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Lateral actuation of an organic droplet on
conjugated polymer electrodes via imbalanced
interfacial tensionsf

Wei Xu, Jian Xu, Xin Li, Ye Tian, Chang-Hwan Choi and Eui-Hyeok Yang*

This paper presents a new mechanism for the controlled lateral actuation of organic droplets on dodecyl-
benzenesulfonate-doped polypyrrole (PPy(DBS)) electrodes at low voltages (~0.9 V) in an aqueous
environment. The droplet actuation is based on the tunable surface wetting properties of the polymer
electrodes induced by electrochemical redox reactions. The contact angle of a dichloromethane (DCM)
droplet on the PPy(DBS) surface switches between ~119° upon oxidation (0.6 V) and ~150° upon
reduction (—0.9 V) in 0.1 M NaNOs solution. The droplet placed across the reduced and oxidized PPy(DBS)
electrodes experiences imbalanced interfacial tensions, which prompt the actuation of the droplet from
the reduced electrode to the oxidized electrode. The lateral actuation of DCM droplets on two PPy(DBS)
electrodes is demonstrated, and the actuation process is studied. The driving force due to the imbalanced
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1. Introduction

Conjugated polymers, such as dodecylbenzenesulfonate-doped
polyaniline (PANI(DBS)), perfluorooctanesulfonate-doped poly-
pyrrole (PPy(FPOS)), and dodecylbenzenesulfonate-doped poly-
pyrrole (PPy(DBS)), exhibit tunable surface wetting properties
upon the application of electrical stimuli, which have been
used for the manipulation of droplets at low voltages (1-5 V).'
Isaksson et al. demonstrated the spreading of a water droplet
on a PANI film with a wettability gradient generated by a biased
electrical field (5 V) near the film.® While Chang et al. has
demonstrated the actuation of a water droplet on the micro-
structured PPy(FPOS) grown on a mesh substrate,” the intrinsic
toxicity of the FPOS limits its applicability.” Among the con-
ductive polymers, polypyrrole (PPy) shows high electrical con-
ductivity and good environmental stability and has been one of
the most widely used polymers.® Causely et al. demonstrated an
electrochemically-induced fluid movement in a PPy(DBS)-coated
channel by applying a reduction potential at one end of the
channel.® Chatzipirpiridis et al. demonstrated a three-dimensional
robotic system for the pickup, transport, and release of drops
using polypyrrole architectures.’ Tsai'® and Xu'' demonstrated
the unidirectional transportation of both aqueous and organic
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interfacial tensions is estimated to be approximately 10~7 N for a 6 pL droplet.

droplets on tilted PPy(DBS) surfaces, where the droplet behavior
was largely affected by the tilting angle of the substrate. In
addition to aqueous droplets, water-immiscible organic reagents
(e.g. dichloromethane (DCM)) are of significance in various
applications, such as drug delivery and miniaturized droplet
reaction systems;'>* yet the controlled actuation of organic
droplets in aqueous environment has been less explored.

Here, we show a low-voltage (—0.9 V) controlled lateral actuation
of an organic liquid droplet (DCM), in an aqueous environment on
PPy(DBS) electrodes, and elucidate the mechanism of droplet
actuation. We demonstrate that the droplet is driven by a net force
induced by the difference in lateral interfacial tensions generated
between the adjacent PPy(DBS) electrodes under reduction and
oxidation, respectively. We systematically exploit the behaviors of
the droplet during the actuation process, including the displace-
ment, velocity, contact angles, and forces.

