Most of the time, the van der Waals interaction caglype saf
neglected. While, the double layer interaction is long-range and mainly contributes to the
assembly of colloidal particles. Colloidal solutions of nanoparticles of different materials
assembled into more than 15 different binary nanoparticle superlattices (BNSL), including NaCl,
CuAu, AlB,, NaZns and more. Electrostatic interactions between particles determined the
formation and structures of the BNSL assemblies, while entropic, van der Waals, steric and
dipolar interactions further stabilized the BNSL assemBlieg’then asymmetric colloidal
particles were used, such as the Janus particles, superstructures could be obtained as shown in
Figure 1.42%7° The Janus particle consisted of one hydrophobic hemisphere and one hydrophilic
(charged) hemisphere. The hydrophobic patches attracted each other through the hydrophobic
attraction, while the charged-hydrophilic patches repelled each other due to the double-layer
interaction (Figure 1.4&f. By tuning the salt concentration, the competition between these two
interactions can be controlled. As the salt concentration was increased, assembled structures
changed from low-molecule weight oligomers (Figure 1.4b) to triple helices (Figure®1.4c).
"KHQ 3WULEORFN -DQXV VSKHUHV ZHUH XVHG NDJRPH OD

concentrations (Figure 1.48).
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Figure 1.4 Self-assembly of Janus spheres. (a) The interaction between two Janus patrticles at
different orientation$! Reprinted with permission from ref [71]. Copyright 2008, American
Chemical Society. (b) Formation of diverse types of oligomers from Janus pattiBleprinted
with permission from ref [69]. Copyright 2011, The American Association for the Advancement
of Science. (c) At high particle concentrations, the Janus spheres assemble int&*helices.
Reprinted with permission from ref [69]. Copyright 2011, The American Association for the
Advancement of Science. (d) Triblock Janus particles assemble into Kagome strctures.
Reprinted with permission from ref [70]. Copyright 2011, Nature Publishing Group.
1.2.2 The dipolar interaction

Application of external electric fields will typically induce electro-osmosis of water
surrounding the particles that are dispersed in an electrolyte solution. For example, the excess
cations within a double layer will migrate along the direction of the external field and
concentrate towards one hemisphere on a negatively charged colloidal sphere (Figure 1.5a). A
dipole will be formed as the co- and counter-ions are separately distributed on two ends of the
particle. In addition, the electrophoresis of charged particles will further polarize the particles, as

the motion of the particle will squeeze ions at one end and relax them at the other end (Figure

1.5a)/*"> The migration of excess ions surrounding the particle has a time ggalea>/ D,



where D is the diffusivity of ions. For polystyrene spheres with a diametér &/n, i is ~

10* ~ 10°s, which corresponds to kilohertz in frequency. When the field frequency is much
higher, there is not enough time for the ions to migrate back and forth along the particle surface.
The polarization of dielectric particles is then mainly due to ions going in-and-out of the double

layer, which has a time scalg W?/ D.”® For particles in solution with salt concentrations

ranging from10° ~ 10°M, W is on the order 010*~10's, an equivalent frequency range

10 kHz ~ 10 MHz. At even higher frequencies (e.g., above 100 MHz), the polarization of
particles is only induced by the different degree of alignment of molecules at the particle and

solution interface, which is not considered in our research.
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Figure 1.5(a) Schematics showing the polarization of particles in aqueous solution due to
migration and convention of free ions surrounding the particle, and electrophoretic motion of the
charged particle itseff (b) Dipolar interaction between two spherical particles is orientation-
dependent. It is attractive for hetwtoe orientation and repulsive for shouldesshoulder
orientation®®

The induced dipole moment of a dielectric particle can be obtained by the effective

7

moment method, which has the form eof 4 Saa’E,,”” where E, is the external field

strength.K is the Clausis-Mossotti constant, which is a complex function of the particle and

solution properties:

A
o |
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WhereTg’ el pA,Y andz-/ H W are the complex permittivities of particle

S
and solution, respectivelyly and I/ are the conductivities of particles and solutiony 1,

and Zis the frequency of the external field. As can be seen in Eq. 1.8, the Clausius-Mossotti
constant is sensitive to the properties of the particle, solution, and external field, which include
zeta potential, salt concentration, type of electrolyte, and frequency. Eq. 1.8 is the basics of the
Maxwell-Wagner (MW) polarization theofy. 2 . R Q¥/Intér extended the MW theory by
adding the surface conductivity of charged particles and formed the so-called MWO theory. It
considers the polarization due to different electric properties of particles and solution, as well as
the migration and convention of ions. It is commonly used to calculate the dipole moment of
colloidal particles in the high frequency regifi&’ However, the diffusion of ions, which is
important at low frequencies, is not included. The Dukhin-Shilov (DS) theory which modifies
the MWO theory by adding ion diffusion is often used to calculate the dipole moment at low
frequencie$®? Both MWO and DS theories are derived for particles with a thin double layer,
i.e., M>1. For an arbitrary double layer thickness, the standard model of colloidal
electrokinetic&® needs to be solved numericlyZKHUH WKH LRQVY PRWLRQ LV
migration, convection, and diffusion.

Once the dipole moment is solved, the dipolar interaction between particles can be

obtained by using the point dipole approximafton
RO D 12 SeRe(C BB TBcs, F (N3 d (9
ij

Whereear and e are the unit vectors in theand 7 directions (Figure 1.5b),
respectively. AndRe(K ) denotes the real part of the complex numhaés, the polarizability,

and D is the complex conjugate. Clearly, the dipolar interaction between two spheres is
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proportional toa®. In addition, it is dependent on the relative positions of two particles. For
example, the force is attractive for a pair of heatbe orientated particles (Figure 1.5b) and
repulsive when the centér-center line is perpendicular to the external field (Figure 1.5b). The
critical transition angle from attractive to repulsive interaction is @&t .°° Because of this
orientation dependence, dipolar interactions have been extensively used in the assembly of
colloidal particleg#2>27:29323687-90

The heade-toe chains along the field direction are commonly found because they
usually correspond to the energy minimum. When the particle concentration is high, neighboring
chains can further assemble into sheets and bundles, which increase the viscosity of the
suspending medium significantly. This is the mechanism behind the electrorheologicaffitiids.
By combining the long-range electrostatic repulsion and the orientation-dependent dipolar
interaction, Yethirajet al* discovered rich phase behavior for colloidal spheres with tunable
SVRIWQHVV™ V X-Edtezd-cWi& (FCCID botly-centered-cubic (BCC), body-centered
orthorhombic (BCO), and body-centered tetragonal (BCT) structures, as shown in Figure 1.6a.
The effective range of electrostatic repulsion is controlled by using solutions with different
permittivities or salt concentrations, while the anisotropic dipolar interaction is controlled by
tuning both field voltage and frequency. The formation of the above assemblies was later
investigated theoretically by Hynninen af’. By confining particles between two plates, Gong
et af* found that the competition of dipolar repulsion and electrohydrodynamic attraction could
be precisely controlled. For example, within a strong confinement kg.8gq 1.03), the
electrohydrodynamic flow between two electrodes will overlap and the colloids experience very

weak attraction. The induced dipolar interaction dominates and well-separated particles formed

into ordered arrays. With a weak confinement (d142a 1.23), the electrohydrodynamic
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attraction dominates and colloids form close-packed hexagonal crystals. With an intermediate

degree of confinement, honeycomb and worm-like chains were observed (Figure 1.6b).

L
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Figure 1.6 Assembly of colloidal particles under external electric field. (a) Isotropic colloidal
spheres assemble into FCC, BCC, BCO, and BCT crystals under electric fields due to both
isotropic electrostatic and anisotropic dipolar interactioReprinted with permission from ref

[1]. Copyright 2003, Nature Publishing Group. (b) The spherical particles assemble into close-
packed triangular crystals, alternating chains, honeycomb, and repulsively ordered colloidal
crystals under different degrees of confineméhBeprinted with permission from ref [24].
Copyright 2002, American Chemical Society. (c) Ellipsoids assemble into crystals with an angle
tilted with the external field because of the shape and orientation-dependent dipolar intétaction.
Reprinted with permission from ref [29]. Copyright 2009, American Physical Society. (d) Real
part of the polarizabilities of 2m particles with zeta potentials of -140 mV and -40 mV in

sr?7 | KCl solution and the assembly of binary mixtures of silica and polystyrene particles at
100 kHz, with mixing ratios: 1:1 (up) and 2:1 (dowhReprinted with permission from ref [92].

Copyright 2003, American Physical Society.
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The use of anisotropic colloidal particles broadly extends the assembled structures. Singh
et af® found that the colloidal ellipsoids form chains which are tilted at an angle with respect to
the applied field (Figure 1.6c). This is because the point dipole approximation is inaccurate and
the particle shape can strongly affect the dipolar interactions between ellipsoids. By
incorporating this effect, they found that the minimum energy occurs when chains are tiled with
respect to external field direction and the tilting angle decreases with increasing aspect ratio of
the ellipsoids. A variety of other kinds of anisotropic particles have also been studied. For
example, silica rods assembled into crystalline structures that @shsiststrings arranged
hexagonally since the staggered structure minimi¢cK H X Q1D Y R-bybD\ELASH 3 \VAIGSHR O D |
interaction®® Colloidal dumbbells were assembled into close-packed crystals with combined
birefringence and a partial photonic band fajlanus polystyrene spheres with gold coated on
one side assembled into staggered chains at high frequencies due to strong dipolar interaction
between gold patché8In addition, Janus rodg,cubes’* and disk-shapéd particles have been
used for assembly and new phases were observed.

The particle polarizability is sensitively dependent on both field frequency and zeta
potential. By tuning these parameters, RistenptialP? observed new structures formed by a
mixture of silica and polystyrene spheres. As shown in Figure 1.6d, at high frequencies, the silica
(-140 mV) and polystyrene (-40 mV) spheres have opposite signs of dipoles. Therefore, the
induced dipole-dipole interaction between them is attractive. They assemble into two-
dimensional triangular and square superlattices at different mixing ratios.

Although the dipolar interactions are orientation-dependent and can lead to new
structures for both isotropic and anisotropic particles, the experimental regime where dipolar

interaction dominates is limited. Previous studies primarily focus on the assembly at low salt
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concentration and high frequency, where particles form three-dimensional crystals. The
experimental regime of low frequency is exciting to be explored too.
1.2.3 Electroosmosis and electrophoresis

Electroosmosis refers to the flow of fluid within a charged channel under the application
of a longitudinal electric field. The charged channel wall attracts a cloud of mobile counter ions,
which form a thin double layer. In the presence of an external field, the excess free ions within
the Debye layer move and carry fluid with them (Figure 1.7a). The fluid movement can be
further extended to the bulk of the channel through the effect of viscous stress. The same
mechanism also causes the translation of a charged particle under electric field, i.e., the
electrophoresis (Figure 1.7b). Both electroosmosis and electrophoresis were first observed by
Reuss in 1808 when he discovered water flow as well as the motion of charged clay particles

through a bed of quartz sand.
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Figure 1.7 (a) Schematic of electroosmosis in a negatively charged channel. (b) Electrophoresis
of a negatively charged particle under electric fields. The free (and positively charged) ions
within the double layer move to the left due to eletroosmosis, while the particle moves to the
right.

The electroosmotic velocity can be obtained by solving the standard electrokinetic
model®® which includes four equations: the Stokes equation (Eq. 1.10) for momentum balance,
the continuity equation (Eq. 1.11), the Nernst-Plank equation (Eq. 1.12) describing ion transport

as a combination of diffusion, electromigration, and convection, and the Poisson equation (Eq.

1.13) that governs the electric potential.
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When Peclet number is small, the fluid electroosmotic velocity can be obtained by

solving the Stokes and Poisson equations with no-slip boundary cofitiition
uy Ld’ e s (1.14)

The electrophoretic velocity of a charged particle is more complicated to calculate and a
few strategies have been employed. When the Debye layer is thick/dis.l, Huckel

obtained”:

2 4%
u 3 P/E/ (1.15)

When /é>>1, Smoluchowski derived the electrophoretic veld€ity

u ips /I_E/ (1.16)

When®M LV PRGHUDWH +HQU\YV®Howeeatz dhave thEcd moets G
are valid for particles with small zeta potentials, where the particle surface conductivity can be
safely neglected. When zeta potential is large, the surface conductivity needs to be included.
Several models have been developed, such as numebBcl@EXODWLRQV E\ 2% ULHQ D
analytical solutions by Dukhin and SemenikHih%*

Electroosmotic flow is plug-like. It has been extensively used to pump fluid in

microfluidic devices?'% Compared with conventional pressure-driven flow, the electroosmotic
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flow eliminates the development of high back pressures, does not involve any external moving
part, and can be easily integrated with lab-on-a-chip devices. Both flow direction and magnitude
can also be easily controlled by the external electric field. In addition, electroosmosis has been
used in soil and chemical analy$i6M° For example, DNA contains important gene information
that govern the development and functions of all kinds of organisms. Separation and detection of
DNA molecules with specific sequence have a pivotal impact for molecular biology and gene
science. As DNA molecules are typically charged, gel-electrophoresis is broadly applied to
separate them with different molecular weights in high resoldtioh?Other charged molecules
such as proteins and nucleic acids can also be separated by using the gel-electrapfibfesis.
1.2.4 Equilibrium-charge electroosmotic (ECEQ) flow

Although particles on a planar electrode repel each other due to the dipolar and double
layer interactions at high frequencies, they can surprisingly aggregate and form two-dimensional
crystals under both DC and low frequency AC figlf$'® The aggregation of similarly
charged patrticles under a DC field is mainly caused by the equilibrium-charge electroosmotic
(ECEO) flow along the surface of particles, as shown in Figure'¥&ar a negatively charged
dielectric particle, the upward DC field acts on the positive ions within the double layer and
generates an electroosmotic flow along the particle surface. Because of the circulation, a lateral
flow is generated along the electrode and towards the particle. If there is a second particle
nearby, it can be entrained and attracted towards the first particle, especially when the ECEO
attractive flow is stronger than the dipolar and double layer repulsion. Since this flow is
originated from the equilibrium ions in the Debye layer, its velocity can be approximated by the

classical electroosmotic velocity, i.e.,

JSEI
Ueceo V/d—P (2.17)
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Figure 1.8(a) Schematics of the ECEO flow surrounding a negative charged particle on the
electrode and (b) the streamlines for ECEO flow based on a theoretical frideigprinted with
permission from ref [119]. Copyright 1997, American Chemical Society.
1.2.5 Electrohydrodynamic (EHD) and induced-charge electroosmotic (ICEQO) flow

Particles can aggregate under a perpendicularly applied AC electric field too. At first
glance, the electroosmotic flow caused by the equilibrium surface charges is periodic and the net
flow should vanish under an AC electric field. Researchers from Carnegie Mellon University,
however, argued that the ECEO along the particle surface can still induce the assembly. When a
particle above the electrode is static, the time-average of the electroosmotic flow is zero.
However, when a particle has a periodic movement in the vertical direction close to the
electrode, the time-averaged flow will be proportionalctis 7, where 7is the phase angle

EHWZHHQ SDUWLF QeAtfavid Yhel exterhat Del@. PHRS! BisPlong Ais not equal to

90°, there would be a net lateral flow surrounding the particle. Experimentally, Eagdf’

observed this periodic movement of particles and found Ha®Q for particles suspended in

potassium hydroxide solution, which causes particle segregation. When particles were suspended

in sodium bicarbonate solution! 90°, which causes particle aggregation. However, it is not
fully clear why different electrolytes induce differerit

Another theory to explain particle aggregation is based on the induced-charge
electroosmosis on the conducting substrate. When an electrode is polarized, a certain amount of
mobile charges will be induced. The particle on substrate will also be polarized and generates an
electric field. The tangential component of this electric field acts on the induced charges near the

substrate and initiates fluid flow, as shown in Figure 1.9. This is referred to the

18



electrohydrodynamic (EHD) flow in literatufe@ and it is a nonlinear electrokinetic phenomenon.
Because both the charges close to the electrode and the tangential component of the polarization
field are induced by the external field, the EHD velocity is proportional to the field strength

squared, i.e.u.,,, v E?. This EHD flow can assemble particles into close-packed triangular

crystals or well separated arrays, separate giant vééicigside electrophoretic depositfan or
coalesce oil droplets in watéf
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Figure 1.9 Schematic showing the EHD flow surrounding a particle under two half periods of an
AC electric field.

Quantitatively, the EHD flow surrounding a dielectric particle on a conducting surface
can be obtained by solving the standard electrokinetic model. Ristenpart and his colleagues have
also derived a scaling law for the EHD velocity of a spherical pafftté which is reproduced

with some correction below.

Figure 1.10The schematics that illustrate all important geometric parameters for the calculation
of the EHD interactionsTwo electrodes are separatedtiyl srral. The applied AC voltage

is represented bp: A’V $The sphere is located near the substrate, where its distance from the
substrateD 1 dassuming that the Debye lengdfi °is much smaller than the radids When

Q. 4» Nis negative, the solvent is directed towards the particle (shown by the arrow).
Otherwise, the flow is directed away from the particle.
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All relevant geometric parameters are shown schematically in Figure 1.10. Firstly, the

field strength distribution between two electrodes under AC electric field needs to be obtained.

Within the limit of <Z °D (whereZ is the frequency " is the Debye length, and is the
diffusion coefficient of the ions), one can show that the applied electric field within the diffusive

layer of the electrode is

y V, o M £ | EHMN
z~ ~——e
S 2H 1 E

(1.18)

whereV, is the peak voltage applied between electrodes, AndA / . Depending on

the frequency, salt concentration, and electrode separatican be larger, comparable, or less

than one. The applied electric field far away from the diffusive layer is

E |[4< H ~Z—;ejz% (1.19)

Therefore, the amount of induced charges within the diffusive layer can be obtained

0

q 3Wz HH |2« H E(z H

H v (1.20)
H 1 E
HO“per -VV
2H 1 £

We note that Eq. 1.20 is different from Eq. 2.13 in Ref. ¥2fyhere a non-zero term in
the electric field far away from the diffusive layer was missing. More importantly, our
expression gives the expected high frequency limit, i.e., whenf ( £0 f), the induced
charges within the diffusive layer diminish.

In order to induce an EHD flow, a tangential electric field needs to act on the induced
charges. This tangential field arises from the tangential component of the electric field generated

by the induced dipole of a sphere. It can be expréSsed
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~ Pdipoe ~ 3Rr
4 S/dl-hz r2 5/2

Et - Edipole )O' (121)

where X is a unit vector in the direction, gy is the induced dipole moment of the
sphere, and is the distance from the particle center line to the point where the EHD flow is
evaluated® In Eq. 1.21, we have assumed that the separation between the particle and the

substrateh can be approximated by the radigs given that < R. The induced dipole

moment can be further expressef as
Paipole 4 S'IG’RS/EO K (1.22)
where K K' jK" is the complex Clausius-Mossotti factoror the polarization
coefficient’* Both the real K') and imaginary partK") of K sensitively depends on a variety
of process parametéfsncluding 2, R, D, A, and zeta potentiaJ . Substituting Eq. 1.19 and

Eq. 1.22 into Eq. 1.21, one can obtain the expression for the tangential electric field

2 3r/R
E jK"E—r

~ _pelz— 1.23
Tt T e 1 r/R2" (29
The EHD velocity can then be calculated
qE) RedE ck* 3r/R
- P/\>/ 2 PN 572 (1.24)
1 rir®
v, g 2
b 8§ ED : . . - .
whereC  HH— — . It is noticed that Eq. 1.24 is surprisingly simple. The
2Hol E 2

EHD velocity is proportional to the square of the applied fjd2H , a signature of the

nonlinear electrokinetics. More importantly, our results indicate that the sign of the EHD flow

(i.e., the direction of the flow), is uniquely determined by the sign of the imaginary part of the
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polarizability coefficientk". WhenK" is negative, the solvent is directed towards the particle,
which could potentially cause the aggregation of neighboring particles. Whés positive, the

flow will be directed away from the particle. This result is different from the expression in Ref.
121, where both real K') and imaginary (") parts of the polarization coefficient are
important®in ug,,; .

The above EHD theory was developed for spherical particles. No one has derived a
similar model for anisotropic particles before, which have been envisioned as more promising
building blocks. In addition, the EHD flows can be asymmetric around an anisotropic particle
and induce its motion. We will present these studies in chapter 5 and chapter 6.

Arguably, the above-mentioned EHD flow belongs the so-called induced-charge
electroosmotic (ICEO) flow?®*?° that has been proposed by Gamayunov, Murtsovkin, Dukhin,
Squires and Bazant. Within the original context, ICEO can be both initiated from the electrode
and metallic coating on a particle, as long as the surface is polarizable. Slightly different from the
EHD mechanism as we discussed before, the tangential field that drives ion flow in ICEO is the
applied electric field itself, rather than the polarization of the particle itself (Figure 1.11a).
Therefore, as long as a patrticle is close to a conducting substrate, an EHD flow will develop
regardless its polarizability. The ICEO, however, is significant only on metallic particles. ICEO
has been employed to pump and mix fluids in microfluidics chatifiéls Compared with the
classical electro-osmosis under DC field, ICEO can be generated under much stronger field
strength without the worry about Faradaic reactions. In addition, ICEO can induce particle

%1 if the symmetry in hydrodynamics can be broken. For example, as the metallic

motio
hemisphere is polarized much more strongly than the dielectric one, the net ICEO flow on a

metallodielectric Janus particle is directed away from the metallic side (Figure 1.11b). Therefore,
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the induced-charge electrophoresis (ICEP) of the Janus sphere is towards the dielectric side.

Such kind of ICEP was first predicted theoretically by Squires and B42amid later confirmed

in experiments by Gangwat al >,

T
-—— T ~ Anisotropic
particle
— — E——

Figure 1.11Schematics for (a) the ICEO flow surrounding a cylindrical metal‘iesmd
Reprinted with permission from ref [127]. Copyright 2004, American Physical Society. (b) the
ICEP of a metallodielectric particle in one-half cycle of the AC electric fieReprinted with
permission from ref [93]. Copyright 2008, American Physical Society.
1.3 Summary

Previous studies on the assembly of isotropic spheres primarily focus on two
experimental regimes: one is at low frequencies and high salt concentrations, the other is at high
frequencies and low salt concentrations. Electrohydrodynamic and dipolar interactions are
dominant in these two regimes respectively. Spheres always assemble into two dimensional
close-packed or three dimensional crystals. New experimental regime which can bring multiple
as well as anisotropic interactions between particles should be explored. Although some work
have been done on the assembly of anisotropic colt6fd&® they mostly consider the impact of
a specific type of anisotropy due to the constraint on particles, Systematic investigation of
different types of anisotropy on same particles is needed. Moreover, the out-of-equilibrium

behavior such as propulsion of anisotropic particles is still elusive. The electrohydrodynamic

theory for spherical particles has been established and studied for about one decade. The
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examination of the EHD flow on anisotropic particle might bring new insights and deeper
understanding. This thesis is devoted to address some of the above-mentioned issues.

