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ABSTRACT: Metal−organic hybrid particles have great
potential in applications such as colloidal assembly, autono-
mous microrobots, targeted drug delivery, and colloidal
emulsifiers. Existing fabrication methods, however, typically
suffer from low throughput, high operation cost, and imprecise
property control. Here, we report a facile and bulk synthesis
platform that makes a wide range of metal−organic colloidal
dimers. Both geometric and interfacial anisotropy on the
particles can be tuned independently and conveniently, which
represents a key advantage of this method. We further
investigate the self-propulsion of platinum-polystyrene dimers under perpendicularly applied electric fields. In 1 × 10−4 M KCl
solution, the dimers exhibit both linear and circular motion with the polystyrene lobes facing toward the moving direction, due to
the induced-charge electroosmotic flow surrounding the metal-coated lobes. Surprisingly, in deionized water, the same dimers
move in an opposite direction, i.e., the metallic lobes face the forward direction. This is because of the impact of another type of
electrokinetic flow: the electrohydrodynamic flow arising from the induced charges on the conducting substrate. The competition
between the electrohydrodynamic flow along the substrate and the induced-charge electroosmotic flow along the metallic lobe
dictates the propulsion direction of hybrid dimers under electric fields. Our synthetic approach will provide potential
opportunities to study the combined impacts of the geometric and interfacial anisotropy on the propulsion, assembly, and other
applications of anisotropic particles.
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1. INTRODUCTION

Particles with anisotropic properties in geometry, interfacial
functionality, or chemical composition have attracted a lot of
attention recently because of their potential applications in self-
assembly,1 optical display,2 emulsion stabilization,3 molecular
probes,4 autonomous motors,5 and drug delivery.6 For example,
gold nanorods with geometric anisotropy have been used as
biomedical imaging agents due to their strong surface plasmon
resonance at the near-infrared region.7 When colloidal particles
are functionalized with DNA patches, they behave similarly to
the multivalent atoms and can self-assemble into a variety of
colloidal molecules in a controllable fashion.8

Among different types of anisotropic particles, the metal−
organic hybrid particles9 are of special interest because (1) the
interfacial properties on the metallic and organic regimes can be
conveniently tailored due to their complementary difference in
surface chemistry and (2) they combine unique properties from
both metallic and organic materials such as the electric
conductivity, catalytic activity, plasmonic property, etc. The
asymmetric interfacial properties can also be utilized to induce
autonomous motion of hybrid particles in aqueous solutions
based on a number of different mechanisms.10−13 For example,
a platinum-polystyrene sphere14 can move actively in hydrogen
peroxide solutions due to the so-called self-diffusiophoresis.15

The platinum-coated hemisphere catalyzes the decomposition
of hydrogen peroxide, whereas the polystyrene hemisphere
remains inert. As a result, there is a concentration gradient of
oxygen surrounding the particle, which generates solvent flow
and propels the particle. In addition to the difference in
catalytic activity, metallic and polymeric materials have
distinguished electric polarizabilities. For example, gold−
polystyrene Janus spheres can move laterally under a
perpendicularly applied AC electric field,16 because of the so-
called induced-charge electroosmosis (ICEO).17,18 The external
electric field polarizes the metallic hemisphere and induces
mobile ions in the diffusive layer, which move under the applied
field and generate a net fluid flow toward the gold-coated part.
Previous studies, however, were mostly focused on Janus
spheres, which is still symmetric in shape. The combined
impacts of geometric and interfacial anisotropy on the self-
propulsion of particles remain elusive at this moment.
This is partially because it is challenging to fabricate metal−

organic particles in high throughput with narrow polydispersity,
which is crucial for practical applications. Conventional
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strategies12−16 often rely on templating methods by first
depositing a monolayer of particles on a flat substrate. A thin
metallic film is then deposited on the particle array via thermal
or electron-beam evaporation. Due to the shadowing effect, the
top surface of the particles is coated with metal while the
bottom half stays intact. This technique is inherently two-
dimensional and is associated with low throughput and high
operational cost. A three-dimensional templating method based
on Pickering emulsion, in principle, could produce large
quantities of hybrid particles.19,20 However, it is usually
restricted to spherical particles with carefully tailored surface
properties in order to form Pickering emulsions. The geometric
and interfacial anisotropy cannot be modulated independently.
Controlled heterogeneous nucleation and growth21−24 have
also been developed for making metal−organic particles. But
they are either too small25,26 for in situ observation through
optical microscopy or hard to control the morphologies
precisely.22,27,28 Facile synthetic strategy to make microscopic
metal−organic particles with tunable anisotropy in both
geometry and interfacial properties is still missing.
In this paper, we report a bulk synthesis approach to make

