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We use a glass-based microfluidic device to generate non-equilibrium water-in-water-in-oil (w/w/o)
double emulsions and study how they transform into equilibrium configurations. The method relies
on using three immiscible liquids, with two of them from the phase-separated aqueous two-phase
systems. We find that the transformation is accompanied by an expansion rim, while the characteris-
tic transformation speed of the rim mainly depends on the interfacial tension between the innermost
and middle phases, as well as the viscosity of the innermost phase when the middle phase is non-
viscous. Remarkably, the viscosity of the outermost phase has little effect on the transformation
speed. Our results account for the dynamics of non-equilibrium double emulsions towards their
equilibrium structure and suggest a possibility to utilize the non-equilibrium drops to synthesize
functional particles. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4966902]

The controlled generation of double emulsions continues
to be of interest for the scientific community due to the appli-
cations in various fields like food industry, cosmetics, and
materials.'™ Microfluidic methods provide an excellent plat-
form to produce multiple emulsions because of the high
degree of flexibility and control.”~” Depending on the interfa-
cial tensions between the three phases of the double emul-
sions, three morphologies can form: (i) the droplets are
separated by the outermost phase (non-engulfing), (ii) one of
the phases completely engulfs the other one (complete engulf-
ing), or (iii) Janus droplets (partial engulfing).** However,
double emulsions produced by microfluidics or the scalable
batch technology are not always in their equilibrium state,
and the transition from the non-equilibrium state to the equi-
librium state is very fast and, consequently, rarely captured.
As a result, this fast transition prevents us from unraveling its
detailed kinetics, or utilizing it to form non-equilibrium drop-
lets. De-wetting strategies, induced by temperature changes,
light, evaporation, and phase separation, have been applied to
trigger this transition for fabricating complex emulsions.'®'®
The geometries of double emulsions can be altered among the
different configurations by varying the interfacial tensions
using stimuli-responsive and cleavable surfactants.'* The reg-
ulated and complex Janus droplets can also be fabricated
by co-solvent-evaporation-driven phase separation and de-
wetting.'” The spreading coefficients, S; = Vik — (i + vin)» are
often adopted as criteria to predict the final architectures of
the double emulsion drops. These coefficients determine the
equilibrium state from the perspective of minimized interfa-
cial energy of the three-phase system. S; < 0 indicates that the
formation of an interface between the two phases j and k is
energetically favored.*'” The configuration of the innermost
droplets in non-equilibrium double emulsions is also induced
sometimes hydrodynamically and frozen by photo-curing the
droplets into particles."®'® An understanding of the kinetics
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of the transition would enable the engineering of different par-
ticle morphologies; however, so far, most experimental efforts
have focused on the relationship between the spreading coeffi-
cients and the equilibrium morphology of the double emulsion
drops. The dynamics from the energetically unfavorable state
to the equilibrium state, especially how the innermost droplet
de-wets from the host droplet, still remain unclear. A physical
understanding of the non-equilibrium double emulsion drops
towards their equilibrium state allows the design of double
emulsion drops with desired structure.

In this paper, we report a microfluidic approach to gener-
ate non-equilibrium water-in-water-oil (w/w/o) double emul-
sions and how they transform into the equilibrium state. We
focus on the transformation dynamics from the unstable
“complete engulfing” to a stable “complete engulfing” con-
figuration. The innermost and middle phases are made up of
the phase-separated aqueous two-phase systems (ATPS),?*%!
and the outermost phase is silicone oil. Interestingly, the
transformation is accompanied by an expanding rim, and the
characteristic timescale of the transformation can be as slow
as tens of seconds when the interfacial tension between the
two aqueous phases is ultralow (~1 uN/m). By performing a
simple scaling analysis, we show that the transformation
speed is mainly determined by the interfacial tension between
the two aqueous phases and the viscosity of the innermost
fluid when the middle phase is non-viscous. The viscosity of
the outermost phase has little effect on the transformation
speed. The understanding of the observed dynamics suggests
a route to predict the lifetime of the non-equilibrium double
emulsions and thus facilitates the use of the intermediate
droplets as templates to fabricate particles with tunable
morphologies.

