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Abstract

The properties of water in a confined environment can be drastically different than the bulk
water. In a confined system, e.g. interior of a reverse micelle, there exist at least two distinct
regions namely “interfacial water” characterized by markedly slower dynamics, and “core
water”, which may resemble bulk water for larger size of the water pool. Using atomistic
molecular dynamics simulations, we systematically investigate the presence of bulk-like water in
AOT reverse micelles (RM) with varying size given by wy = [H,O]/[AOT] = 10, 15 and 20. In
order to understand the effect of the negatively charged interface of the RM, we have performed
control studies for the model systems of water-in-oil (isooctane) nanodroplets with the same size
of the water pool as the RM systems. In order to quantify the deviations from bulk-like behavior,
we have used three kinds of structural order parameters, namely (i) number density to probe the
local translational ordering, (ii) tetrahedral order and hydrogen bond distribution to probe the
local orientational ordering, and (ii1) dipolar orientation relative to the radial vector to capture the
global orientational ordering of the water dipoles. We demonstrate that the size of the “core
water” region that resembles bulk water decreases in the above order, i.e. orientational order
parameters of water molecules are perturbed by the charged interface to a larger lengthscale as
compared to the translational order. We have compared the translational and rotational dynamics
of the water molecules for the interfacial and core regions to find that the slower dynamics
persists even for the core water for the size range that we have studied although to a much lesser
extent as compared to the interfacial water. Moreover, we demonstrate that the hydrophobic
interface in the water-in-oil nanodroplets has much weaker effect on the structure and dynamics
of the confined water molecules as compared to the anionic RMs. Thus, the major contribution

towards the structural ordering and slow dynamics of water in a charged RM system would
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originate from the strong electrostatic and hydrogen bonded interactions with the interface, and

not due to the spatial confinement effect.

Introduction

Despite being a deceptively small molecule water remains an enigma to the scientific
community.” > Not only does it have a wide array of anomalous bulk properties,” “water under
confinement” and “interfacial water” have turned into active areas of research due to the

414 Most of the functional roles of

staggering diversity of context dependent properties of water.
water in both biological and materials science context originate due to the unique properties of
interfacial and/or confined water, e.g. cellular water exists in a highly crowded and confined
medium, surface water molecules dictate the phenomena like hydrophobic collapse and self-
assembly, and water may experience extreme confinement in clays, minerals as well as deep
interiors of functional sites in biomolecules.

Reverse micelles (RM) and water-in-oil microemulsions (W/O) have been popular
choices as model systems to study physicochemical properties of water under confinement and
crowded environment, as well as various chemical and biomolecular processes under
confinement, e.g. protein folding, enzyme catalysis, light induced charge separation, proton
transfer and so on.* > ' °2% Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) is one of the most
commonly used surfactant with anionic head groups to study reverse micelles.* * 2! In the last
few decades, the shape, size and composition of RMs as well as the structural and dynamical
properties of the water molecules confined in these RMs have been studied extensively using a

wide range of experimental techniques like NMR, small angle X-ray scattering (SAXS), dynamic

light scattering (DLS), quasielastic neutron scattering (QENS), vibrational spectroscopy and
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spectral diffusion, dielectric relaxation, solvation dynamics studies and so on.* % 16 18 22, 2432

The experimental studies have often been motivated and complemented by an impressive amount
of theoretical and computational studies that have built the foundation of our current

understanding of the unique properties of water under confinement and interfacial water. ' 1>

19, 20, 33-40

Through the extensive body of research developed over last few decades it has been well
established that the water under confinement may exhibit drastically different physicochemical
properties as compared to bulk water. Confined water may have reduced polarity (dielectric
constant), a perturbed hydrogen bonded network, and structural ordering at the interfacial region

35, 40-42

among many others. Dynamical properties of water are highly affected by the confinement

as well, e.g. both orientational dynamics and translation mobility along with dielectric relaxation
of water slows down considerably for interfacial water, ' 2! 273236 38,4345

Spatial confinement is only one of the factors that might affect the water properties in
RMs. Since the interior surface in RMs is most commonly charged or polar depending on the
surfactant composition, the water molecules can have a strong binding affinity to the interior
surface. Thus, the slower exchange between the “bound” interfacial water and “free” core water
leads to the observed slow dynamics near the surface region.'* ' A core-shell type of model has
often been invoked where the shell consisting of the interfacial water would have drastically
different properties than bulk water, and the water molecules further away from the interface
(core water) would gradually recover the bulk-like characteristics as the distance from the
interface increases for larger RMs. This hypothesis has been examined both experimentally and

by simulation studies by varying the size of the RMs, since it can be expected that if the size of

the water pool gets bigger, the relative ratio of “bulk-like” core water molecules should
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increase.”® >’ The effective size of RMs and hence the size of the confined water pool is usually
controlled by the water loading ratio given by w, =[H,0]/[AOT]. Multiple studies have

suggested that the water dynamics in the core region of the RMs for larger RMs (wy > 10)
gradually recovers the bulk-like characteristics.*" 2% 27 3¢ 3846

