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Abstract

This work presents results, aimed at identifying the crystallization mechanism of surfactant-
stabilized hexadecane-in-water droplet with 15 nm diameter at the molecular-level. The question
is addressed by atomistic molecular dynamics simulations of models consisting of ca. 2 million
atoms. To represent as closely as possible real-world systems, a procedure for constructing droplets
of different sizes is developed, allowing control of the surfactant surface coverage. Two
crystallization protocols are applied: slow freezing, in which the surface solidifies first, followed
by relaxation and subsequent cooling to induce crystallization in the bulk, and fast freezing, in
which the droplet is directly cooled to the final temperature, leading to simultaneous surface and
core crystallization.

A few key results may be outlined. The droplet surface always freezes first. Nucleation
occurs stochastically at multiple independent sites, gradually propagating over the surface. Both
shell and core undergo heterogeneous nucleation initiated by surfactant molecules. The nuclei in
the core typically form close to the surface. The cooling procedure affects the spatial freezing
pathway and molecular ordering in the drop core. The preferred orientation of bulk crystallites
relative to the originating surface is nearly perpendicular. Once solidified, the surface alone is
sufficient to induce droplet deformation to a triangular prism-like shape, additionally stabilized by
the bulk crystallites. The deformation is a clear indication of a rotator phase, stable over hundreds
of nanoseconds, further confirmed by the fraction of gauche conformations, P> order parameters,
and radial distribution functions. These findings agree with and complement experimental data and
provide molecular-level verification of the experimentally observed fundamental difference in the
stability of hexadecane rotator phase: transient in bulk and stable under micro- and nano-
confinement. They enhance the fundamental knowledge on microscopic freezing mechanisms of

hexadecane and similar even-parity alkane-based materials at interfaces.
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Introduction

Molecular dynamics (MD) simulations of droplets are widely used to investigate various
processes where detailed molecular-level information is required and cannot be easily obtained
from experiments. In the literature, droplet simulations are most commonly associated with studies
of their behavior in electric fields, emulsification processes, droplet break-up, collision and
coalescence, spreading and wetting phenomena, as well as the freezing of water droplets [1-19].

Simulations of phase transitions in droplets using molecular dynamics are relatively scarce
[14, 20, 21]. In particular, phase transitions of alkanes in droplets have not been investigated with
atomistic MD so far. Experimental studies, however, show that droplets, similarly to other micro
and nano confinements, such as porous materials, can strongly influence the phase transition
temperatures, phase formation and stability [22-38]. For example, Huber et al. observed significant
supercooling of alkanes confined in SiO: pores, with the temperature shift approximately
proportional to the inverse mean pore diameter [25]. Confinement was also found to stabilize
intermediate rotator phases that are unstable or only transient in bulk systems [25-27]. Similar
effects have been observed in experiments with alkanes confined in polymeric microcapsules [30,
31] and emulsion droplets [36-38], where confinement and type of surfactant used to stabilize the
emulsion promote the formation of rotator phases and significantly modify the crystallization
mechanism compared to bulk systems [36, 37]. These studies demonstrate that both the geometry
of confinement and the chemical nature of the confining interface strongly affect the phase behavior
of alkanes.

In our previous studies [39-42], we performed atomistic molecular dynamics simulations
to investigate the phase transitions of pure bulk pentadecane and hexadecane (HEX), as well as
systems pentadecane/surfactant(Ci6EO>)/water and hexadecane/surfactant(Ci6sEO)/water with flat
interfaces. Starting from the isotropic liquid phase, we simulated the cooling process and analyzed
the mechanism of crystallization and the structuring of the resulting solid-state configurations. Our
results demonstrated that the developed computational protocol reliably captures the crystallization
process in all studied systems, including the formation, type and stability of rotator phases, and
allows assessment of the effect of chain parity on the crystallization behavior.

The next logical step is to examine the behavior of the molecules when the model system
is a droplet stabilized with the same surfactant. In particular, we aim to investigate the mechanism
of crystallization in hexadecane droplets and to determine whether changes in droplet shape occur
during the phase transition, similar to those observed in experiments [43].

One of the important parameters, allowing meaningful comparison between MD simulation
results and experimental data, is the spherical shape of the droplet. To obtain a spherical geometry,
different authors employ a variety of techniques and methodologies [1-13]. One frequently used



approach for generating spherical model structures is to build the droplet with the package Packmol
[1-4]. Packmol is commonly used to generate initial configurations for MD simulations by packing
molecules into predefined spatial regions. It ensures a random distribution of molecules while
maintaining a user-defined minimum intermolecular distance (tolerance), thus preventing strong
short-range repulsive interactions that could destabilize the simulation.

Another widely used approach is first to construct a system that approximates the desired
droplet composition and simulate it until stable bulk properties are achieved. The resulting system
can then be placed in a larger simulation box and hydrated, leading to the formation of a droplet
that gradually adopts a spherical shape [5-9]. In some studies, the droplet is initially placed on a
surface in a cubic configuration and, even in the absence of surrounding water, it can evolve into
spherical shape during the relaxation and spreading process [10].

Other procedures for droplet construction are also reported in the literature. One approach
involves arranging molecules in an initial face-centered cubic (FCC) configuration, which is
subsequently MD-equilibrated to obtain a liquid droplet [11]. In other simulations, oil molecules
and water are initially placed together in the simulation box, leading to the aggregation of the oil
molecules and to spontaneous formation of a droplet [12]. In some cases, molecules located outside
a predefined spatial region are removed to obtain a structure with the desired geometry [13].
However, since these procedures are often not described in sufficient detail in the published studies,
reproducing or fully understanding the exact droplet-building protocol can be challenging. The
construction of surfactant-stabilized droplets is also an important aspect for MD simulations. In the
literature, three main approaches are typically employed: (1) the surfactant molecules are placed
directly on the droplet surface in the initial configuration [2, 4] (2) individual surfactant monomers
are added to the system and allowed to adsorb onto the droplet surface, or they are initially
positioned as a layer and subsequently migrate and adsorb onto the surface [3, 6, 8, 12], and (3) a
micelle is constructed that subsequently coalesces with the droplet [5, 7].

In the latter two approaches, adsorption is needed, which is a relatively slow process. When
surfactant monomers are used, the formation of a dense interfacial layer can be particularly slow
and difficult to achieve within reasonable simulation times. In addition, this method does not allow
straightforward control over the degree of surfactant surface coverage of the droplet.

In the present work, we develop a new procedure for constructing emulsion droplets that
allows precise control over the number of surfactant molecules placed at the droplet surface and
remains applicable even at very high surface concentrations. A droplet with a diameter d = 15 nm
is constructed and studied under two different temperature regimes: slow freezing (performed in
two steps, from 350 to 300 K, followed by equilibration at 300 K, and then from 300 to 278 K) and

fast freezing (from 350 directly to 278 K). In addition, we devise analysis procedures (described in



the Supporting Information, Section: Analysis procedures) for identifying crystallization processes
in alkane droplets, which are also applicable to droplets composed of other molecules.

