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Abstract: A droplet of an ionic liquid (1-butyl-3-methylimidazolium tetrafluoroborate, bmim.BF,) is immersed
in an immiscible liquid (n-hexadecane) and electrowetted on a flat Teflon AF1600-coated ITO electrode.
The static contact angle decreases significantly when voltage is applied between the droplet and the
electrode: from 145° down to 50° (with DC voltage) and 15° (with AC voltage). The electrowetting curves
(contact angle versus voltage) are similar to the ones obtained in other solid/liquid/vapor and solid/liquid/
liquid systems: symmetric with respect to zero voltage and correctly described by Young-Lippmann equation
below saturation. The reversibility is excellent and contact angle hysteresis is minimal (~2°). The step size
used in applying the DC voltage and the polarity of the voltage are unimportant. The saturation contact
angle cannot be predicted with the simple zero-interfacial tension theory. Spreading (after applying a DC
voltage) and retraction (after switching off the voltage) of the droplet is monitored. The base area of the
droplet varies exponentially during wetting (exponential saturation) and dewetting (exponential decay). The
characteristic time is 20 ms for spreading and 35 ms for retraction (such asymmetry is not observed with
water—glycerol mixtures of a similar viscosity). The spreading kinetics (dynamic contact angle versus contact
line speed) can be described by the hydrodynamic model (Voinov’s equation) for small contact angles and
by the molecular-kinetic model (Blake’s equation) for large contact angles. The role of viscous and molecular

dissipation follows the scheme outlined by Brochard-Wyart and de Gennes.

Introduction

Electrowetting is the process of modifying the contact angle
by applying an external electric field.>~* In the most common
experimental configuration, an electrically conducting droplet
rests on a relatively hydrophobic insulated electrode. The
insulating layer effectively fills a parallel plate capacitor (the
electrode and the droplet being the plates of this capacitor) and
can be charged when external potential is applied. Charge
carriers from within the liquid will accumulate at the solid/liquid
interface and reduce the effective solid/liquid interfacial tension.
This in turn, decreases the macroscopic contact angle, which
becomes a function of the applied voltage.

Electrowetting is well described by the Young-Lippmann
equation® 3 which expresses the contact angle, 6, as afunction
of the applied voltage, V:

0 = cos 0, + -0\ 1
cos 6 = cos 6, % (€D)]

The dielectric constant of the insulating material is ¢, & is
the permittivity of vacuum, v is the interfacial tension of the
liquid/fluid droplet interface, d is the thickness of the insulating
layer, and 6, is the contact angle at zero potential. Equation 1
describes the electrowetting curve (contact angle versus voltage)
very well, provided the applied potential does not exceed a
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specific threshold value, Vs, the saturation potential. At voltages
larger than Vs, the contact angle does not follow the Young-
Lippmann equation and becomes more or less independent of
the applied voltage.

Contact angle saturation and contact angle hysteresis signifi-
cantly limit the usefulness of electrowetting in practical situa-
tions. The physical mechanism of saturation is still a matter of
debate. Mechanisms explaining contact angle saturation have
been proposed: charge trapping at the solid surface, ionization
of the ambient fluid close to the contact line,® defects in the
insulating layer,® nonzero liquid resistance,” and dielectric
breakdown.®® We have argued that the Young-Lippmann
equation isvaid up to ys. = 0 (where V = Vs), and this provides
a prediction for the saturation angle:?

cosfg = yf 2

where ys isthe surface tension of the solid. Equation 2 provides
a reasonable estimate for fluoropolymer surfaces and several
other cases (using the critical surface tension of wetting as an
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approximation for ys). It estimates the point of deviation from
the Y oung-Lippmann equation rather than the lowest achievable
contact angle. More recently, electrowetting measurements in
the presence of surfactants'®** have lent further support to the
validity of the zero-interfacial-tension hypothesis.

Since electrowetting is a fast and easily implemented
technique for electronic control of small amounts of liquid, a
variety of devices have been developed, for example, optical
switches, ™ microlenses,*® microvalves,* triggers,*® pixels'® 8
and micropumps.2®2° A comprehensive review of what can be
achieved through electrowetting in digital microfluidics has been
presented by Fair.?* In all these applications, frequent switching
is involved, and therefore, the reversibility and robustness of
the electrowetting effect are crucial.

