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The formation of reverse micelles by aerosol-OT [sodium bis(2-ethylhexyl) sulfosuccinate] in hydro-
carbon solvents, and in the presence of water, is studied using a combination of atomistic molecular-
dynamics simulations and small-angle neutron scattering (SANS). There have been many previous
studies of aerosol-OT and its self-assembly in both water and non-aqueous solvents, but this work is
focused on a combined experimental and simulation study of reverse-micelle formation. The effects of
hydration (with water-to-surfactant molar ratios in the range 0-60) and solvent (cyclohexane and
n-dodecane) are investigated. A force field is adapted that results in spontaneous formation of reverse
micelles starting from completely randomized configurations. The computed dimensions of the reverse
micelles compare very favourably with those determined in SANS experiments, providing validation of
the simulation model. The kinetics of reverse-micelle formation are studied with a 50-ns, 1.7-million-
atom system which contains, in the steady state, about 50 reverse micelles. The internal structures of
reverse micelles are characterized with mass density profiles, and the effects of solvent, and the
structural crossover from highly structured water to ‘bulk’ water in the core, are detailed. The
corresponding changes in the molecular reorientation times of sequestered water are also determined.
Overall, the combination of experiment and simulation gives a detailed picture of reverse-micelle self-

rsc.li/pccp assembly and structure.

1 Introduction

The molecule of interest in this study is sodium bis(2-ethyl-
hexyl) sulfosuccinate, more commonly known as aerosol-OT
(AOT)." 1t is a well-studied species defined by a sulfonate head
group, and two aliphatic tails. (The molecular structure is given
in the ESLt) AOT is a versatile anionic surfactant with many
applications ranging from medicinal® to industrial.> AOT is
notable for forming reverse micelles (RMs) in non-polar
solvents.*”® Each RM consists of a polar core protected by the
aliphatic tails which point outward into the solvent. The
resulting small, polar pockets can solvate water, counterions,
or other polar molecules present in an otherwise non-polar
environment. The core can swell in order to accommodate

“School of Chemistry, University of Edinburgh, David Brewster Road, Edinburgh
EH9 3F], Scotland, UK. E-mail: philip.camp@ed.ac.uk; Tel: +44 131 650 4763

b School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, UK

¢ Infineum UK Ltd, Milton Hill, UK

1 Electronic supplementary information (ESI) available: Force-field parameters

for the Aerosol-OT molecule. See DOI: https://doi.org/10.1039/d4cp03389b

i Present address: Department of Pure and Applied Chemistry, University of

Strathclyde, Glasgow G1 1XL, Scotland, UK.

27772 | Phys. Chem. Chem. Phys., 2024, 26, 27772-27782

increasing water content’ and serve as a suitable site for
synthesis or catalysis, acting as a so-called ‘nanoreactor’.'®'*
An important parameter for RM formation in non-polar sol-
vents is the hydration ratio (w), being the molar ratio of water to
surfactant. The water cores at lower hydration ratios (w = 1-15)
exhibit notably different behaviour to that of bulk water, as has
been shown in various experimental studies.'>"* AOT can also
form normal micelles in aqueous solutions,™* but this is not the
focus of this work.

One of the principal aims of the current study is to study the
self-assembly of AOT RMs using atomistic molecular-dynamics
(MD) simulations. While there are numerous computational
studies available, the bulk of earlier modelling work uses fully
or partially preassembled RMs in the investigated systems.">™"”
Some studies have been focused on the polar core of the RMs,
with the non-polar portions and solvent represented by a single
continuum.'®* Other work, more focused on RM shape and
assembly, employed full or partial coarse-graining, especially
for modelling the solvent.>**> While such studies offer impor-
tant information, it is preferable to be able to treat all aspects of
RM self-assembly with a fully atomistic model. To this end,
Abel et al. developed all-atom models to simulate RM structures
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15,16 which have been used

of AOT with water in isooctane,
subsequently to study the thermodynamics of RM formation.?®
Such models should also capture the self-assembly of RMs
starting from random configuration, without constraints, and
produce observable properties comparable to those measured
in experiments. While there are experimental data already in
the literature, primarily from small-angle neutron scattering
(SANS) studies,**® it is worth assessing MD predictions against
new measurements.

The aims of the present work are to use MD simulations to
study the self-assembly of AOT RMs both in pure (dry) solvents,
and in the presence of water. To this end, new SANS experi-
ments are carried out, and the effects of solvent are deter-
mined. The results of these experiments — along with those
already in the literature®®® - are used to test a newly developed
set of force-field parameters for MD modelling of AOT self-
assembly. It should be noted, however, that the simulation
work is not in any way parameterized from the experimental
results; instead, the simulation predictions and experimental
results are compared directly and critically. Novel microscopic
details are revealed in the simulations, including the interior
structure of the RM, the kinetics of RM self-assembly, and the
reorientational dynamics of water molecules encapsulated
within the RM. The results of this research will form the basis
for ongoing studies of AOT adsorption from hydrocarbons
onto inorganic surfaces, for various applications involving the
modification of solid-liquid interfaces.

The rest of this article is organized as follows. The experimental
and simulation procedures are described in Sections 2.1 and 2.2,
respectively. The results are presented as follows: Section 3.1 -
experimental results; Section 3.2 — comparisons between simula-
tion and experimental results; Section 3.3 — the kinetics of RM self-
assembly; Section 3.4 - the interior structure of the RMs; and
Section 3.5 - the reorientational dynamics of water inside RMs.
Section 4 concludes the article.

