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Abstract

Microemulsion exists widely in nature, daily life and industrial manufacturing, including
petroleum production, food processing, drug delivery, new materials fabrication, sewage
treatment, etc. The mechanical properties of microemulsion droplets and the correlation to their
molecular structures are of vital importance to those applications. Despite researches on their
physicochemical determinants, there are lots of challenges to explore the mechanical properties
of microemulsion by experimental studies. Herein, atomistic modelling was utilized to study
the stability, deformation, and rupture of Janus oligomer enabled water-in-oil microemulsion
droplets, aiming for revealing their intrinsic relationship to the Janus oligomer based
surfactants and oil structures. The self-emulsifying process from a water, oil and surfactant
mixture to a single microemulsion droplet was modulated by the amphiphilicity and the
structure of the surfactants. Four microemulsion systems with interfacial thickness in the range

of 7.4-17.3A were self-assembled to explore the effect of the surfactant on the droplet
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morphology. By applying counter forces on the water core and the surfactant, shellythes;:ooon

mechanical stability of microemulsion droplets was probed at different ambient temperatures.
A strengthening response and a softening regime before and after a temperature-dependent
peak force were identified followed by the final rupture. This work demonstrates a practical
strategy to precisely tune the mechanical properties of a single microemulsion droplet, which
can be applied in the formation, de-emulsification, and design of microemulsion in oil recovery

and production, drug delivery and many other applications.

Key Words: Self-emulsifying; microemulsion droplet; stability; deformation; rupture;

molecular dynamics simulation.

1 INTRODUCTION

The microemulsion is thermodynamic-stable mixtures of multiphase system, and in many cases
presents as droplets of one liquid dispersed inside the other surrounding liquid'-. Because
microemulsion plays an important role in daily life and applications including wastewater
treatment® 5, drug-delivery®, electro-kinetic chromatography’ 8, enhanced oil recovery®,
fabrication of new materials'?, nanoparticle synthesis'!, and many others, it has been the focus

of many research fields for decades.

Research on microemulsions started in 1943 when microemulsion as a scientific concept was
first promoted by Hoar and Schulman'?. With limited experimental characterization methods,
spontaneous formation of globular micelles with size ~120 A in diameter was identified, which
clearly explained how the orientated non-ionized amphipathic molecules prevented the ion-
pairs of soap from the repulsion. In 1959 microemulsion was characterized by electron
microscopy and demonstrated a uniformly dispersed spherical oil or water core in water or oil
droplet!®. The detailed structural and dynamic properties of the chemical ingredients of
microemulsion were then investigated by Fourier transform nuclear magnetic resonance (FT-
NMR), which provided a clear picture of the polydisperse nature of the complex multiphase
system!416, Other experimental methodologies, such as infrared and Raman spectroscopy,
were also applied in studying microemulsion to gain a better understanding of nanoscale
morphologies!” 3. It is generally accepted nowadays in the nanotechnology era that
microemulsion is a colloid system consisting of small droplets of water (or oil), which could
be on the nanometer scale, dispersed in a continuum medium of oil (or water) phase by adding

surfactant and/or cosurfactant as stabilizer. The highly complicated nature of the surfactant
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layer on microemulsion droplets is currently attracting attention from different resgarch, fi€1ds, 5= 0oon

and continually provides new multi-disciplinary insights'®-20.

