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PATCHY COLLOIDAL CAPSULES, i.e., hollow structures with permeable heterogeneous
surfaces, possess advantageous properties when compared with their homogenous
counterparts. For example, owing to specific interactions between patches they can
self-assemble into complex structures to form functional materials. Fabrication of
patchy colloidal capsules has long been theorized by scientists able to design different
models, but the actual production of them remains a challenge. Here, we demon-
strate how to manipulate colloidal particles on a surface of a droplet with electric
fields. We present three examples of patchy structures formed via electrohydrody-
namic microflows and electro-coalescence. In addition, we show electro-orientation of
patchy capsules composed of both nonconductive polymeric particles and conductive
silver coated particles. Finally, we discuss the importance of an appropriate selection
of oils and particles.

Key words: patchy structures, guided-assembly, electrohydrodynamics, electro-
orientation.

Copyright © 2015 by IPPT PAN



386 7. ROZYNEK et al.

1. Introduction

The patterns of flow induced by electric fields on a surface of a droplet were
first observed and described nearly half a century ago [1]. Still, it has only recently
been demonstrated that these flows can be used to carry and manipulate colloidal
particles located on the surface of a droplet [2]|. As a result, the particles assemble
into clusters and, interestingly, the size, shape and location of these clusters are
strongly affected by the frequency and amplitude of the electric field. Depending
on electric field (E-field) strength and concentration of colloidal particles, the
clusters may either remain in motion (e.g., spinning domains |2, 3|) or form
stagnant patterns [4]. The latter are more relevant to fabricating novel materials
(e.g., heterogeneous capsules [4]). We previously demonstrated fabrication of
highly ordered jammed colloidal capsules of various shapes, including Janus and
patchy capsules, by electro-coalescing two or more droplets with prearranged
particles [4].

Heterogeneous colloidal capsules (comprising of two micro- or nano-particle
shells, each characterized by different properties) offer a few advantages when
compared to their homogenous counterparts commonly prepared by emulsifica-
tion. For example, owing to specific interactions between patches they can self-
assemble into complex structures (similarly to patchy particles) to form different
porous two- and three-dimensional structures [5], e.g., scaffolds [6]. Self-assembly
of the supra-structures can be effectively steered by both the shape of the shell
and the distribution and type of the patches on their surfaces [7].

Colloidal capsules can be also used as carriers for drug molecules [8|, enzymes
[9] or dyes [10]. Patchy colloidal capsules have potential in making smart deliv-
ery systems, for example, if a shell is designed to exhibit self-propulsion. We
foresee, this can be achieved if a specific patch of the shell is composed of Janus
colloidal particles coated on one side with active substances that provide power
for a capsule motor, e.g., by catalytic decomposition [11]. These micro-vehicles
could also be steered. In the presence of external fields (magnetic or electric),
the Janus capsules may undergo rotation similarly to Janus particles [12] or — as
we demonstrate here — electro-orientation.

The surface density of colloidal particles determines the permeability of the
capsule. Recently, we showed how to control the packing density (to a certain
degree) via electro-deformation of a droplet induced by slowly alternating E-
fields [13]. The permeability of the capsule can be also actively controlled, for
example, when pH-responsive colloidal particles are used to form a shell [14].

Properties of patchy shells and their application have long been theorized by
scientists able to design different models [15, 16|, but the actual production of
them remains a challenge. Here, we show fabrication of patchy structures (in-
cluding patchy ribbons and shells) with the use of electro-hydrodynamic (EHD)



ELECTRIC FIELD MANIPULATION OF PARTICLES. .. 387

flows. The layout of the present work is as follows. Firstly, we discuss the behav-
ior of droplets subjected to electric fields in Section 2.1, followed by deformation
dynamics and charge build-up in ‘leaky dielectric’ liquids in Section 2.2. The
mechanism of generation of microflows is described in Section 2.3 and the appli-
cation of the fluid motion for manipulating of surface particles is presented in
Section 2.4. In Section 2.5 we discuss the importance of an appropriate selection
of oils and particles. Conclusions are presented at the end in Section 3.

