pubs.acs.org/Langmuir
© 2010 American Chemical Society

Polymerization of Electric Field-Centered Double Emulsion Droplets to
Create Polyacrylate Shells
Alexander K. Tucker-Schwartz,† Zongmin Bei,‡ Robin L. Garrell,*,† and Thomas B. Jones‡
†

Department of Chemistry & Biochemistry and California NanoSystems Institute, University of California
Los Angeles, Los Angeles, California 90095-1569, United States, and ‡Department of Electrical and Computer
Engineering, University of Rochester, Rochester, New York 14627, United States
Received September 16, 2010. Revised Manuscript Received October 25, 2010
Porous and hollow particles are widely used in pharmaceuticals, as solid phases for chromatography, as catalyst supports,
in bioanalytical assays and medical diagnostics, and in many other applications. By controlling size, shape, and chemistry, it
is possible to tune the physical and chemical properties of the particles. In some applications of millimeter-scale hollow
shells, such as in high energy density physics, controlling the shell thickness uniformity (concentricity) and roundness
(sphericity) becomes particularly important. In this work, we demonstrate the feasibility of using electric field-driven droplet
centering to form highly spherical and concentric polymerizable double emulsion (DE) droplets that can be subsequently
photopolymerized into polymer shells. Specifically, when placed under the influence of an ∼6  104 Vrms/m field at 20 MHz,
DE droplets, consisting of silicone oil as the inner droplet and tripropylene glycol diacrylate with a photoinitiator in
N,N-dimethylacetamide as the outer droplet, suspended in ambient silicone oil, were found to undergo electric field-driven
centering into droplets with g98% sphericity and ∼98% concentricity. The centered DE droplets were photopolymerized in the presence of the electric field. The high degrees of sphericity and concentricity were maintained in the
polymerized particles. The poly(propylene glycol diacrylate) capsules are just within the sphericity requirements needed for
inertial confinement fusion experiments. They were slightly outside the concentricity requirement. These results suggest that
electric field-driven centering and polymerization of double emulsions could be very useful for synthesizing hollow polymer
particles for applications in high energy density physics experiments and other applications of concentric polymer shells.

Introduction
Hollow and porous particles ranging from nanometers to
millimeters in diameter comprise an important class of materials
that are used in a wide variety of applications. For example, metal
and polymer shells in the nanometer-to-micrometer size range are
used as sensors,1,2 drug delivery vehicles,3-5 catalysts,6,7 thermal
insulators,8,9 and opacifying and acoustic absorption agents.10-12
Hollow polymer particles that are hundreds of micrometers to
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several millimeters in diameter are used in foods, for drug encapsulation,13,14 and as cryogenic capsules for laser fusion
experiments.15-18 To create hollow particles with new or tailored
physical and chemical properties, the particle size, shape, thickness, porosity, surface topology, and composition need to be
controlled. In some applications, control over the shell thickness
uniformity (concentricity) and particle roundness (sphericity) is
especially important. One such application is the fabrication of
hollow polymer shells that are used for inertial confinement
fusion and high energy density physics experiments.
The production of clean energy from laser-induced inertial confinement fusion (ICF) of light chemical isotopes has been a challenging goal for more than half a century. One type of fusion target incorporates a layer of frozen deuterium and tritium fuel on
the inner surface of a spherical polymer foam shell or capsule.
When this type of target is irradiated and ablated, the resulting
nuclear fusion process is predicted to release from 10 to 100 times
the laser energy required to initiate the fusion reaction.19 The
fusion of hydrogen isotopes produces no greenhouse gases and
would utilize an essentially unlimited fuel resource, making ICF a
promising alternative energy source.19,20 A major challenge in
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Schroen, D. G.; Sheliak, J. D.; Spalding, J.; Streit, J. E.; Tillack, M. S.; Vermillion,
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making ICF a reality is the precise fabrication of the polymer foam
targets. Currently, laboratory experiments use targets that range
from 0.8 to ∼4 mm in diameter. To obtain high energy yields from
isotope ignition, it has been calculated that targets will need to be
∼99% spherical and at least concentric within e5%, although the
optimal concentricity range is <1-3%.21-25 The shells must also
have precise shell thickness, density, porosity, and surface roughness; the specific parameters depend on the target size.22,23 For
example, the ∼1 mm foam targets used by the Laboratory for
Laser Energetics in Rochester, New York must have shell thicknesses of 50-100 μm and shell densities of 50-110 mg/mL, while
the 4 mm foam targets planned for use at the National Ignition
Facility (NIF) of the Lawrence Livermore National Laboratory
will require shell thicknesses of ∼200 μm and shell densities of
20-120 mg/mL.22,25 Among these requirements, the sphericity
and concentricity are considered the highest priorities,23,26 because
deviations from the required values result in hydrodynamic
instabilities during the laser-driven target ablation and implosion
processes, resulting in poor or no energy yield.27
Currently, batch processes are employed to synthesize polymer
foam ICF targets. Using polymerizable solutions with densities
matched within ∼0.1%, oil-in-water-in-oil (O/W/O) or water-inoil-in-water (W/O/W) double emulsion (DE) droplets are generated from a triple orifice device and then heated to polymerize the
monomer contained in the outer liquid shell.16,18,22 During polymerization, the droplets are gently tumbled to center the inner
droplet with respect to the outer shell. This centering process
produces acceptable ICF shells that meet most or all of the strict
requirements (vide supra) over the desired size ranges; however,
yields of shells with acceptable concentricity are often low and,
regardless of the yield, labor-intensive shell sorting is necessary to
find those shells that meet all of the requirements.22,24 A potential
way to overcome the sorting and nonconcentricity (NC) issues is
to actively control the centering and polymerization process on
a droplet-by-droplet basis. By individually centering DE droplets and then polymerizing them into shells, shell sorting could
be avoided and shells not meeting criteria after curing could
be immediately separated. In this Letter, we demonstrate the
feasibility of using electric fields to actively center and control the
sphericity and concentricity of individual DE droplets whose
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outer liquid shell incorporates a polymerizable monomer and
light-activated initiator. Once centered, the DE droplets are irradiated with UV light under the continual influence of the centering field to synthesize polyacrylate shells having a high degree of
sphericity and concentricity.