Using theoretical vibrational spectroscopy and simulation studies, Skinner and coworkers
have nicely demonstrated that the distance dependence of the water dynamics from the interface
as well as the length scale over which the bulk properties would be recovered, are dependent on
the RM size due to the curvature induced effects, which is in clear contradiction with a simple
core-shell type model of water dynamics in RMs.® They have also shown that the rotational
anisotropy dynamics reaches bulk-like characteristics beyond 0.8nm distance from the interface
for wo=7.5. On the other hand, it has been speculated in different contexts that water mediated
interactions induced by dipolar correlations between large polar (and even non-polar) interfaces
might extend across several nanometers.”” ** Thus, one may not rule out that the length-scale
over which water properties may vary as a function of distance from the interface, might depend
on the water property that is being probed, namely local spatial order, translational order versus
global dipolar orientation/correlation. Bagchi and coworkers have put forward a somewhat
similar argument in the context of water interface with hydrophobic surfaces.*’ They have
suggested that the spatial (translational) structural ordering may not be as long range as the
orientational (or tetrahedral) structural ordering of water, where the orientational order may
sustain longer range correlations. Thus, the length-scale of water structure being perturbed by an

external interface may depend on whether we are investigating the translational order versus

orientational order.
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Fayer and coworkers have also suggested that a simple distinction between interfacial and
bulk-like core water may not be possible depending on the water property that is being
investigated.”® In particular, they find that the size dependence of the hydroxyl stretch absorption
spectra and vibrational population relaxation times can be well described by an appropriately
weighted average between the bulk water and small RMs (w¢=2; all water molecules are
assumed to be interfacial), whereas the same model does not perform well for spectral diffusion
and orientational relexation due to long range coupling between the interfacial and core regions.
Thus, depending on the sensitivity of the property/phenomena of interest on the perturbations
induced by the environment, we may observe different behavior.

In an attempt to dissect to relative role of spatial confinement versus the specific
interactions with the RM interior surface, several studies have compared the water dynamics
inside charged and neutral RM systems.“’ 50, 51 Surprisingly, water dynamics near both charged
and neutral hydrophilic interfaces has been found to be comparable and slower compared to bulk
water. Thus, it has been concluded from these studies that the overall hydrophilic nature of the
interface and the spatial confinement effects lead to the slow dynamics of interfacial water,
whereas the specific chemical composition of the interface plays only a secondary role. On the
other hand, the simulation studies by Laage and Thompson on the water dynamics in hydrophilic
and hydrophobic nanoporous medium clearly demonstrate that slowing down of water dynamics
is only modest in the case of hydrophobic cavities.’> Thus, the spatial confinement effects may
not contribute to the slower orientational dynamics observed in hydrophilic confinement (either
neutral or charged), which should originate due to the favorable hydrogen bonding interactions

between the surface and interfacial water molecules.
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The above discussion clearly highlights the need of a systematic investigation of the
various types of structural and dynamical properties of water in both hydrophilic and
hydrophobic confinement as a function of the size of the confinement as well as the distance
dependence of the properties from the interface as they approach bulk-like characteristics. In this
work, we investigate three different types of structural order parameters, namely (i) local density
(spatial order), (ii) local tetrahedral order and hydrogen bond distribution (local orientational
order) and (iii) average dipolar orientation (global orientational order). We have also investigated
the orientational and translational (diffusion) dynamics of the water molecules in a layer-wise
fashion. The effect of confinement size has been studied using three different sizes of AOT RMs
(wo=10, 15 and 20), which are relatively larger in size as compared to prior MD simulation
studies enabling us to actually observe the bulk-like characteristics instead of using extrapolation
techniques. Our results clearly demonstrate that whether the water present inside a RM is bulk-
like or not and the effective size of the bulk-like core water region would strongly depend on the
choice of order parameter (i.e. translational versus orientational).

Moreover, in order to clearly distinguish between the effects of “confinement” versus the
proximity to a “hydrophilic” surface on the water properties, we have systematically compared
the behavior of water in RMs with the control systems of water-in-oil (isooctane) nanodroplets
with the identical number of water molecules as the respective RM systems. The water-in-oil
(W/0) systems would allow us to separately understand the effect of confinement on the water in
the absence of the AOT surfactants (negatively charged interface). Of course, the structure and
dynamics of water molecules in the water-oil interface have been actively studied through

13, 14, 53-60

decades. In the limited scope of our work, we present a systematic size dependent
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comparison of the water structure and dynamics in both the RM and W/O systems to highlight
the key factors that lead to the unique behavior of water inside RMs.

The rest of the paper is organized as follows: we first give details about our
computational methodology. In subsequent sections we analyze (i) the radial profiles of various
structural order parameters, (ii) the region-wise (interfacial and core) probability distributions of
these order parameters to demonstrate that the deviations from bulk-like characteristics is
strongly dependent on the property of interest, and (iii) the orientational and translational

dynamics in both RM and W/O systems. Finally, we provide our concluding remarks.

Computational details

We have used three different sizes of the reverse micelle (RM) systems corresponding to the
molar ratio [H20]/[AOT] = wy = 10, 15 and 20 in the increasing order of size. Corresponding
three water-in-oil nanodroplet systems (W/O) have been prepared by keeping the number of
water same as the wy = 10, 15 and 20 RM systems, where the water pools have been surrounded
by the isooctane molecules. For the AOT RM systems we have added same number of Na'
counter-ions as AOT molecules in order to charge neutralize the whole system and the ions have
been added at close proximity to the AOT head groups as clarified in Table S1 (in SI). The
numbers of water, AOT, Na' ions and isooctane molecules used for preparing the above six
systems are shown in Table 1. During the subsequent discussions, we shall refer to the RM
systems by wo = 10, 15 and 20, whereas the water-in-oil systems will be referred as W/O = 10,
15 and 20, respectively. The number of AOT and water molecules, and the packing radii for the
different water loading of RM systems have been taken from existing NMR data,* which has

been subsequently used in other simulation studies as well."> ®" These structural parameters are
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in agreement with the aggregation number and radii derived using other experimental techniques
as well.”® *6- % S The initial structures for the RM and W/O systems have been created using the
Packmol software, where each molecular species has been packed within a certain spherical cut-

off radius as used by Abel et al."”

The chosen packing radii for the inner water pool, counter-ions
and the outer sphere of AOT monolayer have been provided in Table S1 (in SI) for every system
studied here.