The most important property of the microemulsion is its thermodynamic stability?!> 22, The
surfactant and cosurfactant coating on the surface of the emulsion droplets greatly reduces the
interfacial tension between the continuum phase and the interior of the droplet, minimizing the
overall free energy of the microemulsion system?’. There are many factors affecting the
stability of a microemulsion system, including temperature, salinity, surfactant structure, oil
composition, cosolvent, and immiscible solids, and their effects are inherently intertwined?* 23.
It is highly challenging in experiments to clarify the intricate relationship between each factor
and the stability of the microemulsion system. In contrast, atomistic modeling and molecular
dynamic (MD) simulations can provide resolution extending the experimental limits in
investigating microemulsion. For instance, a series of MD simulations were performed to probe
the properties of water/trichloroethylene (TCE) interface absorbed with sodium alkyl sulfate
(SDS-type) surfactant monolayers, and further to elucidate the underlying connections between
the parameters of a microemulsion system. The results revealed that the tail order of the
surfactants was dependent on their interfacial coverage, while the interface thickness (in the

range of 10-25 A) was interestingly dependent on tail length rather than the surface coverage.

Comparing to the fast accumulation of synthesis and physicochemical knowledge on
microemulsion, the mechanical stability of microemulsion still awaits a thorough investigation.
The mechanical stability of microemulsion is crucially important in many production and
application processes?’-?°, For instance, microemulsion was utilized in drug delivery, where the

mechanical robustness of the microemulsion droplets are critical to the transport and the release

Published on 09 October 2020. Downloaded by Norwegian University of Science and Technology on 10/9/2020 1:56:07 PM.

of the loaded drug®’. The nanomechanics of microemulsion droplets is the determinant of the
de-emulsification process on oil/water separation in oil production, which prominently
influences the production cost in the petroleum industry®'. However, there are still lots of
challenges for experimental methods to explore the mechanical properties of the
microemulsion from the view of atomic size. Unlike other solid materials, a single
microemulsion droplet is very difficult to be separated from a microemulsion solution as only
investigated target, not even measuring its mechanical properties. Besides, their structure is too
tiny to be captured for current experimental methods. Until now, there is no efficient means to

evaluate the mechanical properties of a microemulsion droplet.
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This work aims to probe the nanomechanics in rupturing microemulsion droplets, and; £
establish the connections between nanoscale mechanical properties of surfactant coated
droplets and the molecular structures of microemulsion. Following similar approaches utilizing
atomistic modeling and MD simulations®?-34, stable microemulsion droplets were constructed
and subjected to rupturing forces. The effects of surfactant structure and the environmental
temperature on the droplet rupturing mechanics were scrutinized, which for the first time
provided theoretical fundamentals for experimental studies on microemulsion as well as design

and processing in practice.
2 MODELS AND METHOD

2.1 Atomistic modeling

In order to realize meaningful microemulsion droplet size for mechanical tests in MD
simulations, the transferable potentials for phase equilibria (TraPPE) united-atom parameters>>
were adopted for modeling oil and surfactant molecules, combined with the coarse-grained
water, the mW model with many-body force field*, to build simulation systems*’. Briefly, the
TraPPE united-atom parameters treated non-polar groups, such as the CH, group, as one
combined atom in the system. The mW water model also considered one water molecule as
one combined atom and used a 3-body Stillinger-Weber potential for capturing the appropriate
non-bonded interactions among different water molecules®¢. The mW Water model was found
to well reproduce the thermodynamic properties of water in many studies?’3°. Here, dodecane
and hexane were modeled as the oil phase. To represent the amphiphile, the linear diblock
oligomer surfactants with a varied length of hydrophilic (labeled as L) and hydrophobic

(labeled as B) parts were used by modifying the value of force-field parameters between

different parts, with details given in Fig. 1, following the similar way with a minimalist model*.

The bonded potentials, including carbon-carbon single bond, angles, and dihedrals, for the
linear oil and surfactant molecules, were borrowed from TraPPE parameters for alkanes®. The
Lennard-Jones potential (eq (1)) was applied between oil, surfactant and mW water atoms, as
details listed in Table 1, similar to the previous studies?> 41-44, All the nonbonded interactions
were truncated at 9 A. One can see the energy depth, € of Uy; for water atoms (directly borrowed
from the mW water model) was two orders of magnitude higher than that for hydrophobic oil
atoms (CH,, directly borrowed from TraPPE parameters®), which enabled phase separation

between the two. It should be noted that the purpose of the atomic parameters used was for

Page 4 of 19

icle Online
P03092A


https://doi.org/10.1039/D0CP03092A

Page 5 of 19 Physical Chemistry Chemical Physics

icle Online

predicting the qualitative microemulsion droplet rupture mechanics rather than the guaptitafives; ox

value of any specific property.