2 Materials, models, and methods

2.1 Experimental procedure

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT, Sigma Aldrich,
>97%), H,0O (Milli-Q water purifier, 18.2 MQ cm), D,O (Sigma
Aldrich, 99.9% D), d,,-cyclohexane (Apollo Scientific, 99.5% D),
and d,e-n-dodecane (Apollo Scientific, 98% D) were used as
received from suppliers. SANS samples were prepared by mix-
ing AOT in the relevant deuterated solvent, and adding D,O or
H,0 to the required values of w = [water]/[AOT] and total
volume. Samples were shaken vigorously until they appeared
to be transparent and homogeneous.

The SANS experiments were carried out on the Sans2d
instrument at ISIS Neutron and Muon Source (Didcot, UK),
and the D33 instrument at Institut Laue-Langevin (Grenoble,
France). Sans2d offers a Q range of 0.004-0.6 A~*, and wave-
lengths of neutrons in the range 1.75-15.5 A. The source-
sample-detector distances were set to L; = L, = 4 m, with the
1 m? detector offset vertically by 80 mm and sideways by
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100 mm. D33 offers a Q range of 0.006-0.6 A~', with a neutron
wavelength of 4.6 A, and one sample-detector distance of 8 m.
The experiments were carried out at 25 °C using 2-mm rectan-
gular quartz cells. The empty quartz cell and relevant solvent
background scattering was subtracted from the raw SANS data,
and reduced using software available at the instruments.

2.2 Molecular-dynamics simulations

MD simulations were carried out using LAMMPS.>”>° The
calculations were carried out in a cubic simulation cell
with periodic boundary conditions applied in all directions
(x,, and 2). The equations of motion were integrated using the
velocity-Verlet algorithm.*® The Nosé-Hoover thermostat/baro-
stat was used to control the temperature and pressure;*° the
relaxation times were 0.1 ps and 1 ps, respectively.

The organic species were described with OPLS-type force
fields** 3 or variations thereof, as described below, with a real-
space cut off of 12 A. Standard all-atom and united-atom OPLS
parameters can be accessed conveniently using online
resources such as LigParGen®*™° and Tinker (this work).*®*!
In the UA version, CH,, units are described as single interaction
sites. Water was described with the TIP3P (Ewald) force field.*?
In all simulations, the Lennard-Jones cross-interactions were
calculated using the Berthelot mixing rule (¢; = ,/z;8;)"" and
Good-Hope mixing rule (¢; = ,/G50;)."> The long-range Cou-
lombic interactions were handled using the particle-particle
particle-mesh method with a real-space cut off of 12 A and a
relative accuracy in the forces of 107

The OPLS force-field parameters required some tuning in
order to reproduce spontaneous self-assembly of AOT. Initial
tests with the united-atom, OPLS-UA force field failed to
produce a self-assembled RM. As a result, an all-atom approach
was selected for further work. The solvent (cyclohexane or
n-dodecane) was described with the all-atom, L-OPLS-AA
(or OPLS-AA/L) force field. Some clustering was observed in
simulations using the L-OPLS-AA force field for AOT as well, but
the comparison with then-available experimental results*®®
was still poor. Assuming that the sulfonate head group on AOT
was key, non-bonded OPLS-type parameters were taken from
the force field for sodium dodecyl sulfate developed by Abdel-
Azeim,** and this led to an improvement in the match with
experimental results. However, there were still discrepancies and it
became apparent that there was a need for bespoke partial charges
for AOT. To this end, the partial charges on the head group
in vacuo were determined from scratch by using density functional
theory (DFT) calculations. Using the atom labelling scheme shown
in Fig. S1 of the ESI,} the head group was represented by the
fragment from C5 and H5 on one side chain to C5 and H5 on the
other, terminated at each end with a methyl group. Geometry
optimization calculations were carried out in Gaussian, with the
B3LYP functional, 6-311++g(2d,2p) basis set, and a convergence
criterion of 10™* eV.*> The sulfonate-group Lennard-Jones para-
meters (from ref. 44) and Mulliken partial charges on the head
group (from this work) are given in the ESL{ All other parameters
were from the L-OPLS-AA force field.
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Table1 Compositions of the systems studied with MD simulations. Naor,
NHZO' and Ngoent are the numbers of AOT, water, and solvent molecules,
respectively. o is the hydration ratio, the molar ratio of water to AOT. Nagg
is the AOT aggregation number of a micelle, and Ry is the radius of gyration
of a micelle; Ry is determined either from a direct calculation (eqn (1)) or by
fitting a simulated form factor (egn (2) and (5)). Where the aggregation
number is lower than the value of Naor, the Rg value is that of the largest
RM in the system. The stated uncertainties are fitting errors, and rounded
off to 2 decimal places

