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ABSTRACT 
 

While nature self assembles simple building blocks such as atoms and molecules 

into complex structures, achieving similar levels of complexities with synthetic colloidal 

building blocks via self- or directed-assembly is much more difficult. Previous research 

mostly focuses on single component particles and the assembled structures are limited. In 

this thesis we investigate the behavior of a binary mixture of spherical particles with 

different sizes within the full frequency spectrum of AC electric fields. In the frequency 

regime of 10-100 kHz, we observe the formation of three-dimensional small clusters 

ranging from tetramer to decamer, driven by the dipolar attraction between large and 

small particles. Both coordination number and bond lengths of these colloidal molecules 

can be selectively tuned by frequency. These clusters can also be linked by 

polyvinylpyrrolidone and they remain intact after the removal of electric fields. In the 

low frequency regime less than 1 kHz, two-dimensional lattices made up of triangles, 

squares, and pentagons are observed via planar aggregation between large and small 

particles, driven by a strong electrohydrodynamic flow. Furthermore, we have also 

investigated the propulsion of linked linear chains of particles due to an unbalanced 

electrohydrodynamic flow around the chains in the low frequency regime. We find strong 

correlations between bond angles of adjacent particle pairs during chain translation. Our 

findings lay the foundation for a more systematic study of active motion of asymmetric 

colloidal assembly under electric fields. The permanently linked colloidal molecules 

could also be used as new building blocks for assembly in the future.     
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CHAPTER 1 
INTRODUCTION 

 

1.1 Colloidal Molecules: Motivation and Fabrication 

Colloids are critical in our daily life and modern technologies. Among which the 

colloidal molecules, consisting of several particles aggregated into a predefined structure, 

emerge as an important family of the colloidal genome. Unlike real atoms and molecules, 

colloids are large enough for direct observation via conventional optical (bright field or 

fluorescent) microscopy.
1,2

 Because of their ability to mimic the behavior and interactions 

of atoms and molecules,
3
 studying colloidal molecules can shed significant light in 

various important topics in materials science such as crystallization and phase transition. 

It can also help us gain a better insight into the non-covalent organization of atoms and 

molecules so that we can make synthetic materials with exotic properties.  

Assembly of colloidal particles can be achieved via two different ways: self- and 

directed assembly. Self assembly is the spontaneous organization of colloidal particles 

into complex structures without much external control, similar to how natural materials 

form.
4,5

 Self-assembled systems have advantages because they form on their own,  

 

 

 

 
 

 

 

 

Figure 1.1 Examples of colloidal molecules fabricated by chemical synthesis. (a) 

Platinum-polystyrene Janus dimers made via bulk chemical synthesis.
6
 Reprinted with 

permission from Ref [6]. Copyright 2014, American Chemical Society. (b) Close-packed 

colloidal oligomers fabricated via in situ thiol-ene reactions.
7
 Reprinted with permission 

from ref [7]. Copyright 2016, American Chemical Society. 
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however the assembly process is often slow kinetically. Directed assembly, on the other 

hand, utilizes external fields (such as electric, magnetic, optical, or flow fields) to control 

the interactions between different colloidal particles. Directed assembly has advantages 

in that it provides an extensive degree of control over of the resulting colloidal 

interactions in terms of both strength and effective range.   

Therefore, creating colloidal analogues to molecular systems is typically achieved 

via chemical synthesis, self-, and directed assembly. For example, Wang et al. recently 

demonstrated large-scale synthesis of platinum-polystyrene Janus dimers with tunable 

lobe size ratios.
6
 The resulting particles possess combined anisotropic properties in 

geometry, surface functionality, and chemical composition. Synthesis of colloidal 

molecules of with varying coordination numbers is also possible. Figure 1b shows 

reconstructed confocal images of microgel clusters.
7
 Poly(N-isopropylacrylamide) 

(PNIPAM) colloids were first synthesized via radical precipitation polymerization and 

then EDC coupling was used to introduce surface vinyl and thiol groups. A mixed 

dispersion of vinyl and thiol functionalized particles resulted in the self-assembly of 

microgel clusters composed of one vinyl-PNIPAM particle surrounded by twelve thiol-

PNIPAM particles. 

Self- and directed assembly allows for more control over the constituent 

composition and three-dimensional conformation. Kirillova et al. recently reported the 

controlled assembly of oppositely charged Janus particles into colloidal molecules as 

shown in Figure 2a.
8
 Homogeneous silica particles were first synthesized and then 

partially polymerized with carboxy terminated poly(lauryl methacrylate) by a wax-water 

pickering emulsion. The colloidal molecules were then formed by mixing different ratios 
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of the polymerized Janus particles with homogeneously decorated polyacrylic acid 

particles. An example of directed assembly is colloidal molecules formed under AC 

electric fields. For example, when a suspension of isotropic polystyrene spheres is subject 

to an electric field that is perpendicular to the substrate, the particles aggregate into small 

clusters.
9
 Shown in Fig. 2b, a large class of colloidal molecules can be formed in a  

Figure 1.2 Directed assembly of colloidal molecules via (a) oppositely charged Janus 

particles through electrostatic interactions
8
 and (b) isotropic colloidal spheres under AC 

electric fields.
9
 Reprinted with permission from ref [9]. Copyright 2016, Royal Society of 

Chemistry. Reprinted with permission from ref [8]. Copyright 2013, American Chemical 

Society. 
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way similar to molecular reactions by varying the applied field conditions (e.g., 

frequency). This research opened the door for large-scale and controllable colloidal 

molecule formation. The resulting clusters, however, lacked complexity and 

disassembled once the external field was removed, thereby preventing further studies on 

these novel building blocks. Potentially, starting with more complex colloidal systems 

(such as binary mixture of spherical particles) might offer advantages in being able to 

better tune and control the inter-particle interactions and therefore the resulting structures. 

This is the main focus of this thesis, in which we report the behavior of binary component 

colloidal systems for the assembly of colloidal molecules and crystalline structures. In 

addition, we have also tried to fix the assembled colloidal molecules so that they remain 

intact upon the removal of the applied electric fields. In the following, we review relevant 

colloidal interactions that are responsible for particle assembly under AC electric fields.    

1.2 Relevant Colloidal Interactions  

1.2.1 The DLVO Theory 

 

 The most important interactions governing stability of colloidal suspension are 

van der Waals and double-layer interactions. Together these interactions are 

encompassed in DLVO theory named after Boris Derjaguin, Lev Landau
10

, Evert 

Verwey, and Theodoor Overbeek.
11

 The van der Waals force is composed of different 

components including the charge-fluctuation force, London force, and induced dipole-

induced dipole force. For homogeneous system in which similar particles are suspended 

in a common solvent, the van der Waals force is attractive and can lead to irreversible 

particle aggregation. In general, the van der Waals force is dominant at short ranges,  
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Figure 1.3 A schematic of the key components that makeup DLVO theory. (a) The 

double layer formed around a colloidal particle in solution. (b) Ion concentration as a 

function of distance from particle surface. (c) The total interaction potential formed from 

the electrical double layer and van der Waals interactions that make up DLVO theory.  

(d) and (e) demonstrate how ion concentration and particle size influence the total 

interaction potential.  

 

typically a few nanometers. Colloidal particles typically have functionalized surfaces that  

become charged when dispersed in water. A double layer arises from counter-ions in 

solution forming a layer around the surface of the particle due to the electrostatic 

attraction of the opposite surface charges. When two colloidal particles become close 

enough these counter-ion clouds begin to overlap, creating a double layer interaction. The 

length scale to which this interaction is important is called the Debye length. Depending 

on the ion concentration, the double-layer interaction can be relatively long range. If 

particles are charged similarly, it is repulsive and stabilizes the colloidal solution. The 

DLVO interaction for a typical colloidal system is shown in Fig. 3. (add the figure)  

1.2.2 Dipolar Force 

 Application of an electric field results in an induced dipole in each of the particles 

in solution.
12–14

 From a much simplified viewpoint, the dipoles are induced because of 

charge separation under the application of electric field. Therefore, the dipolar interaction 
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between two particles depends on the angle between the center-to-center line of particles 

and the applied field. For particles aligned perpendicularly to the field, the dipolar 

interaction is repulsive (Fig. 4). A strong attractive force exists if particles align parallel.  