E=1el®) ~(D1 (O
Four systems were built containing surfactants with different length of hydrophobic and
hydrophilic patches (termed L2B4, L2B10, and L4B8) and oil type, as shown in Fig. 1 and
Table 2. Other systems consisting of different surfactants can be found in supporting
information (Fig. S1). These systems contained the same amount of water (6144), oil (3072)
and surfactant (1024) molecules, aiming to form water-in-oil microemulsions. The oil, water,
and surfactants were initially distributed orderly in the periodic simulation boxes (209.097 A
x 209.097 A x 209.097 A), as shown in Fig. 2 (a). In addition, a large multiphase system
consisting of water molecules (32928), L2B10 surfactant molecules (5488) and dodecane oil
molecules (16464) was constructed, as shown in Fig. 2 (f)-(j) and Fig. S2. For comparison, we
also built up an oil-in-water microemulsion system consisting of water molecules (47928),
L2B10 surfactant molecules (5488) and dodecane oil molecules (16464), as shown in Fig. S2.
All systems formed stable water-in-oil or oil-in-water microemulsions, which demonstrated the

validity of the molecular model and the applied potential.
2.2 Molecular dynamics (MD) simulations

All the MD simulations were performed by using the LAMMPS package®. Energy
minimization was first carried out with each initial system, employing the steepest descent
algorithm. Each system was then equilibrated under the NVT ensemble for 50 ns with a

temperature of 400 K by the Nose-Hoover method with a coupling constant of 1 ps with 10 fs

Published on 09 October 2020. Downloaded by Norwegian University of Science and Technology on 10/9/2020 1:56:07 PM.

time step*®. The purpose of this high-temperature equilibration was to fully mix the oil, water
and surfactant molecules in the systems. Subsequently, the systems were quenched to the NpT
ensemble with a temperature of 300 K for another 50 ns. The Parrinello-Rahman barostat was
used to keep the system pressure to be 1 bar, with a coupling constant of 1 ps*’. One stable
microemulsion droplet then formed in each system, as shown in Fig. 2 (d), which was then
subjected to mechanical testing and rupturing. The simulations before reaching the equilibrium
state were run with a constant timestep 10 fs, and during the mechanical deformation and

rupture with a constant timestep of 1fs.

To probe the nanoscale de-emulsification mechanics of microemulsion droplets, counter

pulling forces were applied onto the water core and the surfactant shell of each microemulsion
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droplets, in the same manner as former studies*> 4°. Briefly, harmonic springs wege link<d: o

the center-of-mass of the water core and the surfactant shell, and then displaced at a constant

speed. The counter pulling forces were generated and applied onto the droplet owing to the

extension of the harmonic springs. In all the droplet rupturing tests, the springs had the same

force constant 400 kcal/mol/A? and moving speed 5 nm/ns. Each microemulsion droplet was

ruptured at different temperatures in the range of 280~360 K. All simulations end when the

core of each microemulsion droplet was separated from the surfactant shell. The rupture work

was calculated by integral of pull force on displacement between the water core and the

surfactant shell.

(a) @ Hydrophilic bead ) Hydrophobic bead (b)

, Oil phase

£ 8 55
Name Surfactant CG structure ‘15 ’.}:’ “'.-r:’% % E ;’ if -, Surfactant layer
L2B4 M /jiﬁi‘ g .'O__. Water phase
L2010 | gAgmyagtyaye [
‘.' a
R T VV I
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Figure 1. Atomistic models. (a) Janus oligomeric surfactants and their hydrophilic and
hydrophobic patches. (b) Schematic of a microemulsion droplet, with a red circle
representing the droplet shape. Representative water, surfactant and oil molecules and their

locations at the interface of a stable droplet are depicted.

