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Reversible, voltage-activated formation
of biomimetic membranes between triblock
copolymer-coated aqueous droplets in good
solvents†

Nima Tamaddoni,a Graham Taylor,a Trevor Hepburn,a S. Michael Kilbey IIb and
Stephen A. Sarles*a

Biomimetic membranes assembled from block copolymers attract considerable interest because they

exhibit greater stability and longetivity compared to lipid bilayers, and some enable the reconstitution

of functional transmembrane biomolecules. Yet to-date, block copolymer membranes have not been

achieved using the droplet interface bilayer (DIB) method, which uniquely allows assembling single-

and multi-membrane networks between water droplets in oil. Herein, we investigate the formation of

poly(ethylene oxide)-b-poly(dimethyl siloxane)-b-poly(ethylene oxide) triblock copolymer-stabilized

interfaces (CSIs) between polymer-coated aqueous droplets in solutions comprising combinations of

decane, hexadecane and AR20 silicone oil. We demonstrate that triblock-coated droplets do not

spontaneously adhere in these oils because all are thermodynamically good solvents for the

hydrophobic PDMS middle block. However, thinned planar membranes are reversibly formed at the

interface between droplets upon the application of a sufficient transmembrane voltage, which removes

excess solvent from between droplets through electrocompression. At applied voltages above the

threshold required to initiate membrane thinning, electrowetting causes the area of the CSI between

droplets to increase while thickness remains constant; the CSI electrowetting response is similar to that

encountered with lipid-based DIBs. In combination, these results reveal that stable membranes can be

assembled in a manner that is completely reversible when an external pressure is used to overcome

a barrier to adhesion caused by solvent–chain interactions, and they demonstrate new capability for

connecting and disconnecting aqueous droplets via polymer-stabilized membranes.

1 Introduction

Biomimetic membranes comprised of amphiphilic phospholipids
or polymers permit scientists to study a wide variety of processes
that occur at or across cellular membranes. However, due to the
fragility and short lifetimes (minutes to days) of phospholipid
bilayers,1 scientists have aimed to create more robust membranes
using polymerizable species, including phospholipids2–6 or
polymers,4,7–10 and they have also looked to un-polymerized
block copolymers11–16 that mimic the structure and amphiphilicity
of lipids found in cellular membranes. Like lipids, amphiphilic
block copolymers are known to self-assemble spontaneously into
planar membranes, spherical vesicles called polymersomes, or
rod-like structures in water,17–19 and yet they exhibit greater

mechanical and chemical stability than lipids.14,15,20 In addi-
tion to a class of molecules called Janus dendrimers,19 diblock
and triblock copolymers are the most commonly used types of
amphiphilic polymers to assemble biomimetic membranes.
Diblock copolymers (i.e. those with an AB organization) consist
of one hydrophilic polymer group attached to a hydrophobic
group. With this architecture, diblock copolymers such as
poly(etheylene oxide)-b-poly(ethylene ethylene) assemble to form
2-leaflet bilayer membranes in water, similar to the organization
of phospholipids in lipid bilayers.17 Unlike diblocks, triblock
architectures consisting of, for example, ABA or ABC block
copolymers having hydrophilic end groups and a hydrophobic
middle block can span the full thickness of the membrane they
create.13,21

In recent years, several groups have used a specific ABA-format
triblock copolymer consisting of hydrophilic poly(methyloxazoline)
(PMOXA) end blocks and a hydrophobic poly(dimethyl siloxane)
(PDMS) middle block.10,12–14,16 Notably, PMOXA-b-PDMS-b-PMOXA
membranes exhibit greater stability than lipid membranes16 and
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they retain the ability to reconstitute functional protein channels
and pores12,16,22 due to the elastic, fluid nature of the PDMS
block that permits the hydrophobic interior to accommodate
transmembrane proteins of varying lengths.21,23

Planar freestanding copolymer membranes can be formed
by painting a mixture of copolymer and organic solvent across
the aperture of a solid support in water12,13 via the methods
pioneered for forming black lipid membranes (BLMs).24–26

While this approach enables the assembly of a functional planar
membrane, significant skill is required to initiate membrane
thinning and this approach yields only one membrane per
experiment. In contrast, droplet interface bilayers (DIBs) are
planar bilayer membranes formed between lipid-coated water
droplets immersed in oil.27–29 The DIB approach for membrane
assembly is straightforward, allows for independent control of
droplet and leaflet compositions, and uniquely enables the
construction of multiple membrane networks, which have been
shown to enable collective functionality,28,30–32 simply by
adjoining more than two droplets. Thus, the ability to construct
durable block copolymer membranes using the DIB approach
could be used to develop new types of robust, compartmentalized
materials for sensing, actuation, and energy harvesting. However,
DIBs to-date have only been formed with phospholipids33 or
single-tailed amphiphilic surfactants,34 for which it is known that
the structures and sizes of these surfactant molecules play
important roles in adhesion properties of the membranes formed
between droplets.35–38

Spontaneous adhesion between surfactant-encased droplets
and stabilization against coalescence, as observed with DIBs,
are the result of a combination of intermolecular forces between
surfactant (i.e. solute) and solvent molecules acting in the region
between droplets.39 The term poor solvent describes a solvent
where solvent–solvent or solute–solute contacts are preferred,
rather than solute–solvent interactions; on the other hand, a
good solvent is one in which solute–solvent interactions are more
favorable than solute–solute interactions or solvent–solvent inter-
actions. As a result, the portion of a surfactant (e.g. phospholipid
or polymer chain) in a good solvent expands to maximize
segment–solvent contacts, whereas it collapses to minimize these
unfavorable interactions in poor solvent.