2. Results
2.1. Dielectric versus ‘leaky dielectric’ surrounding liquids

We will briefly discuss the behavior of droplets subjected to E-fields. An ex-
ternal E-field applied to a droplet surrounded by a dielectric medium, deforms
the droplet to a prolate geometry, i.e., both the direct current (DC) and alter-
nating current (AC) E-fields stretch droplets along the direction of the E-field.
The deformation can be quantified by a parameter
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where 7| and x) are the lengths of the droplet in the direction parallel and
perpendicular to the electric field. The values of the dielectric constants (g4 —
droplet, €5 — surrounding medium) together with the strength of the E-field
determine the magnitude of D. The capillary pressure acts perpendicular to the
surface of the droplet to maintain the spherical shape. The deformation D is
thus inversely proportional to the surface tension between the liquids v and can
be reformulated as:
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where a is the radius of undeformed droplet, and &g is the vacuum permitiv-
ity [17]. Interestingly, irrespectively on the sign of 4 — 5, the system lowers its
energy in the presence of the F-field by elongating the droplet along the field
lines, thus the deformation is always positive.

Generally, the two aforementioned models are accurate for small deforma-
tions and under the assumption that the surrounding medium is dielectric (elec-
trically non-conductive liquid). In Fig. 1 a droplet of silicone oil (Down Corn-
ing 200/50 cSt, specific density of 0.962 g/cm? at 25°C, electric conductivity
~ 3-5 pS/m, relative permittivity 2.1) with a radius of approx. 1.7 mm is im-
mersed in castor oil (Sigma-Aldrich 83912, specific density of 0.961 g/cm?® at
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25°C, electric conductivity ~ 40-45 pS/m, relative permittivity 4.7 and vis-
cosity around 700 c¢St). A 100 Hz external AC E-field of 200 V/mm applied
in the horizontal direction deforms the droplet that acquires a prolate shape
(see Fig. 1b). The deformation D is ~0.01 (for Fig. 1b), a value that coincides
well with a theoretical prediction given by Eq. 2.1, assuming the surface tension
is 5 mN/m.

Application of a DC E-field of similar strength results in a different defor-
mation of the droplet. As shown in Fig. 1lc, the droplet deforms in the direction
perpendicular to the E-field lines and becomes oblate (D < 0). This behavior
is not predicted by the dielectric models presented above. TAYLOR [1] realized
that the surrounding fluid could no longer be viewed as an insulator, i.e., even in
very pure oils there are mobile charges (ions) that are able to reach the interface
of the droplet. The two aforementioned oils should hence be considered as ‘leaky
dielectric’ fluids (weakly electrically conductive liquids).

a) b) c)

—

Ex

—
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F1ag. 1. A silicone oil droplet of radius 1.7 mm immersed in castor oil. Panel (a) shows the

situation before the E-field is turned on, while panels (b) and (c) illustrate prolate and oblate

deformations at steady state after the application of AC (100 Hz) and DC E-fields of approx.
200 V/mm, respectively. The E-field direction is horizontal.

Taylor proposed a model [1] that describes the behavior of droplets deformed
by a DC E-field. The leaky dielectric model includes the contributions from
the electrical conductivities and viscosities of both liquids, and describes the
deformation as [18]:
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where R = 04/05 is the ratio of conductivities, G = g4/e, is the ratio of dielectric
constants, and A = 7y/ns is the ratio of viscosities. Within this model, the
deformation can accept both negative and positive values. Prolate shapes (D >
0) are predicted for @ > 1, and oblate shapes when ¢ < 1. The value of D for
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the droplet shown in Fig. 1c is ~ — 0.03, which agrees well with the theoretical
prediction given by Eqs. 2.3 and 2.4. It is important to note that Eqs. 2.3 and 2.4
for D describe drop deformation in a DC E-field. However, those equations still
hold for an AC FE-field that has an oscillation period much longer than the time
needed for charges to accumulate on the surface of a droplet, i.e., f < 1/myw.