Npor Nu,o @ Solvent Niovent Nagg Rg(direct)/f& Rg[P(Q)]/A

10 50 5 Cyclohexane 850 10 11.48 £ 0.01 11.59 £+ 0.01
20 100 5 Cyclohexane 1700 20 13.87 £ 0.01 14.02 + 0.01
40 200 5 Cyclohexane 3400 26 15.25 £ 0.01 15.55 £ 0.01
30 0 O Cyclohexane 2600 13 11.65 + 0.01 11.67 £+ 0.01
30 30 1 Cyclohexane 2600 9 10.08 £+ 0.01 10.14 + 0.01
30 150 5 Cyclohexane 2600 14 12.96 £+ 0.01 13.12 £ 0.01
30 300 10 Cyclohexane 2600 25 17.15 £+ 0.05 16.80 *+ 0.02
30 450 15 Cyclohexane 2600 30 18.64 £ 0.01 18.65 £ 0.01
30 1800 60 Cyclohexane 2600 30 24.92 £+ 0.01 26.30 £+ 0.10
30 0 0 n-Dodecane 1200 17 11.67 £ 0.01 11.75 + 0.01
10 50 5 n-Dodecane 400 10 11.29 £ 0.01 11.40 £ 0.01
20 100 5 n-Dodecane 800 20 13.77 £ 0.01 13.99 + 0.01
30 150 5 n-Dodecane 1200 30 14.79 £+ 0.01 15.07 = 0.01
40 200 5 n-Dodecane 1600 33 15.78 £ 0.01 16.13 £ 0.01

The system setup was geared toward observing self-assembly
and determining aggregate properties, with the majority of
simulations focused on self-assembly of a single RM. The
various system compositions are detailed in Table 1, and
contained between sixteen and sixty thousand atoms. To ensure
a completely random initial configuration, the starting coordi-
nates were generated using PACKMOL.***” Each system was
equilibrated first in the NVE ensemble for 1 ps with an
integration time step of 6¢ = 0.1 fs, then in the NVT ensemble
at T = 298.15 K for 2 ns with 6t = 0.5 fs, and lastly in the NPT
ensemble at P =1 atm and T = 298.15 K with 6t = 1 fs for 2.5 to
5 ns. Production runs were then carried out in the NPT
ensemble at P = 1 atm and T = 298.15 K with &t = 2 fs until
the structure had ‘equilibrated’ in the sense defined below.
This typically took place in 10s of nanoseconds.

The single-RM studies were supplemented by a 50-ns simu-
lation containing 1000 AOT molecules, 5000 water molecules,
and 90 000 cyclohexane molecules at P=1 atm and 7=298.15 K.
There were about 1.7 million atoms in a box with length
L = 259 A. The AOT concentration equated to 95.6 mM. The
aims of this study were to explore the kinetics of self-assembly,
and determine whether the RM size was affected by such a high
AOT concentration. The analysis of this simulation is described
separately in Section 3.3.

The meaning of ‘equilibration’ here refers to the process of
the simulation reaching a steady state, which is not necessarily
the same as reaching thermodynamic equilibrium in a bulk
system. Firstly, in a simulation of an isolated RM, once it has
assembled there are no other processes that can take place,
since there are no other molecules or RMs. Secondly, in real
systems, there might be processes that lead to slow RM growth
(such as Ostwald ripening) or even the formation of water-in-oil
emulsions, but these are well beyond the (atomistic) simulation
time scale. The saving grace is that on the experimental time

27774 | Phys. Chem. Chem. Phys., 2024, 26, 27772-27782

View Article Online

Paper

scale of hours and beyond, RMs are apparently stable, and no
emulsification is seen; the solutions remain transparent and
homogeneous. Hence, while there is a large gap between
simulation and experimental time scales, it is meaningful to
compare the sizes of RMs formed in 10s of nanoseconds in
simulations and RMs that exist for hours and longer in experi-
ments. In short, ‘equilibration’ and ‘equilibrium’ are used here
as shorthand for the simulations having reached a steady state
because of either the limitation on system size (a single RM) or
the limitation on time scale (many RMs).

A key parameter for the comparison between experiment
and simulation is the radius of gyration R, of a RM. In the MD
simulations, this was obtained using a direct calculation, and
by fitting a computed form factor. All calculations were carried
out on distinct RMs, and any ‘excess’ molecules not part of the
RM were removed. The direct calculation was made using the
formula

& =5 3 3l ). o

i=1 j=i+1

where r; is the position vector of atom i, and N is the total
number of atoms in the RM (including any water). The separa-
tion vector was computed with the periodic boundary condi-
tions unwrapped, so that it gives the true distance r; = |r; — ;|
between atoms in the same RM, and not the minimum-image
distance. The form factor P(Q) was computed using the formula

N N
= () 0

where as before, the sums are restricted to all atoms in the
same RM, and Q is the magnitude of the scattering wave vector
Q. In SANS experiments, the scattered intensity is

1(Q) = P(Q)S(Q), ®)
where S(Q) is the structure factor describing spatial correlations
between different RMs.*® P(Q) is usually fitted with a range of
structural models, and the best one is assumed to reflect
reality. The exact, low-Q behaviour of P(Q) is given by the
Guinier approximation

PQ) . ORS
—0)le 3g, (4)

which is independent of the aggregate shape. An heuristic
extension of this formula to larger wave vectors is the Gaussian

formula
P 2R 2
X9 —exp(-25), )

which is also the form factor for a spherical object with a
Gaussian scattering-length density profile.*” The results from
fitting P(Q) from experiments and simulations are compared to
those from the direct calculation. The interior structure of a RM
was investigated by calculating the radial mass-density profiles
p(r) for atoms in each of the chemical components (AOT anion,
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Na', water, solvent), where r is the radial distance from the
centre of mass of the RM.