Table I The parameters in LJ potential between different atoms.

€ (kcal/mol) ¢ (A)

H,0: H,0 SW36 Sw36
H,O: L 0.602 3.558
H,O: B 0.119 3.558
H,0: Oil-CH, 0.119 3.558
L: L 0.602 3.558
L:B 0.091 3.95
L: Oil-CH, 0.091 3.95
B:B 0.091 3.95
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B: Oil-CH, 0.091 3.95 DOI: 10.10387332‘;53%352

Oil-CH,: Oil-CH, 0.091 3.95

Table 2 Four systems with different surfactants and oil molecules. The surfactants were
named by the number of hydrophilic and hydrophobic patches, as depicted in Fig. 1.

System Surfactant Oil
A L2B4 Hexane
B L2B4 Dodecane
C L2B10 Dodecane
D L4B8 Dodecane

3 RESULTS AND DISCUSSION

3.1 Spontaneous formation of stable microemulsion droplets

For evaluating the mechanical properties of microemulsion droplets, four stable microemulsion
systems coated with surfactants were prepared with three surfactants and two oil types.
Following the defined simulation process of mixing in the NVT ensemble at 400 K and
equilibration in the NpT ensemble at 300 K, the final state of all the microemulsion droplets
featured a spherical core of water fully coated by surfactants and surrounded by oil molecules,
as the representative sequential snapshots are shown in Fig. 2(a-d) and a short video in the
supplement (spontaneous-process.MP4). The representative system potential energy profile
monitored in preparing the microemulsion droplet was given in Fig. 2(e). Both in the high-
temperature mixing simulation and in equilibration, the system potential reached a plateau in a
very short time and maintained at that state. The surfactants were packed around the water core,
forming an ordered curvature with the hydrophilic patches facing the water. In order to
demonstrate the formation process, a larger water-in-oil microemulsion multiphase system was
also simulated, as shown in Fig. 2(f-j). The potential energy profile and the packing of

surfactants at the oil/water interface agreed with the results predicted in former studies>°.

As shown in Fig. 2, the prepared microemulsion droplets featured the most frequently observed
structures, namely water core structure coated by a well-defined surfactant monolayer in the

continuous oil phase. The mass ratio between water and oil in the systems was 0.21. The
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surfactant shell had long been identified to be critically important to the propetties, of thes;:ooon
microemulsion and was previously found to have an interfacial tension at a threshold of 10-3
mN/m’!. It is known that the interfacial tension of the surfactant layer can compensate for the
dispersion entropy of the microemulsion droplets, which contributes to the stability of the
microemulsion system>> 33. The prepared microemulsion droplets should thus be able to
withstand certain pulling force and provide rupturing events for probing the nanoscale de-

emulsification.
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Figure 2. Spontaneous formation of microemulsion droplets, represented by system C. (a)
Initial atomistic structure of the systems, with all the components in an orderly arrangement.
(b) Disordered and mixing of oil, water and surfactant molecules at 400 K. (c) A complete
microemulsion droplet formed at the end of high temperature mixing in the NVT ensemble; (d)
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The microemulsion droplet at the end of 50 ns equilibration at 300 K in the NpT eysemblé;{e)ssooon
Total system potential energy. (f-j) the self-emulsifying processes of a multiphase system
consisting of water molecules (32928), L2B10 surfactant molecules (5488) and dodecane oil
molecules (16464) and the total potential energy.