Most of the work on electrowetting has been carried out with
solid/liquid/air systems, usually adrop of electrolyte in ambient
air.® Replacing air with an immiscible oil, however, offers a
range of advantages®® (no evaporation, lesser contamination,
small contact angle hysteresis and therefore easier actuation and
improved liquid transport) and solid/liquid/liquid systems have
become rather popular. Janocha et al.? attempted el ectrowetting
of a decane droplet immersed in water on several polymer
surfaces with variable success. Berge and Peseux™® used organic
liquid droplets immersed in an aqueous solution of sodium
sulfate. Quilliet and Berge® estimated theoretically that, under
equilibrium conditions, a thin film of ambient oil (~20 nm,
stabilized by van der Waals forces) could be present under the
water droplet. This ail film is essentialy lubricating the water
droplet and therefore responsible for the very low contact angle
hysteresis seen in solid/liquid/liquid systems. Thisideais found
in microfluidic studies of a water droplet moving through an
immiscible 0il** or physiological fluids undergoing multiple-
step manipulation on a single chip.2® The ambient oil signifi-
cantly reduces biofouling in microfluidics and is of key
importance to this field.?>®® Static and transient capacitance
measurements have demonstrated convincingly the presence a
wetting film of oil.?* Berry and co-workers studied the elec-
trowetting of aqueous droplets containing salt and surfactant in
akanes on an amorphous fluoropolymer surface.***?® Elec-
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trowetting experiments have been performed with mercury in
salty water on mica.?’

Staicu and Mugele®® studied the dynamic entrapment of an
oil film between an aqueous droplet and the insulating polymer
layer. The film is unstable and breaks into droplets. The same
effect provides opportunities to optimize the design of elec-
trowetting display pixels.'®

lonic liquids are a new class of solvents made widely
available only in recent years.?® 32 These are organic salts with
relatively low melting points. Their fluidity, nonvolatility, and
good thermal stability are attractive properties. Many diverse
ionic liquids can be synthesized and their properties can be
tailored. lonic liquids are conductive and stable within a wide
range of potentials.*>* We have shown previously that ionic
liquids can electrowet fluoropolymer surfacesin air, though not
very efficiently.3* More recently, we have published details of
the robust el ectrowetting behavior of bmim.BF,—water mixtures
on a fluoropolymer surface in ambient hexadecane.®®

To implement the electrowetting effect for electronically
controlled manipulation of ionic liquid droplets, it is crucial to
examine the kinetics of spreading and retraction. When an
external voltage is applied, the wettability of the solid substrate
is instantly improved, and the droplet will spread until the
contact angle reaches its final value. If the voltage is then
switched off, the original wettability is restored, and the droplet
will retract back to its initial shape. Under these conditions,
the dynamic contact angle, 6, becomes a function of the speed
of the contact line, u, with respect to the solid surface. The
velocity dependence of the contact angle is usually described
in terms of a hydrodynamic model or a molecular kinetic
model.*® The hydrodynamic model excludes a small zone of a
characteristic size | as the no-dip condition is violated in the
neighborhood of the contact line.3”3° Cox has provided the
most elaborated description,® but a simplified version, due to
Voinov, works well for dynamic contact angles not exceeding
130°. Voinov's equation reads®

93=93+9%“|nTL 3)

Where u is the viscosity of the moving liquid and L is a
macroscopic length scale. The molecular-kinetic theory consid-
ers the molecular jumps at the contact line as a rate-activated
process and derives the following relation:*°~42
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-
cos6 = cosf, — —5 sinh ' 2ko/1 (4)
where 4 is the average size of the molecular jump, ko the jump
frequency at u = 0, kg is Boltzmann constant, and T is absolute
temperature. In general, both viscous and molecular dissipation
should be taken into account,*>® but in practice, the above two
approaches are considered as alternatives.

In thiswork, we have used an ionic liquid (1-butyl-3-methyl-
imidazolium tetrafluoroborate) immersed in hexadecane and
performed electrowetting on Teflon AF1600 surfaces. The
system showed extremely robust electrowetting behavior: large
contact angle variations (up to 130°), excellent reversibility, and
negligible contact angle hysteresis. DC and AC voltages
produced similar results but lower contact angles could be
reached with AC voltage. Spreading and retracting of the ionic
liquid droplet was very quick and we speculate about the
dissipation mechanisms operating under electrowetting conditions.

