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Solidification of complex liquids is pertinent to numerous natural and industrial processes. Here, we
examine the freezing of a W/O/W double-emulsion, ie., water-in-oil compound droplets dispersed in
water. We show that the solidification of such hierarchical emulsions can trigger a topological transition; for
example, in our case, we observe the transition from the stable W/O/W state to a (frozen) O/W single-
emulsion configuration. Strikingly, this transition is characterised by sudden expulsion of the inner water
drop from the encapsulating oil droplet. We propose that this topological transition is triggered by the
freezing of the encapsulating oil droplet from the outside in, putting tension on the inner water drop thus,
destabilizing the W/O/W configuration. Using high-speed imaging we characterize the destabilization
process. Interestingly, we find that below a critical size of the inner drop, Rincrit & 19 um, the topological
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1 Introduction

The characteristic physical feature common between the fabrica-
tion of functionalized ceramics,"™ cryo-biology,”” frost-heaving in
colder regions®'° and ice cream making is the interaction between
insoluble dispersed particles in a melt and a moving solidification
front. Due to its relevance and impact in both natural phenomena
and technological applications, this interaction has been exten-
sively studied both experimentally and theoretically.***'*"* The
prominent focus of these investigations has been to determine the
conditions under which dispersed particles are either engulfed or
rejected by the advancing freezing front.""'>'*"® This aspect holds
particular importance in material science, as the distribution of
dispersed particles profoundly influences the resulting micro-
structure, thereby governing the functional properties of the
solidified materials. Importantly, these collective efforts have
revealed that the interaction between a particle and the moving
solidification front is influenced by distinct physical processes
operating across different length scales. This characteristic renders
it a true multi-scale problem, with each decade of length scale
presenting its own set of governing mechanisms and phenomena.
For instance, at the particle level, the interaction is influenced by
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factors such as thermal conductivity mismatches between the
particle and the melt, as well as density changes during the
liquid-solid phase transition. At smaller scales, van der Waals
interactions and the flow of lubricating films in premelted layers
dictate the local dynamics."” Furthermore, recent investigations
involving “soft” particles, such as droplets or bubbles, have shown
that the overall complexity is further amplified due to the mechan-
ical deformation experienced by the particles during the inter-
action with the moving solidification front."®>°

The current understanding of this subject primarily stems from
studying the interaction between uniform particles and a moving
solidification interface. However, in modern technological applica-
tions, such as cryobiology and material science, complex and multi-
component particles are frequently encountered. Inspired by these
applications, in this Letter, we extend the envelope of the current
state of the art on this subject to the interaction between the
solidification front and multi-component particles. Using a dilute
W/O/W double-emulsion as a model system, we report unexpected
behaviors that emerge during its solidification. We show that
dispersed compound droplets in a double-emulsion can undergo
a topological change upon engulfment in the solidifying bulk. This
topological transition is triggered by the partial solidification of the
dispersed compound droplet. Our findings are relevant for exerting
better control over cryopreservation procedures of bio-specimen as
well as the fabrication of advanced materials.

2 Experimental procedure

The W/O/W double-emulsions used in our current experiments
are prepared using a microfluidic setup similar to the one
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Fig. 1 Schematic of the experimental setup.

described in ref. 23. In our adopted setup, we exploit the process
of spontaneous liquid-liquid phase separation of a ternary
mixture (water, ethanol and oil) to achieve double-emulsions,
as discussed in detail in ref. 24 and 25. Note that here we use
diethyl-phthalate (DEP) as an oil phase and Pluronic-F127 as
surfactant to stabilise the emulsion. The oil has a freezing point
close to that of water, ie., T, pgp = —3 °C. Since the process of
emulsion preparation is extremely sensitive to the initial compo-
sition of the ternary mixture, we use a DEP/ethanol/water mixture
(0.74/0.05/0.21 vol.) with which we achieve a stable double-
emulsion. As a consequence of the adopted methodology of the
double-emulsion preparation, both the inner water drop and the
encapsulating oil droplet contain traces of ethanol.

