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ABSTRACT

Aerosols can be modeled for detailed investigations using reverse micelles in the laboratory as well as in
computational simulations. A long-standing question in the description of confined water under these
conditions is that of a two-state model of core - interface or a three-state model of core - intermediate
- interface. In this work, we present results of analysis of water dynamics inside reverse micelles from
fully atomistic molecular dynamics simulations. The size and composition of reverse micelles is
expressed through wy, the ratio of the number of water molecules to the number of surfactant molecules.
Reverse micelles of diverse sizes, with wy ranging from 5 to 20, were constructed with Sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) surfactant and simulated within isooctane solvent. Residence time
and diffusion coefficients, in the simulations, both behaved increasingly like bulk water with the increase
in size of reverse micelles. Rotational anisotropy autocorrelation was modeled using exponential func-
tions in the short time range of 10-20 ps and longer time data were modeled as a power law fit.
Similarly, the diffusion of water in the reverse micelles was also modeled on a power law fit. All these
metrics demonstrate a clear progression towards bulk water behavior as the reverse micelle size
increases. Additionally, our results also support a 3-layer model of water in a reverse micelle of core —
intermediate - interface. These results extend the understanding of water dynamics in reverse micelles
and provide further evidence for the 3-layer model.

© 2023 The Author(s). Published by Elsevier B.V.

1. Introduction

Water, despite its importance in most systems, is still not fully
understood due to its anomalous properties and differing behavior
under constrained, interfacial, and bulk conditions. [1-4]| Under
these constrained and interfacial conditions, water is biologically
and materially functional [2,4]. The extensive research carried
out in the past few decades has established that confined water
has very different physicochemical properties compared to bulk
water [5-7]. Some properties that are the hallmark of confined
water are reduced polarity, perturbed hydrogen bonded network,
and structural reordering at the interfacial region [8].

Reverse micelles (RMs) have served various functions, from
bioreactors to solubility vehicles [9,10] and are relatively well
studied with experimental methods [11-15]. Sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) is a common surfactant used in
studying reverse micelles in both experimental and computational
settings, having an anionic head and a large, branched nonpolar tail
structure allowing for dissolution of large amounts of water in
organic solution. [1,16-18] AOT’s two-tail structure enables
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reverse micelle formation without the addition of a cosurfactant,
making AOT useful for a wide range of investigations and applica-
tions [19].

The fact that polar regions of RMs can be manipulated, expand
their application even further in various fields. The effect of various
ionic liquid substitutes on the nanoaggregates of RMs have also
been studied; and the results suggest a shape transition of core
droplets from spherical in [Na][AOT] to cylindrical in the 1-butyl-
3-methylimidazolium, [BMIM] [AOT] solution [20]. This is evi-
dence that RMs are composed of monomeric amphiphilic building
blocks; and therefore, any manipulation at the monomer level
seems to offer an easy control over the structural aspect of large
self-aggregated systems. As a result, giving RMs, potential applica-
tions in synthetic chemistry, separation technology, and many
other domains [21].

RMs have also been extensively utilized as a model system for
water and other biomolecules in crowded and constrained envi-
ronments [1,3,22]. Water within reverse micelles does not behave
uniformly; water closer to the surfactant, the interfacial layer, dis-
plays dynamics significantly different from an unconfined bulk
environment. Investigations on dynamic behavior of water as a
function of distance from the interfacial layer have revealed slower
dynamical behaviour [23] of confined water relative to bulk
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environment. Nanoconfinement of water in RMs also affects proton
transfer and results in a mechanism called proton hopping [5].
Additionally, a marked slowdown in transfer rates of protons has
been discovered in nanoconfined systems such as RMs [24].

To better replicate the behavior of reverse micelles various
model systems have been developed to represent their behavior
for theoretical and computational analyses. Earlier experimental
studies on reverse micelles established a bi-layer model for reverse
micelles consisting of an inner core and an outer interfacial layer.
This model has been used rather extensively in many studies as a
basis for reverse micelle modeling, to differentiate the dynamics
of core ‘bulk-like’ water and interfacial confined water which both
exist within the RM [8,23,25]. However, more recent studies have
suggested that the core-interface bi-layer model is an oversimpli-
fication of reverse micelle behavior, and a multilayered model
would be a superior representation of reverse micelle behavior.
[8,23,25].