2. Actuation mechanism

Fig. 1 illustrates the actuation mechanism of an organic droplet
on PPy(DBS) electrodes in an aqueous electrolyte (0.1 M NaNOj)
environment. The PPy(DBS) electrodes are initially in an oxidized
state by applying a voltage of 0.6 V (vs. counter electrode). Next,
an organic droplet (e.g., DCM) is placed on top of two PPy(DBS)
electrodes so that it partially covers both electrodes. Once a
reductive voltage of —0.9 V (vs. counter electrode) is applied to
one of the two PPy(DBS) electrodes (e.g., the left in Fig. 1), the
PPy(DBS) surface exposed to the electrolyte is reduced along with
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Fig. 1 Scheme illustrating the actuation mechanism of an organic droplet
on the PPy(DBS) electrodes in an aqueous electrolyte, driven by imbalanced
lateral interfacial tensions upon the application of a low voltage. The application
of a reductive voltage on the PPy(DBS) electrode (left) reduces the area
exposed to the electrolyte, resulting in imbalanced lateral interfacial tensions
(ie., v re < YL_ox ON the organic droplet aligned between two PPy(DBS)
electrodes. As a result, the droplet moves from the activated PPy(DBS)
electrode (left) to the non-activated PPy(DBS) electrode (right) at low voltages.

the absorption of cations from the electrolyte into PPy(DBS) for
charge neutralization.” However, the electrode area underneath
the droplet on the activated PPy(DBS) electrode still remains
oxidized since the droplet acts as a barrier against the absorption
of cations into the PPy(DBS) film to accomplish the reduction of
PPy(DBS).*">""” The PPy(DBS) on the non-activated electrode is
also in an oxidized state. Here, the lateral interfacial tensions
experienced by the droplet along the droplet boundary are now
in an imbalanced state, since a reduced PPy(DBS) surface is
more hydrophilic than an oxidized PPy(DBS) surface.>*'° As a
result, a lateral driving force is generated on the droplet as

F= JL (YLox — yO_Ox)l(l?' dl_j
1

- J (VL Rre — V0,0x)2(l?' dr)a
L

where 71, ox Yo ox and 7 ge are the interfacial tensions of
the aqueous electrolyte-oxidized PPy(DBS) interface, the organic
droplet-oxidized PPy(DBS) interface, and the aqueous electrolyte-
reduced PPy(DBS) interface, respectively, and L; and L, are the
contact lines of the droplet on non-activated (oxidized) and
activated (reduced) electrodes, respectively.'® Since the y, ge is
smaller than the y; ox (the reduced PPy(DBS) surface is more
hydrophilic), the driving force is directed from the activated
(reduced) PPy(DBS) electrode to the non-activated (oxidized)
PPy(DBS) electrode (i.e., from the left to the right as shown in
Fig. 1) according to eqn (1). If the driving force due to the
imbalanced lateral interfacial tensions is larger than the resistance
forces, it results in a lateral motion of the droplet to the non-
activated PPy(DBS) electrode.
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3. Results and discussion

3.1. Tunable wetting of PPy(DBS) surfaces

We analyzed the tunable wettability of PPy(DBS) surfaces during the
oxidation and reduction processes by means of measurement of
the change in the apparent contact angles of DCM droplets on
PPy(DBS) surfaces immersed in 0.1 M NaNOj; solution. As shown in
Fig. 2a, the contact angles of the DCM droplets showed a clear
change upon the oxidation and reduction of PPy(DBS) surfaces. The
contact angles on oxidized surfaces significantly increased to
~150° upon reduction and showed an almost constant value even
after multiple redox cycles. The contact angles of the droplets upon
oxidation gradually increased over multiple redox cycles, starting
from ~70° in the beginning and then becoming stable at ~119°
after around ten cycles (i.e., in the stabilized state). The change of
the wetting properties of the surface before reaching the stabilized
state was related to the change in surface roughness, the influx of
water from the electrolyte into the polymer, or the accumulation of
surfactant dopants on the polymer surface.>**" In the stabilized
state, the difference in the contact angles of the DCM droplets on
oxidized and reduced PPy(DBS) surfaces was approximately 31°,
indicating the tunable wettability of PPy(DBS) surfaces during the
redox cycles. Fig. 2b shows the typical profile of the droplet during
the redox cycles on the PPy(DBS) surface in the stabilized state: the
contact angle was ~119° on an oxidized surface (Fig. 2b-i), and was
increased to ~150° upon reduction, along with the flattening of the
droplet (Fig. 2b-ii). New DCM droplets were used in each redox
cycle for contact angle measurements in Fig. 2a. When a single
droplet was used during multiple redox cycles, it showed a similar
change in the contact angle and droplet shape.*