2.2. Deformation dynamics and charge build-up in ‘leaky dielectric’ liquids

If there is a mismatch in conductivities between the surrounding liquid and
a droplet, mobile ions will start building up at the outer surface of the droplet.
The conductivity of castor oil (outer phase) is approx. 10 times larger than the
conductivity of silicone oil. The Maxwell-Wagner polarization time [19] predicts
the interval needed for accumulation of charge at the interfaces. This time does
not depend on the strength of the E-field:

(2.5) TMW = ————¢€0, here myw ~ 1.2 s.

The time it takes for a droplet to deform due to the EHD flow and reach an
equilibrium shape is determined by the viscosities of both fluids and by the
strengths of the applied E-field [20]:
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Figure 2a presents the measurements of the deformation of a 2.2 mm droplet
as a function of both the strength of the DC F-field and of the time from turning
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Fia. 2. a) Deformation dynamics of a silicone oil droplet of radius 2.2 mm immersed in cas-
tor oil at different DC E-field strengths. b) At E-fields above 250 V/mm the characteristic
deformation time Tqer approaches the theoretical value of the Maxwell-Wagner time Tvw
(around 1.2 s), whereas for lower E-fields the significance of Tgup rises, thus Tger becomes
strongly E-field-dependent. The theoretical values of Teap are marked as open triangles.
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the DC E-field on. We define the deformation time 74 as the interval after
which D reaches the arbitrarily set threshold of 97% of its peak value. Figure 2b
shows T4e plotted against the strength of the DC E-field (filled squares). At DC
E-fields above 250 V/mm the characteristic deformation time approaches the
theoretical value of the Maxwell-Wagner time, whereas for lower DC E-fields it
becomes predominantly dependent on 7yef, thus strongly E-field-dependent. The
theoretical values of T4os are marked as open triangles.

The estimated value for the charge build-up time (from Eq. 2.5) is ap-
prox. 1.2 s, and this sets the critical frequency of around 0.8 Hz for the applied
AC E-fields, above which the charge build-up will be suppressed. The FE-field
strength has its upper limit as well, above which a deformed droplet starts rotat-
ing in a manner resembling the Quincke rotation [21]. In our system, for a droplet
size of around 2 mm, this critical E-field strength is of about 700 V/mm, and
is roughly two times higher from what it would be expected from the Quincke
theory for a rigid sphere possessing similar dielectric parameters as the silicone
oil droplet. At very high fields the droplet breaks up [20].

2.3. Electric-field-induced hydrodynamic flows

Mobile charges that buildup at the interface of the droplet are distributed
around the entire droplet except for the ‘electric equator’. The force on the
charges acts on the droplet in the direction of the E-field lines. There are only
two points on the droplet (its ‘electric poles’) where the electric force is oriented
entirely along the normal to the surface. Everywhere else the electric force has
two components, namely normal and tangential components. While the normal
component is balanced by the surface tension, the tangential component is bal-
anced by the viscous shear stress, i.e., the tangential component of the electric
force sets the fluids in motion [1].

The Taylor electrohydrodynamic model describes both the direction and mag-
nitude of the flow. The direction of flow is from the electric poles towards the
electric equator. Experimentally we observed similar flow patterns by tracing
microparticles. Figure 3a shows the observed flow patterns. The arrows indicate
the direction of movement of several tracer particles. Figure 3b shows a differ-
ent droplet with several tracer particles capillary bound to the liquid interface.
After the application of an electric field, the surface particles are carried by the
EHD flows towards the electric equator, as indicated by the blue arrows. Fig-
ures 3a and 3b were composed by stacking several images captured over a period
of around 4 and 3 seconds, respectively. We consider the microparticles as pure
traces, since we observed no direct interaction of the electric field with them (e.g.,
no electrophoretic or dielectrophoretic motion). The gravity direction is vertical,
while the E-field of around 200 V/mm is applied in the horizontal direction.
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Fia. 3. Experimentally observed hydrodynamic streamlines: a) outside the droplet and

b) on the sutface of droplet. The arrows indicate the direction of movement of several tracer

particles. The size of each droplet is about 3 mm. The E-field of 200 V/mm applied in the
horizontal direction.