Materials and Methods

Glass dlides (unpolished float glass slides) coated with 30 nm
indium tin oxide (ITO), obtained from Delta Technologies (Still-
water, MN), were cleaned with isopropanol, dried in a stream of
filtered nitrogen, and dip-coated with Teflon AF1600 (DuPont
Fluoroproducts, Wilmington, DE). The coating solution consisted
of 6% AF1600 dissolved in perfluoro-2-butyl tetrahydrofuran
(Fluorinert FC-75, Derbyshire, U.K.). The dlides were immersed
in the coating solution at a speed of 200 um/s and, after a 15 s
pause, withdrawn at the same speed. After withdrawal, the slides
were dried for 30 min in alaminar flow cabinet and then dried at
100 °C for 30 h. The thickness of the AF1600 layer was determined
by capacitance measurements. The capacitance, C, of a 10 uL
droplet of 0.1 M KCl was measured with a HP Impedance Analyzer
(HP4192A) while the base diameter of the droplet, 2b, was
determined from an optical image. The film thickness was cal culated
as eegh?/C, where g is the permittivity of vacuum, and e (= 1.93%)
is the dielectric constant of AF1600. The value of the thickness
was confirmed using a stylus profilometer (Zeiss HandySurf) to
obtain the profile of a step made in the AF1600 film. The average
film thickness was 3.8 + 0.2 um.

Prior to use, the hexadecane (99%, Sigma-Aldrich) was filtered
through a column containing aluminum oxide powder (BDH). The
ionic liquid used was 1-butyl-3-methylimidazolium tetrafluoroborate
(bmim.BF,;; molecular mass 226.02 g/mol, density 1.21 g/cm?®,
viscosity 180 mPa-s*). Theionic liquid was purified by extraction
with charcoal powder, filtering through a 0.2 um Teflon filter,
extraction with ethyl acetate, and evacuated under medium vacuum
(0.1 mbar) for about 24 h.®

The coated dlide (insulated electrode) was loaded into a home-
built cell (Figure 1) filled with hexadecane. The cell was then placed
in a customized sessile drop apparatus and a 10 uL droplet of
bmim.BF, was formed using a micropipet (Eppendorf). A platinum
needle was inserted in the droplet and a potentia difference between
the droplet and the insulated 1 TO electrode was applied. Potentials
were typically increased and decreased in increments of 10V using
apower supply and an amplifier (Trek 610D, Medina, NY). A signa
generator (Kenwood, CR Oscillator, AG-203) was used to generate
AC potentias (frequency 500 Hz, sine or square waves). The
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Figure 1. Schematic diagram of the experimental setup. The photographs
show a droplet of ionic liquid (bmim.BF,;) immersed in hexadecane on
Teflon AF1600 at 0 and 150 V DC.

voltage output was connected to the ITO electrode while the
platinum needle, that is, the droplet, was grounded. For each
electrowettting curve (contact angle versus voltage), the voltage
was increased from zero to the maximum achievable value (positive,
negative or rms) until contact angle saturation was reached. A fresh
solid surface was used for every measurement unless stated
otherwise.

The sessile drop method*” and the capacitance technique™®** were
combined for the measurement of static contact angles. The profile
of the droplet resting on the surface was captured with a digital
camera (JAI, CV-M10BX). Contact angles were determined by
drawing atangent to the profile at the contact line using Imaged (a
public domain image processing program®®). These values were
plotted against capacitance values measured using an impedance
analyzer (Hewlett-Packard model 4192A) to obtain a calibration
curve for a given droplet volume. These calibrated values were
then used to obtain the contact angles from capacitance measure-
ments. Dynamic spreading (wetting) and retraction (dewetting) were
filmed with a high-speed camera (Olympus Encore MAC-2000) at
1000 frames/s.

All experiments were carried out at room temperature (24 °C)
in a class 1000 clean room (humidity ~45%).

Results

The electrowetting curve for bmim.BF,; on Teflon AF1600
in hexadecane is shown in Figure 2. The contact angle at zero
external voltage (measured through the ionic liquid) is 145° +
5°, indicating that the surface is preferentialy wetted by the
alkane. A DC voltage was applied in increments of 10 V from
zero to 250 V and back. The positive and negative branches of
the electrowetting curve were recorded on the same location
on the sample. The contact angles obtained with the increasing
voltage are static advancing measurements and those obtained
with a decreasing voltage are static receding ones. The difference
between advancing and receding contact angleis called contact

(47) Adamson, A. W.; Gast, A. P. Physical Chemistry of Surfaces, 6th
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Figure 2. Static contact angle, 6, as a function of the applied DC voltage,
V, for adroplet of ionic liquid immersed in hexadecane on Teflon AF1600.
Voltage was gradually increased and then decreased back to zero (in steps
of 10 V) in order to obtain the advancing and receding contact angles. The
solid line is the best fit of the Young-Lippmann eq 1. The lower graph
shows contact angle hysteresis, H = 6, — 6, vs applied voltage, V.
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Figure 3. Electrowetting curves (contact angle vs voltage) obtained with
DC voltage (Teflon AF1600/bmim.BF,/Hexadecane). The lower graphs are
expanded portions of the upper curve, showing repeated electrowetting at
one and the same location on the insulated electrode.

angle hysteresis and is a sensitive measure of the nonideality
of the system. The AF1600/bmim.BF,/alkane system displays
avery low hysteresis: 2° (Figure 2, bottom). The electrowetting
curve follows the Young-Lippmann equation (solid line in
Figure 2, top) up to voltages of magnitude 130 V. Beyond this
threshold, the contact angle is almost independent of the applied
voltage. This effect is known as contact angle saturation and
occurs at Vs = 4 130 V and 65 = 48°.