Experimental Section
Figure 1A shows a schematic of the small rectangular chamber
in which all centering experiments were conducted. The chamber
contained a fixed bottom aluminum electrode and a removable,
parallel top aluminum electrode spaced ∼14 mm from the bottom. The chamber was carefully filled with three ∼5 mm layers of
1000, 100, and 50 cS silicone oils (Dow Corning DC-200) having
densities ranging from 0.975 to 0.959 g/cm3. The oils were layered
from highest to lowest density, and then the tank was either left
standing overnight to form a full density gradient or used
immediately with the layered oils.
For convenience in these proof-of-concept centering/polymerization experiments, we simply used an injection technique to
create DE droplets. To form a DE droplet, ∼16.5 μL of prepolymer solution composed of N,N-dimethylacetamide (DMA) with
25 v/v% tripropylene glycol diacrylate (TPGDA) and 1.02 w/v%
1-hydroxycyclohexyl phenyl ketone (HPK) was manually pipetted into the silicone oil filled chamber. Then, 30-40 μL of
350 cS silicone oil (Dow Corning DC-200) was injected into the
prepolymer droplet via a microneedle syringe mounted on a
micromanipulator.
Figure 1B shows the physical properties of liquids used in the
centering chamber. DE droplets could be fully suspended in the
ambient density gradient or at the interface between the 100 and
1000 cS silicone oil layers as long as the density of the shell liquid
was bracketed by the densities of the ambient silicone oils. The
inner droplet was made slightly denser than the outer shell, but
the mismatch was less than 0.1%, as illustrated in Figure 1B. All
liquid densities were either measured directly with an Anton Paar
4500 density meter or determined by interpolation of density
curves plotted from the density measurements.
After preparing the DE droplet, the top electrode was placed
on the chamber. A high frequency AC electric field (800 Vrms at
20 MHz) was then applied across the electrodes to center the inner
droplet with respect to the outer liquid shell. The centering process
was monitored by a high resolution (1024  1024) Imperx IPX4M15-L camera using collimated light from a red LED source. A
580 nm long-pass filter was placed in front of the LED source
during the centering process to prevent premature photoinitiation
and polymerization. As a further precaution, all experiments were
performed in low-level ambient light. As soon as good centering
was achieved, the DE droplet was photopolymerized using a
100 W mercury lamp (λmax = 365 nm; UVP LLC) while the electric field was held constant. DE droplets were irradiated directly
or indirectly by angling the UV lamp to partially reflect the light
off the polished bottom electrode. After irradiation, the shells
were left to cure for an additional ∼3 min in the absence of UV
light. The lamp flux at λ = 365 nm was measured using a Newport
Optical Power Meter (model 1830-C) with an OD3 optical attenuator having a 1 cm2 active measurement area.
To characterize centered polyacrylate shells, a Matlab program
was used to analyze the captured images. The program locates the
edges of the two surfaces and fits them to ellipses using a standard
least-squares method. The aspect ratio and location of these
ellipses determine the concentricity and sphericity of the liquid
DE droplet and the polymerized shell.

