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A B S T R A C T   

Reverse micelles are an important class of nanoreactors providing an array of applications. The structure and 
dynamics of aqueous reverse micelles have been intensely investigated, yet there are many subtleties involved in 
characterizing the arrangement of water and ionic species within these aggregates. The interfacial arrangement 
of water and dopants added to bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) reverse micelles were inves
tigated by fully atomistic molecular dynamics simulations. Reverse micelles of increasing water to surfactant 
ratio were doped with concentrations of KCl from 0.0 to 1.0 M to analyze the partitioning of ions and water. 
Detailed analysis of pair density functions reveals that Cl− ions are embedded deep in the aqueous interior, and 
the K+ ions display a remarkable affinity for the interface. Our results confirm the existence of multiple layers of 
water, and an ordered multi-layer ionic arrangement that is driven by the negatively charged surfactant 
headgroup.   

1. Introduction 

The unique properties of reverse micelles (RMs) in solution allow 
them to play essential roles in a broad range of research applications; 
from simulating cellular membranes for protein dynamics studies, to 
serving as nanoreactors for nanoparticles synthesis, and functioning as 
proxies for atmospheric aerosols [1–11]. In particular, the simple 
preparation and tunable nature of RMs has made them a desirable 
platform for numerous chemical studies. Synthesis is achieved by sta
bilizing a polar phase, frequently H2O, in a surrounding nonpolar phase 
through the addition of surfactant molecules. The size of RMs can easily 
be altered by adjusting the molar ratio of H2O to surfactant, w0 =

[H2O]/[surfactant]. 
While the use of RMs has helped reveal many of the unique features 

of interfacial H2O, RMs have also proven to be a vital platform for 
examining ionic properties. Many of the most used surfactants for RM 
synthesis, bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT), sodium 
dodecyl sulfate (SDS), and cetyltrimethylammonium bromide (CTAB) 
are composed of ionic headgroups, R-SO3

−, R-O-SO3
−, and R-N+(CH3)3 

coupled to counter-ions, such as Na+ and Br−. The structural 
morphology of RMs thus creates an environment that is enriched in ionic 
species. Numerous studies have sought to further modify the ionic 

environment of RMs by changing the counter-ion identity [12–14], by 
the inclusion of ionic dopants [15,16], or by replacing the polar interior 
with ionic liquids [17–19]. Indeed, many of the environments that RMs 
have been employed to simulate, from cellular membranes to atmo
spheric aerosols, possess a wide variety of ions at varying concentra
tions, making RMs a viable proxy system. 

Unlike in bulk solution, where ions are evenly distributed, ions have 
been shown to possess inherent affinities toward interfaces. Based on 
multiple experimental and computational observations interfacial af
finity appears to be influenced by both charge identity (cationic vs. 
anionic) and charge/size ratio [11,16,20–28]. Well-defined interfaces 
created by the surfactant molecules, the confined nature of the aqueous 
interior, and the ability to access ionic concentrations beyond those in 
bulk solution, have made RM structures an appealing system for 
examining ionic gradients and interfacial affinities. 

The distributions and structural arrangements of ions at surfaces and 
interfaces are often described in terms of paired charge layers referred 
together as the double layer (DL) or electrical double layer [29]. How
ever, ionic layering can deviate from the double layer structure as the 
number of ionic species increases. Studies of NaBr/ NaNO3 and NaCl/ 
NaNO3 systems observed that Cl− and Br− increase the density profile of 
NO3

− towards the interface [20,22]. In both systems the maxima of the 
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density profiles maintained the order Br− or Cl− < Na+ < NO3
− in terms 

of distance from the surface. Increasing the relative concentrations of 
Br− and Cl− to NO3

− further drew NO3
− toward the interface, but the 

anionic species remain separated by a cationic layer of Na+ in a 
three-layer system. Hua et al. also proposed a multi-layered ion distri
bution model based on heterodyne detected vibrational sum frequency 
generation spectroscopy studies of H2SO4 and HSO4

− salts, in which 
interfacial-affinity was ordered as H3O+ > HSO4

− > Na+, NH4
+, Mg2+ >

SO4
2− [30]. Studies of sea salt aerosols generated with the marine aerosol 

reference tank noted that treatment with HNO3 altered the surface 
ordering of cations from Ca2+ >K+ and Mg2+ > Na+ pretreatment to Na+

>K+ and Mg2+ > Ca2+ post treatment, while anionic order remained 
relatively unaffected, with the exception of NO3

− localizing above Cl−

and SO4
2− [31]. Additionally, recent studies have noted the presence of 

ion-ion interaction pairs in air-water interfaces and electrolyte solutions 
[25,32,33]. These ionic species not only appear to have their own 
intrinsic interfacial affinities, outside of the general framework for sol
vated ions, but also provide the potential to alter the ionic arrangements 
within the interface. 