3.2 The internal structure of the microemulsion droplets

The difference in the surfactants and the oil molecules led to noticeable deviations in the
internal structures of the final microemulsion droplets, as shown in Fig. 3. System A and B
consisted of the same surfactant but different oil species, namely hexane and dodecane,
respectively. The final structure of the two microemulsion droplets showed similar
morphologies at the stable state, which suggested that the molecular sizes of hexane and
dodecane did not lead to obvious differences in the microemulsion droplet. As shown in Fig. 3
(a-b) and (e-f), the shape of two microemulsion droplets fluctuated in equilibrium, with
surfactant molecules randomly adsorbing to and escaping from the oil/water interface. A small
fraction of the surfactant molecules could even diffuse into the oil phase as well as into the
water core. The result could be attributed to the relatively weak phase preference of the L2B4
molecules (2 hydrophilic and 4 hydrophobic sites in the linear molecule). The stronger
hydrophobic or hydrophilic property was needed for the surfactant molecules to firmly coat the
internal core of a microemulsion droplet, which was clearly illustrated by comparing the final
microemulsion droplets in system B and C, as shown in Fig. 3 (b-c) and (f-g). If the surfactant
molecules contained a long hydrophobic patch, 10 hydrophobic atoms in L2B10 instead of 4
in L2B4, the surfactant molecules could not diffuse into the water core, as shown in Fig. 3(c).
Thanks to the longer hydrophobic patch in the molecule, the L2B10 surfactant showed more

ordered packing at the oil/water interface, and resulted in a more spherical droplet in system C.

Published on 09 October 2020. Downloaded by Norwegian University of Science and Technology on 10/9/2020 1:56:07 PM.

Because the L2B10 surfactant molecules had the same length of the hydrophilic patch as L2B4
in system A and B, a small fraction of L2B10 were able to escape from the oil/water interface
in system C, as shown in Fig. 3(g) and Fig. 4(c). In comparison, system D with L4B8§
surfactants was the only system that had a clean oil phase as shown in Fig. 3(h) and Fig. 4(d).
Despite the same molecule length of L4B8 surfactants as L2B10, longer hydrophilic patch of
L4B8 resulted in the fully locking of all the surfactants at the oil/water interface and an almost
perfectly spherical droplet in equilibrium. The packing of the surfactants in system D was the
most ordered among the four systems (Fig. 3(d) and Fig. 4(d)). All the results indicated that
the surfactant chemistry was the most determining factor of the final state of microemulsion

droplets at the nanoscale, consistent with the experimental work>#* 3.
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The molecular length and packing orderliness of the surfactants defined the thickness, @ thes; ooon
microemulsion droplet shell. As shown in Fig. 4(e-h), the shell thicknesses in system A, B, C,
and D were 10+£2.9, 8+0.6, 15.5+2.1 and 12.4+3.5 A, respectively (comparison in Fig. S3). The
thickness and the packing order of surfactants further influenced the rigidity of the
microemulsion droplets, which would induce different de-emulsification behaviour. Besides,
the radius of microemulsion droplets in the larger system were in the range of 4-8 nm after
equilibration of 2 ns, as shown in Fig. S4. Although the microemulsion system was
thermodynamically stable, the size of the microemulsion droplet changed with time due to
droplet coalescence. The average radius became larger and larger while the speed of radius
increase was getting slower. The speed and the average radius varied from case to case. It was

also the reason why different microemulsion systems could keep stable for various time lengths.

(a) L2B4 + Hexane (b) L2B4 + Dodegane (¢) L2B10+ Dodecane (d) L4B8 + Dodecane
e i - -

2] -

Frihis

T

b = ~

Figure 3. Structures of microemulsion droplets in equilibrium. (a-d) Dissection of the four
equilibrated microemulsion droplets with the surfactant and the oil types given on each figure.
(e-h) The final system snapshots of the four equilibrated systems in respective order as (a) to

(@
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Figure 4. Surfactant shell thickness of the four microemulsion droplets in equilibrium. (a-d)
Cross-section view of the four equilibrated droplets, with surfactant and oil type given on top
of each figure. (e-h) Representative density distributions of oil, water, and surfactants in
representative equilibrated snapshots of the four systems in respective order to (a) to (d). The
surfactant shell thickness was quantified as the projected distance on the X-coordinate of the
simulation box between the initial point of increasing density of water and surfactant. The blue
dash-lines in (e-h) highlight the initial point of increasing density of water and surfactants with
coordinates given. The distance between the near-by blue dash-line pair is the surfactant shell
thickness.