 

Figure 1.4 The electric dipolar interaction between two particles depends on the angle 

between the center-to-center line of particles and the field direction. Attraction occurs 

when particles align parallel with the field while repulsion occurs when the particles are 

aligned perpendicularly.  

 

For particles suspended in a polar solvent (e.g., water) with the presence of 

mobile ions, the polarization mechanisms are much more complicated. The dipoles are 

induced primarily because of ions in solution migrating along the particle surface or 

across the Debye layer in response to the externally applied field. Correspondingly, there 

are two major polarization mechanisms at low and high frequency regimes, respectively: 

the α or Low Frequency Dielectric Dispersion (LFDD) and the δ or Maxwell–Wagner–

O'Konski (MWO) relaxation.
15–17

 As shown in Figure 5, at low frequencies, ions migrate 

along the particle surface, which results in a concentration gradient around the particle 

surface and creates an unbalanced double layer thickness. This phenomenon is known as 

concentration polarization which gives rise to a positive dipole moment. The ion 

migration has a characteristic time scale of 
2

1
/a Dτ ≈  where a  is the particle radius and 

D  is the ion diffusion coefficient.
15

 For a particle of 1 µm in radius, 
1

1/τ  is around 2 
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kHz. When the frequency becomes much larger than 
1

1/τ , ions do not have enough time 

to move along the particle surface and the primary polarization is caused by the ions 

moving in and out of the double layer in response to the applied field. This higher 

frequency regime is characterized by the Maxwell-Wagner dielectric dispersion time 

scale ( )
2

1

2
/Dτ κ −= , where 1κ −  is the Debye length. For a Debye length of 100 nm, 

2
1/τ  is around 200 kHz. At sufficiently high frequencies (>1-10 MHz), the polarization 

of particles is controlled by the difference of permittivities between particle and solvent. 

For polystyrene particles ( p
ε ~2.6) dispersed in water (

w
ε ~78), the real part of the 

polarization coefficient asymptotes to -0.5. Representative plots of the polarization 

coefficients as function of frequency can be seen in Fig. 7 in Chapter 2.    

 

 

 

 

 

 

 

 

 

 

Figure 1.5 A schematic of ion fluxes around a charged particle in response to an 

externally applied electric field. As frequency increases, the polarization mechanism 

changes from LFDD to MWO relaxation (a-c).
16

 Reprinted with permission from ref [16]. 

Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA.  

 

1.2.3 Electrohydrodynamic Interaction  

 When particles are close to a conducting substrate, applying a perpendicular field 

can result in lateral aggregation of particles, despite the double-layer and dipolar 

repulsion between them.
18–20

 Ristenpart et al showed the existence of an 
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electrohydrodynamic (EHD) flow surrounding one particle, which attracted neighboring 

particles and led to the formation of two-dimensional close-packed crystals (Fig. 5a).
21

 

This EHD flow arises because the application of an electric field results in a 

concentration polarization layer near the electrode, inducing excess mobile ions. The 

field also polarizes the particle and the induced dipole generates a localized electric field. 

The tangential component of this field acts on excess ions near the electrode and induces 

the EHD flow, which is proportional to the field strength squared and inversely 

proportional to frequency.    

 

Figure 1.6 Electrohydrodynamic flow around (a) a colloidal sphere adjacent to a 

conducting substrate (i.e., the electrode)
22

 and (b) a metallodielectric dimer in bulk. In 

both cases, the applied AC electric field is in the vertical direction.
6
 Reprinted with 

permission from ref [21]. Copyright 2014, Langmuir. Reprinted with permission from ref 

[6]. Copyright 2014, American Chemical Society. 

 

In the last decade, researchers have been working to better understand the 

governing mechanisms behind EHD flow and colloidal particle aggregation. For 

example, the model developed by Ristenpart failed to capture the puzzling observation 

that the particle aggregation rate varies significantly in different electrolyte solutions.
22

 

At high pH, particles were even segregated from each other. Woehl et al. observed that 

the EHD flow, hence particle aggregation rate, is negatively correlated to magnitude of 
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particle zeta potential, which is typically higher in a basic solution.
22

 More detailed 

modeling to capture this effect, however, remains elusive. Previous research has 

exploited the EHD interaction to create ordered colloidal crystals,
23–25

 binary component 

superlattices,
26,27

 and pseudo two-dimensional aggregates.
28

 More recently, Dutcher et al. 

discovered lattice structure dependence on applied frequency,
29

 based on which one can 

anneal the system by repeatedly applying and removing the electric field thereby to 

remove grain boundaries and form a uniform hexagonal lattice.  

 Although the EHD flow is axisymmetric for spherical particles, it will be 

unbalanced if the particle symmetry is broken. As a result, individual particles will move 

in a direction that is perpendicular to the applied field. For example, Wang et al. recently 

demonstrated that anisotropic platinum-polystyrene Janus dimers propel under a low-

frequency electric field (Fig. 5b).
6
 Since the platinum-coated lobe is conducting and 

polarizable, a strong electrohydrodynamic flow develops. The EHD flow on the 

polystyrene lobe is, however, small because of its dielectric nature. The particle, 

therefore, propels towards its polystyrene lobe. This research opens an exciting area that 

exploits the unbalanced EHD flow for active motion of colloidal systems.  

1.3 Scientific Significance  

Dipolar interactions and electrohydrodynamic (EHD) flow are competitive 

interactions, because the induced dipoles typically result in a repulsion between two 

adjacent particles if they are located at the same plane. While the EHD flow entrain 

neighboring particles causing them to aggregate together. Dipolar interactions favor 

particle stacking vertically to align their induced dipoles with the field, while EHD flow 

favors particle aggregation in the plane that is perpendicular to the field.  By carefully 
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tuning the applied electric field conditions, we should be able to exploit these forces to 

control colloidal behaviors and assemblies.  

In nature, crystalline lattices are periodic and well-defined structures assembled 

through complex atomic and molecular interactions. Bottom-up assembly of colloidal 

particles can be used to create synthetic crystalline lattices, but it is currently limited by 

the type and range of interactions we are able to manipulate. By creating more complex 

building blocks such as colloidal molecules, we can better control the unit cell structure 

for the resulting lattice formation. Therefore studying these systems could potentially 

provide a deeper insight into the underlying mechanisms that govern the formation of 

materials. Furthermore, it would open the door to creating synthetic analogues for 

applications in novel photonic, electric, or magnetic materials. 

Aside from colloidal assembly, the complex shape and composition of colloidal 

molecules allows one to investigate the propulsion of individual assembly and their 

collective behavior to better mimic motile bacteria in low Reynolds number flow. 

Controlled motion of micro-objects in fluid is a key ingredient in many modern 

technologies ranging from targeted drug delivery to miniaturized surgeons.  