different types of metal−organic hybrid dimers with independ-
ent control of the geometric and interfacial anisotropy. We
further investigate the self-propulsion of those dimers under
electric fields. Modified from previously developed seeded-
emulsion polymerization,29−37 we make polystyrene dimers
with well-controlled geometric anisotropy that can be
characterized by the size ratio between two lobes and bond
length. The incorporation of functional silanes during the
synthesis stage allows us to combine the sol−gel chemis-
try38and amine-metal complexation39,40 to grow a variety of
metallic films on one of the two lobes selectively. Two key
advantages of this synthetic route are that (1) we can
systematically tune the geometric and interfacial anisotropy
between two lobes in an independent and precise fashion, and
(2) it produces hybrid particles with high throughput and
reasonable monodispersity. We have also investigated the self-
propulsion of the platinum-polystyrene dimers under electric
fields. In higher salt concentrations (e.g., 1 × 10−4 M), we find
that the dimers propel with the dielectric lobes facing the
forward direction, primarily due to the induced-charge
electroosmosis surrounding the metallic lobe. At lower salt
concentrations (e.g., in deionized water), however, they move
with the metallic lobes orienting in the propulsion direction,
because of stronger electrohydrodynamic flow along the
polystyrene lobe. Moreover, the propulsion speed of a hybrid
dimer is very sensitive to its orientation, which can be
conveniently tuned by the frequency. Our studies reveal
important impacts of the combined geometric and interfacial
anisotropy on the electric-field driven propulsion of colloidal
particles.

2. EXPERIMENTAL METHODS
Materials. Styrene, divinylbenzene (DVB), sodium 4-vinylbenze-

nesulfonate, polyvinylpyrrolidone (PVP, Mw ≈ 40 000), sodium
dodecyl sulfate (SDS), 3-aminopropyltriethoxysilane, and L-ascorbic
acid are purchased from Sigma-Aldrich. 3-(trimethoxysily)propyl
acrylate (TMSPA) is purchased from TCI. Hydrogen
tetrachlororaurate(III) trihydrate (HAuCl4·3H2O, 99.9+%), silver
nitrate (AgNO3, 99.9+%), and potassium tetrachloroplatinate(II)-
(K2PtCl4, 99.9%) are bought from Alfa Aesar. The thermal initiator
V65 is bought from Wako Chemicals. All chemicals are used as
received except that both styrene and divinylbenzene are purified by
aluminum oxide before usage.

Synthesis of Polystyrene (PS) Dimers. The synthetic route we
use to make colloidal dimers is based on a modification of the methods
of Sheu and Kim.28−36 Typically, spherical PS seed particles are first
prepared by the dispersion polymerization in methanol41 and are
cleaned four times via centrifugation (4000 rpm, 30 min, IEC HT
Centrifuge). After that, a mixture of 4 mL of 5 wt % PVP aqueous
solution, 0.5 mL of 2 wt % SDS, 1 mL of styrene, 0.05 mL of DVB,
0.05 mL of functional silanes (such as 3-trimethoxysily propyl
acrylate), and 0.02 g of V65 is emulsified using ultrasonication
(Branson digital sonifier 450). The emulsion is then used to swell 1
mL of polystyrene seed particles (10 wt % in deionized water) for 24
h. The swollen seeds are then polymerized and cross-linked in the
reactor at 70 °C for another 24 h. PS dimers are synthesized via a
second swelling stage. Again, we use styrene (with variable amount to
control the size of the second lobe) to swell 1 mL cross-linked PS
seeds (1 wt %) with 4 mL 5 wt % PVP, 0.5 mL 2 wt % SDS, and 2 wt
% V65. Subsequently, polymerization is performed at 70 °C for 24 h.
The synthesized dimers are then cleaned four times via centrifugation.

Selective Coating of Gold Nanoparticles on the Cross-
Linked Lobe. During the synthesis of the cross-linked spherical seed
particles, different types of functional silane molecules are incorpo-
rated in the particles to control the bond length of the dimers. In
addition, those silane molecules remain in the cross-linked lobe, which
allows us to further attach (3-aminopropyl)-triethoxysilane (APS) on
it via the silane coupling chemistry. For example, we mix 0.02g dimers
in 15 mL ethanol solution with 100 μL APS and 3 mL ammonia
hydroxide (30% NH4OH) and stir the mixture for 24 h at the room
temperature.39 The particles are then washed by ethanol for four times
and redispersed in water. Once the dimers are functionalized with
APS, we mix them with citrate-stabilized gold nanoparticle solutions
(Turkevich method42) in a sonication bath for 1 h. We then use Track-
etched filter papers (Whatman) to completely remove free gold
nanoparticles that are suspended in the solution.