Experimental and computational approaches have both provided 
vital information about ionic distributions at interfaces and the prop
erties of RMs. The question of onset of bulk-like water behavior within 
RMs has attracted significant attention. Multiple studies allude to the 
identification of multiple layers through analysis of dynamical proper
ties of ions and water molecules with RMs [34–36]. However, in
vestigations into impact of nanoconfinement in AOT reverse micelles of 
binding interactions between phenosafranin and safranin-O with DNA 
duplex arrive at the conclusion that even with large reverse micelles 
(w0-greater than 10), bulk-like behavior is not truly achieved [37,38]. 
In particular, Molecular Dynamics (MD) simulations of RMs, have 
played an important role in advancing our understanding of these sys
tems, as MD simulations can capture molecular-scale details that are 
difficult to access with other methods [12,39–43]. Earlier simulations 
employed united-atom approaches to model the non-polar hydrocarbon 
tail of the surfactant [44]. Recent computational advances have moved 
closer to experimental conditions, simulating self-assembly of a w0=5 
RM from first-principles [45]. Here, we use a fully atomistic MD simu
lation approach to examine the properties of AOT RMs doped with KCl at 
varying concentrations. Fully atomistic simulations allow for the 
observation of ionic distributions within the aqueous interior of the RMs 
as well as structural modifications induced by the presence of ionic 
dopants. We observed that both size and shape of the RMs are impacted 
by the addition of KCl. Radial distributions functions (RDFs) reveal that 
RM aqueous interior is composed of multiple H2O and ionic layers. RDF 
analysis also shows that ions within the aqueous interior exist as both 
ion-ion interaction pairs and solvated ions. 

1.1. Computational methodology 

This study investigates the layering of ionic species KCl in AOT RMs. 
The concentration of KCl is varied and tested with different RM sizes to 
determine the impact and distribution of ionic species in different water 
to surfactant environments. Fully atomistic MD simulations for the L2 
phase of the ternary system composed of AOT and H2O in isooctane 
(ISO) were conducted. All simulations were performed using the open 
source GROMACS molecular dynamics package [46,47]. The initial 
configuration of the spherical RM in ISO solvent, including placement of 
ions, was prepared in Packmol [48] using parameters from previous MD 
studies [41]. Fixing the number of surfactant molecules and varying the 
water molecules in the RM to arrive at different RM sizes has been 
demonstrated as a successful approach to investigate properties of RMs 
[41,42,49]. We follow a similar approach in our simulations and the 
composition of each RM is displayed in Table 1. 

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. 
An all-atom potential was adopted for system components. CHARMM27 

[50] parameters implemented for AOT and ISO and utilized in previous 
molecular dynamics studies [39,51,52]were applied. The TIP3P [53] 
model was used to describe water molecules. Simulations and data 
analysis were carried out on the EXPANSE [54] supercomputer at San 
Diego Supercomputing center through XSEDE [55] and ACCESS 
allocations. 

Each system was equilibrated to target temperature and pressure 
respectively before running MD simulations. The NVT stage of equili
bration consisted of six stages with temperatures increased from 50 K to 
298 K in steps of 50 K. During each stage the simulation was run for 400 
ps. Next, the pressure was equilibrated to 1.013 bar and temperature at 
298 K in the NPT ensemble. During the NPT equilibration stage, the 
position restraints on the RM components (and ions, if present) were 
slowly released. Each stage of NPT equilibration was run for 200 ps, 
leading to a total NPT equilibration simulation of 1.2 ns. The particle 
mesh Ewald method [56] implemented in GROMACS was used to 
calculate the long-range electrostatics in the system. The production MD 
stage was run for a duration of 300 ns 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 in
dependent simulation trajectories. 

2. Results and discussion 

2.1. Size 

The size of the RM is calculated as the distance between center of 
mass of each sulfonate head group and the center of mass of the water 
core, a metric designed to accommodate the dynamics of the system in 
these fully atomistic simulations. While the fully atomistic approach 
does create the possibility of a surfactant molecule escaping the RM 
structure and thus altering the size calculations, care was taken to 
minimize the potential impact of this possibly by starting form fully 
formed and equilibrated RMs, conducting long simulation trajectories, 
and averaging two independent simulation trajectories. The center of 
mass of each sulfonate head group and the center of mass of the water 
core distance was averaged for each simulation timestep to report size of 
reverse micelle for that timestep. This distance is then averaged for each 

Table 1 
RM MD simulation compositions.   

nKCl
a nH2O nAOT 

0.0 M 0.25 M 0.5 M 0.8 M 1.0 M 

10 0 2 4 6 8 430 43 
15 0 3 6 9 12 645 43 
20 0 4 8 12 16 860 43  

a Number of KCl molecules in the RM aqueous interior to achieve the indicated 
[KCl]. 