The AOT surfactant and isooctane molecules have been modeled using the CHARMM?27
all-atom force-field following the protocol used by Abel et al."> Although TIP3P water model is
commonly used with CHARMM force field, we have shown earlier that this water model does
not capture the tetrahedral ordering of water molecules correctly.®* Thus we have used the more
recent TIP4P/2005 water model, which has been shown to perform quite well in reproducing a
wide range of bulk water properties.® ® Since our primary goal is to investigate the structural
and dynamical properties of water, we feel that choice of a better water model is very important.

We have used the GROMACS (version 5.0.7) software suite®’ for the molecular
dynamics simulations reported here. Periodic boundary conditions have been applied in all
directions. In every case the simulation box dimension has been chosen such that the distance
between surface of the AOT RM or the water pool in W/O system and the box boundary is at
least 1nm to avoid any short range interaction between the periodic images. All bonds have been
constrained to their equilibrium bond lengths. We have used a cutoff of 1.0nm for both short-
range coulomb and Van der Waals interactions. The long-range electrostatic interactions have
been treated with particle mesh Ewald method with 0.16nm of grid spacing. Before starting the

molecular dynamics simulations, we have performed energy minimization using steepest-descent

algorithm in order to remove any clashes between the molecules. Afterwards NVT equilibration
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has been performed for 2ns at 300K temperature using the V-rescale thermostat® and NPT
equilibration has been performed at 1 bar pressure and 300K temperature using the Berendsen
barostat®® for the duration of 2ns for W/O systems and 20ns for RM systems. We have used the
Parinello-Rahman barostat”’ during the production runs, with 2fs integration time step and the
trajectory frames have been saved every lps for subsequent analysis. The total production run
lengths for various systems have been provided in Table 1. Additionally, we have performed
simulations for bulk water as the reference system for comparison with various confined water
systems. In this case, the NVT and NPT equilibration run lengths have been 1ns each with all

other details remaining the same as described above.

RESULTS AND DISCUSSION

Nature of the confinement: Reverse micelle vs. water-in-oil nanodroplet

The structure and dynamics of water under confinement have been well studied using a wide
variety of surfactant molecules including cationic/anionic/neutral.’’ > >+ "' All of these systems
are characterized by a hydrophilic interior surface, where water can preferentially bind. Although
the strength of the interaction between interfacial water and the RM interior wall may depend on
the charge distribution of the surface, it is expected that the favorable interactions would lead to
a slower exchange between the interfacial and core water molecules leading to the traditionally
observed slower dynamics in these systems. Thus, in addition to the confinement effect (size of
the water pool), the reverse micelles also provide an additional perturbation of a strongly
hydrophilic interface due to the favorable electrostatic interaction with the interface.

In order to dissect the relative role of size induced “confinement” versus the charged

surface induced “binding/ordering” at the interface, we have taken up the reference systems of

10
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water-in-oil nanodroplets, where we keep identical number of water molecules (as compared to
the RM systems of wy = 10, 15 and 20) in a hydrophobic isooctane background. In the absence of
any AOT surfactant molecules, these systems would allow us to investigate the purely
confinement size induced perturbations in the water nanodroplets in the absence of any
hydrophilic interfaces.

Our molecular dynamics trajectories show quite stable quasi-spherical water pools in
both RM (3 sizes) and W/O (3 sizes) systems. Representative snapshots from the MD trajectory
have been shown in the Fig. 1 for the wo = 10, 15, 20 and W/O = 20 systems. On the left panels
we include the surrounding isooctane medium, whereas the right panel zooms into the RM and
W/O interior. The AOT head groups and counter-ions have been clearly identified as visual
guideline to the interfacial regions.

We have observed considerable shape fluctuations (deviations from spherical shape) in
the AOT RM systems. Similar observations have been made before using both dynamic light

scattering experiments and MD simulations of RMs by Straub and coworkers.* 2> 72

The shape
fluctuations seem to be particularly pronounced in smaller RMs.” We have shown the time
evolution of the radius of gyration (indicator of size) and the anisotropy shape parameter (ratio of
smallest and largest principal components of the gyration tensor, which would be 1 for perfect
sphere) in the Fig. S1 (in SI). The time evolution of radius of gyration shows that both the RM
and W/O systems maintain a relatively compact structure with considerably higher fluctuations
for the RM system. But the RM structures remain stable and intact throughout the 100ns

trajectory for each system. Whereas, the shape anisotropy parameter indicates that the deviations

from spherical symmetry is remarkably higher in the RM systems as reported earlier by Straub

11
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and coworkers,® whereas the W/O systems seem to retain much higher degree of spherical
nature.

In the subsequent sections we shall demonstrate that both the structural and dynamical
properties of water between these two systems are drastically different. Despite being a confined
system, the water molecules in a W/O nanodroplet show remarkable similarity to bulk water
even for the smallest size (W/O=10) for most of the properties studied in this work. The
deviations from bulk-like properties are not significant as compared to the RM systems even for
the interfacial water (except for a few properties) in these systems as will be demonstrated

below.

Choice of the structural order parameters

We have used three classes of structural order parameters in order to probe both the translational
and orientational ordering of the water molecules under confinement of RM and W/O systems.
The chosen order parameters are:

(i) Number density ( p ): The number of water molecules present per unit volume for different
probe regions. This quantity would capture the local translational ordering (density) of the water
molecules as compared to the bulk water density.