The simulations advance the current knowledge by revealing the mechanism of
crystallization both on the hexadecane droplet surface and in the droplet interior, as well as the
associated droplet deformation during freezing. The influence of spherical confinement is assessed.
The obtained molecular-level description provides an explanation of several experimentally
observed features [43], including the formation of rotator phases, droplet deformation, and the

mechanism of freezing.

Materials and Methods

The results presented in this study are based on a droplet model system. The system consists
of 2791 hexadecane molecules and 3000 Ci6(EO): surfactant molecules, hydrated with 409 657
water molecules (Figure 1), resulting in a system containing approximately 2x10° atoms.

The number of surfactant molecules was estimated from the droplet surface area. According
to the experimental data available in the literature [44, 45], the area occupied by a CisEO2 molecule
at the oil/water interface is approximately 0.20 nm?, and this value is adopted in the present work.
The simulated droplet contained 2791 hexadecane molecules and had a diameter of 15 nm,
corresponding to a surface area of approximately 707 nm? Assuming complete interfacial
coverage, this surface area corresponds to 3534 surfactant molecules.

However, the adsorption layer at alkane/water interfaces is known to contain both surfactant
and alkane molecules, with the reported alkane-to-surfactant ratio ranging from 1:2 to 1:4 [45].
Based on the highest surfactant coverage of 1:4, approximately 80% of the available interfacial
sites are expected to be occupied by surfactant molecules, corresponding to 2827 Ci6EO»
molecules. To ensure complete surface coverage of the droplet in the initial configuration, an
additional 5% excess of surfactant was included, resulting in a total of 3000 C1sEO> molecules.

An important advantage of this protocol is that it relies solely on the droplet size and is
therefore readily transferable to droplets of different diameters and chemical compositions.
Consequently, droplets of different sizes can be constructed using the same methodology while
maintaining similar interfacial coverage, thereby enabling direct comparison of their crystallization
behavior.

The droplet is constructed using a multistep procedure. Initially, a cubic simulation box
with dimensions 30 x 30 x 30 nm, corresponding to twice the desired droplet diameter, is generated,
so that a sphere of the target size could be inscribed within the box even after relaxation. The
maximum number of hexadecane molecules that could fit without overlaps or unfavorable contacts
are randomly placed in the box. The enlarged initial box ensures that after equilibration and box

contraction the system will still be larger than the droplet diameter.



The resulting system is energy-minimized, heated to 350 K, and equilibrated for min. 50 ns
in NPT ensemble at 1 bar. The equilibration is continued until the system reaches the density of
bulk hexadecane. If there is no reference density for the particular system, the equilibration is

extended until stable volumetric parameters of the box are obtained.
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Figure 1. Illustration of the procedure to generate the initial configuration of the studied model

droplet; color coding: hexadecane — yellow; Ci16(EO). surfactant — blue; water — cyan.

After equilibration, a spherical region with a diameter of 15 nm is extracted from the
equilibrated system using VMD, yielding a hexadecane droplet of the desired size (Figure 1,
leftmost picture). Care is taken that molecules are not broken. When droplets of different sizes are
required, only the largest system may be simulated using the procedure described above, and
droplets of smaller sizes can be extracted subsequently from this equilibrated configuration.

The obtained spherical droplet is then centered in a larger simulation box. The box size is
chosen based on the size of the surfactant molecules. In the present study, the surfactant is
Ci6(EO)2, with molecular length of approximately 3 nm. In addition, at least 2 nm of water is
required between the droplet and the periodic boundaries to avoid interactions with periodic
images. Consequently, a cubic box of 25 x 25 x 25 nm (15 nm droplet diameter plus ~5 nm from
each side) is used.

The surfactant molecules are added in the second step, using the gmx solvate command to
construct a shell containing the desired number of surfactant molecules around the droplet (2™ step
in Figure 1). The obtained system is then energy-minimized and heated to 350 K to melt the
surfactant layer and smoothen the droplet surface (3™ step in Figure 1). For other surfactants, the
temperature should be chosen so that the surfactant phase remains fluid.

The system is then hydrated with explicit water molecules. During this step, some water
molecules are placed into the droplet interior. In our protocol, these water molecules are removed
using a script in VMD by preserving only water molecules located more than 5 A away from
hexadecane and surfactant molecules, thus retaining the water outside the drop only and removing

entirely the artificially included water inside the hexadecane drop. This correction is performed



only once during the preparation of the initial configuration to obtain a physically realistic starting
system. The droplet, surfactant, and the hydrating water molecules form the final model system
(4™ step in Figure 1).

After construction, the system is energy-minimized and heated to 350 K (where both HEX
and Ci6(EO)2 are in liquid state) at a rate of 1 K.ps™ in the NVT ensemble, followed by a 600 ns
equilibration at 350 K in the NPT ensemble at 1 bar. The equilibration is verified by tracking the
evolution of total energy, temperature, pressure, density, and RMSD of droplet atomic coordinates.

Two different freezing protocols are then applied:

1. Slow freezing: the system is first cooled from 350 K to 300 K at a cooling rate of 1 K.ps™
and equilibrated at 300 K for 600 ns. It is then cooled to 278 K using the same cooling rate
and simulated for additional 500 ns.

2. Fast freezing: the system is cooled directly from 350 K to 278 K using a cooling rate of 1
K.ps™, followed by a 500 ns production simulation.

The final temperature of 278 K is selected based on our previous study [40].

The two protocols were designed to examine the effect of cooling type on crystallization.
In the slow freezing, the droplet surface is expected to freeze first, followed by the droplet interior,
whereas in the fast protocol freezing occurs throughout the entire droplet concurrently. The two
cooling protocols are designed to reproduce the characteristic crystallization processes associated
with slow and fast experimental cooling, rather than to match the absolute experimental cooling
rates, which are beyond the timescales accessible by atomistic molecular dynamics simulations. In
the slow-cooling protocol, the system was first partially cooled from 350 K to 300 K to freeze only
the droplet surface — a situation consistent with experimental observations, in which the surface
freezing precedes bulk crystallization [43]. Relaxing the system at 300 K then allowed the
crystallization to propagate gradually into the droplet interior. The droplet was finally cooled to the
final temperature to advance its freezing. This protocol reproduces the sequence of events expected
during slow experimental cooling. In contrast, the fast-cooling protocol consisted of direct cooling
from 350 K to 278 K, resulting in nearly simultaneous crystallization of the droplet surface and the
drop interior.