The core-shell or core-interface model has limitations, since the
dynamics of the “shell” water depends on the size of the micelle
[23]. The core-interface bi-layer model is well suited to larger
reverse micelles; however, it starts to break down for smaller
RMs with wg less than 10 [26]. This has been posited to happen
due to the collective nature of water dynamics for smaller reverse
micelles. Measurements of vibrational echo peak shifts have pro-
vided information about molecular rotation and confirm that the
core-shell separation is appropriate for static observables but not
for dynamic observables [27-29]. In this investigation, we utilized
fully atomistic molecular dynamics (MD) simulations of various
sized aqueous AOT reverse micelles to analyze the dynamics of
water and to provide further evidence to support a three-layer
water model. MD simulations of reverse micelles have played a
pivotal role in shedding light on structural and dynamic properties,
surfactant counter-ion mobilities, and ion pairings in such assem-
blies [30-41]. Our results are based on an analysis of dynamic and
static properties of water and the entire reverse micelle assembly
for a variety of reverse micelle compositions. Previous results in
this domain have used different compositions of reverse micelles
to arrive at the three-layer model [16,42]. Our reverse micelle com-
positions follow those of Abel et al.[38] with the TIP3P[43] water
model and provide further supporting evidence for the three-
layer model.

2. Methods

All-atom MD simulations for the L2 phase of the ternary system
composed of AOT and H,O0 in isooctane (ISO) were conducted. All
simulations were run using GROMACS [44-49] software package
with temperature and pressure at 298 K and 1 bar respectively.
Simulation trajectories ranged from 100 ns to 150 ns to collect
detailed dynamical information. All simulations were performed
utilizing fully atomistic CHARMM?27 [50-53] force fields in the
NPT ensemble. Simulations started with a spherical reverse micelle
immersed in ISO. The entire assembly was constructed using Pack-
mol. [54] During NVT equilibration stage, the reverse micelle was
restrained, and the solvent ISO allowed to move freely. After NVT
equilibration the restraints holding the reverse micelle were
released slowly for a completely unrestrained run. The starting
configurations were minimized to 100 kJ/mol/nm. All simulations
were carried out in a cubic box of at least 6.5 nm side length.
CHARMM?27 [51] parameters implemented for AOT and ISO and
utilized in previous molecular dynamics studies were applied
[38]. The TIP3P [43] model was used to describe water molecules.
The particle mesh Ewald method [55] implemented in GROMACS
was used to calculate the long-range electrostatics in the system.
The production MD stage was run for a duration of 100 - 150 ns
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with a timestep of 2 fs. Each simulation was executed from two
distinct starting configurations. The calculated properties are in
excellent agreement between those two independent simulation
trajectories. Simulations and data analysis were carried out on
the EXPANSE [56] supercomputer at the San Diego Supercomput-
ing Center through an XSEDE [57] allocation. The simulation
labeled “bulk” is a simulation of water molecules in a cubic box
of side 6 nm and under similar temperature and pressure condi-
tions as the reverse micelle simulations. All analysis was carried
out using the tools provided with the GROMACS simulation pack-
age. Mathematica was used to create all the plots, data fitting,
and for any numerical processing of the data derived from the
MD simulations. The composition for each simulation is specified
in Table 1.

3. Results & discussion
3.1. Rotational relaxation analysis

The rotational anisotropy autocorrelation function was calcu-
lated from our simulations by taking the dot product of the unit
vectors {1 in the direction of the O—H bonds and calculating the
correlation function of the second Legendre polynomial [16].

Cy(t) = P < u(t).u(0) >

where P;(x) = 322-1 and.x = Cos(0) = U(t).u(0)

Rotational anisotropy data was fitted to three different models,
finding agreement with prior studies that a tri-exponential,

stretched exponential, and power law fit were valid with R? values
greater than 0.99. The excellent agreement of our data with these
functional forms provides a strong validation for these models and
consistency with previous work in this domain [58].

The power law fit was implemented through a nonlinear scalar
model, o« t~#, to model the behavior of water’s rotational aniso-
tropy decay for long time scales as shown in Fig. 1. This model is
a modification of the linear scalar power law used by other authors
and is in excellent qualitative agreement [58]. The power law mod-
ifiers, o and B display a limiting trend towards their bulk values.

The triexponential fit, shown in Fig. 2, is valid for the first 20 ps
of the simulation before it deviates from the data and is described
by Coe ™ + Cye7% + Cre%. Each term in the tri-exponential fit cor-
responds to a layer of the water in the RM. Thus, this model
assumes three layers, the interface, intermediate, and core, from
outwards towards the interior, respectively. The interfacial layer
has the slowest rotational decay, and the intermediate layer dis-
plays the fastest rotational decay [16,26]. The tri-exponential fit
is only viable for ~ 20 ps, after which another fit must be used. This
necessitates power law fits for long time behavior. As seen in Fig. 2,
the initial decay is much faster for larger reverse micelles, wy > 10.
The behavior of the water as the size of the reverse micelle
increases is increasingly like that of bulk [23]. A simplification of
the triexponential fit can also be used; a stretched exponential fit

X

of the form e ()" Both, 8 and t, are proportional to wp_and both
display a limiting approach to the respective variables for bulk
water simulations. The stretched exponential fit, shown in Fig. S1
(Supporting Information), however, is only valid for ~ 10 ps, and
to model longer time frame, the power-law fit shown in Fig. 1 is
necessary.

