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ABSTRACT: Surfactant-free microemulsions (SFMEs), formed
in mixed ternary systems such as water/ethanol/oil, have garnered
substantial interest due to their unique properties and broad
applications in areas such as enzyme-catalyzed reactions and
nanoparticle synthesis. In this work, we conducted an in-depth
investigation of the spontaneous nucleation and stabilization
mechanisms of SFMEs, employing experimental techniques,
molecular dynamics (MD) simulations, and Flory—Huggins (F—
H) theory. The formation of multiscale nanostructures (character-
istic scales of ~1 and ~100 nm) and their interfacial charging
characteristics in SEMEs have been revealed experimentally. MD
simulations investigated the structure and stability on the
microscopic scale, enhancing our understanding of molecular
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interactions within these microemulsions. Our theoretical analysis revealed that the stability of mesoscopic nanodroplets within
SFMEs hinges on a delicate balance between mixing entropy and internal energy. Equilibrium between these energies results in
stable nanodroplet solutions, showcasing a delicate balance that can be manipulated by adjusting the volume fractions of the
components and their interaction parameters. This research not only advances the theoretical understanding of SFMEs but also
highlights their potential in industrial applications, emphasizing the importance of integrating theoretical and experimental

approaches to develop functional nanostructured materials.

B INTRODUCTION

Microemulsions, characterized as thermodynamically stable,
isotropic, and transparent dispersions, are fascinating systems
consisting of at least two immiscible fluids—typically a polar
water phase and an apolar oil phase—stabilized by surfactants
or amphiphilic compounds.'~” These surfactants possess a
dual nature with hydrophilic heads and hydrophobic tails,
allowing them to efficiently position themselves at the interface
between oil and water phases.””” Their strategic arrangement
forms structured films that critically stabilize the micro-
emulsion, leading to diverse morphologies such as oil-in-
water (O/W), water-in-oil (W/O), and bicontinuous (BC)
structures, corresponding to the Winsor I, II, and III types of
classical Winsor classifications, respectively.'’

Extensively documented in the literature, surfactant-based
microemulsions (SBMEs) are well recognized for their
versatility and applicability across a range of industrial and
scientific processes. However, a less explored variant of these
systems is the surfactant-free microemulsions (SFMEs), which
emerge from ternary mixtures involving oil, water, and a
hydrotrope (such as ethanol), typically."'~"> Hydrotropes,
differing from traditional surfactants, usually have smaller
nonpolar tails and lack the ability to self-assemble into micelles
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or ordered films at the water/oil interface.''” Instead, they
improve the solubility of hydrophobic substances in aqueous
solutions through the formation of dynamic clusters, leveraging
hydrogen bonds with water molecules and showing strong
functional similarities to cosolvents on both nano- and
macroscales.'®

To the best of our knowledge, SEME with W/O structure
was first discovered in the ternary system of oil/water/n-
propanol by Smith et al.'” And they have been variously
described in research as pre-ouzo phenomena,”””" detergent-
less microemulsions,”>*® surfactant-free microemulsions
(SEMEs),**** or ultraflexible microemulsions (UFMEs),®
highlighting their distinct nature and the broad scope of their
theoretical and practical implications. Unlike SFMEs, kineti-
cally frozen mesoscale microdroplets such as mesoscale
solubilization'**"~* and micellar-like structural fluctuations™’
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have also been widely discussed and considered widespread. In
addition, droplets in an oil—water two-phase system without
ethanol also have recently attracted the attention of researchers
due to their special properties.’’ > Here, we follow most
studies and use the term “SFME” to represent the first kind of
thermodynamically stable nanostructures of a ternary system
(oil/water/hydrotrope). The presence of these mesoscale
structures, usually in the nanoscale range,l7’34_45 even has
been confirmed as a general feature in water/hydrotrope
mixtures containing hydrophobic organic substances.'>'**
These systems are intriguing not only for their unique
formation mechanisms but also for their potential application
in modern technology and medicine, such as facilitating
enzymatic reactions, enhancing chemical reactions, synthesiz-
ing nanoparticles, improving drug delivery systems, and so
on.**™% Despite their significant potential, the exploration of
SFMEs remains limited, with studies on fewer than 20 systems
documented."® This gap signifies a vast area ripe for research,
particularly concerning their thermodynamic stability and the
detailed molecular structure of these nanoentities, which are
two key questions for SFME.

The recent proliferation of experimental techniques and
molecular dynamics simulations has opened new avenues to
probe the intricate microstructure and stabilization mecha-
nisms of SEMEs.”"*”~% These sophisticated approaches have
started to shed light on the nuanced molecular interactions
that govern the stability and microscopic behavior of SFMEs,
suggesting that traditional theories like DLVO and binary
Flory—Huggins might not fully capture the complexities
involved in the s7pontaneous nucleation and stabilization of
these systems.”"

This work aims to build upon these findings, utilizing a
combination of molecular dynamics simulations (MD),
experiments, and theoretical analysis to elucidate the formation
and stabilization mechanisms of SFMEs in general ternary
systems. We extend our previous work’®>” and present a
theoretical model to expound on the spontaneous nucleation
mechanism of SFME, setting the stage for a deeper
understanding of these complex systems at the microlevel.
This investigation not only contributes to the fundamental
science underpinning SFMEs but also promises to expand the
practical applications of these nanostructured fluids in various
scientific and industrial scenarios.