(ii) Tetrahedral order parameter (Q) and number of hydrogen bonds (Nyg): Following
the prescription of Debenedetti and coworkers,” we have used the following definition of

tetrahedral order parameter of water:

3 & 1Y
- §ZZ(COS ,k+3j | .
1
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where, O, is the tetrahedral order parameter of the i-th water molecule and @, is the angle

subtended on the oxygen atom of that water molecule by the each pair (given by the indices j and
k) of four nearest neighbor molecules. Thus, for a perfectly tetrahedral arrangement of the four
neighboring water molecules around the central i-th water molecule O=1, whereas for a random
and uniform distribution of these angles 0=0.

We have used the following geometric criterion for detecting the hydrogen bonds between
water molecules: (i) the O-O distance between the donor and acceptor molecules is less than
0.35nm, and (i1) the H-O (donor)-O (acceptor) angle is less than 30 degrees. For both the
tetrahedral order parameter and hydrogen bond calculations we have included the O atoms of the
AOT head groups among the possible neighbors (for Q) and hydrogen bond acceptors (for Nyg)
for the water molecules, since the interfacial water molecules preferentially forms hydrogen
bond with the AOT head groups at the expense of losing water-water hydrogen bonds.*

Interestingly, for all subsequent analyses we find that the variation in the average and
probability distribution of tetrahedral order parameter follows an identical trend as the number of
hydrogen bonds, since both of these quantities capture the local tetrahedral order and hydrogen
bonding pattern of the water molecules. Thus, we report only the data for tetrahedral order
parameter here, since it shows slightly higher sensitivity to environmental changes due to the
inherent discrete nature of the number of hydrogen bonds.

(iii) Dipolar orientation relative to the radial vector (P): Being an isotropic medium there is
no net dipolar orientation in bulk water, whereas near a charged interface the water dipoles are
likely to have a preferred direction of orientation. We have quantified the dipolar orientation (P)

as:

13
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Ny
!

P= ‘:cosﬁ’ 2

=

)

where, 7 is the radial vector from the oxygen atom of a water molecule to the center of mass

(COM) of the water pool, & is the dipole moment vector of that water molecule. The angle

between these vectors (&) would be zero if the water dipole is pointed towards the COM. We
have used the cosine of the angle (cos@) for describing the orientational polarization of the

water molecules.

Radial profiles of the structural order parameters

It has been well established that the interfacial water in reverse micelles have distinctive
structural and dynamical properties as compared to bulk water. Thus, we expect that the water
molecules further away from the interfacial region should gradually recover their bulk-like
characteristics. In other words, the central core region of the confined water pool is likely to have
closer resemblance to the bulk water. Moreover, the effective size of this bulk-like core water
region is expected to increase with the overall size of the water pool.

In order to investigate the above hypotheses, we have first calculated the radial profiles of
the three structural order parameters described above for both the RM and W/O systems for all
three sizes. The comparison between these radial profiles has been shown in Figs. 2(a-c). Here
we have constructed spherical shells (with increasing radius in the range of 0.3 nm to 5 nm)
around the center of mass (COM) of the water pool with the thickness of each shell being 0.1
nm. All the radial profiles have been obtained by averaging the corresponding properties for all

water molecules lying within the radial shells. Thus, the radial profiles describe the average

14
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structural order parameters as function of distance from the COM of the water pool towards the
interfacial region. We expect the bulk-like behavior at smaller radius (nearer to the COM) and
the departure from the corresponding bulk property (shown in black line in each case) would
signify the boundary of a spherical bulk-like core region.

Fig. 2a summarizes the radial number density profiles in both RM (3 sizes) and W/O (3
sizes) systems. We observe that all the systems demonstrate a flat region (constant value) near
the COM signifying a core region where the water density is uniform and almost identical to the
bulk water value (33.2 nm™). The number density slightly increases for smaller systems, since
the higher curvature of the interfaces in smaller confined systems would induce a higher internal
pressure on the internal water. Interestingly, the W/O systems demonstrate a much sharper drop
in the density profile as compared to the RM systems, since they retain higher degree of
spherical nature as compared to the RM systems. Thus, the drop in the number density coincides
with a well-defined radius of the water pool. In contrast, the RM systems undergo substantial
shape fluctuations and a radial average over these fluctuations give rise to a slower fall in the
density profile. Nevertheless, the radii of the core regions with bulk-like water density for the
RM systems are approximately Inm, 1.8nm and 2.5nm for w¢=10, 15 and 20, respectively. For
W/O systems these regions are larger by ~0.7nm in each case. The effective radii of each studied
system can be directly deduced from the interfacial sharp drop in the radial profile. The effective
radii of water pool for the RM and W/O systems are consistent to the prior small angle X-ray
scattering measurements” and viscosity measurements.”

The radial profiles of the tetrahedral order parameter have been compared in Fig.2b. The
profiles follow similar qualitative trends as the number density profiles, i.e. there is a core region

with bulk-like value and the tetrahedral order gradually decreases to zero across the interfacial

15
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region. Interestingly, we notice that the radii of the spherical regions with bulk-like value (~0.67
for TIP4P/2005 water model) have become smaller by ~0.3nm as compared to the corresponding
density profiles. Thus, the tetrahedrality or orientational order of the water molecules is
perturbed to a slightly larger lengthscale by the interface as compared to the number density.
Moreover, the difference between the RM and W/O systems has become more pronounced in the
tetrahedral ordering. While for the W/O systems the radial profile drops almost as sharply as the
number density profiles, it changes much more slowly for the RM systems. This evidently points
towards the fact that the negatively charged interface in the AOT RM system affects the
tetrahedral order of the water molecules due to the long range electrostatic interactions, which
can be either direct perturbation or gradually propagated through the structural changes of
intermediate water molecules.