Adhesion between surfactant-coated water droplets is favored
when the surrounding oil is a poor solvent for the hydrophobic
region of the surfactant,36,39 which leads to the spontaneous
exclusion of excess solvent from between droplets to form a
solvent-free region. Entropic in nature,40 this exclusion generates
an osmotic pressure that drives the droplets together (in addition
to van der Waals attractive forces) to the point where short-range
repulsive forces (steric in origin) between opposing surfactant
monolayers stabilize adhesion and prevent coalescence. On the
other hand, when the solvent is a good solvent for the hydro-
phobic coronae of the surfactant-coated water droplets, excluded
volume interactions between surfactant tails and solvent molecules
sterically stabilizes the droplets, preventing spontaneous solvent
exclusion and droplet coalescence.36

In this work we present the formation and characterization
of fully reversible, voltage-activated copolymer stabilized droplet

interfaces—which we refer to as copolymer stabilized interfaces
(CSIs)—assembled between aqueous droplets coated in a mono-
layer of triblock copolymer molecules. The ABA triblock copolymer
used in this work consists of poly(ethylene oxide) (PEO) end groups
with a poly(dimethylsiloxane) (PDMS) middle group. Our results
show that unlike prior studies,12,16 which demonstrated sponta-
neous thinning of planar triblock membranes in the presence of a
poor organic solvent for the copolymer hydrophobic block, the use
of PEO-b-PDMS-b-PEO-coated droplets immersed in good solvents
for the middle block does not result in spontaneous membrane
thinning and droplet adhesion. However, stable droplet adhesion
and film formation is achieved when a voltage-induced compres-
sion is used to drive excess solvent from the hydrophobic
regions of opposing triblock monolayers. Unlike spontaneous
droplet adhesion, voltage-induced thinning is fully reversible:
removing the applied voltage allows the droplets to completely
separate as solvent returns to the region between droplets.

The following sections present our study of the mechanism
of reversible CSI formation between water droplets placed in
various good solvents. Specifically, we perform experiments
with the same copolymer dispersed in the organic solvents
to investigate the role of solvent quality on voltage-driven
exclusion and the resulting properties of the interface. In each
solvent, we determine the minimum voltage required to initiate
membrane thinning, and we utilize techniques developed
recently by our group with lipid-based DIBs,41 to measure the
specific capacitance and electrowetting response, which allow
us to then determine the hydrophobic thickness and lateral
tension of the CSI, respectively. These data allow us to inves-
tigate structural differences between lipid-based DIBs and CSIs,
and our results show that planar copolymer membranes are
considerably thicker than lipid DIBs due to solvent retention
and polymer midblock length. Additionally, we observe that
CSIs exhibit increased resistance to rupture during physical
perturbation and significantly higher rupture potentials compared
to DIBs. Simultaneously, CSIs also exhibit similar magnitudes of
membrane resistance to ion transport as lipid bilayers even though
they can exist in a significantly lower tension state when formed
in a silicone oil-based solvent. Thus, the ability to prevent
coalescence/mixing between aqueous volumes and be reversibly
connected and disconnected with voltage provides a new
approach for membrane-based smart materials and reconfi-
gurable droplet-based assays.

2 Materials and methods

Five oil compositions are used in this study: n-decane, n-hexadecane,
AR20 silicone oil, a 3 : 1 (v : v) mixture of hexadecane and AR20, and a
1 : 1 (v : v) mixture of hexadecane and AR20. All solvents, sodium
chloride (NaCl), 3-(N-morpholino)-propane-sulfonic acid (MOPS),
sodium hydroxide (NaOH), and agarose (A9539) are acquired from
Sigma Aldrich. PEO-b-PDMS-b-PEO (2 kDa-b-2 kDa-b-2 kDa, P7300-
EODMSEO) triblock copolymer is obtained from Polymer Source Inc.
1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) phopspho-
lipid is obtained in powder form from Avanti Polar Lipids, Inc.
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Copolymer-stabilized droplet interfaces are created between
adjacent 200 nL droplets of aqueous buffer placed in a copolymer–
oil mixture or using the droplet-on-hydrogel bilayer method42–44

for forming a gel-supported CSI (see Fig. S1 in ESI† for additional
details). For each oil type, PEO-b-PDMS-b-PEO triblock is incor-
porated into the oil at a concentration of 4 mg mL�1, vortexed,
and then stirred on a magnetic hot plate at a temperature of
460 1C to facilitate complete dissolution of the polymer. The
application of heat ensures that the PEO end-blocks remain
above their transition temperature (B30 1C), as evidenced by
obtaining a clear, homogeneous polymer–oil mixture. For com-
parison, DPhPC DIBs are formed in hexadecane between dro-
plets containing 2 mg mL�1 unilamellar DPhPC liposomes
(B100 nm) in aqueous buffer prepared via extrusion as
described elsewhere.45 The aqueous buffer used in CSI and
DIB experiments is 100 mM NaCl, 10 mM MOPS, balanced to
pH 7.4 via titration with an identical solution supplemented with
0.5 M NaOH. Buffer pH is verified using a Fisher Scientific
Accumet pH probe. Liposome solutions are stored at 4 1C
and are used within 2–3 weeks of preparation. Liposome-free
aqueous buffer and polymer–oil solutions are stored at room
temperature (23 1C), and polymer–oil solutions are reheated
before tests to ensure complete dispersion of polymer in the oil
phase. Note that only reported values of rupture potential for
DPhPC DIBs in hexadecane are measured herein. All other
reported values of DPhPC DIBs, including specific capacitance,
thickness, contact angle, and monolayer and bilayer tensions,
are sourced from prior studies by our group41,46 that contained
higher numbers of trials. All DIB and CSI tests are performed at
room temperature.

Electrical measurements and optical imaging are used
collectively to assess adhesive interfaces between lipid- and
copolymer-coated aqueous volumes in oil. The application of
voltage and measurement of current across CSIs and DIBs are
made using wire-type silver/silver chloride (Ag/AgCl) electrodes.
Electrodes for DIB measurements are ball-ended as described
elsewhere,28 whereas those for most CSI measurements lack
a ball-ended tip and hydrogel coating, since these features
complicate insertion of electrodes into polymer-encased droplets
where the monolayer forms rapidly. In these experiments positive
current represents flow of electrons into the headstage, and
measurements are performed only at positive biases due to
symmetric membrane compositions in all tests. Droplet positions
are controlled manually via the electrodes; each electrode is
attached to a 3-axis micromanipulator (KITE-R, World Precision
Instruments). An AxoPatch200B and Digidata 1440A (Molecular
Devices) are used to measure the square-wave current induced
by a 10 mV, 10 Hz triangular voltage waveform generated by an
Agilent 33210A function generator. Measurements of interfacial
current are performed with grounded shielding placed near the
positive electrode to minimize electromagnetic interference,
and all measurements are sampled at 20 kHz and low-pass
filtered with a 4-pole Bessel filter at 1 kHz. Side-by-side droplet
pairs and droplets on a polymer-coated hydrogel surface are
viewed through a 4� objective lens on an Olympus IX51 inverted
microscope. Images are acquired with a QI Click CCD camera

controlled using mManager 1.4.14 software.47 Adhesive droplet
images are post-processed in MATLAB to extract bilayer area
for determining specific capacitance and contact angle for
measuring interfacial tension and free energy.