B MATERIALS AND METHODS

Chemicals and Sample Preparation. In this study, we
investigated the formation of surfactant-free microemulsions using a
ternary system comprising trans-anethol, ethanol, and water—
components characteristic of the traditional beverage ouzo. trans-
Anethol (C,,H},0, molar mass: 148.2 g/mol, purity >99%) served as
the oil phase and was purchased from Sigma-Aldrich, Germany. This
component is commonly utilized in emulsion systems and was
selected for its relevant physicochemical properties, including a
dynamic viscosity of 2.34 mPa-s and a refractive index of 1.56, both
measured at 25 °C. Ethanol, as a cosolvent, with a labeled purity of
99.9% was purchased from J&K Scientific (China). The ultrapure
water with an electrical resistivity of 18.2 MQ-cm and a natural pH of
6.54 was obtained via a Milli-Q water purification system (Merck,
Germany).

The sample preparation was executed with precision and
consistency. Initially, trans-anethol and ethanol were mixed until
they were fully dissolved, followed by the gradual addition of water to
achieve the desired volumetric ratios. Each mixture was prepared to a
total volume of 50 mL and maintained at room temperature (25 °C).
The compositions were defined by the volume fractions of the

components: trans-anethol (¢,), ethanol (¢,), and water (¢,,), with
the total sum of ¢, + ¢, + ¢, equating to 100%. Following the
combination of the three constituents, the mixtures were subjected to
gentle homogenization using a portable shaker for 3 min. This mild
agitation was essential for the spontaneous formation of nanoscale
structures, which remained uniformly dispersed throughout the
solution.

Dynamic Light Scattering (DLS) Measurement. Dynamic light
scattering (DLS) was employed to ascertain the size distribution of
nano- or microstructurings within the ternary system using a
ZEN3700 Zetasizer NanoZSE (Malvern, UK). The technique
involved analyzing the correlation function curves of the aqueous
phase. Measurements were conducted at a predetermined scattering
angle of 173° using a quartz cuvette with a 10 mm optical path length.
Each measurement required 1 mL of the prepared sample, which was
introduced into the cuvette. Given that one of the components in the
system was pure ethanol, which is prone to evaporation, the cuvette
was hermetically sealed with a matched cap to prevent solvent loss at
ambient temperature. Prior to each measurement session, the sample
was allowed to equilibrate for 2 min to ensure uniform temperature
distribution and stability at 25 °C. This preparatory step was crucial to
maintaining consistent experimental conditions. To establish the
reproducibility of our results, duplicate measurements were performed
under identical conditions. For each measurement iteration, a series of
six individual tests were carried out to calculate the average size
distribution of the emulsions. There was a brief pause of 10 s after
each test to ensure accuracy and consistency in the readings. The total
scattering intensity of light (TSIR, in kilocounts per second) was
recorded for each microentity within the emulsion. This data were
then processed through photon counting, further adjusted by an
attenuator. For a comprehensive understanding of the DLS
measurement principles utilized in this study, readers are referred to
previous work,*® which details the methodological framework and
theoretical underpinnings.

Zeta Potential Measurement. The zeta potential of the
nanoscale structures within the microemulsions was evaluated using
the same DLS apparatus but with a specific module designed for zeta
potential measurement. The measurement of this parameter was
performed under controlled environmental conditions (25 °C),
following the equilibration protocols established for the size
distribution analysis to ensure consistency in the experimental
setup. The U-shaped capillary cuvettes (filled with 1 mL of sample)
were used to perform the measurements with automated runs. The
zeta potential was calculated according to the Smoluchowski model.
For each sample tested, the measurement was repeated six times with
a 10 s delay between them.

Nanoparticle Tracking Analysis (NTA) Measurement. Nano-
particle tracking analysis (NTA) technology determines particle size
by tracking and analyzing the trajectories described by individual
particles in the suspension. Moreover, it can image the particles
directly so that their number concentration can be easily obtained.
Here a home-built NTA system, consisting of an optical dark-field
microscope equipped with a high-speed camera, a laser, and a glass
sample cell, was applied. A finely focused laser beam (wavelength of
520 nm) is refracted twice by a prism-edged optical flat and enters the
sample microchamber with a height of 500 um. The visible area
covered by the laser beam is about 440 ym X 200 gm. For more
details on the NTA system, please refer to our previous work.®!

MD Simulations. The molecular dynamics (MD) simulations
were performed to study the microstructure and stabilization
mechanisms of SFME within a universal ternary system composed
of water/ethanol/oil, using the large-scale atomic/molecular massively
parallel simulator (LAMMPS) package.62 The simulation model
comprised Lennard-Jones (LJ) particles representing water (W),
ethanol molecules, oil (O, analogous to trans-anethol), and solid
surfaces (S). To streamline the model for computational efficiency,
each molecule segment was represented by a single L] bead: H,O,
CH, (or CHj), and OH, as depicted in Figure 1(a). This
representation allowed for the adjustment of interaction parameters
between L] beads to accurately reflect the intrinsic properties of water,
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Figure 1. (a) Optimized structures and coarse-graining schemes of
water, ethanol, and oil molecules. (b) The ensemble diagram and the
2D box size diagram of MD simulation.

ethanol, and oil. Furthermore, a coarse-grained, chain-like model was
employed for both ethanol and oil molecules. The ethanol molecule
was modeled with one hydrophilic head (H) bead and two

hydrophobic tail (T) beads, while the oil molecule was represented
by six identical hydrophobic beads. This simplified molecular
representation aids in elucidating the fundamental interactions and
structural dynamics of each component in a microemulsion at the
microlevel.