Results and Discussion
As described in our previous publications, a uniform AC
electric field can be applied to achieve centering of DE droplets
under the mechanism of liquid dielectrophoresis (DEP).28-30
The applied electric field causes Maxwell-Wagner polarization,
a build-up of charges and dipoles at the dielectric boundary
DOI: 10.1021/la103719z
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Figure 1. (A) Schematic of the chamber used in centering experiments. The chamber is composed of polyetheretherketone (PEEK) bottom
and side walls, transparent front and back optical glass windows (not depicted), and two planar aluminum electrodes. The tank contained
either a gradient or layered silicone oils, and a DE droplet comprising an inner silicone oil droplet and outer liquid shell of 25 v/v%
tripropylene glycol diacrylate (TPGDA) and 1.02 w/v% 1-hydroxycyclohexyl phenyl ketone (HPK) in N,N-dimethylacetamide (DMA).
(B) Physical properties of the liquids used to prepare the ambient gradient or layered silicone oils and the DE droplet. (C) Eccentric DE droplet
immersed in z-directed uniform AC electric field E0, showing definitions of the dielectric constants. A centering force Fz induced by E0 is
imposed on the inner droplet, which is displaced from the center by ΔZ when κ2 > κ1. κ3 does not influence centering.

that gives rise to a large, frequency-dependent contribution to the
dielectric response. The applied field exerts a DEP force on
the inner droplet that, under certain conditions, can stably center
the DE droplet.
There are several requirements for stable DE droplet centering.
First, the dielectric constant of the shell liquid (κ2) must be greater
than the dielectric constant of the suspension fluid (κ1), as shown
in Figure 1B.28-30 Second, all liquids must be density-matched to
within e0.1% to minimize the electric field force required for
centering. Third, the shell liquid must have sufficiently low
electrical conductivity σ2 to minimize electrostatic shielding of
the inner droplet. This shielding results from the build-up of free
charges on the outer surface due to the frequency-dependent
Maxwell-Wagner interfacial polarization.31 Because shielding
prevents the electric field from reaching the inner droplet, it
reduces the centering force. When the applied AC frequency
exceeds a critical value fcrit, the polarity of the applied field
alternates so rapidly that the free charges cannot respond to it,
and so do not build up at the interface. Based on an RC equivalent
circuit model and assuming a thin-shelled DE droplet (d , Router),
the shell conductivity σ2 and the AC frequency f of the applied
electric field must fulfill the following condition to achieve stable
centering:28-31
f . fcrit 