1.4 Summary 

 Applying electric fields to colloidal suspension can result in various kinds of 

intriguing phenomena. By exploiting both dipolar and electrohydrodynamic interactions 

and controlling their relative magnitudes one can obtain complex and sometimes exotic 

structures. Understanding the underlying physical interactions and mechanisms for 

assembly is important not only for scientific advancement but for potential technological 

applications of the assemblies.  
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 In this thesis, we primarily focus on exploring different electric field conditions to 

form different kinds of colloidal molecules from simple building blocks of spherical 

particles. More specifically, in Chapter 2 we will report the assembly of colloidal 

oligomers from a binary mixture of colloidal spheres with different sizes, driven by 

dipolar interactions at relatively high frequencies (tens of kilohertz). Chapter 3 focuses on 

the formation of crystalline lattices, again from binary sphere mixtures, driven by an 

EHD interaction at the sub-kilohertz regime. In addition, we will discuss our recent 

efforts in forming linked colloidal chains and their active motion under unbalanced EHD 

flow. Chapter 4 summarizes our key findings and proposes future directions.   
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CHAPTER 2 
COLLOIDAL MOLECULES ASSEMBLED FROM BINARY SPHERES UNDER AN 

AC ELECTRIC FIELD 

 

2.1 Abstract 

Colloidal particles are often used as analogues for simple atoms and molecules, 

however these systems typically lack the complexities present in their counterparts. Here 

we report the assembly of colloidal molecules from a binary mixture of polystyrene 

spheres (1, 1.6, 2, and 4 µm) under an alternating current electric field. The assembled 

oligomers typically consist of a large sphere in the center and a number of smaller 

satellite spheres surrounding the large one in a close-packed configuration. In deionized 

water, the number of satellite particles (i.e., the coordination number) increases with 

increasing size ratio of the constituent particles. For a size ratio, the coordination number 

decreases with increasing frequency of the applied field. These trends can be correctly 

captured by computing the electrostatic energy of the systems based on induced dipolar 

and double-layer interactions. By suspending the particles in polyvinylpyrrolidone 

aqueous solution, we can further tune the bond length of the oligomers independently 

from their coordination numbers. The addition of polyvinylpyrrolidone also allows us to 

fix the assembled colloidal molecules permanently so that they remain intact after the 

electric field is turned off. Our method provides a robust way to produce a family of 

colloidal molecules with controllable geometry. 

2.2 Introduction 

Colloidal dispersions plays an important role in advanced materials ranging from 

electronic displays to drug delivery. In addition, they are excellent model systems due to 
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their ability to mimic the non-covalent assembly of atoms and molecules via a wide range 

of inter-particle interactions.
1-6

 The investigation of assembly of colloidal particles into 

ordered structures allows us to better understand fundamental questions in materials 

science such as crystallization and phase transition.
7-14

  

Although spherical particles are still the primary systems under investigation, 

interest is rising towards using non-spherical particles
15-18

 or particles with anisotropic 

surface properties.
19-22

 Those systems bring additional complexities that are important for 

either better control of the interactions required for complex structures or for probing new 

scientific questions. Among which the controlled aggregation of a small number of 

particles into clusters, i.e., the colloidal molecules, is of particular interest. For example, 

recent experimental studies of the self-assembly of anisotropic particles have shown 

complex phenomena. This includes kagome lattices formed from triblock colloids,
23

 

clusters of dimpled particles ranging from linear to tetrahedral,
24

 and multivalent 

colloids.
25

 In general, self-assembly can be induced by careful control of hydrophobic 

interaction,
26

 depletion force,
12, 24, 27

 elastic force,
28

 or DNA hybridization.
29

 

In order to better control the type, strength, and range colloidal interactions, 

external fields are often used. As a result, colloidal molecules with greater sizes and more 

complex symmetries become possible. For example, magnetic fields have been applied to 

both superparamagnetic and non-magnetic particles, enabling the formation of diversified 

types of discrete clusters.
30-32

 Specifically, Granick et al. formed chiral clusters of 

metallodielectric Janus and silica particles in rotating magnetic fields.
33

 Previously we 

assembled a variety of colloidal molecules from isotropic spherical particles using AC 

electric fields.
34

 The anisotropic nature of dipolar interactions leads to the formation of a 
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number of oligomers via different pathways that resemble molecular reactions. This 

assembly process was physically driven. It was advantageous in that higher order 

structures can be made from a wide range of simple building blocks with different 

chemical properties. The distribution of colloidal molecules, however, is broad. They also 

lacked the complexity of real molecules, which often consist of atoms of different sizes. 

Moreover, the oligomers will disassemble upon the removal of external fields, which 

prevents their applications as new building blocks for making functional materials.    

In this paper, we extend our previous method and report the assembly from a 

binary mixture of spherical particles of different sizes, which allows us to make a family 

of colloidal molecules with selective molecular weights and well-controlled 

conformations. Furthermore, by suspending the particles in polyvinylpyrrolidone (PVP) 

solution, we are able to tune the bond length of an oligomer continuously and 

permanently fix the fabricated colloidal molecules, which remain intact after the electric 

field is turned off.  

2.3 Materials and Methods  

 Polyvinylpyrrolidone (Mw = 360,000) was purchased from Sigma-Aldrich. 

Polystyrene microspheres of 1, 1.6, 2, and 4 µm in diameters were purchased from 

Sigma-Aldrich. Before use they were cleaned 5-30 minutes by centrifugation and re-

dispersed in deionized (DI) water three times. Indium tin oxide (ITO) glass slides were 

bought from Sigma-Aldrich. They were first sonicated in acetone and isopropanol for 10 

minutes each and then exposed in oxygen plasma for another two minutes. Finally they 

were sonicated in a solution of 5 mg/ml poly(sodium 4-styrenesulfonate) (PSS) and 0.5 

M potassium chloride (KCl) for 10 minutes and then rinsed with deionized water. Our 
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experimental setup (Fig. 1) consisted of two ITO glass slides as electrodes, which were 

separated by a 25 µm polyester film as an insulating spacer. An aqueous suspension of 

polystyrene microspheres of two different diameters was sandwiched between two 

electrodes. An alternating current electric field was applied across them using a function 

generator (RTGOL DG 1022) and images were taken with a CCD camera (Retiga 

2000R). The particles' zeta potentials were calculated
35

 from the mobility measurement in 

DI water using a Zetasizer (Brookhaven 90Plus PALS). They are -53±2.4, -42±1.4, -

40±1.8, and -36±1.5 mV for 4, 2, 1.6, and 1 µm particles, respectively. The centroids of 

each particle in an oligomer were identified by ImageJ,
36

 from which the bond lengths, 

i.e., the projected distances between the central particle and neighboring petals were 

calculated.  

2.4 Results and Discussion 

2.4.1 Formation of Colloidal Molecules 

 
Figure 2.1 Experimental setup for the assembly of binary spheres into colloidal 

molecules between two electrodes. 

ITO Electrode 

ITO Electrode 

~ 
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Figure 2.2 (a) Optical image of colloidal molecules formed by 1.6 and 4 µm particles 

under an AC electric field ( kHz and p
V =7.5 V). Scale bar: 25µm. (b) The 

measured bond length (blue circle), i.e., the projected center-to-center distance between 

large and small particles, for different oligomers. Also shown are the calculated bond 

lengths for two possible conformations (green squares and red triangles). (c) The size 

distribution of assembled colloidal molecules. Inset images show both three-dimensional 

schematics and optical images of representative oligomers with different "molecular 

weights".  

 

We first studied the colloidal molecules assembled by a mixture of 1.6 and 4 µm 

spheres under a perpendicularly applied AC electric field. We allowed all particles to 

40ω =
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settle on the bottom electrode for ~10 minutes. An AC electric field of 0.5 Vp (peak 

voltage) and 1 kHz was then applied. We slowly increased the voltage until it reached a 

potential of 7.5 Vp. It was then kept constant while frequency was slowly increased by 2 

kHz intervals approximately every 60 seconds, long enough for the particles to reach 

steady state between each frequency change. Fig. 2a shows a large field of view of the 

colloidal molecules at 40 kHz. The number ratio of small to large particles is chosen to be 

large so that every 4 µm sphere is surrounded by a sufficient number of 1.6 µm particles 

and the obtained oligomers are in principle at thermodynamic equilibrium. To probe 

three-dimensional conformation of the observed oligomers, we measure the center-to-

center distance, i.e., the bond length, between small and large particles projected on the 

substrate for different oligomers, as plotted in Fig. 2b. Also shown in the figure are the 

calculated bond lengths based on a simple geometric relationship for two possible 

conformations where the 1.6 µm particles contact tangentially with the 4 µm particles. In 

one case, both small and large particles rest on the substrate and in another case, the large 

particle is lifted above the smaller particles, which are on the substrate and contact each 

other. Clearly, for all oligomers observed in experiments, the small petal particles rest 

adjacent to the substrate and arrange into a close-packed configuration. The larger 

particle is lifted from the substrate and rests centrally on top of the smaller ones. This 

conformation is also similar to what we have reported before
34

 for one component 

spheres and the observed oligomers are likely driven by the dipolar attractions between 

the larger central particle and smaller petals. As we will show later in the modeling 

section, such attraction is balanced by the dipolar and double-layer repulsions between 

the underlying petals particles, which leaves small separations between all particles. The 
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distribution of oligomers of different "molecular weights", ranging from 4 to 8 petals, is 

reported in Fig. 2c, where pentamers, hexamers, and heptamers are dominant.  