The nonbonded interaction Uij(r) between any two beads i and j is
represented by either the Lennard-Jones (LJ) potential or the
Weeks—Chandler—Andersen (WCA) potential, both of which can be

given by
6 o\ 6\
7 r,
c c (1)

where r is the distance between the particles, r, is the truncated
distance, o;; is the size parameter, and €; is the energy parameter.
Different from the standard L] potential, the WCA potential is purely
repulsive and was used here to represent the unfavorable interaction.
In the LJ potential, the cutoff distance r, was set to 3.20,, while for the
WCA potential, r, 266, All variables, unless specified, are
presented in reduced units with length and energy scales set by the L]
parameters of the solvent—solvent interaction (hereafter denoted as
0, and €, respectively). The interaction parameters used are given in
the Supporting Information (Table S1). To convert the reduced units
to actual units, the solvent particles can be considered to be argon
atoms. The bonded intramolecular interactions of the ethanol
molecules and oil molecules are modeled using a finite extensible
nonlinear elastic (FENE) potential,63
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Figure 2. (a) Ternary phase diagram of oil(trans-anethol)/ethanol/water systems under ambient conditions (25 °C). All concentrations are in
volume fractions. The smooth line across the points is the binodal line. The colored area is the single and homogeneous region, which contains the
molecular solution, the SEME (O/W), and the reverse-SFME (W/O). The white area corresponds to the multiphasic region. (b) Microscopic
images from the NTA experiments, showing the evolution of microstructures captured along a path that gradually approaches the binodal line
(from left to right). (c) Size distribution of the mesoscale inhomogeneities observed in the single-phase domain of the ternary phase diagram. The
data is shown along three different paths at constant oil volume fraction (top: 2.5%, middle: 10%, bottom: 40%) and varying water volume fractions
(as shown by the yellow arrow in (a)). The right column correspondingly presents the dependence of the total scattering intensity rate of the
mesoscale inhomogeneities (count rate, kcps) on the water volume fraction.
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Figure 3. Zeta potential measurements. (a) Global zeta potential of SFME (O/W) for various ternary solutions with compositions in the single-
phase region. The inset shows the data obtained along this path. (b) Distribution of zeta potential in the mesoscopic droplet population for various

ternary solutions.

Isothermal and isobaric (NPT) simulations were conducted on the
system comprising water, ethanol (acting as a hydrotrope), and oil.
Note that in our coarse-grained simulation, we chose 6 beads
(segments) of oil instead of 10 beads of trans-anethol to save
computer losses for simulation, as the computer losses will increase
rapidly with increasing chain length. For these simulations, a quasi-
two-dimensional (2D) simulation box was employed, measuring 900
X 6 X z in units of 6, as depicted in Figure 1(b). To delineate the
boundaries of the simulation environment, two smooth solid
substrates composed of frozen solid atoms were positioned at the
top and bottom of the box. Periodic boundary conditions were
applied along the x and y axes to mimic an infinite system. The
dynamics within the simulation were governed by integrating the
equations of motion using the classic velocity-Verlet algorithm, with
an integration time step of 0.00237, where 7 = ,/m,/€, represents
the characteristic time scale and m, is the mass of the solvent atom.
The system temperature T was strictly maintained at kzT = 0.846¢,
with kp denoting the Boltzmann constant. Temperature regulation
was achieved using a Nose-Hoover thermostat, which was configured
with a time constant of 0.237, ensuring thermal equilibrium
throughout the simulation.

The simulations were conducted as follows. The simulation box,
bounded by two solid substrates, was initially populated with 216,000
fluid beads. These beads represented a mixture of water molecules
(n,), ethanol molecules (n,), and oil molecules (n,), distributed
randomly throughout the volume. Given that the volume v,, of each
bead is a constant and approximates to 6>, the volume fractions of oil,
water, and ethanol can be respectively expressed as

n, 3n, 6n,
b=""b="" 4=
ny 1y ny 2)

where the total number of beads is n, = 216000 = n,, + 3n, + 6n,. The
simulation parameters (Table S1) were meticulously adjusted to
explore different scenarios by varying the volume fractions ¢,,, ¢,, and
¢, This adjustment was achieved by controlling the quantities of
molecules n,, n,, and n,. A comprehensive 200 ns NPT simulation run
was performed to attain the final phase equilibrium and assess the
miscibility of the three components. The external pressure was set to
P, = 0.0122¢,0,>. Based on the interaction parameters between
different components, it was possible to achieve complete solubility
between water and ethanol, as well as between ethanol and oil, under
specific conditions. However, the solubility between oil and water
remained elusive, as these components are typically immiscible. By
strategically manipulating the ratios of ¢,, ¢,, and ¢,, the simulations
were designed to emulate various physicochemical phenomena.