The microfluidic device consists of a cylindrical glass
capillary with an outer diameter of 1 mm and two square
glass capillaries with inner side lengths of 1.75mm and
1.05 mm, respectively. The cylindrical capillary is coaxially
aligned with the small square capillary tube, and then both
are inserted into the large square capillary tube. The inner
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cylindrical capillary and the middle square capillary are
tapered, by a micropipette puller (Sutter P-97), into tips
with the approximate inner diameters of 50 um and 100 pm,
respectively. The outer cylindrical capillary is treated with tri-
methoxy(octadecyl)saline to render its surface hydrophobic,
preventing wetting of the aqueous phases on the capillary wall.
We pump aqueous solutions of polyethylene glycol (PEG
M,, = 8000, 10 wt. %22 wt. % PEG, or M,, = 4000, 10 wt. %—
25 wt. %) and salts (CcHsNazO7-2H,0, 10 wt. %22 wt. %, or
Na,COs, 5wt. %—10wt. %) into the innermost and middle
capillaries, respectively. The third liquid is silicone oil with a
wide range of viscosity (5 cSt—1000 cSt) and flows through the
outermost capillary, as shown in Fig. 1(a).

The two aqueous solutions separated from the equili-
brated aqueous two-phase systems [see Figure S1 in the
supplementary material], whose interfacial tension can be
easily tuned by changing the concentrations of the two
phases, provide great flexibility in tuning the interfacial ten-
sions between the innermost and middle phases.””*’ By
decreasing the concentrations of the two aqueous phases, we
vary the interfacial tension from 2.68 mN/m to around 1 uN/
m, which are obtained experimentally by a spinning drop
tensiometer (KRUSS, SITE100). The interfacial tension dif-
ferences between either of the aqueous phases and the sili-
cone oil are less than 4 mN/m, as obtained by the pendant
drop method.”*?> Besides, the viscosities of the PEG-rich
phase and salt-rich phase vary from 11 mPa s to 565 mPa s,
and 1.8 mPa s to 6.1 mPa s, respectively, as measured by a
viscometer (RheoSense pVISC). The physical properties of
the two aqueous phases are measured at room temperature
(T=298K) [see Table S1 in the supplementary material].

The three-phase drops directly formed inside the micro-
fluidic device described is energetically unfavorable, due to
the high interfacial tension, yg,, between the salt-rich aque-
ous solution and silicone oil relative to the sum of interfacial
tensions between the PEG-rich aqueous solution and silicone

(@) ° salt-rich phase . PEG-rich phase

silicone oil

FIG. 1. (a) Schematic illustration of the glass-capillary microfluidic device
used for the formation of non-equilibrium w/w/o double emulsion drops. (b)
Optical microscope image showing the formation of non-equilibrium w/w/o
double emulsion drops. The compound jet consisting of an inner aqueous
core and middle aqueous annulus is induced to break up at the tip simulta-
neously. Flow rates of the inner PEG-rich phase, middle salt-rich phase, and
outer oil phase are 0.8 ml/h, 0.8 ml/h, and 15 ml/h, respectively. The scale
bar is I mm.
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oil (ypp), and between the salt-rich aqueous solution and PEG-
rich aqueous solution (ysp): Y50 > Vpo + ysp- However, due to
the low interfacial tensions between the two aqueous phases,
uniform w/w/o double emulsion drops cannot be generated
spontaneously.%’27 To achieve uniform w/w/o drops, we first
form a compound jet with one aqueous core jet surrounded by
another aqueous annulus jet by increasing the flow rate of the
inner aqueous phase. Afterwards, the compound jet is induced
by the high interfacial tension between the middle aqueous
phase and the outermost silicone oil to break up simulta-
neously to form w/w/o drops.® After the non-equilibrium dou-
ble emulsion drops are formed, we stop the pumps and allow
their configurations to evolve with time. We monitor the
dynamic behaviors of the non-equilibrium w/w/o drops using a
high speed camera (Phantom V9.1, FASTCAM SA4, Photron)
coupled with an inverted microscope (Motic AE2000). Using
this co-flow configuration, we can produce uniform non-
equilibrium w/w/o double emulsion drops, in which the core
and shell radii are controlled to ~0.7 mm and ~1 mm, respec-
tively, as shown in Fig. 1(b).

The non-equilibrium double emulsion drops with a
“complete engulfing” eventually transform into equilibrium
configurations with another “complete engulfing” morphol-
ogy. Interestingly, the transformation process is always
accompanied by a fast expanding rim, indicating that the shell
de-wets from the core droplet. The whole evolution process
finishes in about 200 ms for the non-equilibrium double emul-
sion drops consisting of an inner drop of water with 16 wt. %
PEG (M,,=4000), a middle shell of water with Swt. %
Na,CO; and a continuous phase of silicone oil (1000 cSt). A
variety of intermediate states with “partial engulfing” configu-
ration (Janus drops) also exist during the transformation, as
shown in Figs. 2(a) and 2(b). In addition, the resulting time
sequence of the images also reveals that the transformation
process is three-dimensional, with regions in and out of focus
[see Movies S1, S2, and S3 in the supplementary material].