The experimental assembly employed in current investiga-
tions is shown schematically in Fig. 1. In a typical experiment, the
W/O/W double-emulsion is first injected into a horizontal Hele-
Shaw cell of thickness 200 pm, resting on a copper block. A
thermal gradient G ~5 K mm " is then applied to this copper
block using Peltier elements (spaced 3 mm apart), such that the
continuous phase of the double-emulsion (water) begins to
solidify uniformly from the cold end. Solidification is initiated
by placing a small piece of ice at the cold end of the cell when its
temperature falls below the melting point of water. It is impor-
tant to note that, due to the extremely slow freezing rates
employed in our experiments, clear ice is formed with a refractive
index (1.31) similar to that of water (1.33). The solidification rate
V of the bulk medium is controlled by the applied thermal
gradient G. The engulfment of the dispersed compound droplets
into the solidified bulk is recorded in top-view using a camera
(Nikon D850 or Photron NOVA S16) connected to a long working
distance lens (Thorlabs, MVL12X12Z plus 2X lens attachment).
The sample is illuminated with diffused cold-LED to avoid
localised heating. For further experimental details and the pro-
tocol for the double-emulsion preparation, we refer to the ESL}

3 Results and discussion

The sequence of images in Fig. 2(a) highlights the events
leading up to the sudden topological transition of a W/O/W
double-emulsion when a dispersed water-in-oil compound dro-
plet is engulfed into the solidifying bulk at a steady rate, V ~
0.5 um s~ *. The moment in time when the solidification front
makes contact with the compound droplet is defined as ¢ = 0. As
shown in Fig. 2(a), while the solidification front passes over, the
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encapsulating oil droplet severely deforms into a pointy, tear-
like shape. Recent findings*® have revealed that this deforma-
tion of the engulfed droplet is mediated by pressure variations
in the nanometric thin liquid film, also referred to as premelted
film,"” sandwiched between the dispersed droplet and the
solidifying bulk. In contrast, during this engulfment process,
the inner water drop clearly remains unaffected. However, very
unexpectedly, a few minutes (~16 min) after the dispersed
compound droplet is completely engulfed in the solidified bulk
(ice) and the solidification front is not in its vicinity, the inner
water drop suddenly gets expelled outside the encapsulating oil
droplet, altering the topology of the initially stable W/O/W
double-emulsion. The expelled liquid gathers in the thin pre-
melted film enveloping the oil droplet. Interestingly, the accu-
mulation predominantly occurs at the warmer end, suggesting
that the temperature gradient plays a role in this process. More
importantly, as this topological transition occurs, the pointy, tear-
like shape of the oil droplet relaxes to its original unperturbed
(spherical) shape. Finally, we observe that the expelled liquid
eventually begins to migrate towards the moving solidification
front at a constant speed vgr ~ 2 pum s~ ', see Fig. 2(c). This
surprising migration of the liquid through the solidified bulk
resembles a process akin to brine-pocket diffusion in sea ice that
is driven by a delicate diffusive process of solute diffusion and its
influence on the local phase equilibrium.”®?® It is worth noting
that, as a result of the chosen fabrication method for the double-
emulsions used in this study, the dispersed compound droplets
contain traces of ethanol, which eventually acts as a solute, thus
enabling a diffusive process that leads to the migration of the
liquid pocket. For a detailed discussion of the physical mechan-
isms leading to the migration of the liquid pocket, we refer to the
ESL{ In the following, we focus on the main finding of this paper:
the sudden topological transition of the double-emulsion.

Since the time scales associated with the topological change
of engulfed compound droplets are much faster than the rate of
solidification, we employ high-speed imaging to reveal the
details of this apparently instantaneous event. As illustrated
in the sequence of images in Fig. 2(a)(I)-(IV), the transition is
triggered at the center of the inner drop, marked by the
appearance of a radially expanding dark ring. Remarkably, this
outward-moving dark ring is also accompanied by a localized
increase in light intensity at its center, forming a discernible
bright spot. Once the size of the bright spot exceeds the
dimensions of the inner drop, it gradually fades (see ESIT),
coinciding with the complete disappearance of the inner water
drop. Following this event, the disappeared liquid collects
outside the enveloping oil droplet within the premelted film
in about 10-100 ms (not shown here). By tracking the temporal
expansion of this dark ring, Ry(f), we obtain a power-law-like
behaviour R ~ 7°72 at the early stages of its growth when Ry/R;;,
< 1, see inset Fig. 2(b). Such scaling behavior evokes simila-
rities with an adiabatically expanding spherical shock wave,
which entails a discontinuity in density, pressure, and
temperature.”"**> Considering that the double-emulsions used
in our current experiments contain traces of ethanol, we
propose that all the above described features are triggered by

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) (1)-(5) Sequence of images capturing the engulfment of a water-in-oil compound droplet by a solidification front, advancing at rate
V = 0.5 um s~* (Movie 1, ESIf). The moment in time the front makes first contact with the droplet is set to t = 0. The third panel shows a sketch of the
expected temperature distribution in the ice at a certain moment in time set by the strength of the applied thermal gradient G. (I)-(IV) High-speed images
were acquired at 25000 fps, showing the sudden topological transition (Movies 2 and 3, ESIt). At t = 0 a shock wave appears at the center of the inner
drop and an ethanol vapour cloud expands radially outward. (b) Radius R of the shock wave as a function of time for different transitions, indicated by
different shades. The inset shows that at the early stages, when R¢/R;, < 1, it follows a power-law-like behaviour that is consistent with that of a diverging
spherical shock wave.?22 (c) Distance  between the solidification front and the center of the expelled inner drop migrating through the ice. Note the ~
5 orders of magnitude difference in time scale in (c) as compared to (b). At t' = 0 the expelled drop detaches from the oil. The migration velocity is