B RESULTS AND DISCUSSION

Formation of Multiscale Nanostructures. In the
traditional ouzo emulsion system, trans-anethol, serving as
the oil phase, demonstrates immiscibility with water while
maintaining solubility in ethanol. This ternary composition
exhibits intricate phase behaviors, ultimately culminating in the
formation of a comprehensive ternary phase diagram, as
illustrated in Figure 2(a). The overall diagram is partitioned by
a binodal line that demarcates the distinction between the
single- and two-phase regions, derived empirically from a series
of experimental data points.
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Figure 4. MD simulation snapshots under three different systems. (a) System A (¢, = 0.025, ¢, = 0.9S, ¢, = 0.025) ultimately forms a
homogeneous molecular solution after running for 100 ns. (b) System B (¢,, = 0.4S, ¢, = 0.5, ¢, = 0.05) eventually forms stable nanodroplets after
running for 100 ns. (c) System C (¢, = 0.6, ¢, = 0.25, ¢, = 0.15) eventually forms large liquid droplets, similar to phase separation. For the
convenience of viewing oil molecules (green), ethanol and water molecules are hidden in the inset. The width of each subsnapshot in (a—c) is 46
nm. The three plots in the right column show the distribution of oil molecules in the oil droplets phase (a phase) and the mixed solution phase
around oil droplets (8 phase) as a function of time for the three systems, respectively. Here ¢p% = n%/n'%, %, = nl,/n'%, where nZ, represents the
number of oil molecules in the @ phase, n’; represents the number of oil molecules in the # phase, and #’% represents the total number of oil

molecules in two phases. The arrows in statistical plots indicate the beginning of nucleation.

Within the single-phase domain, the mixture displays a
variety of nanostructures, ranging from homogeneous molec-
ular solutions to mesoscale nanostructures and reverse
aggregates, as shown in Figure 2(b). The manifestation of
these structures is contingent upon the volumetric proportions
of the constituent components. Within the molecular-solution
region, the system exhibits no well-defined structures in the
view. As the composition of ternary solution approaches the
phase boundary, more mesoscopic droplets nucleate and their
concentration increases exponentially with the proportion of
water component. The rightmost snapshot is taken at a point
very close to the phase boundary but still within the single-
phase SEME (O/W) domain. Under these conditions, the
system is in a metastable thermodynamic state, in which
discrete SEME droplets and concentration fluctuations merge,
making them difficult to differentiate. This observation
suggests that phase separation is likely to occur between two
phases that share similar correlation lengths.

This ternary system is characterized by two distinct types of
SFMEs—SFME (O/W) and SEME (W/O)—which are
identifiable based on the size of the suspended nanoscale
structures. Figure 2(c) displays the size distribution of these
identifiable nanostructures (left column) alongside the
corresponding total scattering intensity rate (TSIR, right
column) across various compositions. These measurements
were conducted along paths at constant oil volume fractions
while varying water volume fractions, gradually approaching
the miscibility limit, as indicated by the dotted arrows on the
phase diagram (Figure 2(a)). In the SEME region, with a low

volume fraction of the oil component, only mesoscopic
droplets of approximately 100 nm are formed (top panel).
The size distribution range then progressively shifts rightward
with the increase in the water component’s volume ratio. With
a further increase in the oil component’s volume ratio, two
types of nanostructures emerge (middle panel): molecular-
scale oil aggregates (approximately 1 nm) and mesoscale
droplets (approximately 100 nm). Approaching the demixing
boundary, the concentration of these smaller aggregates
diminishes and eventually vanishes (see the inset), while
more substantial and larger mesoscopic droplets are generated,
expanding the size distribution to approximately 800 nm. In
the reverse-SFME region, where the water component is
dispersed, sizes reduce to just a few nanometers (bottom
panel). Near the miscible boundary, the size of these water-
enriched aggregates, with well-defined interfaces, grows to
about 7 nm, highlighting a complete transformation in the
structure of the interfacial molecular arrangement between
SFME (O/W) and reverse-SFME (W/O). Correspondingly,
the TSIR for these multiscale nanodomains, depicted in the
right column, reflects global scattering information from a
spatially uniform flow field. The scattering intensity increases
exponentially and spans 2 orders of magnitude on the absolute
scale with the rising water volume fraction, confirming that
near the boundary, these nanostructures increase not only in
size but also in their number concentration.

We then explored the colloidal stability of these SFMEs by
assessing their zeta potential distribution, as illustrated in
Figure 3. Here, the mean diameter of the mesoscopic droplets
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is approximately 200—300 nm at different water volume
fractions.”® To enhance the precision of our zeta potential
measurements, we meticulously calibrated several parameters,
including the viscosity, refractive index, and dielectric constant,
across varying compositions of the ternary solution (see Figure
S1 in the Supporting Information).

The overarching zeta potentials of SFMEs were analyzed for
compositions progressively nearing the phase-separation
boundary, as depicted in the inset of Figure 3(a). This analysis
entailed maintaining a constant fraction of oil while
incrementally increasing the water component fraction. We
observed that the SFME (O/W) mesoscopic droplets generally
exhibit a macroscopic negative charge. Notably, as the
composition approaches the phase boundary, the magnitude
of the zeta potential escalates, suggesting a higher colloid
stability. Interestingly, a more detailed microscopic examina-
tion of the zeta potential distribution within this SFME (O/W)
droplet population revealed that not all mesoscopic droplets
uniformly carry a negative charge. As depicted in Figure 3(b), a
subset of these mesoscopic droplet populations also manifests
positive charges at their interfaces, particularly in compositions
far from the phase boundary. Unraveling the underlying
mechanisms responsible for this charge distribution and its
implications for SEME stability and behavior is a compelling
subject for our future study.

Spontaneous Nucleation and Molecular Structure.
Experimental observations have confirmed the stable existence
of multiscale nanostructures within surfactant-free micro-
emulsion systems (SFMEs), raising pertinent questions
regarding (1) the driving mechanisms behind the spontaneous
nucleation of SFMEs and (2) the molecular arrangements at
interfaces. To elucidate these nanostructural details at the
molecular level, molecular dynamics (MD) simulations were
conducted across a range of compositional systems, each
distinguished by specific volume fractions of their components.
It is crucial to acknowledge that the purpose of these
simulations was not to replicate the experimental systems
entirely but rather to generalize the properties of such three-
component solutions by constructing a more general ternary
system.