Temperature and pressure are controlled using the velocity-rescaling (v-rescale) thermostat
[46] and the Berendsen barostat [47], respectively. Pressure coupling is isotropically maintained at
1 bar. The respective contact times are 0.1 ps and 0.8 ps. The Berendsen barostat was employed to
ensure methodological consistency with our previous simulations of related systems [39-42],
thereby enabling direct comparison of the obtained structural results. Van der Waals interactions
are modeled using a Lennard-Jones potential truncated at 1.2 nm, with a switching function starting
at 1.0 nm. Electrostatic interactions are calculated using the Particle Mesh Ewald (PME) method

[48-50], with real-space interactions truncated at 1.2 nm and a switching function activated at 1.0



nm. A 2 fs time step is used and the equations of motion are integrated using the leap-frog
algorithm. All bonds involving hydrogen atoms are constrained with the LINCS algorithm [51]
while water geometries are fixed with SETTLE [52].

Trajectory data are saved every 200 ps. The CHARMMS36 force field [53] is employed
together with the TIP4P water model [54, 55], both validated in our earlier studies [39-42] and
shown to reproduce experimental data accurately.

All molecular dynamics simulations are performed using GROMACS 2021 [56],
visualization is carried out with VMD 1.9.4 [57] and PyMOL [58]. Data analysis is performed
using built-in GROMACS tools and custom analysis scripts developed in-house [39] (see the SI
for details).

Results and Discussion

Kinetics of crystallization

As a first step in the analysis of the crystallization process of hexadecane, we investigated
the freezing kinetics of the systems upon fast and slow freezing. To determine the fraction of frozen
molecules, the distance between the third and thirteenth carbon atoms (Figure S1) along the
hexadecane chain was calculated for each molecule in every simulation frame. A molecule was
classified as frozen when the C3—C13 distance was > 1.25 nm, corresponding to the fully extended
all-trans conformation of this segment of the alkane chain. The results presented in Figure 2A show
a clear difference in the crystallization kinetics between the two freezing protocols. The system
subjected to slow freezing reaches a higher fraction of frozen molecules compared to the rapidly
cooled system. This behavior is most likely related to the longer relaxation time available during
slow freezing, which allows the molecules to rearrange more efficiently and adopt more favorable
packing configurations.

It is also evident that in both systems the crystallization process has not been fully
completed, as indicated by the remaining, albeit small, slope of the curves. Approximately 15% of
the molecules still do not satisfy the criteria for frozen molecules. These molecules rearrange and
reorient very slowly because they are typically trapped in structural defects or voids between
crystallites. Their incorporation into the crystalline domains requires cooperative molecular
rearrangements and the disruption of the local packing, making this process kinetically slow.
Consequently, the final stage of structural relaxation proceeds over very long timescales. The
simulations were therefore not extended further, as additional sampling would provide only
marginal benefits for the interpretation of the results and the overall conclusions.

To further examine the observed crystallization kinetics and determine which type of

molecules primarily contributes to the process, an additional analysis was performed (Figure 2B).



There, the number of frozen molecules is shown as a function of time for the two molecular species

(hexadecane and surfactant).
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Figure 2. Fraction of frozen molecules as a function of time: (A) for the entire system, slow
freezing (gray: 300 K; green: 278 K) and fast freezing (pink) and (B) shown separately for alkane
molecules (red) and surfactant molecules (blue). The fractions are normalized to the total number
of molecules of the respective type for both freezing protocols.

For the system subjected to slow freezing, during the first stage of cooling down to 300 K,
approximately 65% of the surfactant molecules freeze, while only about 35% of the hexadecane
molecules satisfy the freezing criterion. During the second stage, upon further cooling to 278 K,
additional ~20% of the surfactant molecules and ~50% of the hexadecane molecules freeze. This
behavior suggests that in the first stage the frozen molecules are primarily associated with the
droplet surface, whereas in the second stage crystallization proceeds mainly in the droplet interior.

In contrast, in the fast freezing from 350 K directly to 278 K the curves for hexadecane and
surfactant molecules almost overlap. A slight shift in the hexadecane curve is observed, which is
likely related to the fact that the surfactant molecules freeze somewhat earlier. The shape of the
curves indicates that, under fast freezing, the crystallization of the surface layer and the droplet
interior occurs simultaneously.

To verify these varying mechanisms, a time-average radial analysis of frozen molecules
was performed as a function of the distance from the droplet center. Figure 3 presents heatmaps for
the two temperature regimes: the two stages of the slow freezing — the production simulation at
300 K (after cooling from 350 K) and at 278 K (after cooling from 300 K) — as well as the
production simulation at 278 K for the fast freezing (after cooling from 350 K).

At 300 K (Figure 3A), the periphery of the droplet is already frozen, while the droplet

interior remains liquid. It is also evident that the surface freezes almost immediately, whereas a
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slight delay is observed in the subsurface region. The heatmaps clearly show that the droplet surface
is composed predominantly of frozen surfactant molecules (shown in blue), while the subsurface
layer consists mainly of frozen hexadecane molecules (shown in red). Upon further cooling of this
system to 278 K, freezing gradually progresses deeper into the droplet interior, indicating that
crystallization propagates from the surface toward the center of the droplet. For the fast freezing,
the surface again freezes first. However, the subsequent crystallization occurs almost
simultaneously throughout the entire droplet volume.

This analysis reveals clear differences in the crystallization behavior between the two
freezing protocols, while consistently showing that surface freezing precedes bulk crystallization
of the hexadecane droplet. Such behavior has also been observed experimentally [43, 59]. Previous
studies have demonstrated that the surfactant plays a significant role in surface freezing and
strongly influences the subsequent crystallization mechanism within the droplet interior [36, 37].

Therefore, the next important step was to examine the composition of the droplet surface

and to determine whether it changes after the surface layer forms and freezes.

Effect of temperature on the redistribution and final composition of alkane and surfactant at the

drop surface and in the drop interior

The number of frozen molecules of each type at the droplet surface and in the droplet
interior for the two temperature regimes are summarized in Table 1. The number of surfactant
molecules at the surface is higher at 300 K. However, the number of hexadecane molecules at the
surface is also higher under these conditions. To allow a more meaningful comparison of the surface
composition, the ratio between the number of surfactant and hexadecane molecules is calculated.
The results show a noticeable difference between the two freezing protocols. For the system
subjected to slow freezing, the surfactant-to-alkane ratio at the surface in the final frame of the
trajectory at 278 K 1s 1.9, whereas for the rapidly cooled system it is 2.1.

To verify whether these differences could arise from fluctuations related to the dynamic
nature of the interface, where adsorption and desorption processes may still occur even after surface
freezing, the system is analyzed every 100 ns and block averages are calculated. The results show
that the mean values remain statistically different within the standard deviations, 1.9+0.0 and 2.1,
+0.1 respectively, see Table 1.