3 Results

3.1 Experimental results

New SANS data are shown in Fig. 1 for four cases: (a) 0.05 M
AOT in cyclohexane, with hydration ratios @ =5 and w = 10; and
(b) 0.05 M and 0.10 M AOT in dry d-dodecane. The data were
first fitted using the Gaussian model (eqn (5)) plus a small
background in the range Q < 0.1 A™*, yielding the values given
in the figure. For 0.05 M AOT in cyclohexane, the radius of
gyration increases from R, ~ 15 A to Ry ~ 19 A on increasing
the hydration ratio from @ = 5 to w = 10. This is due to the
swelling effect of encapsulating water in the interior of the RM;
the details of this mechanism will be discussed with reference
to simulations in Section 3.4. In dry d-dodecane, the radius of
gyration is Ry ~ 12 A and only weakly dependent on the AOT
concentration.

The SANS results are analyzed in a slightly different way in
Fig. 2. Here, the shape-independent Guinier plot is used to
check that the apparent radii of gyration are not strongly
affected by the fitting method. The results are fitted using
eqn (4) yielding values of R, that deviate insignificantly from
the values from the Gaussian fits.

All of the values from fitting the experimental SANS data are
collected in Table 2. This shows that the apparent radii of
gyration agree within 1 A, and are therefore reliable. Both Fig. 1
and 2 include simulation results, which are discussed in
Section 3.2. A similar analysis on previously published SANS
data gives comparable results.**™®

| 1 aul 1
103 3 3
1 o=10:r,=1940) A i
1073 3 3
S 3 b
o ] r [
1 o=s: R,=1530) A i i
1073 A 3 3
1 (2)0.05Min CH,, r (®) ©=0inC,H, % F

107 T T 107 T T
107 107" 10° 107 107" 10°

o —1 o —]

0/A 0/A

Fig. 1 Direct comparisons between the form factors from SANS experi-
ments (circles and squares) and MD simulations (plusses and crosses):
(@) 0.05 M AQT in cyclohexane with w = 5 and 10 (SANS with H,O and
d-cyclohexane, MD with w = 5 only and Naot = 40); (b) 0.05 M and 0.10 M
AOT in dodecane with @ = 0 (SANS with D,O and d-dodecane, MD with
Naot = 30). The solid lines are fits of the Gaussian function (egn (5)), plus a
small background, to the SANS results in the range Q < 0.1 A~%; the values
of Ry shown are from these fits, and they are also given in Table 2. The fits
to the MD results over the same Q range are omitted for clarity, but the
parameters are given in Table 1. Data are scaled by ten units along the
ordinate for clarity.
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Fig. 2 Direct comparisons of the form factors from SANS experiments
(circles and squares) and MD simulations (plusses and crosses) in the form
of Guinier plots: (a) 0.05 M AOT in cyclohexane with w = 5 and 10 (SANS
with H,O and d-cyclohexane, MD with @ = 5 only and Naor = 40);
(b) 0.05 M and 0.10 M AQOT in dodecane with w = 0 (SANS with D,O and
d-dodecane, MD with Naot = 30). The solid lines are fits of the Guinier law
(egn (4)), plus a small background, to the SANS results in the range Q* <
0.004 A= the values of R4 shown are from these fits, and they are also
given in Table 2. The dashed lines are the corresponding Guinier plots with
the radii of gyration computed directly from MD simulations (given in
Table 1). Data sets are shifted by one unit along the ordinate for clarity.

Table 2 Radii of gyration from fitting the Gaussian model egn (5)) and the
Guinier approximation (eqn (4)) to new SANS data

caorM Solvent o R/A (eqn (5)  Ry/A (eqn (4))
0.05 d-Cyclohexane 5 15.25 + 0.25 15.05 £ 0.05
0.05 d-Cyclohexane 10 19.42 + 0.15 18.56 + 0.04
0.05 d-Dodecane 0 12.54 + 0.75 12.07 £ 0.17
0.10 d-Dodecane 0 12.15 £+ 0.64 12.03 £+ 0.13

3.2 Development and assessment of force-field parameters
against experimental data

Despite many previous studies of AOT and its self-assembled
structures, the simulation of spontaneous RM formation has
not proven straightforward. The aim here was to start a
simulation from a completely disordered configuration, and
generate a self-assembled structure without external influence
or constraints. In preliminary tests, simulations with off-the-
shelf force fields, including all-atom and united-atom varieties,
led either to small clusters or trivial phase-separated solute
droplets. Given that all-atom force fields for the solvent, water,
and surfactant tails are generally quite reliable, attention was
focused on the description of the polar head group. Due to the
scarcity of suitable charge parameters for the sulfonate head
group, a DFT calculation was carried out with the B3LYP hybrid
functional and 6-311++g(2d,2p) basis set.”> The resulting par-
tial charges were combined with literature values for the
Lennard-Jones parameters,’ as detailed in Section 2.2 and
the ESL.t With these parameters, spontaneous self-assembly
of an RM could be observed on the time scale of tens of
nanoseconds. The general procedure was to choose a hydration
ratio, and then add solute molecules until RMs were formed.