Surprisingly, the flow induced by the electric-field (both inside and outside
the droplet) has barely been studied in the context of particle manipulation
and of guided-assembly. In the next subsections, we show examples of how non-
conductive particles can be assembled into simple structures.

2.4. Particle manipulation on the surfaces of droplets

EHD flows can be used to arrange colloidal particles on the surface of a drop-
let. When using silicone and castor oils (with the same parameters as presented
before) with moderate E-fields, (up to around 350 V/mm the liquid flows in
the direction from the electric poles towards the electric equator (as indicated
in Fig. 3). If non-conductive particles with similar dielectric properties as those
of the oils are randomly dispersed on the surface of the droplet, the flow will
carry these particles towards the electric equator. At this position, the silicone
oil moves away from the interface, into the bulk of the droplet, yet the particles
are held at the interface by capillary forces. As a result, the particles assemble
into a ‘ribbon-like’ structure [4] at the surface of the droplet. The width of the
ribbon primarily depends on the concentration (surface density) of particles at
the interface. The dynamics of assembly are determined mainly by the viscosity
of both liquids and on the strength of the E-field.

It is also possible to form more complex ribbon-like structures by coalescing
two (as shown in Fig. 4) or more droplets, each containing different particles.
In the example below we demonstrate the method of fabricating a two-striped
ribbon and a ribbon that is composed of two half rings of different materials.

We start the experiment with two droplets, one containing red and one with
green polyethylene (UVPMS 45-53 pm, Cospheric LLC) particles randomly
dispersed on their surfaces (left panel in Fig. 4). Application of a DC E-field
(~ 250 V/mm) causes aggregation of the particles at the equators. At the same
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F1G. 4. The process of forming a two-striped ribbon and a ribbon composed of two half rings.

Two droplets with red and green PE particles located on the droplets surfaces are brought to

close proximity. Due to the EHD flows, the particles assemble at the droplets’ electric equator.

By coalescing the droplets, a two-striped ribbon is formed (top right). In order to make a ribbon

with two half rings (bottom right), the E-field direction needs to be changed shortly after the
coalescence.

Two-stripes

Z
)

Particles randomly dispersed  Particles assemble due to
on drops surfaces the EHD-induced flows

Half-half ring

time, the two droplets start to approach one another due to the combined action
of EHD asymmetric flows and the dipole-dipole electrostatic attraction [18]. Af-
ter a short time, the droplets contact each other, as shown in the second panel
in Fig. 4. Eventually, the droplets electro-coalesce. If the E-field direction re-
mains constant, the two ribbons are carried by the EHD flows of the merged
droplet towards the electric equator of the droplet forming a two-striped ribbon
(top right panel in Fig. 4). However, if the E-field direction is changed right after
the coalescence, a ribbon composed of two half rings with different materials can
be made (bottom right panel in Fig. 4).

Merging two droplets decreases the total surface area of the interface with the
outer liquid. Thus, when the particle concentration on each droplet is adequately
high, a jammed shell, i.e., a shell composed of closely packed particles; can be
formed by electro-coalescence (similarly as for merged droplets in Fig. 4). In
a merged droplet, the particles have practically no freedom to move, hence cannot
diffuse within the layer. In our previous report [4| we demonstrated an approach
to fabricating a range of jammed capsules, including Janus and patchy capsules.
The capsule can be made to be non-spherical (e.g., ellipsoidal or dumbbell-like)
and its shape is determined by the particle surface coverage of the droplets before
their coalescence [4]. If the surface particles are densely packed and jammed, the
capsule maintains its shape, as long as the force exerted on the capsule (e.g.,
by applying high electric field) overcomes the elastic stress of the capsule. The
capsules reported in [4] were made of shells composed of either non-conductive
or weakly-conductive particles. Here, we present a capsule comprising both non-
conductive (polyethylene) and conductive (silver-coated glass) particles within
a monolayer shell.