Finally, we compare the dipolar orientation of the water molecules with respect to the

radial vector in Fig. 2c. Remarkably, the radial profiles of (cos &) :<ﬁ> for the RM and
F|-| i

W/O systems show a huge difference. In bulk water, the dipole vectors of the water molecules
should not have any preferential orientation since the medium is fully isotropic. Thus, the
reference calculation performed in bulk water (black line) shows a constant value of zero.
Similarly, for all the W/O systems the core water region is devoid of any orientational
preference. Only near the interface of these systems we observe an oscillatory behavior around

zero due to certain orientational constraint imposed on the water molecules at the interface. But

for all of the RM systems the radial profile remains non-zero (<COS 9> >0) for almost whole

water pool. Even for the largest RM system (w¢=20), the approach towards <Cos 9> — 0 is very

slow as we approach from the interfacial region to the deeper core of the water pool. The

16
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predominantly positive values of <COS 9> at all radial shells would signify that the electrostatic

field due the negatively charged interior surface would orient the dipole vector of the water
molecules away from it, thus creating a substantial preferential orientation of the water
molecules towards the COM of the water pool.

The overall physical picture obtained from the above analyses has been schematically
described in the Fig.3. Here we have identified two regions in the water pool based on the
distance from the interface, namely “interfacial water” (<1.1 nm from the S atoms of the AOT
head groups) and “core water”. The concentric circles in the “core water” region clearly
delineate the zones resembling the bulk-like characteristics based on the water property that is
being investigated. While the number density becomes bulk-like much closer to the interface, the
tetrahedral ordering of water (and hydrogen bonding pattern) is affected to longer distance. The

dipolar orientation is affected the most in a RM system (> 3nm from the interface).

Distribution of the structural order parameters: Core versus interface

The radial profiles shown in Fig. 2 clearly distinguishes the bulk-like behavior (or lack thereof)
of the core water region using various structural order parameters. But, due to the substantial
shape fluctuations (deviations from spherical shape), the spherical symmetry is lost, particularly
in the RM systems.® #* Thus, the radial profiles are not sufficient to study the characteristics of
the interfacial regions, since the spherical shells might be averaging over both the interfacial and
core water molecules depending on the radius of the shell and shape of the RM. The schematic
picture shown in Fig. 3 clarifies this issue due to spherical asymmetry. The deviations from
spherical structure in the RM systems have been highlighted through the shape anisotropy

parameter, which is the ratio of smallest to largest component of the gyration tensor, as shown in

17
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the Figure S1(b). The anisotropy parameter values for the W/O systems remain above 0.9,
whereas for the RM systems it undergoes huge fluctuations in the broad range of 0.6-0.9.

In order to clearly delineate between core and interfacial water molecules, we have used a
different protocol of dividing the water molecules based on the distance from the interface.
Based on the radial distribution function of water from the interface (data not shown) and earlier
simulation studies where a distance cut-off <1nm had been used,33 we have decided to use a
comfortable margin of 1.1 nm to define the “interfacial water” so that the “core water” remains
far away from the interface. Subsequently, we compute the probability distributions of the
structural order parameters separately for the “core water” and “interfacial water” molecules in
order to investigate their possible deviations from bulk properties.

We have outlined the distribution of number density (p) separately for core and
interfacial water in Figs. 4a and 4b, respectively. The core water in the RM systems shows
almost identical density distribution as bulk water. However, the smaller W/O systems (W/O =
10 and 15) demonstrate lowering of population at bulk-water density and develops a tail
distribution at lower density. In the interfacial region, this variation is even more pronounced
(Fig. 4b). We must clarify here that a sub-population of the interfacial water molecules exactly at
the boundary of the interface would not have enough number of nearest neighbors to satisfy the
bulk-like number density, thus the local average coordination number (density) is expected to be
lower than bulk value for interfacial water. So we expect a tail distribution at lower density
values as compared to bulk water both for interfacial water in RM and W/O systems.
Interestingly, we observe that while the density distribution in the RM systems show the peak at
the same position as bulk water, for the W/O systems it drastically shifts to much lower values.

Of course, there exists a shoulder-like tail at lower densities for the RM systems as expected. The

18
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lowering of surface density near an extended hydrophobic surface has been well documented
before and it has been suggested that the local water density undergoes large scale density

fluctuations near extended hydrophobic surfaces.”® > *

We feel that similar factors are leading
to the large deviations in the local density distribution for the interfacial water in W/O systems.
In contrast, the hydrophilic anionic interface in the RM systems reinstates the water density
leading to a discernable population of water molecules with bulk-like coordination number.

Figs. 4c and 4d show the similar distributions for the tetrahedral order parameter. The
tetrahedrality displays bulk-like characteristics (with very minor decrease) across the systems for
the core water molecules. On the other hand, for the interfacial water there is a distinct decrease
in the tetrahedral ordering. Interestingly, the W/O systems demonstrate lower tetrahedral order
than the RM systems in the interfacial region. While the hydrophobic interface in the W/O
systems induces large perturbation on the hydrogen bonded network of the interfacial water, the
negatively charged interface reinforce this due to preferential hydrogen bonding between water
and the AOT head groups. While the interfacial water molecules may lose certain amount of
water-water hydrogen bonds, this is counterbalanced by the preferential hydrogen bonding
between the AOT head groups and the interfacial water molecules.* Thus, the overall tetrahedral
order or hydrogen bonding pattern is preserved to some extent in the RM systems. We have also
compared the hydrogen bond distributions between these regions, but the data has not been
shown here since the trends are almost identical to the tetrahedral order parameter distributions.