Here we examined three distinct compositions aligned with
different regions of the phase diagram, as detailed in Figure 4.
System A (Sys. A) consisted of three components: oil, ethanol,
and water, with respective volume fractions of ¢, = 0.025, ¢, =
0.95, and ¢, = 0.025. Notably, the high concentration of
ethanol, a hydrotrope, facilitated the complete dissolution of
oil molecules over a simulation period of 100 ns, leading to a
homogeneous molecular solution without the nucleation of
discernible nanostructures (Figure 4(a)). This simulation
outcome aligns with the experimental findings of molecular
solution observed in Figure 2(b), in which there is no
nucleation of any nanostructure that can be called a droplet.

Conversely, upon reducing the ethanol proportion and
increasing the water fractions, System B (Sys. B), with a
composition of ¢, = 0.05, ¢, = 0.50, and ¢,, = 0.45, displayed
the spontaneous nucleation and stabilization of nanodroplets
within a size range of 3 to 8 nm over the simulation period, as
shown in Figure 4(b). Typically, after about 100 ns, the system
has reached a steady state and the size of these nanodroplets
no longer changes. This configuration supports the exper-
imental observations of SFMEs (Figure 2) and underscores our
MD simulations’ capability to capture the essential character-
istics of such ternary systems. Notably, a minor proportion of

oil molecules remained in the continuous phase (see the inset),
indicating that the insoluble oil achieves a coexisting state
between the nanodroplet and solution phases. This highlights
the dynamic stability and variability of the droplets within this
system. This actually explains why we found multiscale
nanodomains, ie., molecular-scale oil aggregates (~1 nm)
and mesoscale droplets (~100 nm), in our experimental
results.

Further adjustments to the component ratios in System C
(Sys. C), which increased the volume fractions of oil and water
and decreased the ethanol proportion (¢, = 0.15, ¢, = 0.25,
and ¢, = 0.6), led to rapid nucleation of multiple small
droplets (~0.5 ns) and the eventual stabilization of a single
large droplet (~500 ns) in the bulk, as depicted in Figure 4(c).
Interestingly, the oil molecules in this case are confined
entirely to the sole droplet (pure oil phase) with almost no oil
molecules in the continuous phase. Given the limitations of the
MD simulation scale, the droplets in Sys. C, although
nanoscale, suggest a potential to appear at the macroscale
when extrapolated to macroscopic dimensions. This result
suggested a potential for macroscopic manifestations of these
nanoscale droplets, leading to a turbid solution or complete
phase separation, akin to the multiphase region and the ouzo
phenomenon.

The findings presented herein elucidate that the sponta-
neous nucleation of oil droplets in Sys. B and Sys. C can occur.
We explore these phenomena further by applying the classical
nucleation theory. Theoretical calculations reveal that the
nucleation energy barrier AG* for Sys. B is 7.24kT, while for
Sys. C, it is substantially lower at 0.14kzT (for detailed
calculations, see the Supporting Information). Both values are
below the critical threshold of ~10kgT, indicating the
propensity for spontaneous nucleation in these systems.
Conversely, in Sys. A, the free energy AG increases
monotonically with the radius r of the oil droplet, showing
no maximum point, which signifies a lack of conditions
favorable for spontaneous nucleation. The nucleation rate
equation | = J, exp(—AG*/kzT), where ], is the pre-
exponential factor, also supports these findings. Sys. C, with
its notably lower energy barrier, exhibits a significantly faster
nucleation rate, corroborated by MD simulation results
indicating nucleation events at 0.25 and 2.5 ns for Sys. C
and Sys. B, respectively, as observed in Figure 4 (indicated by
the arrow in the right column).

Additionally, Sys. B is characterized by the formation of
multiple small-scale nanodroplets that exhibit prolonged
stability, typifying the stable nanodroplet solutions observed
in SFMEs. The experimentally observed droplet sizes, ranging
from several nanometers up to 100 nm (Figure 2(c)), provoke
further investigation into the microstructural characteristics of
these nanodroplets. Our simulations replicate the presence and
microstructures of these SEMEs effectively. Figure S illustrates
the distribution of ethanol, water, and oil molecules along the
radial direction r of the droplets in Sys. B and Sys. C, showing
a significant enrichment of ethanol at the droplet interfaces. As
an amphipathic molecule, this enrichment substantially lowers
the interfacial tension between the nanodroplets and the
surrounding solution, enhancing droplets’ stability.

These observations lend strong support to the hypothesis
that nanostructured environments within SFMEs can coexist
seamlessly with the solution phase, facilitated by the intricate
molecular configuration and dynamic interactions within the
system. Notably, statistical analysis reveals that the concen-
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Figure 5. (a) and (b) show that the distribution of ethanol molecules,
water molecules, and oil molecules along the radius of the droplet
toward the outside for Sys. B and Sys. C, respectively. The left column
shows local snapshots of a droplet in the MD simulations of Sys. B
and Sys. C. The right column shows the statistical distribution of
density p along the radial r direction of droplets in Sys. B and Sys. C.

tration of ethanol at the droplet interfaces is higher and the
interfacial layer is thicker in Sys. B than in Sys. C (right column
in Figure S). This phenomenon may explain why smaller
droplets in Sys. B are more stable; typically, smaller droplets
experience higher Laplace pressures (Ap = y/r in a 2D system,
where y is the interfacial tension), which generally pose
challenges to stability. This comprehensive analysis under-
scores the intricate balance of molecular interactions that
govern the stability and behavior of nanodroplets in SFME
systems.