The change in the contact angle is due to two contributing
factors. First, the surfactant dopant molecules (DBS™) reorient
in PPy(DBS) during the reduction, exposing the hydrophilic
(or oleophobic) sulfonic acid groups at the outermost surface
(Fig. 2b-iv).>?* Therefore, the reduced polymer surface demon-
strates a stronger affinity for water (i.e., more hydrophilic or
oleophobic) than the organic liquid, which reduces the inter-
facial tension at the aqueous electrolyte-PPy(DBS) interface
(i.e., yr_ox becomes y;, re). As a consequence of the decreased
interfacial tension at the electrolyte-PPy(DBS) interface (i.e.,
71_re), the contact angle of the droplet increases according to
the Young’s equation as:

YL_.0€0s 0 = V1, re — Yo_oxs (2

where y;, o is the interfacial tension at the electrolyte-droplet
interface, and 0 is the apparent contact angle of a droplet.
Second, although the majority of the DBS™ molecules are locked
in the PPy(DBS) matrix due to the bulkiness of volume,**™* a
minute amount of DBS™ molecules desorbs from the PPy(DBS)
surface and is released into the surrounding electrolyte during
the reduction.”” The released DBS™ molecules accumulate at the
interface between the organic droplet and the aqueous electro-
Iyte (Fig. 2b-iv), resulting in a decrease in the interfacial tension
at the electrolyte-droplet interface (y;,_o) during the reduction.
The release of surfactants from PPy(DBS) surfaces and the
consequent effect on the change of interfacial tension have been
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(a) Change in the contact angle of DCM droplets on a PPy(DBS) surface during multiple redox cycles. (b) (i) Apparent contact angle of a DCM

droplet on an oxidized PPy(DBS) surface in 0.1 M NaNOs solution; (i) flattening and contact angle increase of a DCM droplet when a reduction voltage of
—0.9 V was applied; (iii)—(iv) schematics illustrating the change of the contact angle of a DCM droplet on a PPy(DBS) surface during redox. (c) Schematic
of the cross-section view of a flattened sessile droplet on a substrate. Ry41 and Rq» are the principal radii of curvature at the position where the radius of the
flattened droplet is maximum (i.e., position d), and Ry and Ry are the principal radii of curvature at the vertex of the droplet (i.e., position b). h is the
distance between the vertex of the flattened droplet and the horizontal plane where the radius of the droplet is maximum. W is the width of the droplet.
(d) Chronoamperometric current curve of the oxidation (0.6 V) and reduction (—0.9 V) processes of a PPy(DBS) film.

particularly studied in our previous work.'"' The interfacial

tension at the electrolyte-droplet interface (y;, o) was measured
using a pendant droplet method before the reduction, which is
based on the Young-Laplace equation.’®*” The interfacial tension
of the flattened droplet on the reduced PPy(DBS) surface (as shown
in Fig. 2b-ii) was estimated based on the balance between the
Laplace pressure and the hydrostatic pressure of the droplet,
which is represented as:

o= ( 0 1 )

_ + —_—

Rit Rz Rei Rw
where Ap is the difference in density between the droplet (e.g.,
DCM) and surrounding medium (e.g., 0.1 M NaNO3), g is the
constant acceleration due to gravity, % is the distance between

the vertex of the flattened droplet and the horizontal plane
where the radius of the droplet is maximal, Ry; and Ry, are the

®)
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principal radii of curvature at the position where the radius of
the flattened droplet is maximal (i.e., position d in Fig. 2c), and
Ry, and Ry, are the principal radii of curvature at the vertex of
the droplet (i.e., position b in Fig. 2c). The derivation process is
shown in the ESL{ For the droplet shown in Fig. 2b, the
interfacial tension at the electrolyte-droplet interface (yi, o)
was calculated to significantly decrease from 27.8 mN m ™' to
0.27 mN m™". The decrease of the interfacial tension further
amplifies the change in the contact angle when it is larger than
90°, according to eqn (2).