Fig. 1. Size fluctuations for w0 = 20 AOT RMs as a function of KCl doping 
concentration. 
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simulation timestep to report size of reverse micelle for that timestep. 
Fig. 1 displays the size of RMs averaged over two independent simula
tion runs for w0 = 20 RMs as a function of KCl concentration. At the ionic 
concentrations investigated in this paper, there does not seem to be a 
strong impact of concentration of ionic species on the average size of the 
RMs. However, the variation in size over the course of the simulation 
does show some sensitivity to KCl concentration. Adding KCl increases 
the RM sizes observed compared to the base (undoped) case, with the 
variation in size maximizing at 0.5 M KCl. Beyond 0.5 M, the size 
variation begins to decrease, but does not converge to the base case 
conditions. Experimental studies of w0 = 10 AOT RMs doped with 
NH4OH, ZrOCl2, and Al(NO3)3 salts observed both decreases in average 
RM size as well as narrowing of the associated size distributions with 
increasing salt concentrations up to 0.6 M at which point the RMs 
became destabilized [49]. However, with the exception of NH4OH, the 
salts used in the study contained highly charged cations, ones that are 
expected to have low interfacial affinities and necessitate tightly bound 
solvation shells. Indeed, the authors noted that the critical concentra
tion, at which point RM destabilization was observed, decreased with 
increasing cationic charge. In contrast, recent studies of w0 = 10.5 AOT 
RMs noted only modest increases in hydrodynamic diameter with 
changes in the water-pool composition; increasing from 7.2 nm for the 
water only case to 7.4 and 7.5 nm for water-pools containing 10% su
crose and 10% sucrose with 1 N HCl, respectively [57]. Similar to our 
observations, the addition of HCl and/or sucrose, increased the size 
distribution compared to the undoped case. However, RMs containing 
both neutral sucrose and ionic HCl showed a narrower distribution in 
size than the RMs containing sucrose alone. 

2.2. Shape 

While KCl dopant concentration does not strongly influence average 
RM size, the potential impact of a dopant on RM structure extends 
beyond size concerns. Surfactant identity has been known to play a 
substantial role in shape templating for nanoparticle synthesis, raising 
important fundamental questions regarding how surfactant-dopant in
teractions direct overall shape [17,58–60]. By employing fully atomistic 
simulations, we examine how the addition of an ionic dopant might 
influence the overall shape of RMs. 

RM shape was approximated as ellipsoidal and the three semi-axes, 
a, b, c, were computed at each time step of the simulations. Eccentric
ity [43], η, a mathematical expression of shape, for each RM was 
calculated as, 

η =

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
c2

a2

√

The eccentricity will be zero for a perfectly spherical RM, and in
creases up to a maximum of 1, for flat or needle like shapes. During the 
simulation, RMs do not maintain perfectly spherical over the simulation 
window, but instead fluctuate in shape. Eccentricity values for w0 = 20 
RMs were averaged over two independent simulations and plotted as a 
function of KCl dopant concentration in Fig. 2. Average eccentricity 
values range from 0.5365 to 0.5195, indicating that the RMs explore 
multiple shapes over the course of the simulations. Adding KCl decreases 
the eccentricity, suggesting that the addition of ionic dopants leads to a 
more spherical average shape. However, adding 1 M KCl only decreases 
the eccentricity by 3% of the undoped case, implying that this effect is 
relatively modest. This modest decline in eccentricity in the presence of 
KCl is replicated in all RM compositions. To further examine the range of 
shapes explored by the RMs during the simulations, the distributions of 
eccentricity were calculated for w0 = 10, 15, and 20. Fig. 3 displays the 
corresponding eccentricity distributions for the undoped RMs, as these 
conditions resulted in the highest average eccentricities for each w0. 
Eccentricity values range from 0.1 to 0.9, indicating a broad range of 
shapes accessed by the RM structures. Average eccentricity decreases as 

w0 increases. The distribution of eccentricities also decreases with 
increasing w0, with w0 = 20 showing a much narrower distribution than 
w0 = 10 and 15. 

2.3. Density profiles 

The normalized density profiles of Na+, K+, Cl–, R−SO3
–, and H2O of a 

KCl doped w0 = 20 AOT RM are displayed in Fig. 4. The normalized 
values are obtained by scaling the density value of each species by di
vision with the maximum value for that species. This ensures that the 
density of each species is in the 0.0 to 1.0 range and all features would be 
visible on the plot. The density is plotted along a cross-section of the 3- 
dimensional simulation box. The simulation results support the impor
tance of ion layering in the structural arrangement of the interfacial 
region. The sulfonate headgroup, represented by R−SO3 has the 
broadest density profile, consistent with formation of the outer bound
ary of the RM interfacial region. K+ is nearly evenly distributed with 
Na+, the counter-ion of the R− SO3 

– AOT head group, suggesting that 
K+ is located along with Na+in the interfacial region. 

While the cations, K+ and Na+ reside together in the interfacial re
gion, Cl– has a much narrower distribution, suggesting anionic Cl– is 
located beneath the cations and away from the interface. The simulation 
points to a multi-layer model organized in the order: (Interface) 
R−SO3

−> K+ and Na+ > Cl– (Core). Similar density profiles are observed 
for all concentrations and w0 values in our simulations. This clearly in
dicates that while the arrangement of ionic layering is independent of 
the amount of added salt, the number of layers formed is dependent on 
salt identity. 

Fig. 2. Shape as measured by eccentricity for w0 = 20 AOT RMs as a function of 
KCl doping concentration. 

