availability of salt surfaces enriched in bro-
mide, as also observed on freezing seawater
in the Arctic (20), is a prerequisite for bro-
mine release.

Typical temperatures at the Dead Sea
were 40°C, about 40 to 60 K higher than in
polar spring. Apparently the presence of ice
surfaces, as often assumed, is not necessary
to release bromine. At the Dead Sea, Br is
most likely released by a heterogeneous au-
tocatalytic process from the surface of the salt
pans. A release from the sea surface or from
aerosols formed by breaking waves is unlike-
ly, as no bromine was observed when the
wind came from the north, traveling over the
Dead Sea itself. Extended salt pans are found
in many other locations; even if the Br/Cl
ratio is not high, a release of Br appears
possible. It is not clear whether bromine from
salt pans influences ozone concentrations
only locally or on larger scales.
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Electrochemical Principles for
Active Control of Liquids on
Submillimeter Scales

Benedict S. Gallardo, Vinay K. Gupta,* Franklin D. Eagerton,
Lana I. Jong,t Vincent S. Craig, Rahul R. Shah,?}
Nicholas L. Abbotti}

Electrochemical methods were combined with redox-active surfactants to ac-
tively control the motions and positions of aqueous and organic liquids on
millimeter and smaller scales. Surfactant species generated at one electrode and
consumed at another were used to manipulate the magnitude and direction of
spatial gradients in surface tension and guide droplets of organic liquids through
simple fluidic networks. Solid microparticles could be transported across un-
confined surfaces. Electrochemical control of the position of surface-active
species within aqueous films of liquid supported on homogeneous surfaces was
used to direct these films into periodic arrays of droplets with deterministic

shapes and sizes.

The development of simple and general prin-
ciples for the pumping and positioning of
liquids on submillimeter scales will enable
fabrication of microanalytical instrumenta-
tion that would make procedures such as
blood chemistry analysis, flow cytometry,
polymerase chain reactions, and DNA
screening both rapid and inexpensive (/).
Current methods used to pump liquids within
networks of channels, or to position liquids
within arrays, generally rely on electrokinetic
phenomena driven by high voltages (several

tors that are complicated to fabricate and too
expensive to be disposable (3), or passive
fluid phenomena such as capillary wetting
(4). These methods are used to achieve large-
ly serial manipulations of liquids (3) within
permanent channels that direct the liquid mo-
tion (2—4). Here we report principles for the
active control of liquids by the creation of
gradients in surface pressure. In the same
manner that changes in bulk solute concen-
tration can lead to osmotic swelling (fluid
transport), gradients in concentrations of

(1995). . . . .
12. B. Alicke, K. Hebestreit, . Stutz, U. Platt, Nature, in  kilovolts) (2), mechanical syringes and actua- ~ molecules can lead to changes in surface
press. tension that can be used to drive fluid motion.
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We created these gradients by using electrode
surfaces to generate and consume surface-
active species. This approach avoids the use
of moving parts, uses low voltages (<1 V),
permits vectorial transport and positioning of
materials on unconfined surfaces, and can be
applied to organic and aqueous liquids as
well as solid microparticles. These methods
make possible parallel manipulations of lig-
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uids on surfaces that lack hydrophobic and
hydrophilic patterns.
We used surface-active molecules (surfac-
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Fig. 1. (A) Redox-active surfactant Fc(CH,),,-
N *(CH,};Br: H* {reduced) and I** (oxidized).
B) Cyclic voltammogram (20 mV s~} of an
aqueous solution (0.01 M Li,SO,, pH 1.3) of 0.3
mM II*. See (77) for details.
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tants) that incorporate redox-active groups
(5). Whereas past uses of surfactants for pas-
sive control of liquids on surfaces have typ-
ically begun by dissolving a fixed and uni-
form concentration of surfactant into a solu-
tion (6), we used electrochemical methods to
transform water-soluble molecules between
surface-inactive (II2*) and surface-active
states (II*) (Fig. 1) (7), and thereby achieved
spatial and temporal control over the concen-
tration of surface-active species in solution.
We used this capability to actively control the
motion and position of liquids by controlling
the surface pressure exerted by molecules
adsorbed at interfaces (8).