The decrease of the interfacial tension at the electrolyte-
droplet interface (y;_o) also results in the shape change (ie.,
flattening) of the droplet from a spherical cap shape to an
ellipsoid (Fig. 2b-ii), due to the greater influence of the gravita-
tional force than the interfacial tension force on the droplet
shape. The greater influence of the gravitational force is
indicated by the increase of bond number (Bo). The number

This journal is © The Royal Society of Chemistry 2016
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Bo is the ratio of the gravitational and surface tension forces,
defined by

ApgR?
Bo = %7 (a)

Lo

where R is the characteristic length (e.g., the radius of the droplet)."®
The number Bo of the droplet as shown in Fig. 2b increases from
0.1 to 10.4 after the reduction with a decrease of the interfacial
tension. A higher Bo number indicates the increased effect of
gravitational force on the droplet shape, causing the flattening of
the droplet."" In addition, the retentive force of the organic droplet
on the PPy(DBS) surface, attributed to solid-liquid interaction,>®?°
is decreased with the decrease of the electrolyte-droplet interfacial
tension (y;, o) according to Tadmor’s approach,’*™? which is
represented as:

_ oW (cosOr —cosx)AP
= G

Ji ) (5)
where W is the width of the droplet (Fig. 2¢), and 0 and 0, are
the receding and advancing contact angles, respectively. AP is
the Laplace pressure difference between the inside and the
outside of the droplet near the three-phase contact line. G; is
the shear modulus that is associated with the outermost layer
of the solid surface. The Furmidge equation®* is not used here
considering that it is not appropriate to describe the onset of
droplet motion.* The decreased retentive force facilitates the lateral
actuation of the organic droplet on the PPy(DBS) electrodes.

The change of the wetting properties of a PPy(DBS) surface
as shown in Fig. 2b was complete in ~ 2 seconds. The switching
time of wetting properties relates to the process of the electro-
chemical reaction of PPy(DBS). Fig. 2d shows the change in the
chronoamperometric current during multiple redox cycles. The
change in current indicates the charges consumed by the
PPy(DBS) film"® and the occurrence of the electrochemical
reaction of the PPy(DBS) coating. The current declined drama-
tically in the initial ~2 seconds during both reduction and
oxidation processes, implying rapid redox kinetics in PPy(DBS)
films upon the application of voltages. Subsequently, the
change in the current became moderate and eventually reached
the background current, indicating that the electrochemical
reaction (i.e., reduction or oxidation) of the PPy(DBS) film has
been completed.

3.2. Droplet actuation on PPy(DBS) electrodes

Based on the tunable wettability of the PPy(DBS) surfaces, we
demonstrated the lateral actuation process of a DCM droplet on
an array of two PPy(DBS) electrodes. Fig. 3 shows the fabricated
PPy(DBS) electrodes used for the demonstration. The PPy(DBS)
electrode patterns are composed of a PPy(DBS) coating and
underlying Au/Cr conductive layers on an SiO, coated Si sub-
strate (Fig. 3a). Fig. 3b illustrates the configuration of two
PPy(DBS) electrodes. Fig. 3c is the cross-sectional view of a
PPy(DBS) electrode, showing the coated PPy(DBS) film with the
embedded Au/Cr layers. The PPy(DBS) film was 1.3 pm thick as
it was electrodeposited at 0.8 V with a surface charge density of

150 mC cm 2.

This journal is © The Royal Society of Chemistry 2016

Soft Matter

2 mm

PPy(DBS) PPy(DBS)

Fig. 3 Schematic and fabrication result of PPy(DBS) electrodes. (a) SEM
image (tilting view) of the fabricated PPy(DBS) electrodes. (b) Schematic of
the configuration of two PPy(DBS) electrodes (not to scale). (c) Cross-
sectional view of the PPy(DBS) electrode.