Chapter 2 presents the results for assembly of spherical particles under AC electric fields.
Within the low salt concentration and low frequency regime, the isotropic spheres acquire
anisotropic interactions and assemble into well-defined oligomers ranging from trimers to
nonamers because of the competition between double layer, dipolar, and dielectrophoretic
interactions. At high particle concentrations, the oligomers further assemble into higher-order
structures, such as honeycomb and nonamer network. Since the approach discovered here does
not rely on material-specific properties, it can be applied for a broad range of particles with
different chemical properties. Moving away from spheres, in chapter 3, we study the assembly of
colloidal dimers with same lobe sizes. Rich phase behavior and different assembly regimes have
been found. The competition and balance between the hydrodynamic, electric, and Brownian
torques determines the orientation of individual particles, while the competition between the
electrohydrodynamic and dipolar interactions determines the aggregation of aligned paidicles at
given experimental condition. This study demonstrates the effectiveness, the reversibility, and
potential opportunity of applying electric field to control the orientation and direct the assembly
of non-spherical pardies. Chapter 4 and 5 focus on the assembly of colloidal dimers with
asymmetric lobe sizes, in low and high frequency regime, respectively. At low frequency regime
(<2 kHz), two to four lying dimers associate closely with a central standing dimer and form
chiral clusters. The chiral configuration is energetically favorable because of the competition of
in-plane dipolar repulsion between petals and out-of-plane dipolar attraction between the central
dimer and surrounding petals. We further demonstrate that the broken symmetry in chiral

clusters induces an unbalanced electrohydrodynamic flow surrounding them. As a result, they
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rotate in opposite directions according to their handedness. At high frequencies (>2 &Hz), w
observe a series of novel structures that closely resemble one- and two-dimensional
antiferromagnetic lattices, including small clusters, linear chains, square lattices, and frustrated
triangular arrays. All of them are uniquely formed by alternating association between dimers
with opposite orientations. The formation of these patterns can be attributed to an exquisite
balance between dipolar and electrohydrodynamic interactions. By combining the anisotropy in
both particle geometry and field-induced interaction, our work suggests a new way to tailor
colloidal interactions on anisotropic particles, which is important for both scientific
understanding and practical applications. In chapter 6, we further investigate the propulsion of
colloidal dimers in a direction that is perpendicular to the applied AC field. We discover a new
propulsion mechanism that arises from the unbalanced electrohydrodynamic flow surrounding an
asymmetric dimer. We prove that this phenomenon is universal enough that as long as the
symmetry of the hydrodynamic flow can be broken, particles will propel. For example, dielectric
dimers with anisotropy in geometric, interfacial, and compositional properties can all propel in
different directions, depending on the field frequency.t&loring both particle properties and
tuning external fields, we can modulate the propulsion direction and speed. The mechanism
discovered here has potentials for making micro/nano-robots. In Chapter 7, we summarize all

key findings and conclusions. Suggestions for future work are also provided.
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CHAPTER 2
FORMATION OF COLLOIDAL MOLECULES INDUCED BY AC ELECTRIC FIELDS
2.1  Abstract*

We report a simple but versatile method to build colloidal molecules based on particles
that are isotropic in geometry and interfacial properties. By applying an external AC electric
field, the isotropic particles acquire anisotropic interactions, which lead to the formation of
colloidal oligomers via different assembly pathways that strikingly resemble chemical reaction
RI UHDO PROHFXOHV 7KRVH ROLJRPHUV FDQ I-XdloM&HU 3UHL
molecules and two-dimensional non-close packed structures that have not been observed before.
We propose a mechanism for the formation of colloidal molecules, which agrees with
experiments well. Our method can be used to build colloidal analogues of molecules based on
spherical particles with isotropic properties, which offers considerable advantages over existing
methods. Moreover, our approach does not rely on material-specific properties, it could have
potential applications to a broad range of particles with different chemical properties.

2.2 Introduction

Nature assembles relatively simple building blocks (such as atoms and molecules) into
well-defined structures of exquisite complexity and functionality. Acquiring comparable skill by
scientists is an extremely challenging yet highly desirable goal for efficient productiortef ne
generation functional materials. However, the difficulty in directly observing the assembly
mechanisms for molecules often leads to trial-and-error based studies, which limits our current

understanding and ability to control matter at the molecular level. Therefore, colloidal

*This chapter is modified from published paper: Ma, F., Wu, D. T. & WuJburnal of the
American Chemical Societyd5 7839-7842, doi:10.1021/ja403172p (2013).
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molecules;” the clusters of colloids with pre-defined configurations and constituents, could be
valuable model systems that allow us to visualize and probe complex phenomena (such as crystal
nucleation and the glass transition) at experimentally accessible length and time scales, which are
often hard to reach for molecular systems. Beyond the role as molecular analogues, colloidal
molecules can interact with a broad range of electromagnetic waves in unique ways and can
exhibit collective plasmonit, photonic®” electronic, or magnetic properties that are not
manifested at the level of single particles. As such, they are important buildings blocks for
metamateriafsand photonic crystafs.

Creating colloidal molecules with well-controlled configurations is, however,
challenging. Current methods often involve the self-assembly of particles that are anisotropic in
geometry or interfacial property. For example, particles with and without dimples can form lock-
and-key colloids via the geometry-dependent depletion foleaus particles that are anisotropic
in surface properties can form monovalnRU P XOW LY D &H @weh I&ar @ Gvell-
defined colloidal clusters. However, those anisotropic building blocks themselves are difficult to
make. They typically suffer from low throughput, limitation to certain types of materials, or
polydispersity. Ideally, one would prefer to fabricate colloidal molecules based on spherical
particles with uniform surface properties, since a rich library of such particles have been
developed and are being produced on an industrial scale. In this paper, we report a simple but
versatile method to create colloidal molecules based on isotropic particles, by applying external
AC electric fields. The anisotropic interactions between particles, acquired from the external
field, lead to the formation of colloidal oligomers via different assembly pathways. Due to its
physical nature, our method potentially provides an efficient route to make colloidal molecules

based on colloidal spheres with a wide range of chemical properties.
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2.3 Experimental procedures
2.3.1 Synthesis of colloidal particles

We use polystyrene particles in most experiments. They were synthesized by following
the dispersion polymerization method in the literafdr8riefly, a mixture of methanol and
water (130 ml:10 ml) is heated to 70 °C. Argon gas is purged for 5 minutes before 10 ml sodium
4-vinylbenzenesulfonate methanol solution (2.5 wt%) is added into the reaction flask. Then we
add 15 ml styrene all at once and wait until the temperature is stable. Initiator (10 ml 3wt%
azobisisobutyronitrile in methanol) is added as the last step. The polymerization usually lasts for
4 hours. After polymerization, particles are cleaned 4-7 times by centrifugation. The SEM image
of particles is shown in Figure 2.1b.
2.3.2 Colloidal assembly under AC electric fields

A cross-sectional view of our experiment setup is shown in Figure 2.1a. A thin film of
colloidal suspension is sandwiched between two pieces of intiidoxide (ITO) glass slides
(Sigma-Aldrich, Inc) with insulating spacers to control the separation. Thorough cleaning of the
ITO slides is performed to prevent irreversible adhesion of colloids onto them. The ITO slides
are first immersed in acetone and isopropanol with sonication for 10 minutes each. Then they are
FOHDQHG E\ R[\JHQ SODVPD IRU PLOQXWHY 7R PDNH WKH
charged, they are immersed in a mixture of 5 mg/ml poly(sodium 4-styrene sulfonate) {8SS) a
0.5 M potassium chloride (KCI) solution for 10 minutes with sonication. They are finally rinsed
with deionized water thoroughly. Experiments are performed on an inverted microscope
(Olympus IX71) with Qlmaging Retiga-2000R camera or on a confocal microscope (Olympus
FV10i-W). AC electric fields are applied between two ITO glasses by a function generator

(RTGOL DG1022).
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Figure 2.1 (a) The typical experimental setup for assembly of colloidal particles under AC
electric fields. The gap between two substrétés much larger than the diamef2iof colloids.

(b) The SEM picture of polystyrene particles used in most experiments. The particles are
functionalized with sulfonate groups (negatively charged) and the inset shows zeta potentials

measured at different salt concentrations.
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2.4 Results and discussions
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Figure 2.3 (a) Confocal images of the colloidal oligomers. Each particle has a diameter of 2 pm.
From image 1-12, the focal plane moves upward (from the substrate) every 300 nm. (b) The light
intensity profiles of a trimer (highlighted in image 3) at different focal planes. (c) Geometric
relationship between various parameters for a trimer and tetramer. The central plane distance
between top and bottom particles is measured to be 1.2 gp<h5 pm, which is close to
theoretical values of 1.38 um for tetramers and 1.54 um for trimers.

Figure 2.2a shows the formation of colloidal oligomers under AC electric fields when
particles are suspended in deionized water. The experimental setup is illustrated in Figure 2.1a.
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An AC field is applied perpendicularly to the substrate and theHjjdpetween two electrodes is

much larger than the particle diameter D. The analyses of oligomer distributions in Figure 2.2b
reveal several peaks in number fractions for monomers (i.e., spherical particles), trimers,
tetramers, hexamers, and nonamers. For hexamers, we also observe three different types of
isomeric configurations. All of the colloidal oligomers are three-dimensional and share similar
characteristics in geometry. For example, the central particle (red in Figure 2.2b) sits on top of
the bottom particles (blue), although all particles are identical in both interfacial and geometrical
properties. The bottom particles are typically separated from each other with the same
characteristic centd@n-center spacing,, while the top particle is nearly in contact with the
bottom ones. This geometry is confirmed by using a confocal microscope to image fluorescent
oligomers at different z planes, as shown in the Figure 2.3. For a colloidal trimer built with
& L tal spheres, the central plane distance between top and bottom paBjgles measured

to be between 1.2 um and 1.5 um. This is close to the theoretical value of 1.54 um, if we assume
that the top particle is in close contact with the bottom particles (Figure 2.3c).

To understand why certain types of oligomers are formed with high number fractions, we
have examined the dynamics of the oligomer formation. As indicated in Figure 2.4a, both trimers
and tetramers are the fundamental building blocks for other oligomers. This fact is also reflected
by their high number densities in Figure 2.2b. They can coexist and transform between each
other in response to changes in frequency, although tetramers are more stable at lower
IUHTXHQFLHV & +] DQG WULPHUV DUH PRUHz)VANIWDE OH DW
10* Hz, square pentamers are found to be more stable. At low particle concentrations, a trimer
typically possesses a 180° bond angle (i.e., three particles align into a straight line) presumably

to minimize the repulsion force between bottom particles. However, this bond angle is flexible.
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When other oligomers approach, the trimer can change its bond angle to 120° (tetramer) or even

90° (pentamer) to accommodate more bonded patrticles, leading to the formation of colloidal
oligomers. For example, one trimer can associate with another trimer to form hexamers with
three different types of configurations (isomers). It can also associate with monomers to form
linear chains, with one tetramer to form a heptamer, or with two trimers to form a nonamer.
%HFDXVH RI WKH KLJK SUHDFWLYLW\" DQG DEXQGDQW UHDFW
and third order reaction products, the hexamers and nonamers, are also present with relatively

high concentrations in the mixture of oligomers shown in Figure 2.2b.
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Figure 2.4 (a) A schematic for transformation between different colloidal oligomers. Pink
arrows indicate frequency change. (b) Representative dynamic pathways for the formation of
nonamers. The time interval between two consecutive frames is one second.

As an illustrative example, we show three common pathways that lead to the formation of
nonamers in Figure 2.4b. First, one trimer joins with a hexamer (which is often formed by two
trimers). They transform into a nonamer by both re-orienting existing bonds and creating new
bonds. Second, a decamer (three tetramers sharing two corners) can also transform into a more
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stable nonamer by liberating the side reaction product - one monomer. Third, a tetramer can

combine with a linear pentamer and produce a nonamer, during which the bond reconfigurations

are clearly shown. The optical images demonstrating different reaction pathways for other

colloidal oligomers are summarized in the Figure 2.5.
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Figure 2.5Typical assembly pathways for colloidal oligomers.

We note that flexibility is one of the key features in this colloidal assembly: bond angles

can be changed, old bonds can be broken, and new bonds can be created. Because of this

flexibility, we observe that those low-molecular-weight oligomers can further assemble into

higher order structures, depending on particle concentration. As shown in Figure 2.6, a group of

trimers can form hierarchical rings with increasing pore sizes. Similarly, closed loops can be

formed by a group of nonamers or a combination of trimers and nonamers.
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Figure 2.6 Hierarchical ring structures formed by different numbers of (a) trimers, (b) nonamers,
and (c) mixture of trimers and nonamers. Particle size: 1.2 um.

As we have demonstrated so far, the breaking, creation, and reconfiguration of bonds are
all induced by physical means - the externally applied electric field. Therefore, it is important to
understand the colloidal interactions that lead to the formation of colloidal oligomers, especially
for trimers and tetramers. We observe that colloidal oligomers can only form in both low salt
concentrations and low frequencies, an experimental regime that has not been probed before. As
illustrated in Figure 2.7b, colloidal spheres aggregate into two-dimensional hexagonal arrays
(instead of oligomers) when the salt concentration is relatively“h{gtg., 16 M). This is due
to an electroosmotic flo¥ acting on the excess surface charges near the conducting substrate,
which attracts particles into two-dimensional close packed arrays. This flow is, however,
inversely proportional to the Debye lendthTherefore, at low salt concentrations (i.e., with
large Debye length), the electrohydrodynamic attraction between colloids is weak, which
prevents the formation of two-dimensional crystals. When frequency is high (e.g., ~MHz),
colloidal chains that are perpendicular to the substrate (or parallel to the field) are formed due to

dipolar attractions’
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Figure 2.7 The effect of ionic strength on colloidal assembly. (a) deionized water. Because
carbon dioxide in air could dissolve in open colloidal suspensions gradually, which increases the
ionic strength. We conservatively assume that the ionic strength in deionized wateMis(bp

10°M sodium chloride aqueous solution. Applied voltage for both cases @re:V9 &

Hz. Scale bar is 5 micron.
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Figure 2.8 Major interactions between isotropic spheres under external electric field. (a)
Schematics showing key forces involved in the formation of colloidal oligomers. (b) The effect

of salt (sodium chloride) concentrations on the geometry of both trimers and tetramers for two
different sizes of particles (1.2 um and 2 pm), respectively=M volts andZ= 500 Hz. (c)

The effect of frequency on the geometry of tetramers. Insets show representative optical images
of the tetramers. Particles (2um) are suspended in DI water.
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Here we hypothesize that the dipolar interaction, electrostatic double layer (EDL)
repulsion, and dielectrophoretic attraction between the particle and substrate are the key forces
that control the formation and architecture of colloidal oligomers, as shown schematically in
Figure 2.8a. Since particles in our experiments bear sulfonate groups on the surfaces, they are
negatively charged at pH neutral conditions (Figure 2.1b). At low salt concentrations, relatively
long-ranged double layer repulsion keeps the bottom particles in an oligomer separated. As
revealed in Figure 2.8b, we can tune this separatidd) (by varying salt concentration. With
increasing salt concentration, the EDL repulsion becomes screened and short-ranged. Therefore,
the separation between bottom particles is smaller.

Under external fields, colloidal particles can be polarized due to both bulk dielectric
response and mobile surface charges in the diffuse layer. Therefore, the dipolar interaction
between particles is also important. This interaction depends on the afiogheed between the
centerto-center line that connects two particles and the direction of the externat®fieli
repulsive (attractive) when particles are aligned perpendicularly (parallel) to the applied field.
Therefore, the dipolar repulsion between bottom particles in oligomers also keeps them separated
from each other, in addition to the double layer repulsion. The dipolar interaction between top
and bottom particles, however, could be attractive, depending on the anglequivalently the
geometric ratioL/D. Based on simple geometric relationships, it can be shown.théatL
¥v:s F ? KOfor trimers and. & L¥u:s F ? %aCfor tetramers (Figure 2.3c). If we assume
that all particles behave like point dipoles, the critical angl@vhere the dipolar interaction is
neither attractive nor repulsive) is ~ 54.7°. This translates into the critical geometric ratio
L/D~1.63 for trimers and L/D~1.41 for tetramers. As shown in Figure 2.8b and Figure 2.8c, we

have found that all experimental measurementdbDffor both trimers and tetramers are smaller
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than the critical values, respectively. This suggests that the dipolar attraction between top and
bottom particles contributes to the strong bonding in oligomers. Nonetheless, this dipolar
attraction itself favors the chaining of particles along the field directions at high frequencies and

cannot be solely responsible for the zig-zag architecture observed in oligomers.
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Figure 2.9The calculated profile of electric field (real part) in an electrolyte solutioANIO
near a conducting substrate (i.e., the electrode) when an oscillating potegti&i¥ applied
between two electrodes that are separated at a distar&&V . Ehe calculation is based on
reference 3 and 4.

We hypothesize that a dielectrophoretic force between particles and substrate facilitates
the formation of colloidal oligomers instead of vertical chains. This force arises from an
anisotropic electric field near the substrate due to the electrode polarizatiort*éffedtjch is
significant at low frequencies. The numerical calculdfimf the electric field in electrolytes

between two conductive substrate is shown in Figure 2.9. Although the applied field is uniform

across two electrodes at high frequencies, two salient features can be recognized for low
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frequencies. First, the electric field is non-uniform at low frequencies. Mobile ions form a
dynamic electrical double layer near the substrate when an oscillating voltage diffefeh&g
applied. The excessive ions in the double layer lead to an enhanced field that is locally much
stronger than the apparent field#H. Second, the capacitive nature of the double layer also
inhibits the penetration of electric field into bulk electrolytes. Therefore, the field strength far

away from the substrate could be much less than the apparent field.

Figure 2.100ligomers formed at the top electrode (3 um spheres in deionized water). They are
similar to those formed at the bottom electrode. This demonstrates that the dielectrophoretic
attraction between particle and substrate is strong enough to overcome the gravitational force.
Scale bar: 10 pm.

This anisotropic nature of the electric field near electrodes can strongly affect the

assembly of colloids on a conducting substrate. First, particles with positive polarizability (e.qg.,

49



dielectric particles in low-salt aqueous solutions) can experience a dielectrophoretic attraction
towards the substrate. This force favors the formation of oligomers rather than vertical chains. In
fact, it is strong enough to overcome gravity so that similar oligomers also form on the top
electrode (Figure 2.10). Second, the transition regime where the field strength is non-uniform is
typically extended to severgb-10) Debye lengths from the electrode, especially at low salt
concentrations and low frequencfésTherefore, this electrode polarization effect is particularly
important for sub-micrdif and micron-size particlés.When particle size becomes much bigger
(4 and Jum), few oligomers are observed (Figure 2.11). Third, the field strength beyond this
transition regime is smaller than the apparent fieH. This low field strength in bulk could
make vertical chains unfavorable. At high frequencies, however, the field becomes uniform and
equal to the apparent field. Linear colloidal chains that are parallel to the field direction (vertical
to the substrate) are energetically stadbMertical chains are also stable if the dipolar attraction
is strong such as between large particles. For example, we observe both oligomers and vertical
chains of dimers for im particles (Figure 2.11d). Last, this anisotropic electric field near the
electrode is sensitive to frequency. As frequency increases, both the field gradient and field
strength become smaller. The top particle will experience less dielectrophoretic attraction
towards the substrate. Simultaneously the bottom particles will experience less dipolar repulsion.
Therefore, it is expected that colloidal oligomers will become more close-packed. This effect is
observed in our experiments, as indicated in Figure 2.8c.

As frequency increases, the geometric paranéi@ifor tetramers decreases. Therefore,
both frequency and salt concentrations can provide us convenient means to tune the geometry of
colloidal oligomers. We have also measured the stability of the central particle in oligomers,

which strongly depends on the applied voltage but is less sensitive to frequency (Figure 2.12).
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Figure 2.110ligomers formed in deionized water by colloidal spheres with different sizes: (a)
560nm, (b) 1 pm, (c) 2 um, (d) 3 um, (e) 4 um, and (f) 5 um. The red circle in (d) marks the
vertical chain of two spheres, which indicates that dipolar attraction between particles is
comparable to the dielectrophoretic attraction between particle and substrate. Scale bar: 5 pum.
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Figure 2.12The stability of the central particle in a trimer, under different experimental
conditions. 0 volt indicates a hindered Brownian motion due to the effect of subbtrate.
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Although the building blocks that we use in this paper are isotropic in terms of both

geometry and interfacial properties, the applied electric field induces anisotropic interactions
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which lead to surprisingly complex patterns. One example is shown in Figure 2.13a. At relatively
ORZ IUHTXHQFLHV H J & N +] FROORLGDO ROLJRPHUYV
increase the frequency, the array of separated oligomers transforms into a benzeke-miony li

close packed network by rearrangement between oligomers. Within one hexagonal ring, each
vertex is formed by a tetramer, and each edge is occupied by one spherical particle that is shared
between two tetramers. This benzene-ring open structure seems to be more stable than the
separated array of oligomers, both mechanically and thermodynamically. This non-close packed
structure could be formed by the competition between short-ranged attraction and long-ranged
repulsion. As indicated in the above results, particle concentration, field frequency, and salt
concentration are the three primary parameters that control the assembly of colloidalerolecul

To get a full picture of how they affect particles assembly, we conduct more experiments at a
variety of experiment conditions and get a semi-quantitative phase diagrams that summarized in
Figure 2.14.

The experimental simplicity demonstrated in this paper provides us a convenient method
to fabricate new building blocks. For example, colloidal tetramers are of special interest because
they could potentially form diamond-like lattices for photonic crystatéowever, making
monodisperse colloidal tetramers is challenging. Figure 2.13b shows a large array of colloidal
tetramers with high monodispersity. These tetramers could potentially be fixed by using several
methods that have been developed in the liter&fdPeMoreover, our method is based on
physical principles, which can be applied to a variety of particles with different chemical
properties. In fact, the phenomenon we report here is universal. We have successfully made
colloidal oligomers with organic or inorganic particles, positively or negatively charged

particles, and spherical or non-spherical particles, as illustrated in Figure 2.15.
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(b) &

Figure 2.150ligomers formed in deionized water by (a) silica spheres, (b) amidine-
functionalized polystyrene particles, and (c) colloidal dimers. In each oligomer, the central dimer
is perpendicular to the substrate and the surrounding ones are parallel to the substrate. Scale bar:
Spum.
2.5 Conclusion

In summary, we have demonstrated a simple but versatile method to create colloidal
molecules based on particles that are isotropic in geometric and interfacial properties. By
applying an external AC electric field at low frequencies, the particles experience anisotropic
dipolar and dielectrophoretic interactions that lead to the formation of colloidal oligomers and
hierarchically non-close packed structures. The formation dynamics of colloidal molecules
involves the breaking of old bonds, generation of new bonds, formation of isomers, and
reversible transformation between different oligomers. Our findings could potentially open a new
realm of building colloidal molecules based on isotropic particles.
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CHAPTER 3
TWO-DIMENSIONAL ASSEMBLY OF SYMMETRIC COLLOIDAL DIMERS UNDER
ELECTRIC FIELDS
3.1  Abstract*

Like atoms and molecules with directional interactions, anisotropic particles could
potentially assemble into a much wider range of crystalline arrays and meso-structures than
spherical particles with isotropic interactions. In this paper, the eldigttcdirected assembly
of geometrically anisotropic particles-colloidal dimers is studied. Rich phase behavior and
different assembly regimes are found, primarily arising from the broken radial symmetry in
particles. The orientations of individual dimers depend on the frequency of the applied electric
field, the ramping direction of frequency, and the salt concentration. The competition and
balance between the hydrodynamic, electric, and Brownian torques determine the orientation of
individual particles, while the competition between the electrohydrodynamic force and dipolar
interaction determines the aggregation of aligned particles at a given experimental condition. The
field distribution near the electrode is critical to understand the orientation and assembly
behavior of colloidal dimers on a conducting substrate. This study also demonstrates the
effectiveness, the reversibility, and potential opportunity of applying electric field to control the
orientation and direct the assembly of non-spherical particles. In particular, two dimensional
close-packed crystals of perpendicularly aligned dimers are obtained, which shows promise in

fabricating 3D photonic crystals based on dimer-like colloids and field-directed display.

*This chapter is modified from published paper: Ma, F., Wang, S., Smith, L. & Wu, N.
Advanced Functional Materia®2, 4334-4343, doi:10.1002/adfm.201200649 (2012).
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3.2 Introduction

Bottom-up assembly of atoms and molecules into well-defined structures is a natural but
complex process through which materials form. Our current understanding and ability to control
matter at the atomic and molecular levels are limited due to the difficulty in observing and
characterizing then situdynamics of the assembly process at sufficiently small length and time
scales. Studies of micron-sized particles with isotropic interactions (as artificial atoms) have
significantly enriched our fundamental understandings in crystallization, phase transitions, glass
formation, etc. The types of structures that isotropic particles can form are nevertheless very
limited due to the lack of directional interactions between particles. Close-packed crystals such
as the face-centered cubic or the hexagonal close packing are often observettly, pactcles
with anisotropic properties in geometry, chemical composition, or surface functionality have
been envisioned as more faithful building blocks for mimicking atoms and moléCukap.
tuning the anisotropic interactions, one could be able to visualize, understand, and manipulate the
dynamic assembly pathways of anisotropic particles into diversified types of crystalline and non
crystalline structures, similar to what have been observed in the molecular world. Moreover,
anisotropic particles, as novel and complex building blocks, could be used to construct artificial
crystals with exotic properties, such as photonic crystals with robust and complete band
gap$’ and plasmonic structures for light concentratfon.