Fig. 3. Distribution chart highlighting the sampling of shapes during the 
simulation without KCl addition. 
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2.4. Radial density functions 

2.4.1. H2O 
RMs have become a model system for examining the unique prop

erties of H2O in confined environments. Numerous experimental studies 
seeking to examine the properties of confined H2O have observed that 
the aqueous interior of RMs deviate substantially from bulk water 
characteristics. Frequently, these studies have interpreted their obser
vations in terms of a “shell-core” or “interfacial-core” model in which 
two distinct H2O species occupy the aqueous interior. Interfacial waters, 
those H2Os interacting with the surrounding surfactant headgroups, are 
characterized as having distinct vibrational spectra, slower vibrational 
relaxation rates and reorientation dynamics relative to the core waters, 
which exhibit bulk-like behavior. 

MD simulations have offered a powerful complement to these 
experimental studies, supporting the presence of multiple H2O species 
within the RM interior, and providing new insights regarding the dy
namic environment of the aqueous interior. While some studies have 
adopted the interfacial-core model [12], others have further divided the 
aqueous interior using a “trapped”, “bound”, and “free” H2O model [61]. 
In this framework, “trapped” waters are defined as those waters multiply 
coordinated to the SO3

− headgroups at the interface, while the “free” 
waters represent those waters that exhibit bulk-like properties. “Bound” 
waters possess intermediate properties, in terms of both interactions 
with the surface ions and mobility, between the “trapped” and “free” 
H2O classes. These studies used minima within the O atom radial density 
profiles to distinguish between the three H2O species. 

Here we examine partitioning of H2O based on the H2O- SO3
− radial 

density function (RDF). The H2O- SO3
− pair density profile for a w0 = 20 

undoped RM is displayed in Fig. 5. The profile shows a sharp peak at 
1.80 Å followed by a deep minimum located at 2.38 Å. The profile then 
increases rapidly to reveal a series of peaks at 3.12, 4.06, 5.04, and 6.40 
Å before tailing after a shallow minimum at 8.74 Å. The observation of 
multiple peaks suggests that several well-defined layers of H2O exist 
within the aqueous interior. 

To examine the partitioning between individual H2O layers, the 
radial density profiles were integrated based on areas between identified 
minima. The fractional populations in each layer for the w0 = 20 RMs are 
displayed in Table 2. Table S1 and Table S2 present the corresponding 
data for the w0 = 10 and w0 = 15 RMs, respectively. In general, the 
fractional population increases with each subsequent layer and is 
dominated by the sixth layer, which contains over half of all the waters 
within the aqueous interior. Previous studies of w0 = 10 AOT RMs noted 
fractional populations of 0.19, 0.26, and 0.55 for the trapped, bound, 

and free H2O classifications [61,62]. Combining the observed fractional 
populations for layers 1, 2, and 3 within the w0 = 10 undoped RM, re
sults in a population of 0.196, while combining layers 4 and 5, yields a 
population of 0.251. Taken together with layer 6′s fractional population 
of 0.553, we see excellent agreement with these previous studies. 

As w0 is increased the fractional populations shift, with layers 1–5 
decreasing and layer 6 rapidly increasing. Studies employing an 
interfacial-core model have previously noted that the fractional popu
lation of interfacial H2O is expected to decrease with increasing w0, 
while the fraction of core H2O is expected to increase [63–66]. Based on 
these distinctions, layers 1–5 would be described as interfacial H2O and 
account for as much as 0.386 of all H2O in the RM, while layer 6 would 
be described as core H2O. Similarly, Faeder and Ladanyi observed that 

Fig. 4. Normalized density profiles for SO3
− (orange line), Na+ (green line), H2O (red line), K+ (purple line), and Cl− (brown line) within a w0 = 20 AOT RM doped 

with 1.0 M KCl. The distance on the X-axis is the simulation box length. On the right, a snapshot of the reverse micelle is shown without the isooctane solvent. The 
water molecules are represented by red dots, sodium ions by green beads, potassium ions by purple beads and chloride ions with brown beads. 

Fig. 5. Normalized SO3
− H2O radial density function within a w0 = 20 AOT RM 

without any added KCl. 

Table 2 
Fractional H2O layer populations upon KCl addition.  

w0 = 20 
H2O Layer (Ranges, Å) [KCl] M 

0.0 0.25 0.5 0.8 1.0 

Layer 1 (0.00–2.38 Å) 0.0194 0.0198 0.0193 0.0193 0.0193 
Layer 2 (2.38–3.42 Å) 0.0494 0.495 0.0496 0.0496 0.0484 
Layer 3 (3.42–4.81 Å) 0.0969 0.0951 0.0962 0.0987 0.0986 
Layer 4 (4.81–5.80 Å) 0.0601 0.0655 0.0615 0.0576 0.0647 
Layer 5 (5.80–8.74 Å) 0.161 0.159 0.161 0.162 0.156 
Layer 6 (>8.74 Å) 0.614 0.611 0.612 0.613 0.613  
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both the trapped and bound H2O classifications decreased in fractional 
population as RM size increased from w0 = 1 to w0 = 10, while the free 
H2O population increased in fraction [61,62]. While our studies observe 
similar trends, individual layer analysis reveals that while layers 1–5 all 
decrease with increasing RM size, individual layers change fractional 
populations at different rates. Layer 1, consisting of the waters located 
closest to the SO3

− headgroups, shows a very modest response to w0, 
decreasing from 0.0204 at w0 =10 to 0.0194 at w0 = 20; corresponding 
to a relative reduction of 5% within the layer. Layer 3 shows the greatest 
sensitivity to changes of w0, undergoing a 16% reduction in fraction 
from w0 = 10 to 20. Although these observations are based on a rela
tively narrow range of w0 ratios, the response of individual layers to 
changes of w0 raises interesting questions regarding the organization of 
H2O within the RM interior and we are actively working to extend our 
studies to more w0 ratios. 