Fig. 4a depicts the lateral actuation process of a DCM droplet
on two PPy(DBS) electrodes. Two PPy(DBS) electrodes were
initially oxidized at a voltage of 0.6 V (vs. the counter electrode).
A DCM droplet (~6 pL) was then placed on the surface of the
pair of PPy(DBS) electrodes (Fig. 4a-i). Once the droplet was
adequately in contact with both electrodes, a reductive voltage of
—0.9 V (vs. counter electrode) was applied to activate the
PPy(DBS) electrode on the left (Fig. 4a-i). Upon the reduction
of the left electrode, the droplet was flattened in ~2 seconds
with an increased contact angle (Fig. 4a-ii), similar to the
situation shown in Fig. 2. The flattened droplet then gradually
moved from the activated (left) electrode to the non-activated
(right) one. In ~10 seconds, the droplet was completely trans-
ported to the non-activated electrode on the right (Fig. 4a-vi).
Fig. 4b illustrates the sequential redox reaction in PPy(DBS)
electrodes and the resulting change in interfacial tensions that
facilitates droplet actuation. In the initial state, both PPy(DBS)
electrodes are in oxidized states (Fig. 4b-i). The interfacial
tensions acting on the contact lines of the droplet on two
electrodes are equal, and the net lateral interfacial tension force
experienced by the droplet is zero. The application of a reductive
voltage to the PPy(DBS) electrode on the left in Fig. 4b-ii reduces
the PPy(DBS) surface exposed to the electrolyte. A lateral driving
force is then generated on the droplet due to the imbalanced
interfacial tensions and is directed towards the non-activated
electrode on the right, as discussed in eqn (1). Meanwhile, the
droplet flattens along with the decrease of interfacial tension,
indicating the decrease of the retentive force of the droplet on
the surface, as explained in Fig. 2. Under the lateral driving
force accompanied by the decrease of the retentive force, the
droplet moves from the activated electrode to the non-activated
electrode (Fig. 4b-iii). With the movement of the droplet, the
PPy(DBS) surface, which is initially underneath the droplet on
the activated electrode, is now exposed to the electrolyte and
further reduced along with the absorption of cations from the
surrounding electrolyte (Fig. 4b-iv). Therefore, the boundary
between the reduced and the oxidized PPy(DBS) surfaces on

Soft Matter, 2016, 12, 6902-6909 | 6905
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(a) Lateral actuation process of a DCM droplet in 0.1 M NaNOs solution. The two PPy(DBS) electrodes (marked as dotted lines) are independently

addressable. (b) Schematics of the redox reaction in PPy(DBS) electrodes and the change of lateral interfacial tensions acting on the droplet during the

actuation.

the activated electrode moves in accordance with the contact line
of the droplet, which provides a sustained driving force for the
continuous movement of the droplet (Fig. 4b-v). Once the droplet
is completely transported to the adjacent electrode, the PPy(DBS)
surface on the activated electrode is totally reduced when fully
exposed to the electrolyte (Fig. 4b-vi). The reduced PPy(DBS)
electrode is reoxidized for reuse by applying an oxidation voltage
of 0.6 V.

The actuation process of a DCM droplet on the PPy(DBS)
electrodes, as shown in Fig. 4, exhibits four different states
according to the behavior of the droplet motion. The first state
(referred to as State I in Fig. 5) corresponds to the reduction
process of the PPy(DBS) surface and the flattening of the droplet
(i.e., Fig. 4a-i and ii), which lasted for 1-2 seconds. In State II,

6906 | Soft Matter, 2016, 12, 6902-6909

both rear and front contact lines of the droplet moved toward the
electrode on the right (i.e., Fig. 4a-ii and iv). The rear contact line
of the droplet receded rapidly, and 75% of the displacement of
the rear contact line was completed in this state. In addition, the
receding of the rear contact line of the droplet on the activated
electrode was more significant than the advancing of the front
contact line of the droplet on the non-activated electrode in this
state. We attribute this to the pinning effect at the front contact
line of the organic droplet on the oxidized (less oleophobic)
PPy(DBS) surface, which is stronger than that at the rear
contact line of the droplet on the reduced (more oleophobic)
PPy(DBS) surface. The difference in the pinning effect results
in the different displacements of front and rear contact lines
of the droplet, and consequently the change of droplet shape

This journal is © The Royal Society of Chemistry 2016
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(i.e., a moderate decrease of the width and an increase of the
height as shown in Fig. 4a) during the actuation. The following
state (State III) is a deceleration state in the actuation process
(i.e., Fig. 4a-iv-vi), compared with State II. The droplet was
completely transported to the non-activated electrode after
State III and then stops after a slight movement of the contact
lines due to an inertial effect. This is the final stabilized state of
the actuation process (State IV).