 

Figure 2.3 The frequency dependence of the (a) sizes and (b) bond lengths of oligomers 

assembled by 1.6 and 4 µm spheres. p
V =7.5 V and spacer is 25 µm thick.  

 

 Figure 3a shows the oligomer size distribution as a function of frequency. At each 

frequency, the distribution was determined from approximately 100 oligomers present in 

the field of view. When frequency is below 30 kHz, all particles remain separated on the 

same plane. Oligomers start to form between 30 and 40 kHz. And by 40 kHz oligomer 

formation is complete. Further increase in frequency results in a decrease in the number 

of petal particles in each oligomer, i.e., the coordination number. The distribution of 

colloidal oligomers with different molecular weights varies in each frequency. However, 
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by carefully tuning the frequency we are able to selectively control the dominant type of 

oligomers present. For example, oligomers with 6 or 5 petal particles can be more than 80 

% of the whole population at the appropriate frequency and the 4-petal pentamers 

account 98 % in population at 70 kHz. At even higher frequencies, oligomers start to 

stack into vertical chains spanning two electrodes. Therefore a further decrease in 

coordination number is not observed. Figure 3b shows the change of measured oligomer 

bond length as frequency increases. Clearly, the oligomers preferentially formed close-

packed conformations. The bond length remains almost constant for a specific molecular 

weight until it suddenly drops to the next plateau as one petal particle is released from the 

oligomer and the coordination number decreases.  

 

Figure 2.4 The frequency dependence of the oligomer sizes and bond lengths for (a) and 

(c): a mixture of 1 and 4 µm spheres and (b) and (d): a mixture of 2 and 4 µm spheres. p
V

=7.5 V and the spacer is 25 µm thick.  
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By using binary sphere mixtures of different size ratios, we are able to further 

fine-tune the coordination number of dominant colloidal oligomers. For example, a 

mixture of 1 and 4 µm particles yields oligomers ranging from hexamer to decamer, with 

dominant oligomers possessing 9, 8, and 7 petal particles at different frequencies (Fig. 

4a). While oligomers ranging from trimer to heptamer are observed for a mixture of 2 and 

4 µm particles, as shown in Fig. 4b. The dominant oligomer, however, does not depend 

on frequency sensitively in this system. Tetramers with three petals are preferentially 

formed at all frequencies. Our results shown in Figs. 2-4 demonstrate that oligomers 

ranging from tetramer to decamer can all be selectively produced by tuning both the size 

ratio of particles and frequency. For a given size ratio, the coordination number of 

oligomers decreases with increasing frequency. Figs. 4c and 4d show the change of 

oligomer bond length is also a function of frequency. Overall, it remains constant until 

the coordination number decreases.    

 
 

Figure 2.5 Formation of hierarchal colloidal molecules assembled from 2 and 4 µm 

spheres in DI water (ω =3 kHz and p
V =8 V). (a) Large-field-of-view optical images 

Scale bar: 20 µm. (b) Colloidal molecules of different molecular weights. Scale bar: 5 

µm.   
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Once the oligomers are formed in tens of kilohertz, most of them remain stable 

even after reducing the frequency to the kilohertz regime. Interestingly, we observe a 

second shell of satellite particles aggregating around the already formed oligomers. As 

shown in Fig. 5, both layers have the same number of satellite particles, forming colloidal 

molecules with hierarchical structures.    

2.4.2 Theoretical Model 

Here, we present a theoretical model to calculate the total electrostatic energy of 

colloidal oligomers of different configurations and understand the driving forces behind 

the assembly of them. While there is a lengthy list of possible interactions to include, we 

primarily focus on the dipolar and double layer interactions between particles based on 

our experimental observation. We considered an oligomer that consists of a total number 

of N spherical particles. Each sphere i  at the position 
i
r , has fixed properties of radius 

i
R  

and effective charge 
i
q . The oligomer is suspended in a fluid with a dielectric constantε , 

Debye length 1κ − , viscosityµ , and is subject to an AC electric field applied in the z

direction, i.e., ( ) ( )0
ˆ/

j t

p
V H e

ω=E r z , whereH is the separation between two electrodes 

andω  is frequency. The applied field induces dipoles on each sphere and the 

polarizability of sphere i  is given by 
3

0
4

i i i
R Kα πε ε= , where 

0
ε  is the permittivity of a 

vacuum and the polarization coefficient 
i
K  depends on particle radius, frequency, Debye 

length, and zeta potential 
i

ζ .
37-39

 We calculate 
i
K  using the modified Dukhin-Shilov 

theory.
39

 The dipole on sphere i , 
i
p , is primarily induced by both the applied field and 

fields generated by dipoles of neighboring particles,  
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( )0 ,( ) ( )i i i i ind j i

j i

α
≠

 
= + 

 
∑p r E r E r       (2.1) 

where ( ), ( ) ( )ind j i i j j j= − ⋅E r T r r p r  is the field generated by the induced dipole  j. Here 

the kernel for the dipole field is given by ( )
3

0( ) 3 / 4πεε= −T r rr I r . It is noted that the 

dipoles expressed in Eq. (1) are complex numbers, indicating a possible phase lag behind 

the applied field. For simplification, we neglect the additional field generated by surface 

charge of each particle, which contributes an additional but static dipole. Since induced 

dipoles interact mutually and respond to local electric fields, we need to solve for them 

self-consistently. For a given spatial configuration of particles, the induced dipoles can be 

calculated from a system of linear equations for ( )
i i
p r   

 ( )0( )
i i ij j

j

= ⋅∑p r A E r                                                             (2.2) 

where ( )( )
1

1
1

ij i ij i j ij
α δ δ

−
− = − − − A T r r  is a collective polarizability tensor for the entire 

system of colloidal spheres.  

Once 
i
p  is obtained, the electrostatic energy 

e
U  for the system of oligomers can 

then be written  

  { }( ) { }( ) { }( ); ; ;
e i i SC i i d i i
U U U= +r p r p r p     (2.3) 

We note that the calculated energy needs to be time-averaged over one period of the 

applied field because it oscillates. 
SC

U  includes the charge-applied field and charge-

charge interactions. Again, the dipole-charge interaction is neglected for simplification.  

 { }( ) ( ) ( )0 ,
;SC i i i i i Y j i j

i i j i

U q qψ ψ
>

= + −∑ ∑∑r p r r r    (2.4) 
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where f g⋅  is the mean the time-average. In general, [ ]1/ 2Re *f g f g⋅ = ⋅  and the 

asterisk signifies the complex conjugate. , ( ) /r
Y j j
r q e r

κψ −
=  is the Yukawa-type

40
 double 

layer potential. Since i
q is constant, the first term on the RHS of Eq. (4) is zero over one 

period. The time-averaged energy 
d

U  includes dipole-applied field, dipole-dipole 

interactions, and a harmonic self-energy that corresponds to the assumption of linear 

polarizability, respectively.    

{ }( ) ( ) 1

0

1 1
;

2 2
d i i i i i j j i i i

i i j i i

U α −

≠

= − ⋅ − ⋅ − + ⋅ ⋅∑ ∑∑ ∑r p p E p T r r p p p  (2.5) 

 
 

Figure 2.6 The (a) real and (b) imaginary parts of polarization coefficients of different 

polystyrene spheres used in experiments.  