Gold/Silver and Platinum Shell Growth on Gold-Coated
Dimers. To coat an additional layer of gold/silver, we mix 4 mL gold-
coated dimers (0.1 wt %) with 0.4 mL 30 mM HAuCl4·3H2O/AgNO3
by sonication for 10 min. Then 70 μL formaldehyde is added in the
solution, while stirring for 10 min. One milliliter of NH4OH (0.3%) is
added within 2 min afterward. The solution is kept stirring for 1 h and
allowed standing for another hour. For the shell growth of platinum,
we mix 1 mL gold-coated dimers (∼1 × 108 particles/ml) with 0.3 mL
100 mM freshly prepared ascorbic acid solution, followed by adding 2
mL 2 mM K2PtCl4 within one hour. If a thicker and more uniform
coating is desired, one can recoat the dimers with 0.3 mL of 100 mM
ascorbic acid and 2 mL of 2 mM K2PtCl4 solutions without stirring.
Two-step coating is necessary because if a higher concentration of
platinum salt is used (e.g., 5 mM K2PtCl4), we lose the capability to
coat platinum anisotropically on one lobe only.

Characterization of the Hybrid Dimers. The surface morphol-
ogies of hybrid dimers are characterized by scanning electron
microscopy (JEOL JSM-7000F). The element compositions of both
lobes are analyzed by the energy-dispersive X-ray (EDX). An inverted
microscope (Olympus IX71) is used for bright-field and fluorescent
imaging.

Propulsion of Pt-PS Dimers under Electric Fields. After
synthesis, the Pt-PS dimers are first cleaned four times using
centrifugation. They are then dispersed in 1 × 10−4 M potassium
chloride (KCl) solution or in deionized water. The dimers are then
injected into the chamber formed by two pieces of indium−tin-oxide
(ITO) glasses with an insulating spacer (∼100 μm in thickness) to
control the separation between top and bottom electrodes. After
dimers settle down to the bottom substrate, an AC electric field is
applied (RigolDG1022). A high speed camera (SILICON VIDEO
monochrome SV642) is used to record the motion of dimers at 30
frames/s for at least 30 s. We then use ImageJ43 to track the dimers’
movement and obtain their instantaneous positions. Two different
methods have been employed to obtain the average velocities of the
dimers. As shown in the Supporting Information, Figure S1a, the
accumulative displacement of a dimer is plotted vs time. The average
velocity is then calculated from the slope. This method, in principle,
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works the best when the trajectory is unidirectional and the propulsion
velocity is much faster than the Brownian motion. We have also
employed a second method that was first proposed by Howse et al.14

Shown in the Figure S1b in the Supporting Information, the mean
square displacement (MSD) ⟨ΔL2⟩ is plotted as a function of time.
When Δt is much less than the inverse rotational diffusion coefficient
of the dimer τR, the curve can be fitted14 with a quadratic function of
Δt

⟨Δ ⟩ = Δ + ΔL v t D t42 2 2
e (1)

where v and De are the propulsion speed and the effective (two
dimensional) diffusion coefficient of a dimer, respectively. We confirm
that both methods yield very similar propulsion velocities.

3. RESULTS AND DISCUSSION
Synthesis of the Metal−Organic Hybrid Dimers. Figure

1 illustrates our overall strategy to synthesize the metal−organic

hybrid dimers with independently tunable geometric and
interfacial anisotropy. Polystyrene dimers are first synthesized
via the seeded emulsion polymerization.29−37 In brief, spherical
polystyrene particles are first cross-linked by adding styrene,
divinylbenzene, and different types of functional vinylsilanes.
The cross-linked seeds are then swollen with styrene again,
where the elastic contraction of the cross-linked polystyrene
expels styrene out of the swollen seeds and gives rise to a
second lobe. To increase the stability of dimers in water, we
have also added comonomer sodium 4-vinylbenzenesulfonate
so that the dimers are negatively charged. As shown in Figure 1,
both size ratio α = R1/R2 and the dimensionless bond length β
= L/(R1 + R2) are important parameters to characterize the
geometric anisotropy.
The size ratio α can be controlled by adjusting the relative

amount of styrene to the cross-linked seed particles (CPS)
during the second swelling stage. As shown in Figure 2a, the
second lobe diameter increases with increasing amount of
styrene while CPS (i.e., the original lobe) does not change its
size significantly. We have also found that the incorporation of
functional vinylsilanes during the synthesis of CPS has a
significant impact on the bond length due to different
compatibility between silane molecules and styrene. Shown in
Figure 2b, when the functionality in the silane molecule

changes from styrene to acrylate, the bond length β increases
due to an enhanced phase separation during the polymerization
of the second lobe. In the case of methacryloxypropyltrime-
thoxysilane, styrene barely swells the CPS and the bond length
is approximately one, indicating poor compatibility between
methacrylate and styrene. This poor compatibility could make
the CPS surface more hydrophilic, hence increasing the bond
length between the two lobes.44 In addition to its impact on the
geometric anisotropy, the incorporation of functional silanes in
CPS also allows us to create interfacial anisotropy conveniently.
For example, we can attach (3-aminopropyl)-triethoxysilane
(APS) on the cross-linked lobe using the silane coupling
chemistry.38 The attachment of APS can be confirmed by the
fluorescence image in Figure 3b, where neutral fluorescein

Figure 1. Chemical route to synthesizing metal−organic hybrid dimers
with independently tunable (a) geometric and (b) interfacial
anisotropy.