As shown in Fig. 5, the process of fabrication of an arrested spherical or
non-spherical capsule involves two steps, namely electro-coalescence and ‘electro-
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a) — E=200 V/mm, DC b)

Initial droplets Electro-coalescence
— -
<) E=600 V/mm, f=0.3 Hz )
Final state Electro-shaking

Fic. 5. The process of fabrication of an arrested non-spherical capsule with conductive chains.
The process involves two steps, namely electro-coalescence and ‘electro-shaking’. a) The surface
particles are dispersed randomly. b) After application of a DC E-field of around 200 V/mm
the particles on each droplet move towards electric equators and at the same time the droplets
approach one another. It takes just few seconds for the droplets to electro-coalesce and form
a prolate-like arrested capsule. ¢) The coalesced droplet is electro-shaken at £ = 600 V/mm
and f = 0.3 Hz. This process aids conductive particles to move, re-locate and form conductive
chains. After many electro-shaking cycles the electric field is turned off. d) The resulting
arrested capsule acquires an oblate-like shape. Since the particles are jammed, the conductive
chains stay at their positions permanently, as long as £ < E¢. During electro-coalescence and
‘electro-shaking’, the E-field is in horizontal direction.

shaking’. The initial two droplets, with surface particles distributed randomly,
are shown in Fig. 5a. The concentration of the particles on each droplet has to
be sufficiently high to obtain an arrested capsule after electro-coalescence. The
electro-coalescence is performed at a DC E-field of around 200 V/mm. The right
panel of Fig. 5b shows the resulting electro-coalesced arrested capsule. The cap-
sule acquires a prolate-like shape and the shape is maintained as long as F < E..
The critical electric field strength (E.). is a strength at which the electric force
exerted on a capsule has the same magnitude as the elastic stress of the cap-
sule (here around 350 V/mm). Above that value the capsule starts to deform
and may eventually acquire an oblate shape. The conductive particles are now
trapped and cannot re-locate since all of the surface particles are jammed. We
‘electro-shake’ the droplet in order to allow the conductive particles to move
on the surface of a droplet and eventually assemble into chains. The details of
this method were explained in our previous publication [13|. In short, a slowly
alternating electric field (here f = 0.3 Hz) compresses and elongates the droplets
cyclically (see Fig. 5¢). This can be done at E > E,, here at £ = 600 V/mm.
After around 30 s of electro-shaking the electric field is turned off exactly when
the droplet is the most compressed. The droplet elastically relaxes until the sur-
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F1a. 6. a)—c) Alignment of a capsule subjected to an applied E-field. The capsule consists of
red PE particles and of silver conductive particles that form short chains. In the presence of
an external AC E-field (100 Hz), the capsule undergoes electro-orientation and changes its
configuration from an initially non-axisymmetric towards an axisymmetric, i.e., it aligns itself
with the dipolar chains oriented roughly along the E-field lines. The direction of the rotation
here is clockwise, defined by the initial direction of the deviation from the non-axisymmetric
configuration. As the droplet rotates, the repartition of the conductive particles remains still,
since the particles within the monolayed shell are jammed. The size of the capsule is about
1.5 mm. d) Schematic representation of a capsule with conductive chains and force vectors Fi
and F» due to electric torques induced on chains and the capsule, respectively. The direction
of the E-field is horizontal, in all panels.

face particles jams. The resulting oblate-shape droplet with aligned conductive
chains is shown in Fig. 5d. Once the oblate-shape jammed capsule is formed, the
conductive chains stay at their positions permanently, as long as £ < E.. The
droplet, with a jammed capsule formed on its surface, behaves as a rigid body,
unless the particles unjam, e.g., due to application of high E-fields.