An estimate of the aggregation number N,z was obtained by
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Fig. 3 Snapshots from a simulation of a single RM with water (o = 5) in
cyclohexane at P =1atmand T = 298.15 K: (a) O ns; (b) 10 ns; (c) 20 ns. The
solvent molecules are represented by silver stick models, the AOT carbons
are dark grey, the AOT oxygens are orange, the water oxygens are red, the
water hydrogens are white, sulfur atoms are yellow, and sodium ions are
violet.

adding a slight excess of solute molecules, so that there was an
equilibrium between a RM (containing N,, molecules), and a
small cluster and/or free molecules. Equilibration was moni-
tored via changes in the aggregate radius of gyration over time,
and considered finalized once the dimensions stabilized. Fig. 3
shows snapshots from a simulation of AOT and water (» = 5) in
cyclohexane. In this simulation, there were 20 molecules, and
these formed a single RM. The snapshots show the initial,
disordered configuration, two small clusters at intermediate
times during equilibration, and the RM formed by the merger
of these clusters after 10 ns. The results from all of the single-
RM simulations are summarized in Table 1. For AOT in
cyclohexane with w = 5, the ultimate aggregation number is
around 26. AOT molecules in dry cyclohexane formed poorly
defined, small RMs. The RM shape definition improves dra-
matically with introducing water into the system, and further
increasing the hydration ratio leads to an increase in the
aggregation number. In dry dodecane, AOT forms small RMs,
while with @ = 5, the ultimate aggregation number is around
30. It should be borne in mind that these aggregation numbers
are indicative, because there is normally a distribution of
RM sizes.

The simulations cannot be assumed to be realistic without a
critical assessment against experimental results. To this end,
experimental and simulated scattering profiles, and the asso-
ciated RM sizes, are compared directly. Fig. 1 shows a direct
comparison between the computed form factor (eqn (2)) of the
AOT and water, and the scattered intensity measured in the
SANS experiments. The agreement between simulation and
experiment is excellent. It should be noted here that the
simulations and experiments were carried out completely inde-
pendently, and that the results were compared afterwards to
assess the performance of the model. To ensure an optimal
point of comparison, the experimental and simulation data
were all analyzed in the same way, by fitting the Gaussian
model to obtain the radius of gyration. In addition, R, for the
simulated RMs was obtained by a direct calculation (eqn (1)).
The simulation results are given in Table 1. Comparing the
results with the experimental results in Table 2 shows that the
agreement is excellent: for AOT in both cyclohexane with w =5
and in dry dodecane, the differences are less than 1 A.
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Fig. 2 shows the comparison between the experimental and
simulation results in the form of a Guinier plot. Here, the raw
SANS data and associated fits are compared to the MD result
with R, computed directly with eqn (1). Once again, the agreement
between the model and experimental data is excellent, which
provides reassurance that the simulated RMs are realistic.

Finally, it is common to estimate the aggregation number
from experimental data by multiplying the apparent RM
volume by the bulk mass density of the solute. As an illustra-
tion, consider an RM formed by AOT in dry dodecane. From the
experiments, the radius of gyration is Ry ~ 12 A, the corres-
ponding hard-sphere radius is Rus = v/5/3R,, the mass den-
sity of AOT (m = 444.57 u) is p ~ 1100 kg m~>, and the
aggregation number is Nygo = 4mpRys’/3m = 23. The simulations
indicate that 17 AOT molecules form a reverse micelle with
essentially the same radius of gyration, R, = 11.7 A. The
difference is due to the interior structure of the reverse micelle;
the estimate is based on a homogeneous sphere of pure AOT at
its bulk density, which is not representative of the RM compo-
sition. The internal structure is revisited in Section 3.4.

3.3 Reverse-micelle formation kinetics

The kinetics of RM self-assembly were studied in a 50-ns
simulation of 1000 AOT molecules in cyclohexane, with @ = 5,
at P=1 atm and T = 298.15 K. Snapshots from this simulation
are shown in Fig. 4. At short times, there are many irregular
clusters, while at longer times, the structure evolves into quite
distinct RMs. By eye, there are about 45 to 50 distinct RMs, and
given that there are 1000 AOT molecules, this translates to an
aggregation number N,g, =~ 20.

The aggregation was tracked not by counting clusters or RMs,
but rather by estimating the concentration of self-assembled

Fig. 4 Snapshots from the 1.7-million-atom simulation of AOT and water
(w = 5) in cyclohexane at P = 1 atm and T = 298.15 K: (a) O ns; (b) 2 ns;
(c) 10 ns; (d) 50 ns. The solvent molecules are hidden for the sake of clarity,
the AOT carbons are dark grey, the AOT oxygens are orange, the water
oxygens are red, the water hydrogens are white, sulfur atoms are yellow,
and sodium ions are violet.
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objects in terms of the computed scattering. The problem with
counting aggregates is that suitable criteria for clusters and RMs
will be different, and there is the additional complication of
whether water is present or not in aggregates at any given
moment. Another measure could be the degree of association
(the fraction of molecules associated with at least one other
molecule), but this will be insensitive to the crossover from
clusters to RMs. To get around this problem, the apparent
scattering at a given time was computed and fitted. The equivalent
of I(Q) in the simulation was calculated using the formula™

N 2
Zsin(Qw)} SN0
i=1

1| & ?
1Q) =+ {ZCOS(Q%)] +
i=1

where r; is the position vector of particle i, and N is the total
number of atoms in AOT and water. The wave vectors are
commensurate with the periodic boundary conditions, and given
by Q = 2n(ny,ny,n,)/L, where n, = 0, £1, £2,.. .. Since the system is
isotropic, values of I with equal Q = |Q| were averaged. As defined,
IQ) > NasQ — 0,and [(Q) —» 1as Q — co. [(Q) was fitted using
eqn (3) with assumed functions for P(Q) and S(Q). The structure
factor was taken to be that for hard spheres at low concentration;
in this case, the pair correlation function between spheres of
diameter D is A(r) = —1 when r < D, and h(r) = 0 otherwise.”® The
corresponding structure factor is