Electrowetting experiments with DC voltage were repeated
at the same location for both positive and negative potentials
and the results are shown in Figure 3. For negative poten-
tials, the saturation angle was not affected. For positive
potentials, the saturation contact angle slightly increased during
subsequent experiments. Electrowetting curves were recorded
with various voltage increments, from 5 to 100 V, in both
positive and negative direction without detecting any significant
difference.

Electrowetting experiments were also carried out using AC
potentials. The AC frequency was varied between 100 and 1000
Hz using both sinusoidal and square waveforms. No significant
influence of the signal type or frequency was observed. The
contact angle as a function of the rms voltage of a 500 Hz square
wave is shown in Figure 4. The AC voltage was cycled from
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Figure 4. Electrowetting curve (contact angle vs rms voltage) for Teflon
AF1600/ /bmim.BF,/Hexadecane obtained with AC voltage (square wave,
500 Hz). Five consecutive experiments, carried out on the same location
on the Teflon-coated electrode, are shown to illustrate the robustness of
the operation. The solid line is the best fit of the Young-Lippmann eq 1.
The dotted line indicates the saturation contact angle obtained with DC
voltage.
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Figure 5. Base area, A, vstime, t, for a droplet of ionic liquid immersed
in hexadecane on aflat Teflon-coated electrode, subjected to a DC voltage
step (O, 50 V; @, =50 V; O, 100 V; B, —100 V; A, 150 V; A, —150 V;
v, 200 V; v, —200 V): (a) spreading droplet; (b) retracting droplet. The
solid lines are the best fits of (a) A= a + b[1 — exp(—t/7)] + kt (exponential
saturation with four free parameters); (b) A = a + b exp(—t/r) (exponential
decay with three free parameters).

zero to 250 V and back to zero. Five sets of experimental results
were obtained at one and the same location on the solid electrode
and the reproducibility was excellent (Figure 4). The AC
experiments gave results similar to those obtained in the DC
experiments at lower voltages (up to 100 V). At higher voltages,
alarger reduction in contact angle was seen for AC potentials.
In AC experiments, the saturation contact angle is less than 15°
(with DC potentials s = 48°). AC electrowetting exhibited
almost no hysteresis, and as in DC, complete reversibility was
observed even after reaching the saturation voltage.

The dynamics of spreading and retraction of the ionic liquid
droplet isillustrated in Figure 5 with the base area of the droplet,
A. The base area (area of the Teflon/IL interface) increases
sharply and then more gradualy, leading to the final area at
which the final contact angle (corresponding to the electrowet-
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Figure 6. Dynamic contact angle, 6, vs contact line speed, u (4, 150 V;
A, —150 V; v, 200 V; v, —200 V): (a) hydrodynamic approach, the line
illustrates Voinov's eq 3; (b) molecular-kinetic approach, the line shows
the exponential approximation of Blake's eq 4.

ting curve in Figure 2) is established. When the voltage is
switched off, the droplet relaxes to its original position. Once
the voltage exceeds Vs, al curves merge. Polarity has no
influence on the curve (open and filled symbols) below Vs but
a subtle difference is seen a V > Vs. For retraction, polarity is
irrelevant (the voltage is switched off), and in al cases, the
droplet retracts to the same initial value of the contact angle.

The dependence of the dynamic contact angle, 6, on the speed
of the contact line, u, can be extracted from the results shown
in Figure 5. The contact line speed was obtained from the
derivative of the base area: u = db/dt = [2(zA)Y?]* dA/dt. The
instantaneous contact angle was calculated from the base area
and the fixed droplet volume assuming the dropl et shape at any
time was that of a spherical cap. The results obtained for a
droplet spreading at 150 and 200 V are presented in Figure 6.
The format of the graphs should linearize eqs 3 and 4. The
results obtained at speeds of up to 0.04 m/s are well accounted
for by the hydrodynamic description. The kinetic dependence
in the range of higher speeds (>0.01 m/s) is better represented
by the molecular-kinetic egquation.

Discussion

A key difference between SLV and SLL systems is that the
electrowetting termin eq 1, at fixed voltage and insulator thickness,
is more significant simply because the liquid/liquid interfacia
tenson (yiunp = 21.7 mym?) is lower than the liquid/air surface
tenson (y./4 = 67.0 mIm?). Thus, by simply replacing air with
hexadecane, the electrowetting effect is enhanced by a factor A
oS O (/A cos Osv = YiLad Yiumo = 3.