Figure 6 shows a slightly non-spherical capsule, which was intentionally ro-
tated by around 80° (by mechanical means) in respect to its original orientation
(i.e., just after the capsule’s formation). Its longest axis is now nearly parallel to
the direction of the E-field. In the presence of a moderate external AC E-field
(100 Hz, 300 V/mm), the capsule keeps its shape (such magnitude of the elec-
tric force acting on the capsule is too week to induce any observable viscoelastic
deformation) and undergoes electro-orientation changing its configuration from
initially approximately non-axisymmetric towards axisymmetric, i.e., it aligns
itself with the dipolar chains oriented roughly along the FE-field lines. The di-
rection of the rotation (clockwise or counter-clockwise) depends on the initial
direction of the deviation from the non-axisymmetric configuration. The rota-
tion dynamics is primarily dependent on the viscosity of the external phase, i.e.,
lowering the viscosity of castor oil 10 times would result in reducing the time of
rotation to about 4 s.

For a non-spherical and dielectrically homogenous capsule (comprising, e.g.,
PE particles), the dipole moment aligns along its longest axis. This, in turn,
determines the alignment of the particles in the FE-field, via electro-rotation.
Interestingly, here (Fig. 6) the alignment of the capsule does not occur with its
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longest principal axis oriented along the E-field. At the AC E-field the conductive
chains seems to define the direction of alignment. The exact prediction of the
capsule’s preferred orientation seems to be a non-trivial task, since such a system
contains four different media: internal oil, dispersing oil with different dielectric
properties, a non-conductive main part of the shell and finally conductive chains.
By simplifying the system to three phases (only one type of liquid) we can apply
the following reasoning. Each dipolar chain that is not aligned along the F-field
direction, experiences an induced torque with a force vector (e.g., F} in Fig. 6d)
due to the external electric field. The torque tends to align the dipolar chain
towards the direction of the FE-field. The magnitude of the electric torque is
related to: (i) the strength of the electric dipoles, thus it depends on the length
of a chain and its polarizibility; (ii) the electric field strength; and (iii) the cosine
of the angle formed between the direction of the force vector and the electric field
lines. The total torque of dipolar chains is balanced by the electric torque (with
a force vector Fy) that a non-spherical capsules experiences. This balance is
achieved at a certain orientation of the capsule and, in respect to the angle 65,
it is determined by induced electric dipoles of both the dipolar chains and the

capsule, as following:
0y = tan"! <pd—ip>.
Pcap

Thus, if pgip > peap the angle O3 — 90°, and the capsule attains the axisymmetric
configuration, i.e., it aligns itself with the dipolar chains oriented roughly along
the E-field lines.

It would be interesting to investigate the orientation-spectrum of capsules
(composed of similar complex shells) with varied frequency of applied E-fields
and conductivities of the three media. We foresee that with adequately cho-
sen material and E-fields it will be possible to electro-switch the orientation of
a capsule, changing its configuration from non-axisymmetric to axisymmetric,
and vice-versa. This phenomenon could potentially be of use in, e.g., passive
display technology.

2.5. Particles binding at the droplet interface

As a final remark, we discuss the importance of an appropriate selection of
oils and particles. There are many mechanisms for transporting particles onto
the surface of the droplet, and they utilize either gravity [22], mechanical shear-
ing [23], spontaneous assembly [24] or hydrodynamic delivery [25]. Once particles
are brought to the interface, they should preferably be strongly bound to it. The
binding energy, or the energy required to remove a particle from the interface
with a surface tension - is given as [26]:

(2.7) Ey < a?y(1 £ cos 0)?,
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where a is the particle radius, 8 is the contact angle and the sign inside the
bracket is negative for a transfer of the particle into the droplet, and positive
for removal into the outer surrounding liquid. The particles are bound to the
interface most strongly when the contact angle is 90°. This condition is difficult to
achieve because typically particles comprising a single material exhibit different
contact angles of the two immiscible liquids. For example, polystyrene particles
may have much higher affinity to the castor oil than to the silicone oil (Fig. 7a).
Gentle mechanical stirring, EHD flows or any viscous drag due to, e.g., the
flow of the droplet; may cause de-attachment of the particles from the interface
(Fig. 7c).

a)

Fic. 7. The importance of an appropriate selection of oils and particles. A silicone oil with
pure (a, c¢) and surface modified (b, d) PS particles with radii of 140 and 40 pum in panels
(a, b) and (c, d), respectively. The droplets are immersed in castor oil. The pure PS particles
are very weakly bound to the interface. They diffuse to the castor oil phase to which they
have much greater affinity. Gentle deformation or displacement of the droplet caused the non-
modified particles to easily deattach from the surface (c). Surface modification of PS particles
resulted in change of the contact angle, thus the modified PS particles bind strongly to the
interface (d). In (a) and (b) particles form a ribbon view along the electric field lines.

