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Hypothesis: A micron-scale oil-in-water emulsion droplet frozen in the presence of surfactants can be
induced to eject the crystallizing solid from its liquid precursor. This dynamic process produces highly
elongated solids whose shape depends critically on the rate of crystallization and the interfacial proper-
ties of the tri-phase system.
Experiment: By systematically varying the surfactant concentration and cooling protocol, including
quenching from different temperatures as well as directly controlling the cooling rate, we map out the
space of possible particle morphologies as a function of experimental control parameters. These results
are analyzed using a non-equilibrium Monte Carlo model where crystallization rate and interfacial ener-
gies can be specified explicitly.
Findings: Our model successfully predicts the geometry of the resulting particles as well as emergent
phenomena including how the particle shape depends on nucleation site and deformation of the precur-
sor droplet during crystallization.

� 2021 Published by Elsevier Inc.
1. Introduction

Oil-in-water emulsions provide an attractive substrate for a
variety of synthesis and microfabrication techniques. Emulsion
droplets naturally adopt a spherical shape thanks to the strong
influence of interfacial tension; enabling the production of cap-
sules or spherical solids with controllable size [1]. Emulsions can
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also be used to synthesize non-spherical shapes by offsetting inter-
facial tension with elasticity via gelation [2], polymerization [3], or
solidification [4]. The creation of many reproducible particle
shapes requires some process of shaping, often during assembly
[5], through flow in microfluidic channels [1,6], or using molds
[7]. Interfacial flows can also shape droplets [8] to produce more
complex shapes than continuous flow or molding systems while
easing scale-up by using simple emulsion precursors [9–14].

Molten emulsions can be induced to crystallize and, depending
on their wettability, crystals may be partially or completely ejected
from their precursor droplets. By carefully controlling the interfa-
cial properties of the background, fluid precursor, and crystalline
phases through judicious use of surfactants, the growing crystal
can be continuously ejected from the precursor. This highly
dynamic sculpting process produces elongated crystals referred
to as ‘‘comets” because, generically, they exhibit an elongated ‘‘tail”
with a rounded ‘‘head” [15]. Tuning the growth conditions by
adjusting the surfactant concentration dramatically changes the
resulting size and morphology of the particles with aspect ratios
from 1� 18 [16].

In this work, we seek to develop a systematic understanding of
the possible morphologies that may be achieved with this sculpt-
ing process. A qualitative 1D phase diagram, i.e. a map from the
parameter space to the resulting comet shapes, proposed in Ref.
[15] predicts comet morphology as a function of two rates: the rate
of dewetting Kw, i.e. the rate of ejection of crystal from the precur-
sor, and the rate of crystallization Kc . If Kc � Kw, crystallization
proceeds too rapidly for the crystal to be ejected from the precur-
sor and the resulting shape is approximately spherically. Con-
versely, if Kw � Kc , crystals form and then are almost
immediately ejected leading to small discrete crystals. Comets
form in the intermediate regime, Kc � Kw, when the crystal grows
and is ejected at comparable rates.

While this phase diagram is conceptually very helpful, the rates
Kc and Kw are not simply related to the actual experimental control
parameters, which include the cooling protocol used and the sur-
factant concentrations as examined in Ref. [16]. Moreover, the pro-
cess is highly non-equilibrium and stochastic in nature leading to
considerable variation even within identically prepared samples.
Other factors that could affect comet formation include variation
in the contact angle as expected for droplets in motion [17–21]
and non-uniform surfactant adsorption which can lead to Maran-
goni flows [22,23]. A recent review article by Mura and Ding dis-
cusses some aspects of this process [24].