A noticeable trend appears in the data, that as the wy increases,
the behavior of the water also trends toward bulk or unconstrained
water as shown in Fig. 2. For all three autocorrelation models, as wg
increases the models increasingly resemble the models for bulk
water. Experimental work has shown that there is longer rotational
anisotropy decay in larger reverse micelles as compared with smal-
ler systems, indicating that as time passes the directional depen-
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Table 1
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Simulation compositions for each reverse micelle, represented by wy, showing the number of molecules present. A sodium counterion is present for each AOT molecule.

wo = [H20]/[AOT] H,0 AOT Isooctane Total molecules
5 210 42 1,500 1,794
7.5 465 62 2,536 3,125
10 980 98 3,500 4,676
15 2,835 189 6,000 9,213
20 6,040 302 23,474 30,118
Bulk water 7,085 0 0 7,085
1 r . . . when MSD = 9 A2 in the simulations. A power law of the form, t%,
""" WoriAit was fit for the MSD for all simulations and is shown in the support-
osop wo=7.5 fit | ing information. This is consistent with prior work [38] displaying
wo—10 fit that the smaller reverse micelles having slower rates of diffusion.
_____ Wo—15 fit The parameter o in the model also trends toward the o in the fitted

o wo—20 fit
— wp—5Mean ]
0.05F — wp—7.5Mean
wo—10 Mean

— wy—15Mean

— wp—20 Mean

0.01
0.5 1 5 10 50 100

Time (ps)

Fig. 1. Rotational anisotropy decay on a log-log plot showing the increased rate of
decay as system size increases, reflecting increased behavior of ‘bulk like’ water in
larger systems.

G

Time (ps)

Fig. 2. The rotational anisotropy decay shows excellent agreement with fit to a tri-
exponential function up to the first 20 ps.

dence of H,O molecule rotation decreases at greater rates in larger
systems with less constraint, i.e. bulk water or large reverse
micelles, than in systems with more confinement, i.e. smaller
reverse micelles. [16,27] These results agree with our modeling
of rotational anisotropy decay. However, investigations into impact
of nanoconfinement in AOT reverse micelles of binding interac-
tions between phenosafranin and safranin-O with DNA dupleX
arrive at the conclusion that even with large reverse micelles (wq-
greater than 10), bulk-like behavior is not truly achieved. [59,60].

3.2. Diffusion analysis

The mean squared displacement (MSD) of water from initial
position was calculated to determine the diffusion constant via
the Einstein relation. The residence time (t,,) was determined as
the time needed for the MSD to traverse a distance equivalent to
the square of the molecule’s diameter. The residence time is noted

bulk model in a limiting manner.

The residence time can be a good indicator of diffusion inten-
sity. The water of larger wys behaves more like bulk water than
that of smaller wgs (Fig. 3); and the 1, is seen to decrease as the
Wp increases, indicating that the water in the reverse micelle
behaves increasingly like that of bulk as it increases in size. This
may be a result of the curvature of the reverse micelle acting as
a constraint. The increased diffusion speeds are reflected in lower
residence times.

3.3. Hydrogen bonding

Typically, a hydrogen bond is defined to exist when water mole-
cules are within 3.5 A and the Hydrogen-Donor-Acceptor angle is
less than or equal to 30° [61]. The number of hydrogen bonds
formed by each water molecule was calculated using gmx_hbonds
provided with the GROMACS package. It determines hydrogen
bonds that satisfy distance and angle constraint, as well as hydro-
gen bonds that only satisfy the distance constraint. Here, the
expectation is that the confinement of water in the reverse
micelles will reduce more water-water interactions that would
have been labeled as hydrogen bonds due to reduced orientational
freedom for water molecules. The distribution plot is shown in
Fig. 4. The distribution tightens, indicating a greater population
of water is under less constraint as the reverse micelle increases
in size, this trend follows in limiting fashion towards bulk. This is
most likely due to the reduced orientational freedom for water
molecules near the surfactant interface. Additionally, the average
number of hydrogen bonds per molecule increases and trend