σ2 d
, for d , Router
2πðK3 εo Router þ K2 εo dÞ

ð1Þ

where fcrit is the critical frequency in Hz, σ2 is the conductivity of
the liquid shell in S/m, d = Router - Rinner is the shell thickness, κ2
the dielectric constant of the shell liquid, κ3 is the dielectric
constant of the inner droplet, and ε0 = 8.854  10-12 F/m is
the permittivity of free space.
The magnitude of the centering force was obtained using a
multipolar re-expansion method.29 It is determined by the size
and electrical properties of the droplets comprising the DE, the
applied electric field, and the inner droplet displacement. When
the external field is fixed for a specific centering system, the DEP
(28) Bei, Z. M.; Jones, T. B.; Tucker-Schwartz, A. J. Electrost. 2009, 67, 173–
177.
(29) Bei, Z. M.; Jones, T. B.; Tucker-Schwartz, A.; Harding, D. R. Appl. Phys.
Lett. 2008, 93, 184101.
(30) Bei, Z. M.; Jones, T. B.; Harding, D. R. Soft Matter 2010, 6, 2312–2320.
(31) Bei, Z. M., Doctoral dissertation, Univerisity of Rochester, New York, to
be filed.
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force is a linear function of the small displacements. For constant
outer droplet radius, larger inner droplets experience higher DEP
centering forces. In our typical centering system with a ∼4.6 mm
diameter DE droplet and ∼300 μm TPGDA prepolymer shell,
when an ∼6  104 Vrms/m AC electric field is applied, a centering
force of 6  10-7 N is imposed on the inner droplet if it is displaced
from the center by ∼200 μm. The centering mechanism and
centering forces have been described previously by Bei and coworkers.28,29
To form spherical, concentric polymer shells, the DE droplets
need to contain a polymerizable monomer and some kind of
polymerization initiator in the outer shell. The TPGDA monomer
and HPK photoinitiator in this work were selected for several
reasons. First, they neither alter the dielectric constant nor raise
the electrical conductivity of the DMA solvent. Second, the
monomer is photopolymerizable, which allows temporal and
spatial control over the initiation, the polymerization rate, and
the rate at which heat is generated during the exothermic chain
growth. Finally, polymerized TPGDA forms highly cross-linked
polymer networks, which makes the cured shells rigid and easy to
handle.
It was first necessary to determine whether such DE droplets
could meet the requirements (vide supra) for stable electric field
centering. The measured electrical conductivity of the TPGDA/
HDK/DMA solution was ∼1  10-4 S/m which indicates fcrit ≈
31 kHz. Therefore, to meet the condition of eq 1, we used AC
frequencies as high as 20 MHz in the centering experiments.
The following results were obtained for DE droplets ranging
from 4.46 to 4.76 mm in diameter, with 260-330 μm shell thicknesses. Using an external AC electric field of ∼5.7  104 Vrms/m at
20 MHz, we achieved stable centering of ∼4.5 mm diameter DE
droplets containing ∼300 μm thick TPGDA prepolymer shells.
Figure 2A shows a typical dynamic plot of droplet centering along
the x- and z-axes. In the experiment shown, the centering chamber
contained layered silicone. As a result, the images in Figure 2 have
a dark strip in the background because of the difference in refractive index between the 100 and 1000 cS silicone oil layers. To
calculate the centering percentage, Router was subtracted from the
center-to-center displacement between the outer and inner droplets and divided by Router. After 60 s, the inner and outer surfaces
were g98% centered along both the vertical and horizontal directions. Centering is remarkably stable, showing near-zero velocity
in motions in the x- and z- directions relative to the center position.
Langmuir 2010, 26(24), 18606–18611
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Figure 2. Time-dependent plots showing centering of a ∼4.6 mm diameter DE droplet with ∼300 μm TPGDA prepolymer shell by appli-

cation of an AC electric field, ∼6  104 Vrms/m at 20 MHz. (A) Centering percentage and center-to-center displacement of the inner and outer
surfaces along the x- and z-axes. The embedded images show the relative positions between the inner (green) and outer (magenta) surfaces
tracked by the MatLab program at 0, 33, and 63 s. (B) Nonconcentricity (NC) of the same DE droplet. The dashed line represents the e5% NC
requirement for ICF target fabrication. The embedded image shows the centered TPGDA prepolymer shell. (C) Droplet elongation ratio χ,
where χ = a/b, a is the semimajor axis, and b is the semiminor axis, and the percent sphericity, calculated as the absolute value of (1 - χ)  100.