Stabilization Mechanism. In our simulation system,
ethanol and oil are modeled as chain-like molecules comprising
multiple beads, reminiscent of short-chain polymers. This
structural similarity prompted us to consider the Flory—
Huggins (F—H) theory, traditionally applied to polymer
solutions, as a theoretical framework to analyze the phase
behavior of the oil/ethanol/water system.”*"*° The F—H
theory provides a quantitative description of the mixing and
phase separation behavior in binary solutions. For a binary
mixture composed of components a and b, the F—H free-
energy density can be expressed as follows

_ AFmtx _ ﬁ ﬂ
(¢, 9,) = whT N Ing + N, In, + 1,09,

a

(©)
where f represents the free-energy density, N, denotes the
number of segments in a molecule of type a, ¢, is the volume
fraction of component 4, and ¢, = 1 — ¢, represents the
volume fraction of component b. The interaction parameter,
X is given by y,, = —z(€,, + €, — 2€,,)/2kyT, where z is the
coordination number, and the interaction energy between
molecules i and j, € can be obtained from the MD
simulations. The first two terms quantify the contribution
from mixing entropy, illustrating how randomness in the
system increases with mixing. The last term accounts for the
average internal energy arising from interactions between
components a and b. By applying eq 3, we can derive the free-
energy curves for the system, facilitating the determination of

critical points, such as binodal and spinodal lines, where phase
separation occurs.
For ternary systems, F—H theory can be extended by certain

methods.””~"" The free-energy density for a ternary system is
given as
LT % 3
Fy o @) = = g v+ g+ 1,0,
+ Zbc¢b¢ + Zucd)uqz (4)

where Xy is the Flory—Huggins interaction parameter between
components i and j. The values y,, ¥}, and y,. can be obtained
by referring to the definition in eq 3 and the value of ¢; in
Table S1, ie, gy = —0.273, 4, = 2.056, and y,, = —0.507.
Note that in eq 4 we have omitted some of the linear terms for
¢ Py, and ¢, for computational convenience. The omission of
these linear terms does not affect the results of phase
separation due to the quadratic derivative.”” Meanwhile, to
simplify the calculations, ternary interaction coeflicient y,, is
assumed to be zero and therefore is ignored.”””

Although obtaining phase diagrams for ternary solutions is
more complicated than that for binary systems, it is possible to
calculate phase diagrams based on this simplified theoretical
model. If the volume fractions ¢, and ¢, are chosen as the
independent composition variables, where ¢, = 1 — ¢, — ¢,

then the second derivative of the free energy f can be written
67—69
as

2
2 2 2 2
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The spinodal line, i.e., boundary condition between the stable
region and the unstable region, is where D vanishes.
Substituting the expressions for the derivatives 0*f/(d¢,0¢,)
into the spinodal constraint D = 0, eq S can convert into the
relationship

1 1
+
Nb¢h 1_¢b_¢c

— %b JX

1 1
—t— -2 |-
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1
44_
1-¢,+¢ (6)

Additionally, the binodal curve, also called the miscibility
gap, could be calculated based on the below chemical potential
equilibrium®”%*7"

2
)(bc _)(ub _)(uc] =0

/’tia = /’ttﬂ (l =a b! C) (7)

where a and f indicate two different phases, i.e., oil droplet
phase and surrounding aqueous phase. The chemical potential
of component i, i.e., the partial molar amount of Gibbs free
energy, can be expressed as”’

_ 0G _ dlpV + nksTf(4)] _ of
[l[. = TI\E = a—N = py, + kBTf((ﬁl) + nthT?(/)i (8)

where v,, is the volume of a single bead (segment), V is the
total volume, and p is the pressure of the system.
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Figure 6. (a—c) The free-energy density curves of systems A, B, and C were calculated through eq 4. The different free energy f curves with various
color represent different fractions ¢,. ¢, increases along the direction of the arrow. (d) Phase diagram of the water/ethanol/oil ternary system was
calculated from eq 4 and eq 6. Sys. A, Sys. B, and Sys. C correspond to the monophasic zone (homogeneous molecular solutions), transition zone
(mesoscopic nanodroplets), and multiphase zone (phase separation), respectively. The red line represents the spinodal line, and the cyan line, the
binodal line. The intersection of the two donates the critical point. (e) The position of critical point ¢, varies with the interaction parameter
between oil and water ,,. (f) The position of critical point ¢, varies with the temperature T.

Utilizing eq 4, we calculated the free-energy density f(¢h%,
;) as a function of ¢%; for Systems A, B, and C. The results of
these calculations are depicted in Figure 6(a—c). The
interaction parameter y;, critical for these calculations, was
determined using the MD simulation parameters listed in
Table S1. Within these figures, ¢;; quantifies the fraction of oil
molecules in the droplet phase (a phase) relative to the total
number of oil molecules, formulated as ¢% = n%/n.
Therefore, a @3 value of 0 implies that all oil molecules are
dispersed within the solution, indicating the absence of any
droplets. Conversely, ¢ = 1 suggests that all oil molecules are
sequestered within the droplet phase, with none remaining in
the surrounding mixing solution phase (ff phase). Intermediate
values, 0 < @%; < 1, denote a distribution of oil molecules
across both the droplet and continuous phases.