It is also important to note that the surface of the slowly frozen system contains 293 more
molecules in total (112 surfactant and 181 hexadecane molecules) compared to the rapidly
crystallized one. This difference, as well as the different surfactant-to-alkane ratios at the interface,
1s most likely related to the different relaxation times available for surface restructuring. In the slow

freezing, the system has approximately 600 ns to form and reorganize the surface before the droplet



interior undergoes a phase transition. Moreover, this occurs at the relatively higher temperature of

300 K, where molecular mobility is greater and rearrangements are easier.
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Figure 3. Heatmaps corresponding to the three production simulation stages: (A) at 300 K (after
cooling from 350 K), (B) at 278 K (after cooling from 300 K), and (C) at 278 K (after cooling from
350 K). The heatmaps include only molecules classified as frozen. Frozen surfactant molecules are
shown in blue and frozen hexadecane molecules — in red.
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Comparison of the two stages of the slow freezing shows that once the surface layer is
formed, its composition remains approximately constant despite the presence of interfacial
dynamics and ongoing adsorption-desorption processes. This suggests that the observed
composition represents a near-equilibrium and energetically favorable surfactant-to-alkane ratio

for this system.

Table 1. Number of surfactant and hexadecane molecules at the surface and in the bulk; mean
values with standard deviations from block averaging are summarized

300 K 278 K (from 300 K) | 278 K (from 350 K)

Core Shell Core Shell Core Shell
C16E02 993+21 | 2007+21 | 543+14 | 2458+14 | 654166 | 2346+66
HEX 1768+19 | 1023+19 | 1484424 | 1307+24 | 1665+43 | 1126+43
C16E02/HEX ratio| 0.4+0.0 2.0+0.0 0.4+0.0 1.9+0.0 0.4+0.0 2.1+0.1

In contrast, in the fast-freezing regime crystallization of the surface and the droplet interior
occurs almost simultaneously. As a result, the surface has less time to reorganize, and the lower
temperature further reduces molecular mobility, making molecular reorientation slower and more
difficult. These observations clearly indicate that the freezing protocol plays an important role not
only in determining the surface composition but also in controlling the packing efficiency of the
molecules at the droplet interface. The importance of the cooling rate has also been clearly
demonstrated experimentally [43].

Although the specific numerical values reported here are system-dependent and should not
be regarded as universal, the influence of the cooling rate on molecular ordering and the resulting
crystal structures represent a much more general phenomenon. This qualitative trend is fully

consistent with the available experimental data [43].

Freezing mechanism

Since the cooling protocol plays an important role in both the crystallization kinetics and
the surface composition, the next logical step is to investigate the crystallization mechanism under
the two temperature regimes and to determine whether there are differences as well.

As already observed from the kinetics of the number of frozen molecules, the droplet

surface freezes first under both cooling regimes. The first question we address is how crystallization
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at the surface begins: whether it starts from a single nucleus that subsequently grows and spreads
along the surface, or multiple nuclei form simultaneously.

Figure 4A presents snapshots of the initial stages of crystallization for both temperature
regimes. It is clearly seen that crystallization of the Cis(EO)./hexadecane droplet starts
simultaneously from multiple independent nuclei distributed along the droplet surface. In all cases,
the first ordered molecules are surfactant molecules, which subsequently serve as templates for the
ordering of additional surfactant, as well as hexadecane molecules.

From a mechanistic point of view, the crystallization process starts via the rapid formation
of numerous independent surface nuclei separated by fluid regions. These nuclei subsequently
grow, as additional molecules incorporate into the ordered structures. When two growing
crystallites meet, two scenarios are observed: they either merge into a larger crystallite or remain
separated by a defect region.

The next step was to examine how crystallization starts in the droplet interior and whether
the frozen surface induces crystallization in the bulk. Figures 4B and 4C show snapshots illustrating
the formation of the first crystallites in the droplet interior for the two freezing regimes.

For the slow freezing (Figure 4B), one crystallite forms already at 300 K, directly beneath
the surface. After 4 ns, two independent crystallites appear, which subsequently merge into a single
larger crystallite. Additional crystallites appear at 8 ns, 12 ns, and 20 ns. These crystallites form
independently and are typically located close to the droplet surface.

In the fast freezing (Figure 4C), four crystallites appear almost simultaneously. Two of them
later merge into a larger crystallite that eventually spans the entire droplet. Additional crystallites
appear at 36 ns and 40 ns. As in the slow freezing, crystallites form independently and most often
originate close to the droplet surface. The crystallites also exhibit different orientations with respect
to the surface, which will be discussed in more detail in the following section.

It is important to note that crystallization in the droplet interior always starts from surfactant
molecules, regardless of the cooling regime. This phenomenon has also been observed in our
previous simulations [40-42], which indicates that the surfactant plays a crucial role by acting as a
nucleation site for crystallization. In other words, the crystallization process advances through
heterogeneous nucleation induced by the surfactant molecules.

This interpretation is consistent also with our previous simulations of surfactant-free alkane
systems [40], in which crystallization proceeds via homogeneous nucleation, whereas in surfactant-
stabilized droplets nucleation consistently initiates at the surfactant-covered interface.

Another important observation is the deformation of the droplet during the slow freezing.
Such deformation has also been reported experimentally and is commonly associated with the
formation of rotator phases [45, 60]. Experimental studies suggest that surface freezing takes place

first and that the subsequent deformation of the droplet requires the formation of multilayers of a
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plastic rotator phase [61]. A single molecular layer is generally considered insufficient to overcome
the capillary pressure that maintains the spherical shape of the droplet.

300 K-278 K 350 K-278 K
(A)
300 K-278 K
B8
4
R
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0 ns 0 ns 2 ns 4ns 6 ns
A
B4
8 ns 10 ns 12 ns 18 ns 20 ns (B)
350 K-278 K
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B5 N\ / BS \ B7
Bl —> )
ARy B? .
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different recourse

Figure 4. Snapshots illustrating the initial stages of crystallization: (A) on the droplets surfaces,
(B) in the droplet interior for the system subjected to slow freezing, and (C) in the droplet interior
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for the system subjected to fast freezing. Surfactant molecules are shown in blue, hexadecane
molecules — in red. Bulk crystallites are labeled B# and correspond to the crystallites shown in
Figure 5.

However, in our simulations, droplet deformation is observed already when only the surface
layer is frozen, while the droplet interior remains liquid (with the exception of the early crystallite
forming beneath the surface). This suggests that in nanoscale droplets a single ordered surface layer
may already be sufficient to induce deformation.