To construct a more complete phase diagram, we first develop a
phenomenological non-equilibriumMonte Carlomodel in Section 2
that includes dewetting and crystallization explicitly and allows us
to explore the kinetics of the sculpting process. The model is for-
mulated in terms of parameters that are more closely related to
those that can be adjusted experimentally. We map out the phase
space in Section 2 and compare our predictions with comets grown
as a function of surfactant concentration and crystallization rate in
Section 4, including discussion of the growth dynamics and influ-
ence of the position of the initial seed on the morphology, and
draw conclusions in Section 5.
2. Model

To simulate the sculpting process, illustrated as a series of
experimental time resolved snapshots in Fig. 1B, we construct a
phenomenological non-equilibrium Monte Carlo model that incor-
porates dewetting and crystallization behavior, but does not
impose any assumptions about the shape of growing crystal or
the precursor droplet. Our goal here is to construct a model that
predicts the qualitative behavior of the experimental system and
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hence our treatment of the underlying thermodynamics will be
necessarily approximate. Similar models have been widely used
to model fluid systems [25–27,17,28,29] because they are easy to
implement and can capture a wide range of emergent phenomena.

The dewetting behavior is captured by a conserved 3-state Potts
model [30]. The simulation domain is a 2D square lattice with
dimensions 251� 251. Each lattice site is equipped with a quantity
ri 2 fb; p; cg indicating the state of the system at that point, where
the labels b; p and c refer to background, precursor, and crystal
respectively.

The instantaneous energy of the system is given by the
Hamiltonian,

H ¼ c
X
ij

TijJrirj
; ð1Þ

where the topological matrix has entries Tij ¼ 1 where sites i and j
are connected and zero otherwise. The symmetric matrix Jab speci-
fies the interaction energy between sites that have phases a and b,

Jab ¼
cbb cbp cbc
cbp cpp cpc
cbc cpc ccc

0
B@

1
CA ð2Þ

where the cab are dimensionless and the prefactor c in (1) has units
of energy. The interaction energies are constant during the simula-
tion. This introduces an assumption that the interfacial tensions are
constant which experimentally need not be the case. This treatment
is consistent with previous work where the changing contact angle
was most strongly influenced by gradual depletion of the precursor
reservoir [16]. Exploration of time or temperature varying interfa-
cial tensions is left to future work.

During the simulation, the configuration is evolved by exchang-
ing randomly selected neighboring sites (Kawasaki dynamics) pre-
serving the total number of sites in each phase, with the restriction
that only exchanges involving precursor and background, i.e. the
fluid components of the system, are allowed. Each move changes
the energy of the system by DE and is accepted with probability
P according to the Metropolis Algorithm,

P ¼ 1 DE � 0
expð�DH=kTÞ DE > 0

�
; ð3Þ

where kT characterizes the thermal energy of the system.
The model is therefore specified so far by six distinct parame-

ters �cab ¼ cab c=kTð Þ, but we can exploit the fact that the dynamics
(3) only depend on differences between these quantities to reduce
this number: Since only moves that exchange background and pre-
cursor are allowed, DE must involve linear combinations of
�cbb � �cbp, �cbp � �cpp, and �cpc � �cbc. If we assume for simplicity that
the self-interactions are identical, �cbb ¼ �cpp, and choose them to
be zero without loss of generality, then only two parameters, �cbp
and Dc ¼ �cpc � �cbc remain. The first of these, �cbp, must be positive
to promote phase separation of the precursor and background flu-
ids. The second, Dc, must be positive to achieve dewetting of the
crystal from the precursor. Both �cbp and Dc control the rates of
their respective process: a higher value of �cbp implies faster demix-
ing of precursor and background, while a more positive Dc
increases the rate at which the crystal is ejected from the oil
droplet.

Crystallization is incorporated into the model by assuming that
growth occurs purely at the crystal-precursor interface without
further nucleation events. This is achieved by inclusion of non-
equilibrium reaction moves: each time a precursor-crystal pair is
randomly selected to flip, the precursor is instead converted to a
static crystal site with a probability Pp!c ¼ eC where C < 0.
Decreasing jCj indicates more rapid crystallization. This mechanic



Fig. 1. A Time series of crystals from experiment at two different cooling rates with an SDS concentration of 1.5 %wt. B Time series of simulation crystals at different C, the
crystallization rate. Here, the gray sites represent the fluid precursor, and the black sites represent crystal. These time series correspond to the curves in Fig. 6. The time
figures are in units of 106 Monte Carlo sweeps.
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assumes the crystallization does not depend on the number of
neighboring crystal sites for the sake of simplicity. Coupling the
conversion process to the local environment is an interesting pos-
sible target of future work. Given our choice of nearest neighbors,
the majority of conversions occur with only one crystal neighbor.
This method of implementing crystallization is reminiscent of
other work modeling growth processes, such as the Eden Model
and other crystallization models [31,32].