An important outcome of this work is the very large contact
angle changes observed: from about 150° down to 48° (when
using DC voltage, Figure 2) and further down to less than 15°
(when using AC voltage, Figure 4). These changes are much
larger than what we have observed in amorphous Teflon/
conductive liquid/air systems (from 115° to 70° for three grades
of amorphous Teflon/0.1 M KCl/air?>** and from 70° down to
50° for AF1600/ionic liquid/air®*). One key difference between

SLV and SLL systems is the larger initial contact angle, 6.
Hexadecane wets preferentially the hydrophobic surface (AF
1600) and the contact angle at zero external voltage, 6o, islarge.
Since both hexadecane and Teflon are apolar materials,*® that
is, they interact through dispersive forces only, Fowkes ap-
proach®’ can be used to relate the interfacial tension, 1, to the
surface tension of the two separate materials, v, and y2:

Y2 = v1+ 72 — 2y " (5)

Using the surface tensions of hexadecane (27.6 mJ¥m?) and
Teflon AF1600 (12.4 m¥m??), we estimate the interfacial tension
of the AF1600/HD interface at 3.0 mJm?. By inserting 0y =
150° and . mp = 21.7 mI¥m? into Y oung’ s equation, we obtain
the AF1600/bmimBF, interfacial tension to be yg. = 21.8 mJ/
m?. In other words, the force driving the spreading of the ionic
liquid on the Teflon surface, prewet with the alkane, is very
small in the absence of external voltage. Because ymp ~
ysiL, it is plausible that the droplet of ionic liquid rests on a
thin film of hexadecane. Quilliet and Berge® estimated theoreti-
caly that this is possible by considering van der Waals and
electrostatic interactions. The refractive indices of bmim.BF,
(1.421) and hexadecane (1.434) are very similar and the
Hamaker constants for the two materials should not be
significantly different.>°

Another key feature of our results is the very low contact
angle hysteresis, within 2° for both DC (Figure 2) and AC
voltages (Figure 4). Thisis appreciably less than what we have
seen in low-hysteresis (6a — 0r < 10°) Teflon/agueous salt/
vapor systems.?* There was no significant change with voltage
or adifference between the DC and AC voltage experiments as
seen in SLV electrowetting.>* Contact angle hysteresis is a
macroscopic manifestation of the imperfections of the solid
surface and can be very large.*” Verheijen and Prins’ reported
a very low hysteresis (within 2°) on a AF1600 surface
electrowetted with an aqueous salt solution in air, but their solid
surface was impregnated with silicone ail prior to the SLV
electrowetting experiment. Unusually, low hysteresis during
electrowetting in SLL systems was found by Berge and Peseux™®
and they attributed the fact to aresidua thin liquid film trapped
under the electrowetted droplet. Maillard et al.>? observed a
hysteresis of 2° or lessin various SLL systems as long as the
contact angle at zero voltage was larger than 160°. Microfluidic
experiments®-?®> have shown that electrowetting in ambient oil
(instead of air) significantly reduces evaporation, contamination,
biofouling, and improves droplet transport. Static and transient
capacitance measurements demonstrated convincingly the pres-
ence of an oil film.2* It is apparent that electrowetting in SLL
systems has enormous practical advantages. Janocha et al.?
reported very large contact angle changesin SLL electrowetting.
The water contact angle against decane dropped from 160—170°
to about 80° on both polyethylene and polypropylene surfaces.
In both cases, the hysteresis was small (~2°) and the elec-
trowetting curve prior to saturation was well-described by
Y oung-Lippmann equation.

Our results show very low hysteresis (Figures 2 and 4) but
also atotal reversibility with respect to the voltage applied. It

(49) van Oss, C. J. Interfacial Forces in Aqueous Media, 2nd ed.; Taylor
& Francis: Boca Raton, FL, 2006.

(50) lIsraelachvili, J. N. Intermolecular and Surface Forces, 2nd ed,;
Academic Press: London, 1991.

(51) Li, F.; Mugele, F. Appl. Phys. Lett. 2008, 92, 244108/1.

(52) Maillard, M.; Legrand, J.; Berge, B. Langmuir 2009, 25, 6162.
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should be noted that reversibility is found even after exceeding
the saturation voltage. Thisimplies that charge injection, which
is often invoked as the major cause for saturation,* was not
significant in our experiments. Again, the possible presence of
athin akane film intervening between the ionic liquid and the
insulating polymer may be a key factor.