One possible explanation for this discrepancy is the much higher surface-to-volume ratio
in the smaller nanodroplets simulated in the current study. Experimental droplets typically have
diameters of the order of micrometers, whereas in the present study the droplet diameter is 15 nm.
The bending elasticity required to overcome the capillary pressure Kg>yr> where v is the oil-water
interfacial tension (y = 2 to 10 mN/m is taken in this study as a typical value [43]) and r is the
droplet radius. For micrometer-sized droplets, this ratio yields values of approximately 107! to
10714 J, which are several orders of magnitude larger than the bending constant of frozen surfactant
monolayers 10 ¥ to 10717 J [45,62, 63, 64,65]. In contrast, for nanometer-sized droplets, such as
those studied here, the required bending constant is significantly smaller: 10'°to 10'*J. Therefore,
while multilayers of plastic rotator phase may be necessary to deform micrometer-sized droplets,
in nanoscale droplets the formation of a single ordered surface layer should already be sufficient
to induce deformation, as shown also experimentally [45]. Based on these general considerations,
the single-layer deformation effect should be valid also for such small oil droplets with different
alkane/surfactant compositions.

As a next step, we investigated the crystallization mechanism in more detail. In particular,
we determine the orientations of the different crystallites, the origin of each crystallite, the shape
of the droplet surface, and the number of crystallites or surface planes forming the droplet shape.
To perform this analysis, it was necessary first to determine the number of crystallites present in
each system and identify which molecules belong to a given crystallite.

Figure 5A and B present snapshots from the final frame of the simulations for the two
temperature regimes. In the first row of both panels, the crystallites forming the droplet surface are
shown and labeled as S followed by a number, while the crystallites located in the droplet interior
are shown below and labeled as B followed by a number. It can be clearly seen that in both droplets

the surface consists of five crystal planes, which define the final droplet shape.

For the slow cooling protocol, 12 crystallites are present in the C16(EO)2/hexadecane droplet
interior at the end of the simulation, whereas only 8 crystallites are observed after fast cooling.
While these numbers are specific to the present system, they illustrate a more general difference in
crystallization Kinetics. Fast cooling produces many nuclei within a short time interval, leading to
early impingement between growing crystallites, which restricts subsequent nucleation, growth,
and structural reorganization. Under slow cooling, nucleation is spread over longer time, allowing

14



additional crystallites to develop before impingement occurs. Consequently, the final number of

crystallites is higher for the slow cooling protocol.
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Figure 5. Snapshots of the final frame illustrating all crystallites: (A) slow freezing and (B) fast

freezing. Surface crystallites (top) are labeled S#, and bulk crystallites (bottom) B#. Each crystallite
is assigned a unique color, consistently used throughout all subsequent figures.

The variation from rod-like to plate-like crystallite morphologies is attributed to directional
growth constraints imposed by neighboring crystallites. Blocking of lateral growth favors

elongation into a narrow rod-like structure, whereas restriction of longitudinal growth, while lateral

expansion remains possible, results in a broader plate-like morphology.
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Both droplets exhibit a triangular prism-like shape, although the droplet obtained with the
slow freezing has a more regular geometry and smoother surfaces. This observation is consistent
with the longer relaxation time available for the formation and reorganization of the surface before
crystallization begins in the droplet interior. It is shown experimentally that the final droplet
morphology depends on the surfactant, alkane, and cooling rate. For the CisEO2/hexadecane
system investigated here, our previous experimental studies report polyhedral particles [43, 45].
Although some surfactant/alkane systems may evolve into rod-like or fibrous morphologies, such
transformations occur under much slower cooling conditions than those accessible by atomistic
molecular dynamics simulations. Therefore, the polyhedral morphology observed here is consistent
with the experimental observations for this system and the timescale limitations of the simulations,
which reveal only the initial shapes formed upon freezing.

After determining the number of crystallites in each system, we analyzed the number of
droplet surfaces in contact with each bulk crystallite in the final configuration. It should be noted
that contact with a surface does not necessarily imply that the crystallite nucleated at the surface;
it may also nucleate in the interior and later grow until it touches one or several surfaces.

61 I 300K-278K
[ ]350K-278K

1 2 3 4 5
Number of neighbouring surfaces

Figure 6. Histogram of the number of neighboring surface planes per crystallite: slow freezing
(green) and fast freezing (pink).

Figure 6 summarizes the number of neighboring surfaces in contact with each bulk crystallite
formed in the two simulated droplets. Owing to the limited number of crystallites, these data should
be interpreted as a qualitative comparison rather than a statistically representative distribution. In
the slow-cooling simulation, crystallites most frequently contact a single neighboring surface,
whereas contacts with three neighboring surfaces are less common, followed by contacts with two
surfaces. Contacts with four or five neighboring surfaces are observed only occasionally. In
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contrast, the fast-cooling simulation shows a different trend, with crystallites most frequently
contacting two neighboring surfaces, while contacts with three or four neighboring surfaces occur
less often. Notably, no crystallite in the fast-cooled system contacts a single neighboring surface,
whereas this is the most common configuration in the slow-cooled system. This qualitative
difference is consistent with the more simultaneous growth and earlier impingement of crystallites
during rapid cooling.

The number of surfaces in contact with a crystallite can correspond to several possible
geometric configurations. A crystallite contacting one surface may either terminate within the
droplet interior or grow along the surface without reaching its edges. If a crystallite contacts two
surfaces, several configurations are possible: it may grow along a surface and reach one of its edges,
it may be oriented along the boundary between two surfaces, or it may span the entire droplet and
contact two opposite surfaces. For three adjacent surfaces, the crystallite may extend along one
surface and reach both of its edges, nucleate near the intersection of three surfaces (at the frozen
droplet vertices), or contact one surface and an adjacent edge. Crystallites contacting four or five
surfaces typically involve intersections with edges and often extend across the droplet toward an
opposite surface.

The presence of crystallites contacting multiple surfaces and the occurrence of higher
numbers of neighboring surfaces (four or five) suggest that the crystallites in the droplet interior
adopt a wide range of orientations. These crystallites appear to support the droplet surfaces in a
scaffold-like manner, which could contribute to the stabilization of the observed droplet
deformation.

To further clarify the crystallization mechanism and determine whether the droplet surface
induces crystallization in the interior, as well as to quantify the mutual orientation of crystallites,
additional analyses were performed.

As a first step, we determined the angles between the planes of pairs of surface crystallites.
The angle between two crystallites was defined as the angle between the normal vectors of the best-
fit planes calculated for each crystallite. The plane-fitting procedure is described in detail in Ref.
[39]. The reported values correspond to time-averaged angles. The results are summarized in Table
2. For the slow freezing, the surfaces that do not share a boundary are surfaces 4 and 5, which are
positioned opposite each other. In the fast-freezing case, the opposite surfaces are 2 and 3. In both
systems, these opposite planes are nearly parallel, forming small angles (up to 30°) with respect to
each other. The deviation from perfect parallelism is slightly larger for the fast freezing, most likely
due to the shorter relaxation time available for surface restructuring.