Modification of the surface chemistry of the particles may balance the wet-
tability of the particles by the liquids. In our experiments we used an acrylate
polymer surface modifier (FluoroPEL™ PFC 502AFA, Cytonix, USA) diluted
with fluorinated fluid (HFE7100, 3M™  USA) to improve the affinity of PS par-
ticles towards castor oil. PS were added to the mixture and stirred for 20 min at
approx. 50°C. The solvent was then removed by using a rotary evaporator. Sub-
sequently, the PS particles were placed in silicone oil and sonicated to avoid
aggregations. The modification resulted in the change of the contact angle (com-
pare Fig. 7a with Fig. 7b) and the particles are hence more strongly bound to
the interface, as shown in Figs. 7b and Fig. 7d, respectively. Another way to as-
sure the particle stability would be to use heterogonous colloidal particles, e.g.,
Janus particles, in which two hemispheres are composed of different materials
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that possess the right affinity to both liquid phases. The equilibrium contact
angle for such particles is nearly 90° [27].

3. Conclusions

We discussed the general behavior of oil droplets subjected to electric fields
and showed an example of the E-field-induced deformation of a droplet of sili-
cone oil immersed in castor oil. We also detailed the deformation dynamics of
the droplet. We found that the characteristic deformation time is proportional
to E~2, and has the offset defined by the value of Maxwell-Wagner time (charge
built-up time). The latter is an important parameter that sets the critical fre-
quency of FE-field above which the accumulation of charges on a surface of a
droplet will be suppressed. For the oil-oil system presented here, we found the
critical frequency to be of around 0.8 Hz. Thus, only slowly changing F-field
(below 0.8 Hz) can be used to induce EHD liquid flows. We observed the EHD
flow patterns by tracing particles and found the direction of flow to be from the
electric poles towards the electric equator.

We further described the phenomenon of induced liquid flows by FE-fields
and that electro-coalescence can be used to manipulate particles on a surface of
a droplet. We have provided examples of three different surface structures, in-
cluding a two-striped ribbon and a ribbon that is composed of two half rings of
different materials; and a patchy capsule composed of both non-conductive poly-
meric particles and conductive silver coated particles. The assembled particles
can possibly be interlocked, for example, by sintering or curing. Then, such an
interlocked object could be removed from dispersion, rinsed and dried for use in
other systems. In addition, the structures can be transformed into solid patchy
particles if the inner liquid phase is solidified, for example, by UV curing.

We also demonstrated electro-orientation of a non-spherical patchy capsule
composed of a non-conductive shell with several integrated conductive chains.
The conductive chains were pre-aligned in direction perpendicular to the elon-
gation axis. In presence of an AC FE-field, the capsule aligned itself with the
dipolar chains oriented along the E-field lines. A non-spherical, but dielectri-
cally homogenous capsule aligns with its longest axis along the E-field lines. By
adding conductive chains we changed a distribution of charges within a shell and
the direction of a net dipole.

The capillary binding of particles to a surface of a droplet is related to their
wettability and the contact angle of the oil-oil interface at the particles. By
coating PS particles with acrylate polymers we modified particles’ surface prop-
erties and changed their wettability. More specifically, due to the modification
we changed the contact angle (approaching optimal value of 90°) by lowering
the affinity of particles towards castor oil in favor of silicone oil. This resulted
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in an increase of the free energy of adsorption and consequently prevented from
detachment of particles from the surface of a droplet. The modified particles held
strongly to the interface even if exposed to strong liquid flows.
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