Expelled inner drop migrating through the ice

determined by the velocity vgi¢ at which diffusion takes place within the expelled water—ethanol pocket.

its phase transition from liquid to vapor during the solidification
of the surrounding oil droplet. Since ethanol is crucial for the
stability of the double-emulsion, its sudden phase transition
leads to the dissolution of the inner water drop, destabilizing
the compound droplet. The process of dissolution, we argue, is
optically screened-off by the vapour cloud (bright spot) itself and
therefore not visible in Fig. 2(a)(I)-(IV). Note that the ethanol
vapor allows greater transmission of light because of its reduced
refractive index, which in turn rationalizes the appearance of a
bright spot during the transition. Also, we will see later that the
rate of dissolution indeed exceeds the rate at which the vapour
cloud expands.

The hypothesized phase transition of ethanol during the
solidification of the double-emulsion is rationalized as follows:
following engulfment, as the solidification front steadily
recedes away from the dispersed compound droplet, the local
temperature in its vicinity progressively decreases in line with
the applied thermal gradient (see sketch in Fig. 2(a)(3)). Upon
reaching the freezing point of the oil (T, pep = —3 °C), the outer
oil droplet begins to solidify, causing shrinkage in its volume,
since poirsolid > Poil-mele- Nevertheless, this volumetric shrinkage
is prevented due to the confinement by the solidified bulk
water. As a result the pressure inside the encapsulating oil
droplet plummets, imposing tension on the inner water drop
and causing it to stretch. An approximate estimate of the

This journal is © The Royal Society of Chemistry 2024

pressure reduction experienced by the inner drop due to the
solidification of the encapsulating oil droplet can be deter-
mined from the Gibbs-Duhem relation®

Tn—T Psoli
psolidng— = AP(I - le)- 1)

m Pmelt

Here, % is the latent heat of solidification, T is the tem-
perature and Ap the corresponding pressure change which we
want to evaluate. Estimating Ap from eqn (1) with typical values,
Tm — T=01Kand 1 — pggiia/pliquia = — 0.1, yields Ap ~ — 1
MPa. Such a depression in pressure critically affects the local
phase equilibrium of ethanol for which the saturated vapour
pressure at T = — 3 °C is p,em = 1.2 kPa. To verify our
hypothesis, we performed additional experiments by replacing
DEP with dibutyl-phthalate (DBP) as an oil phase, while keeping
the procedure of the double-emulsion preparation the same (see
ESIT). Since the freezing point of the DBP is much lower
compared to DEP, Ty, ppp = — 35 °C, which cannot be achieved
in our experimental setup, no abrupt topological transitions are
observed. For further details related to these experiments, we
refer to the ESL.{

Since the dissolution process of the inner water drop is
screened-off by the ethanol vapor cloud (bright spot) appearing
at the center, it is extremely difficult to directly measure related

Soft Matter, 2024, 20, 2491-2495 | 2493
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Fig. 3 (a) Experimental snapshots showing the sudden dissolution of the

inner drop, here triggered by the ice front passing over the compound
droplet (Movie 4, ESIT). (b) Radius R;, of the inner water drop as function of
time (boxes). The rate of shrinking for several of such cases follows the
steady Epstein—Plesset model of dissolution (solid line, eqn (2)).

characteristic features. For this, we rely on experiments per-
formed with metastable W/O/W emulsions. In these instances,
especially for relatively large compound droplets with an inner
drop size greater than R;, > 30 pum, the dissolution process is
directly measured without any hindrance from the ethanol
vapour cloud, see Fig. 3(a). Note that the sudden dissolution
of the inner drop in these barely stable compound droplets is
triggered by disturbances in the ambient conditions. The
sequence of images in Fig. 3(a) exemplifies one such case,
where the inner drop dissolves while the compound droplet is
getting engulfed in the solidifying bulk. The rate at which the
inner drops dissolve, here directely measured, agrees well with
the simplified Epstein-Plesset model,***"
dR;, o 1 200