The distributions of the dipolar orientation (cos ) in the core and interfacial region have

been shown in Figs. 4e and 4f. As discussed in the radial profiles of the same property (Fig. 2),

in an isotropic bulk liquid all possible orientations are equally likely. Thus, P(cosd) remains

constant for bulk water. The same scenario holds for the core water in the W/O systems, where
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there is no long range electrostatic perturbations from the interface. Of course the interfacial
water shows a non-uniform distribution even for the W/O due to the preferential orientation of
the water dipoles to remain parallel to the interface. On the other hand, for the RM systems not
only the interfacial water, but even the core region demonstrates a preference towards an
orientation towards the COM of the water pool as discussed earlier in the context of the radial

profiles.

Orientational relaxation dynamics: Core versus interface

The dynamics of the water molecules in the reverse micelles has been studied extensively in the

8,9, 26, 37, 52, 74, 75
past.> > ,37,52,74,7

But how do the orientational and translational dynamics compare between
the RM and W/O systems? We have addressed this question by studying the orientational
relaxation of the water molecules separately in the core and interfacial regions, by using the
following orientational time autocorrelation function (OTCF):

</Zli (t) ) ﬁi (O)>

(2,(0)- £,(0)) ° ©

C,(0)=

where, () is the dipole vector of the i™ water molecule at time ¢. The averaging is performed

over the water molecule which stays continuously in the selected region for the time interval of 0
to ¢ in order to avoid the mixing of dynamics when a water molecule is exchanged between the
interfacial and core regions. Depending on the size of the RM system and associated
heterogeneity in the time scales present in the system, the OTCF can be fit well by either single
exponential or multi-exponential or stretched exponential or power law functions as reported in

8,26, 52

earlier studies. In our work, we have used a tri-exponential fit of the OTCF to compare the
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time scales observed across all of the seven systems (including bulk water). The time scales and
their relative contributions have been reported in Table 2 for core and interfacial regions across
all the systems. For the shorter survival time of ~50ps of water molecules in the respective
region, OTCFs fits well to the tri-exponential fitting function. For the long-lived tails of
correlation functions, both fitting functions fail to catch the decay times as reported carlier.®

Figs. 5a and 5b show the comparison of OTCF across all systems for the core and
interfacial water, respectively. A visual inspection of the figures clearly shows that for the W/O
systems the orientational dynamics is almost identical to the bulk water, while the time scales are
slightly higher for the interfacial water. In contrast, for the RM systems the interfacial water
undergoes a dramatic slowdown (more than an order of magnitude) as demonstrated through a
multitude of prior experimental and simulation studies. We observe that the slowest component
of the OTCEF in the interfacial region of RMs fall in the range of ~100ps (Table 2), which is in
very good agreement with prior simulation studies.” Interestingly, the increase in the slowest
time component in the interfacial water of the W/O systems is very small (~10ps) as compared to
bulk water (~6ps). This clearly confirms the role of the hydrophilic interface in the RM systems
towards the observed slow dynamics. Since the free energy of binding of water to the RM
surface is much stronger compared to the W/O systems, the exchange rate of the bound water
molecules is likely to be much smaller as well.

Interestingly, even for the core water in the RM systems a slight slowdown is visible. The
comparison of the time scales observed for the core water (Table 2) clearly shows that for RM
systems the slowdown remains to certain extent even beyond 1.1 nm distance from the interface.
The time scales are ~45ps, ~27ps and ~24ps for wy = 10, 15 and 20, respectively. This long

range slowdown is likely to originate from the long range electrostatic interactions with the
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charged interface, since such slowdown is completely absent in the core water for W/O systems.
Moreover, the dependence of the water dynamics on the distance from the interface might be
slower compared to our chosen distance cut-off of 1.1nm to distinguish between the interfacial
and core water. Thus, a core-shell model with clear demarcation between “interfacial” and
“core” water might be too simplistic as indicated by prior experimental studies” ** *’. For
example, according to the simulation studies by Skinner and coworkers’ the rotational anisotropy
reaches bulk value at a distance of 0.8nm from the interface for wy=7.5, whereas this distance
dependence is much slower for smaller RMs due to curvature induced effects. On the other hand,
simulation studies of water dynamics around micelles® indicate that interfacial effects may
sustain upto 2nm distance from the charged interface of the micelle. Our observations regarding
the long range perturbations on the global dipolar orientations that might extend upto 3nm from
the RM interface also suggests the possibility that certain water properties might be more
sensitive with longer length-scale of perturbation. Thus, a more detailed layer-wise
decomposition of various types of water dynamics (vibrational, rotational, collective modes,
dielectric relaxation etc.) as a function of distance from the interface would be necessary to shed
light on the length scale of such interfacial perturbations.’” 7* Although we can safely conclude
that bulk-like dynamics can be observed in reverse micelles with water pool diameter larger than
4nm (wo>20) as confirmed by Fayer and coworkers.*® %’

Previous experimental studies have shown that the hydrogen bond orientational
relaxation timescale is almost similar for the neutral and ionic interfaces concluding that the
hydrophilic interface and confinement play a dominant role, while the specific chemical nature

31, 50, 51

of the interface plays a secondary role. We argue that the comparison between neutral and

charged RM systems does not separately investigate the effect due to the purely spatial
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confinement in a clean way, since both systems have hydrophilic interfaces that strongly interact
with the water molecules leading to the observed slow dynamics. In the present study, we have
dissected the effect of confinement versus the presence of a hydrophilic interface to conclude
that the spatial confinement does not affect the orientational dynamics of the interfacial water
molecules. Our results are in good agreement with the work of Laage and Thompson >* showing
that the OH reorientation in water is significantly slower in hydrophilic confinement compared to
the bulk water, whereas the dynamics of water in the hydrophobic pores are more modestly

affected.

Diffusion of water: Core versus interface

Next we compare the translational mobility of the core and interfacial water in the RM and W/O

systems by monitoring the respective mean square displacement (MSD) versus time, i.e.