Figure 2. (a) Size ratio between two lobes α = R1/R2 can be tuned by
changing the amount of styrene used to swell the cross-linked particles.
The black arrow represents the seed particle, i.e., the original lobe. (b)
The dimer bond length β = L/(R1 + R2) is sensitive to the type of
functional vinylsilanes added in the cross-linked seeds: (i) no silane (β
= 0.3); (ii) styrylethyltrimethoxysilane (β = 0.7); (iii) trimethox-
ysilylpropylacrylate (β = 0.84); (iv) methacryloxypropyltrimethox-
ysilane (β = 1). Scale bar for all images: 1 μm.

Figure 3. (a) A SEM image of dimers in which the larger lobe is
coated with (3-aminopropyl)-triethoxysilane. (b) The fluorescent
image of the same dimer after it is coated with neutral FITC dye,
which couples strongly with amine groups on the larger lobe. (c) The
fluorescent image of the same dimer after it is coated with positively
charged rhodamine 6G, which can absorb on negatively charged
surfaces. Scale bar for all images: 1 μm.
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isothiocyanate (FITC) are selectively bonded to the amine

groups on the original (large) lobe via the isothiocyanate-amine

reaction.33 Alternatively, when we mix dimers with a positively

charged dye rodamine 6G, a stronger fluorescent intensity is

observed on the second (smaller) lobe because the amine

groups partially neutralize the negative charges on the original
lobe (Figure 3c).
Since amine groups form complexes with metals, we can

further coat a thin layer of presynthesized gold nanoparticles
(∼20 nm) selectively on the lobe with APS functionalization, as
shown in images a and b in Figure 4. As a comparison, the

Figure 4. (a) Large field of view of gold-polystyrene hybrid dimers where the brighter lobe is coated with gold nanoparticles. Scale bar: 4 μm. (b)
Gold nanoparticles can be selectively coated on either (i) smaller or (ii) larger lobes as long as it is functionalized with APS. (iii) When both lobes
bear APS, gold nanoparticles are coated uniformly. Scale bar: 1 μm. The scale bar is same for i, ii, and iii. (c) Surface coverage of gold can be
significantly enhanced through (ii) a second nucleation and growth stage on (i) the Au-PS hybrid dimers, as evidenced by the element analysis using
EDX. Scale bar: 1 μm. The scale bar is same for both i and ii.

Figure 5. (a) Effect of deposition temperature on the surface coverage of the platinum coating. Two-step growth made more uniform and denser
coating of platinum if the conditions are correct, e.g., i and iii. Scale bar: 1 μm. The scale bar is same for all images. (b) The EDX analysis on the
platinum-coated and polystyrene lobes. The Si signal arises from the silicon substrate used for preparing SEM samples.
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control experiment show nondiscriminating coating (Figure 4b-
iii) on dimers with APS functionalization on both lobes. The
surface coverage of gold nanoparticles can be further enhanced
by mixing the Au-PS dimers with chloroauric (AuIII) acid and
formaldehyde (Figure 4c). The additional reduction of gold
ions (by formaldehyde) on the seeded gold nanoparticles
creates more uniform and dense coating on the hybrid dimers,
as evidenced by both SEM images and the energy-dispersive X-
ray spectroscopy (EDX) results in Figure 4c.
The gold nanoparticles on hybrid dimers could be utilized as

heterogeneous nucleation sites to promote selective coating of
other metals, such as silver and platinum. The former is an
excellent material for plasmonic properties45 while the latter is
an important catalyst. By suspending Au-PS dimers in silver
nitrate solution and using formaldehyde46 or hydroxylamine
hydrochloride39 as the reducing agent, we can grow a silver
shell with thickness ∼100 nm anisotropically (see the
Supporting Information, Figure S2). We have found that the
proper control of the redox speed is critical for selective coating
of silver. Homogeneous nucleation of silver in solution can be
suppressed by choosing a milder reducing agent (e.g.,
formaldehyde), limiting the maximal salt concentration (<5
mM), and adding ammonia hydroxide dropwise to carefully
control the solution pH.
We can adopt a similar strategy to grow a platinum shell on

the dimers although a milder reducing agent than formaldehyde
is necessary. Otherwise, black precipitates would form within
five minutes even at neutral pH. Therefore, we choose ascorbic
acid as the reducing agent.47−49 With properly adjusted pH,
reaction temperature, and the concentration ratio between
dimers and metal salts, we have successfully achieved a selective
coating of platinum, as shown in Figure 5a. Although keeping
lower ascorbic acid concentration helps maintaining the
anisotropic coating due to a lower reaction speed, its
concentration needs to be high enough to ensure good
colloidal stability during the shell growth. However, this limited
redox speed prevents platinum from coating a complete shell in
one step. Therefore multiple growth steps are necessary for
dense coating. Although both room and low temperatures (e.g.,
ice bath) yield satisfactory coatings on the selected lobe during
the first step (Figure 5a), low temperature is necessary in the
second growth step to reduce the extent of platinum deposition
on the other lobe (Figure 5a-ii and iv).
In summary, we have developed a versatile and bulk-