To quantify this transformation behavior, we measure the
radius of the de-wetting rim and plot the result as a function
of time. However, the recorded images are two-dimensional,
so the measured chord length (R.;,r4) needs to be converted
into the radius of the rim (R,;,), as shown in Fig. 3(a). The
relationship between the rim radius (R,;,) and the measured
chord length (Rchord) is Rrim = (R.vhell)arCSin(R('hord/Rshell)’
where Ry, is the radius of the shell droplet, as shown in Fig.
3(b). We observe that the radius of the rim expands almost
linearly with time, and thus the speed (V,;,) is constant and
equals to (1.66 = 0.08) mm/s for the non-equilibrium double
emulsion drops [Fig. 3(c)].

However, various factors influence the transformation
speed of the non-equilibrium w/w/o double emulsion drops.
We first consider the viscous effects from the outermost oil
phase and middle aqueous phase. Intuitively, the viscous
outer fluid should impede the transformation; however, the
experimental results show that the speed of the transforma-
tion process does not depend appreciably on the viscosity of
the outer oil phase (5 cSt—1000 cSt in our experiment), as
shown in Fig. 3(d). Furthermore, we assume that viscous
stress imposed by the middle aqueous phase can be neglected
due to the low viscosity of the middle phase of a salt solution,
Usair» from 1.8 mPa s to 6 mPa s, as compared with the high
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FIG. 2. Configuration transformation. (a) The schematic of the evolution of the non-equilibrium double emulsion drops with one “complete engulfing” mor-
phology into another “complete engulfing” morphology. (b) Typical micrographs of the evolution of a non-equilibrium double emulsion drops consisting of an
inner drop of water with 16 wt. % PEG (M,, =4000), a middle shell of water with 5 wt. % Na,CO3;, and a continuous phase of silicone oil (1000 cSt). Red
arrows mark the de-wetting rims. See Figures S2 and S3 in the supplementary material for the side view of the transformation and similar transformation with
paraffin liquid as the continuous phase. The scale bar is 1 mm.

viscosity of innermost PEG-rich aqueous phase, upgg, from  emulsion drops is mainly affected by the interfacial tension
11 mPa s to 565 mPa s [see Table S1 in the supplementary and the viscous stress from the innermost phase. The buoy-
material]. ancy effect is negligible for the transformation, as indicated

Based on these observations, we suggest that the trans- by the small local Bond number (Bo = Apgl?/y < 1), where
formation speed of the non-equilibrium w/w/o double Ap is the density difference, g is the gravitational constant,
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FIG. 3. (a) Typical optical micrograph of an expanding rim (top view). (b) Schematic of the intermediate non-equilibrium double emulsion drops (side view)
and interfacial tensions ()gy, Ypo, and ygp) of the three different interfaces. The rim radius (R,;,) can be calculated from the measured chord length (R nora)
using this expression: Ryim = (Rnen)arcsin(Rcnora/Rsnen), Where Ry denotes the radius of the shell droplet. Due to the optical resolution, the thickness of the
rim is not considered. The dashed arrow (red) indicates the expanding direction of rim. (c) A plot of the rim radius as a function of time for the non-
equilibrium double emulsion drops consisting of an inner drop of water with 16 wt. % PEG (M,, =4000), a middle shell of water with 5 wt. % Na,COs3, and a
continuous phase of silicone oil (500 cSt). The onset of the transformation is linearly extrapolated from the experimental data due to the difficulty in identify-
ing and measuring the very early rim radius. (d) Velocity of the rim for the same non-equilibrium drops suspended in silicone oils with different viscosity.
Data and error bars are obtained from 5 randomly chosen non-equilibrium double emulsion drops. The solid lines (red) are guides to the eyes.
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and / is the characteristic length of rim [see Figure S4 in the
supplementary material]. Therefore, we balance the two
most relevant forces in the process: the interfacial tension
gradient (~ (750 — Vpo)), Which drives the evolution, and the
viscous drag per unit length (~ppg;Vyim), Which opposes the
evolution. However, when the concentrations of PEG and
salts in the two aqueous solutions are low, the interfacial ten-
sion gradient should approach zero, which is difficult to be
determined. Hence, to simplify, we hypothesize that the
interfacial tension gradients scale with the interfacial ten-
sions between the two aqueous phases: (Yso — Ypo) ~ Vsp-
Therefore, the capillary velocity (V) of the transformation
can be estimated as Vg ~ (Y50 — Vo) / tpec ~ Vsp/ Hpec-