Having completed our formulation of the model, we pause to
compare and contrast it with the earlier picture proposed in Ref.
[15]. Our model generalizes the phase diagram proposed by Ref.
[15]. Since Dc and C are proportional to Kw and Kc , respectively,
the single parameter in Ref. [15] that predicts the formation of
comets corresponds to a combination of the form aC� bDc where
a and b are unknown constants.
3. Methods

Comet preparation— Comets were prepared by creating an
emulsion from deionized water, made using a Milli-Q Advantage
A10, and two lipids: trihydroxystearin (Peter Cremer, USA) (also
known as castor wax), and stearic acid (95%, Sigma–Aldrich). The
emulsion was stabilized using a surfactant and cosurfactant:
sodium dodecyl sulfate (P99.0%, Sigma–Aldrich) and decanol
(98%, Sigma–Aldrich).

Comets were prepared in three ways. In all cases, the comet sys-
tem was prepared by combining a lipid solution and a surfactant
solution. Single lipid particles were composed of trihydroxystearin.
Mixed lipid particles were composed of trihydroxystearin and stea-
ric acid combined with a 4:6 volume ratio. When combined with
the surfactant solution to make an emulsion, the concentration of
lipids in the total liquid volume was 0.5 %wt. The solution was
heated to 90 �C and stirred well. Surfactant solutions were com-
posed of Milli-Q water, SDS, and decanol. Solutions were prepared
at different percent weights of SDS to water. In all cases, decanol
was 10% the weight of SDS. Axes labeled %wt sds/decanol follow
this convention. (method 1) To observe the crystallization process,
the surfactant solution was heated to 90 �C. The lipid and surfac-
tant solutions were then combined and shaken by hand to produce
a hot oil-in-water emulsion. In future studies, high-energy stirrers
could be used to produce smaller droplets. A drop of the solution
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was placed on a glass slide and observed with an optical micro-
scope as the system cooled to room temperature. (method 2) To
produce crystals in bulk, the surfactant solution was heated to var-
ious temperatures depending on the desired quench depth.
(method 3) For temperature controlled experiments, the sample’s
temperature was controlled by a Linkam PE120 Peltier stage. The
cooling system was connected to the Linkam stage and an EHEIM
professional 4+ water pump. The cooling water was room temper-
ature, 20.5 �C degree. The stage was first set to be 90 �C, and a glass
slide with two drops of hot emulsion covered with cover slip was
settled on the stage. At this point, the cooling process was initial-
ized and sample collection commenced. In the supplementary
material we display the measured temperature as a function of
time during three replicate quenching experiments. This shows
that the cooling rate for ambient cooling is highly replicable and
essentially linear at short times with a slope of roughly 70 �C/
min, allowing for direct comparisons between each production
method.

A QImaging optiMOS high speed camera was used to record
videos for analysis. To create micrographs, a Leica DM2500M
microscope and Moticam 10MP digital camera were used. Boxed
aspect ratio calculations, and analysis of particle size and shape
were performed using imageJ [33–36].

Cluster analysis—The simulated crystals are rarely straight,
making metrics like the boxed aspect ratio an incomplete measure
of the morphology. To analyze the simulated crystal shape in more
detail, we employ the following analysis: working from a site at
one end of the crystal, all sites within a specified radius are
assigned to a cluster; the center of mass (COM) of this cluster is
then calculated and used to identify the next cluster from remain-
ing sites. The process is repeated until all sites in the crystal are
assigned to a cluster, yielding a set of clusters and their respective
centers of mass. Connecting the COM of adjacent clusters gives a
series of line segments which follow the curves of the simulated
crystal. The local width of the crystal can be determined as a func-
tion of arclength by finding the maximum extent in the normal
direction at each point along these line segments. This method pro-
duced the length versus width curves shown in the subsequent
sections. To average multiple length versus width curves, the mean
crystal width was computed as a function of arclength. To find the
error bands, we compute the standard deviation in the same way
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and add or subtract it from the mean curve. Additionally, an overall
aspect ratio can be computed from the maximumwidth divided by
the arclength of the COM graph. We note that this analysis involves
one free parameter, the cluster radius rc , chosen by the operator;
we find the resulting profiles wðsÞ are fairly insensitive to the par-
ticular choice if rc is chosen to be a value of order of the maximum
width of the crystal.