synthesis strategy to make metal−organic hybrid dimers with
tunable geometric and interfacial anisotropy. We demonstrate
our concept by three types of metallic coatings: gold, silver, and
platinum, and it should be readily extended to other types of
inorganic materials too. Compare with the commonly used
templating methods for making Janus spheres,11,12,14 our bulk-
synthesis strategy has the great potential for high throughput
and low cost. Moreover, the combined asymmetry in both
geometric shape and interfacial property on our dimers allows
us to investigate its impact on the self-propulsion of
microparticles in a fluidic environment. In the following, we
will report the electric-field driven propulsion of platinum-
polystyrene dimers.
Propulsion of Hybrid Dimers under AC Electric Fields.

The synthesized Pt-PS dimers are first dispersed in deionized
water. An appropriate amount of salt (e.g., potassium chloride)
are then added to control the Debye length. As illustrated in
Figure 6, ∼10 μL of the solution is injected into a chamber
sandwiched by two conducting substrates. After the dimers

settle down, a square AC bias 5−20 Vpp is applied between top
and bottom electrodes. We first examine the propulsion of
hybrid dimers in 1 × 10−4 M salt water. At ∼2 kHz, dimers
align parallel to the substrate (i.e., lying dimers) except a few
are perpendicular (i.e., standing dimers). We find that all lying
dimers move horizontally, while both standing dimers and
uncoated polystyrene dimers only exhibit Brownian motions
(see the Supporting Information, Movie 1). We also notice that
a moving dimer always orients its polystyrene lobe toward the
propelling direction, as shown in Figure 7a. On the basis of the
recorded images, we can calculate the propulsion velocities at
different field strengths and frequencies. Shown in Figure 7b,
the velocity of lying dimers scales well with the square of the
field strength, i.e., u ∝ E0

2, whereas the other dimers move
Brownianly. Figure 7c reports the dependence of the velocity
on frequencies. The curve peaks at an intermediate frequency
∼2 kHz and decays when the frequency is decreased to zero or
increased beyond a few kilohertz.
Although the dimers in Figure 7a move with its polystyrene

lobe pointing forward, the dielectric lobe (∼1.9 μm) is also
larger than the platinum-coated lobe (∼1.7 μm). We have also
tested two other batches of hybrid dimers where the platinum-
coated lobe is approximately equal to or larger than the bare
polystyrene lobe. As shown in Supporting Information movie 2,
both types of dimers propel with the polystyrene lobe oriented
forward, regardless of their relative sizes. Their velocities also
scale with the square of the applied field (see the Supporting
Information, Figure S3).
Our observations so far can be explained under the theory of

the induced-charge electrophoresis.17,18 As shown in Figure 7d,
the platinum-coated lobe is much more polarizable than the
bare polystyrene lobe because of the metallic conductivity.
Under AC fields, the polarized platinum lobe induces diffusive
charges surrounding it. Those ions can respond to the applied
field and generate the so-called “induced-charge electroosmotic
(ICEO)” flow of solvent from the pole to the equator of the
particle. While Figure 7d only illustrates the solvent flow during
one-half period of the AC field, the flow direction does not
change during the second half period because both the applied
field and the induced-charges will change their signs. For a
metallic sphere, the quadrupolar solvent flow does not generate
a net movement of the particle because of the symmetry. But
for Pt-PS dimers, the ICEO flow is much stronger along the
platinum-coated lobe than the dielectric (polystyrene) lobe.
Such a broken symmetry18 in the interfacial polarizability
induces the propulsion of dimers along the long axis, i.e., the x-
direction. Therefore, the hydrodynamic shear will push the
dimer with its dielectric lobe oriented forward, regardless of its
relative sizes. This directional movement is consistent with both
ICEO theory18 and experiments for Janus spheres.16 The

Figure 6. Schematic of our experimental setup for dimer propulsion
under external AC electric fields. The red represents the platinum
coating.
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frequency dependence of the propulsion velocity is also
expected. When the frequency is below the inverse of the
charging time for the electrode τe, a fully developed diffusive

layer will polarize the electrode. As a result, the electric field in
the bulk and surrounding the particle is small.17 Therefore, the
ICEO velocity is low. When the frequency is beyond the
inverse of the charging time for the metallic lobe τp, there is no
enough time for the formation of the induced-charge screening
clouds, which also makes the ICEO disappear. Therefore, dimer
propulsion only exists in a frequency regime between τe

−1 and
τp
−1. Those two charging times are related to the Debye length
κ−1, the electrode separation H, the particle size R, and the
diffusivity of ions D, i.e., τe = κ−1H/D and τe = κ−1R/D,
respectively.17 Substituting our experimental conditions, we
found that τe is ∼700 Hz and τp is ∼70kHz. Neglecting its
frequency dependence, the ICEO velocity can be expressed.16