Figure 2B illustrates the time-dependent evolution of the shell
thickness uniformity, described by the nonconcentricity (NC) of
the photocurable DE droplet during the centering process:21
NC ¼

Δ shell thickness
2ðavg shell thicknessÞ

ð2Þ

The droplets were considered sufficiently centered when the NC
value was e5%. This regime, delineated by the dashed line in
Figure 2B, represents the largest acceptable NC for ICF targets.
For typical liquid prepolymer shells, one of which is shown in the
embedded image, the average NC value reaches 2.7 ( 1.6% after
applying the electric field for 60 s, and does not depend on
whether the DE droplets were centered in an ambient silicone oil
gradient or at the interface between two of the layered silicone
oils. The average NC value is well within the highest acceptable
NC limit for ICF targets and is even within the optimal <1-3%
concentricity range.25
Figure 2C plots the time-dependent droplet elongation ratio
χ = a/b, where a is the semimajor axis and b is the semiminor axis,
which is a measure of the sphericity of the inner and outer
surfaces. Initially, the outer surface had a slight oblate distortion,
χ, of ∼1.02, that primarily resulted from the DE droplet being
positioned at a silicone oil/silicone oil interface.30 After centering
Langmuir 2010, 26(24), 18606–18611

occurs, shown at 60 s, both surfaces typically display elongation
ratios ranging from 0.98 to 1.00, which indicates e2% prolate
distortion or g98% sphericity. These final sphericity values just
meet the sphericity requirement for ICF targets and do not
depend on whether the DE droplets are centered in an ambient
silicone oil gradient or at the interface of layered silicone oils.
Centered DE droplets were exposed to UV irradiation from a
hand-held mercury lamp to initiate polymerization of the TPGDA
prepolymer solution while the external electric field was held
constant. The polymerization rate was controlled by adjusting
the lamp distance to modulate the UV flux from ∼90-100 to
∼20-35 mW/cm2 and regulate the number of photoinitiation
events. At higher flux, shell polymerization proceeds rapidly and
can be achieved using an ∼20 s UV irradiation, followed by an
∼3 min postirradiation curing time. While rapid shell polymerization can be initiated using a short burst of high flux UV light,
prolate elongation of the DE droplets occurs during the irradiation, as shown in Figure 3A, which eventually can lead to shell
rupture. Elongation was found to occur irrespective of whether
the light was focused directly onto the DE droplets or was
reflected off the electrodes.
In our relatively simple centering apparatus, the DE droplets
were not uniformly illuminated; most of the light was directed
onto only one side. Consequently, polymerization of the outer
DOI: 10.1021/la103719z
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Figure 3. Time-lapse images showing centering of ∼4.6 mm diameter DE droplets with ∼300 μm TPGDA prepolymer shells under the
influence of an applied AC electric field (∼6  104 Vrms/m at 20 MHz). The centered DE droplets were illuminated for 20 s with (A) 90-100 mW/cm2
UV light or (B) 20-35 mW/cm2 UV light while holding the electric field constant. The white line highlights the edge of the inner droplet. Scale
bars correspond to 1 mm.

prepolymer shells is not isotropic. We hypothesize that rapid,
nonuniform exothermic polymerization produced a thermal gradient along and/or adjacent to the shell surface.32 This could induce
thermocapillary stress and convective flow,33 which could cause the
shell to elongate, thin, and eventually rupture. A simple calculation
indicates that the temperature in the outer shell could increase as
much as 72° from complete polymerization of TPGDA, assuming
adiabatic conditions (see the Supporting Information). The temperature change during our experiments is unlikely to have been
this large, but it is plausible that a significant thermal gradient
evolved during polymerization.
To decrease the rate of polymerization and minimize the
likelihood of generating thermocapillary and convective stresses,
the UV light flux was decreased to ∼20-30 mW/cm2. As shown in
Figure 3B, droplet elongation is greatly reduced. Excellent DE
droplet sphericity was maintained during and after UV irradiation (Figure 4A), with only small fluctuations during irradiation
((0.5%). Furthermore, NC values remained ∼5% during irradiation and decreased to e5% after the UV light was turned off
(Figure 4B). The decrease in NC after UV exposure is not unexpected. The liquid shell is not fully polymerized during the
irradiation, so the electric field can continue centering the droplet.
The centering process will cease only when the viscosity of the
shell becomes too large for the centering force to overcome. The
above results indicate that DE droplet sphericity and concentricity can be maintained within acceptable ICF target fabrication
limits during slow shell polymerization.
In some of the experiments, only partial shells formed, most
likely because the illumination was too weak and anisotropic.
Figure 4C displays a wide-field microscopic image of one intact
polyacrylate shell that was synthesized under low intensity UV
light and left to cure for ∼3 min in the dark. The solid shell has an
average sphericity g98% and NC = 7.9 ( 2.3%, as determined
from a series of microscope images of the rotated shell. The results
above show that single spherical and concentric polymer shells
can be made using electric field-driven centering of DE droplets.
While the polymer shells meet sphericity criteria for ICF targets,
they are just outside the required NC. Improvements to the shell