According to the principle of minimized free energy, this is
the most stable state for Sys. A, as shown in Figure 6(a),
occurring at ¢j; = 0. In this state, all oil molecules are
homogeneously dissolved within the aqueous solution, aligning
with the MD simulation (Figure 4(2)) and corresponding
closely with the experimental observation (Figure 2(b)). For
Sys. B, Figure 6(b) presents the free-energy curve where the
minimum occurs for 0 < ¢%; < 1. This minimum indicates a
stable state in which oil molecules coexist across the droplet
(a) and mixing solution (B) phases. This configuration
matches well with both the MD simulation outcomes shown
in Figure 4(b) and the experimental observations of SFMEs in
Figure 2(b). In Sys. C, the lowest free energy point is found at
@% = 1, as illustrated in Figure 6(c). This suggests complete
phase separation, where all oil molecules reside in the droplet
phase. This theoretical approach not only substantiates the
empirical observations but also provides a quantitative

framework for understanding the energetics and phase
behavior underlying the formation and stability of SEMEs.

In the MD studies, Sys. B typifies the surfactant-free
microemulsion system, characterized by the presence of
multiple stable nanodroplets. This system stands distinct
from Systems A and C due to its unique phase behavior. In
Sys. B, oil molecules are distributed between both the solution
phase (/3 phase) and the droplet phase (a phase), facilitating
coexistence. This suggests that Sys. B acts as a transitional
regime between the homogeneous solution of Sys. A and the
segregated phase of Sys. C. The mechanism underlying the
coexistence of oil molecules in both phases within Sys. B can
be elucidated in eq 4. The free energy f(¢%;, ¢;) comprises two
primary components: the initial three terms represent the
mixing entropy, and the latter three terms account for the
internal energy. The mixing entropy promotes the dissolution
of oil molecules into the f phase, leading to a uniform
molecular dispersion, as observed in Sys. A. Conversely, the
internal energy favors the aggregation of oil molecules away
from the solution, resulting in droplet formation as seen in Sys.
C. The balance between these two forces dictates the
distribution of oil molecules: dominance of mixing entropy
results in a homogeneous solution, whereas prevalence of
internal energy leads to phase separation.

In Sys. B, where the chemical potential is in equilibrium, oil
molecules partition between the solution and droplet phases,
achieving a stable coexistence. This equilibrium is influenced
by the volume fractions ¢; and the interaction parameter y;.
High concentrations of a hydrotrope, such as ethanol (¢,),
enhance the mixing entropy, favoring the formation of
homogeneous solutions. In contrast, the reduced ethanol
content increases the internal energy, promoting phase
separation. An intermediate ethanol content allows for
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balanced contributions from both mixing entropy and internal
energy, resulting in the formation of a nanodroplet solution
typical of SFMEs. Additionally, variations in water content
directly impact ¢,, facilitating transitions among homogeneous
solutions, coexistence, and phase separation, as altering water
content modifies the solubilization dynamics of oil molecules.
These theoretical insights are supported by a range of
experimental findings.”'””~%" Notably, the formation of the
“ouze effect”, a phenomenon similar to the transitions observed
in our system, has been documented in the literature.”* This
alignment between theoretical predictions and empirical
evidence underscores the validity of the extended H—F theory
in explaining the stability and phase behavior of SFMEs,
highlighting the complex interplay of the intermolecular
potential energy and phase dynamics in these systems.

In the study of phase behavior within the water/ethanol/oil
system, the theoretical constructs of spinodal and binodal lines
provide critical insight into the transitions observed across
different phase behaviors. We constructed a ternary phase
diagram, as illustrated in Figure 6(d). The phase transitions
can be systematically traced by varying the fractions of ethanol
(¢.) and water (¢,), progressing from Sys. A, through Sys. B,
to Sys. C.

In Figure 6(d), the critical point of the phase transition is
identified where the spinodal and binodal lines intersect (with
reference to eq 9 in ref 72). Above this critical point lies the
single-phase region, while below it the system exhibits
multiphase behaviors, encompassing both transition regions
(such as the ouzo effect) and phase separation. The critical
ethanol fraction, denoted as ¢,,,;, represents the position of
this critical point here. Generally, an increase in ¢, ,; expands
the multiphase region, indicating a greater tendency for the
system to transition from a single state to a multiphase state.
To further understand the factors influencing ¢, ., we consider
the impact of the interaction parameter between water and oil,
Xow and temperature, T. The parameter y,, quantifies the
internal energy arising from the mixing of water and oil; a
higher y,,, suggests greater internal energy, which discourages
mixing due to the energy minimization principle and instead
favors phase separation. Correspondingly, Figure 6(e)
illustrates that as y,, increases, ¢, also rises, enlarging the
multiphase region and facilitating the formation of a multi-
phase system. This aligns with the theoretical expectations.
Conversely, as the temperature T increases, ¢, ,; decreases, as
depicted in Figure 6(f). This trend indicates a reduction in the
multiphase region with rising temperature, which discourages
phase separation. This temperature effect can be attributed to
an increase in the entropy, which promotes mixing and favors
the formation of a single-phase solution. These observations
are consistent with our previous experimental findings,”
reinforcing the understanding of temperature and interaction
parameters as critical factors in phase behavior dynamics.