 

  We first calculate the polarization coefficient of small and large particles using 

all relevant experimental parameters. For example, for a mixture of 1.6 and 4 µm spheres, 
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1
2R = µm, 

2
0.8R = µm, 

1
53ζ = − mV, 

2
40ζ = − mV, 78ε = , 

p
V =7.5 V, 25H = µm, 

and 1
~κ − 130 nm. Fig. 6 shows the real and imaginary parts of the polarization 

coefficient 
i
K for all particles used in our experiments. We note that all ( )Re

i
K  exhibit 

plateaus of different levels at low frequencies (<10 kHz), decrease in the intermediate 

frequency regime (10 kHz 100kHz) and reach a common plateau of -0.5 at high 

frequencies (>10
6
 Hz). Such a feature is consistent with the dominant particle 

polarization mechanisms that we have discussed in Chapter 1. Interestingly, the oligomer 

formation occurs within the intermediate frequency regime where both ( )Re
i
K  and 

Im( )
i
K  vary significantly for particles of different sizes.      

 
Figure 2.7 (a) The total electrostatic, dipolar, and charge-charge energies of pentamers 

with varying bond length at 70 kHz. (b) The total electrostatic energy of heptamers (50 

kHz) and hexamers (60 kHz) with varying bond lengths, respectively. All oligomers are 

formed by 1.6 and 4 µm spheres. p
V =7.5 V and spacer is 25 µm thick. 
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 With the polarization coefficients, we can calculate the dipoles of individual 

particles and the electrostatic energy of colloidal oligomers with different configurations. 

For example, Fig. 7a shows the energy of a pentamer formed by 1.6 and 4 µm spheres at 

70 kHz, where the bond length L varies. The two extreme values of L (
min
L =1.13 µm 

and 
max
L =2.53 µm) correspond to a three-dimensional close-packed pentamer and a two-

dimensional tangentially connected pentamer, as the schematic insets show. For 

illustration, we choose the energy at 
min
L to be zero. The energy curve has a minimum at 

a bond length of ~L 1.27 µm, which is slightly larger than 
min
L . This value is also close 

to experimental measurement of stable pentamers at the same frequency, i.e., ~1.4L µm 

(Fig. 2b). Therefore, our computation confirms that the experimentally observed 

pentamers correspond to the conformation with the minimal energy. Also shown in Fig. 

7a are the most important contributions to the total electrostatic energy, the dipolar 

energy due to dipolar interactions and the charge energy due to double layer interactions. 

Clearly, the dipolar attraction (mostly between the large and small spheres because dipole 

is proportional to particle volume) favors a close-packed configuration, where the center-

to-center line aligns more closely to the external field direction. On the other hand, the 

double-layer repulsion (mostly between small particles) favors a more separated two-

dimensional configuration because their spacing will be larger. It is the competition 

between these two interactions that dictates an energetically stable configuration 

deviating slightly from a close-packed structure. Such configurations are also predicted to 

be stable for oligomers at other frequencies, such as heptamers at 50 kHz and hexamers at 

60 kHz shown in Fig. 7b.  
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2.4.4 Fixing the Assembled Colloidal Molecules  

 

Figure 2.8 (a) Snapshots of a PVP-linked colloidal tetramer (formed by 2 and 4 µm 

spheres) under Brownian motion. Scale bar: 5 µm. (b) Change of the bond length of 

colloidal tetramers in 1 wt% PVP solution by varying frequency. The field strength is 

kept constant, i.e., 
5

1.1 10
rms
E = ×  V/m).  

 

 Although we have assembled a wide range of colloidal molecules using an 

electric field, they will disassemble once the field is turned off. This would prevent their 

applications as new building blocks for making functional materials. Previous research 

has shown that PVP-grafted polystyrene beads can form linked colloidal chains under the 

presence of both an electric field and heat.
41

 It was believed that PVP polymers entangled 

with each other and acted as linkers between the beads. We applied a similar strategy to 

fix the assembled structures. We suspended 2 and 4 µm particles in 1 wt% high 

molecular weight polyvinylpyrrolidone (PVP) aqueous solution, applied an AC electric 

field ( p
V =10 V and ω =30 kHz) for approximately 30 minutes, and then turned the field 
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off. Fig. 8a shows snapshots of a tetramer linked by PVP in the absence of an electric 

field, moving only due to Brownian motion over the course of approximately 10 minutes. 

Although no heat was applied during the fixing stage, it is clear that the oligomers remain 

intact upon removal of the electric field. In a control experiment where we do not add 

PVP in solution, we find that the oligomers fall apart immediately after the field is turned 

off. We believe that PVP molecules adsorb on the surface of the polystyrene particles. As 

the electric field brings particles close to each other, the entanglement of PVP between 

adjacent particles helps link together the constituent particles within an oligomer. The 

fixed tetramer shown in Fig. 8a also confirms the three-dimensional conformation that we 

infer from the measurement of bond lengths (Fig. 2b). The close-packing between 

constituent particles is also critical for successful linking by PVP polymers. Although 

they have high molecular weight, the radius gyration is still very small compared with the 

particle size.    

Fig. 8b also shows another interesting finding in PVP. We found that the bond 

length can continuously decrease for a given coordination number from a non-closed 

packing of the petal particles to a close-packed configuration. In comparison, the bond 

length of an oligomer assembled in deionized water is constant unless the coordination 

number (i.e., the number of petal particles) changes. Such an ability to tune the bond 

length independently with coordination number enlarges the family of colloidal 

molecules that one can make by using this simple field-directed approach.  

2.5 Conclusions 

 In summary, we report a robust and versatile method for making a family of 

colloidal molecules of tunable molecular weights and bond lengths. This was achieved by 
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using a binary mixture of spherical particles of different size ratios. Under an AC electric 

field of tens of kilohertz and in deionized water, they assembled into oligomers ranging 

from tetramers to decamers where small particles were closely packed and the large 

sphere rested centrally on top. Within a population of different molecular weights, the 

coordination number of dominant oligomers was fine-tuned by frequency. Specifically, 

increasing the frequency decreased the molecular weights. Our numerical modeling 

revealed that the oligomers were formed by a dipolar attraction between small and large 

particles, which was counter-balanced by the dipolar repulsion between small particles 

and double-layer repulsion among all particles. We further demonstrated that the 

colloidal molecules can be fixed permanently by adding high-molecular-weight 

polyvinylpyrrolidone in solution, where the polymer adsorbed on particle surfaces 

entangled with each other and acted as linkers. The fabricated colloidal oligomers could 

be potentially used as new building blocks for bottom-up assembly of advanced 

functional materials. In addition, the intrinsic asymmetry present in the oligomers will 

also allow us to test their active motion under an external field or in a chemically 

powered solution.  
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CHAPTER 3 
LATTICE FORMATION AND COLLOIDAL CHAIN PROPULSION DRIVEN BY 

ELECTROHYDRODYNAMIC FLOW  

 

3.1 Abstract 

 Natural materials typically have highly ordered crystalline structures, which gives 

rise to unique optical, electrical, and mechanical properties. Motility is ubiquitous 

amongst bacteria and living systems. For motility to occur, bacteria must overcome 

constraints imposed by low-Reynolds number hydrodynamics. Here we investigate 

colloidal behavior of two different systems driven by electrohydrodynamic (EHD) flow: 

the assembly of binary component colloidal lattices and the propulsion of linked colloidal 

chains.  In particular, we report the assembly of colloidal lattices from a binary mixture 

of spheres of different sizes (1, 1.6, 2, 3, and 4 µm) under an AC electric field in the low 

frequency regime (<1 kHz). The observed lattices are similar to "living" crystals that 

continuously grow, break, and reform as a result of strong EHD flow. Furthermore, we 

investigate the formation of linked colloidal chains in 1 wt% polyvinylpyrrolidone (PVP) 

aqueous solution driven by dipolar attraction in high frequency AC electric fields and 

their propulsion behavior in the low frequency regime due to unbalanced EHD flow. We 

find that the EHD flow is inhibited by the presence of free PVP molecules adsorbed on 

the substrate. Instead, chain stretching, i.e., separation between adjacent particles in the 

chains, and arch formation are observed. For linked chains composed of magnetic 

particles formed under a DC magnetic field, we are able to remove excess PVP and 

observe chain propulsion in a low frequency electric field. We find a strong correlation 

between the bond angles of adjacent particle pairs during chain movement. Our research 
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lays the foundation towards a better understanding of the impact of EHD flow on both 

particle assembly and colloidal chain propulsion. 