To demonstrate pumping of an organic
liquid by use of the electrochemical transfor-
mation of HI* to II**, we fabricated a simple
fluidic network consisting of four intersecting
channels. Three of the channels ended at
platinum (Pt) gauze electrodes that protruded
through the surface of the solution, and the
fourth channel ended at a reference electrode
(saturated calomel electrode, SCE) and a Pt
counterelectrode submerged beneath the sur-
face of the solution. The fluidic network was
filled with an aqueous solution of 0.3 mM
112+ to a depth of ~1 mm (9). We pumped
droplets of a nematic liquid crystal (LC) 4-n-
pentyl-4’-cyanobiphenyl through the fluidic
network because the LC is birefringent and

Fig. 2. Time-lapse im-

w

Velocity (mm/s) O
N

ages (left panels, four
to six frames obtained

at ~0.5 Hz) of the
o .- pumping of LC drop-
lets across the surface
of an aqueous solution
of 03 mM II2+ (0.01

dispensed

M Li,SO,) contained
within a simple fluidic
network formed by
four glass microscope
slides affixed to a larg-
er glass plate. Plati-
num electrodes pro-
trude through the sur-
face of the solution at
the ends of the left,
right, and lower chan-
nels {(widths ~4 mm).
The end of the top

0.2 0.3
Potential (V)

0.4

channel contains a SCE and Pt counterelectrode. {A) Droplet
of LC dispensed into the bottom channel of the intersection
is pumped into the right channel by application of a potential
of ~0.3 V to the bottom Pt electrode and +0.3 V to the
right Pt electrode. (B) The droplet of LC in the right channel
of the intersection is pumped into the left channel by
application of a potential of —0.3 V to the right Pt electrode
and +0.3 V to the left Pt electrode. (C) A droplet of LC

into the bottom channel of the intersection is

pumped into the left channel by application of a potential of
—0.3 V to the bottom Pt electrode and +0.3 V to the left Pt electrode. (D) The velocity of fluid
motion measured in a straight channel (width 4 mm) as a function of applied potential. The x axis
indicates the magnitude of the anodic and cathodic potentials. (E) Time-lapse image (four frames
obtained at ~0.3 Hz) of sulfur microparticles supported on an unconfined surface of a solution of
112+, Application of —0.3 V to two Pt electrodes placed at the top and left sides of the image caused

the sulfur microparticles to be pumped in the
dimension of the image is ~40 mm.

direction indicated by the arrow. The horizontal

thus easily imaged through crossed polariz-
ers. The application of oxidizing and reduc-
ing potentials of +0.3 V and —0.3 V, respec-
tively, to any two of the three Pt electrodes in
the network led to the pumping of LC drop-
lets between those two electrodes (Fig. 2, A
to C). The velocity of each droplet was con-
trolled by the magnitude of the potential ap-
plied to the electrodes (Fig. 2D) (10).

The results of four experiments lead us to
conclude that the pumping of the LC droplets
is the result of electrochemically induced gra-
dients in surface pressure maintained by the
generation of surface-active species II™ at
one electrode and consumption of IT* at the
other electrode. First, the surface pressure of
an aqueous solution of 0.3 mM II?>* increases
by 22 mN/m upon reduction of II** to II'*
(11). Second, we always observed the motion
of the droplet to be directed away from the
cathode and toward the anode, corresponding
to motion in a direction of decreasing surface
pressure (/2). Third, we measured the onset
of fluid motion to occur at a potential of ~0.1

Fig. 3. Top views of the dewetting of an aque-
ous film of 0.3 mM II* (0.01 M Li,SO,, pH 1.3}
supported on a microscope slide patterned with
electrodes treated with gold. The electrodes
were 0.3-mm-wide parallel gold lines separated
by 1-mm-wide regions of glass. Dewetting was
induced at the top edge of the microscope slide
by application of 0.5 V (versus SCE) to the gold
electrodes. The top panel (t = O s) shows a
continuous film of liquid covering the elec-
trodes (dark lines). Receding contact lines can
be seen at the top of the image. The bottom
two panels (¢ = 10 and 20 s} show retraction
of the liquid across the surface at ~0.5 mm/s
(30). Liquid remains on the glass regions be-
tween the electrodes.
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V, the half-wave potential for oxidation of
II* to II** (/3). Fourth, application of oxi-
dizing or reducing potentials in the absence
of the redox-surfactant did not result in mea-
surable fluid motion.

We also used electrochemical conversion
of I** to IT™* to transport particles across the
unconfined surface of an aqueous solution.
Whereas horizontal or vertical displacement
of the suspended microparticles was observed
to follow application of —0.3 V to the left or
top Pt electrode protruding through the sur-
face of the solution shown in Fig. 2E, simul-
taneous application of —0.3 V to both elec-
trodes resulted in displacement of the micro-
particles in a direction given by the vector
addition of the single-electrode flows.