To confirm our hypothesis, we perform a series of
experiments with ATPS made up of a PEG-rich (M,, = 8000)
aqueous phase and a CgHsNa3z0,-2H,0-rich aqueous phase
with the interfacial tension ranging from several uN/m to
2.62mN/m. As the interfacial tension of the two aqueous
phases is varied by changing the concentrations of PEG and
salt, the viscosity of the PEG-rich aqueous phase changes
more abruptly with PEG concentration than the viscosity
of the salt does with salt concentration [see Table S1 in the
supplementary material]. In the subsequent analysis, we take
mainly the effects from the interfacial tension of the two
aqueous phases and the viscosity of the inner PEG-rich aque-
ous phase into account.

Based on our experiments, the expanding velocity of the
rim scales with the capillary velocity, V,;,, ~ V., as shown
by the plot of the measured velocity of the expanding rim as
a function of the estimated capillary velocity in Fig. 4.
Remarkably, with the interfacial tension of the two-aqueous
phases approaching several uN/m, the transformation speed
is slowed down by almost three orders of magnitude than
the systems with high interfacial tension (~mN/m). This
log-log plot demonstrates the power-law scaling over two
orders of magnitude in transformation speed, well fitted by
the line with a slope of 1.02 = 0.10. The slope with a value
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FIG. 4. The relationship between the measured velocity (V,,) and the esti-
mated capillary velocity (V). The squares (black) refer to data from the
ATPS consisting of PEG (M,,=8000) and C¢HsNa;0;-2H,0, while the
circles (red) indicate data from the ATPS consisting of PEG (M,, =4000)
and Na,COs. The solid line (blue) is a linear fit to data represented by the
squares (black). The outermost phase is silicone oil (1000 cSt). The error
bars are smaller than the size of filled symbols. Data and error bars are from
5 randomly chosen non-equilibrium double emulsion drops.
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remarkably close to unity agrees with the assumption that
the interfacial tension gradients scale with the interfacial
tensions between the two aqueous phases.

To further confirm the general validity of this assumption,
we also perform experiments with another ATPS consisting of
a PEG-rich (M,,=4000) aqueous phase and a Na,COs-rich
aqueous phase. We observe that the data points, representing
the relationship between the measured velocity and estimated
capillary velocity, are in good agreement with the linear fitting
line from the ATPS made up of PEG (M,,=8000) and
CgHsNa307-2H,0 solutions [Fig. 4]. The collapse of the data
from another ATPS further corroborates that the transforma-
tion speed (V,;,,) of non-equilibrium w/w/o double emulsion
drops towards their equilibrium can simply be estimated by
the capillary velocity (Ysp/Upgc)-

In our scaling analysis for the three-phase non-equilib-
rium system, we greatly simplify our picture by assuming that
the viscosity effects from outermost fluid can be completely
ignored with respect to the dynamics of transformation. In
addition, we assume the interfacial tension gradient between
the two aqueous solutions and silicone is proportional to the
interfacial tension of the aqueous two-phase system. These
two assumptions are verified by our experimental results.
However, further experiments are required to explore the
transformation dynamics of non-equilibrium w/w/o double
emulsion drops with a viscous shell phase.

In summary, our results show that the transformation
dynamics of non-equilibrium w/w/o double emulsion drops
with “complete engulfing” configuration into another equi-
librium “complete engulfing” state is mainly determined by
the viscosity of the innermost fluid, as well as the interfacial
tension between the core and shell liquids for non-viscous
middle fluids. This emphasizes that the lifetime of the non-
equilibrium w/w/o double emulsions can be elongated by
decreasing the interfacial tension between the core phase and
shell phase or by increasing the viscosity of the innermost
phase. Interestingly, the viscosity of the outermost phase has
little influence on the speed of transformation. The observed
dynamics of transformation will guide the choice of different
emulsion phases when non-equilibrium double emulsions are
used as templates for synthesizing particles with tunable
morphologies.

See supplementary material for the figure illustrating the
preparation of aqueous two-phase systems (ATPS), table of
the physical properties of the aqueous two-phase systems
used, movie showing the generation of non-equilibrium dou-
ble emulsion drops, movies showing the transformation of
the non-equilibrium double emulsion drops into their equi-
librium morphology, figures showing the side view of trans-
formation of the non-equilibrium double emulsions drops
into equilibrium morphology, the transformation of the non-
equilibrium double emulsion with paraffin liquid as the out-
ermost phase, and the method to estimate the local Bond
number.
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