Our results are well-described by the Young-Lippmann eq
1. The solid lines shown in Figures 2 and 4 are the |east-squares
fits obtained by using the equation cos 8 = cos 6y + o(eeo/
yd)V2 and treating 6, and a as adjustable parameters. Since all
quantities belonging to the electrowetting term are known, we
estimated o. = 0.45. As argued previously,>* the closeness of
o to /2 isanindication of the quality of the experimental data.
Thus, Y oung-Lippmann equation provides a consistent descrip-
tion of the electrowetting curve provided that the saturation
voltage is not exceeded.

We have argued? that the saturation limit in SLV systems
can be estimated from eq 2. For the system considered here,
the zero-interfacial-tension hypothesis is written as

YsHD

65 = arccos =~ 82° (6)

YiLHD

This value may be a crude estimate of the inflection point of
the AC electrowetting curve®® (Figure 4), but it is certainly
different from the saturation contact angle we measured under
DC (0s = 48°) and AC (0s < 15°) voltages.

Following the original suggestion by Berge and Peseux,*®
we suppose the nominal Teflon/ionic liquid interface contains
alkane patches, that is, the droplet/electrode contact has been
breached by residual patches of hexadecane. The interfacial
tension of such a composite surface would include Teflon/IL
and IL/HD contributions, but these are energetically equivalent
(see above) and will not affect appreciably the above prediction.
As a matter of fact, even a precise value of yg, would not
improve the predicted saturated contact angle, as this interfacial
tension does not appear in eq 6. The predicted value 6s would
be closer to the experimental value only if theinterfacia tension
ysup Was larger. Thus macroscopic energetic considerations
suggest the ionic liquid is spreading ahead of the macroscopic
droplet. We have no experimental evidence for the formation
of such a precursor. Moreover, such a picture contradicts the
ample evidence that an oil film is present beneath the elec-
trowetting droplet.**?28 |t would be useful to reconsider the
zero-interfacid-tension hypothesis in conjunction with a Frumkin-
Derjaguin model of the contact line®>** (i.e., including the role
of thin wetting films).

When AC voltage is used, saturation is postponed and truly
low contact angles can be reached (Figure 4). We have shown
that SLL electrowetting of bmim.BF,—water mixtures on Teflon
AF1600 yields a constant saturation contact angle under DC
voltage and different angles under AC voltage.® It seems that
further experimentation, particularly with diverse ionic liquids,
might be useful in clarifying the issue of saturation in elec-
trowetting. Hong et al.> provided an explanation for the superior
performance of AC voltage in electrowetting. They modeled
numerically the AC field inside a droplet electrowetted on an

(53) Churaev, N. V.; Sobolev, V. D. Adv. Colloid Interface Sci. 1995,
61, 1.

(54) Starov, V. M.; Velarde, M. G.; Radke, C. J. Wetting and Spreading
Dynamics, CRC: Boca Raton, FL, 2007.
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insulator. When an AC voltage was used to achieve a contact
angle change identical to that obtained with DC voltage, the
local electric field near the contact line is weaker and does not
trigger contact angle saturation. Our experiments were conducted
at frequencies lower than those considered by Hong et a.
(1—16 kHZz*) and also in ambient hexadecane rather than air.
Nevertheless, their model provides a qualitative rationalization
for the different role of AC and DC voltages seen in our
experiments (Figures 2 and 4).

A further confirmation of the superior performance of the
SLL system studied here, particularly with respect to revers-
ibility, is shown in Figure 3. Repeated runs on one and the same
location of the sample yielded exactly the same result. Variations
in the voltage increment used (from 5 to 50 V) in the
electrowetting experiment had no effect on the electrowetting
curve. Thisisin marked contrast with the influence detected in
SLV systems.? The system studied here is aso quite resilient
beyond the saturation threshold where the electrowetting curve
deviates from the Young-Lippmann equation (Figure 3). A
subtle influence of the voltage sign is found. For negative
polarizations, beyond Vs, the contact angle diminishes linearly
with voltage and the curve can be retraced time after time. For
positive voltages, alinear decrease is aso seen, but the response
shifts ever so dlightly upward (about 5° in total). This is
reminiscent of the asymmetry seen in SLV systems containing
ionic liquids.>* We have previously reported differences between
negative and positive polarization in AF1600/aqueous KCL /air
systems and attributed the effect to specific adsorption of
hydroxyl ions.** Following this line of reasoning, we conclude
that the tetrafluoroborate anion interacts with the Teflon surface
specifically, but it is detectable only above saturation voltage.