S(Q) =1+ th(r) exp(iQ - r)dr
cos(QD) sin(QD) ?)
=1 + 4nce’ { — } ,
" [ (opy ~ (oDy
where c is the concentration of RMs. The form factor can be taken
from various structural models, but here the most relevant ones
are a hard sphere

P(Q) 9 {Sin(QRHS) COS(QRHS)} ?
(ORus)*  (QRus)?

the Gaussian model (eqn (5)), and a spherical particle with an
exponential density profile

o),

(8)

P(0)

0? Rgz —4
P(0) +—) . )

12

Since 1(Q) and S(Q) approach one at high Q, then so must P(Q).
This was enforced by defining P(Q) = [P(0) — 1]f(Q) + 1, where
f(Q) is the right-hand side of eqn (5), (8), or (9). This is just a
correction for an object containing a fixed number of points,
rather being a uniform object. Note that the hard-sphere radius,
hard-sphere diameter, and radius of gyration are linked by
D =2Rus = 2\/%Rg. To reduce scatter in the data, the 50-ns
simulation was divided up into 1-ns segments, and the scattering
was computed and averaged over each segment.

Fig. 5 shows I(Q) computed from the final 1-ns segment,
along with fits to eqn (3) using three different assumed
form factors: the Gaussian function (eqn (5)); the exponential
function (eqn (9)); and the hard-sphere function (eqn (8)). The
corresponding values of R, are given in the figure. From the
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Fig. 5 Simulated scattering intensity /(Q) from the final 1-ns segment of
the 1.7-million-atom simulation of AOT and water (w = 5) in cyclohexane
at P =1latmand T = 298.15 K. The simulation results are shown as points,
and fits with various assumed form factors are shown as solid lines. In the
case of the Gaussian fit, the corresponding P(Q) and S(Q) are also shown
as dashed lines and dotted lines, respectively.

single-RM simulations, the value of R, is between 15 and 16 A,
between the Gaussian and exponential-fit values. In the case of
the Gaussian fit, the corresponding factors of P(Q) and S(Q) are
also shown, and the difference between P(Q) and I(Q) illustrates
the importance of including S(Q). Given that the Gaussian
fit provides an excellent description of the experimental
and single-RM simulations, and that R, is slightly too small
because the simulation may not have fully reached equilibrium
(50 ns was the maximum that could be achieved with the
computational resources), this fit is used in what follows. Note
that the results only differ by a few A, and that the most
important results from the other two types of fit will also be
presented.

Fig. 6(a) and (b) show the evolution of the apparent hard-
sphere and gyration radii over the 50-ns simulation. In each
case, there is an initial rise over the first 20 ns, and then it levels
off. Fitting the results over the last 10 ns gives the values Ryg ~
18 A and Ry ~ 14 A. As noted above, these values are slightly
smaller than those obtained from experiment and single-RM
simulations, but the differences are small. Fig. 6(c) shows the
aggregate concentration ¢ as a function of time. This decreases
during self-assembly due to the merging of smaller clusters into
RMs. This could be fitted with the simple exponential function

() = [¢(0) — e(o0)]e™" + ¢(e0), (10)

where ¢(0) is the initial concentration, ¢(o0) is the final concen-
tration, and 7 is a characteristic assembly time. The first few
points suggest a more rapid, initial decrease than the asymp-
totic one, but fitting a two-exponential function worsens the fit,
and gives a negative value of ¢(o0). In any case, the error bars in
the first few points are large, and the fit was weighted accord-
ingly, so they do not influence the result significantly. The
single-exponential fit yields an assembly time t ~ 15 ns, and
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Fig. 6 Aggregation parameters as functions of time from the 1.7-million-
atom simulation of AOT and water (w = 5) in cyclohexane at P = 1 atm and
T = 298.15 K: (a) the aggregate hard-sphere radius; (b) the aggregate radius
of gyration; (c) the aggregate concentration; (d) the aggregation number.
The points are from fitting the Gaussian scattering model to the simulation
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lines are asymptotic values.

a final aggregate concentration c¢(o0) = 2.99 x 10** m™>.
The aggregation number is plotted as a function of time in
Fig. 6(d). The points are the overall AOT concentration, csor =
5.76 x 10*> m?, divided by the ‘instantaneous’ values of c, and
are shown along with a plot of the function N,ge = caor/c(t).
Asymptotically, the aggregation number is predicted to
approach caor/c(00) ~ 19.3, close to the value estimated by eye.

Exactly the same analysis was carried out using the other two
form factors - exponential and hard-sphere - and all of the
results are compiled in Table 3. The results show that the
apparent RM radius and aggregation number increase by using,
in order, hard-sphere, Gaussian, and exponential form factors
in fitting 1(Q), but that the Gaussian and exponential values
bracket those from experiments and single-RM simulations.
It was already noted that the simulation may not have fully
reached equilibrium, and there may be much slower assembly
kinetics - akin to Ostwald ripening - that are beyond the reach
of simulations of this size. For example, the growth of RMs may
involve a combination of merging, AOT and water dissolution,
and subsequent reassembly. Nonetheless, the assembly time
within the 50-ns window is consistently in the range 15-16 ns,
showing that the choice of form factor is not important in
assessing the short-time kinetics.
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3.4 Effects of solvent and water content on reverse-micelle
structure