δ
εε

μ
=

+
U

R E9
64 1ICEO

0 0
2

(2)

where ε is the dielectric constant of the solvent, ε0 is the
permittivity of the vacuum, μ is the solvent viscosity, and δ is
the ratio of the differential capacitances between the compact
and diffuse layers. We obtain δ ≈ 20 by fitting the curve in
Figure 7b.
Once understanding the propulsion mechanism of individual

hybrid dimers, we will be able to predict the moving directions
of multiple dimers that form into clusters. Those clusters
possess higher order of broken symmetry, which can exhibit
more controllable propulsion behavior. A few examples are
summarized in Figure 8 and displayed in the Supporting
Information, Movie 3.

Our chemically synthesized Pt-PS dimers, unlike Janus
spheres, are anisotropic in both geometry and interfacial
property. This combined anisotropy has profound impacts on
the propulsion of particles that have not been observed before.
For example, previous studies16 mainly reported linear motions
because the metal film was E-beam evaporated uniformly on
one-half surface of the polystyrene spheres. We, however, have

Figure 7. (a) Linear motion (100 Vpp/mm, 2 kHz) of Pt-PS dimers.
Several optical snapshots show the dimer’s orientation at different
time. The dark sphere represents the platinum-coated lobe, and the
bright sphere is the polystyrene lobe. Scale bars: 10 μm. The dimer
itself is about 2 μm. (b) The propulsion velocity (at 2kHz) of lying Pt-
PS dimers (square), standing Pt-PS dimers (circle), and lying uncoated
PS dimers (triangle) at different field strengths in 1 × 10−4 M KCl
solutions. The arrow indicates the propulsion direction. The platinum-
coated lobe (R1 = 0.85 μm) is smaller than the dielectric lobe (R2 =
0.95 μm). (c) Propulsion velocity of the lying Pt-PS dimers at different
frequencies (1 × 10−4 M KCl and 14 Vpp). (d) Polarizability difference
between the platinum-coated and polystyrene lobes generates an
ICEO flow that propels the dimer laterally with its polystyrene lobe
oriented along the forward direction. The x−y plane is parallel to the
bottom substrate, and the electric field is applied in the z-direction.

Figure 8. Propulsion of several types of dimer clusters: (a) two dimers
sharing one metallic lobe; (b) head-to-tail dimer doublets with obtuse
angle; (c) head-to-tail dimer doublets with zero angle; (d) head-to-tail
dimer doublets with right angle. The individual arrow on each dimer
shows its specific propulsion direction. The arrow outside shows the
propulsion direction of the cluster.
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observed both linear and circular motions for our dimers (see
SI movie 4, Figure 7a, and Figure 9a). This circular motion

could be attributed to potentially nonuniform platinum coating
on the lobe. As depicted in Figure 9b, if one hemisphere of the
small lobe has slightly denser coating than the other half,
asymmetric ICEO flow along the y-direction could be
generated. Different from the ICEO flow in x-direction, the
y-direction flow is perpendicular to the dimer’s long axis.
Therefore, a torque would be generated, which makes the
dimer move counterclockwise, as shown in Figure 9b. Because
of the chemical deposition method employed here, the
platinum coating on the smaller lobe is far from perfectly
uniform, as can be seen clearly in Figure 5. Even a slight
imbalance on the uniformity between left and right hemi-
spheres could cause the circular motion. In fact, we observe
equal populations of clockwise and counterclockwise motions
due to the stochastic nature of coating. This ICEO flow in the
y-direction is, however, a secondary effect compared with the
ICEO flow in the x-direction, which arises from the anisotropy
in polarizability between metallic and dielectric lobes. There-
fore, the circular motion is manifested more significantly at
higher field strengths. Even when dimers undergo the circular
motion they still keep their orientations with the dielectric lobe
pointing forward, again because the primary and strong ICEO
flow is along the x-direction.
After confirming the behavior in high salt concentration, we

also investigate the self-propelling of Pt-PS dimers at a much
lower salt concentration (i.e., in deionized water). The behavior
of our dimers in DI water is somehow surprising. First, about
50% of the lying dimers orient to the opposite direction now,
i.e., the platinum-coated lobe orients toward the propelling
direction (see the Supporting Information, Movie 5). When we
plot the velocity vs the field strength, it still scales with E0