The electrowetting curves obtained with AC voltage show
very little hysteresis (<1°), excellent reversibility, and reduced
saturation angles (Figure 4). To avoid the influence of stray
capacitance (which can limit the actual voltage across the
insulator and thus weaken the electrowetting effect at high
frequency) and the unnecessary fluctuations of the droplet (at
low frequency the liquid shape follows the voltage oscillations),
we limited the AC frequency within the window 100—1000 Hz.
Within this range, the electrowetting curve is independent of
the frequency and the form of wave used (sinusoidal, square or
triangular). At lower voltages (V =< 100 V), the difference
between AC and DC curvesis nonexistent (Figure 4). However,
at higher voltages, they diverge. The minimum AC contact angle
is much smaller and close to zero. To the best of our knowledge,
this is the lowest contact angle achieved with electrowetting™
(earlier reportsindicated alimit of about 30° for salty water on
PET®® and PTFE>®® in air). From a practical point of view,
this system, with its robust behavior under AC voltage, is an
excellent candidate for implementation in devices (e.g., valves
or actuators) where a maximum change in capillary force is
required.

One of the most attractive features of electrowetting is that
it is fast. The dynamics of spreading at constant applied DC
voltage isillustrated in Figure 5. We assume that at any applied
V the surface charge density reaches a maximum value opmay,
determined by the maximum ion concentration at the Teflon/
ionic liquid interface. The base area, A (which reflects the
instantaneous dynamic contact angle), then increases until the
contact angle attains the static value at that voltage. The kinetic
curves (contact angle versus time) for both spreading (Figure

(56) Valet, M.; Berge, B.; Vovelle, L. Polymer 1996, 37, 2465.
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5a) and retraction (Figure 5b) follow an essentially exponential
behavior. In the advancing case (spreading), a linear trend was
added to account for the much slower second stage of the
spreading (t > 120 s). The final area (A at t— o) is proportional
to the applied voltage, V. An exponential growth of the base
area of the droplet has been found in various spontaneous
spreading experiments, for example, liquid droplets in air on
various surfaces,®” air bubbles,*®*° or oil droplets®® on a solid
surface under water. Apparently, the external voltage improves
the wettability of the system but does not affect the mode of
spreading (wetting) or retracting (dewetting). In other words,
under afixed DC voltage, the electrowetting droplet spreadsin
much the same way as does a nonelectrified droplet on a
wettable substrate.

The limiting value of oy is of the order of 0.5 mC/m?. This
value is comparable with the one we estimated for Teflon
AF1600/agqueous 0.1 M KCl/air systems (0.25 mC/m?).** It is
about 1 order of magnitude lower than the value calculated for
Teflon AF1600 in 1 mM KCI (5 mC/m?),5* the values typically
seen in electrokinetic measurements on polymers surfaces (4.8
mC/m?)%2 or charge injection on polymer surfaces (1.7 mC/
m?),% but still an order of magnitude higher than the limiting
surface charge possible in air (0.03 mC/m?).%*

The characteristic time, 7 (in Figure 5) is about 20 ms for
spreading and 35 ms for retraction. Experiments with a
glycerol—water mixture of a similar viscosity (160 mPa-s)
yielded 7 ~ 20 ms, thus, suggesting that viscosity is the key
parameter determining the rate of spreading rather than any
peculiar behavior of the large imidazolium cations. On the other
hand, for AF1600/IL/HD, dewetting is visibly slower than
wetting (this was not observed in the glycerol—water mixture
experiments) which implies that slow relaxation of large cations
at the interface has a certain influence. Thisis further supported
by the asymmetry seen in Figure 5a, the area changes dlightly
faster for positive DC voltages, that is, when the smaller
tetrafluoroborate anions are attracted to the polymer surface.

Finaly, from the kinetic data A(t), we derive the dependence
of the dynamic contact angle, 6, on the contact line speed, u
(Figure 6). The initial rate of spreading is as high as 0.08 m/s
(and about 3 times lower for retraction). As can be seenin Figure
6a, the hydrodynamic model of Voinov (eq 3) provides a
reasonable description up to about u = 0.04 m/s. The slope of
thelinein Figure 6ais about 4 times less than the one estimated
through eq 3, but this level of discrepancy is rather common.®
From a hydrodynamic point of view, the viscosity of both
advancing and receding liquids should be taken into account.®
However, the ionic liquid is so viscous that the viscosity ratio,
m, in our experiment (upp/u,. = 0.02) is effectively the same
as for a water droplet spreading in air (uq/twaer = 0.022). On
the other hand, the exponential version of Blake's molecular-
kinetic model (eq 4) performs well at higher velocities of the
contact line (u = 0.01 m/s), Figure 6b. Again, the molecular
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parameters derived from the best fit shown in Figure 6b
(molecular jumps of size A = 1.1 nm and frequency, at u = 0,
ko = 70 MHz) are reasonable and in line with previous
reports. 342