While the partitioning of H2O between individual layers is sensitive 
to changes in w0 ratio, the allocation of H2O does not appear to be 
influenced by the addition of KCl within the aqueous interior. For fixed 
w0 sizes the fractional populations in each layer remain consistent be
tween the undoped case and the 1.0 M KCl doped case. Previous studies 
examining the properties of Na+, K+, and Cs+ AOT RMs, observed that 
the first peaks in the radial density profiles of H2O oxygen atoms 
decreased as the size of the AOT counter-ion was increased, while the 
first peaks in the counter-ion profiles increased in density as the counter- 
ion size increased [61]. These observations suggested that the larger K+

and Cs+ counter-ions displaced more H2O within the interfacial region 
compared to Na+. Despite the inclusion of K+ within the aqueous inte
rior, we do not see any indications of H2O displacement from any of the 
H2O layers. However, the cationic profile within the aqueous interior is 
dominated by the Na+ counter-ions in our studies, even at the highest 
KCl doping concentrations. The lack of H2O response to KCl inclusion 
suggests that the organization of waters within the aqueous interior may 
be driven by the need to solvate the SO3

− headgroups and the corre
sponding Na+ counter-ions, rather than by the relative interfacial af
finities of Na+, K+, and Cl−. 

2.5. Na+ and K+

Much like H2O, several studies have sought to examine the distri
bution of the AOT counter ions within the aqueous interior. These 
studies observed that larger counter-ions allocate towards the interface 
in greater number than smaller counter-ions [61]. Fig. 6 displays the 
pair density profiles of Na+ and K+ relative to the SO3

− headgroups of w0 
= 20 AOT RMs doped with 1.0 M KCl. Both profiles exhibit similar 
trends: intense first peaks located at short distances, 2.26 and 2.64 Å 
respectively, followed by deep minimums at 3.07 and 3.37 Å respec
tively, separating the first and second peaks. These trends are markedly 
similar to those previously reported for AOT counter-ion density profiles 

[61,62]. Following the deep minimum, the Na+ profile exhibits peaks at 
3.64, 4.51, and 6.02 Å, while K+ peaks are located at 4.00, 4.90, and 
6.40 Å. The locations of the peaks appear insensitive to both w0 and KCl 
doping concentration, suggesting ion identity may play a strong role in 
dictating location throughout the aqueous interior. 

As with H2O, we examined the partitioning of Na+ and K+ between 
each layer within the aqueous interior. The fractional populations in 
each ionic layer as a function of KCl concentration for the w0 = 20 RMs 
are displayed in Table 3. Table S3 and Table S4 present the corre
sponding data for the w0 = 10 and w0 = 15 RMs, respectively. In the 
absence of KCl, over half of the Na+ ions are located within the inner
most fifth layer. The next most populated layer is the first layer located 
closest to the SO3

− headgroups at the interface, followed by the third and 
fourth layers. Layer 2 consistently contains the smallest fraction of the 
Na+s within the aqueous interior. As w0 is increased layers 1–3 all 
decrease in fractional population, with layer 1 showing the greatest 
sensitivity to w0 amongst the first 3 layers. Layers 4–5 increase in frac
tional population as w0 increases. However, the increase in layer 4 
population is very small relative to the increase in layer 5 population. 
The decrease in the upper layers and corresponding increase in the lower 
layers with increasing w0 is consistent with the capacity of the larger 
aqueous cavity to solvate more ions. K+ shows a similar response to w0, 
decreasing in fractional population in layers 1–3 and increasing in layer 
5. Layer 4 is relatively unchanged by w0 size. Following similar con
ventions to the treatment of H2O within RMs, we classify layers 1–3 for 
both Na+ and K+ as interfacial based on decreasing fractional pop
ulations with increasing w0 and account for 0.310 and 0.316 of the 
fractional populations, respectively. In turn, ions contained within 
layers 4–5 are classified as core ions. 

The addition of KCl causes decreases in the fractional populations of 
Na+ within the first 3 layers, with layer 1 showing the largest response to 
the KCl dopant. Similar to the behavior observed upon changes in w0, 
layers 4–5 increase in fractional population of Na+ as KCl concentration 
increases. These observations suggest that the addition of K+ may 
dislodge some of the Na+ within the layers closest to the SO3

− head
groups. To further explore the potential of K+ to displace Na+ within the 
interfacial region, we examined the individual Na+ and K+ counts over 
the course of the simulation within each ionic layer. Ion counts as a 
function of KCl doping concentration and RM size are displayed in 
Table 4. Na+ ion counts in layers 1–3 steadily decreases with increasing 
KCl concentration while the number of K+ ions increase, indicating that 
K+ is indeed displacing Na+within outermost layers of the aqueous 
interior. However, even at the highest doping concentrations Na+ re
mains the dominant cationic species within these layers. While the 
larger K+ is expected to have a greater interfacial affinity than Na+, the 
differences in relative interfacial affinity may not be great enough to 
completely displace Na+ from the interfacial layers in favor of K+ [20]. 
Indeed, at 1.0 M KCl 1 Na+ has been removed from layers 1–3 compared 

Fig. 6. Normalized SO3
−- Na+ (green line) and SO3

−- K+ (purple line) radial 
density functions within a w0 = 20 AOT RM doped with 1.0 M KCl. 