The remaining surface pairs form significantly larger angles, which in most cases are either
close to 60° or to 90°, indicating that the drop shape resembles that of a vertical prism with
triangular bases. This configuration implies that the surfaces intersect rather than bend
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continuously. Such an arrangement explains how the droplet can form sharp edges without
requiring large bending energies that would normally be associated with highly curved interfaces.
Instead, the studied system achieves this geometry through the intersection of nearly planar surface
domains, thus avoiding large energetic penalties.

Table 2. Angles between pairs of surface planes. Values for non-adjacent (opposite) faces are
highlighted in brown.

300K->278K
Surface Surface
1 2 3 4 5
1 - 56.9+0.4 56.7+0.4 75.5+£0.6 86.8+0.5
2 -- 68.9+0.4 88.5+0.4 77.7£0.4
3 - 88.6+0.5 82.5+0.4
4 - 18.3+0.5
5 -
350K->278K
2 3 4 5
1 - 71.5+0.9 84.7 £0.7 60.5 £0.5 53.8+£0.5
2 - 30.2 £0.5 85.8 £0.5 89.1 £0.5
3 -- 66.1 +0.4 89.5 0.4
4 - 68.7 £0.3
5 -

A few smaller angles between surfaces are also observed, which are most likely related to
the system adjusting toward an energetically favorable overall droplet shape. Despite the fact that
the surfaces appear somewhat rougher and less regular in the rapidly frozen system, the overall
droplet geometry obtained under both cooling protocols is essentially the same. This result suggests
that the observed shape represents a preferred equilibrium morphology for this system.

Experimentally, regular droplet shapes have been reported, together with subsequent
transformations into other morphologies during further evolution of the system [43]. In the present
simulations, however, no such additional transformations are observed. This is most likely due to
the relatively short simulation time, combined with fast cooling protocols, compared to
experimental conditions, where longer observation times and slower cooling rates allow the system
to evolve further along the morphological transformation pathways.

The next step was to determine whether the droplet surface induces crystallization in the

droplet interior. To address this question, we performed a detailed analysis of all crystallites that

18



were found to be in contact with a given surface. Using visual inspection of the trajectories, we
determined whether each crystallite originated from the respective surface. For crystallites
contacting more than one surface, this analysis was performed for each surface pair.

Figures 7A and 7B show each surface together with the bulk crystallites originating from
it. For the slow freezing (Figure 7A), the two crystallites stemming from surface S1 grow almost
perpendicular to it, whereas for S2 configurations parallel to the surface are also observed. For
surface S5, orientations corresponding to angles different from those close to 0° or 90° are also
possible. A similar behavior is observed for the fast freezing.

Nevertheless, visual inspection of the snapshots suggests that crystallites preferentially
adopt orientations close to perpendicular to the droplet surface. To further examine this observation,
histograms of the crystallite orientation angles were constructed for both systems (Figure 7C).
Although based on a limited number of crystallites, the data consistently indicate that orientations
above approximately 70° are the most frequently observed, whereas smaller orientation angles
occur considerably less often.

An interesting qualitative difference between the two cooling protocols is that, in the slow-
cooling simulation, crystallites with orientation angles between 0° and approximately 60° are also
observed, while such configurations are very few under fast-cooling conditions. The occurrence of
smaller orientation angles during slow cooling may be promoted by the better ordering of the
surface layer. In contrast, the less ordered and rougher surface formed during fast cooling may
suppress crystallite orientations closer to parallel with the droplet surface. Overall, the present
simulations suggest that orientations close to perpendicular to the droplet surface are favored,
whereas parallel or near-parallel orientations appear only under specific crystallization conditions.
This observation contrasts with the commonly assumed preferential parallel alignment invoked in
some proposed mechanisms of droplet deformation [43] and is consistent with previous studies
suggesting that crystallites may adopt orientations closer to perpendicular to the droplet surface
[37].

The values of the angles for each pair of crystallites, together with the corresponding
standard deviations, calculated over the last 100 ns of the simulations, are presented in Table S1.
The standard deviations are relatively small, indicating that the orientations of the crystallites
remain stable over time. This stability is most likely related to the fact that the crystallites interlock
with one another, forming a mechanically robust, rod-like network. Such an intertwined structure
effectively acts as a scaffold, which further contributes to the stabilization of the
Ci6(EO)2/hexadecane droplet shape.

In our analysis, we found for both systems that only one crystallite nucleates in the bulk
(8.3 % for slow and 12.5 % for fast freezing), whereas all others originate at the surface. On the
other hand, 50.0 % of the crystallites in the slow freezing and 62.5 % in the fast freezing nucleate
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from a single surface, which is a similar probability in the framework of the stochastic process
considered.
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Figure 7. Angles between surface planes and the crystallites originating from them. (A, B) Final-
frame snapshots showing crystallite orientations. (C) Angle distribution histogram: slow freezing
(green) and fast freezing (pink).

It was also interesting to examine whether bulk crystallites could nucleate simultaneously

from two neighboring surface crystallites. Our analysis shows that for the system subjected to the
slow freezing, five crystallites (approximately 41.7 % of the bulk crystallites) originate from the
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edge between two surface planes. In contrast, for the fast freezing only two crystallites (about 25.0
% of the bulk crystallites) nucleate at such surface edges.

This difference may be related to the better ordering of the surface at 300 K in the slow
freezing, which likely allows better molecular packing at the edges between surface planes and
thus facilitates subsequent crystallization. In all such witnessed cases, however, it is evident that
the edges between surface planes represent preferred nucleation sites. Most often, the crystallite
originates perpendicular to one of the surfaces and grows along the other. This behavior may be
attributed to the fact that edges possess different energetic characteristics compared to the planar
regions of the surface, which can promote nucleation processes. This observation is consistent with
classical nucleation concepts, according to which edges and surface irregularities often act as
energetically favorable sites for heterogeneous nucleation due to the reduced free-energy barrier
compared to flat surfaces [66, 67]. Sear et al. [67] have shown that defects forming perpendicular
angles can have a significant effect on the crystallization barrier. Similar angular features are
observed in the deformed droplets obtained in our simulations. On the other hand, these surface
edges and the crystallites nucleated beneath them most likely play an important role in the
subsequent droplet deformation and may influence the pathway along which the droplet evolves
through the sequence of shapes observed experimentally [43].

As a side note, when two or more crystallites approach each other in the bulk, the most
proximate molecules rearrange significantly to allow merging in a final larger crystallite.

After investigating the crystallization mechanism in detail, we next examined the type of
phase formed in the different crystallites and whether it depends on the cooling protocol.

Crystallites phase state

In our previous studies [39-42], we have highlighted the fraction of gauche defects as a
very sensitive parameter for distinguishing between the different phases (isotropic liquid, rotator
phase, rotator to crystalline transition, and crystalline phase) in alkane-containing systems.
Therefore, we analyzed the ratio of gauche defects for the entire drop as well as for each crystallite
individually.