The internal structures of the RMs were characterized with
radial mass-density profiles p(r) for the sodium cations, and
groups of atoms on the AOT anions, solvent molecules, and any
added water. This was computed by identifying atoms at radial
distances between r and r + dr from the centre of mass of the
RM, with &r = 0.5 A, allocating each atom to one species, and
computing the local mass density for each species by dividing
the mass by the volume 4x[(r + 8r)° — r*)/3 ~ 4nr®5r. Results
from the Npor = 40 simulations in cyclohexane and dodecane
with w = 5 are shown in Fig. 7(a) and (b), respectively. Note that
the radius of gyration of the RM (from Table 1) corresponds
roughly to where the AOT-anion and solvent density profiles
overlap. In both solvents, the core of the RM contains the water
and sodium cations, the AOT anions are localized in a shell
between the core and surrounding solvent, and the solvent
partially penetrates the RM. The solvent mass-density profiles
reach the expected bulk values at large value of r: the experi-
mental mass densities of cyclohexane and dodecane are
774 kg m > and p = 746 kg m *, respectively;’’ fitting the
constant portions of the simulated mass-density profiles gives
759 + 6 kg m > and p = 744 + 3 kg m >, respectively, reflecting
the typical accuracy of the OPLS-AA force field. Once stabilized,
the internal structures of the micelles appear similar regardless
of solvent. However, the self-assembly dynamics vary noticeably
from one solvent to another. While in cyclohexane the equili-
bration process takes only 10-15 ns, the dodecane systems took
significantly longer to stabilize, approaching 50 ns. There was
also the possibility of further increases in the aggregation
number on longer time scales, beyond the scope of the current
study. The difference in behaviour may be due to the dodecane
being linear and more chemically similar to the aliphatic chains
of the AOT tails, unlike the cyclic structure of cyclohexane.

Next is an examination of the effects of the hydration ratio
on the RM structure. Previous simulation studies on AOT"” and
other surfactants*>*>*® in non-polar solvents show that the
presence or absence of water can significantly affect the RM
size, structure, and behaviour at interfaces. Fig. 8 shows a
comparison of mass density profiles for AOT in cyclohexane
with @ =1 and w = 60. With @ = 1 (N,e, = 9), the water forms a
dense core and a less-dense shell, and the sodium cations
remain close to the water. In contrast, with @ = 60 (Nue, = 30)
there is sufficient water that its density is nearly constant
within the core, at p ~ 1050 kg m™*. The sodium cations are
distributed within the water core fairly uniformly, rather than
being strongly associated with the AOT anions. There is a slight

Table 3 Parameters describing the self-assembly kinetics from the 1.7-million-atom simulation of AOT and water (w = 5) in cyclohexane at P = 1 atm
and T = 298.15 K. Ryys and Rq are averages from the last 10 ns of the simulation, c(o0) and  are fit parameters from eqn (10), and N,gg = Caot/c(0), where

Caor Is the total AOT-molecule concentration

Model Rus/A Ry/A c(©0)10** m™3 7/ns Nage

Gaussian 18.11 £ 0.13 14.02 £ 0.10 2.99 + 0.26 15.0 £ 2.0 19.3 £ 1.7
Exponential 21.14 £+ 0.20 16.37 £ 0.16 2.06 £ 0.21 15.6 £ 2.1 27.9 £ 2.8
Hard Sphere 16.30 £ 0.09 12.67 £ 0.07 3.58 + 0.36 15.7 £ 2.3 16.1 £ 1.6
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Fig. 7 Radial mass-density profiles showing comparisons between the
internal structures of RMs formed in Naot = 40 simulations in (a) cyclo-
hexane and (b) dodecane with w = 5. The dotted black lines are the fitted
bulk-phase densities of the solvents.

increase in the density profile at the interface between the
water and the AOT-anion shell, suggesting that there is still
some association between the cations and the surfactant head
groups. Another interesting difference is that the AOT shell
appears more distinct at « = 1 than with @ = 60. There is an
increase of the water-solvent overlap with the increased hydra-
tion ratio, and the AOT shell gets less dense and more spread
out. While the number of AOT molecules is also larger with a
larger hydration ratio, the packing density of those molecules
within the shell need not stay the same, and indeed the actual
mass density (peak height) does decrease with increasing w.
Another factor is that with a lower value of w, a greater
proportion of water molecules is strongly associated with the
AOT head groups, and this also leads to a stronger structural
distinction between core, shell, and surrounding solvent.

3.5 Water dynamics

An interesting question is the nature of the water inside the
RMs, which have long been studied as ‘microreactors’ for
chemical reactions,"’ sequestration and delivery media, etc.
With low values of the hydration ratio, the water should be
strongly coordinated to the polar head groups and ions of the
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Fig. 8 Radial density profiles showing comparisons between the internal
structures of RMs formed in Naot = 30 simulations in cyclohexane with (a)
o =1and (b) w = 60. In (b), the dotted blue line is the fitted bulk-phase
density of water.

surfactant, and as the hydration ratio is increased, the propor-
tion of bulk-like water should grow. This has been studied
before using combinations of quasi-elastic neutron scattering,
9,12,13,17,22,23,54,55
Here,
the reorientational dynamics of the water molecules are ana-
lyzed briefly. Much more detailed studies have been carried out
on larger preformed RMs of AOT with water in isooctane.'”

NMR spectroscopy, and MD simulations.