3.2 Introduction 

 In nature, atoms and molecules form highly ordered crystalline structures, which 

give rise to desirable electrical, mechanical, and optical properties. More recently, 

scientists have also discovered aperiodic crystals, i.e., the quasicrystals,
1–3

 which are 

ordered but non-periodic structures that show strong diffraction patterns with "forbidden" 

symmetries. These structures are extremely difficult to form and mechanisms that 

stabilize quasicrystals are still under hot debate. Clearly, in order to obtain desirable 

macroscopic properties of materials we must have the ability to control order at the 

microscopic scale.  

 Applying an AC electric field perpendicularly to electrodes can result in planar 

colloidal aggregation.
4–7

 This result was counter-intuitive due to repulsions (from both 

double-layer and dipolar interactions) between adjacent particles, which suggests the 

presence of a different driving force. As we discussed in Chapter 1, it has been shown 

that fluid flow under electric fields, notably an electrohydrodynamic flow around 

particles, pulls adjacent particles toward one another and causes the aggregation.
5,6,8

 

We previously investigated binary mixtures of colloidal spheres, which assembled 

into three-dimensional colloidal oligomers primarily due to dipolar interactions. Here we 

report EHD driven two-dimensional colloidal lattices formed from binary spheres. By 

controlling the frequency, size ratio, and concentration ratio between the colloids, we 

observe locally ordered structures with triangular, square, and pentagonal symmetry. The 
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pentagonal unit cell is of particular interest since quasicrystalline structures can be 

potentially built based on it.
1–3

 

EHD flow can not only drive particle aggregation but can also result in the 

propulsion of individual particles when they exhibit anisotropic features, either in 

geometrical or surface properties.
9–13

 Over the last decade, significant research has been 

conducted to develop artificial motors that can perform complex tasks analogous to 

motile bacteria. If successful, they could revolutionize modern technologies ranging from 

targeted drug delivery to micro surgeons. Motile bacteria can sensitively respond to 

environmental stimuli such as chemical gradients, propel at incredibly fast speeds, and 

transport nutrients. In order to swim, the bacteria must overcome constraints imposed by 

the low Reynolds number hydrodynamics (where the viscous force dominates) by having 

non-reciprocal motion of flagella.
14–16

 Similarly, artificial micro-swimmers must find 

efficient propulsion mechanisms that use viscous drag to their advantage. 

To better mimic motile bacteria propulsion with synthetic analogues for 

applications in drug delivery, scientists have begun synthesizing different nano- and 

micron-sized particulate motors. One particular example is colloidal chains formed by 

simple spherical particles as a mimic of flagellum. Researchers have explored chains 

made of polystyrene, poly(methyl methacrylate), or dielectrometallic Janus particles, and 

different ways of permanently linking the particles together such as the capillary-assisted 

particle assembly.
11,12,17–21

  

Here we report our effort in making colloidal chains by employing electric dipolar 

interactions. We then investigate their response to low frequency electric fields including 

propulsion behavior due to unbalanced EHD flow surrounding the chains. By 
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understanding the underlying physics governing chain propulsion, we aim to control the 

movement of micro-motors for targeted drug delivery.  

3.3 Methods and Materials 

3.3.1 Lattice Formation of Binary Spherical Particles 

Shown in Fig. 1 of Chapter 2, our experimental setup consisted of two plasma 

cleaned indium tin oxide glass slides separated by an insulating spacer (25 or 100 µm) 

made of polyimide. An aqueous colloidal suspension of polystyrene microspheres of two 

different diameters (1, 1.6, 2, 3, and 4 µm) was sandwiched between the electrodes. An 

alternating current electric field was applied using a function generator (RTGOL DG 

1022) and images and movies were taken with a CCD camera (Retiga 2000R). To form 

colloidal lattices, the explored frequency range of the AC electric field was typically low 

(200 - 1000 Hz), where the attractive EHD flow is strong.   

3.3.2 Formation of Colloidal chain under AC Electric Fields 

 A colloidal suspension with 1 wt% polyvinylpyrrolidone (Mw = 3.6×10
5
 or 

1.3×10
6
) was sandwiched between two indium tin oxide electrodes separated by a 25 µm 

insulating spacer made of polyimide. After approximately 10 minutes, we applied a high 

frequency electric field (1 MHz and 10 p
V ) for approximately 30 minutes. The field was 

then removed and the fabricated colloidal chains settled to the bottom electrode. For 

chain stretching experiments, we applied a lower frequency electric field (500 Hz). 

Starting from a lower field strength, we increased the voltage gradually every 2 minutes 

while taking images of the colloidal chains with a CCD camera (Retiga 2000R). 
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3.3.3 Chain Propulsion 

 Colloidal chains made of magnetic particles were prepared by using a DC 

magnetic field. The chains were washed with deionized water three times then the sample 

was sandwiched between two electrodes separated by a 100 µm insulating spacer made of 

polyimide. A low frequency electric field (<5 kHz) was applied at different field 

strengths to study the propulsion of colloidal chains. The centroids of each particle in the 

chain were measured in ImageJ and the resulting bond angles of neighboring pairs were 

calculated from the centroids, with a reference line between the head and tail particles in 

each frame.  

3.4 Results and Discussion 

3.4.1 EHD Flow-induced Assembly of Binary Colloidal Spheres  

 Fig. 1 shows the triangular lattice formed by a mixture of 1 and 2 µm polystyrene 

spheres under a low frequency (300 Hz) AC electric field in deionized water. Since both 

particles are negatively charged and have negative polarizabilities, they experience a 

strong repulsive force due to double-layer and dipolar interactions when they are located 

in the plane and close to each other. However, we observed aggregation of particles into 

ordered structures, which is believed to be driven by the EHD flow that entrains nearby 

particles and pulls them together. Interestingly, the large spheres had a preferential 

attraction to small ones, which formed the fundamental unit cells that can extend over 

long distances. This could be due to a delicate balance between the EHD-induced 

attraction and dipolar repulsion. For example, the dipolar repulsion between two spheres 

is proportional to the product of their volumes, i.e., 
3 3

1 2d
F R R∝ .

22
 Therefore, aggregation 

between 2 µm spheres could be difficult because of the strong dipolar repulsion. On the 



  38 

other hand, the EHD flow surrounding a particle (hence the induced attraction) is 

proportional to particle size. The aggregation between 1 µm spheres could also be 

difficult because of the resulting weaker EHD attraction. Conceptually, there exists a 

regime where the EHD attraction is strong and the dipolar repulsion is weak enough for a 

preferential aggregation between large and small particles only. When particle 

concentration is high, ordered lattices can also be formed as demonstrated by Fig. 1.   

 

Figure 3.1 Lattices formed by 1 and 2 µm polystyrene spheres under an applied voltage 

of 2.75 Vp and frequency of 300 Hz. Spacer thickness: 25 µm. Scale bar: 10 µm. 

 

 The importance of EHD flow on lattice formation can be further validated by 

changing both field strength and frequency. As discussed in Chapter 1, the EHD flow 

velocity is proportional to the field strength squared, i.e., 
2

EHD
u E∝ . Therefore particle 

aggregation rate will be strongly dependent on the strength of the applied field. Fig. 2 
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shows snapshots of the lattice formation by a mixture of 2 and 4 µm polystyrene spheres. 