The kinetic curves of the gauche defect fraction as a function of time are shown in Figure
8. For the slow freezing, a slight decrease in the number of gauche defects is observed at the
beginning of the simulation, from approximately 36 % to 26 %, which is most likely associated
with the freezing of the droplet surface. However, since the droplet interior remains fluid, the
overall fraction of gauche defects remains relatively high, close to values typical for a liquid phase.
Upon further cooling, a sharp transition is observed. At approximately 670 ns, the rapid decrease
stops and the system reaches a value of about 14 % gauche conformations, which is characteristic
of a rotator phase [42].
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Figure 8. Fraction of gauche conformations as a function of time for the two freezing protocols:
slow freezing (gray: 300 K; green: 278 K) and fast freezing (pink).

For the fast freezing, the Kinetics is somewhat different. In the initial stage, a sharp decrease
is observed again. However, the steep reduction ends around 65 ns, after which a much slower
decrease is observed, starting from approximately 17 % gauche conformations. Throughout this
gradual decrease, the values remain within the range typical for a rotator phase.

In both systems, the initial relaxation lasts for approximately 70 ns, after which a second
stage follows with a milder slope and a duration that differs between the two freezing protocols.
With both freezing protocols, a significant number of gauche defects remains at the end of the
simulation (12 % for the 300-278 K protocol and 11 % for the 350-278 K protocol), indicating
that the systems persist in a rotator phase.

This result is particularly important because it highlights the fundamental difference in the
phase stability under micro- and nano-confinement compared to bulk systems. Experimental
studies have shown that for bulk hexadecane only a transient rotator phase is observed, whereas
under confinement (e.g., in pores) this phase becomes thermodynamically stable, being registered
both during cooling and heating [26]. The results obtained here are therefore in very good
agreement with the experimental observations [26, 36, 37].

To determine the phase of each crystallite individually and to examine whether significant
differences exist in the fraction of gauche conformations (i.e., whether different crystallites are at
different stages of crystallization), we analyzed the fraction of gauche defects separately for each
crystallite.

The results (Table 3) show that the surface crystallites (surface planes) in both systems
exhibit values between 5.3 % and 7.2 % gauche conformations. For the slow freezing, the

crystallites feature lower values, with an average of 5.5 %, which is already close to the transition

22



toward a more ordered crystal state [42]. This result indicates that the system is further ahead along
the crystallization pathway compared to the rapidly cooled system, for which the average value is
6.6 %. The mean values (5.5 £ 0.2 and 6.6 + 0.5) are statistically different (two-tailed Student's t-

test, n=35, p=0.01), which confirms the trends observed in the previous analyses.

Table 3. Percentage of gauche conformations evaluated individually for each crystallite.

Gauche, %
Crystallite
number 300-278K 350-278K
Surface Core Surface Core

1 5.5 8.8 7.2 12.0
2 53 8.2 6.5 10.5
3 5.5 10.2 6.5 7.4
4 5.9 9.2 6.8 8.7
5 5.5 7.9 5.7 10.7
6 10.7 7.6
7 7.7 8.9
8 7.3 10.2
9 10.9
10 11.7
11 7.7
12 13.2

Average 5.5+0.2 9.4+1.9 6.60.5 9.5£1.6

The bulk crystallites contain higher fractions of gauche defects in both systems, which is
expected. On the one hand, bulk crystallites appear later in the crystallization process and, on the
other hand, micro- and nano-confinement is known to stabilize the rotator phase [26, 36, 37].
Interestingly, no significant difference is observed in the average values of the bulk crystallites
between the two systems. This observation further confirms the stabilizing effect of confinement
on the rotator phase, independent on both the relaxation time and the degree of surface ordering.

Based on the fraction of gauche defects, the structures appear to be in a rotator phase.
However, to verify whether the molecular ordering and structure indeed correspond to a rotator or

crystalline phase, additional analyses were performed.

Rotation about the second principal axis
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Specifically, we analyzed the P» order parameter and the radial distribution functions
(RDFs) of the different crystallites formed both at the Ci6(EO)2/hexadecane droplet surface and in
the droplet interior. These results were compared with those obtained for reference systems,
namely, a model triclinic phase and a model rotator phase R; (which rapidly transforms in bulk
systems toward the triclinic phase and therefore represents an intermediate Ry — T structure) of
hexadecane, both of which were studied and analyzed in detail in our previous work [40].

Figure 9 presents the P2 Jaccard indexes (see SI for details) for all investigated crystallites
with respect to the two reference model systems. As can be seen, both surface and bulk crystallites
show better agreement with the rotator phase than with the triclinic phase.

A comparison of the surface crystallites for the two freezing protocols (Figure 9A and C)
reveals notable differences. For the slow freezing, three crystallites reach values of approximately
0.7, one is around 0.6, and one exhibits very low indices. This is an indication of low similarity to
either of the reference systems. In contrast, for the fast freezing, one surface crystallite is more
similar to Ry — T transition, with a value exceeding 0.8, three exhibit values around 0.6, and again
one crystallite shows low similarity indices.

It is instructive to relate these observations to the geometry of the droplet. For slow freezing,
similar values are observed for the two bases and one lateral face of the triangular prism, while the
remaining two faces show lower indices. For fast freezing, a similar trend is observed, with the two
bases and one side showing comparable values, while the other two faces differ significantly—one
being closer to the rotator phase, and the other with low indices.

Most of the bulk crystallites (Figure 9B and D) exhibit relatively low Jaccard indices with
respect to both reference systems, although they remain closer to the rotator phase. Only a few
crystallites show higher values— crystallite 8 in the slow freezing and crystallites 3 and 6 in the
fast freezing. Crystallite 8 (slow freezing) starts to form early, already at 300 K, and is oriented
parallel to the adjacent surface (S2) from which it originates. In contrast, crystallite 3 (fast freezing)
nucleates at the edge between surfaces 1 and 5 and is oriented nearly perpendicular to them. This
is also the only crystallite exhibiting comparable similarity to both the triclinic and rotator reference
phases.