3 Results
3.1 Voltage-induced adhesion of triblock-coated droplets
placed in a good solvent

CSIs and DIBs between adjacent aqueous droplets are prepared
using a similar procedure with only very minor differences. In
both CSI and DIB cases, aqueous droplets are pipetted into a
less-dense nonpolar solvent and allowed to incubate for a short
period of time (o30 s for droplets in copolymer–oil mixtures
versus 2–5 min for liposome droplets in oil45) to allow the
amphiphiles time to self-assemble into monomolecular layers
at the water–oil interfaces. Each adsorbed copolymer molecule
is believed to be arranged in a looped configuration, i.e., with
both hydrophilic endblocks in water and the hydrophobic
midblock looping out into the oil. However, once droplets
are brought into contact, the two systems show significant
differences. Lipid-coated droplets (Fig. 1a) spontaneously
adhere upon the exclusion of excess solvent from between
opposing lipid monolayers, as reported in the extensive literature
on DIBs.29 Spontaneous thinning and subsequent growth of
the lipid bilayer increases the interfacial electrical capacitance
which results in a measurable increase in the amplitude of the
squarewave current (Fig. 1a). We also observe a brighter, planar
connection between adhered droplets (right inset) that is different
from what is seen in adjacent, but disconnected droplets prior
to the capacitive current increase (left inset). A 10 mV amplitude
triangular voltage waveform is applied continuously to induce
the squarewave current necessary for measuring interfacial
capacitance, however, it is important to note that adhesion
between lipid-coated droplets in hexadecane occurs even in the
absence of electrodes and applied voltage. In contrast, PEO-b-
PDMS-b-PEO-coated droplets in a 1 : 1 (v : v) mixture of hexa-
decane and AR20 silicone oil (as used elsewhere48 to minimize
density differences between the aqueous and organic phase) do
not adhere spontaneously when placed in contact. The same
result also occurs when aqueous droplets are placed in pure
decane, hexadecane, or silicone oil.

Applied voltage can be used to expedite bilayer thinning in
lipid-based DIBs. Therefore a voltage difference is applied between
non-adhesive copolymer-coated droplets in 1 : 1 hexadecane : AR20
oil to see if adhesion can be also obtained for this system. The
leftmost section of the current trace in Fig. 1b corresponds to
separated droplets (see left inset image) despite the application of
150 mV (note, voltage was increased incrementally to this level).
The background capacitive current in Fig. 1b is slightly larger than
in Fig. 1a due to higher electrical noise during this experiment.
In the next section of Fig. 1b (middle inset), increasing the voltage
from 150 mV to 200 mV results in a sudden significant increase
in the amplitude of the squarewave current response. Images
obtained simultaneously show that there is a visible interface to
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accompany the increase in interface capacitance. The middle
inset image shows that the droplets are clearly connected,
sharing a large planar interface and a larger contact angle
between droplets at a voltage of 200 mV. Finally, when the
voltage is reduced to 0 mV, the capacitive current returns to
its original amplitude and an image of the droplet pair shows
that the droplets return to a separated state. This process is
repeatable (see ESI† for video showing repeatable adhesion across
multiple CSIs between electrodes); adhesion is regenerated
by increasing the applied voltage to above 150 mV. Moreover,
the area of adhesion between droplets can be reversibly varied
(quantified in the next section) by modulating the applied
voltage at a level greater than the minimum required to drive
adhesion. In summary, the voltage activated CSI’s are mani-
pulatable and reversible.

Fig. 2 shows that this same type of fully reversible, voltage-
induced adhesion between droplets is also obtained for
triblock-coated droplets placed in n-decane, n-hexadecane,
a 3 : 1 (v : v) hexadecane : AR20 mixture, and pure AR20 silicone
oil, each containing the same concentration (4 mg mL�1) of
PEO-b-PDMS-b-PEO copolymer. By incrementally increasing
voltage in 20 mV steps, we determine that the average minimum
voltage, VT, required to initiate adhesion between droplets is
166 mV (n = 5) in decane, 83 mV (n = 5) in hexadecane, 179 mV
(n = 5) in 3 : 1 hexadecane : AR20 (n = 5), 371 mV (n = 5) in 1 : 1
hexadecane : AR20 (n = 5), and 41 V (n = 5) in pure AR20.
Fig. 2 also lists the rupture potential (the voltage at which
the interface ruptures causing the droplets to coalesce) for a
DPhPC DIB and for CSIs assembled in each solvent. Similar to
the threshold potential for adhesion, we observe that CSIs
assembled in oil mixtures containing AR20 silicone oil display
higher rupture potentials than those obtained in alkanes.
Interestingly, a rupture potential was not reached for applied
voltages up to 30 V (the limit of our power supply) for CSIs
contained in pure AR20. Further, the rupture potential values

for CSIs tested here are all significantly higher than that
(212 mV, n = 7) found with DPhPC DIBs formed in hexadecane.

3.2 Quantitative characterization of voltage-induced CSIs

A lipid bilayer is commonly modeled as a resistor and capacitor
wired in parallel.49 Therefore, to better understand the structures
of CSIs and to evaluate their barrier properties, we measured the
squarewave current induced by the sum of a 10 mV, 10 Hz triangle
wave voltage and a dc bias varied between the adhesion threshold
and rupture potential. Values for nominal membrane capacitance
and resistance at each bias level are extracted from the current
traces using a custom MATLAB script as described elsewhere.50,51

Fig. 3 shows an example set of capacitance and resistance data
obtained from the induced squarewave current measured while
also applying a sequentially step-wise increasing bias potential
(Fig. 3a) across a CSI in hexadecane. Reflecting the behavior seen
in Fig. 1b for separated droplets, we observe that membrane
capacitance is negligible and membrane resistance is maximum
(our fitting routine permits a maximum value of 1000 GO) until
the bias reaches a value of approximately B50 mV. However as
applied potential exceeds VT (t B 450 s in Fig. 3), nominal
capacitance begins to increase and nominal resistance exhibits
a sharp decrease to a value of ca. 40–50 GO. The changes in these
electrical properties coincide with formation of a planar adhesive
connection between the droplets. The data in Fig. 3 show that
additional increases in the bias potential cause the capacitance
and resistance to continue to rise and fall, respectively. Finally,
we observe these parameters rebound to the values of C and R
observed when V = VT as the droplets detach upon returning the
bias to zero. Resistance does not return to a value of 1000 GO
because of the non-linear nature of the fitting routine, which
overestimates values of R prior to initial droplet adhesion.