To measure the boxed aspect ratio, we identify contiguous sites
xi belonging to the liquid precursor. We calculate the bounding box
from minðxÞ and maxðxÞ and display the aspect ratio of the bound-
ing box. This is shown visually in Fig. 1, the red box surrounding
the precursor droplet in the lower left indicates how the boxed
aspect ratio is calculated. w and h indicate the height and width
of the precursor droplet. Dividing these quantities gives the boxed
aspect ratio.

4. Results and discussion

4.1. Phase diagram

Using the above model we ran a series of 10 simulations varying
C and Dc and fixing �cbp ¼ 2=5. Simulations are started from an ini-
tial state consisting of a circle of 1292 precursor sites surrounded
by background host. We will later vary the position of the initial
crystal seed sites within the precursor droplet; in this initial sec-
tion a seed site composed of 21 crystal sites is placed on the back-
ground/precursor interface.
Fig. 2. A Simulated crystal shapes as a function of C and Dc shown on a common scale; so
line approximately separating circular from elongated morphologies is indicated with d
dewetting scenario. B Aspect ratio of the crystals shown in A. C Experimental phase dia
and quench depths. DT is the temperature difference between the surfactant and emulsi
ensembles of crystals formed.
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Representative results from the ensemble of simulations are
shown in Fig. 2A; the aspect ratio of the resulting crystals is calcu-
lated as described in the Methods section and is displayed in
Fig. 2B. As Dc and jCj are increased, we observe continuous varia-
tion of the crystal shape from circular to elongated.

A line that separates circular and elongated crystals is approxi-
mately given by C ¼ �15þ 4:25Dc, indicated as a dashed red line
in Fig. 2A. Intriguingly, for carefully chosen Dc and C close to this
line we find an intermediate regime with moderate aspect ratios
1� 4 not previously observed experimentally. Below a second crit-
ical line parallel to the first and indicated in Fig. 2A with a black
line, total dewetting occurs such that not all the precursor is used.
This results in very small crystals that tend to be very narrow, just
2–3 sites wide, resulting in the very large aspect ratios obtained.

Varying combinations of Dc and C perpendicular to these two
critical lines, i.e. in the direction C� 1

4:25Dc ¼ const:, produces the
strongest effect on crystal shape. This is consistent with our anal-
ysis in the previous section that the combination aC� bDc corre-
sponds to the earlier one-parameter model proposed in Ref. [15].
However, we see there remains significant variation in comet
shape in the perpendicular direction: contrast the shape at
ðDc;CÞ ¼ ð0:4;�15Þ with that at ð0:8;�12:7Þ for example.

To test the predictions of this model, we prepare comets as
described in the Methods section by systematically varying the
quench depth, and hence the crystallization rate, and the concen-
tration of surfactants, and hence the wettability. Representative
comet morphologies are shown in Fig. 2C together with a corre-
me crystals at the lower right did not use the entirety of their precursor reservoir. A
ashed red line; the solid black line approximately separates comets from the total
gram showing representative crystals formed at different surfactant concentrations
on solution prior to mixing (method 2). The scale bars are 50 lm. D Aspect ratio of
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sponding plot of the aspect ratios in Fig. 2D. The longest crystals
formed at low crystallization rates. These crystals were generally
between 40� 75lm with the occasional very large and long crys-
tal. Circular morphologies were seen at high crystallization rates
and low surfactant concentration. This is consistent with previous
work, where ejection was seen at low crystallization rates, but only
when the dewetting rate was sufficiently high [15]. In contrast to
the theoretical model, where the interfacial energies can be
increased as much as the user would like, there is a point where
adding additional surfactant will not alter the interfacial tension
further. This creates a maximum dewetting rate for a given combi-
nation of surfactants.