sphericity and NC are expected if a UV source providing more
isotropic and controlled irradiation were to be used.
Outside the microscope, shells look smooth and whole. The
crinkly appearing patch in the middle of the micrograph in
Figure 4C was thought to arise from either (a) phase-separated
DMA that became trapped in the shell during polymerization or
(b) polymer debris, which could have formed if a little bit of
monomer had partitioned into the inner oil phase, polymerized,
and then deposited nonuniformly on the inner surface of the shell.
A study of the miscibility of the prepolymer solution with the
different silicone oils revealed that, after equilibration, the oils
contain ∼4.6% DMA and ∼0.6% TPGDA. Given that the prepolymer solution is mostly DMA and that the high viscosity of the
inner oil limits diffusion of the monomer, the crinkly patches
apparent in the micrograph are most likely due to DMA trapped
in the shell after polymerization, rather than to polymer that
might have formed in the oil phase.
We have presented the proof-of-principle that spherical and
concentric polymer shells can be synthesized using electric fielddriven centering and photopolymerization. To apply this method
for ICF target fabrication, it will be necessary to incorporate the
means to precisely control not only the target sphericity and
concentricity, but also the shell thickness, density, porosity, and
roughness. The capacity to scale up shell production, through
either high speed or parallel processes, will also be required. We
envision that the precise preparation of large numbers of DE
droplets could be accomplished using channel or electrowettingbased “lab-on-chip” devices operating in an assembly line
fashion.34 DE droplets could be expelled from the devices and
delivered to a density gradient or to the interface of layered
silicone oils, where a uniform AC electric field would drive droplet
centering and isotropic UV light would uniformly polymerize
shells to ensure high sphericity and concentricity. These characteristics could be monitored in real time by image analysis. The
remaining shell requirements could be achieved by optimizing
polymerization and irradiation conditions, and by choosing the
appropriate monomer, monomer concentration, and perhaps
cross-linking and/or foaming agents.

(32) Odian, G. Principles of Polymerization, 4th ed.; Wiley & Sons, Inc.: 2004.
(33) Larkin, B. K. AIChE J. 1970, 16, 101–107.

(34) Chu, L. Y.; Utada, A. S.; Shah, R. K.; Kim, J. W.; Weitz, D. A. Angew.
Chem., Int. Ed. 2007, 46, 8970–8974.
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Figure 4. Time-dependent plots for centering the ∼4.6 mm diameter DE droplet with ∼300 μm TPGDA prepolymer shell shown in

Figure 3B, prior to and after polymerization with 20-35 mW/cm2 UV light. The electric field was held constant before, during, and after UV
irradiation. (A) Droplet elongation ratio χ and percent sphericity. (B) Nonconcentricity NC of the droplet. The dashed line represents
the e5% NC requirement for ICF target fabrication. The embedded image depicts a DE droplet after low intensity UV irradiation. (C)
Microscopic image of an intact polyacrylate shell made by irradiating a centered liquid prepolymer shell with low intensity UV light. The shell
was allowed to cure for ∼3 min in the dark after irradiation.

In conclusion, we have demonstrated that oil/DMA/oil (O/
DMA/O) DE droplets containing monomer and photoinitiator
in the DMA phase can be centered using high-frequency electric
fields. Subsequent exposure of these centered DE droplets to nonuniform, low intensity nonisotropic UV light induces slow polymerization of the shell with little adverse effect on the droplet
sphericity and concentricity. The intact poly(propylene glycol
diacrylate) shells just meet the sphericity requirements for ICF
targets, while the nonconcentricity is just above the required
value. These results suggest that electric-field-driven DE droplet
centering and subsequent UV polymerization, as reported here,
could indeed be used for high-yield fabrication of ICF targets, as
well as for other applications requiring hollow polymer particles
with high degrees of sphericity and concentricity.
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