As the field strength increases, we observed more particles aggregating and 3.25 Vp was 

the voltage that provided optimal aggregate formation. Above 3.25 Vp the EHD flow was  

 

Figure 3.2 Lattice formation over time with increasing field strength at a constant 

frequency (300 Hz). (a) Binary polystyrene spheres (2 and 4 µm in diameter) dispersed in 

water with no electric field applied. (b)-(h) The applied voltage increases from 0.5 Vp to 

3.25 Vp. (h)-(i) Constant electric field over time. Spacer thickness: 25 µm.  

 

too strong and caused all particles to aggregate without any preferential order between 

small and large spheres. The EHD flow is also inversely proportional to frequency, i.e., 

1/
EHD
u ω∝ .

8
 As shown in Fig. 3, increasing the frequency gradually resulted in the 

lattice breaking apart because the EHD attraction between particles became weaker. 
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Further increasing the frequency to the regime of tens of kilohertz, three-dimensional 

colloidal oligomers formed due to an out-of-plane dipolar attraction, as was discussed in 

Chapter 2. 

 
 

Figure 3.3 Snapshots show the lattice deconstruction over time with increasing 

frequency. The voltage is 3.25 Vp and the spacer thickness is 25 µm.  

 

The observed short-range order was typically dependent on particle sizes because 

of the types of packing that smaller particles were able to achieve around the larger 

particles. For 1 and 2 µm binary sphere mixtures, the most commonly observed aggregate 

was triangular (Fig. 1), where six smaller particles packed around a larger one. For 2 and 

4 µm spheres, the primary lattice observed was square (Fig. 4), although triangular and 

pentagonal unit cells were also observed in some areas. Different unit cells were present 

under the same conditions possibly due to kinetics.  
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Figure 3.4 Difference lattices formed by 2 and 4 µm spheres at (a) 400 Hz and 3.8 Vp. 

(b), 300 Hz and 8 Vp, and (c) 200 Hz and 7 Vp. Scale bars: 5 µm. 

 

Fig. 5 shows the structures formed by a binary mixture of 2 and 3 µm spheres, as 

well as by a mixture of 3 and 4 µm spheres. The resulting structures show preferential 

aggregation between larger and smaller particles. This is likely due to a higher energy 

barrier of dipolar repulsion between larger particles. There was, however, preferential 
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aggregation between smaller particles too. As the particle size ratio becomes closer to one 

(e.g., 2:3 and 3:4), the difference between large-large, large-small, and small-small 

particle interactions becomes smaller, which might hinder the formation of long-range 

order for those systems.   

 

Figure 3.5 Structures formed by (a) 2 and 3 µm (350 Hz and 3.6 Vp) and (b) 3 and 4 µm 

(250 Hz and 3.5 Vp) polystyrene spheres. Spacer thickness: 25 µm. Scale bars: 5 µm. 

 

While we were able to obtain short-range order for each system, long-range order 

was still difficult to achieve because the EHD flow that induced particle aggregation was 

so strong it continuously broke the lattices. We have attempted to leave the field on for 

about one hour to see whether the particle ordering over a long distance could be 

improved. We also tried to anneal the colloidal lattices by turning the field on and off 

quickly and repeatedly. In both cases, the lattice kept continuously forming and breaking. 

The resulting dynamics was similar to previously reported light-activated living crystals 

which form, break, and reform continuously like the self-organization of active matter.
23
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3.4.2 Colloidal Chain Assembly Driven by Dipolar Interaction  

 
Figure 3.6 Homogeneous colloidal chains formed by 4 µm polystyrene spheres after the 

removal of external electric field. Scale bar: 10 µm. 

 

In order to better understand EHD flow on symmetry-broken particles and study 

the active motion of colloidal systems, we chose to investigate the propulsion of flexible 

colloidal chains, which required fabrication of them first. This was achieved by applying 

a high frequency AC electric field (~ 1 MHz and 20 Vp) to align them into linear chains 

along the field direction. The frequency was chosen to maximize the dipolar interactions 

between particles and minimize EHD flow. Our primary goal was to establish a method 

that can permanently adhere the particles together so that the chains would remain intact 

after the field removal. To achieve this, we added concentrated (1 wt%) and high 

molecular weight polyvinylpyrrolidone (PVP) into the solution. Previous research
17

 has 

shown that particles grafted with PVP can be linked together upon modest heating (~ 65 
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ºC). Although the exact mechanism of linkage is still unknown, one possible reason is 

due to enhanced entanglement of the grafted PVP polymers between neighboring 

particles. Since our system is open, we did not heat the system due to a potential problem 

of solvent evaporation. Instead of using particles that were chemically grafted by PVP, 

we simply mixed free PVP molecules with a colloidal suspension. Fig. 5 shows 

homogeneous colloidal chains where 4 µm polystyrene spheres were adhered together by 

PVP polymers with a molecular weight of 360,000. We applied the AC electric field for 

approximately 30 minutes, and when the field was removed particles remained adhered 

together. We also explored the formation of colloidal chains from different constituent 

particles such as polystyrene spheres (2 and 4 µm), silica spheres (2 µm), a random 

mixture of polystyrene and silica spheres, and polystyrene dimers, as shown in Fig. 6.  

Figure 3.7 Colloidal chains composed of (a) 4 µm polystyrene spheres, (b) 2 µm 

polystyrene spheres, (c) polystyrene dimers, and (d) a mixture of 2 µm silica and 

polystyrene spheres. Scale bar is 5 µm for all images. 

 

The fabricated chains were then sandwiched between two electrodes and 

subjected to an AC electric field applied perpendicularly between two electrodes, a setup 

similar to Fig. 1 in Chapter 2. We found that applying a low frequency electric field 

resulted in the stretching of short chains and arch formation of longer chains (Fig. 7). The 
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chain stretching occurred because the external field induced a dipole on each particle and 

the neighboring dipoles experienced a strong repulsion. However, the particles could not 

be fully separated because of the polymer linkage. For longer chains, they deflected into 

arches like a flexible filament. The separation between particles could be surprisingly 

large as indicated in Fig. 7a at 10 Vp. Moreover, the degree of separation for each pair 

could vary along the same chain potentially due to a difference in the degree of polymer 

entanglement between adjacent particles (Fig. 7b at 7.5 Vp). Regardless, a quantitative 

measurement of the edge-to-edge separation between particles was performed via image 

processing. We assume that the elastic force balanced the dipolar interaction: 

( )
4

2 2 2

0 0

3 2

4
e d s rms

R
F k x x F R C E

x
πε ε

 
= − = =  

 
    (3.1) 

 
Figure 3.8 Colloidal chains under an applied AC electric field that is perpendicular to the 

substrate. (a) and (b) neighboring monomers separate from each other as the field 

strength increases. Frequency: 500 Hz.  (c) Arch formation at a field strength of 10 Vpp. 

Scale bar: 10 µm for all images. 
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where k  is the spring constant, 
0
x  is the separation between particles without any 

applied field, 
0
ε  is the permittivity of vacuum, 

s
ε is the solvent dielectric constant, R  is 

particle radius, C  is the polarization coefficient, and 
rms
E  is the root mean-squared of the 

applied field. If 
0

/ ~1x x , we can see from Eq. (3.1) that ( ) 2

0
x x E− ∝ . Fig. 8, however, 

shows that the separation (i.e., 
0

x x− ) increases linearly with field strength. This 

indicates that a nonlinear elasticity law such as 
2

0( )
e
F k x x= −  is more appropriate for 

stretching the entangled polymer network between particles. Also shown in Fig. 8 is the 

impact of PVP molecular weight on separation. Clearly, particle separation was larger for 

higher molecular weight at the same field conditions. Increasing the frequency, on the 

other hand, resulted in a decrease in particle separation.  

 
Figure 3.9 The field strength dependence of the separation between adjacent particles in 

colloidal chains linked by different molecular weight of PVP (360k and 1,300k).  