<Ar2>(t) (Figs. 6(a-b)). Since the water molecules are likely to be exchanged between the core

and interfacial regions, we have restricted the averaging of MSD for those fragments of the
trajectory where a water molecule stays continuously for the chosen time interval of 0 to t ps.
Here we have focused on the short time dynamics (< 200ps), since the MSD reaches a plateau
beyond a certain time scale due to the spatial confinement. There is a characteristic timescale for
each system beyond which the water molecules reach the limits of the confinement size and
hence MSD cannot grow any further. Moreover, for this reason we do not include the data for the
smallest water pool systems (wo=10 and W/O=10) for MSD analysis, since we have been unable
to generate statistically significant data due to relatively small residence time in the

interfacial/core regions in these cases.
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As we compare the MSD curves of all the systems, we find that the core water molecules
in W/O systems are consistently faster than the RMs (Fig. 6a), and they are much closer to the
bulk-like behavior. The translational mobility monotonically increases with the size of the water
pool in each system. Interestingly, for the W/O systems there exists a short-to-intermediate time
scale (<50ps) where the MSD goes slightly above the bulk MSD (possibly due to the absence of
long range electrostatic interactions and lower polarity of the W/O water pool as compared to
bulk), but subsequently they start to grow much slower than the bulk water as expected. The
difference in mobility between RM and W/O systems become particularly pronounced for the
interfacial water, where the water in RM systems show ~4 times slower diffusion as compared to
the W/O systems. For the interfacial water, we find much weaker size dependence in the RM
systems. This indicates towards the fact that there exists a characteristics timescale of “interfacial
water” that can be independent of the size of the “core water” pool. The slower translational
dynamics of the interfacial water molecules have the same molecular origin as the corresponding
orientational dynamics. The strong electrostatic and hydrogen bonding interactions between the
interfacial water and the charged AOT head groups would considerably increase both the
residence time and the hydrogen bond lifetime in this region.”” However, in W/O systems, such
strong perturbation is absent leading to bulk-like diffusivity even for the interfacial water.

Finally, we characterize whether the translational motion of the water molecules are

diffusive or sub-diffusive in nature. For this purpose, we evaluate the linearity of the time

dependence of MSD, i.e. for <Ar2>(t) oc t”, where =1 and S <1 would signify diffusive and

sub-diffusive motions, respectively.’” We compute the exponent [ as the slope of the log-log plot
of MSD as shown in Figs. 6¢ and 6d for core and interfacial water, respectively. Our results

clearly indicate that water under confinement remains sub-diffusive (B < 1) consistently across
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all systems and sizes. Of course, the time scale at which the bulk water attains the perfect
diffusive regime (B = 1) is slightly larger than the time scale at which we have managed to gather
sufficient statistics for confined water due to the limitations of residence time. Nevertheless, we
can qualitatively conclude that the W/O systems display a higher degree of similarity to the bulk
water as compared to the RM systems. As usual, for the interfacial water this difference is

remarkably pronounced and sub-diffusive dynamics persists for both RM and W/O systems.

Conclusion

We have presented a systematic investigation of three different kinds of structural order
parameters, and translational and rotational dynamics of water molecules in the confinement of
AOT RMs and W/O nanodroplets as a function of their sizes in the quest of characterizing the
deviations from bulk-like behavior in these confined systems. We demonstrate that the
characterization of confined water as “bulk-like” water would strongly depend on which property
of water we are looking at. While the translational order parameters tend to be less perturbed by
the interface, the tetrahedral and orientational order parameters have long range perturbations
due to the presence of charged/hydrophilic interface in the AOT RMs. Moreover, we show that
the global orientational ordering of the water molecules may persist to a much larger length-scale
(~3nm) from the charged interface, as compared to the local orientational ordering due to
hydrogen bonded network. Interestingly, previous simulation studies in reverse micelles have
shown that the rotational anisotropy time-scale may reach bulk behavior beyond a distance of
0.8nm from the interface for W0=7.5.6 This wide mismatch between the length-scales leads to a
very significant conclusion that the local orientational dynamics might be dictated by the local

environment and local hydrogen bonded network of the probe water molecules, whereas the
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overall global dipolar orientational ordering may sustain to much longer length-scales near
charged interfaces. This observation might have significant implications towards earlier
suggestions that long range dipolar correlations might lead to attractive interaction between polar
(and even non-polar) interfaces over a length-scale of several nanometers.**

We have further dissected the relative effect of the size induced confinement versus the
perturbation due to the charged interface by comparing all properties with respect to the model
control systems of W/O nanodroplets with same size as corresponding RM systems. We clearly
demonstrate that the effect of confinement in the W/O systems is almost negligible as compared
to the pronounced effect on the water structure and dynamics in the RM systems. Previously, the
observation of similar interfacial water dynamics in neutral and charged RM systems have led to
the conclusion that either the spatial confinement or hydrophilic interface causes the slowdown,
and the specific chemical nature of the interface has only a secondary role. We argue that while
the local orientational order and dynamics might remain similar between the neutral and charged
interfaces due to the hydrophilic nature of the interfaces, (i) the long range orientational order
would be substantially different between the systems, and (ii) in the absence of a hydrophilic
interface the slowdown becomes negligible, thus ruling out the possible role of spatial
confinement effects. Thus, our results clearly delineate the major role of long range electrostatic
interactions and the high binding affinity of the water molecules to the hydrophilic RM interior
surface in contrast to the spatial confinement effects.