The experimental trends agree well with the predictions of the
Monte Carlo model: circular crystals form independently of surfac-
tant concentration when the crystallization rate is high. As the
crystallization rate is reduced, increasing surfactant concentration
yields higher aspect ratio crystals, the trend becoming more pro-
nounced as the crystallization rate is reduced further.

To further investigate this behavior, we perform additional
experiments using a temperature controlled stage to carefully con-
trol the cooling rate. In contrast to the quenching experiments
designed to mimic a highly scalable industrial process [37], this
method gives better control to probe comet behavior. The results
are qualitatively similar, and a phase diagram analogous to
Fig. 2C is displayed in Fig. 3. In this diagram, we see robust forma-
tion of comets. In our experiments, comets only formed above a
minimum concentration approximately equal to the Critical
Micelle Concentration for SDS [38] which we use as a natural point
of comparison. This is consistent with previous observations [15]
and other work on similar systems [39]. Further work should be
performed to carefully understand the role of surfactants at low
concentrations. New work on droplet motion, for example, indi-
cates possible mechanisms based on micelle-driven depletion
effects [22]. The longest crystals observed occurred at a cooling
rate of 5 �C=min and at 1:5%wt surfactant concentration. We also
see a distinct change in morphology as the surfactant concentra-
tion increases. At 0:8%wt the comets are rod-like, with uniform
widths. As the surfactant concentration increases, the comets have
much broader heads with long, spindly tails. These additional
results collectively indicate that the cooling protocol is important
and offers additional possibilities for detailed control of the shape.
Fig. 3. Crystal formation using a temperature controlled stage (method 3). The
vertical axis indicates cooling rate, while the horizontal indicates surfactant
concentration as before. Scale bars are 50 lm.
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4.2. Droplet profile

We now examine the shape of the comets in more detail. Here,
we ran 45 simulations. In the simulations, the width of the crystals
depends on the crystallization rate at constant Dc even while the
length remains roughly constant. In Fig. 4A we show the average
contour of crystals formed at different crystallization rates. For
rapid crystallization, crystals form a large head with a narrow tail.
As the crystallization rate is reduced, the head grows smaller, and
the crystals become more uniform, while retaining their high
aspect ratio.

We test this prediction by plotting the profile of comets pre-
pared at similar surfactant concentrations but different cooling
rates in Fig. 4B. As in the model, the width of the head can be mod-
ified by changing the crystallization rate. Notice that the brown
curve in Fig. 4B has a different shape than its low jCj analogue in
Fig. 4A. This is likely due to differences between the nucleation
sites as will be discussed below. Note that the brown curve in 5B
has a more similar geometry.

A second factor governing the shape of the comet is the place-
ment of the initial seed crystal relative to the precursor droplet.
Here, we ran 10 simulations. In Fig. 5A we show the profiles of sev-
eral different comets grown with different initial seed positions.
Qualitatively, we can see the crystals formed with central seeds
have more prominent heads. This is because the initial placement
Fig. 4. A Width profiles of simulation crystals formed at Dc ¼ 0:73. Error bands are
1/2 a standard deviation. B Width profiles of experimental crystals formed at 1.5 %
wt SDS/ decanol (method 3).



Fig. 5. The shape crystals form as the initial nucleation site changes in A simulation
and B experiment. Simulation crystals were formed at C ¼ �14:5. Error bands are 1/
2 a standard deviation. Experimental crystals were formed at 2 %wt SDS solution
(method 1). In both figures, red arrows indicate the location of the initial nucleation
site.

Fig. 6. The boxed aspect ratio of the precursor droplet as a function of time for A
theory and B experiment. In the theory plot, error bands are 1/2 a standard
deviation. The experimental crystals were formed with an SDS concentration of 0.6
%wt (method 1).
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increases the length of time taken for the droplet to dewet the
crystal. During this period, the seed has more time to grow in a
uniformly radial manner. This behavior is suppressed as the seed
site is moved closer to the edge.