3.3 Rupture mechanics of microemulsion droplets

3.3.1 Rupturing in nanoscale de-emulsification

The water core and the surfactant shell of each microemulsion droplet were attached to
harmonic springs moving on opposite directions, which generated the counterforce on the
droplet. Because of the thermodynamic stability of the droplets, a significant force was needed

to rupture apart the water core from the surfactant shell, as example system C shown in Fig. 5

Published on 09 October 2020. Downloaded by Norwegian University of Science and Technology on 10/9/2020 1:56:07 PM.

and a short video in the supplement (rupture-process.MP4). Force profiles monitored in
rupturing all the microemulsion droplets at a temperature below 340 K showed the same pattern
of a steady increase to peak values and then a gradual decrease to a low plateau, as shown in
Fig. 5. The highest force peak corresponded to the opening of the surfactant shell, while the
low force plateau resulted from the friction of the deformed water core with the surfactant shell
and the oil phase. For comparison, extra simulations were performed to examine rupture events
and rupture forces of the same microemulsion droplets by using different timesteps of 1 and 2
fs. As shown in Fig. S5, the effect of simulation timestep on the rupture behaviour was

negligible.

11
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The pulling force monitored before the opening of the surfactant shell showed an almost HiEaLs ;5 o0on
increase, indicating a strengthening behavior of the microemulsion droplet following with a
softening process, as shown by the initial part of the force profile and system snapshot 1 in Fig.
5. Releasing the external pulling force before the surfactant shell opening (the peak force value)
led to a restoration of the original droplet shape. Such strengthening property was essential to
the mechanical stability of microemulsion droplets in experiments, relevant cases of which

were drug-carrying droplets transporting through narrow channels.

FER "
Of NP o A W | @
> 2 -1\ 5

a~

[2~]

3]

Force (nN)

L2B10-Dodecane

—

0 . 10 & “d AX (Angst%?]m)

Figure 5. Nanoscale rupturing behaviour of microemulsion droplets represented by system C.
Sequential system snapshots, (1) - (4), were taken from the one continuous simulation
trajectory. The oil molecules were not shown in the figure for a clear view of the microemulsion
droplets in the rupturing process. The average force profile monitored in the simulations is
given at the bottom, with labels (D - @ indicating the above corresponding system snapshots.
The initial average force is not 0 nN in the figure, which was resulted from the diffusing and
shape fluctuation of the droplet. AX is the separation distance of the two pulling harmonic
spring along with opposite pulling directions.

3.3.2 Temperature effect
The mechanical properties of the microemulsion droplets were greatly affected by temperature
owing to the viscosity of the liquid, namely lower temperature resulting in more robust droplets.

The four microemulsion droplets were subjected to rupturing force with the same simulation

parameters at the varied temperature of 280, 300, 320, 340, and 360 K. The results indicated

12
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that temperature played a major effect on the surfactant shell to influence the meghatiicals;. osx
properties of the whole microemulsion droplets. By comparing the force profiles, as shown in
Fig. 6, lower temperature resulted in higher peak force and rupture work. High temperature
could even diminish the general pattern of the monitored pulling force shown in Fig. 5,
especially in system A where the surfactants could easily escape from the oil/water interface
(Fig. 3 (a) and (e)). The missing of the force peak at the high temperature indicated that the
microemulsion droplet was marginally stable, which coincided with previous experimental
observations>® of high temperature enhancing the thermal motion of the molecules, enlarging
the intermolecular distances, and thus weakening the surfactant shell coating on each droplet.
The requirement for microemulsion stability differs in the application fields. For instance,
robust microemulsion droplets are preferred during transport through channels like in oil
production and drug delivery, while weak microemulsions are favorable for subsequent oil
separation and drug release®” 8. For environments where the temperature range is a non-
negligible factor, special attention should be paid to the surfactant composition in the