3.4.3 Propulsion of Colloidal Chain under AC Electric Fields 

 After the chains were fabricated we attempted to explore colloidal chain 

propulsion on the substrate; however we discovered the propulsion was hindered by the 
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presence of excess PVP added during the fabrication stage. To remove it, we retrieved the 

chains and washed with deionized water. We found, however, that most chains broke 

down into shorter ones (only 2-4 particles long), potentially due to desorption of PVP 

from the particle surface. Therefore, in attempt to get longer and more stable chains we 

explored alternative methods for chains fabrication, such as using a magnetic field to 

align magnetic polystyrene spheres (Dynabeads®) into chains, and then adding PVP and 

applying heat to link them. The stability was certainly improved so that we were able to 

clean them and study their propulsion in deionized water.  

 
Figure 3.10 Snapshot shows the propulsion direction of a few colloidal chains under a 

perpendicularly applied electric field (900 Hz and 3.5 Vp)  

 

 Fig. 9 shows one frame from a video that captures the propulsion of several  

chains under an AC electric field that is applied perpendicularly to the substrate. Also 

labeled in blue arrows are the propulsion directions of each chain. The double arrows 

indicate that the chain (which formed an arch) moved back and forth over a short 

distance. We spent time to confirm that the chain propulsion was not caused by bulk 
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convection since all chains were responsive to the applied field. It is also clear that the 

propulsion was induced due to localized but unbalanced EHD flow surrounding each 

bead of the flexible chain, since a rigid chain does not exhibit translation due to 

symmetry.  

 

Figure 3.11 (a) Snapshots of a propelling chain under an AC electric fields (500 Hz and 

7.5 Vp). The time between neighboring images is 0.83 seconds. Scale bar: 5 µm. The 

schematics on the right illustrate the definition of bond angles. (b) Bond angles as a 

function of number of frames. 30 frames represent one second. (c) The calculated cross 

correlation between different bond angles.  

 

 Fig. 10a shows snapshots taken during the propulsion of a 4-mer chain composed 

of 4 µm magnetic spheres. Clearly, the adjacent particles in one chain wiggled back and 

forth during translation of the whole chain. To quantitatively analyze the chain 

propulsion, we measured the change of bond angles over time. As illustrated 
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schematically in Fig. 10a, in each frame the bond angle 
i
θ  is defined by the angle 

between a bond i  and a reference line, which is chosen to be a line connecting the head 

and tail particles. Fig. 10b shows 
i
θ  for bonds 1, 2, and 3 as functions of time. All angles 

oscillated between positive and negative values, consistent with the observation of 

wiggling of each bond relative to the chain propulsion direction. Interestingly, 
1
θ  and 

3
θ  

were out of phase by approximately 180º. The strong correlation between different bond 

angles is also revealed quantitatively in Fig. 10c.   

3.5 Conclusion 

 In summary, our research demonstrated promising results for obtaining different 

lattice structures by tuning the size ratio of a binary mixture of particles. While we also 

tried to tune the number ratio of the two different sized particles in solution, the particles 

concentrated locally under electric fields, leaving excess smaller particles loosely 

surrounding the aggregate. This phenomenon is not due to substrate surface heterogeneity 

and seems to occur randomly, since upon removing the field and letting the particles 

redistribute and then reapplying the field they would not always concentrate at the same 

regions. In future work, one can first fix unit cells using PVP, which might allow better 

control over the lattice formation. Another interesting area for exploration would be 

mixing different types of unit cells (such as equilateral triangles and squares) to see 

whether the resulting lattices would resemble a quasicrystalline structure. 

We also showed that colloidal chains could be adhered together with the help of 

polymer entanglement under an high frequency AC electric field. The chains remained 

intact after the field removal and even stretched to a noticeable extent. This method 

provides a simple route for fabricating both homogeneous and heterogeneous colloidal 
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chains. A downside of the current method is the chain stability, especially when dispersed 

in deionized water, where physically adsorbed PVP molecules tended to desorb from 

particle surface. Future work should focus on creating more stable and stronger (ideally 

chemical) adhesion between particles so that upon retrieving and washing the chains they 

remain intact with their original lengths. Nonetheless, our preliminary results on the 

propulsion of linked chains under a perpendicular electric field confirms that unbalanced 

EHD flow can induce net translation of flexible homogeneous chains. The propulsion is 

expected to be stronger if one can fabricate heterogeneous chains (such as diblock 

copolymer) due to an enhanced degree of chain asymmetry.      
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CHAPTER 4 
CONCLUSIONS AND FUTURE WORK 

4.1 Conclusions 

 In this thesis, we extensively studied the impacts of both dipolar interactions and 

electrohydrodynamic flow on the assembly of three-dimensional colloidal molecules, 

two-dimensional lattices, and linked linear chains. We first demonstrated that, for a 

binary mixture of spherical particles, a family of colloidal molecules of varying 

coordination number and bond length was selectively produced by controlling the size 

ratio of constituent particles and electric field conditions. In the frequency regime of tens 

of kilohertz, the colloidal molecules formed due to the balance of dipolar attraction 

between large and small particles and dipolar and double-layer repulsion between small 

particles. The size of colloidal molecules decreased with increasing frequency of the 

applied field. Furthermore, we adhered the constituent particles together by adding 

polyvinylpyrrolidone in solution and then applying an electric field for approximately 30 

minutes. The fabricated colloidal molecules remained intact upon removal of the external 

field. This would allow us to use these colloidal molecules as new building blocks in the 

future.   

 When the frequency was less than one kilohertz, we showed the formation of two-

dimensional lattices with short-range order such as triangles, squares, and pentagons from 

a binary mixture of spherical particles of different sizes. These structures arose from 

preferential aggregation between large and small particles due to a strong 

electrohydrodynamic flow. Moreover, the crystals continuously grew, broke, and 

reformed, mimicking dynamic organization of active matter. By further fine-tuning the 

ratio of two particle concentrations, different types of electrolytes in solution, and particle 
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zeta potentials, we might, in the future, achieve a better control on the long-range order of 

crystals, as well as aperiodic structures such as quasicrystals. 

 Furthermore, we formed linear colloidal chains using polyvinylpyrrolidone as the 

linker in the absence of heat. The chains were responsive to applied fields and became 

stretched or formed arches. When we removed the excess polyvinylpyrrolidone in 

solution, however, the chains broke apart. When using magnetic chains fabricated with 

the presence of both polyvinylpyrrolidone and heat, we were able to study their lateral 

propulsion under a perpendicularly applied AC electric field. Adjacent particles in the 

same chain wiggled back and forth during translation and the bond angles of adjacent 

particle pairs exhibited strong correlation.  

4.2 Future Work 

 Our research has laid the foundation for obtaining more complex colloidal lattices 

and geometries for studying colloidal interactions and propulsion mechanisms. For 

propulsion of colloidal chains, the biggest obstacle that needs to be overcome is the large-

scale fabrication and strong linking between particles. This could be accomplished by 

exploring alternative linking methods such as using covalent coupling instead of polymer 

entanglement. Covalent linking would result in stronger and more stable inter-particle 

connections, however it could also be difficult to control. The mass production (although 

still at the laboratory scale) would allow us to study the mechanisms of chain propulsion 

systematically and potentially extend current research towards the application of active 

sensors or drug delivery vesicles. Furthermore, the chain composition and architecture 

can have significant impacts on propulsion too. We have previously demonstrated 

propulsion of anisotropic colloidal dimers due to an imbalance in the EHD flow on each 
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side of the dimer. Similarly, by carefully controlling the type and position of constitutive 

"monomers" along a chain, we could better control its propulsion. By linking the chains 

with stimuli-cleavable polymers would open the door for cargo transport and delivery. 

 Our research primarily focused on forming colloidal molecules and lattices from a 

binary mixture of spherical particles. The next step would be forming lattices from 

colloidal molecules that are more complex than spheres. Controlling the shape and 

composition of each colloidal molecule would allow for long-range control of the lattice 

symmetry. For example, by fixing the particles in triangular and square colloidal 

molecules we can utilize them as the building blocks. Applying an electric field to control 

the relative strengths of the electrohydrodynamic flow and dipolar interaction in a 

mixture of equilateral colloidal triangles and squares, one might possibly form 

quasicrystals at the scale of visible wavelengths, which has not yet been demonstrated.  

 

 