These data pose interesting questions about the mechanism
for changes in both capacitance and resistance as a function of the
bias. Specifically, what causes the capacitance to increase: a change

Fig. 1 (a) Spontaneous thinning of a DPhPC DIB in hexadecane. (b) Voltage-induced thinning of a CSI in a 1 : 1 (v : v) hexadecane : AR20 mixture. Droplet
diameters are ca. 700–800 mm.
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in area of adhesion, or a decreasing interfacial thickness,
or both? Also, does the reduction in membrane resistance

correspond to a voltage-dependent leakage, or is this change
driven solely by changes in membrane area? To answer these
questions, we performed a separate set of experiments with
gel-supported CSIs assembled using the droplet-on-hydrogel
(DHB) method.42,43,52 This approach allows us to accurately
image the area of the interface while performing current
measurements.

Fig. 4a shows the visual changes in the adhesive region
underneath a gel-supported polymer coated droplet in decane
when the voltage is increased from 0 mV to 300 mV; the arrows
indicate the perimeter of the adhesive region (i.e., the CSI).
Note, the DHB method for CSI formation is utilized here due
to the extremely low monolayer tensions of polymer-coated
droplets in oil that complicates the calculation of bilayer area
using images of adjacent, sagging droplets. Plotting the measured
capacitance versus the square of the bias voltage (Fig. 4b) shows
that the capacitance of the CSI exhibits a sharp increase at the
threshold potential (B200 mV) and then increases linearly with
respect to voltage squared. This trend is indicative of electro-
wetting behavior observed at a capacitive liquid interface as has
been quantified for DIBs in recent publications.41,42,53 For
comparison, the voltage-dependent change in membrane capaci-
tance for a DPhPC DIB (B30% increase) is provided in Fig. 4b
to emphasize the much larger change (B400%) in membrane
capacitance relative to nominal capacitance measured at VT

observed for the CSI. Repeating this experiment for CSIs in
different oils shows that normalized membrane capacitance
(relative to capacitance at VT) varies linearly with respect to the
square of the voltage difference between the bias potential and
the threshold potential for that oil type (Fig. 4c). The slopes of

Fig. 2 DPhPC DIB versus voltage-induced CSI formation and rupture in different oils. Droplet diameters are ca. 700–800 mm (200 nL).

Fig. 3 (a) The applied bias voltage and (b) the resulting CSI membrane
capacitance and (c) resistance.
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the curves for each oil type in Fig. 4c represent the electro-
wetting constant, a, which describes the voltage-sensitivity of a
capacitive interface. The bar graph in Fig. 4d compares the
average values of electrowetting coefficient for CSIs formed in
different oils (n = 3 in each oil) to that for DPhPC DIBs formed
in hexadecane. All values range from 10–20 V�2, and the data show
that the strength of CSI electrowetting increases with the fraction
of silicone oil in the nonpolar solvent surrounding droplets.

Fig. 5a shows the steady-state capacitance determined from
the squarewave current magnitude, plotted versus the optically
measured interfacial area of a CSI formed in 1 : 1 hexadecane :
AR20. Unlike lipid-based DHBs which enable control of membrane
area by changing the vertical position of the droplet,42,43,54 these
data reflect variations in membrane area caused by changing the
applied bias voltage. Attempts to lift droplets with an electrode
resulted in the droplets falling from the probe due to the low
surface tension of copolymer-encased droplets. Yet, similar to a
DIB,41,42 we find that nominal capacitance varies linearly with
interfacial area. The slope of the capacitance–area curve, which
for this oil type has a value of 0.126 mF cm�2, represents the
specific capacitance, Cm, as given by:

Cm ¼
C

A
¼ ere0

t
; (1)

where er is the relative permittivity of the hydrophobic region
of the membrane, e0 is the dielectric permittivity of vacuum

(8.85 � 10�12 F m�1), and t is the hydrophobic thickness of the
membrane. Linear relationships between nominal capacitance
and interface area are also found for the other oils (not shown;
Cm cannot be determined in pure silicone oil due to the voltage
limit of our current measurement device). The linearity of these
data indicate that for V 4 VT, voltage-driven increases in CSI
capacitance are explained fully by increases in interfacial area
at constant hydrophobic thickness (i.e. Cm is not voltage
dependent). As shown in Fig. 4, these electrowetting-driven
increases in membrane area range from 150–400% for CSIs,
which is considerably higher than what we observe for a
DPhPC lipid bilayer in hexadecane (B30%). Fig. 5b compares
the average values of Cm measured for CSIs in various oils.
Compared to a DPhPC DIB in hexadecane, CSIs exhibit much
lower values of Cm. Moreover, we observe that CSIs formed in
oils containing silicone oil exhibit slightly lower values of Cm

than those formed in alkanes.
The hydrophobic thickness for each CSI is determined from

these values of Cm using eqn (1) and is shown in Fig. 5c. The
calculation is performed by using a value of er = 2.6 to describe
the dielectric properties of the triblock copolymer interface
hydrophobic region (er for PDMS ranges from 2.3–2.855,56). It
is noted that thinned CSIs may contain some residual amount
of solvent as with lipid bilayers,57,58 and the relative permittivity
of alkanes like decane and hexadecane tends to be closer to 2.2,59

thus our approximation may slightly overestimate hydrophobic

Fig. 4 (a) A gel-supported CSI in 1 : 1 AR20 : hexadecane shows the visible growth in adhesive area due to voltage. (b) Nominal capacitance measured
on a DPhPC DIB in hexadecane and a CSI in the same oil as (a) versus the square of the applied bias. (c) Normalized capacitance versus change in voltage
squared, and (d) the mean electrowetting constant after formation of the membrane for both a DPhPC DIB in hexadecane and CSIs in different oils.

Paper Soft Matter

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 1

3/
05

/2
01

6 
14

:1
8:

33
. 