microemulsion system for its stability.
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Figure 6. Temperature effect on rupturing the four microemulsion droplets. Force profiles of
the four droplet rupturing events are given in (a-d) in the four systems. The surfactant and oil
types of each system are given in each figure. The force profiles obtained at different
temperatures of 280 K, 300 K, 320 K, 320 K, 340 and 360 K, are labeled by different colors
with corresponding legends, the work of fracture of each system at the different temperatures
are shown in (e-f).

3.3.3 Surfactant composition effect
The microemulsion droplets in the four systems demonstrated varied mechanical response to
the increasing temperature, as shown in Fig. 6. The most robust droplet in system D with a

surfactant shell of L4B8 could strongly endure pulling force at the simulation temperature

range of 280 ~ 360 K, leading to obvious force peaks compared to its counterparts. As shown
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in Fig. 3 (d) and (h), the L4B8 surfactant molecules were highly packed and firmly adsetbgds; ooon
at the oil/water interface. The high orderliness of the surfactants was a result of the optimized
amphiphilicity of the molecules and synergically contributed to the mechanical stability of the
droplet. Comparing the force profiles of rupturing the four microemulsion droplets at 280 K in
Fig. 7, the force peak for opening the L4B8 surfactant shell in system D outperformed its three
counterparts. Yet, the highest force peak in system D was observed at the smallest separation
distance of two pulling harmonic spring (AX) among the four force profiles. As discussed
above, the deformed microemulsion droplet could restore its spherical structure and maintain
integrity before the opening of the surfactant shell. Highly rigid microemulsion droplets could
be difficult to transport through narrow channels if deformation in the droplet shape is required.
The other three microemulsion droplets showed much lower surfactant shell opening peak
force with larger droplet shape deformation. There is a tendency of higher surfactant packing
order leading to higher peak force, more rupture work and smaller droplet deformation in the

rupturing simulations.
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Figure 7. Pulling force profiles with peak values observed in rupturing the four microemulsion
droplets in systems A, B, C and D at the temperature of 280 K, shown in (a). the work of fracture
of four systems at 280 K are collected into (b). The surfactant and oil types in each system are
given as legends.

4 CONCLUSIONS

We have utilized atomistic modeling and molecular dynamics simulation to scrutinize the
nanoscale mechanical properties of the microemulsion and resolve the determinants of the

droplet stability. The spontaneous emulsification of microemulsion droplets showed that the
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structure and arrangement of water and oil interface were dominated by the amphiphilic paits
of the linear surfactant molecules. The effects of the chemical composition of the surfactant,
the surfactant packing structure and temperature on the droplet rupturing were explored by
performing a series of tensile tests. The force peak and the rupture work were obtained to
evaluate the robustness of the microemulsions and identify the softening-to-strengthening
transition as lowering the temperature. Compared to the previous studies 3°-%!, this work from
the view of MD simulation investigated the morphologies of W/O microemulsion droplets and
evaluated their dynamic deformation process. It is the first attempt to scrutinize the mechanical
properties of a single microemulsion droplet. Although the loading manner could be different
from possible shearing force a microemulsion droplet experienced in experiments, the
amplitude of the rupturing force should be proportional to the mechanical stability of the
microemulsion droplets. Furthermore, the findings contribute to establishing an atomistic view
on microemulsion fluids and provide a general guide to design a stable microemulsion system,
such as oil recovery and production, drug delivery, materials fabrication, chemical sensors, and

other related fields.
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Rupturing a microemulsion droplet oo
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Using counter forces on water core and surfactant shell probed the mechanical stability of
microemulsion droplets at different ambient temperatures.
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