The simplest form of anisotropic particles is the so-called Janus spfierieswhich
surface chemistry is different on opposite sides of the particle, although geometrically the
particles are still isotropic. Examples of geometrically anisotropic particles include non-spherical
particles, such as ellipsoidsrods®and clusters of spheres (colloidal dimers, tetramers,

etc)* Among different types of anisotropic particles, the polymeric colloidal dimers are of

59


file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_1
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_6
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_7
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_8
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_9
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_10
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_11
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_12
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_13
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_14

particular interest. They can be bulk-synthesized with high monodispersity in><idée
differences in surface functionalities and geometric Sizstween two lobes can be tuned
conveniently. Therefore, the colloidal dimer is a good candidate for systematic investigation of
the impacts of individual type of anisotropies on self- and directed assembly. Moreover,
numerical simulatiorfs® have shown that dimers could be potential building blocks for creating
photonic crystals with diamond-like lattices, which exhibit superior and robust photonic
properties. This further motivates our current study in the electric-field driven assembly of
colloidal dimers.

While many theoretical and numerical models have been developed for various
imaginable types of anisotropic particles, the experimental investigations lag behind primarily
due to the difficulty of making particles with well-controlled anisotropy in high yield. Despite
this obstacle, recent experimental studies on the?$lfand field-directed assembfi?’ of
anisotropic particles have shown much more diversified types of structures and significant
advantages over isotropic particles. In particular, three-dimensional assembly of symmetric
dumbbell particles of silicdand polystyrerf@ have been studied under electric fields very
recently. The assemblies were, however, mainly driven by the induced dipolar interaction at high
frequencies, which limit the orientational control of the non-spherical particles. Additional long-
range force, such as the electrohydrodynamic (EHD) interaction, has been shown vere effecti
in assembling spherical partic@&' But the control of orientation and assembly of non-
spherical particles by the EHD interaction has not been reported yet. Systematic investigations of
the influences of geometric, chemical, and physical anisotropies on assembly are far from
sufficient to explore the full potentials of anisotropic particles. Unconventional materials with

exotic properties assembled by anisotropic particles are yet to be demonstrated.
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In this paper, we will show interesting phenomena during low-frequency electric-field
directed assembly on a conducting substrate. In additional to the induced dipolar interaction, the
electrohydrodynamic interaction is important for both orientational control and the assembly of
colloidal dimers. Although colloidal dimer is a simple system that deviates from isotropic sphere
by breaking the radial symmetry, we have observed rich phase behavior and different assembly
regimes primarily due to the geometric anisotropy. The orientations of individual dimers depend
on the frequency of the electric field, the ramping direction of the frequency, and the salt
concentration. The competition and balance between the hydrodynamic and electric interactions
determine both the orientation and aggregation of colloidal dimers. We have also obtained two
dimensional close-packed crystals of aligned dimers, which shows promise in fabricating 3D
photonic crystals based on anisotropic particles.

3.3  Experimental section
3.3.1 Synthesis of colloidal dimers

Synthesis of colloidal dimers is performed with a multiple-step seeded emulsion
polymerization, based on an modification of Kih al'®and Parket al'® In brief, spherical
polystyrene p WLFOHV WKH VHHGV a P DUH ILUVW SUHSDUHG
mixture of methanol and wat& The spherical particles are further cross-linked with styrene,
divinylbenzene (DVB), and 3-(trimethoxysilyl) propylacrylate (TMSPA). In particular, a
monomer solution, consisting of styrene (1 ml), DVB (50 L Q L WAZDIME[R.4-dimethyl
YDOHURQLWULOH J DQG 7063% O LV HPXOVLILHG
polyvinylpyrrolidone (PVP, 4.4% w/v) and sodium dodecyl sulfate (SDS, 0.22%) by
ultrasonication for 10 minutes at the power of 20W. Seed particles (1 ml 10% w/v) are then

mixed with this emulsion. The mixture is kept at room temperature for 12 hours to ensure full
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swelling of the seeds, followed by another 12-hour polymerization in a 75 °C oil bath. After
polymerization, the crosslinked polystyrene spheres (CPS) are centrifuged and cleaned in de-
ionized water for four times. Dimers are made via further swelling and polymerization of CPS
with styrene. The procedure is similar to making CPS particles. First, a monomer solution,
consisting of styrene, sodium styrene sulfonate, and initiator is emulsified in an aqueous mixture
of PVP and SDS. After mixing the emulsion with CPS solutions, a second lobe (mainly consists
of styrene monomers) grow on the original CPS particle. Further polymerization fixes the shape
of colloidal dimers.
3.3.2 Characterization of the colloidal dimers

The morphologies and sizes of colloidal dimers are examined using SEM (JEOL JSM-
7000F). The electrophoretic mobilities of particles in different salt (potassium chloride)
concentrations are measured via a Zetasizer (Malvern ZEN 3600). Zeta potentials are then
calculated from mobility measurements according to the methods suggested in litérature.
3.3.3 Electric-filed assembly

A thin film of dimer suspension is sandwiched between two parallel pieces of ITO
glasses with insulating polymer film as the spacer. The spacer's thickness can be varied from 20

P WR PP ,72 JODVVHV DU H -AdfithRtib suHaGe tesiRtivityedf 12D
VT %HIRUH WKH H[SHULPHQW ,72 JODVVHV DWUHNXKESWUDYVR(

and in isopropanol for another 10 minutes. After that the ITO glasses are exposed in oxygen
plasma for 5 minutes to increase the amount of (negative) surface charges (since the colloidal
dimers bear negative charges). DC or AC fields are applied between two ITO glasses by function
generators (BK Precision 1698 and RTGOL DG 1022). Real time observations performed on an

inverted microscope (Olympus IX 71) and recorded with a CCD camera (Retiga 2000R)

62


file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_33

3.4 Results and theoretical background
3.4.1 Dimers and experimental setup

Figure 3.1a shows a typical SEM image of the polystyrene dimers used in the
HISHULPHQWY 7KH\ DUH V\QWKHVL]HG EDVHG RQ D PRGLIL
SRO\PHU LY'B¥ButR Qbes are of similar sizes (within 3% difference). The short axis of
WKH GXPEEHOO LV a P $OWKRXJK GXPEEHOOV Rl VPDC
synthesized, we focus on the micron-size range in this paper for convarsgatobservations
under optical microscope and minimization of the gravitational effect. ThelLrgBb, is a key
parameter to characterize the degree of overlap between two lobes (1 for tangentially connected
dimers). Particles used in our experiments typically podséas, ~ 0.89.9. We have also tried
to balance the amount of negative charges on both lobes through controlled addition of ionic co-
monomers (sodium styrene sulfonate) during the synthesis of CPS and dimers. Zeta potential
measurement in different salt concentrations (potassium chloride KCI) is shown in Fidure 3.
As expected, it decreases with decreasing salt concentrations. The inset of Figure 3.1b shows
zeta potential measurement at“lBl KCI. The sharp peak confirms the uniform distribution of
charges among different colloidal dumbbells. We have also coated positively charge fluorescent
dyes (rhodamine 6G) on (negatively charged) dimers. As shown in Figure 3.1c, the contrast in
the intensity of fluorescence indicates weakly asymmetric distribution of surface charges on the
same dimer. Therefore, the colloidal dimers used in this study are symmetric dumbbells with
identical geometric sizes and approximately similar amount of surface charges on both lobes.
Although it represents a simple deviation from the conventional colloidal spheres, understanding
the assembly behavior of this type of dimers will form the baseline for comparison with latter

studies of more complex forms of dimers.

63


file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_15
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_16
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%203%20Ma%20v2.docx%23_ENREF_18
http://onlinelibrary.wiley.com/enhanced/doi/10.1002/adfm.201200649#fig1

0—
(b) - "
g
§ 20008 e
_ =20} =
2 S o — S -
E o w4 40 20 m
zeta potential (mv)
s -40 »
60| =
u =
_soT 1 1
10° 10" 10”

c, salt concentration (M)

| l ]
z
-
2H~100 pm
T .

Figure 3.1(a) The SEM image of colloidal dimers synthesized and used in our experiments. (b)
Change of zeta potentials with salt concentrations. Inset: the statistical distribution of zeta
potentials in one typical measurement (1@ KCI). (c) The experimental setup of the electric-

field driven assembly. The fluorescent image is obtained after coating the dimers with positively

charged dye, i.e., rhodamine 6G.
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« »

L;™~ 2.8 um
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A cross-section view of our experimental setup is shown in Figlice A. thin film of
colloidal suspension is sandwiched between two pieces of ITO (intidoxide) glasses with
insulating spacers to control the separation between two electrodes. Real time observations are
performed on an inverted bright-field microscope with a focus on the bottom substrate. An
external voltage bias (DC or AC) is maintained between two ITO glasses. Therefore the direction
of applied field is perpendicular to the plane of conducting substrates. Various amounts of salt
(KCI) are added in water to adjust the Debye length and zeta potentials.

3.4.2 Theoretical background

In this section, we first review the possible forces involved in the two-dimensional
assembly of spherical particles under the influence of an electric field, and then extend our
discussion to non-spherical colloids. The applied electric field has theBorrgé* ZKHUH &
represents the frequency. This field, in general, induces a dipole mpmerie colloids, which
is proportional to the applied electric field, i.p., £E. The proportional constantis the
polarizability of the particle, whose magnitude depends on the permittivities and bulk
conductivities of both particle and solvent, as well as the surface conductivity of the farticle.

Particlesi andj on a flat substrate experience an induced dipole-dipole repulsion if their mutual

alignment is perpendicular to the external field

3Re( P LF?
e I I (3.1)
ASHH

whereRe()denotes the real part of a complex numbeis the complex conjugate/ is

the dielectric constant of the solveny is the permittivity of vacuum, ang is the centete-

center distance between partidl@nd j. Although particles repel each other due to the dipolar

interaction, they still can surprisingly aggregate and form 2D crystals on the electrode under both
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DC and AC field$®?° Active research in understanding the assembly mechanisms have been
performed during the past decade. In general, the aggregation of similarly charged particles
under a DC field is mainly caused by the equilibrium-charge electroosmotic (ECEO) flow along
the surface of the particles, which brings nearby particles together and generates an apparent
attraction between two particles. When the attraction is strong enough to overcome the dipolar
repulsion or double layer interaction between patrticles, close-packed crystals can be formed. The
ECEO velocity of solvent 13

K o

u \Y; 3.2
ECEO P ( )

where is the viscosity of solvent andis the particle's zeta potential. If we assume the
particle velocityu, is proportional to the velocity of water, we can obtain an estimation of the
SK\GURG\QDPLF" DWWUDFWLRQ EDVHG RQ 6WRNH V ODZ
F, 6SWa~ & SH4 (3.3)
wherea is radius of the particle ande~ 0.01is the empirical factor that relates to

35
uECEO'

The aggregation of spherical colloids under an AC field is more complicated and several
different mechanisms have been proposed. &»r10® Hz, Ristenparet af® proposed that the
electric field induces excess surface charges within the polarization layer of the electrode. In
addition, the particle on the substrate perturbs the originally normal electric field and a tangential
component along the electrode is generated. The tangential field acts on the induced surface
charges and generates an attractive or repulsive electroosmotic flow, depending on the
polarizability of the particle. Therefore, this mechanism is called the induced-charge

electroosmotic (ICEO) aggregation. The ICEO veldéiyis proportional t&? as compared
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with theE' dependence in ECEO. Fé< 10’ Hz, both ECEO and ICEO mechanisms could be
important®* A puzzling observation is that the tendency of particles to aggregate or separate
depends on the types of electrolytes in watéy. series of models have been
proposed*® although full understanding is still to be elucidated.

We expect the above forces could also be exerted on non-spherical particles under the
field-driven assembly. Since the ICEO flow is originated from the induced surface charges close
to the electrode, it is the strongest near the substrate and becomes weaker further away.
Therefore, a hydrodynamic torque could be possibly generated on a particle that is close to the
substrate. Although this torque might be hard to detect on spherical particles, it could be clearly
observed on non- spherical particles if it is strong enough to cause their rotations. In addition,
non-spherical particles will typically be subject to an electric torque which could also rotate the
particle. The equilibrium orientation of a non-spherical particle due to the electric torque is
determined by the signs of torquesjty, andz axes® Energetically, the non-spherical particles
will align one of its principle axes with the applied field to minimize the field-dipole interaction
energyUgp. For symmetric dumbbells, we will approximate them as ellipsoids for

simplicity. Ugp can then be expresséd
U %Re(q R)E? cos (3.4)

where D 4 SHaFK and p 4 gralfK are the anisotropic polarizabilities when
particles are aligned parallel or perpendicular to the applied field, respedfieeindb are the
semi-axes of the ellipsoids, ands the angle between dumbbell's long axis and the field

direction. K, and K , can be express&d

K p M
B H (CH V]
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where ,%and G are the complex permittivities of the particle and solvent:

H HH, WV and & H H.iV. L, is a parameter that only depends on the

s

geometric dimensions of the particeegndb).>* In principle, K, . is a complex function of the

A
frequency, particle geometry, and electric properties of both particles and solvent. Analytical
expressions for ellipsoids are only available for Maxwéthgner-O'Konski dispersion at very
high frequencies (>1 MHZY. At the low frequency regime (<10 kHz), additional polarization of
particles can arise from the Dukhfshilov dispersion of the double layer, which has been
studied extensively for spherical particf@$dowever, little is known for non-spherical particles
in this low frequency regime.

Since the applied field in our experiments is perpendicular to the substrate, a standing
dimer aligns its major axis parallel to the electric field=0), while a lying dimer aligns its
major axis perpendicularly to the field ( & $FFRUG LD theWI&tricTtorque will

force the dumbbell to stand (i.e., parallel to the fieldRéK, K,) is greater than zero.

Colloidal particles of micron-sizes would also undergo Brownian motions in liquid. Therefore,

the orientation of a non-spherical particle in electric-field driven assembly is determined by the
competition between the hydrodynamic, electric, and Brownian torques. When the particle is in

bulk or on the substrate but far away from the assembled structures, the hydrodynamic torque is
negligible. The electric torque will then compete with thermal fluctuations to orient the particle.

When the particle is attracted to the assembled structures along the substrate, hydrodynamic
torque could be strong enough to compete with the electric torque and Brownian motion. The
delicate balance between those three torques results in the rich behavior of colloidal dimers
during E-field driven assembly, as evidenced in this paper. Due to the small difference in density
between water and polystyrene, the effective gravitatwn&d QHUJ\ GLITHUHQFH EHWZH]
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DQG 30\LQJ" GXPEEHOOV LQ RXU HT.STHedefdpeH ganity plays IREFK O H 'V
role in affecting the orientation of a dumbbell in our experiments.
3.4.3 Assembly under the DC field

We first investigate the assembly of colloidal dumbbells under a DC electric field where
the bottom substrate is positively polarized. Before applying voltages, colloidal dumbbells
undergo Brownian motions within the gap between two electrodes. As the voltage is increased,
negatively-charged particles are attracted to the bottom substrate from the bulk due to
electrophoretic motions. They, however, remain dispersed and rotate freely once arriving on the
substrate. The dumbbells will start to assemble quickly when the applied voltage exceeds ~2.4 V,
independent of the gap distance between two electrodes. A typical aggregate formed by colloidal
dumbbells is shown in FigureZa. All particles lie on the substrate and locally ordered
structures can be observed. If the polarity on the substrate is reversed, the aggregate will
disassemble. This observation is consistent with the observations in DC-field assembly of
spherical particles, where the aggregation is mainly caused by equilibrium-charge electroosmotic
flow surrounding the particles and on the substrate. According to E¢h®. electroosmotic
velocity is proportional to the zeta potentiahnd the external fiel#. Since the measured zeta
potential of the dumbbell-shape particles decreases with increasing salt concentration
(Figure 31b), the assembly velocity should become smaller at higher salt concentrations. This is
confirmed by our observation that the tendency to form close-packed aggregate becomes weaker
when the salt concentration is increased. No assembly was observed with a salt concentration of

10™M, where J~ 2ImV. As a comparisor/ ~ 66mV when the salt concentration i3
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Figure 3.2 (a) An optical microscopy image of the dumbbells' aggregate under a DC field (2.4 V
DFURVV D P JDS 7 tioH is 20O ME Fhea€ tepPedebitative circles illustrate the
paths for the analysis of the order param8ger. (b) The calculated two-dimensional order
parameters at two different voltages demonstrate the short-range order and long-range disorder in
the aggregate. Solid circle: 2.4 V and hollow square: 2.8V.

Unlike crystals formed by spherical particles, the amorphous aggregate in FRaie 3.
due to the broken radial symmetry of the dumbbell particles. Since both lobes are made of the
same material with similar amount of surface charges, there are no preferred directional

interactions between dimers. The electroosmotic flow which causes the aggregation, however,
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renders particles to align locally. We can quantify the 2D alignment of particles by calculating

the order parameter S:

S(r) ? cos27 (3.6)

1
N %
where ; represents the angle between a single dumbbell and the average direction of
all N number of dumbbells (the arrow in Figur@td. within a pre-defined space of radiusrhe
order parametef(r) is evaluated within concentric circles of radiugarying from 2 Pto 64
P. Three representative circles with increagirgge illustrated in Figure 2Za.Scharacterizes
the degree of alignment among non-spherical particles: 0 for complete randomness and 1 for
perfect alignment. FigureZb showsyr) at two different voltages. Both curves indicate that the
particles are aligned locally € 10 P) while the aggregate loses its long range order quickly as
the domain size increases. Increasing the applied voltage does not improve the alignment of
dimers over long distance. We observe that the stronger electroosmotic flow suppresses
Brownian motion which can re-orient misaligned dimers.
3.4.4 Assembly under the AC field
Figure3.3 shows the top view of crystals formed by standing dimers under an AC field.
Particles are aligned perpendicular to the substrate (parallel to the field) and form close-packed
crystals. The crystal is nearly perfect and the only lying dimer in the field of view is highlighted
with a circle. This is achieved by tuning frequencies under a constant voltage. We first tuned the
frequency to ~1DHz, where the electric torque is strong enough to align dimers parallel to the
applied field. We then slowly reduce the frequency into the regime where the electroosmotic
flow is strong enough to induce the assembly of those standing dimers. The

assembly/disassembly process is reversible and frequency dependent.
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20 um

Figure 3.3The crystal of standing dimers under an AC field (11 V, 6 kHz). The only lying dimer
within the field of view is highlighted with a circle.

We have also investigated the phase behavior of colloidal dumbbells at different field
VWUHQJWKY IUHTXHQFLHVY DQG VDOW FRQFHQWUDWLRQV
depend weakly on the field strength for a given salt concentration, but are sensitive to the
IUHTXHQF\ 7KH 3SKDVHV & BdlienAis plo@ed in Figure 8. The arrows
indicate the direction of frequency ramp. When there is no external field, dimer particles in the
bulk rotate evenly in all directions. But once they approach the substrate, most of them adopt
lying orientations although they still can rotate freely in two dimensions. This could be due to an
attraction between dimer particles and the corresponding image charges on the other side of the
conducting substrate. When the field is turned on, we have observed four different types of
aggregation processes. Starting from a low frequency along path 1, we observe awtegiene
individual lying dimers approach each other and aggregate. They, however, change their

RULHQWDWLRQV LQWR VWDQGLQJ SRVLWLRQV/ZLMWXZ®&LWKH
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the first letter S represents standing dimers within the aggregate and the second letter L stands

for lying dimers far away from the aggregate. As the frequency increases, the particles in the
DJJUHJDWH FKDQJH LQWR O\LQJ RULHGWDWHRQKH PRUFEKR BV
WKH/?/SKDVH LV YHU\ VLPLODU WR WKH Bld Aihdugh Whel REVH
mechanism of aggregation is different. Within this intermediate frequency range, the tangential

field (arising from the perturbation of the normal electric field by the particle on the electrode)

acts on the induced-charges within the polarization layer of the electrode and generates an
electroosmotic (ICEO) flow along the substrate, which causes the aggregation of particles.
Above a critical frequency (~1.5 kHz, the squakan Figure 34), the free dumbbells far away

from the aggregate start to orient themselves perpendicular to the substrate (parallel to the
electric field), primarily because the electric torque is strong enough above this critical
IUHTXHQF\ 7KH SDUWLFOHV ZLWKLQ WKH DVVHFE®K D\ LWW L
observed. When standing dimers approach the aggregate, they, however, change into the lying
orientations. This is because the ICEO flow is non-uniform in the vertical direction: being
stronger near the substrate and weaker further away. This flow can generate a hydrodynamic
torque that competes with the electric torque @rdrients the standing dimers if it is stronger.

Within the L-S regime but near its high frequency border, we find that the tendency of re-
orienting an incoming standing dimer becomes much weaker. Loosely packed S-S phase could

be observed. This is because the ICEO flow is weak in the high frequency regime and is
insufficient to realign a standing dimer horizontally, as we will demonstrate in section 3.5. As the
frequency is further increased, the particles finally disassembles, because the strength of
atraction due to ICEO is inversely proportional to frequency (for spherical paftjcliéss no

longer sufficient to overcome the dipole-dipole repulsion between particles at high frequencies.
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‘H FRQILUP WKDW WKH DERYH 3SKDVHV™ FDQ EH DFKLHYHG E\
appropriate frequency regime from well dispersed samples that has been annealeabunder

HOHFWULF ILHOG IRU ORQJ WLPH WR UHPRYH 3PHPRU\" Rl WK

Voltage (V)

Figure 3.4The phase diagram of dimers' assembly under an AC field withVilRCI. Varying

the field strength does not change the phases and phase boundaries qualitatively. The arrows
indicate the direction of the frequency change. Phase boundaries are represented by the solid
squares and circles. The grey square and circle mark the critical frequé&netesre the dimer
particles (either in the bulk or on the substrate but far away from the aggregate) start to change
their orientations: lying -> standing along path 1 and standing -> lying along path 2. Different
phases are represented by two letter€8& / ZKHUH 6 PHDQV 3SVWDQGLQJ” DQG
the substrate. The letter before the hyphen indicates the orientation of particles within the
aggregate while the letter after the hyphen represents the orientation of particles far away from
the aggregate but near the substrate. For example, S-L means that the particles stand in the
aggregate but lie down if they are far away from the aggregate.
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$V ZH PRYH DORQJ SDWK ZKHUH WKH IUHTXH®F\ LV GH
phase. All individual dimers stand at high frequencies and they start to aggregate and form
SVWDQGLQJ FU\WWWDOV™ ZKHQ WKH ,&(2 IORZ LV VWURQJ HQF
similar regime where we obtain FigBs. As the frequency is further decreased, standing
dimers start to lie down when they join in the pre-formed aggregate, so the resulting aggregate
FRQVLVWYV RI D PLIWXUH RIWKHDSKDEFH BEKPHWY HHHEDXVH ,&(2
becomes stronger as the frequency decreases. It generates a strong hydrodynamilcatorque
dominates over the electric torque to re-orient the standing dimers into lying positions. Since the
ICEO flow is the strongest near the periphery of the aggregate, standing dimers will change into
lying orientations only when they are close to the aggregate. Individual dimers far away from the
aggregate still assume the standing orientations because of weak electroosmotic flow locally.
With further decrease in frequency, the electric torque also becomes weaker until it cannot
sustain the standing orientation for individual dimers, marked by the grey &iraleng path 2.
Below this critical frequency, both free dimers and aggregating dimers lie on the substrate,
WKHUHIRUH SWRMH/LV REVHUYHG DJDLQ :H HPSKDVL]H WKDW
OLWWOH HIIHFW RQ WKH SRVLWLRQV B4, SI&) ¥dit ERtWG D UL H)
enought 9 DFURVV WKH P JDS JUHTXHQF\ KRZHYHU SOD\\
the orientation and aggregation of dimers, a vital observation that deserves further discussions in
section 3.5.1.