The relatively low Jaccard indices indicate that the crystallites do not closely match either
reference structure. While this is expected for the triclinic phase, the moderate similarity to the
rotator reference requires further consideration. A likely explanation lies in the nature of the
reference system itself. The model rotator phase was constructed as an RI phase, which is unstable
in bulk hexadecane and rapidly evolves toward the triclinic phase during equilibration [40].
Consequently, the reference configuration represents an intermediate RI—T structure rather than a
fully developed rotator phase. In contrast, under confinement the rotator phase is expected to be

stable [26, 36, 37], and the crystallites observed in the present study are therefore likely closer to
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an ideal confined rotator phase than to the bulk RI—-T reference structure. This difference is
expected to reduce the absolute Jaccard indices. Therefore, the Jaccard analysis should be
interpreted as a measure of relative structural similarity rather than as a strict phase assignment.
Within this framework, all crystallites consistently exhibit greater similarity to the rotator reference

than to the triclinic reference, supporting a predominantly rotator-like local structure.

| Triclinic 300 K-278 K P, surface crystallites ] Triclinic 300 K-278K P, core crystallites
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Figure 9. P> Jaccard indices quantifying the similarity of the model systems to the crystalline and
rotator phases: (A) surface crystallites (slow freezing), (B) bulk crystallites (slow freezing), (C)
surface crystallites (fast freezing), and (D) bulk crystallites (fast freezing). Data relative to the
triclinic phase are shown in black, while those relative to the R; — T transition are shown in green.
The numbers on the abscissae are the crystallite numbers as introduced in Figure 5.

On the other hand, by examining the P profiles of the individual crystallites (Figures S2—

S5), it is possible to assess whether the structures correspond to a rotator or crystalline phase even

without direct comparison to the reference systems.
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From Figures S3 and S5, it is evident that most surface crystallites exhibit a similar profile,
characterized by a central peak with broadened side lobes, the extent of which varies between
crystallites. Notably, crystallite 2 (slow freezing) and crystallite 4 (fast freezing) display distinctly
different profiles. A profile similar to that of crystallite 4 has been observed in our previous studies
[40] and is typically associated with structural transformation or transition toward another phase.
In contrast, the profile observed for crystallite 2 (slow freezing) is unusual: it shows comparable
probabilities at 0° and +90°, and lower probability at —90°, which has not been observed previously
in this form. Earlier, we have witnessed profiles with a dominant central peak at 0° and weaker
satellite peaks around +£90°. The current profile most likely indicates the coexistence of two phases,
whose preferred orientations are approximately perpendicular to each other.

Analysis of the bulk crystallites (Figures S2 and S4) shows that, although the profiles differ
in terms of the number of peaks and their degree of broadening, most of them are characteristic of
a rotator phase. The only exceptions are crystallite 8 (slow freezing) and crystallites 3 and 6 (fast
freezing), which exhibit distinct profiles. This observation is consistent with the P> Jaccard indices:
the higher similarity indices for these crystallites likely arise because they are more advanced along
the crystallization pathway and are thus closer to the intermediate Ry — triclinic (R; — T) structure.
In contrast, the remaining crystallites exhibit profiles typical of a rotator phase, which explains
their lower similarity to the reference system, as they have not yet begun transitioning toward the

triclinic phase.

Intermolecular packing assessed by radial distribution functions

A similar analysis was performed using the radial distribution functions in order to evaluate
the structural similarity of the different crystallites with respect to the model reference systems.

As in the case of the P2 analysis, the majority of crystallites exhibit higher similarity to the
rotator phase than to the triclinic phase. However, the corresponding Jaccard indices are
significantly higher (Figure 10). In particular, all surface crystallites show nearly identical indices,
with values of approximately 0.7 relative to the rotator phase, Figure 10A and C. This result
indicates that the molecular packing within these crystallites is closer to that of the rotator phase
than to the triclinic structure and this conclusion is further confirmed by the individual RDF profiles
of the different crystallites (Figures S7 and S9).

A similar trend is observed for the bulk crystallites, seven of which exhibit values around
0.7, indicating a high degree of structural similarity (Figures 10B, 10D, S6 and S8).

Overall, this analysis confirms that the majority of crystallites are in a rotator phase and

possess a lattice resembling that of the model Ry phase.
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Figure 10. RDF Jaccard indices quantifying the similarity of the model systems to the crystalline
and rotator phases: (A) surface crystallites (slow freezing), (B) bulk crystallites (slow freezing),
(C) surface crystallites (fast freezing), and (D) bulk crystallites (fast freezing). Data relative to the
triclinic phase are shown in black, while those relative to the Ry — T transition are shown in green.

The numbers on the abscissae are the crystallite numbers as introduced in Figure 5.

Conclusions

The present work provides a detailed atomistic molecular dynamics investigation of the
crystallization of surfactant-stabilized hexadecane droplets in water. A novel general procedure for
spherical droplet construction is introduced, which enables controlled variation of the surface
coverage with surfactant molecules. A model of ca. 2 000 000 atoms is simulated with two cooling
protocols, employing a computational procedure developed in our previous studies [39-42], which
may be generally applied to describe freezing phase transition in alkane-containing systems.
Herein, the effect of spherical nano-confinement is traced.

In addition, the crystallization mechanism is elucidated in detail at the molecular level.

Crystallization is found to initiate stochastically along the entire droplet surface, through the
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formation of multiple independent nuclei, followed by crystallization in the droplet interior. Under
a slow freezing protocol, a larger fraction of the system reaches the solid state, with crystallization
progressing from the surface toward the drop center. In contrast, under fast freezing, a somewhat
higher fraction of molecules remains disordered, as they become trapped between growing
crystallites, hindering their rearrangement. In this case, crystallization occurs almost
simultaneously throughout the droplet volume.

The surface composition depends on the freezing protocol, due to differences in the
relaxation time, with the rapidly freezing system gradually evolving toward the structure obtained
upon slow freezing. In the core, crystallization typically initiates near the surface, and within
approximately 20 ns, multiple crystallites form independently.

The surface crystallites define a triangular prism-like droplet shape, which is more regular
upon slow cooling and more irregular upon fast cooling, due to insufficient time for relaxation.
Crystallization is predominantly surface-induced, with nucleation occurring either at surface planes
or at their edges. The angles between bulk crystallites and the adjacent surface planes are typically
greater than 70°, indicating that the surface acts as a nucleation center rather than a structural
template.

Both surface and core crystallization proceed via heterogeneous nucleation, consistently
initiated by surfactant molecules. All crystallites, both at the surface and in the core, remain in a
rotator phase over extended simulation times (> hundreds of ns) which is in agreement with the
observed droplet deformation, a phenomenon expected to occur only in the presence of a rotator
phase [43]. This result highlights a fundamental difference in phase behavior: while the rotator
phase in bulk hexadecane is transient and rapidly transforms into the triclinic phase, it is stabilized
under confinement within droplets, in correspondence with experimental observations.

While the quantitative values reported here are specific to the investigated system and
simulation conditions, the simulations provide qualitative mechanistic insights into stochastic
nucleation, the influence of the cooling protocol on molecular ordering, and surface-induced
crystallization in surfactant-stabilized droplets. Although additional simulations involving a
broader range of systems are required to establish the generality of these observations, the trends
identified in this work are consistent with our previous simulations [39-42] and with available

experimental observations [43-45].
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