Interestingly, we find that the dynamical properties of water have higher degree of
sensitivity to the environmental perturbations as compared to the structural order parameters.
The translational dynamics shows substantial sub-diffusive behavior in both RM and W/O

systems. Thus, this is the only water property where both RM and W/O systems show significant
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departure from bulk behavior. Thus, we may also conclude that the translational dynamics can be
significantly affected by the pure spatial confinement effect, whereas all other structural order
parameters and orientational dynamics are only perturbed by the electrostatic interactions in the

RM systems.
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TABLES
Table 1. The number of different species used to simulate the RM and W/O systems. nH,O,
nAOT, nNa" and nISO are the number of water, AOT, Na" counter-ion and isooctane molecules
used to build the initial configurations of RMs and W/O systems. The production run lengths for

all systems have been shown in the last column.

System nH,0 nAOT nNa" nISO Production

run  length
(ns)

Bulk water 4125 - - - 20

RM wy= 20 6040 302 302 23474 100

RM wo=15 2835 189 189 33830 100

RM w=10 980 98 98 10111 100

W/0 =20 6040 - - 5572 20

W/O =15 2835 - - 2274 20

W/0=10 980 - - 724 20
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Table 2. Tri-exponential fitting of orientational time correlation function (OTCF) of water

molecules in the I. core region and II. interfacial region of water pools for RM wy = 20, 15, 10

and W/O = 20, 15, 10 as well as for bulk water. The fitting function is C,(t) = f; exp (—TL) +
1

— TL) where, f; is the fraction of the i-th component with the timescale
3

frexp(=Z) + fyexp(

_t
T2
being ;. The correlation coefficients for the fitting are greater than 0.99 in all cases.

I. For Core Water

System %f 71 (ps) %f> 72 (ps) %f3 73 (ps)
Bulk water 75 6.16 13 2.26 12 0.14
RMW0=20 |6 23.84 79 6.04 15 0.47
RMWO0=15 |7 26.56 78 6.03 15 0.46
RMW0O=10 |8 44.82 77 6.25 15 0.40
W/O =20 59 6.16 27 3.60 14 0.36
W/O =15 46 6.88 40 4.27 14 0.37
W/O=10 59 6.84 27 4.10 14 0.37

II. For interfacial water

System %f1 71 (ps) %f, T, (ps) %f3 73 (ps)
RM W0=20 |30 99.62 55 6.44 15 0.017
RMW0=15 |32 97.25 53 6.49 15 0.017
RMW0=10 |37 104.49 48 6.75 15 0.017
W/0 =20 51 9.25 34 3.74 15 0.017
W/O0 =15 55 9.64 30 3.62 15 0.017
W/0 =10 52 10.07 32 4.03 16 0.017
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Figure 1: Representative snapshots from the MD simulation trajectories for (a,b) wo= 10, (c,d)
wo= 15, (e,f) wo= 20 and (g,h) W/O= 20. The left panel figures show the snapshots with the
background isooctane medium included, whereas the right panel figures focus on either the AOT
RM system of water pool in W/O system for clarity. The following color scheme has been
adopted for various molecular species: isooctane (gray), hydrogen atoms of AOT and water
(white), oxygen atoms of AOT head group (green), sulfur (yellow), Na" (blue) and remaining
oxygen atoms of AOT and water (red). The MD trajectories show large shape fluctuations,
particularly for the RM systems, which often adopt non-spherical structures.
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Figure 2: Radial profile of shell-wise (a) average number density ( o), (b) average tetrahedral
order parameter (Q), and (c) average dipolar orientation of water molecules with respect to the
radial vector as described by <f . [1> = <cos ¢9> , where 7 and 4 are the unit vectors corresponding
to the radial vector (center of mass of water pool to water oxygen) and dipole vector,
respectively. All distances are measured from the center of mass of the water pool in respective
cases. The dashed and solid lines correspond to the reverse micelle (RM) and water-in-oil (W/O)
systems, respectively. The green, blue and red lines represent systems with wy or W/O = 10, 15

and 20, respectively.
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Figure 3. Schematic representation of different regions inside the reverse micelle. The negative
charges around the outermost layer depict the head-groups of the AOT surfactant molecules. We
consider water molecules within 1.1 nm of the charged surface to be the “interfacial water” layer,
where water molecules are expected to have distinct properties as compared to bulk water. Rest
of the water molecules in the interior of the water pool is considered “core water” (inside the
dashed line), which may or may not resemble “bulk water” depending on the property of interest
as shown in Fig.2. The spherical regions provide a visual representation of the size of regions
where bulk-like behavior is recovered for various properties. The effective size of bulk-like
water pool decreases in the order of number density, tetrahedral order parameter (and number of

hydrogen bond), and average dipolar orientation of water molecules.
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Figure 4. Distribution of the structural properties of water for “core water” (left panels) and

“interfacial water” (right panels). The top panels (a, b), middle panels (c, d) and bottom panels

(e, f) depict the distribution of local number density (p), tetrahedral order parameter (Q) and

dipolar orientation relative to the radial vector. Here we have combined results for both RM and

water-in-oil systems for wy = 10, 15 and 20 and compared with bulk water.
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Figure 5. Orientational time correlation function (OTCF) of (a) core water and (b) interfacial
water. We compare the OTCF for wy = 10, 15 and 20 in both RM and water-in-oil systems. The
OTCEF for bulk water is shown as reference. The OTCF is calculated for the water molecules

which continously stay in the respective regions at least for 50ps.
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Figure 6. (top panel) Mean square displacement (MSD) versus time for the oxygen atoms of (a) core

water and (b) interfacial water molecules. (bottom panel) The slope of the log(MSD) versus log(t),
depicting the £ exponent, where MSD r(f) oc t” . For a diffusive process, £ =1, whereas for sub-
diffusive process, £ <1, which seems to be the case for all confined systems studied here. We show

the comparison for both RM and water-in-oil systems for wy = 15 and 20, and compare with the bulk
water. MSD is calculated for the water molecules which continously stay in the respective regions at

least for 200ps.
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