We have also explored the phase diagram for different salt concentrations, as depicted in
Figure 35. The arrow indicates the direction of the frequency change. The profile of
Figure 35 is similar under different field strengths which indicates various forces involved in the

assembly process scale similarly with the field strength. In general, dumbbells maintain
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separated and standing orientation on the substrate addfé¢Hz - WKH 36" SKDVH EH\RQ(
top line. No close-packed assembly is observed at all frequencies if the salt concentration is
below 10° M. Two thicker lines define the assembly and disassembly frequencies between
which stable and two-dimensional close-packed aggregates can be observed. This assembly
UHJLPH LV IXUWKHU OLYEGEHSKDYWR WVHSDUDWHG E\ D WKLC
frequenciesyl0® Hz) at which individual particles change from the lying to standing orientation

when they are far from the aggregate or in the bulk. The particles are, however, still lying on the
substrate when they approach and join in the aggregate because of the hydrodynamic torqu
induced by ICEO flow. Beyond the disassembly line (between L and L-S), aggregated particles
start to separate from each other. It indicates that the attractive ICEO flow is insufficient to
balance the repulsive dipole-dipole interactions. The hydrodynamic torque is, however, still
strong enough to overcome the electric torque so the dumbbells disassembled from the aggregate
still maintain lying orientations until the top line is passed (where ICEO is negligible). At low

IUHTXHQFLHV 3YR U\ed présivmalyboQe  theRERraddy curfént.

>
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Salt concentration (M)
Figure 3.5The phase diagram for assembly of dimers under different frequencies and salt
concentrations! LIlTHUHQW SKDVHV DUH UHSUHVHQWHG E\ 3/ VHSDU]|
VWDQGLQJ GLPHUV-/29DQYRYWLFHV 3/
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3.5  Discussions

We have found rich behavior in the electric-field driven assembly of colloidal dimers.
Most noticeably, both the orientation and aggregation of individual dimers highly depend on
frequency and salt concentration, under the same applied field strength. In this section, we wil
explain our key observations, based on the idea that the real electric field near the electrode is
non-uniform and can be very different from the applied field, depending on both frequency and
salt concentration. The electric field distribution in an aqueous solution across two electrodes

was proposed by Hollingsworth and Savillm the following expression:

/él JLosh(Z/H)csh' Ji T g6th? (3.7)
2H 1 iJXcoth J g '

E(J

Where J [( M)? i HZ/D]Y?, X ( ZD)"?/ ftis the applied voltage,is the
Debye lengthD is the diffusivity of ions, anéy #2H)e%istkH 3DSSDUHQW ™ ILHOG
3.5.1 Assembly under DC field

7TDNLQJ WKH OLPTLdAN Be furthe( Simplified:

/ Mcosh( a) /cosh( z\
2H sinh(M) 2 N sinh(HV

E(Zo 0) (3.8)

Several important characteristics of the DC field can be revealed from8Egir8t, most

of the applied voltage drops within the double layer. Compared with the apparent field strength

1

E,~ ' //2H, the actual field amplifies significantly within the double layer, Ee:," /2

but diminishes quickly towards the bulk. Such non-uniformity in electric field can be seen

in Figure 36 for several different salt concentrations. Therefore, particles in the bulk can always
rotate freely because they experience very little electric torque and Brownian motions simply
dominate, as we observed in experiments. Once particles approach the substrate, they start to feel

the strong non-zero field, which can well exceed the applied field. The enhanced field is,
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however, only within ~1 Pfrom the electrode at low salt concentrations, which is about the size

of one lobe in the dumbbell particles. As shown in the inset of FigGye¢h® whole dimer feels

the appreciable field when it lies on the substrate, while only half of it experiences the strong
field when it stands. Therefore, dumbbells would like to assume lying orientations to minimize

the induced-dipole-field interaction energy. At all salt concentrations, the appreciable DC field is
always confined less than 1P - not strong enough to align our dimers perpendicular to the

substrate. This is consistent with our observation that dumbbells always lie on the substrate
under DC field.

0.75} | i ]
u® 05| :
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Figure 3.6 The distribution of DC electric field near an electrode at three different salt
concentrations7 KH ILHOG LV QRUPDOL]HG E\ WKH 3DSSDUHQWO\" DS
applied voltage and the galy( (H2H). h is the distance from the bottom electrode. Inset: the

field distribution at 16 M KCI on lying and standing dimer near the electrode. The dotted line
indicates the distance from the electrode within wikif is greater than one.
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Second, we observe that the aggregation of particles (for both dumbbells and spheres)
under DC field becomes weaker as the salt concentration increases. Based @, th&q. 3.
equilibrium-charge electroosmotic flow is proportional to the actual electric field across the
particles. At high salt concentrations, the majority of the particle feels essentially a zero field.
Therefore, the electroosmotic flow is weak. In fact, no assembly is observed® M KTl
solution under DC field.

Third, we find the threshold voltage for DC assembly is ~2.4 V, which is independent of
the spacing between two electrodes. This at first appears counter-intuitive because the apparent
field strength becomes weaker as the spacing increases. Physically, it is, however, not surprising
because most of the voltage drop occurs within the double layer and the field in bulk is
essentially zero. A mathematical examination of E®. @so reveals that the electric field
distribution near the electrode is independent of the separation between two eléttioies=

iH / ZKHXH), it can be shown th&( Zz 0)-o( /2 N)e'™:. Therefore, as long as the

applied voltage and salt concentration are constant, varying the spacing between two electrodes
does not affect the actual field distribution near the electrode, which in turn does not affect the
aggregation behavior of particles. This reconciles the observation in previous DC-field assembly
literature that the required voltage is on the same order of magnitude but the spacing can vary
across several orders of magnitdde.

Fourth, we also notice that image charges and image dipoles may appear on the other side
of the conducting electrode when particles are close to the electrode. The attraction between
dimer particles and their images could also make the lying orientation more favorable, which

could be important especially when the salt concentration is low.
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3.5.2 Assembly under AC field
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Figure 3.7 (a) AC field distribution at different frequencies in a constant salt concentration 10
3M. his the distance from the bottom electrode. (b) The field-dipole interaction dvesgy
different frequencies& is the frequency at whith-p~KT . (c) The plot of electro-hydrodynamic
interactionUgpp, dipolar interactiotJpp, and field-dipole interactiobgp at different

frequencies. In the calculationjs chosen 10and the dipolar interaction is evaluated at2.5.
Four different frequency regimes can be recognized: (1) ZK H U H ; &1dU&p> 1 >Ugp;

(2) L-6 ZKH{KK & andUgnp> Urp > Upip; (3) S-6 ZKH{kR &andUgp > Ugnp >Upip;
DQG 6 ZK hantg >U8p > Ugpp.
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The distribution of an AC field near the electrode depends on both frequency and salt

concentration. Figure Ba shows the electric field in a i KCI solution, the same

experimental condition in Figure4.Similar to the DC field, there exists a transition zone\
) from the electrode where the field is enhanced. Different from the DC field, the AC field in
bulk is non-zero. Its strength increases with increasing frequency until it approaches the applied

field (E/ E,~1) at high frequencies. For example, as shown in Figdie 3he bulk field at

10° Hz is only about 1/20 of the applied field strength, while it equals to the applied field
strength at ~10Hz. Such characteristics in AC field helps explain the phase diagrams in
Figure 34 and Figure & both qualitatively and quantitatively.

First, we find the orientation of an individual dimer (either on the substrate or in the bulk)
strongly depends on the frequency even if the applied field strength is constant. Dimers typically
orient their long axes parallel to the applied field (i.e., in the standing orientation) beyond a
frequency threshold ~0+] DV LQGLFDWHG E\ WKH JriFure/3n ¥mithed DQG FI
thin line separating L-L and L-S regimes in Figure Jhis critical frequency can be predicted
by considering the competition between the field-dipole endeggy & DQG WKH WKHU
energykT:

Upo /KT ~2 S af Re(K K, )E( ¥ ZKT 1 (3.9)

Approximating the dumbbell with an ellipsoid and neglecting the concentration

polarization, we obtaiRe(K, K,)~ 0.1>*Plot ofUgp &KTis shown in Figure 3b for two

different fields that were applied in Figurel3From the graph, we find the critical frequency

Z ~1300 Hz forkgy = 4V mand ~800 Hz foEp = 8V m. Both compare very well with
our experimental measurement gf~1500 Hz and ~900 Hz, as indicated by the grey square

and circle in Figure &.
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Second, we hypothesize that the aggregation of dumbbells arises from the induced-charge
electroosmotic flow (ICEO), the similar driving force for assembly of spherical particles. The

particle velocity due to ICEO can be approximate as

3H. H / °D*§
U, Uceo ~E 5 p E)z RE(K4) 1 2—E|©(: (3.10)

where is an empirical factor that relates the particle velocity to the ICEO solvent
velocity. From Eq. 30, we can further define a pseudo energy due to the ICEO
(electrohydrodynamic) interaction between particles:
Ugio /KT~ 6 S B &, / kT (3.11)
whereaes LV WKH 3SHIITHFWLYH™ UDGLXV RI WKH GXPEEHOO

attraction would be the dipolar repulsion between dimers, whose interaction energy can be

expressed as

4 Sfafb'Re KKy E( X
KTr

Upp /KT (3.12)

Here we neglect the double layer interaction since it is of extremely short range at high
salt concentrations. Although not exactly the same, the hydrodynamic torque and the electric
torque are on the similar order of magnitude Withp andUpg, respectively. The plots of
Uenp, Upip, andUgp are shown in Figure 3.7c as functions of frequencies. Whagp is larger
thanUpp L H ZKH Q@ particle& experience a stronger attraction than repulsion so they
aggregate. The aggregation regime can be further divided into three padss &) the electric
toque is less thakil. Therefore, particles lie on the substrate during the assembly, corresponding
to the L-L phase. (28 < &< &: individual dumbbells stand on the electrode becalise> 1.

The particles will still lie down when they approach the assembled structure because the
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hydrodynamic torque is larger than the electric torque,Ugwp > Urp. Such effect can be
clearly seen for the L-S phase. (&< &< &: the hydrodynamic torque is now smaller than the
electric torque. Crystals of standing dimers (S-S) can then be obtained. Therefore, the
competition between the hydrodynamic and electric torques determines the orientation of a
particle during the process of assembly. Wien &: the aggregate disassembles because the
electro-hydrodynamic attraction is wealv &' for spherical particléd and is insufficient to
balance the dipolar repulsion. In this regimédyp is much larger thakT. Therefore, the
disassembled dumbbells adopt the standing orientation (S). Although the abovef-order-
magnitude estimation provides semi-quantitative agreement with experiments, we emphasize that

the analysis is primitive. In particular, the anisotropic polarizabilkjeendK , are complex
functions of frequency. The low frequency dependencg aihdK ,has been neglected in our

calculation because no simple model is available for dumbbells in literature currently. More
guantitative comparison between theory and experiment is necessary but it is beyond the scope
of this paper.

Third, it can be seen from Eq.93Eq. 311, and Eq. 32 thatUgp, Ugnp, and Wyp all
depend orE?. Therefore, the phase diagram is qualitatively similar under different voltages. But
they scale differently with the frequency, which is the main reason why rich phase behavior can
be observed at different frequencies.

IDVW EXW QRW WKH OHDVW’  WKMVBSBWDWHDWFORRZI IWHKHX%
certainly deserves further study and might suggest that other mechanisms or forces can be
LQYROYHG 7KH IRUNBRZIRQOQRIDP’WWUDFWLYH LQWHUDFWLRQ

dimers. We, however, do not have a confident explanation at this moment.
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3.6  Conclusions

In this paper, we study two-dimensional assembly of symmetric colloidal dimers on a
conducting substrate under the influence of electric fields. Different from spherical colloids, we
observe rich phase behavior and aggregation modes primarily due to the geometric anisotropy in
the dimer particles. By varying the frequency of the electric field, ramping direction of the
frequency, and salt concentration, we demonstrate facile and precise control on both orientation
and aggregation of colloidal dimers. Within the frequency range that we have explored, the
electric torque favors alignment of dimers along the applied field, while the hydrodynamic
torque tends to align particles perpendicularly. Brownian motions prevent perfect alignment in
either direction. Therefore, the competition and delicate balance between the electric,
hydrodynamic, and Brownian torques dictate the orientation of individual dimers in the bulk, on
the substrate but far away from the aggregate, and within the aggregate. We also show that the
conducting nature of the substrate plays a vital role. It generates the electrohydrodynamic flow
on the substrate, the main mechanism for attractive motion between dumbbells. Moreover, the
non-uniform field distribution close to the conducting substrate is important to understand
different frequency-dependent phenomena observed in our experiments. We have provided order
of magnitude estimations that agree with experimental observations semi-quantitatively. From
the practical perspective, we successfully make close-packed crystals of standing dimers, which
is an important step towards 3D fabrication of photonic crystals based on dimer particles. From
the scientific aspect, our study reveals the complex nature and potential power in field-driven
assembly of anisotropic particles, forming a fundamental baseline towards understanding the
assembly of more complex building blocks, such as colloidal dimers with both geometric and

interfacial anisotropies. We are currently investigating along those lines.
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CHAPTER 4

ELECTRIC-FIELD INDUCED ASSEMBLY AND PROPULSION OF CHIRAL COLLOIDAL
CLUSTERS

4.1  Abstract*

Chiral molecules with opposite handedness exhibit distinct physical, chemical, or
biological properties. They pose challenges as well as opportunities in understanding the phase
behavior of soft matter, designing enantioselective catalysts, and manufacturing single-handed
pharmaceuticals. Microscopic particles, arranged in a chiral configuration, could also exhibit
unusual optical, electric, or magnetic responses. Here we report a simple method to assemble
achiral building blocks, i.e., the asymmetric colloidal dimers, into a family of chiral clusters.
Under AC electric fields, two to four lying dimers associate closely with a central standing dimer
and form both right- and left-handed clusters on a conducting substrate. The cluster configuration
is primarily determined by the induced dipolar interactions between constituent dimers. Our
theoretical model reveals that in-plane dipolar repulsion between petals in the cluster favor the
achiral configuration, while out-of-plane attraction between the central dimer and surrounding
petals favor a chiral arrangement. It is the competition between these two interactions that
dictates the final configuration. The theoretical chirality phase diagram is found to be in
excellent agreement with experimental observations. We further demonstrate that the broken
symmetry in chiral clusters induces an unbalanced electrohydrodynamic flow surrounding them.

As a result, they rotate in opposite directions according to their handedness. Both the assembly

*This chapter is modified from published paper: Ma, F., Wang, S., Wu, D. T. & Wu, N.
Proceedings of the National Academy of Scient&®, 6307-6312,
doi:10.1073/pnas.1502141112 (2015).
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and propulsion mechanisms revealed here can be potentially applied to other types of
asymmetric particles. Such kind of chiral colloids will be useful for fabricating metamaterials,
making model systems for both chiral molecules and active matter, or building propellers for
microscale transport.
4.2 Introduction

Chirality is a fundamental concept presented ubiquitously in the molecular world. For
example, small molecules such as the amino acids, phospholipids, and sugars with specific
handedness build many biomacromolecules whose chirality is essential to living organisms.
Although the right- and left-handed molecules are identical in chemical composition, the
catalytic activity> pharmacological impaét biological recognitiorf,and optical respondean
be strikingly different. Extending the chiral structure to microscopic objects such as colloids has
become increasingly desirable for several reasons. First, the chiral arrangement of colloidal
particles can exhibit unusually strong optical, electric, and magnetic resptnges are not
manifested either at the single particle level or in achiral forms. Therefore, chiral clusters can be
potentially used to build metamateridl§' with exotic properties or sensors for detection of
molecules. Second, chiral particles can be conveniently characterized by real-time optical
microscopy. As the macroscopic analogue of chiral molecules, they can be used to study
fundamental questions related to the crystallization enantiomeric separatid®'’ of a racemic
mixture. Last but not least, chiral structures have been extensively exploited by
microorganism®*° for locomotion in their typically low Reynolds number environment.
Artificial motors with similar structuréS that can propel through fluids could revolutionize
many modern technologies including targeted drug del®&, cell manipulatiorf®

miniaturized surgeorfS,and self-assembly of super-structuiefn addition, driven propulsion

90


file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_1
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_2
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_3
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_4
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_5
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_6
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_11
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_15
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_16
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_17
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_18
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_19
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_20
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_21
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_24
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_25
file:///D:/Study/Research/paper%202015/PhD%20thesis/revisions%20Wu/Chapter%204%20Ma%20v2.docx%23_ENREF_26

of concentrated chiral colloidal clusters could also serve as a well-controlled system for the study
of collective behavior of active matt&r?®

Current strategies to make chiral structures are primarily based on photo or E-beam
lithography?** glancing angle depositiotl,chemical etching® or templating methods using
chiral molecules such as DNA Nature, however, assembles simple and achiral building blocks
into chiral structures with exquisite functionality. Although challenging, such a capability is
desirable for making functional materials efficiently. As illustrated by several theoretical studies
recently>**® particles with anisotropic interactions could potentially offer an appealing route.
Here we report our work using AC electric fields to direct the assembly of achiral building
blocks, i.e., asymmetric colloidal dimers, into chiral clusters. Interestingly, the broken symmetry
in chiral clusters also results in an unbalanced electrohydrodynamic flow surrounding them.
They behave like micro-propellers and rotate in opposite directions according to their
handedness.
4.3 Materials and methods
4.3.1 Materials

Styrene, divinylbenzene (DVB), sodium 4-vinylbenzenesulfonate, polyvinylpyrrolidone
(PVP, Mw: ~40,000), and sodium dodecyl sulfate (SDS) are purchased from Sigma-Aldrich. 3-
(trimethoxysily) propyl acrylate (TMSPA) is purchased from TCI. The thermal initiator V65 is
bought from Wako Chemicals. All chemicals are used as received except that both styrene and
divinylbenzene are purified by aluminium oxide before usage.
4.3.2 Synthesis of the asymmetric colloidal dimers

The synthetic route to make asymmetric polystyrene dimers has been reported in our

previous publicatiori’ In brief, dispersion polymerization is adopted for making polystyrene
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spheres. Subsequently, an aqueous emulsion made up of 4 ml 5 wt% PVP, 0.5 ml 2 wt% SDS, 1
ml styrene, 0.05 ml DVB, 0.05 ml TMSPA, and 0.02 g V65, is used to swell 1ml 20 wt%
polystyrene spheres for 24 hours. Afterwards, the swollen seeds are put in a 70°C oil bath
overnight for crosslinking and polymerization. The crosslinked polystyrene spheres are cleaned
four times via centrifugation before a second swelling step. A similar emulsion of PVA, SDS,
TMSPA, sodium 4-vinylbenzenesulfonate, and V65 with varied amounts of styrene is used to
swell the crosslinked polystyrene spheres for 24 hours. A second lobe will develop during the
swelling stage. Polymerization at 70°C for 12 hours will make dimer particles. The amount of
styrene used during the second swelling stage can be varied to make asymmetric dimers with
different aspect ratios and bond lengths. The dimers are negatively charged because of the
sulfonate functional groups on surfaces. Their zeta potentials are measured to be ~ -60mV.
4.3.3 Directed-assembly under AC electric fields

Before the assembly, colloidal dimers are cleaned by centrifugation for three times and
finally dispersed in deionized water. 10 pl of dimer solution is injected carefully with pipette into
the chamber formed by two pieces of inditimoxide (ITO) glass slides (Sigma-Aldrich, Inc).
A 100 pm thick polyester film is used as the spacer. Careful cleaning of ITO slides is necessary.
They are first immersed in acetone and then in isopropyl alcohol with sonication for ten minutes
each. The ITO slides are further cleaned by oxygen plasma for at least two minutes. To prevent
the irreversible adhesion between dimers and substrates, ITO slides are made negatively charged
by immersing them in a mixture of 0.5 M potassium chloride and 5 mg/ml poly sodium 4-styrene
sulfonate solution for 10 minutes under sonication. Finally they are rinsed with deionized water
thoroughly. An alternative current (AC) electric field is then applied perpendicularly to the ITO

surfaces by using a function generator (RTGOL DG1022). The assembly experiments are
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performed on an inverted microscope (Olympus IX71) equipped with both QImaging Retiga-
2000R color camera and Silicon Video 642 high speed camera.
4.3.4 Tracing the electrohydrodynamic flow surrounding asymmetric dimes

One drop of the dimer suspension is first spread evenly on the surface of an ITO substrate.
The droplet is then dried by natural evaporation and the asymmetric dimers stick on the ITO
surface due to Van der Waals attraction. 10 pl of 0.2% (w/v) 500 nm fluorescent polystyrene
spheres (Life technology, F8813) are then added on the substrate. This solution is sandwiched
between two electrodes by putting spacers in between.
4.4  Results and discussions

The inset of Figure 4.1a shows the building blocks that we use in experiments. They are

synthetic polystyrene dimers with asymmetric lobd® #1.27 um andR, =0.89 pm)3’ An

agueous suspension (in deionized water) of dimers is sandwiched between top and bottom ITO
glasses, which are separated by a gap of ~100 um. An AC electric field is then applied across the
gap (see materials and methods for more details). Figure 4.1a shows a representative picture
where dimers are subject to a perpendicular electric field of HILOO pm and 600 Hz. The

field strength is high enough to align some dimers with the field direction (e.g., the standing
dimers highlighted in red circle), while others keep lying on the substrate (in the blue circle). The
fact that not all dimers align with the applied field can be attributed to the attractive interaction
between dimers and electrode through the "dipole-image dipole"*fofcA. major part of the

image is, however, filled with clusters assembled by several dimers. Figure 4.1b and 1c show
sequentialz -scans of two such clusters. Combined with the geometric parameters of the
asymmetric dimers, these images allow us to reconstruct the three-dimensional configurations of

both clusters. Each is essentially comprised of four dimers, with three of them lying on the
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substrate forming the "petals". Each of the lying dimers points its small lobe toward the center
and almost contacts its neighbors tangentially. The petals associate closely with a central
standing dimer that is lifted from the substrate. Such a unique packing allows the formation of

chiral clusters.
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Figure 4.1 Chiral colloidal clusters assembled from asymmetric dimers under AC electric fields
(peak voltage Vpp=11 V and@=600 Hz). (a) A large field of view of chiral tetramers. Inset: a
SEM image showing the asymmetric dimer building blocks. Scale bar: 5 um. (b) anddais
(unit: pm, moving away from the bottom substrate) of the right- dtthdeded chiral tetramers,
respectively.
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Depending on the rotation direction of the petals, we designate the tetrameric clusters
in Figure 4.1b and Figure 4.1c as a right- and a left-handed cluster, redpeQigarly, each
tetramer cannot be mapped on its mirror image by planar rotation and translation. Although the
chirality is primarily determined by the arrangement of the lying dimers, we also find that the
central standing dimer in all chiral clusters always orients its small lobe towards the substrate.

The chiral clusters are not just limited to tetramers. As shown in Figure 4.2a, clusters
with two, three, and four petals are also observed with approximately equal populations of right
and left handedness. Clusters can still be formed when the number of petals increases to five and
six, as shown in Figure 4.2b. However, the chirality becomes ill-defined. For example, although
a few chiral clusters with five petals can be observed, more commonly found are achiral clusters.
In comparison, all clusters with four or less petals are chiral. With six petals in a cluster, we only
observe achiral clusters.