2

(Figure 10a). Second, although the rest of the dimers still orient
in the same direction that is predicted by the ICEO theory (i.e.,
the polystyrene lobe faces forward), the speed reduces
dramatically. This is unexpected since the ICEO velocity
should remain almost unchanged when the salt concentration is
reduced.16,50 Last but not the least, the frequency dependence
is very different from our previous results in 1 × 10−4 M salt
solution. As shown in Figure 10b, the particle velocity decreases
monotonically when the frequency is increased within a narrow

range. It stops moving beyond ∼2 kHz where the lying dimers
essentially align parallel with the direction of the applied field,
i.e., they stand on the substrate (see the Supporting
Information, Movie 5). Clearly, the speed of a colloidal
dimer, which is anisotropic in geometry, also depends on its
orientation. This provides us another degree of freedom to
control the propulsion of particles.
Because our results cannot be solely explained by the

induced-charge electroosmosis surrounding the platinum-
coated lobe, there must exist a second type of flow which can
also propel the particles. Here, we argue that the electro-
hydrodynamic flow (EHDF) along the conducting substrate
can compete with the ICEO and propel our dimers into the
opposite direction under right experimental conditions. The
EHDF on a conducting substrate was first proposed by Trau,
Ristenpart, Aksay, and Saville.51−54 Under applied electric
fields, an excess amount of surface charges can be induced
within the diffusive layer near the conducting substrate.
Although the external field is perpendicular to the substrate,
the polarization of the particle distorts its local field and creates
a tangential component that is parallel to the substrate. This
tangential field acts on the induced charges and causes an
EHDF along the substrate. In fact, this flow can be strong
enough to entrain all neighboring particles and to form close-
packed aggregates.51 For spherical particles with isotropic
surface properties, the EHDF is symmetric. This symmetry can

Figure 9. (a) Circular motion of dimers (200 Vpp/mm, 2 kHz). Scale
bars: 10 μm. (b) The rotation could be attributed to the nonuniform
coating of platinum on the smaller lobe.

Figure 10. (a) Velocity of Pt-PS dimers in DI water (16 Vpp and 2
kHz). They orient the metallic lobes toward the propulsion direction,
opposite to Figure 8. (b) Frequency dependence of the velocity. The
solid curve is the theoretical prediction based on eqs 2 and 3 with f ≈
0.0055.
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be broken when the particle is anisotropic in either geometry or
interfacial property such as our dimers. Because both the
tangential field and the induced charges are dependent on the
applied field, the EHDF also scales with E0

2.53 This relationship
was clearly illustrated in Figure 10a.
Although the EHDF is essentially an induced-charge

electroosmosis along the electrode, there are some subtle
differences between EHDF and ICEO on the particle. For
example, ICEO around a dielectric particle is negligible.
Although EHDF is initiated from the conducting substrate, it
has impacts on both dielectric and metallic particles, as long as
they are close to the substrate. Also, the emergence of the
tangential field is different between EHDF and ICEO. In
EHDF, the tangential field component arises from the
polarization field of the particle’s induced dipole. Therefore,
the polarization coefficient K, especially its imaginary part K″
(which represents the phase lag between the dipole field and
the applied field) is an important parameter in EHDF. On the
basis of the theory of EHDF,54 it can be further shown that the
EHDF velocity near a spherical particle is

κ
ω

εε
μ

≈ ″
U f

K D E
EHDF

0 0
2

(3)

where f is a prefactor that depends on the distance between the
particle and the electrode and ω is the frequency. As can be
seen from eq 3, when K″ is negative, the velocity is also
negative, i.e., the solvent flows toward the particle, whereas it
flows away from the particle when K″ is positive. Both the real
and imaginary parts of the polarization coefficient K can be
calculated on the basis of the standard electrokinetic model.55

Figure 11a shows the K″/ω for both dielectric and metallic

spheres of identical sizes. Within the frequency range of our
interest, K″ is negative for the dielectric lobe and positive for
the metallic lobe. Therefore, the EHDF is directed toward the
dielectric lobe and is away from the platinum-coated lobe, as
schematically illustrated in Figure 11b. Clearly, the net effect of
the EHDF on the hybrid dimer is to push the dielectric lobe
and to draw the Pt-coated lobe toward the right. On the
contrary, the ICEO flow would push the metallic lobe (and the
dimer) toward the left. Therefore, the net moving direction of
the dimer would depend on the competition between EHDF
and ICEO. When the EHDF velocity is larger than ICEO, the
dimer would move with its metallic lobe orienting forward. The
opposite orientation will be observed if ICEO flow is stronger
than the EHDF. Since τp is ∼15 kHz in deionized water
(assuming κ−1 ≈ 150 nm), the ICEO flow on the platinum-
coated lobe is relatively constant for 400 Hz < ω < 2500 Hz. As
shown in eq 3 and Figure 11a, the EHDF on the polystyrene
lobe decreases with increasing frequency, and the EHDF on the
platinum-coated lobe is almost a constant. Therefore, at low
frequencies, the combined EHDF on both lobes is stronger
than the ICEO, which pushes the dimer toward the platinum-
coated lobe. As the frequency increases, the EHDF on the
polystyrene lobe becomes weaker, which slows down the dimer
propulsion. Combining eqs 2 and 3, we can calculate the EHDF
velocities acting on both lobes and the ICEO velocity on the
metallic lobe. The net velocity of the dimer at different
frequencies is plotted by the solid line in Figure 10b. Our
calculation fits the experimental data reasonably well.
Because the density of the platinum coating on our dimers

could have some variations due to the chemical synthesis
method. For those dimers coated with dense layer of platinum,
the ICEO could be still strong enough that its moving direction
cannot be reversed by the EHDF. However, their velocities
should be significantly reduced because of the opposite impact
of the EHDF, which explains our observation that some dimers
move with its dielectric lobe orienting forward but with much
reduced velocities. At higher salt concentrations (e.g., 1 × 10−4