It should be noted, however, that while the results from both
MD simulations and F—H theory exhibit a general
correspondence, the theoretical model does incorporate
simplifications that could limit its accuracy. The F—H theory
traditionally simplifies interactions and molecular configura-
tions, such as neglecting the effects of bond angles, bond
rigidity, and overlapping volumes of spherical beads. These
simplifications mean that while the MD and experimental
results can be roughly aligned with theoretical predictions,
achieving precise correspondence, e.g.,, for a specific ternary
system, is challenging. Despite its current exclusion, the

experimentally measured zeta potential is acknowledged as a
critical factor in the colloidal stability of nanodroplets against
coalescence. Future improvements in our model will focus on
detailed charge interactions at the interface, inspired by the
foundational work of Zemb et al.*' and Rak et al,*®* which
highlights the role of the zeta potential in stabilizing mesoscale
structures. This enhancement will be supported by advance-
ments in all-atom MD simulations and refined theoretical
approaches that better capture these dynamics.

Discussion. From the conducted studies, Sys. B, situated in
the transitional zone, exhibits unique structural behavior
compared to Systems C and A, which are in the multiphase
and monophasic zones, respectively. Specifically, Sys. B forms
stable nanodroplets on the mesoscopic scale and appears
transparent on the macroscopic scale. This system, classified as
a surfactant-free microemulsion, does not contain conventional
surfactants. Instead, it contains mesoscopic nanodroplets that
create numerous two-phase interfaces, offering broad applic-
ability across various fields.'® Unlike surfactant-based micro-
emulsions (SBMEs), which consume less substance and
stabilize nanodroplets by forming a flexible film at the oil—
water interface with ultralow interfacial tension (y ~ 0),
SFMEs employ a hydrotrope distributed both at the interface
and extensively in the continuous phase, as depicted in Figure
S. This distribution suggests that the stabilization of nano-
droplets in SFMEs involves not only reducing interfacial
tension but also other factors such as the differential solubility
of ethanol in oil and water and mixing entropy. The effects of
these factors, particularly solubility differences and ethanol
content, warrant further detailed investigation.57

In our research, we examined the combined effects of mixing
entropy and miscibility through the extended Flory—Huggins
(F—H) theory, as described in eq 4. The results, illustrated in
Figure 6, reveal that ethanol, acting as a hydrotrope in the
ternary system of water/ethanol/oil, enhances the solubility of
oil when present, mimicking the solubilizing impact typically
seen with cosolvents. This effect hinges on the proportion of
the ethanol and the interaction parameters between the
components. Manipulation of the ethanol fraction ¢, allows for
transitioning among the three phases: increasing ¢, or
decreasing ¢,, shifts the system from a multiphase to a
single-phase zone, thus enhancing the entropy contribution to
the free energy while reducing the internal energy influence
and vice versa. Such insights enable practitioners to adjust ¢,,
¢, and ¢, in practical applications to control the formation
and dissolution of mesoscopic nanodroplets. Additionally, our
study also sheds light on the mechanism of the “Ouze effect”,
which occurs with the addition of the traditional solvent
“water”. This corresponds to the transition from SFME to the
phase separation. The reason is that water takes away the
cohydrotrope (ethanol) that dissolves the oil and forces it to
precipitate.

Bl CONCLUSIONS

Surfactant-free microemulsions (SFMEs) are intriguing sys-
tems formed from ternary mixtures of two immiscible fluids—
water and oil—and a hydrotrope, such as ethanol. The
structures and properties of SEMEs bear similarities to those of
surfactant-based microemulsions (SBMEs), particularly in
terms of the enrichment of amphiphilic ethanol at the oil—
water interface. Despite these similarities, the mechanisms
stabilizing SFMEs differ significantly from those in SBMEs,
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marking a distinctive area of study within colloid and interface
science.

In this work, we conducted an in-depth investigation of the
spontaneous nucleation and stabilization mechanisms of
SFMEs, employing experimental techniques, molecular dy-
namics (MD) simulations, and extended Flory—Huggins (F—
H) theory. The formation of multiscale nanostructures
(characteristic scales of ~1 and ~100 nm) and their interfacial
charging characteristics in SFMEs have been clearly revealed
experimentally. As the composition approaches the phase
boundary, the magnitude of the zeta potential escalates,
suggesting higher colloid stability. Moreover, these nanostruc-
ture populations transition from almost electrically neutral to
strongly negative, a phenomenon that has been reported for
the first time to the best of our knowledge. Based on MD
simulation and classical nucleation theory, we found that
nanodroplets can spontaneously nucleate in a certain ethanol—
water mixture solution due to the higher supersaturation of oil
molecules in the corresponding mixture solution and the lower
interfacial tension. Our theoretical analysis also revealed that
the stability of mesoscopic nanodroplets within SFMEs hinges
on a delicate balance between the mixing entropy and internal
energy. Specifically, when mixing entropy predominates, the
system tends toward a homogeneous molecular solution
characteristic of the single-phase zone. Conversely, dominance
by internal energy leads to phase separation within the
multiphase zone. When these two forces are comparable in
magnitude, the system stabilizes into nanodroplet solutions,
showcasing microscopically nanostructured environments. The
dynamic transitions among these three phases can be
manipulated by adjusting the volume fractions of the
components and interaction parameters, demonstrating the
tunability of SEMEs through compositional changes.

Although the extended Flory—Huggins theory provides a
framework for understanding some of the phenomena
observed in MD simulations and experimental setups, it
remains clear that accurate quantitative predictions are
challenging. Further refinement of this theoretical model is
essential, possibly through integration of more precise MD
simulations and thermodynamic analyses, such as the
contribution of charges.
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