As shown in Fig. 5b, the average receding velocity of the rear
contact line of the droplet in State I was ~0.14 mm s~ ', and
then rapidly increased to ~0.40 mm s~ " in State II, followed by
a gradual decrease in States III and IV. The advancing velocity
of the front contact line of the droplet in States I and II was
smaller than the receding velocity of the rear contact line of the
droplet, and gradually increased to the maximum value of
0.15 mm s~ ' until State III, where it decreased at a similar
pace with the receding velocity of the rear contact line. The
change of velocity of the droplet center was similar to the
receding velocity of the rear contact line; it gradually increased
to the maximum value of 0.22 mm s~ ' in State Il. The net
effective force (i.e., the difference between driving force and
resistance forces) experienced by the moving droplet is estimated
using the acceleration of the droplet in the acceleration state
(Ze., the initial 3 seconds) during the actuation. The net effective
force is represented as:

Fpet = ma, (6)

where m is the mass of droplet and a is the acceleration. For the
droplet in Fig. 4, the mass is ~8 x 10~° kg and acceleration is
~0.07 mm s> The estimated net effective force therefore is
approximately 10 '° N.

Fig. 5c shows the change of contact angles of both the
receding and the advancing sides of the DCM droplet during
the actuation. The contact angles of the droplet on both
activated and non-activated PPy(DBS) electrodes were increased
from ~60° to ~120° in 2 seconds along with the flattening of
the droplet in State I. It should be noted that the initial contact
angle is smaller than the apparent contact angle of a DCM
droplet on the oxidized PPy(DBS) in a stabilized state as shown
in Fig. 2. The reason is that the droplet placed across two
electrodes was formed by merging two smaller droplets, initi-
ally dispensed on each PPy(DBS) electrode (the details are
described in the Experimental section), and the pinning
effect of the droplet contact line on each oxidized PPy(DBS)
electrode caused the decrease in the contact angle of the newly
formed droplet during the merging. The contact angles then
continuously increased and became stable at ~140° during
the actuation (i.e., States II and III). The difference between
the advancing contact angle and the receding contact angle
(i.e., contact angle hysteresis) was smaller than 2° during the
actuation, indicating that the movement of the droplet was
enabled under a low retentive force. The retentive force is
estimated to be approximately 1077 N according to eqn (5)
(the shear modulus, Gg, in eqn (5) is estimated by using the
Young’s modulus (E) of an oxidized PPy(DBS) thin film since
the PPy(DBS) surface underneath the droplet is in the oxidized

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Displacement and (b) velocity of the rear contact line, the front
contact line, and the center of a DCM droplet during the actuation process,
respectively. (c) Contact angles (CA) of the rear (receding) side and the front
(advancing) side of a DCM droplet and the contact angle hysteresis (CAH,
the difference between the CAs of the advancing and receding sides). The
droplet actuation process shows four different states: starting (State 1),
acceleration (State 1), deceleration (State I1l), and stabilization (State V).

state, which is reported to be between 0.12 and 0.20 GPa,>> with
the Poisson ratio (v) of 0.4°® (Gs = E/2(1 + 1/)); Rq; and R4, shown
in Fig. 2c are used to estimate the principal radii of curvature
of the droplet at the three-phase contact line to calculate
AP (AP = y;,_o(1/R4y + 1/Ry)))- The moving droplet concurrently
experiences a drag force due to the viscosity of the surrounding
medium, which is proportional to the velocity of the droplet.
According to Stokes law,*” the drag force is represented as:

Farag = 6TUVR., )

where u is the viscosity of the liquid, V is the droplet velocity,
and R, is the equivalent radius. The shape of the flattened

Soft Matter, 2016, 12, 6902-6909 | 6907



Soft Matter

droplet shown in Fig. 4 is close to an oblate ellipsoid and R.
equals (a*h)"?, where a and b are the semi-major axis length
and minor axis length, respectively.® The estimated drag force
is approximately 10~° N, which is two orders of magnitude
smaller than the retentive force, indicating that the major
resistance for the droplet actuation is the retentive force. The
estimated driving force, which is equal to the summation of the
retentive force, drag force, and net effective force, is therefore
approximately 10~7 N.

4. Experimental

4.1. Fabrication of PPy(DBS) electrodes

PPy(DBS) electrodes were fabricated via electropolymerization
on a silicon dioxide coated silicon substrate, which had been
pre-patterned using Au/Cr electrodes. The Au/Cr electrode
patterns were deposited on the silicon dioxide surface through
a lift-off process. In particular, an oxidized (silicon dioxide:
~90 nm) silicon wafer (WRS Materials, San Jose, CA, USA) was
cleaned with acetone, methanol, and de-ionized (DI) water,
dried using nitrogen gas, and dehydrated at 110 °C on a
hotplate. After hexamethyldisilazane (HMDS) was spin-coated
on the wafer as an adhesion promoter, SPR 3012 photoresist
(Rohm and Haas Electronic Materials LLC, Marlborough, MA,
USA) was spin-coated at 2000 rpm for 1 minute to produce a
film with a thickness of ~2 pm. The substrate was then exposed
by using a mask aligner (MA-6, SUSS MicroTec, Garching,
Germany) in soft-contact mode after soft-baking at 90 °C, and
developed by MF-319 (Rohm and Haas Electronic Materials LLC,
Marlborough, MA, USA). After the pattern of photoresist was
obtained on the substrate, the substrate was coated with Cr
(100 nm) and Au (100 nm) using an e-beam evaporator (Explorer
14, Denton Vacuum, Moorestown, NJ, USA). The Cr layer was
used to increase the adhesion of the Au layer to the SiO, layer.
The substrate was then immersed in acetone to remove
the underlying photoresist layer, defining the Au/Cr electrode
patterns on the silicon dioxide substrate via the lift-off process.
A two-electrode configuration of Au/Cr electrodes with a gap
between the electrodes of approximately 300 um was fabricated
for the demonstration, confirmed using a scanning electron
microscope (Auriga small dual-beam FIB-SEM, Carl Zeiss, Jena,
Germany). The substrate was then rinsed with methanol and DI
water, dried using nitrogen gas, and dehydrated at 110 °C on a
hotplate. The PPy(DBS) films were then electropolymerized on
the Au/Cr electrodes. During the electropolymerization, the
substrate was submerged in a solution consisting of 0.1 M
pyrrole (reagent grade, 98%, Sigma-Aldrich, St Louis, MO, USA)
and 0.1 M sodium dodecylbenzenesulfonate (NaDBS) (technical
grade, Sigma-Aldrich, St Louis, MO, USA) as the working electrode.
A saturated calomel electrode (SCE) (Fisher Scientific Inc.,
Pittsburgh, PA, USA) and an Au-coated silicon wafer were also
submerged in the solution as the reference electrode and the
counter electrode. The deposition of PPy(DBS) on the Au surface
was carried out at 0.8 V versus SCE at a setting of 150 mC cm >
surface charge density using a potentiostat (2634, Princeton
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Applied Research, Oak Ridge, TN, USA).* The substrate with
the PPy(DBS) electrodes was then cleaned by rinsing with DI
water and stored under room conditions. The surface morphologies
of the PPy(DBS) coatings were characterized using scanning electron
microscopy (Auriga small dual-beam FIB-SEM, Carl Zeiss, Jena,
Germany).