View Article Online

http://dx.doi.org/10.1039/c6sm00400h


This journal is©The Royal Society of Chemistry 2016 Soft Matter

thicknesses (especially in cases where pure alkanes are used,
since AR20 and PDMS are expected to both have a dielectric
permittivity of B2.6). Nonetheless, these calculations show
(Fig. 5b) that the reduction in Cm for CSIs compared to a DIB
(er = 2.2) is the result of the interface having a considerably
thicker hydrophobic region (10–20 nm). These data also show
that CSIs in alkanes are thinner than those in silicone oil
mixtures, which suggests that CSIs formed in alkanes contain
less residual solvent upon voltage-initiated adhesion. Measured
thickness values also compare well to those predicted for
polymer brushes with 100% surface coverage described by the
Alexander–deGennes model60

L E Na. (2)

Here L represents the height (or thickness) of the ‘‘brush,’’
which in this case is comprised of the hydrophobic PDMS
middle block extending into the oil, N is the number of PDMS
segments, and a is the segment length. A 2 kDa PDMS block
consists of approximately 28 repeat units; however we estimate
N as being at most 14 segments in length to account for the fact
that the copolymer likely resides in a looped configuration at
the oil–water interface due to the ABA design of the triblock
copolymer.61,62 With a value of 0.6 nm for the segment length
from literature,63 L is estimated to be 8.4 nm. Therefore, a
bilayer formed between co-polymer droplets displays a hydro-
phobic thickness on the order of B17 nm. These values (8.4 nm
and 17 nm) represent the limiting situation where the PDMS
chains of the membrane are laterally crowded such that they
are maximally extended into the oil. In oils where PDMS is
less soluble or chains less crowded, we expect the brush height
and total membrane thickness to be reduced due to the
fact that the PDMS blocks would prefer to reside in a more
compact, less swollen state. The differences between the
measured values of hydrophobic thickness and the predicted
total membrane thickness may also be the result of inclusion
of oil in the midplane, which can occur in planar lipid
bilayers formed in oil.64

With values of thickness known for CSIs in different oils,
we next computed the magnitudes of electric field required to
initiate adhesion and cause rupture (Fig. 6a). These data are
again compared to that for a DPhPC DIB, and we see that
despite the higher rupture potentials for CSIs, the electric field
required to rupture a DPhPC bilayer is approximately 2–3�
higher than that which is required to cause rupture in the
triblock-stabilized interfaces. Examination of the raw current
measurements made on CSIs at voltages near the rupture
potential (Fig. S2 in the ESI†) shows that the applied voltage
causes transient increases in current shortly before an irrever-
sible increase in current that coincides with membrane rupture
and droplet coalescence. This observation, which we also
observe in lipid bilayers, suggests the applied voltage causes
electroporation of CSIs, which leads to membrane rupture.

Finally, values of membrane resistance (Rm = R � A) are
computed by multiplying the measured resistance of a CSI
by its respective area (determined by dividing nominal capaci-
tance by Cm) at every bias voltage (Fig. 6b). Despite CSIs
exhibiting far lower values of nominal resistance (0.2–2 GO)
than lipid bilayers (10–100 GO), values of CSI membrane
resistance on the order of 20–30 MO cm2 are quite similar
in magnitude to those for lipid bilayers (10–100 MO cm2).
Additionally, we see that the membrane resistance of each
CSI–oil combination is generally constant versus voltage, and
thus interfacial area. As a result, we can interpret the decrease
in nominal resistance observed in Fig. 3c as being due primarily
to the increase in area, and not due to voltage-initiated
permeation. The permeability of this type of membrane to
species other than ions is still largely untested, however a
preliminary experiment demonstrated that carboxyfluorescein
does not diffuse through a CSI formed (with V 4 VT) in a 1 : 1
mixture of hexadecane : AR20.

While the results described thus far show how voltage affects
CSI thickness and interdroplet contact area, little is known about
the organization of triblock molecules and thus the tension
states for both monolayer and the adhesive interface of a CSI.

Fig. 5 (a) Representative nominal capacitance versus adhesive area data obtained for a CSI formed in 1 : 1 AR20 : hexadecane. This type of data for each
interface allows calculation of the average specific capacitance (b) and equivalent membrane thickness (c).
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Knowledge of the monolayer and interfacial tensions of droplet-
supported CSIs assembled in different oils would shed light on
the mechanism for voltage-initiated adhesion, specifically per-
taining to the role of solvent. Initially, we attempted to measure
the monolayer tension of a triblock-covered water droplet in oil
using a pendant drop goniometer. However, we observed the
droplet to quickly sag in the less dense oil and then fall from the
dispensing tip, which prevented us from being able to determine
steady-state monolayer tension using the conventional pendant
drop method.

Taylor et al. recently demonstrated that the steady-state
monolayer tension of a DIB can be measured by tracking the
electrowetting response of an interface for which Cm is
known.41 The method is based on the Lippmann relationship65

which states that upon application of voltage across the
capacitive bilayer interface, bilayer tension, gb, is reduced
by the magnitude of the energy stored at the interface due to
capacitive charging as given by

gb;0 � gbðVÞ ¼
Cm

2
V2; (3)

where gb,0 is the bilayer tension at zero volts, Cm is the specific
capacitance of the interface, and V is the applied voltage. For
adhesive droplets that exhibit a planar interface and an external
half contact angle, y, gb is related to the monolayer tension, gm,
via Young’s relationship which is given by

gb = 2gm cos y. (4)

For a DIB that forms spontaneously at a zero bias, combining
eqn (3) and (4) produces an expression that relates the change
in the cosine of the contact angle to Cm, gm, and V. However,
because CSIs exhibit electrowetting only at non-zero biases,
eqn (3) and (4) are rewritten as

cos yref � cos yðVÞ ¼ Cm

4gm
V2 � Vref

2
� �

(5)

to reflect how the cosine of the contact angle changes with
respect to yref, defined as the external contact angle measured

at a non-zero reference bias Vref located above the threshold
potential.

Since Cm is known for the CSIs in various solvents, eqn (5)
and (4), respectively can be used to determine unknown values
of gm and gb by measuring the change in the cosine of y versus
the change in V2. Therefore, a final series of experiments was
performed on CSIs formed between adjacent droplets to inves-
tigate how the contact angle between droplets changes with the
bias. Fig. 7a and b shows representative data for the measured
change in the cosine of the contact angle versus (V2 � Vref

2) for
CSIs in each oil. The data are plotted on separate axes to
account for the difference in scale between the values obtained
for CSIs in alkanes versus those in silicone oil mixtures. All
curves display a generally linear relationship between change in
cosine of the contact angle and the difference in the square of
the applied bias; R2 correlation coefficient values for all curves
are greater than 0.89, and greater than 0.96 for CSIs in silicone
oil mixtures. In total, data were obtained from three separate
interfaces formed for each CSI–oil combination. With eqn (5)
and the corresponding average value of Cm for each CSI–oil
(Fig. 5b), the slope of each linear regression is used to calculate
gm. Fig. 7c compares the average monolayer tensions of CSIs to
that measured on a DPhPC DIB. Interestingly, while the mono-
layer tensions for CSIs in alkanes are similar in magnitude to
that for a DPhPC monolayer (B1–1.3 mN m�1 46), these data
show that copolymer monolayers at a water–silicone oil mixture
interface are considerably lower (B0.1 mN m�1).