Table 3 
Fractional Na+ and K+ layer populations upon KCl addition.  

w0 = 20 
Na+ Layer (Ranges, Å) [KCl] M 

0.0 0.25 0.5 0.8 1.0 

Layer 1 (0.00–3.07 Å) 0.137 0.129 0.126 0.121 0.115 
Layer 2 (3.07–3.94 Å) 0.0716 0.0683 0.0663 0.0641 0.0617 
Layer 3 (3.94–5.36 Å) 0.147 0.144 0.141 0.137 0.134 
Layer 4 (5.36–7.80 Å) 0.132 0.134 0.132 0.131 0.132 
Layer 5 (>7.80 Å) 0.512 0.525 0.535 0.547 0.558  

K+ Layer (Ranges, Å) [KCl] M  
0.25 0.5 0.8 1.0 

Layer 1 (0.00–3.37 Å)  0.121 0.114 0.110 0.106 
Layer 2 (3.37–4.36 Å)  0.0911 0.0879 0.0849 0.0825 
Layer 3 (4.36–5.84 Å)  0.142 0.134 0.134 0.128 
Layer 4 (5.84–8.20 Å)  0.124 0.126 0.121 0.122 
Layer 5 (>8.20 Å)  0.522 0.539 0.550 0.561  
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to the 0.0 M KCl case, while 5 K+ ions have been incorporated into the 
outer layers. The inequivalent exchange of these monovalent ions sug
gests that other properties, such as charge density and/or Coulombic 
interactions with the SO3

− headgroups or Cl−, may be driving the 
incorporation of K+ into the interfacial region of the RM. 

2.6. Cl−

Considerable work has been devoted towards understanding the 
properties of Cl− ions in interfacial systems. Numerous experimental and 
computational studies have observed that Cl− has a fairly strong inter
facial affinity; preferentially allocating closer to the interface than its 
corresponding counter-ion for air-water interfaces [25]. While these 
previous studies would suggest that Cl− should reside closer to the 
interface than both Na+ and K+ in our simulations, the anionic profile of 
the interface created by the SO3

− headgroups of AOT appears to strongly 
influence the distribution of Cl− throughout the RM. Much like H2O, 
Na+, and K+, Cl− is allocated into a series of layers within the aqueous 
interior. The Cl−- SO3

− pair density profile for a w0 = 20 RM doped with 
1.0 M KCl is displayed in Fig. 7. The profile shows a series of peaks at 
3.74, 4.86, 6.32, 7.02, and 11.94 Å. The fractional populations of each 
layer are displayed in Table 5. The majority of the Cl− ions, 0.827, reside 
in the innermost layer, with only 0.00855 located within the first layer. 
As w0 is increased the fractional populations decrease in layers 1–4 

(interfacial, 0.174 total fraction), while layer 5 (core) increases. As the 
extent of “bulk-like” core H2O within the aqueous interior increases with 
increasing w0, the response of Cl− to increasing w0 indicates that Cl− is 
excluded from the interfacial region and preferentially allocated within 
the core; counter to observed Cl− distributions for air-water interfaces 
[25,67]. As KCl concentration is increased for a fixed w0 size the frac
tional populations in layers 1–4 increase while the population in layer 5 
decreases. However, the populations in the first four layers remain 
extremely modest, never exceeding a total count of 3 Cl− ions at the 
highest KCl doping concentrations. The allocation of more Cl− ions to 
layers 1–4 as KCl concentration increases may provide a means of 
balancing some of the charge from the Na+ and K+ within the aqueous 
interior. Alternatively, Cl− could transition to the upper layers of the RM 
once an accommodation limit is reached within the core region of the 
aqueous interior. 

2.7. Ion-ion interactions 

The tightly spaced ionic layering pattern observed for Na+, K+, and 
Cl− within the RM interior provides the potential for ion-ion in
teractions. Indeed, several studies have noted the presence of contact 
pairs (CPs) and solvent-shared ion pairs (SIPs) at air-water interfaces 
and in electrolyte solutions [25,32,33]. The Na+- Cl− and K+- Cl− pair 
density profiles for a w0 = 20 RM doped with 1.0 M KCl are displayed in 
Fig. 8. The Na+- Cl− profile shows distinct peaks at 2.60, 5.00, and 7.18 
Å before tailing at longer distances. The radial cutoff for Cl− has pre
viously been reported as 3.86 Å [25]. The radial cutoff of 3.49 Å suggests 
the presence of Na+ within the Cl− solvation shell as a CP. The subse
quent peaks at 5.00 and 7.18 Å are indicative of SIPs and are consistent 
with observed SIP ion distances for Mg2+- Cl− and Cs+- Cl−. K+- Cl−

profiles show similar results, with peaks at 3.02 (CP), 5.30 (SIP1), and 
7.52 Å (SIP2) [32]. The fractional populations of each ion pair are dis
played in Table 6. For both Na+ and K+, free solvated ions (FR) represent 
the most abundant species. However, taken together, most of the Na+

and K+ within the aqueous interior exist in some form of ion-ion inter
action species. CPs represent the most common ion-ion interaction 
species for both Na+ and K+. While a larger fraction of K+ form CPs with 