To illustrate the use of redox-active sur-
factants for dispensing arrays of droplets on
energetically homogeneous surfaces, we
first patterned a surface with band elec-
trodes by evaporating 50 A of titanium and
then 500 A of gold onto glass microscope

ol i ik ok ol A
R SO R QU R R R P |

Fig. 4. Top views of the dewetting of an aque-
ous film of 0.3 mM II* (0.01 M Li,SO,, pH 1.3)
supported on a microscope slide patterned with
a rectangular mesh of electrodes that was fab-
ricated by the same procedures used to prepare
the band electrodes shown in Fig. 3. Dewetting
was induced at the top left corner of the mi-
croscope slide by application of 0.5 V (versus
SCE) to the electrodes. The top panel (t = 0's)
shows a continuous film of liquid covering the
electrodes (mesh of dark lines). Receding con-
tact lines can be seen at the left side of the
image. The bottom two panels (t = 10 and
20 s) show retraction of the liquid across the
surface of the electrodes. Liquid droplets re-
main on the glass regions between the gold
electrodes. The droplets were imaged with light
incident from the lower right side of the imag-
es; the effects of shadowing create the diagonal
lines that bisect each droplet.
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slides through a micromachined aluminum
mask. The surfaces of the electrodes were
then derivatized by immersion in an ethan-
olic solution containing 0.9 mM 11-mer-
captoundecanoic acid and 0.1 mM hexade-
cyl mercaptan for 30 min so as to make the
entire surface energetically homogeneous
(14). The patterned electrode surface was
then inclined at ~20° from the horizontal,
with the lower edge touching a shallow
pool of aqueous solution (0.01 M Li,SO,,
pH 1.3) containing 0.3 mM II*, a SCE, and
a Pt counterelectrode. Surfactant solution
was then applied by pipette onto the slide to
form a continuous film [20 to 50 um in
thickness (75)].

When an oxidizing potential (0.5 V ver-
sus SCE) was applied to the array of elec-
trodes, the aqueous solution dewet the gold
clectrodes while the glass surfaces re-
mained covered by liquid (Fig. 3) (/6). The
dewetting of the electrodes caused 1-mm-
wide columns of liquid to form over the
glass regions of the surface. With this pro-
cedure we created an array of ~100 liquid
droplets on a surface by using a mesh of
electrodes (Fig. 4) (/7). When no external
potential was applied to the electrodes, a
film of liquid supported on the surface was
observed to drain uniformly from the sur-
face (that is, no fluid pattern was formed).
Also, patterned dewetting of an aqueous

Fig. 5. (A) Static advancing (open circles) and
receding contact angles (filled circles) of aque-
ous solutions (0.01 M Li,SO,, pH 1.3) of 0.3
mM II* plotted as a function of the extent of
oxidation of M* to II**. Contact angles were
measured on the surface of treated films of
gold. The inset shows advancing (open sym-
bols) and receding (filled symbols) contact an-
gles for partially oxidized solutions of 0.15 mM
I*/I2* (triangles) and 0.3 mM I*/1i2+ (circles)
plotted as a function of the concentration of
II* in solution. (B) Surface tensions (v,y» filled
circles) and optical thicknesses (open circles) of
surfactant adsorbed to treated gold as a func-
tion of the percentage oxidation of 0.3 mM I+
in aqueous 0.01 M Li,SO, at pH 1.3. The optical
thickness was measured by using surface plas-
mon resonance reflectometry at 690 nm. Gold
films (500 A in thickness)” were evaporated
onto high index (n = 1.7925) prisms (Applied
Optics, Pleasant Hill, California) with an elec-
tron beam evaporator. The complex refractive
index of the gold films at 690 nm was mea-
sured by spectroscopic ellipsometry to be
0.1378 + i3.5661. The refractive index of the
electrolyte solution containing 0.3 mM II* was
measured with an Abbe refractometer to be
1.33317 at 589 nm (23°C). The refractive index
of the surfactant solution did not measurably
change (to within =0.0001 refractive index
units) when the aqueous solution of II* was
oxidized electrachemically to II2*. The change in