14
12
«— 10
=
P — wy—5
g 8 .
sr = w0—7.5
= 6
= wy—10
4 — wp—15
9 — wy—20
— bulk water
0 £ i " i
0 5 10 15 20 25

Time (ps)

Fig. 3. Mean square displacement against time. The dashed horizontal line at 9 A% is
the square of the diameter of the water molecule. The residence time, t,, can be
seen to decrease with increasing amounts of water in the RM and approaches that
of bulk water.
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Fig. 4. Distribution plot of the number of hydrogen bonds that satisfy angle and
distance constraint divided by the number of hydrogen bonds that only satisfy the
distance constraint.

toward bulk in limiting fashion as the reverse micelle increases in
size as shown in Fig. 5.

3.4. Dipole moment

The dipole autocorrelation function was calculated over the
total dipole moment of the simulation space via a second order
Legendre polynomial. Dipole autocorrelation was averaged over
all water molecules for the full trajectory of the simulation. The
dipole correlation of the water molecules within the reverse
micelle was computed and the data fit to multiple exponential fits:
a tri-exponential fit, stretched exponential fit, and a power law fit,
in agreement with prior studies [28,62]. The data fits very well to a
triexponential model, shown in Fig. 6, suggesting three layers with
each having differing behaviors. As core volume increases with
increasing wo, overall, the RM increasingly behaves like bulk, like
the tri-exponential model for rotational anisotropy decay. This
trend was also visible when dipole autocorrelation was modeled
by a stretched exponential, and power law fit. The power law fits
the data well as shown in Fig. 7. The forms for these fits are iden-
tical to the stretched exponential and power law fits that were
used to model rotational anisotropy, suggesting that dipole corre-
lation & rotational anisotropy decay are affected in the same
manner.

0.0 0.5 1.0 1.5 2.0 25 3.0
Mean hydrogen bonds per water molecule

Fig. 5. Mean number of hydrogen bonds per water molecule for each simulation.
The reported number is derived from the average of two independent trajectories
for each simulation.
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Fig. 6. Dipole autocorrelation function fits well to a tri-exponential function up to
the first 50 ps,.Coe © + Cie o + Ce 2

Cot0f -
----- Wo-7.5 fit — o= e
0.05f . — Wp-7.5 1
----- wo-10 fit — W10 . :
----- wo—15 fit — W15
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Fig. 7. Power laws model the longer-term dipole moment autocorrelation after
1 ps.
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Fig. 8. Radial distribution function plots for g(O—0) for water molecules in the
reverse micelle simulations.

3.5. Radial distribution functions

The radial distribution function (RDF) describing the distribu-
tion of water from the center of mass of the reverse micelle was
calculated for all simulations. The water population was found at
different distances from the center of the reverse micelle by deter-
mining the area under the curve of the RDF, using the relative min-
ima of the RDF as limits representing a divide in each layer of water
population from the reverse micelle.
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averaged over all trajectories. The radius of gyration, R, was also
computed for each simulation using,

R2 _ Eimi(ri - rcm)z
& >iMmi

where, m; is the mass of atom i at distance r; from the center of mass
of the reverse micelle r.;,. The radius of gyration can also be approx-
imated based upon the three ellipsoid semi-axes assuming an ellip-

soid of uniform density by R; =1 <a2 +b 4 c2>. The three semiaxes,

eccentricity, and radius of gyration were computed for each run
from each simulation for the entire reverse micelle assembly and
the data is shown in Table 2. These results are in qualitative agree-
ment with those of Abel et al [38]. Additionally, our results are also
in excellent agreement with the results from experimental investi-
gations such as small angle X- ray scattering and other MD simula-
tions mentioned by Eskici et al [63].

4. Conclusion

Our computational analysis of water dynamics within the con-
fined environment of reverse micelles examined multiple observ-
ables to provide further support for a three-layer model of water
dynamics inside reverse micelles. This 3-layer model consists of
interfacial, intermediate, and core water, from most constrained
to least respectively. This model represents the water dynamics
of the reverse micelle with each layer exhibiting different dynam-
ics due to level of confinement and surfactant interactions and
more accurately represents the dynamics of the RM than a non-
layered model wherein the water dynamics is averaged over the
entire RM water pool. The effect of confinement on water dynamics
decreases with increased reverse micelle size as greater propor-
tions of the water population inhabit the core and intermediate
layers compared to the interfacial layer as wyp increases. A clear
trend from our analysis is that as the reverse micelle increases in
size the water dynamics will trend toward bulk water. This is in
excellent agreement with results from prior simulations with dif-
fering reverse micelle compositions.
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