Table 4 
Layer ion counts interaction pairs fractional population.  

w0 = 20 
Na+ Layer [KCl] M 

0.0 0.25 0.5 0.8 1.0 

1 5.89 5.55 5.42 5.20 4.95 
2 3.08 2.94 2.85 2.75 2.65 
3 6.32 6.19 6.06 5.89 5.76 
4 5.68 5.76 5.68 5.63 5.68 
5 22.0 22.6 23.0 23.5 24.0  

K+ Layer [KCl] M  
0.25 0.5 0.8 1.0 

1  0.482 0.908 1.32 1.70 
2  0.364 0.703 1.02 1.32 
3  0.568 1.07 1.61 2.05 
4  0.496 1.01 1.45 1.95 
5  2.09 4.31 6.60 8.98  

Cl− Layer [KCl] M  
0.25 0.5 0.8 1.0 

1  0.0314 0.0576 0.117 0.137 
2  0.140 0.305 0.506 0.666 
3  0.191 0.422 0.667 0.803 
4  0.238 0.468 0.734 1.17 
5  3.40 6.75 9.97 13.2  

Fig. 7. Normalized SO3
−- Cl− radial density function within a w0 = 20 AOT RM 

doped with 1.0 M KCl. 

Table 5 
Cl− layer populations upon KCl addition.  

w0 = 20 
Cl− Layer (Ranges, Å) [KCl] M  

0.25 0.5 0.8 1.0 

Layer 1 (0.00–3.87 Å)  0.00785 0.0072 0.00975 0.00855 
Layer 2 (3.87–5.27 Å)  0.0350 0.0381 0.0422 0.0416 
Layer 3 (5.27–6.56 Å)  0.0478 0.0527 0.0556 0.0502 
Layer 4 (6.56–7.81 Å)  0.0594 0.0585 0.0612 0.0732 
Layer 5 (>7.81 Å)  0.850 0.844 0.831 0.827  

Fig. 8. Normalized Na+ - Cl− (green line) and K+ - Cl− (purple line) radial 
density functions within a w0 = 20 AOT RM doped with 1.0 M KCl. 
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Cl− than Na+, this may be an artifact of the substantially lower con
centration of K+ relative to Na+ within the aqueous interior. Increasing 
the KCl concentration increases the fractional populations of both the 
K+- Cl− and Na+- Cl− CPs while decreasing the population of fully sol
vated ions. Interestingly, neither of the SIP populations show a response 
to increasing KCl concentration. The shorter separation species, SIP1, 
possesses a higher fractional population for both the K+- Cl− and Na+- 
Cl− interaction pairs than the more separated SIP2 species. In addition, 
both K+- Cl− and Na+- Cl− interaction pair species have similar frac
tional populations, ~0.15 and ~0.13 for the SIP1 and SIP2 species, 
respectively. Previous studies have noted increases in SIP population 
with increasing electrolyte concentration in bulk-solution. As such, the 
insensitivity of the K+- Cl− and Na+- Cl− SIP populations to KCl con
centration suggests that formation of SIPs in this case may be driven by 
the overall ionic structure within the aqueous interior rather than KCl 
concentration. 

2.8. RM ionic structure 

By examining the distributions of each component of the RM 
aqueous interior, we were able to develop a framework for how ions are 
dispersed throughout this complex environment. When examined 
together the ion RDFs reach maxima in the same regions where the H2O 
RDFs are in minima, indicating that RM aqueous interior is composed of 
an ordered and layered structure of altering ionic layers separated by 
aqueous layers. The SO3

− headgroups interact directly with the first 
aqueous layer, which accounts for only a small fraction of the interior 
waters, 0.0193. However, this small number of waters is not enough to 
balance the charge density at the interface. In response, the first Na+ and 
K+ layers act as CPs with the SO3

− headgroups to further balance the 
negative charge to the interface. As K+ concentration is increased within 
the RM interior, some of the Na+ ions are displaced from the first layer in 
favor of K+ ions. However, the first ionic layer remains dominated by the 
more abundant and more densely charged Na+ ions. Anionic Cl− is 
completely excluded from the first ionic layer due to electrostatic 
repulsion with the SO3

− headgroups. A second aqueous layer, peaking 
near 3.12 Å and extending to a radial cutoff of 3.42 Å, follows the first 
ionic layer. These distances are within previously observed solvation 
shell radial cutoffs for Mg2+, Cl−, and SO4

2− at 3.00, 3.86, and 4.64 Å [25, 
32], respectively. As such, the second aqueous layer likely functions as 
both a solvation layer and the solvent within SIPs between the SO3

−

headgroups and Na+ and K+ ions in the second ionic layer below. Na+

and K+ populate the second ionic layer. RDF peaks at 3.64 and 4.00 Å, 
for the Na+- SO3