When a water molecule is coordinated to surfactant, its rotation
should be slaved to that of the surfactant and the RM as a
whole, and so the effective Debye relaxation time should be
large as compared to bulk water. The reorientational dynamics
were studied using the single-molecule dipole autocorrelation
function

(11)

where the angled brackets denote an average over water mole-
cules, and as defined, C(0) = 1. Simulations of RMs in cyclohex-
ane with hydration ratios w = 1-60 were carried out, as listed in
Table 1. The results are shown in Fig. 9(a) on log-linear scales.
The straight lines at long times show that C(¢) decays exponen-
tially, and that the slope increases (relaxation time decreases)
with increasing w. Fig. 9(a) also includes results from a simula-
tion of pure water using the TIP3P (Ewald) force field.*?
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Fig. 9 (a) Reorientational correlation functions C(t) and (b) asymptotic
relaxation times, for water encapsulated in the cores of RMs in Nyot = 30
simulations in cyclohexane. In (a), In C(t) is plotted against t to highlight the
long-time, exponential decay of the correlation function. The lines are fits
using eqn (12). In (b), 7> (the longer of two relaxation times) is plotted
against 1/w. The line is a linear fit, with intercept 1, ~ 4.2 ps.

It was found that the results could be fitted quite accurately
using the two-timescale function

C(t) = (1 — fexp(—t/ty) + fexp (=t/72),

where 7, and 1, are characteristic relaxation times, and (1 — f)
and freflect the respective contributions. The fit parameters are
shown in Table 4. First, the contribution from the shorter-
timescale relaxation is much the smaller of the two. Second,
both timescales decrease with increasing w; the values with
o =1 will not be very reliable, because of the number of water
molecules, and the strong coordination with the surfactant
ions. Finally, the longest timescale decreases from 10s or

(12)

Table 4 Fit parameters from eqgn (12) for the single-dipole reorientational
dynamics of water in AOT RMs in cyclohexane with hydration ratio .
The results at @ = oo are for pure bulk water

w f T1/ps T,/ps

1 0.822 + 0.002 0.20 £ 0.01 129 £ 6

5 0.781 £ 0.004 0.48 £ 0.03 23.0 £ 0.4
10 0.759 £ 0.005 0.64 £ 0.04 20.9 £ 0.5
15 0.815 £ 0.003 0.36 £+ 0.02 14.2 £+ 0.2
60 0.758 £ 0.005 0.52 £ 0.03 8.6 £ 0.1
o0 0.839 + 0.002 0.23 £ 0.01 4.13 £ 0.01
27780 | Phys. Chem. Chem. Phys., 2024, 26, 27772-27782
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100s of picoseconds, down to a few picoseconds as w is
increased. The results for 7, are plotted in Fig. 9(b) as a function
of o™, which gives a roughly straight line; a linear fit gives an
intercept of 1, = (4.2 & 0.2) ps. It is known that in bulk water,
the Debye relaxation time is tp = 9.3 ps,*® but this is the
relaxation time for the dielectric polarization of the liquid,
not a single molecule, and so this should be longer than the
single-molecule relaxation time because of collective effects.
Note that the dielectric spectrum of liquid water contains
many high-frequency features associated with various kinds
of motions, including a ‘fast Debye process’ with 1 ~ 1 ps, and
even faster processes associated with bond-bending, bond-
stretching, and librational motions.*®

4 Conclusions

In this work, reverse-micelle formation by aerosol-OT and water
in non-polar solvents has been studied using a combination of
experimental and molecular-simulation methods. New small-
angle neutron scattering data indicate the formation of reverse
micelles in cyclohexane and in dodecane. The apparent dimen-
sions of the reverse micelles were extracted by fitting various
assumed form factors. Molecular simulations were used to
examine reverse-micelle formation in the same solvents, and
with varying water concentrations. An essential feature of the
simulations is that the reverse micelles are not preassembled.
Rather, the aim was to observe spontaneous reverse-micelle
formation on the simulation time scale. To this end, conven-
tional force fields had to be adapted, in particular to account
for the partial charges on the surfactant head group. This was
achieved successfully using density functional theory calcula-
tions, and with the resulting force field, the final dimensions
of the reverse micelles were in excellent agreement with
experimental values. Most of the simulations were with single
(meaning isolated) reverse micelles, but a 1.7-million-atom
simulation was carried out that, after 50 ns, contained around
50 reverse micelles. An analysis of the kinetics indicates that
the characteristic assembly time (associated with the decrease
in the number of reverse micelles) was around 15 ns. Additional
investigations were focused on the organization of the water,
cation, surfactant anion, and solvent within the reverse
micelles, and the reorientational dynamics of the water within
the reverse-micelle cores.

This work can be developed in several other directions.
Firstly, the study was focused on spherical reverse micelles of
aerosol-OT in cyclohexane and dodecane, and the structures
were very similar in both cases. In ongoing work with dodecane
and at high water contents, beyond those presented here,
neutron-scattering measurements indicate the formation of
rod-like structures. The results will be reported as part of an
experimental and simulation study of aerosol-OT adsorption at
the solid-oil interface. Secondly, aerosol-OT exhibits a well-
defined critical micelle concentration,® and this could be
studied with simulations through either direct computations
of the cluster-size distributions,”” fitting simulation data to
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thermodynamic models,’® or computing the interfacial tension
as a function of surfactant concentration.>® Finally, to go beyond
current comprehensive simulations of water inside reverse
micelles,”” and incorporate proton equilibria and dynamics,
would require quantum-mechanical techniques.

In summary, molecular simulations validated against new
experimental measurements have shown that it is possible to
simulate the spontaneous self-assembly, structures, and dyna-
mical properties of reverse micelles formed by a well-known
anionic surfactant, and water, in non-polar solvents.
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