Moreover, ourz-scan images reveal that the central dimer in those clusters orients its
large lobe towards the substrate, as shown by the schematic in Figure 4.2b. Although we have
observed colloidal tetramers assembled from spherical particles Beftmese clusters
intrinsically possess rotational symmetry and are achiral. Therefore, it is reasonable to infer that
the chirality we observe here arises from the geometric asymmetry of dimer particles. Shown in
Figure 4.2c are clusters formed from asymmetric dimers synthesized with a wide range of aspect

ratios. Not surprisingly, the resulting clusters are chiral only for intermediate values of aspect
ratios. When the aspect raty / R approaches zero (i.e., a sphere) or one (i.e., a symmetric

dimer), the chirality disappears.
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a=0.7

Figure 4.2 The chirality depends on both the geometry and orientation of dimers. (a) Chiral
clusters (trimer, tetramer, and pentamer) with an increasing number of petals: the central dimer
orients its small lobe towards the substrate. (b) Chiral/achiral clusters with five and six petals: the
central dimer orients its large lobe towards the substrate. (c) Colloidal tetramers formed from
dimers with different aspect ratiof? R,/ R. Scale bar for all images: 5 pm.

96



A fundamental question to address is what drives the assembly of achiral building blocks
(i.e., the dimers) into chiral clusters. To better understand the mechanism we carefully study the
dynamic formation of chiral clusters. At 1,)/(peakto-peak voltage) and 700 Hz, the dimers
move randomly. When voltage is increased to }pa¥ 700 Hz, some dimers will align with the
external field (i.e., stand on the substrate), while others remain lying on the substrate. The
standing dimer attracts one lying dimer and together form a pair. Two more lying dimers join in
the assembly one by one. This initial attraction from a distance is likely caused by the
electrohydrodynamic (EHD) flow of solvefft!* The applied AC field induces mobile charges
near the electrode. The field-induced dipole on the dimer perturbs the vertically applied electric
field and generates a locally tangential field, which acts on the induced charges and drives the
EHD flow of solvent along the electrode. Such flow, as observed in spherical colloids, can often
induce particle aggregatidfi® However, EHD flow alone typically cause close-packed
aggregation of all particles rather than chiral clusters with well-separated distance. At the final
stage, when three lying dimers join in the cluster, they rearrange into an equilibrated chiral
configuration. Considering that dimers are polarized under electric fields (primarily due to
mobile ions surrounding the particle), the final configuration of a cluster is likely controlled by
the induced dipolar interactions between dimers.

We thus develop a theoretical model for the electrostatic energy of colloidal clusters in
different configurations, which can predict whether the minimum energy configuration is chiral
or achiral for a given set of experimental conditions. As illustrated in Figure 4.3, for a given

cluster configuration, we approximate individual lobes on dimer particles as spheres. The dimers

are subject to an applied electric fidig(r) ’ 1,(). They are surrounded by solvent, whose

properties are characterized by the dielectric constaarid Debye length\'. Each spheré
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with radius R is located at the position. The polarizability of the sphetiecan be expressed as

D 4 SARK , where K; is the polarization coefficient that can be calculated both

analytically’? and numerically?

(a)
(i o (i)

(b) y (c)

Figure 4.3(a) Coordinates of a three-dimensional tetramer used in computation. The substrate
corresponds to the z plane. (i) and (ii): achiral cluster where the long axis of one lying dimer
petal is aligned with the axis. Any non-zero angle between the dimer's long axis angl the

axis results a chiral cluster, as exemplified in figure (iii) with a rotation anglé®oftf A lying

dimer petal (sphere 3 and 4) and a central dimer (sphere 1 and 2) projected irythine in

an achiral tetramer. Dimers located in the bottom half plane (spheres 5 to 8) are image dipoles
that account for surface conductive boundary conditions. Replicating the petal with 120°
rotations about the axis generates the tetramers shown in figure (a-i), where image dipoles
beneath the substrate are not shown for clarity. (c) The calculated dipoles for each constitutive
dimers in a chiral tetramer. They point to a direction that is anti-parallel to the applied field
because of their negative polarizabilities.
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Two spheres representing the lobes on the same dimer are subject to the geometric

constraint of fixed bond length |1

rj‘. The interaction between dimers and the conducting

substrate is accounted for using image dipoles beneath the electrode. The dipole oin §phere

is induced by the sum of electric fields that are both applied externally and generated by
neighboring dipoles, i.e.,
a
P D Eyr :_Emd 10 ) (4.1)

j4 !

whereE;; |

r T¢ r;)p;is the field generated by the induced dipgleHere the

kernel for the dipole field is given by(r) 3r | /45@11‘)?. Since the induced dipoles
interact mutually and respond to local electric fields, we need to solve for them self-consistently.
For a given set of spatial configurations of particles, the induced dipoles of each lobe can be

obtained by solving a system of linear equationgpfor

(4.2)

Where A, P'GTr r, 1 §;1 is a collective polarizability tensor for the

i i
entire system of colloidal spheres. An example of all dipoles calculated for a chiral tetramer is
shown in Figure 4.3c. Although they primarily point in the direction that is anti-parallel with the
applied field (because of the negative polarization coefficient), they are slightly tilted thee to

impact of neighboring dipoles.
Oncep, is obtained, the electrostatic enetdy for the system of dimers can then be

written
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The energyJ, includes both dipole-applied field and dipole-dipole interactions. The

outermost factor 1/2 in Eqg. 4.3 arises from the fact that the total system includes contributions
from both real particles and their image dipoles. Although other electrostatic (e.g., screened
Coulomb) and electrohydrodynamic interactions could, in principle, be included, our model
hypothesis is that the cluster structure and chirality are dominated by and can be explained at a
simplest level in terms of induced dipolar interactions including image effects.

Parameters used in the calculations correspond to the typical experiment conditions:

R 1.27uym,R, 08%um, , /, 6DmV, H 78, E . 70V/Imm,andZ 1000 Hz. The

polarization coefficient; for particlei is calculated based on the low-frequency thin double

layer polarization theor§? Figure 4.4a shows two important geometric parameters describing the

structure of chiral clusterd is the separation between the central standing dimer and the
substrate, scaled by the large lobe diam2tr, and 7 is the rotation angle between the bottom

petals and a predefined horizontal axis. By varjinghe central dimer-substrate separation will

be changed. The separation between small lobes in the petals will be adjusted accordingly
(Figure 4.4a) with the constraint that the small lobe in the central standing dimer is in tangential
contact with all other small lobes of the petal dimers. This is justified by our microscopic

observation in Figure 4.1b and Figure 4.1c. Whas at its maximum value (e.ch,~0.57 for

R,/ R 0.7), the central dimer is lifted farthest from the substrate and all four small lobes form

a close-packed tetrahedron. The rotation anfla Figure 4.4a characterizes the degree of
chirality. Any non-zero value ofl will introduce the chirality, while the maximal value @ffor

a givenh corresponds to the configuration where all petals are packed closely. As shown in
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Figure 4.4b, by varying both and 7, we can study their impacts on the electrostatic energy of a

tetrahedral cluster and hence on the chirality. We note that the minimum energy leweh of ea

curve in Figure 4.4b is chosen to be zero.
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Figure 4.4 The electrostatic energy of chiral and achiral clusters for varying geometric
parameters. (a) Two parameters that characterize the cluster configurasdhe separation
between the central dimer and the substrdtis;the angle of the petal rotation. For clarity, the
central dimer is not shown. (b) The electrostatic energy of a tetramer vs. rotation angle for
different h. All geometric and electric-field parameters in calculations correspond to the typical
experiment conditions shown in Figure 4.1. See text for details. (c) The theoretical phase
diagram for chiral clusters (shaded area enclosed by the dashed lines), as predicted by the
induced electrostatic model. Red squares and blue triangles indicate chiral and achiral clusters

observed in experiments, respectively.
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The electrostatic energy of a tetramer is found to depend sensitivelyoora givenh.
As shown in Figure 4.4b(i), whem~0.57, the energy decreases asincreases. Whena
reaches ~45° the energy becomes minimal. Further increa&ioguses the energy to rise
quickly. It reaches the global maximum whein 1 x r3 beyond which the petals will physically
overlap with each other representing unrealistic configurations. Clearly, Figure 4.4b(i) predicts
that a chiral tetramer (with a rotation angke 1v W) is more energetically favorable than the
achiral configuration (with7 0°). The symmetry of the energy curve also indicates that both
right- and left-handed tetramers can be formed with equal probabilities, consistent with
experimental observation. An analysis of the dominant contribution to the electrostatic energy
indicates that the chirality is largely due to an out-of-plane dipolar attraction between the centra
standing dimer and the bottom petals. For a givemith increasing 7, the smaller separation
between the central dimer and surrounding petals results in a stronger out-of-plane dipolar
attraction between them. However, amcreases, the petals become closer to each other. As a
result, the in-plane dipolar repulsion between them will increase. Therefore, the optimum angle
of petal rotation is primarily determined by the competition between the out-of-plane dipolar
attraction and the in-plane repulsion. Aslecreases, the attraction becomes weaker while the
repulsion becomes stronger. kt0.39, the energy difference between an achifal0j and a
chiral cluster vanishes. With even smalkerthe achiral configuration becomes more favorable.
To compare all subplots in Figure 4.4b directly, we re-plot them in an absolute energy scale, as
shown in Figure 4.5. It is clear that the tetramer energy decreases as the central dimer is lifted
further away from the substrate. The global minimum energy configuration among all different

and 7 corresponds to a chiral tetramer with maximum lift in the central dime0.67) and

chirality angle of| T~45". Both results are in excellent agreement with our optical
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characterization of the chiral structures shown in Figure 4.1 and the measurement of chirality

angle, which is ~48°+2° for tetramers.
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Figure 4.5The electrostatic energy of a tetramer built by four dimers with different separation h
between the central dimer and the substrate, and petal rotationaahdjas been scaled by the

diameter of the large lobe 2RThe building block (i.e., the dimer) has lobe size$of 1.27um
and R, 0.89um. The bond lengtlis 1.25 um. {,=20 V is applied across 100 pum.

We now extend our electrostatic energy calculation to clusters with different numbers of
petals, ranging from two to five. For a fixed number of petals but with vatyjvge again find
that the global minimum energy configuration has the central dimer lifted to the maximum height
from the substrate while its small lobe maintains contact with the other small lobes in the petals.
As for tetramers, this is also consistent with our optical characterization. As shown in Figure 4.6,
our calculation further shows that the chiral configuration is more energetically favorable for

both trimers and tetramers. The model also predicts a chirality angles of 60° chiral trimers, which
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agrees well with our experimental measurement (~64°+£3°). For both pentamers and hexamers,
our model predicts that the achiral configuration has the lowest energy, even when the central
standing dimer orients its smaller lobe toward the substrate. This again largely supports our
experimental observation that the majority of chiral clusters observed in experiments are trimers
and tetramers. Only a few chiral pentamers and hexamers are observed near the transition

frequency (~2k Hz) where clusters start to disassemble.
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Figure 4.6 The electrostatic energy of clusters with increasing number of petals, ranging from 2
(trimer) to 5 (hexamerh is chosen to be the maximum so that each curve represents the global
minimum.

Since the dipolar repulsion between petals increases dramatically when the number of

petals increases, the petals need to be separated from each other as far as possible for a large

number of petals, which eventually leads to the achiral configuration. The stability of chiral
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clusters (i.e., the energy difference between the chiral and achiral configurations) alsosnhance
with an increasing field strength, as demonstrated in the energy calculation shéiguren4.7.

Our experimental observation is also consistent with the calculation. In fact, orfex ¢ha

chiral clusters permanently on substrate by combining the AC electric field and short pulses of
DC field. The electrophoretic force drives all petals towards the substrate and they are fixed on
the substrate due to strong van der Waals forces. The chirality is maintained even after both AC
and DC electric fields are turned off, while the central standing dimer undergoes Brownian

motion and eventually leaves the cluster.
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Figure 4.7 The impact of electric field strength on the stability of chiral tetramers.
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As shown in Figure 4.2c, the geometric parameters of the dimers are important for
determining chirality. Therefore, we calculate a theoretical chirality phase diagramobased

model of induced electrostatic interactions. Here we characterize a dimer with two

(dimensionless) geometric parameters: the aspectRatid? and the bond length/ (R R),

where L is the centete-center distance between two lobes in a dimer. As illustrated in Figure
4.4c, the shaded regime enclosed by two dashed lines corresponds to the parameter space that
favors the formation of chiral clusters, based on our theory. To test this prediction, we
systematically synthesize more than ten samples of dimers with different geometric parameters
and assemble them under electric fields. The experimental results are displayed in blue and red
symbols in Figure 4.4c to represent the formation of achiral and chiral clusters, respectively.
They agree well with the phase boundaries predicted by our theory, especially in considering that
our model only takes into account the induced dipolar interactions and image effects.

We emphasize that the dimers in the current study only possess geometric asymmetry,

which also results in small differences in polarization coeffickénbut large differences in

polarizability £) between two lobes. They are not, however, the only type of dimers that can

form chiral clusters. For example, asymmetric dimers linked by a magnetic belssEmbde

into both chiral clusters and helical chains due to the competition between magnetic interactions
and steric hindranceEven if the dimers are geometrically symmetric, they can still form chiral
clusters if they possess significant asymmetry in the polarization coefficient. As shown in Figure
4.8, chiral tetramers is more energetically favorable when one lobe has either negligible or
opposite sign of polarization coefficient. Such kinds of dimers can be possibly synthesized when

two lobe have different chemical compositions or zeta potentials.
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Figure 4.8 The impact of asymmetry in polarization coefficient on the formation of chiral
tetramers from geometrically symmetric dimers. The dimer has lobe sif¢s d®,  1.27um.

The bond lengtiL is 1.52 pm. Y=10 V is applied across 100 pm. The polarization coefficient
of lobe 1K, 0.5, while K, varies from -0.5 to 0.5.

One unique feature of the chiral clusters obtained here is that they are not static after
being assembled: they rotate continuously within the plane that is perpendicular to the applied
AC field. As shown in Figure 4.9a, the right-handed clusters rotate counterclockwise and the
left-handed clusters rotate clockwise, without exception. In contrast, the achiral clusters do not
rotate. This rotation is hypothesized to arise from a torque generated by the unbalanced
electrohydrodynamic (EHD) flow of solvent surrounding the chiral clusters. It is known that a
polarized particle near the electrode perturbs the vertically applied field and generates a
tangential field, which acts on the diffusive ions and drives the EHD flow of solvent along the
electrode*®*’. For a spherical particle or a standing dimer, such flow is symmetric and no
particle propulsion is observed in dilute suspension. However, when the geometrical symmetry is

broken, e.g., an asymmetric lying dimer, the EHD flow surrounding the particle can be
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unbalanced, which in principle can induce its propulsion. Indeed, this is what we have observed,
as illustrated by the particle trajectory in Figure 4.9b.
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Figure 4.9 The rotation of chiral clusters under AC fields. (a) Experimental snapshots show that
right- and left-handed tetramers rotate in opposite directiops{¥ V and 560 Hz). The

highlighted dimer, as a passive tracer particle, moves with the tetramer. Scale bar for all images:
3 um. (b) Trajectories of three dimer particles (within 18.6 seconds) with their respective
shapshots showing both particle orientation and propelling direction. Green: a standing dimer.
Blue and red: two different lying dimers. Scale bar: 10 pm. (c) Schematic showing that the
unbalanced electrohydrodynamic (EHD) flow of solvent along the electrode can propel an
individual asymmetric dimer and cause a chiral cluster to rotate. For clarity, the central dimer in
the cluster is not shown. Straight arrows indicate the EHD flow direction surrounding a dimer.
(d) The correlation between the angular velocityof a tetramer and the linear velocityof an

individual propelling dimer under the same experimental conditions. Squares: experiment; solid
line: theory.
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Figure 4.10The impacts of electric field strength and frequency on the angular velocity of a
chiral tetramer. (a) The angular velocity is proportional to the square of field strength at 1 kHz,

consistent with an induced EHD flow propulsion mechanism. (b) The angular velocity decreases
with increasing frequency.
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To further probe the EHD flow surrounding an asymmetric dimer, we purposely adhere
the dimer particle on substrate and use small (500 nm) polystyrene spheres as tracers. As can be
seen Figure 4.9b, solvent (tracers) is directed towards the smaller lobe but moves away from the
larger lobe. Such an unbalanced electrohydrodynamic flow will cause the dimer propel with its
smaller lobe pointing forward if it is not immobilized on the substrate. Clearly, when the
asymmetric dimers form into chiral clusters, the EHD flow is also unbalanced due to the broken
chiral symmetry. As illustrated schematically in Figure 4.9c, the EHD flow and the resulting
drag force along each petal can generate a net torque that rotates the chiral clusters
deterministically according to their handedness. The predicted rotation directions are consistent
with our experimental observation. Apparently, the EHD flow surrounding an achiral cluster is

well balanced and does not generate a net torque. Therefore, no rotation should be expected.

To further prove our hypothesis that the broken symmetry in EHD flow surrounding
individual dimers causes the chiral clusters to rotate, we measure both the linear velocity of an

individually propelling dimety and the angular speed of a chiral tetramgmunder the same

experimental conditions. Figure 4.9d shows that two velocities are linearly correlated.

Figure 4.11Schematics illustrates the calculation of arm lergth
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In fact, one can estimate the slope theoretically. The geometry of a chiral tetramer is
shown in Figure 4.11. Three petal dimers are labeled in red, blue, and green, respectively. The
pink line indicates the long axis of one petal. The torque on a chiral tetramer can be expressed

T NFL (4.4)
whereN is the number of petals;, is the drag force on one petal, abhd AB is the arm

length. L can be found geometrically through the following relation

L AETos S/2 93 . (4.5)

Where AE R/sin S/3 and D arcsinR, /(R R3 . The drag force on a
propelling lying dimer is
F, 65§/R R U (4.6)
Whereu is the propelling speed of an individual dimer. The angular velocity of a chiral

cluster : ,can be related to torque by
T 8SR (4.7)

where R is an effective radius of the chiral cluster if we approximate it as a sphere.

Combining Egs. 4-7, we can find the ratio betweeyand U

o SNR R L (4.8)

U 4R

with R 1.27um, R, 0.89 um, andR~ 2R, Eq. 4.7 provides the slope of the solid

line shown in Figure 4.9d. In addition, two characteristic features of the EHD flow velocity, as a
nonlinear electrokinetic phenomenon, are its dependence on the square of the applied electric
field strength and its negative correlation with the frequéf@s shown in Figure 4.10, both

features are observed in experimental measurement of the chiral cluster's angular speed.
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It is noted that we obtain a racemic mixture of chiral clusters because they have the same
electrostatic energy. Chiral purity is, however, desirable in many applications. One potential
strategy is to separate the mixture into enantiopure colloids. Since our clusters exhibit
deterministic rotation based on handedness, one can possibly separate them by superimposing a
helical flow field'® or a chirally patterned substrdfewhich rectifies the motion of right- and
left-handed clusters along different paths. Another strategy is to build the desirable chirality
during assembly, hence avoiding the need for separation. Figure 4.12 demonstrates such a proof
of concept. Initially, the right-handed cluster is stable at 600 Hz. When we increase the
frequency to 1800 Hz, it becomes unstable and the chirality fluctuates due to Brownian motion.
At the moment when the chirality switches to the left-handed, we quickly decrease the frequency
back to 600 Hz so that it is locked-in. Although it is done manually here, the tuning process can
be performed automatically based on image processing and a feedback loop. By further
combining this method with microfluidics, one can possibly make chiral clusterbyeoee
with controllable handedness.

600 Hz 1800 Hz 600 Hz
‘ increase of decrease % .
"‘ g frequency t e frequency - ‘

Figure 4.12Tune the chirality of tetramers by changing frequency.
4.5  Conclusion

In conclusion, we report the directed-assembly of achiral building blocks, i.e.,
asymmetric dimers, into a family of chiral colloidal cluster under the influence of AC electric

fields. Supported by both experimental observation and theoretical calculations based on a
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simple model of induced electrostatic interactions including surface image effects, we show that
the chiral configuration, under appropriate experimental conditions, is energetically favorable
because of the out-of-plane dipolar attraction between the central dimer and surrounding petals.
Moreover, the chiral clusters exhibit active rotational propulsion in response to the
perpendicularly applied electric field, with its rotation direction fully dictated by the cluster
chirality. This surprising propulsion can be attributed to the broken symmetry in the
electrohydrodynamic flow of solvent surrounding those clusters. The clusters obtained in our
study represent a new type of colloidal molecules with chiral symmetry. They could be used as
the building blocks for colloidal arrays with exotic optical responses, or as macroscopic
analogues for the study of separation of chiral molecules. The broken symmetry could also be
further exploited to build colloidal robots for microscale propulsion in low Reynolds number
environment.
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CHAPTER 5
COLLOIDAL STRUCTURES OF ASYMMETRIC DIMERS VIA ORIENTATION-
DEPENDENT INTERACTIONS
5.1  Abstract*

We apply an AC electric field to induce anisotropic interactions among asymmetric
colloidal dimers. These anisotropic interactions, being shape-specific and orientation-dependent,
can create complex and unique structures that are not possible for spherical particles or
symmetric dimers. More specifically, we show a series of novel structures that closely resemble
one- and two-dimensional antiferromagnetic lattices, including small clusters, linear chains,
squares, and frustrated triangular arrays. All of them are uniquely formed by alternating
association between dimers with opposite orientations. Our theoretical model attributes those
patterns to an exquisite balance between electrostatic (primarily dipolar) and
electrohydrodynamic interactions. Although similarly oriented dimers are strongly repulsive, the
oppositely oriented dimers possess a concave shoulder in the pair interaction, which favors
clustering to minimize the number of overlaps between neighboring particles. By combining the
anisotropy in both particle geometry and field-induced interaction, our work suggests a new way
to tailor colloidal interactions on anisotropic particles, which is important for both scientific
understanding and practical applications.

5.2 Introduction
Studies on colloidal particles have shed light on the physics of soft materials, including

crystal nucleation and growth, phase behavior, and glass formatinrparticular, particles with

*This chapter is modified from published paper: Ma, F., Wang, S., Zhao, H., Wu, D. T. & Wu,
N. Soft Matterl0, 8349-8357, doi:10.1039/c4sm01492h (2014).
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anisotropy in geometry, surface functionality, or chemical composition can potentially mimic
natural interactions between molecules, which are often shape-specific and orientation-dependent.
Pioneering work on their assembly has shown intriguingly non-close packed structures and well-
controlled colloidal moleculé® that are not imaginable for isotropic particles. However, most
assembly work has relied on intrinsic colloidal interactions, which are often weak, of short range,
and slow in assembly kinetics. The range of morphologies obtained to date is far from the
diversity of structures desired for either fundamental understanding or technological application.
Compared with self-assembly, directed-assembly using external fields affords tuning both the
strength and effective range of colloidal interactions over several orders of magdhitude.
Moreover, applied fields, such as an electric field, can induce anisotropic interactions even on
intrinsically isotropic sphere$. Therefore, a powerful way to access previously formidable
phase space is to combine external fields with particles that possess anisotropic properties.

Arguably, the simplest form of an anisotropic particle beyond a sphere is a colloidal
dimer where two lobes are grown together. Indeed, they have been assembled, under external
fields, into a variety of exotic two- and three-dimensional strucfifés’® Most of the work,
however, has employed dimer particles with symmetric lobe sizes. The full degree of geometric
anisotropy on colloidal dimer has not been exploited. Since nowadays the bulk synthetic methods
have been advanced enough that various types of anisotropic properties can be created on dimers
in a precise fashiol’* it becomes possible to assemble dimers into more complex and
innovative patterns. In order to achieve this goal, however, a deep understanding of the
combined impacts of particle asymmetry and field-induced interactions is necessary.