Experimentally, the seed site is a random variable, but we can
identify crystals that grew from different seed placements a poste-
riori. We confirm the role of seed site on the head by plotting pro-
files from a number of observed crystals in Fig. 5B. As our concern
here is the crystal shape, we have scaled the widths of the contours
to be the same length. Notice that the shape of the neck changes
when the nucleation site is close to the center (brown curve
labeled I) the crystal has a large head followed by a sharp decrease
in width. As the nucleation site moves closer to the edge (blue
curve labeled II) the crystals have a more uniform width through-
out their length.

4.3. Deformation of precursor droplet

Intriguingly and in contrast to our prior geometric model [16],
where the liquid precursor was assumed to remain circular, varia-
tion of the precursor droplet shape is observed in simulation. This
can be seen visually in the time series shown in Fig. 1. For the
C ¼ �16:1 example, the precursor droplet remains spherical. The
only real deformation seen is during the initial dewetting. Con-
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versely, at C ¼ �13:9, we see a large deformation of the precursor
droplet. We can quantify this by plotting the boxed aspect ratio of
the oil droplet (as defined in Methods) as a function of time. The
results are shown in Fig. 6A, here each curve is composed of 45
simulation. Error bands are half the standard deviation of the
aspect ratio computed at every time interval. We observe a peak
in the aspect ratio of the precursor droplet at the initial stages of
growth, indicating a large departure from a circular geometry;
the magnitude of this peak increases as jCj decreases. At late times,
the precursor droplet is small and can change shape easily leading
to the fluctuations on the right side of Fig. 6A. By analyzing the
kinetics of the crystal formation obtained by video microscopy,
we have also experimentally observed elongation of the precursor
droplet as shown in Fig. 6B. Crystals formed with slow ejection
(blue curves) exhibit elongated precursor droplets during forma-
tion of the head; those formed with fast ejection show precursors
that remain circular (brown curves).
5. Conclusion

The central result of this work is a phase diagram describing
how tuning the crystallization and dewetting processes can be
used to continuously alter the aspect ratio of ‘‘comets” formed in
crystallizing oil-in-water emulsions. We have established a phase
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diagram both theoretically, through a non-equilibrium Monte
Carlo model incorporating both processes explicitly, and experi-
mentally by systematically varying quench depth and surfactant
concentration. While the model is conceptually simple and in
two dimensions, it successfully predicts the structure of the mor-
phology phase diagram including a new intermediate regime of
low-aspect ratio droplets, shape variations in the precursor droplet
and the importance of nucleation point in determining the shape of
the crystal; All of these effects have been observed experimentally.
Collectively, our results confirm our hypothesis that crystal mor-
phology can be mapped to a linear combination of cooling rate
and surfactant concentration as a proxy for the crystallization rate
and the three-phase contact angle.

This work builds upon existing research in a variety of ways. In
Ref. [15], the comet shape is conjectured to be the result of compe-
tition between relative rates of dewetting and crystallization
which are not strongly defined. Our work demonstrates explicitly
how the two rates compete. Ref. [16] discusses how variation of
the growth angle leads to variation of morphology at different sur-
factant concentrations. Here, we explore experiments not accessi-
ble to a purely geometric model, including how precursor droplet
shape and initial nucleation site affect the sculpting process.

The controlled production of shaped colloids has increasing sig-
nificance to a number of fields of research. Improved control of
shaped colloid formation processes is required to enable robust
design and prediction of novel particle shapes. While the underly-
ing mechanisms are different, there are numerous publications on
shape control with emulsions [40–44]. As discussed in Ref. [42],
the resulting shape is dependent on the choice of oil and surfac-
tant. Our system is unique in that due to our use of two surfactants
we get much stronger ejection behavior [39,45]. This results in a
solidification front similar to the freezing of sessile droplets [46]
which is not common in other emulsion shape control research.
Further, the simulation results enable understanding of how
detailed aspects of particle shape, like tapering and curvature, form
during emulsion crystallization. As applications of shaped particles
increase and require specific features or dimensions, our model
will provide guidelines for experimental design and optimization
to improve shape control and production.
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