Average values for gb at VT are computed for each CSI–oil
case via Young’s equation (eqn (4)). gm was computed for each
in the previous section, and the contact angle, yt, measured at
VT is measured from images taken of adhered droplets after
equilibration at VT. Resulting values of yt and gb are shown in
Fig. 7d and e for all CSIs and a DPhPC DIB. As observed with gm,
these data again show that CSIs in alkanes exhibit membrane
tensions (B2.0–2.5 mN m�1) similar in magnitude to a lipid
DIB, due to both similar values of monolayer tension and
contact angle (20–301). However, CSIs formed in silicone oil
mixtures, those which display very low monolayer tensions,
have substantially larger contact angles and thus even smaller

Fig. 6 (a) Computed electric field at both adhesion threshold and rupture voltages for a DPhPC DIB in hexadecane and for CSIs under different solvents.
(b) Membrane resistance versus nominal voltage (V 4 VT) of CSIs.
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relative membrane tensions (o0.2 mN m�1). The Lippman
(eqn (3)) and Young (eqn (4)) relationships predict that these
interfaces reach an even lower tension, which corresponds to
a higher contact angle, due to electrowetting at higher biases.
This behavior is confirmed indirectly by the increasing contact
angle observed with increasing voltage prior to rupture
(Fig. 2). In fact, some of these interfaces approach an external
half angle of 901, which signifies the membrane reaches a
zero-tension state.

These findings confirm why polymer-coated droplets
consistently fell from the syringe tip during goniometer trials
(extremely low gm), but they also reveal important differences
about molecular packing at the interface. Specifically, the
difference in tensions for CSIs in alkanes versus silicone oil
mixtures suggest that copolymer molecules, likely in a looped
configuration at the oil–water interface, are packed more tightly
when the solvent contains silicone oil. Building on analysis by
de Gennes,66 we interpret the reduced tension and increased
thicknesses of CSIs in silicone oil mixtures to confirm that
the hydrophobic-PDMS middle block, which likely resides in a
looped configuration at the oil–water interface, is extended
from the interface but tightly packed in a lateral direction
which serves to more effectively minimize the interfacial tension.
In alkanes, our data suggest that the molecules are arranged in a
more expanded state laterally, and they are also less swollen by
solvent, which results in a shorter height—thus alkanes are
relatively poorer solvents for PDMS expansion but still suffi-
ciently good, which prevents spontaneous droplet adhesion. This
behavior is not unexpected—‘‘looped’’ polymer brushes arrayed
at a solid–fluid interface remain stretched (swollen by solvent)
and display repulsive intersurface interactions even when the
solvent quality is worsened (to marginal, or y-solvent conditions).62

Fig. 8a shows a qualitative representation of these differences in
molecular arrangement.

4 Discussion of the mechanism
of reversible, voltage-initiated
adhesion and CSI stability

Our experiments highlight key differences between the adhesion
behavior and stability of DIBs and CSIs. DPhPC-coated droplets
adhere spontaneously in hexadecane as well as in decane and
silicone oil (not shown), confirming that these oils acts as poor
solvents for the acyl chains of the DPhPC monolayers.36 In a poor
solvent, solvent is excluded due to unfavorable interactions,
creating a solvent-depleted region of contact between droplets.
This causes the area of the solvent-depleted region and the
contact angle between droplets to scale inversely with tail
solubility in the oil, which has been previously demonstrated:
DPhPC DIBs formed in dodecane,53 a smaller-molecule solvent
in which the acyl chains have greater solubility, have a signifi-
cantly smaller contact area compared to lipid-coated droplets
connected in silicone oil.67

Like DIBs, polymer-coated droplets in alkane and silicone
oil mixtures do not coalesce when placed in contact. However,
unlike DIBs, they required a bias voltage to form an adhesive
connection since the exclusion of oil is not favored, and they
fully separate when this voltage is removed due to steric repulsion
between opposing looped chains decorating the interface. The
images and table in Fig. 2 highlight that the minimum voltage
required to cause adhesion depends on the type of oil surrounding
the droplets and that it increases for silicone-based oils versus pure
alkane mixtures and with decreasing alkane length (i.e. decane
versus hexadecane), a trend that is also observed in lipid bilayers.68

This finding indicates that silicone oil is a better solvent than
the two alkanes tested herein. In addition to the minimum voltage
required to initiate adhesion, our knowledge of DIB area versus
alkane length leads us to expect that the contact area of a voltage-
thinned CSI at the threshold would scale inversely with solvent

Fig. 7 The change in cosine of contact angle versus voltage squared for (a) CSIs in hexadecane and decane, and (b) for CSIs in 1 : 3 AR20 : Hex and
1 : 1 AR20 : Hex. (c) Monolayer tensions, (d) contact angles at the threshold voltage, and (e) computed average membrane tensions for a DPhPC DIB
in hexadecane and for all CSIs.
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solubility. The images of CSIs in decane and hexadecane in Fig. 2
demonstrate this trend: CSI formation in decane, which appears to
be a better solvent for PDMS, results in a smaller interfacial area at
voltages above the threshold compared to the larger, more-easily
excluded hexadecane. However, the fact that very low droplet
surface tensions were obtained with solvents containing silicone
oil allowed the droplets to assume a flattened, non-spherical
shape. As a result, the images in Fig. 1 and 2 may not provide an
accurate trend of relative bilayer size versus droplet radius for all
oils tested. In a separate experiment, we studied the interactions
of droplets coated with PEO-b-PDMS-b-PEO in a mixture of
chloroform, hexadecane, and squalene at a volume ratio of
0.1 : 0.8 : 3.2. In this sufficiently poor solvent, we observed
droplets to spontaneously adhere without voltage. The complete
characterization of triblock interfaces formed spontaneously in
poor solvents is currently ongoing.

Together, these findings confirm that the relative solubility
of the hydrophobic copolymer middle block in an oil dictates
the adhesion response of adjacent triblock-coated droplets. Our
understanding of the mechanism of reversible, voltage-initiate
adhesion for triblock polymer-coated droplets immersed in a
good solvent is explained in the framework of the disjoining
pressure. The disjoining pressure for reversible CSI formation
in good solvent is illustrated qualitatively in Fig. 8b (black trace)
as a function of separation distance, h, between two polymer-
coated droplets, and this relationship is compared to that for
spontaneous adhesion between surfactant-coated droplets in a
poor solvent such as is observed with DIBs (blue trace).