Staicu and Mugele®® provided a detailed study of a silicone
oil film entrapped between the agueous droplet (agueous NaCl)
and the insulating polymer layer (Teflon AF1600). The oil film
is initialy thick (of the order of 400 nm), quickly becomes
unstable, and breaks into small droplets. We note that in these
experiments the voltage was ramped up before the droplet had
contacted the insulated electrode. This protocol islikely to create
athinning oil film, especially in view of the very high viscosity
ratio (m =~ 100). Thick oil films (~10 xm) and their instability
under electrowetting conditions have been used to improve the
performance of electrowetting display pixels.*®

We position our droplet on the surface of the electrode and
wait for a steady state to be established, which we characterize
with the static contact angle at zero external voltage, 6. Only
then, we apply a fixed voltage step and consider the dynamics
of the contact line. We cannot rule out the existence of a very
thin hexadecane film during our forced spreading experiments
(this should be tested in a separate experiment). However, its
thickness must be very small because 6, is large but significantly
lower than 180° (Figures 2 and 4); the electrostatic pressure is
always destabilizing,?>®® especially at high ionic strength in the
droplet (ionic liquids create high ionic strength).*® If an oil film
of nanometre thickness exists, the digoining pressure inside this
wetting film must be significant and the system is still a three-
phase one: solid/liquid/film (see Starov et al.>* for details). The
presence of such a thin wetting film would not invalidate the
macroscopic phenomenology of spreading discussed here.

Findly, the kinetics of wetting observed during spreading
(under a constant DC voltage exceeding the saturation value)
fits well with the qualitative concept formulated by Brochard-
Wyart and de Gennes,*® which includes both viscous, Dy, and
molecular dissipation, D, (p is a numerical constant):

D, + D,

u?

2
2 WA) @

_p, L
=0 In I + exp( kT
The first term depends on the dynamic contact angle, 6, and
as the liquid edge becomes thinner during spreading, the angle
decreases and the importance of the viscous term increases
sharply.®® At the same time, molecular dissipation (2nd term)
is not strongly affected by the contact angle**®® and the total
balance is shifted toward a dominant viscous dissipation
whenever 6 is small. In our case, viscous dissipation is more
significant at low speeds (later stages of the spreading) when
the contact angle is relatively small. During the initial stages
of the electrowetting, the contact line speed is high but the
dynamic contact angle is quite large and molecular dissipation
prevails. A good contrasting example is provided by the recent
work of Fetzer and Ralston™ on the receding contact line formed
when an emerging bubble encounters a hydrophobic solid
surface. In their case, hydrodynamic dissipation was prominent
at high speed while molecular dissipation dominated when
contact line movement slowed down. From the reasoning given
above, it appears that viscous dissipation dominated their results
because the initially high speed coincided with small contact
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angles (as measured through the water), in accordance with eq
7. As contact line speed decreased during the dewetting of the
hydrophobic substrate, the dynamic contact angle gradually
increased and molecular dissipation became the leading
contribution.

Conclusion

A droplet of ionic liquid (bmim.BF,;) was immersed in an
immiscible liquid (n-hexadecane) and was electrowetted on a
flat Teflon AF1600-coated electrode. The static contact angle
decreases significantly when voltage is applied: from 150° down
to 48° (DC voltage) and 15° or less (AC voltage). The
reversibility of electrowetting was excellent and contact angle
hysteresis was very small (~2°). The step size used in applying
aDC voltage and the polarity of the voltage were not significant.
AC electrowetting is very effective and robust, and may offer
significant advantages if implemented in microfluidic devices.
The electrowetting behavior of this system is similar to that
observed in other SLV and SLL systems (symmetric electrowet-
ting curve, accordance with Y oung-Lippmann equation below
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saturation). The saturation contact angle could not be predicted
with the simple version of the zero-interfacial tension theory.

Electrowetting proceeded very quickly (initial contact line
speed reached 0.08 m/s). The base area of the droplet (at afixed
DC voltage) varied exponentialy during both spreading (ex-
ponential saturation) and retraction (exponentia decay, after the
voltage was switched off). The characteristic time was 20 ms
for spreading (wetting) and 35 ms for retraction (dewetting).
The dynamic contact angle versus contact line speed dependence
during spreading was correctly described by the hydrodynamic
model (Voinov’s equation) for small contact angles and by the
molecular-kinetic model (Blake's equation, exponential ap-
proximation) for large contact angles. The role of viscous and
molecular dissipation follows the scheme proposed by Brochard-
Wyart and de Gennes.
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