M KCl), the magnitudes of EHDF around the dielectric and
platinum-coated lobes will be reduced by about one order of
magnitude due to a much smaller K″, based on our calculation.
Therefore, they are not strong enough to compete with the
ICEO and change the propulsion direction of the dimers.
Another interesting phenomena occurs around 2.2 kHz in DI
water, where the ICEO is approximately balanced by EHDF on
the metallic lobe and the dimer’s velocity is approximately zero.
Coincidently at this frequency, the dimer changes its
orientation by aligning itself with the applied electric field,
i.e., it stands up. Such an orientation change reintroduces the
symmetry of ICEO and EHDF surrounding the (standing)
particle. Therefore, the dimer stops moving when they stand on
the substrate. Interestingly, we observe that whenever the Pt-PS
dimer stands up, the platinum-coated lobe always points toward
the substrate (see the Supporting Information, Movie 6). This
could be resulted from the sum of the torques imposed by
ICEO, EHDF, and the external electric fields. The competition
between EHDF and ICEO on asymmetric particles can have
many interesting effects and lead to some surprising results.
More detailed analyses, which are beyond our scope here, will
be presented in a separate paper.

3. CONCLUSIONS
We report a bulk-synthesis strategy to make metal−organic
hybrid dimers with both geometric and interfacial anisotropy.

Figure 11. (a) K″/ω for dielectric (triangle) and metallic (square)
spheres (R = 0.9 μm) as a function of the frequency ω. They are
calculated based on the standard electrokinetic model.55,17 (b)
Schematics showing the competition between the EHDF (blue
arrows) and ICEO (pink arrows) on the hybrid dimer. The EHDF
pushes the dimer to the right, whereas the ICEO pushes the dimer to
the left.
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By changing the type of functional vinylsilanes in the cross-
linked seed particles and the amount of styrene in the swelling
stage, we can tune the geometric anisotropy such as the bond
length L/(R1 + R2) from 0.3 to 1 and the size ratio R1/R2 from
0.45 to 1. By taking advantage of the amine-metal complex-
ation, gold nanoparticles can be coated selectively on the cross-
linked lobe, forming metal−organic hybrid dimers. Dense
metallic shells such as gold, silver, and platinum can be further
grown on the gold-seeded lobe due to enhanced heterogeneous
nucleation. Among various types of reducing agents, the
chemical with a lower reduction speed (e.g., formaldehyde for
gold/silver and ascorbic acid for platinum) can make hybrid
dimers with excellent contrast in surface coating between two
lobes. With the complementary difference in surface chemistry
between the metallic and organic lobes, it is possible to further
modify the interfacial properties on asymmetric particles, such
as the hydrophobicity, surface charge, catalytic activity, etc.
Such a synthetic platform will allow facile tuning of the
geometric and interfacial anisotropy on a wide range of metal−
organic hybrid dimers, which offers abundant opportunities to
study their specific and synergistic impacts on self-assembly,
multitasking and self-motile motors, colloidal emulsifiers, etc.
Once having synthesized the platinum-polystyrene dimers,

we further investigate the self-propulsion of those particles
under perpendicularly applied electric fields. In higher salt
concentrations (e.g., 1 × 10−4 M KCl solution), the hybrid
dimers exhibited both linear and circular motions. This is due
to the significant contrast in the electric polarizability between
metal-coated and polystyrene lobes, where the induced-charge
electroosmotic flow surrounding the metal-coated lobe propels
the dimer with its polystyrene lobe facing toward the moving
direction. The same dimer, however, can move with the
opposite orientation in deionized water, i.e., the dimer orients
its metal-coated lobe toward the propelling direction. Although
the velocities in both cases scale with the square of the applied
field, their frequency dependence are rather different. We argue
that an additional electroosmotic flow, the electrohydrody-
namic flow arising from the induced charges along the
conducting substrate, can also propel the dimer. Depending
on both frequency and salt concentration, the competition
between the electrohydrodynamic and the induced-charge
electroosmosis can influence the orientation of the dimer
during its propulsion. Interestingly, the propulsion speed of the
dimer can be tuned by its orientation too. When it lies on the
substrate, it moves due to the asymmetric EHD and ICEO flow.
The flow asymmetry disappears when it stands on the substrate
(i.e., aligning parallel to the applied field). Therefore, the
synergistic effect of both geometric and interfacial anisotropy
can be utilized to control both propulsion and orientation of
colloidal dimers.
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