As two droplets approach one another at large values of h,
long-range repulsive interactions develop due to the presence
of swollen polymer chains extending into the oil from each
droplet surface. These interactions between polymer ‘‘brush’’
layers are entropic in nature and stem from a combination of

osmotic repulsion interactions between solvated polymer coils
which favors their expansion and the energy required to
elastically stretch these chains.60 The net effect is a repulsive
barrier that prevents spontaneous adhesion. The application of
voltage works to compress the thick interface and acts in
opposition to these repulsive interactions, where the magnitude
of the electrocompression69 is given by

PðhÞ ¼ 1

2
ere0

V

h

� �2

: (6)

This applied pressure thins the interface through both elastic
compression of the chains and through hydraulic exclusion of
solvent from the interface. As applied voltage increases above
zero but remains below the voltage threshold for adhesion, the
system moves stably up the disjoining pressure curve (from right
to left in Fig. 8b). A critical thickness is reached as soon as
voltage reaches VT, whereupon the interface spontaneously
transitions to an adhesive interface like those shown in Fig. 1
and 2. This metastable point exists at a medium-range critical
separation distance, denoted as hc, where the electrocompressive
forces cancel the long-range repulsive interactions, thereby
thinning the interface, such that medium-range attractive van
der Waals interactions between the two droplets now become the
dominate forces balancing the system. This metastable balance
point, denoted as Pc thus represents the peak of the repulsive
barrier before the two droplets transition spontaneously into an
adhered state with an equilibrium thickness, he (Fig. 8b). The
onset of adhesion is depicted as a reduction in the net disjoining
pressure to a net negative value, and, importantly, is verified
experimentally by the observed increase in contact angle between
droplets when the voltage is increased above the threshold.
Adhesion can be quantified by measuring or calculating the

Fig. 8 (a) Illustration of conformations of copolymer molecules at the water–oil interface in good and poor solvents. (b) Qualitative disjoining pressure
profiles versus separation distance for voltage-initiated CSI membranes formed in good solvents and DIBs assembled in poor solvents.
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reduction in free energy per unit area of the system upon the
formation of the adjoining interface68 as given by

�DF(V) = 2gm � gb(V) = 2gm(1 � cos y(n)). (7)

Eqn (7) is written as a function of the applied voltage to
emphasize that membrane tension is a function of applied
voltage when electrowetting occurs. Once driven to an adhesive
state, our measurements of Cm and thickness confirm that
increasing the voltage further (V 4 VT) only changes the area of
the interface at constant thickness via electrowetting. The effect
of electrowetting on the disjoining pressure is shown using
dashed lines to illustrate the reduction in the local minimum at
the equilibrium thickness, he.

In summary, applying voltage between polymer-coated
droplets immersed in a sufficiently good solvent does work to
overcome the positive disjoining pressure necessary for expel-
ling solvent and compressing the interface. The interface thins
stably as the voltage is increased up to a critical distance, hc, at
which spontaneous, attractive van der Waals interactions drive
the droplets together to form an adhesive connection. Unlike
recent reports of surfactant-coated droplets that coalesce under
voltage,69 the interfaces between copolymer-decorated droplets
do not coalesce because the laterally overlapped monolayer
of chains at the droplet interface results in repulsive steric
interactions between opposing droplets. In the adhesive state,
electrowetting merely causes the area of the interface to vary at
constant thickness. Moreover, the process is reversible because
the voltage-induced solvent expulsion establishes an osmotic
pressure difference between the bulk oil and the interfacial
hydrophobic region that favors driving solvent back into the
membrane. Thus when the bias is reduced, the voltage-induced
pressure lessens, and the compression-induced osmotic pressure
causes oil to re-enter the membrane, whereupon chain swelling
thickens the interface and pries apart the droplets. This behavior
corresponds to traversing the disjoining pressure curve in
reverse, where the osmotic pressure provides the work needed
to overcome the peak. Hence, the use of voltage to drive
adhesion for surfactant-coated droplets in a good solvent
provides a mechanism for obtaining complete reversibility of
contact between adjacent volumes.

The energetics of voltage-initiated adhesion can be quanti-
tatively compared for CSIs in the various oils by calculating
the critical disjoining pressure, Pc, and the free energy of
formation, DF. While the free energy of formation is related
to the disjoining pressure profile, as given by

DF ¼ �
ðh
1
PðhÞdh; (8)

our measurements of interfacial thickness via electrical capaci-
tance are not sensitive to detecting changes in thickness greater
than hc (i.e. prior to droplet adhesion). Thus we are unable to
convert values of DF into disjoining pressure units for the
purposes of locating the minimum point in Fig. 8b. Addition-
ally, we make the approximation that hc and he are close in
value since our measurement of thickness represents he. The
results of these calculations are presented in Table 1.

Using the mean values of threshold voltage, monolayer
tension, contact angle at the threshold voltage, we find that
the critical disjoining pressure varies between B1–4 kPa for
CSIs, and it increases with increasing amounts of silicone oil in
the solvent and increasing equilibrium thickness. This finding
suggests that more pressure is required to exclude a silicone-
oil-based organic phase due to the greater solubility of the
PDMS block in AR20. This finding is supported by the increased
thickness that we computed for thinned interfaces in silicone
oil—suggesting that more oil remains even after repulsion
is overcome with voltage. For the two alkanes, we see more
pressure (and higher voltage) is required to exclude decane
compared to hexadecane. This trend is consistent with lipid
bilayers formed in alkanes, where smaller molecule solvents
tend to be retained in the membrane more due to higher
solubility. The inconsistency is the fact that despite a greater
barrier to adhesion (suggesting higher solubility of decane in
PDMS) our thickness data (Fig. 5c) does not indicate a statis-
tically significant difference from that measured for CSIs in
hexadecane, which has a lower adhesive barrier.

The values of free energy of formation per unit area reflect
the decrease in free energy gained by adopting a planar inter-
face with reduced tension between droplets. Larger external
contact angles and lower membrane tensions thus correspond
to a greater percentage reduction in free energy per membrane
area compared to the energy per unit area (i.e. tension) of
polymer monolayers prior to forming the adhesive interface.
This calculation shows that CSIs formed in silicone oil exhibit a
much larger relative decrease (20–60%) in energy per unit area
than those formed in alkanes (B8%), as well as that for a
DPhPC DIB in hexadecane (B6%).