In this paper, we investigate the directed-assembly of asymmetric colloidal dimers under

the influence of AC electric fields. By combining the anisotropy in both particle geometry and
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field-induced electrostatic/hydrodynamic interactions, we show a variety of novel structures that
closely resemble one- and two-dimensional antiferromagnetic lattices. To understand the
underlying physics of the structural formation, we develop a theoretical model based on the
energy of collective interactions. Our model reveals that the overall pair interactionsrbetwee
asymmetric dimers depend sensitively on their relative orientations. Moreover, the potential
between oppositely oriented dimers consists of a concave shoulder with two different length
scales, which well explains the unique structures that we observe in experiments.
5.3 Materials and Methods
5.3.1 Dimer synthesis

The synthesis of asymmetric dimers is performed in a two-step seeded emulsion
polymerization:"?*** In brief, spherical pdVW\UHQH SDUWLFOHV WKH VHHGV
the dispersion polymerization in a mixture of methanol and water. The spherical particles are
then cross-linked by divinylbenzene (DVB) and 3-(trimethoxysilyl) propylacrylate (TMSPA)
The crosslinked polystyrene spheres (CPS) are swollen by an aqueous emulsion of styrene,
VRGLXP VWI\UHQH VXO IR Q2dhis{2.40ipa@hyl Qalatbhibid))Rstabilized by
both polyvinyl alcohol and sodium dodecyl sulfate. After mixing the emulsion with CPS
solutions, a second liquid lobe appears on the original CPS particle. Further polymerization
solidifies the shape of colloidal dimers. The amount of styrene in the swelling stage is varied to
generate asymmetric dimers with different aspect ratios.
5.3.2 Particle characterization

Both the morphologies and sizes of asymmetric dimers are examined using SEM (JEOL
JSM-7000F). Positively charged fluorescent dyes are coated on the dimers. Almost equal

fluorescence intensities indicate balanced surface charges on both lobes. The electrophoretic
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mobilities of particles in deionized water are measured via a Zetasizer (Brookhaven 90Plus
PALS). Zeta potentials are then calculated from mobility measurements according to the
methods suggested in literatire.
5.3.3 Electricc¢e HOG DVVHPEO\

$ WKLQ ¢OP RI DV\PPHWULF GLPHU VXVSHQVLRQ LV SODF
JODVVHV $Q LQVXODWLQJ SRO\PHU (OP LV XVHAB. D& WKH V¢
glasses are purchased from Sigma-Aldrich with surface resistivity of 15-VT 7KH\ DUH
ultrasonically cleaned in acetone and isopropanol for 20 minutes, followed by oxygen plasma
FOHDQLQJ IRU PLQXWH $Q $& HOHFWULF ¢HOG LV DSSOLH
generator (RTGOL DG 1022). Real time observations are performed on an inverted microscope
(Olympus IX 71) and recorded with a CCD camera (Retiga 2000R).
5.4  Results and Discussion
5.4.1 Structures formed by oppositely oriented dimers

The inset in Figure 5.1a shows a representative SEM image of the asymmetric

polystyrene dimers used in our experimerRsd P DR & P 7KH\ DUH V\QWKH

by seeded emulsion polymerizatfdrwith polydispsersity less than 1.1. The dimers are then
suspended in deionized water before sandwiching between two indium tin oxide (ITO) glass

slides. An insulating polyester film2H ~100 m) is used as a spacer to separate these two
electrodes. AlthouglH > R, we purposely choose the particle concentration so thatanly

monolayer can be formed on the substrate for the convenience of optical characterization. We

calculate the particle densitf based on the volume fraction of standing dimers within the

monolayer over an area of at least 200x150°.pAm external AC bias/pejz is applied
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perpendicularly across both top and bottom electrodes, Wheie the peak voltage and is

the frequency.
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Figure 5.1 Small clusters formed by oppositely-oriented dimers. (a) Association of standing
dimers into colloidal clusters under an AC electric field3 kHz,V, ~9V). Inset: a SEM

image of the asymmetric dimerB1.27 P D ®RGa

P (b) The number fraction of

clusters with different "molecular” weights. When focused on the substrate using an inverted
microscope, the "down" dimer exhibits a "halo”. The "up" dimer exhibits a dark spot dee to th
stronger scattered light from small dimples of the larger lobe.
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With high enough frequency and voltageX2 kHz andv, >4 V), the electrostatic torque

is strong enough that all dimers are aligned with the external field, i.e., they stand on the bottom
substrate. Because the dimers are asymmetric, the large lobe can either face toward or away from
the bottom substrate, adopting two standing orientations ("up” and "down") with approximately
equal probabilities (Figure 5.1la

At K~12%, we observe a variety of clusters of associating dimers as shown in Figure
5.1a. Close examination reveals that all neighboring dimers within those clusters adopt
alternating orientations (Figure 5.1b). This is exemplified by the high population of dimer
doublets, where an "up" dimer is closely paired with a "down" dimer. In contrast, standing
dimers with the same orientations (either "up" or "down") repel each other and form well-
separated arrays, as shown in the top right of Figure 5.1b. The formation of dimer doublets and
other clusters clearly indicates that the pair interaction between standing dimers is anisotropic: it
strongly depends on the relative orientations of the neighboring dimers.

To further understand the orientation-dependent interactions between asymmetric dimers,
we study their assembly at various particles densities. Representative snapshots with high

magnifications are shown in Figure 5.2. At very low densig (%), the standing dimers are in

the "gas" phase. Whe# is increased to 6%, they are well-separated with an average spacing of
~2.6D, (whereD; is the diameter of the large lobe)LQGLFDWLQJ WKDW ERWK 3X
dimers experience long-range repulsions. At 13%, we start to observe the association
EHWZHHQ 3XS" DQG 3GRZQ™ GLPHUV ZKHQ WKH\ DUH FORVH HC
however, still remain separated. This specific association between oppositely oriented dimers
becomes further evident at higher particle densities, where large areas of linear ghdiBc]

and square crystalsA~ 30%) are observed. With the unique arrangemenDOD WHUQDWLQJ 3.
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DQG 3GRZQ"™ GLPHUYV WKHVH VWUXFVandU itWwé-dirkeddioad O\ UH
antiferromagnetic lattice$, where the "up" and "down" spins are represented by the
corresponding two standing orientations of asymmetric dimers.
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Figure 5.2 Optical images of the standing dimers at different particle densitjes10 V and
Z~6.5 kHz). Scale bar for all images: 20 pum.
7KH VWUXFWXUHY IRUPHG EHWZHHQ 3XS™ DQG 33GRzZQ" G

strength and frequency. When the applied voltage is decreased from 10 V to 5 V, we observe

gualitatively similar phases at different particle densities (Figure 5.3a). However, dimer

interactions weaken. For example, the mass-averaged length of alternating chraiaseseitom

4.5 to 2.3. Much longer chains can only be observed at higher field strengths (Figure 5.3b). The

square crystals are also less ordered at 5 V, where the orientational bond order pdrameter

decreases from 0.94 to 0.75.
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Figure 5.3 Assembly of asymmetric dimers at lower field strength. (a) Optical images of the
standing asymmetric dimers at different particle densitigsg V and 2=6.5 kHz). Scale bar:

10um. (b) The distribution of linear chain lengths at different voltages.
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Frequency can also affect the structure. As shown in Figure 5.4a-b, the square lattices can
transform into triangular arrays at higher frequencies. By increasing the frequency, the
separations between standing become smaller. Although the distance between "up" and "down"
dimers barely changes with increasing frequency, the "up-up" and "down-down" separations
decrease significantly (Figure 5.4d). The triangular lattice, however, is a frustrated structure for
the antiferromagnetic Ising system because one of the three neighboring dimers cannot be
simultaneously antiparallel to the other two. The antiferromagnetic Ising model on a triangular
lattice has a highly degenerate ground states with each ground state configuration having one
frustrated bond per plaqueffeThe condition still leaves nearly all ground state configurations
as disordered. However, the triangular lattice shown in Figure 5.4b is clearly not random. It is
composed of alternating rows of "up" and "down" dimers that form zigzag stripes with random
sidewise stacks (Figure 5.4c).

If we consider a neighboring dimer pair with the same orientation as one frustrated bond,
the average number of frustrated bonds per particle is ~2.2 for Figure 5.4c. In comparison, the
high-temperature limit of a purely random triangular lattice has an average number of 3. It is
interesting to note that our zigzag stripes are analogous to those seen in the buckled monolayers
of spherical colloids under geometric confinenfénlthough our system is not geometrically
confined, the "up-down" arrangement of standing dimers forms an effectively buckled
monolayer for both large and small lobes. It has been suggested that the out-of-plane buckling
can induce an in-plane lattice distortions that favor zigzag stripes and partially relieve the

ground-state degeneracy of frustrated Ising madels.
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Figure 5.4 Transformation from square (a) to triangular (b) lattices when the frequency increases
from Z 8.5kHzto Z 11.5kHz. Scale bar for all images: 20um. (c) Contrast enhancement of
(b) reveals the zigzag stripes in the triangular lattice. Dark and bright dots represent the "up" and
"down" dimers, respectively. (d) Changes in the dimer-dimer separation in the square and
triangular lattices with an increasing frequency.

Our experiments raise several intriguing questions, among which the most important one
is: what is the origin of the effective interaction that leads to the rich patterns formed only
between "up" and "down" asymmetric dimers? In fact, these patterns are uniquely observed for
asymmetric dimers. For example, when we use symmetric dimers under the same experimental
conditions, we do not observe any aggregation (Figure 5.5a) 4ritd0O00Hz where triangular
lattices of standing dimers are found. For spherical particles, we observe the formation of

colloidal trimers in which a central sphere sits on top of two bottom spheres (Figure 5.5b),

indicating a strong outf-plane dipolar attraction between particles. Both results of symmetric
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dimers and spheres are consistent with our previous public4tibbst are very different from
what we have observed here. Therefore, it is reasonable to assume that the geometric anisotropy
of dimers, potentially possessing orientation-dependent interactions, leads to the characteristic

Ising-like lattices.

Figure 5.5(a) Symmetric dimers (R1=0.84P and R2=0.74 P) show no sign of aggregation.
(b) Spherical particlesg P assemble into zig-zag trimers and chains. Scale bar: 20 pum.
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Before building a theoretical model to understand the pattern formation mechanism, we
first briefly review the important forces involved in the electric-field assembly of colloids in
general. They often include the screened Coulomb, dipolar, and electrohydrodynamic (EHD)
interactions?> The screened Coulomb interaction is expected to be independent of particle
orientations. Both "up" and "down" dimers should feel similar repulsive forces once their
separations are comparable to the Debye length(~150 nm here). The dipolar interaction
between particles can be attractive or repulsive, depending on theabegleeen the ceet-to-
center line that connects two particles and the applied field diréétidherefore, it is
orientation-dependent. The vertical offsets between neighboring large and small lobes in the "up-
down" configuration could potentially generate an attractive dipolar interaction between
oppositely oriented dimers. The third important force is the EHD interaction. This force arises
from the EHD flow of ions and solvent close to the conducting substrate. The applied electric
field induces a large amount of mobile charges within the Debye layer at low frequencies. The
tangential component of the electric field generated from the polarized particles acts on the
induced charges and creates an EHD flow along the substrate. This EHD flow with sufficient
strength could cause aggregation or segregation of pafic¢fedlthough the EHD flow
originates from the diffusive layer near the electrode, the polarized "up" and "down" dimers
could, in principle, generate tangential electric fields with different strengths and make the EHD
interaction depend on dimer's orientation too.

5.4.2 Theoretical model and Monte Carlo simulation

Here, we first present a theoretical model to study the potentially anisotropic nature of the

dipolar and EHD interactions between asymmetric dimers. With additional incorporation of the

(isotropic) screened Coulomb interaction, we aim to model the effective potential between a pair
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of dimers with different orientations, which will be tested in two-dimensional Monte Carlo

simulations.
(@) 20

15}

(b) 20

15/

10}

U /kT

Figure 5.6 The electrostatic (screened Coulomb and dipolar) interadtidretween dimers. (a)

U, (scaled by the thermal energy) between "down" dimers and breakdown of the contribution
from dipolar interactiong)) between different lobes. The system of dimers is approximated by
individual spheres. The substrate is illustrated in green and grey spheres are (charge and dipole)
images. The separation is scaled by the large lobe diafgtén) U, andU for a pair of

"down" and "up" dimers.
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As shown in Figure 5.6a, we approximate individual lobes on dimer particles as spheres.
The dimers are suspended in a fluid with dielectric constaribebye lengthA*, viscosity F,
and are subject to an applied fidlg(r) * I,0), where [,(r) is the electrostatic potential.
Each spheré at the positiorr;, has fixed properties of radid$ and effective chargg . The
polarizability of the sphere is given by » 4 SHARK , where the polarization coefficie,
depends on the radius, frequency, Debye length, and zeta po;ér?ﬁ“é? At low frequencies
(i.e., in the current experimental regimé&), can be calculated analytically using the modified

Dukhin-Shilov theory® or numerically by solving the standard electrokinetic mdtdiwo

spheres approximating lobes on the same dimer are subject to the geometric constraint

I

rj‘ R R. The interaction between dimers and the conducting substrate is accounted for
by adding image charges and dipoles (grey spheres in Figure 5.6a) underneath the @eadtrode
included in the sums over charges below). The dipole on sphereis induced by the electric

fields that are applied externally, arisen from neighboring charges, and generated by neighboring

dipoles,

P R E T : EY,j ri Eind,j(‘i)é&_@ (5.1)

jd
whereE, ; r " Iy, r;) is the field arising from the Yukawa-tyflescreened
charge g, corresponding to the Yukawa potential, (r) gq,exp | r /r and

E r T¢ r;)p,;is the field generated by the induced dipgleHere the kernel for the

ind, j
dipole field is given byT(r) 3r | /45@11‘\?. Since induced dipoles interact mutually and

respond to local electric fields, we need to solve for them self-consistEatlya given spatial
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configuration of particles, the induced dipoles can be obtained by solving a system of linear
equations fom,

a
EYk rJ « (52)

j k zj -

where A, D" GTr r, 1 ’t‘jl is a collective polarizability tensor for the

entire system of colloidal spheres.
Oncep, is obtained, the electrostatic enetdy for the system of dimers can then be

written

U, tp, Uge o, Uy Pp, 2 (5.3)

NI

where the energy due to screened chatdigsincludes the charge-applied field, charge-

charge, and charge-dipole interactions.

Use Yipi o Jaor (] dyrir, %_pr Eif (5.4)

[
The energyd, includes dipole-applied field, dipole-dipole interactions, and a harmonic

self-energy that corresponds to the assumption of linear polarizability, respectively.

. 1 1 .
Us hip, (PEe SyPTrorp 5P P (5.5)

i i 7 2 i
The factor 1/2 in Eq. 5.3 arises from the fact that the sums taken above for the total
system includes contributions from both real particles and their (charge and dipole) images. An

example of the self-consistent calculation of the induced dipoles and the corresponding local

electric fields is shown in Figure 5.7.
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Figure 5.7 A typical calculation of the induced dipoles and their local electric fields between a
pair of standing dimers. The field lines are illustrated in blue. The red arrows show the dipole
directions. The green illustrates the substrate. Spheres 5-8 represent image charges and dipoles.
The external electric field is aligned with tlze  -direction. Parameters used in the calculations

correspond to typical experiment conditiof$: 1.27um, R, 0.89um, , 7/, 60mV,
H 78 (for water),v, 8V, 2H 10Cum, Z 6.5 kHz, and A ~ 150nm.

Parameters used in the calculations correspond to typical experiment conditions:

R 1.27um, R, 0.8%um, , /, 60mv, H#78,v, 8V,2H 10Cum, Z 6.5k Hz,

and M ~150 nm. It can be seen that all dipoles are slightly tilted rather than perfectly aligned
with the applied field due to the influence of neighboring dipoles. The calculated dipoles and
local electric fields also allow us to compute the electrostatic interaction between two standing
dimers with predefined orientations and separations. Figure 5.6a shows that the electrostatic

interaction between "down-down" dimers is strongly repulsive for all separations. It is dominated
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by dipolar repulsion. The screened Coulomb repulsion is strong only at very short separations

(within hundreds nm). Figure 5.6a also shows that the interaction is primarily controlled by the
dipolar repulsion between large lobgs’. AlthoughU3:* andU ;" can be negative when their
centerto-center lines become more aligned with the applied field at smaller separations, they are
relatively weak. This is expected since the dipolar interaction between two lobes is proportional
to the volumes of particle and j. Moreover, the polarization coefficielt, depends on/R

sensitively?® which further highlights the importance of the dipolar interaction between large

lobes. Similarly, the interaction between "up-up" dimers is also strongly repulsive (Figure 5.8).

20 .

10

U /kT

Figure 5.8 The electrostatic pair interactidh (scaled by the thermal energy) between "up-up”
dimers and breakdown of the contribution from dipolar interactiphdetween different lobes.

The particle separation is scaled by the large lobe diameter. See text for calculation details. Inset:
the system of dimers is approximated by individual spheres. The substrate is illustrated in green
and grey spheres are (charge and dipole) images.
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The "up-down" interaction, however, is in stark contrast (Figure 5.6b). At intermediate

separations, botb3* andU " are strongly attractive because of the vertical offset between two

large lobes. They significantly soften the electrostatic potetjahnd lead to the appearance of

a point of inflection. Such a softened dipolar interaction has a profound impact on the overall
interaction between oppositely-oriented dimers, as we will show later. Again, at even smaller
separations, the screened double layer interaction is dominant and leads to the hard core
repulsion.

Next, we examine the EHD interaction between asymmetric dimers. Assuming that we

know the EHD velocityu.,,(r), we can calculate the drag force by using the Stoke's law, i.e.,

Fr 6S#&,, r R.The effective EHD interaction potential will be obtained by integrating this
f

force over the separation between particles, ilg, r & r'dr'. This method has been

r

previously utilized to calculate the drag force and EHD interactions between spherical particles

by several group$:*® The key is to obtain the EHD velocity,,,(r) for both "up" and "down"

dimers. We have already derived thg,, (r) for spherical particles in section 1.2.5:

(aE) Red®E ck* 3r/R

Uepy ~ 5.6
EHD PN 2 PN 201 , /R 2615/2 ( )
V.8 2 Ep
whereC H H-E-= ~—and £ HA/ D.
2Ho 1l 2F:

Here, we will extend our derivation to dimers. The only difference from the spherical

particle is that the tangential electric fiedd now consists of the dipolar field generated by both

bottom and top lobes, i.eE r  Ejpger ' Edipole2 rE_‘|~><(', as shown in Figure 5.9.
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Figure 5.9 The tangential electric field generated by the induced dipole of a dimer has
contributions from both top and bottom lobes.

For example, the tangential field induced by an "up" dimer is

Vo 2 % . F. C o a
B~ 2|:e11 1 JEE K' Jlgl fir Ky JKy'g,r? (5.7)

and the tangential field induced by a "down" dimer is

Vo iz 2 E. Vo a
Et,down~ 2|:eJZ 1 E'xJE K J|€ for Ky 1Ky g.rZ (5.8)

In both equationsf; (r) and g, (r) dictate ther -dependence of the tangential field:

3r/ 3r/R
() & o e (5.9)
2a 2a
1 r/R 1 riR "
32R,/ 1 r/ 32R/ 1 r/
1 RIB LR RIR LR oy
2R,/R 1° IR® 2RIR 17 rIR™
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Following Eq. 5.6, it can be shown that the EHD velocity initiated by an "up” dimer is

C n n a
UE&D'“ZDKl fir Kyg{ng (5.11)

while EHD velocity initiated by a "down" dimer is

uEOHVE,”~%D Ky f, 1 Ki"g{n? (5.12)

Not surprisingly, the EHD velocities depend on the imaginary part of the polarizability
coefficients of both lobes, with different-dependent terms included to account for the
influences of both top and bottom lobes.

Once we obtain the EHD velocity,,(r), we can calculate the EHD interactions by

f

ko ¥ B SWp r af edr (5.13)

r

wheref e is a function of the eccentricify. For a spheree 0 andf e 1.

Substituting Eq. 5.6 into Eq. 5.13, we obtain the EHD interaction between two spheres

3&K"R?
/EHD(r) - 3/2 (514)

1 r/R*®
%4

Similarly, the EHD interaction between two "up” dimers is

2o -3 cat e K . GRERIR I o (515
il r/R121/4 2R/IR 1° r/IR® %,

and the EHD interaction between two "down" dimers is

oun K" Ki'R; 2R,/R 1 °
dow(r)~3 Caf e e 1% P 1T 2R IR —®  (5.16)

iLr/Rzz% 2R/R 1° r/IR* %,
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Figure 5.10The electrohydrodynamic (EHD) interaction between dimerdJ (g) (scaled by
the thermal energy) between a pair of "up” dimers and the contributions from eddh,lobe
(b) U, andUg,,; for two "down" dimers. The separation is scaled by the large lobe diameter

D,.
Figure 5.10a shows the EHD interaction between a pair of "up" dimers. The individual
contributions of each lobe (the first and second terms in RHS of Eq. 5.15) are also included.

Clearly, the bottom large lobe has a major influence due to both a stronger dipolar field and a

closer distance to the substrate. For the EHD interaction between a pair of "down" dimers
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(Figure 5.10b), although the large lobe is further away from the substrate, its dipolar field is
stronger. Therefore, both lobes contribute almost equally. Interestingly, the EHD interactions
(red curves) in Figure 5.10a and 5.10b are very similar except at very short separationge Since
assume that the induced charges on the electrode do not depend on the orientation of the dimer,
this result indicates that the tangential field generated by an "up" or "down" dipole does not
differ much. Unlike the dipolar interaction, our result shows that the EHD interaction does not

sensitively depend on the orientation of dimers.

10

U/KT
o

R 1 2 3 4 5

Figure 5.11The overall (electrostatic and electrohydrodynamic) interaction between a pair of
asymmetric dimers with different orientations.

With both electrostatic and EHD interactions, we can add them together to calculate the
overall interaction between a pair of dimers with different orientations. Shown in Figure 5.11,
the "up-up" and "down-down" interactions are purely repulsive, which indicates that the EHD

attraction is too weak to overcome the dipolar repulsion for both configurations. The "up-down

configuration, however, is very different. Because of the much softened dipolar interaction
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shown in Figure 5.6b, a concave shoulder develops when the EHD attraction becomed strong a
smaller separations, and can lead to a potential minimum of varying depth just inside the
shoulder. We note that this potential closely resembles the so-called core-softened potential,
which can arise in colloids such as magnetic spheres in a confiti&ace in molecules such

as water’® Compared with the "up-up" and "down-down" interactions, this concavity induces an
attractive force that clearly favors the alternating association between "up" and "down" dimers
into square arrays at high particle densities. Moreover, this "up-down" potential consists of two
length scales: the hard-core diameter and the concave shoulder, which have a profound influence
on the patterns formed at intermediate particle densitie&’ thstead of a uniform particle
distribution where all shoulders are partially overlapped, dimers are assembled into alternating
clusters and linear chains with characteristically large inter-chain separations (Figure 5.12).
According to computatioff, this configuration allows the minimization of overlaps between

shoulders and corresponds to the lowest possible energy state.

Figure 5.12Well-separated linear chains (formed by alternating "up" and "down" dimers) at
intermediate densities. Scale bar: 20um. The applied voltage fi¢Je#sV and 2=4.4 kHz.
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To validate the above-derived pair potential between dimers with different orientations,
we further perform Monte Carlo simulations. Since dimers form a monolayer on the conducting
substrate in experiments, in our simulations they are allowed to move freely alorg yhe
plane but not in the direction perpendicular to the substrate. An equal mixture of "up" and

"down" dimers (N, 256) are placed in a square simulation cell of afeal®. Therefore, the

simulation is effectively two dimensionalAT). The equilibrium structures (after 50000 cycles)
at different particle densities are shown in Figure 5.13, which clearly illustrates the preferential

association between "up" and "down" dimers.

(@)

(b)

(c) (d)

Figure 5.13Top-view snap shots from Monte Carlo simulation (NATNgf=256 dimers at
different particle densities. Blue and red discs represent "up" and "down" dimers, respectively.
The simulation parameters are consistent with the experimental conditions in Figure 5.2.

141



At low densities, they mostly form into doublets. As density increases, longer chains with
alternating arrangement of "up" and "down" dimers can be seen. More importantly, the chains
are well-separated from each other with a characteristic spacing. At high densities, square lattices
emerge. Clearly, the simulation results match faithfully with our experimental images ie Figur
5.2, which validate the orientation-dependent interactions between asymmetric dimers.