− and K+- SO3
− ion pair profiles respectively, support the 

presence of SIPs within this second ionic layer. The second ionic layer is 
nearly devoid of Cl−, with a fractional population of <0.0219. The 
nonzero fractional population is likely due to a Cl− ion located near the 
interface at early times in the simulation prior to diffusing to deeper 
ionic layers within the RM interior. The third aqueous layer peaks at 
4.04 Å and corresponds to the largest density within the H2O RDF. This 

layer likely represents the first aqueous layer outside of the SO3
− solva

tion shell. Indeed, the sensitivity of the third aqueous layer to changes in 
w0 supports the assignment of this layer as a more labile form of H2O 
compared to the first two aqueous layers. The third aqueous layer gives 
way to another ionic layer. The Na+ and K+ RDF peaks begin to broaden, 
suggesting a larger distribution of distances from the SO3

− headgroups. 
Na+ is localized closer to the RM interface than K+ in the third ionic 
layer, while K+ and Cl− maximize at the same distance, ~4.92 Å. 
However, the Cl− RDF spans both the Na+ and K+ layers, indicating that 
while modest in abundance, the Cl− located within this layer is localized 
with the Na+ and K+ ions. This observation supports the presence CPs 
between the Na+ and K+ ions with Cl− in the third ionic layer. Following 
the third aqueous and ionic layers the H2O, Na+, and K+ RDFs decrease 
substantially in density and the peaks broaden, while the Cl− RDF 
continues to increase. The increased presence of Cl− provides the po
tential for further CP formation as well as SIP formation with Na+ and 
K+ located within the upper and lower ion layers. The layering pattern 
continues for another two aqueous and ionic layers before the identifi
cation of peaks within the H2O, Na+, and K+ RDFs becomes unclear as 
the peaks are superimposed on top of a gradual decay at longer dis
tances. The Cl− RDF continues to reveal additional peaks, suggesting 
that there may be more layers deeper in the aqueous interior. However, 
the increase in breadth of the RDF peaks, particularly for H2O, indicates 
a transition to bulk-like properties somewhere in the region of the fourth 
or fifth layers, consistent with interfacial-core distinctions, as the 
broader RDF peaks imply a greater extent of species mobility and greater 
separation between individual ions. 

3. Conclusions 

Interfacial-core distinctions have been consistently utilized to 
explain the dynamics, structural properties, and partitioning of H2O and 
ionic species within the interior of RMs. This approach has proven quite 
successful and has been a crucial approach for revealing the unique 
properties of the interfacial region. By examining the impact of a KCl 
dopant on the properties of the RMs over a variety of w0 ratio we can 
further highlight the complex nature of the interfacial region. Rather 
than being composed of a single species, distinct from their core coun
terparts, the interfacial region is populated by a host of chemical species. 
In our studies, as many as 5 H2O layers can be classified as interfacial; 
representing not only those H2Os in direct contact with the SO3

− head
groups, but also H2Os solvating the surfactant counter-ions and H2Os 
and those incorporated into SIPs. Given the diversity of species con
tained within the H2O layers of the interfacial region, it is perhaps un
surprising that these layers exhibit different responses to increasing w0. 
Sophisticated time-resolved 2D-IR spectroscopy has also proposed the 
layer-wise structure of water molecules in these reverse micelles. These 
experimental results [68,69] provide strong validation and support for 
our computational analysis. The diversity of ionic species within the 
interfacial region appears to be equally rich, containing CPs, SIPs, as 
well as solvated ions. Na+ and K+ co-localize within discrete layers 
through the interfacial and core regions of the RM aqueous interior. 
While Na+ is the dominant cationic species within the observed inter
facial layers, increasing additions of KCl lead to small displacements of 
Na+ in favor of K+. Cl− is almost completely excluded from the outer
most ionic layers and is predominately observed within the core region. 
While Cl− has been observed to have a stronger relative interfacial af
finity than Na+ and K+ in air-water interfaces [27,28,25], the need to 
maintain charge layering within the aqueous interior of the RMs seems 
to be a strong driver of the distribution of ionic species and appears to 
outweigh intrinsic interfacial affinities. The highly charged nature of the 
aqueous interior places a strong priority on balancing Coulombic in
teractions. The observed lack of response of size and dynamic sampling 
of shapes even with the addition of KCl highlights the role charge in
teractions play in the overall structure of aqueous interior. 

Table 6 
Ion-ion interaction pairs fractional population.  

w0 = 20 
Na+-Cl− Cutoff (Å) [KCl] 

0.25 0.5 0.8 1.0 

CP 3.49 0.187 0.200 0.216 0.230 
SIP1 5.92 0.154 0.158 0.155 0.152 
SIP2 8.51 0.134 0.130 0.137 0.135 
FR  0.526 0.512 0.492 0.483  

K+-Cl− Cutoff (Å) [KCl] 
0.25 0.5 0.8 1.0 

CP 3.92 0.250 0.261 0.270 0.282 
SIP1 6.42 0.155 0.151 0.153 0.147 
SIP2 9.03 0.127 0.132 0.130 0.136 
FR  0.469 0.456 0.447 0.436  
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