film was not observed when II** or hexa-
decyltrimethylammonium  bromide was
used. We conclude that spatially localized
changes in the concentrations of II* and
II** drive the formation of the pattern of
liquid droplets (/8). Because the pattern
formed by the liquid could be prescribed by
simply applying (or not applying) a poten-
tial to a specific electrode, a variety of
different patterns could be formed on a
given surface (/9). Each surface could be
used many times because a fresh supply of
the active agent (II*) was delivered to the
surface for each patterning event (20).
Whereas gradients in surface tension
caused by reduction of II?* to II* drive the
motion of liquid shown in Fig. 2, we do not
believe gradients in surface tension can ex-
plain the direction of motion of liquid in Figs.
3 and 4. Oxidation of II"* to II?>* near the
receding contact line of the solution in F igs. 3
and 4 would cause gradients in surface ten-
sion that lead to the spreading of a liquid
across the surface and not dewetting of liquid,
as we observed (2/). We conclude that the
motion of liquid shown in Figs. 3 and 4 is
caused by an electrochemically induced in-
crease in the contact angle of the solution on
the surface. Young’s equation, cos = (Vsv
~ YsU)/YLvy» relates the equilibrium contact
angle (0) of a liquid on a solid to the inter-
facial free energies (v,) of the solid (S),

10.5
,"-ro.e
o
03 015 :00§ lo.7 o
« (7] (mM) @
S s
2 =
E 8
s s
g 2
c ~
g 2
v @
(% ~
M =
5 ) 3
A . j
) S
0 20 40 60 80 100

Oxidation (%)

the absorbance of the solution was also confirmed to have a negligible influence on the surface plasmon
reflectance. The change in position of the resonance minimum was modeled with either a four-layer
(glass/gold/adsorbed surfactant/aqueous electrolyte) or five-layer (glass/gold/chemisorbed treatment
layer/adsorbed surfactant/aqueous electrolyte) model by using a program written in Mathematica (37).
The adsorbed surfactant layer was modeled as a layer having a refractive index of 1.45.
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liquid (L), and vapor (V) phases (22). At
equilibrium, no net force acts on the three-
phase contact line of a liquid supported on
a surface. An electrochemically induced
increase in the local values of the interfa-
cial free energies can, however, change the
equilibrium contact angle from 6; to 6 and
thus create a net force of magnitude vy, -
{cos 8, — cos 0,) that leads to motion of the
contact line. Figure 5A shows that static
contact angles (measured to be constant for
times greater than 10 to 20 s) of aqueous
solutions of 0.3 mM IT*/II** placed on the
surface of treated gold do increase with
oxidation of II*. We conclude that the
increase in contact angle is caused by a
decrease in concentration of IT* and not an
increase in concentration of II>* for two
reasons. First, advancing and receding con-
tact angles measured at 100% oxidation of
II™* are the same as for electrolyte solutions
free of both II* and II**. Second, contact
angles of aqueous solutions of either 0.3
mM IIH/I2* or 0.15 mM II*/II** super-
impose when plotted as a function of the
concentration of II'* (inset in Fig. SA) (23).
The increase in receding contact angle (0.3
mM 11H112%) from <5° to 38° coincides
with a decrease in the amount of surfactant
adsorbed at the liquid-solid interface, as
measured by surface plasmon reflectometry
(Fig. 5B). At 100% oxidation, no surfactant
is adsorbed to the solid-liquid interface
(24). This result strongly suggests that elec-
trochemically induced desorption of surfac-
tant from this interface [as well from the
water-air interface (/7)] plays a central role
in causing the increase in receding contact
angle, and thus the dewetting phenomena in
Figs. 3 and 4. The treated gold surfaces at
pH 1.3 are not significantly ionized (25).
Adsorption of II" is promoted by hydro-
phobic attraction between the surfactant
and hexadecyl chains of the treated gold
surface and opposed by electrostatic repul-
sion between the charges on the surfactants.
The latter is increased for II** and drives
its desorption at 100% oxidation (26).

Because the principles we report for pat-
terned dewetting of liquids on surfaces rely
on electrochemical control of the local con-
centration of surface-active species, the spa-
tial resolution of these methods is influenced
by the rate of lateral transport of II* within a
liquid film. For dewetting phenomena occur-
ring over 1 to 10 s [millimeter-sized regions
dewet at 1 mm/s (27)] and a surfactant diffu-
sion coefficient of D ~ 1076 cm?/s, we esti-
mate the resolution of this method as R ~
(D1°3 ~ 10 to 30 wm, a value that is com-
parable to the smallest features we formed in
these experiments (28).

Our results demonstrate the usefulness of
redox-active surfactants and electrochemical
methods for active control of fluids on milli-
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meter and smaller scales. When combined
with electrochemical techniques widely used
in detection schemes of analytical instrumen-
tation (29), redox-active surfactants offer the
possibility of designing highly integrated
electroanalytical devices.
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