The concavity of the shoulder depends on several parameters, which can significantly
influence the orientation-dependent dipolar interaction. For example, the particles are not
necessarily separated from the electrode with the same dist8rfcas. shown in Figure 5.14a,
when one of the dimers is lifted slightly above the substrate even by a few hundred nanometers,

the stronger dipolar attraction between large lobes can further soften the electrostatic interaction
and eventually lead to a short-range attraction. In fact, for larger difrRer8 um) with stronger
dipolar interactions we observe significant overlap between "up" and "down" dimers, which

indicates a vertical displacement between them (the inset of Figure 5.14a). When a dimer is

asymmetric not only in geometry but also in interfacial property such as the zeta potential, the

polarization coefficientK; between two lobes could also be very differéft. For example,

with a fixed K, (-0.21) and increasiné(, from negative to positive, the dipolar interactions
between "up" and "down" dimers becomes strongly attractive (Figure 5.14b). Similarup the

and down spins in the Ising model, now the small and large lobes with oppositely-oriented
dipoles will attract each other. Considering that the "up-up" and "down-down" interactions could
still be highly repulsive in this scenario, we expect to see the formation of square Ising lattices
due to this "up-down" attraction. In fact, wh&j 0, the dipolar interactions arising from small

lobes disappear. Our system would effectively reduce to the buckled magnetic spheres in a quasi-
planar cell, where both chain-like and square patterns have been ob&dExpdrimentally, a
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positive polarizability K, ! 0) can be achieved by synthesizing dimers with asymmetric surface

charges, tuning the pH/salt concentration in the solution, or coating one of the lobes with a thin
metallic laye® We are currently investigating along these lines.

(@) 20

15~

10+

U /kT

(b)

10 , . .
—K2='0-05

Figure 5.14The impacts of particle lifting and polarizabilities on pair interaction. (a) The "up-
down" electrostatic interaction when one dimer is lifted above the substrate. (b) The "up-down"

electrostatic interaction when the dimer has anisotropy in polarization coeffidigntsfixed
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(~=-0.21) for all three curves. The arrows in the inset illustrate the directions of induced dipoles
when K, !0.

As our modeling reveals, the Ising-like structures arise from an exquisite
competition/balance between anisotropic dipolar interaction and isotropic electrohydrodynamic

attraction, where the geometric asymmetry of particles is critical. Such a phenomenon should be

universal for asymmetric dimers with intermediate valueRof R.

Figure 5.15Alternating association between "up" and "down" dimers with different aspect
ratios. (@)R,/ R 0.57; (b) R,/ R 0.67;(c) R,/R 0.7;and (d)R,/ R 0.86. Scale bar

for all images: 10M. The optical contrast for (d) has been adjusted to distinguish the "up" and
"down" dimers.

144



As shown in Figure 5.15, we consistently observe the alternating aggregation between
"up" and "down" dimers for a variety of aspect ratios. Furthermore, it is reasonatiier tthat
when we change the experimental conditions, we could possibly break the balance between
electrostatic and electrohydrodynamic interactions. Correspondingly, we expect to observe
different patterns. For example, when we change the suspension medium from water to the less
polar solvent dimethyl sulfoxide (DMSO), the concentration of mobile charges is decreased

significantly.

Figure 5.16Pattern formation when the electrostatic and electrohydrodynamic interactions are
not balanced. (a) The zig-zag clusters and linear chains of standing dimers in DMSO due to the
stronger out-of-plane dipolar attraction between neighboring difwgrs§ V and 2 2.2 kHz).

(b) The hexagonal array of standing dimers in 1mM KCI aqueous solution where the
electrohydrodynamic interaction dominamtg ( 7V and £ 4.2 kHz). Scale bars: 10 pm.

It is expected that the electrohydrodynamic interaction will be much weaker than the
dipolar interaction. Indeed, we observe that the standing dimers are now assembled into zig-zag
clusters and linear chain where the central dimer is always lifted significantly (Figure 5.16a).
Clearly, such a configuration is possible because of the strongf-plane dipolar attraction

between neighboring dimers. In another case, we add more salt (potassium chloride) in water to
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decrease relative strength of the dipolar and double-layer interactions. At 1 mM salt
concentration, we observe the aggregation of all standing dimers into hexagonal arrays with
mixtures of "up" and "down" dimers (Figure 5.16b). This is not surprising because the
electrohydrodynamic flow along the electrode becomes domfihant.
5.5  Conclusion

In summary, we report a new way to tailor colloidal interactions by combining anisotropy
in both particle geometry and external fields. The anisotropic colloidal interactions induces the
alternating association between "up" and "down" dimers. Such unique association leads to a rich
variety of novel patterns that include small clusters, linear chains, square crystals, and frustrated
triangular arrays. Surprisingly, those structures closely resemble one- and two-dimensional
antiferromagnetic Ising lattices. The developed theoretical model suggests that this preferential
"up-down" association results from an exquisite balance between dipolar and
electrohydrodynamic interactions. While the EHD interactions do not differ much for "up" or
"down" dimers, the dipolar interaction depends sensitively on the relative orientation between
neighboring dimers. Such an orientation-dependent interaction generates unique structures
beyond what have been observed before. The colloidal dimers, which can be further tailored with
other types of anisotropic properties, could possess much more diversified types of colloidal
interactions when combined with external fields. Such a capability is highly desirable for both
scientific understanding of colloidal assembly and practical fabrication of functional materials.
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CHAPTER 6
INDUCING PROPULSION OF COLLOIDAL DIMERS BY BREAKING THE SYMMETRY
IN ELECTROHYDRODYNAMIC FLOW
6.1  Abstract*

We show that dielectric colloidal dimers with broken symmetry in geometry,
composition, or interfacial charge can all propel in directions that are perpendicular to the
applied uniform AC electric field. These asymmetric particle properties influence the
electrohydrodynamic flow on two sides of the dimers differently in both flow direction and
magnitude. As a result, an unbalanced fluid flow develops and induces particle propulsion. Both
the propulsion direction and speed of particles can be conveniently controlled by the applied
field strength and frequency. Quantitative results based on a simple scaling law and detailed
electrokinetic calculations capture key findings in experiments. The propulsion mechanism
revealed here is universal and applies to other types of asymmetric particles. The broken
symmetry in electrohydrodynamic flow is important for both building intelligent colloidal robots
and studying the out-of-equilibrium behavior of active matter.

6.2  Materials and methods
6.2.1 Materials

Negatively charged polystyrene (sulfonate-PS) spheres of different sizes draspdrc
from Life Technologies. 2 uym and 3 um plain silica (9iGspheres are bought from
Microspheres-nanospheres and Bangs Laboratories, respectively. Tha PSpspheres
functionalized by silanes are synthesized based on previously reported te&ipssheres are

centrifuged in deionized water for four times to remove any contaminant or residue chemical.

*This chapter is modified from a received paper:. Ma, F., Yang, X., Zhao, H., Whysical
Review Letterin press (2015)
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The zeta potential @ pm PS spheres can be further tuned by conjugating different amount of
aminopropyl triethoxysilane on their surfaces. For example, 5 ml of 0.04 wt% crosslinked PS
ethanol solution is mixed with 1 ml ammonia hydroxide (30% ,0®H) and 5 pl (3-
aminopropyl)-triethoxysilane (APS) at different concentratiofise mixture is then stirred at
room tempedaiture for conjugation in one day and then washed by ethanol four times at 2000 rpm.
Depending on the concentration of APS, the zeta potential of a PS sphere can be fnaalified
70 mV (pristine sample) to +30 m\Whe ITO electrodes are cleaned by first immersing in
acetone and isopropyl alcohol each for ten minutes with sonication. Then they are rinsed
thoroughly with deionized water. Two minutes of oxygen plasma is applied to further clean and
hydrophilize the surface of ITO electrodes. To prevent the irreversibly adhesion of particles, the
ITO electrodes are made negatively charged by immersing in a mixture of 5 mgytsbdalm
4-styrene sulfonate) and 0.5 M potassium chloride (KCI) solution for 10 minutes with sonication.
Finally, the ITO electrodes are rinsed thoroughly with deionized water and blown dry with air.
6.2.2 Particle characterization

The sizes of different particles are confirmed by using scanning electron microscopy. The
zeta potentials of both pristine and surface modified PS andspii@res are measured by using
ZetaPALS (Brookhaven).
6.2.3 Fabrication of symmetric and asymmetric dimers

We use the "salr-salt-out" methotito make dimers with well-controlled asymmetries
in geometric, interfacial, and compositional properties. Specifically, spheres of type A and B
(e.g., 2 um and 3 um PS spheres) are mixed with a number ratio of 1:1 in 0.1 M potassium
chloride solution. Such a high salt concentration strongly screens the double-layer repulsion.

Therefore, particles irreversibly aggregate as the result of van der Waals attraction. By
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controlling both particle concentration and aggregation time, i.e., the Smoluchowski dynamics,
we can obtain a mixture of aggregates that primarily consist of individual spheres A, B, as well
as dimers of AA, AB, and BB (e.g., 2-2 um, 3-3 um, and 2-3 um PS dimersagghegates are
then centrifuged three times in deionized water and finally dispersed into aqueous solution with
specific salt concentrations. Applying this method, we can also make dimers with broken
symmetry in lobe size (e.g., 2-3 um silica dimers), in composition (e.g., 2-2 um RS-SiO
dimers), and in surface charge (e.g., 2-2 pm PS-PS dimer with -70 mV and -17 mV on two lobes,
respectively).
6.2.4 Electric-field driven propulsion

A droplet of solution containing spheres or dimers is placed between two pieces of
indium tin oxide (ITO) glass slides. Two thin insulating polyester films (~100 um) are used as
spacers to control the separation between two electrodes. An AC volta@g’( 9 DQG
Hz < Z <100k Hz) is applied across two electrodes. An inverted optical microscope (Olympus
IX71) is used to observe the-situ propulsion of particles near the surface of the bottom ITO
substrate. A high speed camera (Silicon Video 642) is used to capture particles’ motion with at
least 30 frames per second.
6.2.5 Tracing the electrohydrodynamic (EHD) flow

Dimers or spheres are first immobilized onto an ITO substrate by fully evaporating a
small droplet of dilute particle suspension. A thin liquid film that contains 500 nm fluorescent
polystyrene spheres (0.3% v/v), i.e., the tracers, is then put on the substrate and sandwiched
between two ITO glasses, where individual dimers remain immobile on the bottom electrode.
The motion of tracers surrounding immobile dimers under electric field is captured by a high

speed camera connected with an inverted fluorescent microscope.
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6.2.6 Image analysis
We use Imagélto analyze and obtain the propulsion velocities of dimers. High speed

videos are first imported into ImageJ. Dimer particles are separated from background by using

WKH 2% LQDU\" IXQFWLRQ 7KHQ WKH 3$QDO\]H 3DUWLFOHV"~

moving dimers. The center of mass is obtained by treating the dimers as ellipsoids. After getting

the coordinates of dimers, Howse's mefhisdemployed to calculate the propulsion velocities. In
particular, the mean square displacement (MSY is plotted versus time. When the inverse
rotational diffusion coefficient of dimeldis much larger thant - the time interval between
neighboring frames, the curve can be fitted with a quadratic functidt of
¢L® 2u® t* 4D, t (6.1)
whereu and D, are the propulsion velocity and two dimensional diffusion coefficient,

respectively. This method allows us to separate the effect of Brownian motion in determining the
propulsion speed, especially when motion is slow at higher frequencies.

6.3 Introduction

The autonomous propulsion and active transport of microscopic objects in a fluidic
environment are essential for maintaining the bioactivities of all living spetigstificial
colloidal motors that can carry payloads, propel through water, and deliver cargoes on demand
could revolutionize many modern technologies including targeted drug defiemjcro-
robots?'° cell manipulatiort! intelligent sensor¥> miniaturized surgeons,and self-assembly
of super-structure¥’. Because of the low Reynolds number, conventional swimming strategies

that rely on inertia do not work on microscopic objégté.in order to induce locomotion, a key

but challenging concept is to break the system symmetry and fluid flow. For example, when a
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metallodielectric (e.g., gold-polystyrene) Janus sphere is subjected to a uniform AC electric field,

it propels in directions that are perpendicular to the field &x¥sThis phenomenon is different

from conventional electrophoresis and dielectrophorésighere the electric field usually
GLFWDWHY SDUWLFOHVY WUDMHFWRULH VgtddiahtKTHéJpddtic&k Q J W K|
motion has been attributed to the so-called induced-charge electroosmosis {@&@); is

important on metallic surfaces. The external field induces ionic charges and generates much
stronger electroosmotic flow along the metallic surface than on the polystyrene side. As the
result of unbalanced liquid flow, the Janus sphere moves with its dielectric hemisphere oriented
forward.

One outstanding question that is addressed here is whether more general types of
asymmetry in particle properties can lead to locomotion especially for purely dielectric particles,
where ICEO is typically negligible. It is known that, under a perpendicular AC field, dielectric
spheres on a conducting substrate can aggregate into close-packed arrays due to a tangential
electrohydrodynamic (EHD) flo#:?* Although much effort has been spent to understand the
origin of this EHD floww*?* and to exploit it for assembf$?’ no attempt has been made to break
the symmetry of EHD flow for particle propulsion. Here we show that one can rationally tailor
colloidal particles with broken symmetry in geometric, compositional, or interfacial properties,
all of which create an unbalanced EHD flow surrounding two sides of the particles and lead to
particle propulsion. With additional help of applied field strength and frequency, both the
propulsion direction and speed of asymmetric particle can be controlled in a predictable fashion.

To make dimers with broken symmetry in a wide range of properties, we employ the
"saltin-salt-out" method. In brief, spheres of type A and B are mixed in Bl1lpotassium

chloride (KCI) solution. Due to the screening of double-layer repulsion and van der Waals
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attraction, particles aggregate irreversibly. By controlling both particle concentration and
aggregation time, we can obtain a mixture of aggregates that primarily consists of individual
spheres and dimers of AA, AB, and BB. The aggregates remain stable after being washed in
deionized water for several times to remove excessive salts. They are then re-dispersed in
deionized water or agueous solution with controlled salt concentration. The advantage of this
method is that all properties of each lobe can be measured accurately before making the dimers.

6.4 Results and discussions

Figure 6.1 The experimental setup for studying the propulsion of symmetric and asymmetric
dielectric particles under a perpendicularly applied AC electric figjd, V,,/ 2J2 /2H.

We first study the propulsion of polystyrene dimers made from 2 um and 3 pm spheres
with similar zeta potentials (-56 mV and -59 mV), i.e., the 2-3 um PS dimer. Without an external
field, the dimers undergo Brownian motion close to the subsif#ten an AC electric field is
applied perpendicularly (Fig. 6.1), asymmetric dimers stagiropel laterally. In comparison,
individual spheres and symmetric dimers all remain still. The asymmetric dimer propels with its
VPDOO OREH IDFLQJ IRUZDUG XQGHZ IMeR&inglY, H XdvWih§LHV &
direction is reversed, i.e., the big lobe facing forward, under an intermediate frequency range

(1,400 +] &6,000Hz). At even higher frequencies, the lying dimer changes its orientation and
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stands on the substrate. Being axial symmetric with respect to the applied field direction, the

dimer alsostops its propulsion.

Figure 6.2 (a) The propulsion velocity of a 2-3 um polystyrene dimer under a constant voltage
(13 Vyyp) in both DI water and I0M KClI solution. The insets show its propulsion directions

within different frequency regimes. (b) Its velocity scales linearly with the applied field squared
at a constant frequency (500 Hz). (c) The distribution of tracer particles surrounding immobilized
asymmetric and symmetric dimers at different frequencies. Scale bars: 2 um.

Fig. 6.2a shows the measurement of dimer velocity under a constage, based on the

method outlined in section 6.2.6. Three distinct frequency regimes can be identified. With
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increasing frequencies, the propulsion speed decreases, becomes negative, and eventually
vanishes. At a fixed frequency, the propulsion speed scaleshsigguare of the field strength (

U VE?), as shown in Fig. 6.2b. The polystyrene dimeesle from 1 um and 3 um spheres with
similar zeta potentials (-52 mV and -59 m&Rhibit qualitatively similar behavior. As shown in

Fig. 6.3, it propels with small lobacing forward at low frequencies and reverses its motion at

higher frequencies. Again, its velocity is proportionaBg.

Figure 6.3 (a) The propulsion speed of an asymmetric 1-3 um polystyrene dimer changes with
frequency (13 }). Inset shows the propulsion direction within different frequency regimes. (b)
The velocity scales linearly with the applied field squared (500 Hz). (c) The distribution of
tracers surrounding an immobilized dimer at low and high frequencies. Scale bars: 3 pm.

157



Although perpendicular motion relative to the applied field direction has been reported
for gold-coated Janus spheres due to ICEO along the gold surface, the flow on dielectric surface
(e.g., polystyrene here) is negligiﬁPe.However, it is known that there is an EHD flow
surrounding dielectric spheres near a conducting sub$tfat@he vertically applied electric

field induces mobile ionsq v E;) near the substrate. The same field also polarizes the particle,
where the induced dipole generates a tangential field locBlly E,). This tangential field can

act on the induced charges and drives solvent flow along the substrateUSifgg ), the EHD

flow velocity is proportional to the applied field squared, il¢.vE? . Although the flow
surrounding a spherical particle is symmetric, it can become unbalanced if the particle symmetry
is broken. Hence, we hypothesize that the propulsion of polystyrene dimers is caused by an
unbalanced EHD flow surrounding them. The fact that spheres, symmetric dimers, and standing
asymmetric dimers do not propel under the same experimental conditions is consistent with our
hypothesis. Moreover, we have observed that the propulsion velocity scaleshevifield
strength squared and decreases with increasing frequency (Fig. 6.2a andB6tBbare
characteristic features of the EHD flow, based on previous experiments and modeling for
sphere$?
As suggested by the previous thebtyhe EHD flow surrounding a dielectric particle

depends on (1) the amount of induced chamgesear the conducting substrate and (2) the

strength of a tangential electric fiekd arising from the induced dipole moment on patrticle. If

either is small, the EHD flow becomes weak. In principle, our dimers should also propel more
slowly or do not move at all. To test this mechanism, we investigate the propulsion of

polystyrene dimers in a solvent that is much less polar than water, i.e., dimethyl sulfoxide
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(DMSO). Under the same field strength, the dimer moves at ~0.1 um/sec over a wide frequency
regime (600Hz <Z<4,000 Hz), as compared with ~4 pum/sec in water. This can be explained by

a much weaker EHD flow in DMSO since the concentration of free gorsmuch lower than in

water, which self-dissociates into hydroxide and hydronium. We also test the dimer propulsion in
water under a DC electric field. Neither symmetric nor asymmetric dimers show anyfsign o
propulsion. This is because that the applied voltage drops primarily within the diffusive layer
near the substrate. The electric field in bulk and the induced dipole on the particle are almost

zero. With a negligibl&, , the EHD flow also vanishes. Therefore, both of the negative control

experiments agree with our prediction.

Figure 6.4(a) Trajectories of tracer particles that are ejected from an immobilized 3 um
polystyrene sphere near the substrateT(a)ectories of tracer particles that are attracted toward
the top of an immobilized 3 um polystyrene sphere.
To directly probe the EHD flow surrounding particles, we purposely immobilize them on
substrate and use small fluorescent polystyrene spheres (~500 nm) as tracers. We observe the

motion of tracers surrounding a 3 pum sphere at two different focus planes. Close to the substrate,

tracers are continuously ejected away from the sphere. When the focus plane is 4 um above the
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substrate, we find that the tracers in the bulk are attracted towards the top of the sphere over long
distances. A few of them can even stay closely above the sphere presumably due to dipolar
attraction. Combining tracer motion aifferent focus planes (Fig. 6.4), we reveal a
counterclockwise circulating EHD flowwhich is directed away from the sphere near the
substrate but towards the sphere in the bulk. Because of this repulsive nature of the EHD flow, a
circular depletion zone can also be clearly seen surrounding the sphere. When the field frequency
is increased or the field strength is decreased, both the ejecting speed of tracers and the size of
depletion zonebecome smaller, indicating a weaker flow. Qualitatively similar flow,
characterized by the ejection of tracers away from both lobes, can also be observed surrounding
an asymmetric polystyrene dimer. Maneportantly, the depletion zones surrounding sheall

and large lobes are of different sizes (Fig. 6.2c), indicating different magnitudiesvolt is

larger (smaller) on the large lobe side at lower (higher) frequency. In comparison, the depletion
zone surrounding a 3-3 um dimer is always symmetric, indicating a balanced EHD flow on both

lobes. As a result, symmetric dimers do not propel.

Figure 6.5The velocity of a 2-3 um silica dimer scales linearly with the applied field squared (
Z=800 Hz).
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To further confirm the link between unbalanced EHD flow and particle propulsion and
test the universality of this phenomenon, we investigate dimers made of silica, i.e., the 2-3 pm
silica dimer with similar zeta potentials on two lobes (-67 mV and -64 mV). Under AC field, the

asymmetric silica dimer also propels, while the symmetric (2-2 pum or 3-3 pm) dimers do not.
We further confirm that the propulsion speed of silitimers scales witlg,” (Fig. 6.5) and

decreases with an increasing frequency (Fig. 6.6a).

Figure 6.6 (a) The propulsion velocity of a 2-3 pm silica dimer under a constant voltage13 V
and in 10 M KCI solution. Inset shows its propulsion direction. (b) The distribution of tracer
particles surrounding an immobilized (i) silica dimer, (ii) silica sphere, and (iii) polystyrene
sphere. Scale bars: 2 um.

Both dependence are consistent with those for polystyrene dimers, demonstrating the

universality of this propulsion mechanism. The propelling silica dimer, however, orients its large
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lobe forward. This propulsion direction is opposite to what was observed for 2-3 um polystyrene
dimers, at least in the low frequency regime. At first glance, this appears contradictory since the
geometric asymmetry in both silica and polystyrene dimers are similar but the propulsion
directions are opposite. To find out why, we again immobilize the silica dimers and probe the
EHD flow surrounding them by observing the motion of tracers. To our surprise, tracers move
very differently from the experiments on polystyrene dimers. When the field strength is
increased gradually, tracers flow towards the silica dimer. Some early arrivers form rings
surrounding it. When focusing on the top of the dimer, we observe that tracers are continuously
ejected away. Clearly, the EHD flow surrounding an asymmetric silica dimer is attractive, i.e., a
clockwise circulating flow. Such an attractive flow also concentrates tracers surrounding the
silica dimer, asvidenced in Fig. 6.6b(i). The stalking contrast between the concentration zone
surrounding a silica sphere (Fig. 6.6b(ii))) and the depletion zone surrounding a polystyrene
spheres (Fig. 6.6Db(iii)) also illustrates the attractive and repulsive natuteHDf flow,
respectively. Although we do not know the exact reason why the EHD flow surrounding
polystyrene and silica particles is opposite, our discovery is significant. When the EHD flow
changes its direction from the repulsive to the attractive, colloidal dimers also move in opposite
directions even with same degree of geometric asymmetry. Therefore, our seemingly
contradictory results between polystyrene and silica dimers indeed further support our hypothesis
that the unbalanced EHD flow surrounding an asymmetric dimer dictates its propelling direction.
A notable question is whether we can predict the propelling direction and speed of an
asymmetric dimer, given the EHD flow surrounding its constituent spheres. To answer this
guestion, we consider two spheres of types A and B, which are connected by lbutong

negligibly thin rod (Fig. 6.7a).
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Figure 6.7 Theoretical model of propulsion of asymmetric diméxy A dumbbell model
illustrates the propulsion of an asymmetric dimer arises from unbalanced EHD flamdU , .
(b) A PS-SIiQ dimer is predicted to move toward the $&nd. (¢) Frequency dependence of the

propulsion speed of PS-Si@imers at 20 Y, and in 10 M KCl solution. (d) The distribution of
tracer particles surrounding an immobilized PS-Sli{iner. Scale bar: 2um.