In addition to the patterned PPy(DBS) electrodes, PPy(DBS)
films coated on unpatterned Au/Cr coated silicon wafers were
also prepared using the same parameters to study the tunable
wetting of PPy(DBS) surfaces.

4.2. Characterization of the tunable wetting of PPy(DBS)
surfaces

The surface wetting properties of the PPy(DBS) films coated on
the unpatterned Au/Cr coated silicon wafer were characterized
by measuring the contact angles of DCM droplets in 0.1 M
NaNO; (>99.0%, Sigma-Aldrich, St Louis, MO, USA) solution
during oxidation and reduction using a goniometer (Model 500,
Ramé-hart, Netcong, NJ). The configuration of the experimental
setup is shown in Fig. S1 in the ESL.¥ The PPy(DBS) samples
were oxidized and reduced as the working electrode in a quartz
cell (45 mm x 30 mm x 45 mm deep) filled with 0.1 M NaNO;.
A copper tape was used as the counter electrode, which was
vertically placed in the NaNO; solution at a corner of the quartz
cell. A saturated calomel electrode (SCE) was used as a refer-
ence electrode. A voltage of 0.6 V was used for the oxidation.
After oxidation, a DCM droplet was placed on the PPy(DBS)
electrodes in 0.1 M NaNO;, and the contact angles were
measured using the goniometer. A voltage of —0.9 V was then
applied to the PPy(DBS) surface for the reduction. The changes
of the contact angles of the droplet were recorded. The tunable
wetting properties of the PPy(DBS) surface during multiple
redox cycles were studied by switching the voltage between
0.6 V and —0.9 V. In each redox cycle, a new DCM droplet
was used for the contact angle measurements. The voltages
of oxidation/reduction were chosen according to the cyclic
voltammogram of the reduction-oxidation reaction of PPy(DBS).!
We also studied the change of the electric current during oxidation
and reduction of the PPy(DBS) to analyze the electrochemical
reaction of PPy(DBS). The interfacial tension of a DCM droplet in
0.1 M NaNO; solution was also measured by the pendant droplet
method using the goniometer.

4.3. Actuation of organic droplets on PPy(DBS) electrodes

The lateral actuation of DCM droplets on two PPy(DBS) electro-
des was demonstrated in 0.1 M NaNO; using the potentiostat in
a two-electrode configuration (i.e., working and counter elec-
trodes). Two PPy(DBS) electrodes were initially oxidized at 0.6 V,
using the potentiostat with copper tape as the counter elec-
trode. A DCM droplet was then placed on the top of the pair of
two PPy(DBS) electrodes. Since the DCM droplet tended to
remain on only one of the PPy(DBS) electrodes when placed
between two PPy(DBS) electrodes due to the repelling effect of
the oleophobic dielectric gap (SiO, layer), two small droplets
were first placed on each electrode, where they were merged by
adding a small extra volume between them to form a single
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droplet across two PPy(DBS) electrodes. The formed single droplet
shows a smaller contact angle than the initial small droplets due to
the significant pinning of the droplet contact line on each electrode
during the combination. After the DCM droplet was placed, a
voltage of —0.9 V was applied to a PPy(DBS) electrode and copper
tape was used as the counter electrode. No voltage was applied to
the other PPy(DBS) electrode. The actuation process was recorded
using the camera of the goniometer.

5. Conclusions

We have demonstrated the controlled lateral actuation of a
DCM droplet on PPy(DBS) electrodes in an aqueous environment.
The tunable wetting of PPy(DBS) surfaces during redox reactions
created imbalanced interfacial tensions on the droplet placed across
the reduced and oxidized PPy(DBS) electrodes. The imbalanced
interfacial tensions facilitated the translation of the droplet from
the reduced electrode to the oxidized electrode at ~0.9 V. The
droplet actuation between two electrodes initiated at ~2 seconds
upon the application of the voltage and completed in ~10 seconds.
The driving force for the droplet actuation was approximately 10”7 N
for a 6 L droplet. This demonstration and elucidation of the
mechanism of droplet’s lateral actuation warrants further study
towards the development of low-voltage microfluidic devices for
cross-disciplinary applications.
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