Our experiments also show that voltage-initiated CSIs
rupture at lower electric fields compared to their lipid bilayer
counterparts (Fig. 6a). Examination of the raw current mea-
surements for all CSI/oil combinations (Fig. S2 in ESI†) shows
that these membranes become leaky prior to rupture—which
we interpret as the formation of pores in the membrane that
grow unstably. In thin films, pore formation is governed by the
balance of the energy required to form new pore perimeter
(characterized by an edge energy) versus the energy lost due to

Table 1 Energetics of DIB and voltage-initiated CSI formation

Oil type VT (mV) yT (1) Ym (mN m�1) he (nm) Pc(he) (kPa) �DF(he) (mJ m�2) DF/2Y (% reduction)

CSI/Hex 83 24.1 1.32 0.19 1.20 0.23 8.1
CSI/decane 166 22.0 1.075 0.22 0.81 0.16 7.4
CSI/1 : 3 AR20 : Hex 179 38.4 0.114 0.14 2.42 0.05 21.9
CSI/1 : 1 AR20 : Hex 371 65.8 0.104 0.12 3.77 0.12 57.7
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reduction in membrane area (characterized by a lateral membrane
tension). This balance is a quadratic expression in terms of pore
radius, and it can be modified70–72 to include the contribution
from an applied electric field, E, as given by:

DWp ¼ 2pGr� pgbr
2 � 1

2

ew
eb
� 1

� �
ebhE2pr2; (9)

where DWp is the change in energy required to form a pore of
radius, r, G is the edge energy of the open pore, gb is the lateral
tension of the bilayer, ew is the dielectric constant of water (B80),
eb is the dielectric constant of the hydrophobic region of the
membrane (B2), Cm is the specific capacitance of the membrane,
and h is the thickness of the dielectric portion of the membrane.
The final grouping of terms in eqn (9) describes the reduction in
energy by substituting a charged region of membrane with a
charged region of water that fills an open pore.71 The critical pore
radius is defined at the peak of this inverted parabola, a point at
which a pore will grow spontaneously. The critical pore size and
the energy required to get to this size thus define the barrier for
stable versus unstable pores formed in membranes.

The difference in electric field required to drive rupture
for DIBs and CSIs cannot simply be due to the difference in
membrane tensions (Fig. 7e), since decreasing gb with respect
to G favors a greater barrier to unstable pore formation.
Further, we do not anticipate the slightly higher dielectric
permittivity of a CSI membrane over a lipid bilayer to drive
this reduction in electric field at rupture. Therefore, we conclude
that both (1) a lower edge energy for pores in polymeric
membranes compared to a pore in a lipid bilayer and (2) the
higher thicknesses of CSIs cause pore formation that leads to
rupture to occur at a lower electric field. Edge energy is related
to the surfactant shape and the strength of surfactant–surfactant
interactions. For example, it has been shown that short-chained
(12 carbon), saturated PC lipids, which prefer to form micelles,
exhibit lower edge energies compared to longer, saturated PCs.70

In contrast, the high strength of lipid–lipid interactions of the
bulky DPhPC acyl chains are known to increase the energy barrier
to unstable pore formation. The fact that the PEG-b-PDMS-b-PEG
macromolecules are considerably longer than lipids and reside in
a looped configuration at the oil–water interface suggests that
they may have greater flexibility that allows them to reduce the
energy of a pore edge compared tightly packed DPhPC lipids.
This reduction in order should decrease their ability to resist pore
formation; thus we anticipate CSIs to exhibit lower G values
compared to DPhPC membranes, favoring a lower electric field at
rupture. In addition, our measurements proved that the dielectric
thickness of CSIs (B10–20 nm) is 3–6� higher than that of DIBs
(B3 nm). Both of these differences are responsible for the 2–3�
lower electric field required to rupture a CSI compared to a DIB,
and they are consistent with the fact that all CSIs (even ones with
membrane tensions comparable to that for DPhPC DIBs) (Fig. 7e)
rupture at considerably lower electric field values (Fig. 6a).

Unfortunately, we are unable to make the same comparisons
regarding rupture conditions to CSIs formed in pure silicone
oil. Due to constraints on our test hardware, we were able only
to visually monitor adhesion for these interfaces, and were thus

unable to estimate specific capacitance, thickness, and rupture
voltage (and electric field). While charge screening in dielectrics is
believed to limit the electrowetting response at high potentials,73–75

we believe that CSIs formed in pure silicone oil are merely too thick
to adequately charge or rupture. Based on measurements of CSIs
formed in oils containing 25% and 50% AR20, we anticipate thin
films formed in 100% AR20 to have thicknesses of 430 nm and
specific capacitances of o0.001 mF cm�2. According to eqn (3)
and (5), lowering Cm lessens the change in the wetting angle for
adhesive droplets. The images in the far right column in Fig. 2
confirm this; they show that little increase in interfacial area is
observed as the voltage is increased beyond the threshold value
for CSIs in pure silicone oil. The higher interfacial thickness also
reduces the magnitude of the electric field at a given voltage,
which prevented us from being able to reach the critical electric
field level required to cause rupture.

5 Conclusions

To-date planar membranes assembled from triblock copolymer
membranes have utilized a combination of good and poor solvents
(typically chloroform—good and decane or toluene—poor) in
proportions that leave the mixture predominantly poor for the
middle hydrophobic block. This selection has resulted in the
spontaneous membrane thinning.12,13 In contrast, our study
showed that polymer-stabilized adhesion between droplets in
a sufficiently good solvent for the middle block is pressure-
dependent and completely reversible, which indicates that there
is an initial energy barrier to forming an adhesive interface.
We quantified this barrier in the form the minimum applied
pressure achieved via electrocompression needed to remove
excess oil from between opposing monolayers. The results of
these measurements show that the height of the repulsive
barrier to adhesion increases with increasing solubility of the
hydrophobic block in the oil; thus, more voltage or mechanical
pressure is required to exclude solvent. Characterizations of the
thinned interface upon overcoming the barrier to adhesion show
that CSIs formed in silicone oil-based solvents yield thicker
membranes that also exist at a lower tension state. These
findings are supported by well known brush theories that
predict an increase in brush length and a decrease in area per
molecule at the interface for polymers in a good solvent.
However, the demonstration of tuning this adhesion between
small-volume droplets using voltage offers new capability for
both connecting and disconnecting polymer-stabilized aqueous
volumes, and enabling new forms of tunable modularity in
droplet-based microfluidics, voltage-sensitive emulsions, and
membrane-inspired material systems.
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