If two spheres are not connected but close to each other, under an AC electric field each
will move due to convective entrainment in the EHD flow initiated from the other. For example,

the attractive (repulsive) EHD flow surrounding sphere B will draw (push) sphere A towards

(away from) it with a lateral velocity ;. Similarly, sphere B experiences an EHD flow initiated
from sphere A and acquires a lateral velotity. BothU, andU, depends sensitively on the

sphere diameter, zeta potential, material property, as well as field conditions (strength and
frequencyf*?® When two spheres are connected, however, equal and opposite f6roaswo
ends of the rod keep them from moving relative to each other, so that the rigid dumbbell moves

with a velocityU .
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U U, FIBSR U, FI6 St (6.2)

where R, and R; are radii of sphere A and B respectively akt$ the solvenviscosity. Solving
F from Eqg. 6.2, we obtain
U UgRy UsR /(R R) (6.3)
Although the dumbbell shown in Fig. 6.7a is different from our tangentiallghing
dimers, their propulsion behavior should be perturbatively similar. This simple model allows us

to predict and validate the propulsion behavior of a dimer based ordihielual EHD velocities

surrounding its constituent spheres. For example, Egn@iBates that symmetric dimers with
identical lobes R, R;) do not propel becaud¢, U;, regardless of the EHD flow direction.

For asymmetric dimers, when the EHD flow are either repulsive or attractive for both spheres,
U, and U, are in opposite signs but of different magnitudes. The overall velocity and
propulsion direction will depend on the quantitative value® g®, andU,R;, which we will
discuss later. When the EHD flow surrounding one lobe is attractive while the other is repulsive,
both U, and U; point to the same direction and Eq. 6.3 can predict the dimer propulsion
direction. For example, as illustrated in Fig. 6.7b, a hybrid dimer made of polystyrene and silica
spheres shouldropel with the silica lobe facing forward, since we have demonstrated previously
that the EHD flow is repulsive surrounding a polystyrene sphere and attractive surrounding a
silica sphere. To test this predictionewnake hybrid dimers from 2 um silica and 2 pm
polystyrene spheres with similar zeta potentials (-67 mV and -56 mV), i.e., the S {0,

dimer. The more "transparent” lobe is silica because of its smaller refractive index (1.46) than
polystyrene (1.59). As our dumbbell model predicts, RiSsilica dimers propel withits silica

lobe facing forward and its propulsion velocity decreagi#s increasing frequency (Fig. 6.7c).
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Interestingly, we happen to observe a dimewimch silica and polystyrene spheres are linked by
a long thread (it might be a dust). Thisner closely resemble our dumbbell model in Fig. 6.7a
and it moves in the same way @asr tangentially touching dimers. This further supports our
simple dumbbell model. When immobilizing the PS-Sfimer on substrate, we confirm that
tracers are attracted towards the Siéhbe and ejected away from the PS lobe. As a result, they
aresurrounded by a concentration and a depletion zone, respectively (Fig. 6.7d). Thbrefore,
the hybrid dimer propulsion direction and EHD flow profiles are consistentthatitonceptual

model in Fig. 6.7b.

To quantitatively predict the propulsion velocity, one needs detailed informaitidn,

andU; in Eqg. 6.3, which can be estimated based on a scaling law lfrerature and our
previous publicatioR®?°

2 EDK"N 3r/R

- 5/2
1 £ Z 21Pf/R22

U ZR ~ HE (6.4)

where A is the Debye lengthD is the ion diffusivity, £ B/ D, andr is the
distance from the particle center line to the point where the EHD flow is evallfated the
imaginary part of the polarization coefficient, which can be calculated analyticallg baghe
Dukhin-Shilov model*®®* for /R 1. By substitutingR, 1pm, R, 1.5um,r R, R,,
and all other relevarmgarameters into Eq. 6.4, we can calculate the EHD velocities of individual
2um and 3pm silica spheres in™M KCI solution, i.e.,U, andU;, which are shown in Fig.
6.8. The EHD flow originated from the sphere A (2um) pulls sphere B (3um) towards left.
Therefore,U , is negative. Correspondinglyl; is positive because sphere B pulls sphere A

towards the right. The overall propulsion velocity of the 2-3um SiO2 dunean then be
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calculated by Eq. 6.3. As can be seen clearly in Fig. 6.8, it well matchesgbemental data,

especially considering there is no single fitting parameter in these plots.

Figure 6.8 Calculated EHD velocities originated from individual 2um (A) and 3um (B) silica
spheres at 13 )y and in10> M KClI solution. From which, the overall propulsion velodityis
estimated (black line) and compared with experimental data (solid squares).

Our results so far have demonstrated that a dimer with asymmetric properties in geometry
or composition can propel as long as the surrounding EHD flow is unbalanced. Other types of
asymmetry could influence the EHD flow too. For example, our calculation based on the
standard electrokinetic mod&khows that EHD flow (Fig. 6.9) is attractive for particles with a
low zeta potential and repulsive for a high zeta potential, which also agrees with previous

observation that polystyrene spheres with low zeta potentials aggregated into close-packed arrays

but not with high zeta potentials.
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Figure 6.9 (a) and (b): The streamlines for EHD flow surrounding 2 um polystyrene sphere with
high (/ -70mV) and low zeta potentials/( -20mV). (c) and (d): The corresponding radial

velocity evaluated along the line that is parallel to the substrate and passes the particle center (at
1,000 Hz and 10 »).

Based on this and Eg. (2), one can predict that a dimer with asymmetric distribution in
zeta potentials should propel with its low-zeta-potential lobe facing forward. We therefore make
polystyrene dimers that are symmetric in both geometry (2um) and chemical composition but

asymmetric in zeta potentials (-20mV and -70mV, see 6.2.1 for details). To distinguish two
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lobes, one of them (-70mV) is fluorescently label€His results is again consistent with the
prediction based on Eqg. 6.8/e further show that, based on tracer experiments, the EHD flow
surrounding the fluorescently labeled high-zeta-potential lobe is repulsive, while the other lobe
generates an attractive flow (Fig. 6.10). Both the propulsion and tracer experiments further

validate our understanding.

Figure 6.10An overlap of bright-field and fluorescent microscopy images shows the distribution
of tracers surrounding a 2-2um polystyrene dimers with different zeta potentials. The bright
(fluorescent) lobe has zeta potential of -70 mV and the dark lobe is -20 mV. Other properties on
two lobes are identical. The arrow indicates the dimer's propulsion direction. Scale bar: 2um.
6.3  Conclusion

In conclusion, we have discovered lateral propulsion of dielectric dimers in directions
that are perpendicular to the applied AC electric field. We provide comprehensive evidence to
show that asymmetric properties in geometry, composition, and surface charge can all influence
the EHD flow surrounding two sides of the particles differently in both flow direction and

magnitude. Such a difference results in an unbalanced EHD flow surrounding asymmetric

particles and induces particle motion. Based on a simple dumbbell model, a scaling law, and
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detailed electrokinetic calculation, we can predict both the propulsion direction and speed of
dimers quantitatively, which are also validated by our experiments for different types of
asymmetric dimers. The propulsion mechanism revealed here is not limited to colloidal dimers
and should be universal for other types of asymmetric particles. Such knowledge is important for
both building intelligent colloidal robots and studying the out-of-equilibrium behavior of active
matter.
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CHAPTER 7
SUMMARY AND OUTLOOK
7.1 Summary

Previous studies on the assembly of colloidal particles suffer from limited structures
using isotropic spheres, have difficulty in tuning interactions between particles, and lack
systematic investigation on the impacts of anisotropies on assembly. In our studies, we employ
external electric field to assemble anisotropic colloidal particles. External electric field can not
only precisely tune both the strength and effective range of colloidal interactions over several
orders of magnitude, but can also induce anisotropic interactions even on isotropic spheres. For
instance, anisotropic dipolar and dielectrophoretic interactions are exerted on isotropic spheres
by electric field within a previously unexplored experimental regime. The competition and
balance between dipolar, dielectrophoretic, and double layer interactions bring the formation of
colloidal oligomers ranging from trimers, tetramers, to nonamers. Moreover, the oligomers
SRVVHVV IOH[LEOH ERQGV ZKLFK HQDEOH WKH ORZ 2PROHFX
and assemble into higher order structures. As the exerted anisotropic interactions depend on the
physical nature of the particles, our method provides a potentially feasible and productive way to
make colloidal molecules using simple isotropic particles.

We then further add anisotropy and create more diversified colloidal interactions by using
colloidal dimers. These particles, whose differences in surface functionality, geometric size, and
bond length can be tuned conveniently, are excellent candidates for systematic investigation on
the impacts of individual type of anisotropy on particle assembly. For colloidal dimers with
symmetric lobes, the orientation of individual particle depends on frequency, its ramping

direction, and salt concentration. The competition and balance between the hydrodynamic and
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electrostatic interactions control the aggregation and orientation of dimers in an ensemble. As a
result, various types of phases including L-L, L-S, S-L, and S-S (where the first letter represents
the orientation of particle within the assembly and the latter for individual particle far away from
the assembly) have been observed. In particular, the formation of close-packed crystals of
standing dimers, i.e., the S-S crystal, is an important step towards the fabrication of three-
dimensional photonic crystals based on dimer patrticles.

Dimers with asymmetric lobe sizes can assemble into much more diversified structures in
two different frequency regimes. At low frequency (500 Hz~2,000Hz), two to four lying dimers
associate with a central standing one and form chiral clusters due to the induced dipolar
interactions between dimers in different orientations. The in-plane dipolar interaction between
lying dimers is repulsive and favors the achiral configuration, while the out-of-plane dipolar
interaction between central standing and surrounding petal dimers is attractive and favors the
chiral arrangement. The competition between these two types of interactions determines the
more energetically favorable configuration. At high frequency (2 kHz~10 kHz), all dimers align
parallel with the external field and assemble into one- and two-dimensional structures which
resemble Ising lattices. The alternating association between dimers with opposite orientations is

caused by a combination of EHD and dipolar interactions. The out-of-plane dipolar interactions

EHWZHHQ ELJ OREHV VRIWHQ WKH RYHUDOO HOHFWURVWDW

dimers. As the interaction is softened and dimers get closer, the EHD attractive interaction
finally assemble them. Our studies reveal a series of orientation-dependent interactions between
anisotropic dimers, which could be potentially exploited for fabrication of metamaterials.

In addition to assembly, we have also discovered new mechanism for the propulsion of

particles with anisotropic properties in geometry, composition, or interface. For dielectric
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dimers, the electrohydrodynamic flow surrounding two lobes can be unbalanced if we tune the
lobe size, chemical composition, and zeta potential differently. Such an unbalanced flow leads to
particle propulsion in a direction that is perpendicular to the direction of the applied field. The
knowledge obtained is important for both building intelligent colloidal robots and studying the
out-of-equilibrium behavior of active matter.
7.2  Outlook
7.2.1 Assembly under geometric confinement

As demonstrated in Chapter 5, the ratio between the hard-core double layer interaction
and the core-softened dipolar interaction is a key factor determining different phases. In addition
to using anisotropic particles, geometric confinement can also be employed to tune this ratio or
equivalently the softness of particles. When patrticles are confined between two close walls, they
can adopt a zig-zag configuration, where the out-of-plane dipolar interaction can soften the
overall interactions. Ostermaet al combined the external magnetic field and geometry
confinement to tune the softness of the spherical particles. Although they obtained new structures
including expanded hexagonal lattices, square lattices, and zigzag chains, the induced-dipolar
interaction is the only dominant interaction. In comparison, the interactions in the electric-field
driven assembly are more diversified, which include the electrohydrodynamic, double-layer, and
dielectrophoretic interactions. In addition, experimental conditions such as ionic concentration,
frequency, field strength, and waveform can all be conveniently tuned. &oalg observed
square, hexagonal, and honeycomb structures assembled from spherical particles under different
degrees of geometric confinement. Although they proposed that the EHD flow would vanish
between two closely separated electrodes, our calculation in Chapter 5 indicates that the EHD

flow can be important, which also induces the propulsion of the assembled zigzag chains.
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Figure 7.1 Assembly of isotropic spheres under geometric confinement and external electric

field. (a) Polystyrene spheres assemble into zig-zag chains, rings, squares, and triangular crystals
which are confined between two closely separated electrodes. (b) The close-packed square
crystal can continuously evolve into an open square and then an open triangular crystal by
increasing the field strength from gMo 11 \f, (at 4 kHz). (c) The two zig-zag blocks

separated by an anchored patrticle (red) within a linear chain can swing periodically under AC
electric fields (12 ¥, and 4 kHz). (d) Spheres assemble into triangular and square crystals,
depending on different particle concentrations (}and 5 kHz). In the regime between these

two phases, the spheres show a potential to form quasicrystals.
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We conduct some preliminary experiments on the assembly of polystyrene spheres (4pum)
between two closely separated electrodes (10 um in spacing). In contrast to forming linear chains
along with the external field (when the geometry confinement is not present), the particles
assemble into two dimensional zig-zag structures including chains, rings, square, and hexagons
as shown in Figure 7.1a. Moreover, the structures can be dynamically changed by therying
external field strength. For example, Figure 7.1b shows that the close-packed square crystals
continuously evolve into open squares and then triangular crystals. Field frequency can tune the
SDUWLFOHang chargevieHagsémbled structures too. Moreover, the structures are not
static. We observe that the zigzag chains can swing surrounding an anchor point at low
frequencies (4 kHz), which indicates the impact of electrohydrodynamic flow (Figure 7.1c).

The formation of the above zigzag structures is probably due to the much softened overall
interaction resulting from the out-of-plane dipolar interaction. When the repulsion between
particles on the same focus plane is reduced, these two particles can get closer by pushing one
out-of-plane. To better understand the mechanism of this assembly we need to study the specific
impacts of dipolar and EHD interaction. On one hand, for the dipolar interaction alone, we can
change the solvent from water to DMSO, which is less polar than water so that the EHD flow
can be safely neglected. On the other hand, we can increase the ionic strength of the aqueous
solution to increase the EHD flow and weaken the dipolar interaction (due to the screening
effect). As shown in Figure 7.1c, the motion of the zigzag chain could arise from an unbalanced
EHD flow surrounding it. To test this hypothesis, we can use similar method as proposed above
to eliminate the EHD flow and test whether the motion still persists. Alternatively, the EHD flow
can be possibly eliminated by coating a thick dielectric (e.g., silica) layer on ITO sifee.

confirming that the EHD flow contributes to the chain motion, we can further investigate the
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velocity dependence on both field strength and frequency. For current experiments, the
distribution of the particles on either the top or bottom substrate is random. In future, a mixture
of polystyrene (=1.05) and silica sphered=2.6) can be used and the density of the solvent can

be tuned to a value between them. In this way, we can control the number density for each kind
of particles on the top and bottom electrodes precisely, which facilitates the manipulation of the
assemble structures. As the EHD flow on silica particles can be very different fromnthat o
polystyrene particles, the zig-zag chains could also bring more complex motion than chains made
of polystyrene spheres only.

We also conduct some experiments with high particle concentrations under geometry
confinement. They assemble into large area of crystals shown in Figure 7.1d. Since the local
particle concentrations are not uniform on the substrate, square and triangular crystals coexist in
different areas. In the area where there is a mixture of square and triangular configurations, we
observe a so-called sigma lattice, which is approximant to the dodecagonal quasicriystal.
future studies, the local particles concentrations should be more precisely controlled which is
important for the systematic investigation on the relationship between particles concentration and
the assembled structures. A mixture of particles with anisotropic (geometric or surface)
properties can also be used, since lacowllal theoretically predicted that the particles with
various shapes or sizes can be potentially assembled into quasicrystals rather than periodic close-
packed crystalS.

7.2.2 Assembly of spherical particles with different sizes

The Clausis-Mossotti constant that determines particle polarizability is a complex

function of the permittivity and conductivity of both particles and solvent, as well as external

field frequency. Therefore, it is possible to tailor colloidal interactions by choosing binary
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mixtures of spheres so that 4 2, where thetand Hsare the complex permittivities of

particles 1 and 2, andis the complex permittivity of the solvent. The dipole moments of these
two types of particles will be opposite. For example, Risteraiaat obtained triangular and
square-packed arrays by using a mixture of silica and polystyrene spheres (with idewtsyal siz
within a certain frequency regime, where two types of spheres have dipole moments in opposite
directions. The similar strategy can be applied to the magnetic-field directed assembly too. Khall
et af observed more than twenty structures formed by a mixture of magnetic and non-magnetic
beads. Although the above studies provide a feasible way to tune particle-particle interactions, it
is sometimes difficult to find the particles with appropriate permittivities. Colloidal spheres such
as polystyrene and silica can be synthesized with uniform surface properties over a wide size
range. The particle size plays an important role in determining polarizability, since the diffusion
of ions within Debye layer along the particle surface is sensitively dependent to particle size.
Moreover, bigger particles can bring a secondary geometry confinement and more diversified
interactions between particles. Therefore, the assembly of binary sized particles can open another
route towards building colloidal molecules and functional materials.

Our preliminary results show that large and small polystyrene spheres associate into
small clusters that well mimic different types of molecules. As shown in Figure 7.2a, one small
sphere associates with one big sphere to form a dimer, which resembles the HF molecule. The
"di-atomic molecule" can also accommodate another one to form a water-like "molecule”. If the
small particle is in the center, the bond changes to 180° and the new "tri-atomic molecule" is like
carbon oxide. In addition to changing size ratios, field frequency can also be varied to control

both coordination number and bond angles. As shown in Figure 7.2b, fflear®l 4 #n

polystyrene spheres can assemble with 4:1, 3:1, 2:1 ratios and the bond length decreases with an
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increasing frequency. While in Figure 7.2c, the coordination number betwébant 4 #n

polystyrene spheres can increase from six to nine by increasing frequency. The formation of

these structures is probably due to the balance between EHD and dipolar interactions.

Figure 7.2 Assembly of isotropic spheres with different sizes. (a) Spherical particles with
different sizes can assemble into dimers and trimers with different bond angles, which resemble
molecules HF, KO, and CQ. (b) 2 fhand 4 polystyrene spheres assemble into pentamers,

tetramers, and trimers. The bond length decreases with increasing frequency or decreasing
voltage. (c) The coordination number betweeffand 4 Aincreases with increasing

frequency. (d) Proposed assembly of the binary mixture of spherical particles with different sizes
between two close electrodes.
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To understand the mechanisms and obtain programmable structures using binary sized
particles, | suggest the following methods and directions. (i) We can further develop the
theoretical model to calculate the overall energies of clusters with different configurations, as a
function of frequency. (i) We also need to investigate the assembly of binary mixtures with
various size ratios to map out the entire phase diagram. (iii) Instead of the using particles with
the same composition, particles of different materials should also be used, since such
combination can bring more directional interaction between particles. (iv) Geometry
confinement can change the balance between different field-induced interactions. For example,
when the spacing between electrodes is comparable to the large particle diameter, the small
particles can experience the confinement resulting from both the electrode and large particles.

More complex structures as shown in Figure 7.2d may be obtained.

7.2.3 Propulsion and assembly of Janus spheres

Collaborated with Dr Yiping Zhao at University of Georgia, we have investigated the
electric-field driven assembly and propulsion of Janus polystyrene spheres coated with a chiral
silver patch, as shown in Figure 73@he spheres assemble into a variety of oligomers with
chiral patches facing inside (Figure 7.3b). Within some of the oligomers, the silver patches are
also arranged into a chiral configuration (Figure 7.3b row 2). Take the chiral tetramers for
example, three particles lie on the substrate with all chiral patches facing inside. These three
particles are closely associated with a sphere which sit on the top of them. Individual Janus
spheres also exhibit ICEP motion towards the uncoated hemisphere at low frequencies. The
chiral clusters can rotate into opposite directions according to their handiness (Figure 7.3b).
Spheres can propel with the metal patch facing forward at high frequencies. The rotation

direction of the chiral clusters will also change accordingly (Figure 7.3c). The above sgsult

181



exciting and encouraging for both understanding the propulsion mechanism and making use of
the assembly. The future research can be focused on the following directions: (i) What does the
EHD flow streamlines look like on spheres with a chiral silver patch? (ii) What is the role of
EHD flow on the formation of chiral clusters? (iii) If we can fix the chiral clusters on substrate
(which will be discussed in the next section), can they interact with light differently according to
their handedness? (iv) What controls the handedness of the chiral clusters, can we change the
chirality by tuning the external field frequency, strength, and waveform? (v) Why does the
metal-dielectric dimers/spheres propel with the metal patches facing forward at high frequency?

Is this induced by the asymmetric EHD flow on the substrate or ICEO flow on particle surface?

Figure 7.3(a) TEM and optical images of the Janus polystyrene spheres coated with a chiral
silver patct? (b) The Janus spheres assemble into symmetric and chiral trimers and tetramers.
The chiral trimers and tetramers rotate according to their handiness. (c) At low frequencies
(below 10 kHz), a single sphere moves towards the polystyrene side and the chiral trimer rotates
clockwise. At high frequencies (10 k Hz), the same sphere propels towards the silver-coated side
and the chiral trimer rotates counterclochkavis
7.2.4 Fixing of the assembled structures permanently

Colloidal molecules with complex structures are promising building blocks for making
functional materials. For example, tetrameric particles can be potentially used to build photonic
crystals with complete band gaps. The synthesis of anisotropic colloidal molecules, especially

with large "molecule weight”, is extremely difficult. Although templated substrates produced by
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lithography can be used to make oligomers with controlled coordination numbers, the process is
tedious, the throughput is low, and the templates lack flexibility. Our method, however, provides
an appealing way to physically assemble particles into colloidal molecules with a variety of
structures. Moreover, the bonding between particles is very flexible, which largely enhances the
tunability of the assembled structures. However, these clusters will disassemble when the electric
field is turned off or the solvent is evaporated. Therefore, we propose several methods that can
potentially fix the colloidal clusters permanently.

(i) The colloidal oligomers assembled from spherical particles can be potentially
harvested by adding polyvinlpyrrolidone (PVP) into the particle solufibifie PVP polymer
chains will be absorbed on the particle surface to decrease its interfacial energy. @umnameli
results show that colloidal chains aligned with the external electric field can be fixed by adding
PVP in solution. This is probably because when particles get closer, the PVP chains can reach
RXW HDFK RWKHU DQG HQWDQJOH ZLWK WKH RQHV RQ RWK
should reveal the optimal PVP concentration and molecular weight. (ii) The clusters can also be
potentially fixed via appropriate surface conjugation. For example, particles can be
functionalized with streptavidin. When they are assembled in a solution with long bis-biotin
polyethylene glycol (biotin-PEG) linkers, the conjugation between streptavidin and biotin can
help fix the clusters permanently. (iii) The thio-ene click reactiocan be employed too. Thiol
modified colloidal particles can be mixed with multifunctional vinyl linkers in the presence of
photo-initiator. After the formation of large amount of desired colloidal clusters under electric
fields, an UV exposure can induce the release of radicals and initiate the reaction between thiol

and olefin. If there are enough linkers between thiol-modified particles, the clusters can be fixed.
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In addition to fixing clusters in solutions, fixing the assembled structures directly onto
substrate could also have significant technological impacts. For example, periodic arrays of
metallic nanoparticles on the top, embedded in, or at the back surface of solar cells have been
proposed as plasmonic structures, which can improve light absorption in photovoltaic Hevices.

In particular, calculations have shown that the size (~100 nm), shape, orientation, and spacing of
nanoparticles are expected to affect light absorption significantly. Large-scale fabrication of
plasmonic nanostructures is a technological challenge because the conventional methods lack
control of the spacing, long-range order, and particle orientation on substrates. Our preliminary
results show that we can combine AC and DC fields together to fix the assembled structures onto
substrate and the structures can be preserved even after solvent evaporation. In this process, the
AC field controls the particle spacing, while DC pulses can induce the electrophoresis of the
particles towards to the substrate. When the electrophoretic flow is stronger than the double layer
repulsion between particle and substrate, particles can be adhered irreversibly to the substrate. In
addition to spherical particles, anisotropic particles such as dimers and rods should also be
investigated, since both shapes and orientations of these particles have significant impacts on

light absorption.
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