2l thus Rl = R’ =22 .
dt oy Rin(f)’ us in 0,in pWT7 ( )

with o = DAc, where D and Ac are the unknown diffusion
coefficient and concentration gradient, respectively and Ry,
is the initial drop size. eqn (2) is fitted through the experi-
mental data (see Fig. 3 (b)) to obtain o ~ 9.6 x 10 *kgm 's ™"
A typical dissolution time scale arises as tq = pwRin’*/2¢ ~ 0.3
ms, which is significantly smaller compared to the time it takes
for the ethanol vapour cloud to fully expand, see Fig. 2(b).
Beyond the freezing driven liquid-to-vapor phase transition of
the constituent liquid, another surprising feature of our system is
that the topological transition of the double-emulsions is strongly
dependent on the size of the inner drop. We find that below a
critical size, Rinerie & 19 pm, the compound droplets remain
stable, see Fig. 4. Note that due to the applied procedure of
double-emulsion preparation R, and R;, cannot be varied
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independently and their ratio, here Rou/Roue & 3.3 (see Fig. 4(a)),
is governed by the ethanol mass transfer rate during preparation
2425 A second control parameter is the rate of freezing, charac-
terised by the advancing velocity V. Due to experimental limita-
tions we are not able to capture both the engulfment and sudden
transition of each drop. To nevertheless still qualitatively address
the rate at which freezing occurred, we couple the rate of engulf-
ment V to the experienced drop deformation I" once incorporated
into the ice, as it has been established that both are inversely
related.’®?° Here, a large deformation (larger I') is related to slower
freezing (smaller V) and vice versa, where for the range of advan-
cing velocities is approximately 0.2 pm s™" < V < 2 um s . In
Fig. 4(b) we thus show that the critical size dependence remains
unaffected by the extend of the experienced deformation I' and
hence by the rate of engulfment V.

To examine this unexpected size dependence we consider
that the pressure in the inner drop, p;,(¢), needs to fall below the
vapour pressure of ethanol, p, ., at T = —3 °C, to trigger the
topological transition. Due to the tension exerted by the partially
solidifying oil on the inner drop a reduction in pressure is
expected (ideally) as Apin(¢) = —KAViy(£)/Vin, where K is the elastic
bulk modulus of water and AV;,(¢)/V;, the relative change in

L=
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Fig. 4 Parameter space showing the dependence of the topological
transition on (a) the size of the compound droplet and (b) its aspect ratio
I' after encapsulation by the ice. The latter is directly related to the
(adjustable) advancing velocity V of the solidification front, ie., I' — V!
for pure oil drops in water.*>?° Below a critical inner drop size, Rincrit &
19 um, the compound droplets remain stable. The rate of freezing does
not affect this critical size.

This journal is © The Royal Society of Chemistry 2024
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volume over time. The initial pressure in the drop is given by the
sum of ambient and Laplace pressure, resulting in the condition
that the compound droplet remains stable if pj, rer + 20/Rin—KA
Vin(®)/Vin > Pyems OF, in terms of the inner drop size, if Ry, <
20/(py,eth + KAVin(t)/Vin — Pin,re)y Where ¢ is the interfacial surface
tension. Given the critical drop size, Ry riy Observed experimen-
tally (see Fig. 4) we conclude that the experienced change in
volume over time, AVi,(£)/Vi,, stagnates and that therefore the
amount of tension applied to the inner drop is limited. We suspect
that, given the limitations of the experimental set-up and the
bounded applied thermal gradient, sufficiently low temperatures
could not be achieved and a thermal equilibrium is reached,
causing only a small portion of the encapsulating oil to solidify.

4 Conclusion

In summary, in this Letter, we discussed that a dilute double-
emulsion, Ze, water-in-oil compound droplets in water, can
undergo the topological transition from its W/O/W state to an O/
W state after being frozen. The sudden topological transition, we
argue, is triggered by the partial solidification of the encapsulating
oil, putting tension on the inner drop, causing the trace amounts
of liquid ethanol inside to undergo a liquid-to-vapour phase
transition. As the vapour cloud expands, ethanol is depleted,
making the compound drop unstable, and the inner drop dis-
solves. The then expelled interior accumulates at the warmer end
and migrates though the ice in the direction of motion of the
advancing solidification front. The topological transition critically
depends on the size of the inner drop and does not depend on the
engulfment velocity V. We found that below R, orie & 19 pm the
topological transition does not occur and the double-emulsion
remains stable. We rationalised that this size dependence origi-
nates from the limited amount of tension applied to the inner
drop. Our findings on the individual compound droplets can be
extrapolated to those in a more densely packed double-emulsion,
where the same phenomena is observed (see ESIT).

The surprising topological transition we found is relevant
when freezing multi-component systems and in the context of
the cryopreservation procedures of food emulsions and bio-
specimen. In addition, our findings highlight the effect of
phase changing liquid inclusions in a solidifying material
and how this might alter their topology in unexpected ways.
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