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Aqueous reverse micelles, which are surfactant aggregates in nonpolar solvents that enclose packets of aqueous
solution, have been widely studied experimentally and theoretically, but much remains unknown about the
properties of water in the interior. The few previous molecular dynamics simulations of reverse micelles
have not examined how the micelle size affects these properties. We have modeled the interior of an aqueous
reverse micelle as a rigid spherical cavity, treating only the surfactant headgroups and water at a molecular
level. Interactions between the interior molecules and the cavity are represented by a simple continuum potential.
The basic parameters of the motdeticelle size, surface ion density, and water contere based on
experimental measurements of Aerosol OT reverse micelles but could be chosen to match other surfactant
systems as well. The surfactant head is modeled as a pair of atomic ions: a large headgroup ion fixed at the
cavity surface and a mobile counterion. The SPC/E model is used for water. The simulations indicate that
water near the cavity interface is immobilized by the high ion concentration. Three structural regions of
water can be identified: water trapped in the ionic layer, water bound to the ionic layer, and water in the
bulklike core. The basic properties of bulk water reemerge within a few molecular layers. Both the structure
and dynamics of water near the interface vary with micelle size because of the changing surface ion density.
The mobility of water in the interfacial layers is greatly restricted for both translational and rotational motions,

in agreement with a wide range of experiments.

1. Introduction

In nonpolar solutions certain amphiphilic molecules form
aggregates with their polar headgroups on the interior, leading
to their description as “reverse micellés® When a small
amount of polar solvertmost commonly wateris added, the
micelles swell, creating a new, confined liquid phase on the

inside. Figure 1 shows a common surfactant molecule and d

illustrates the basic structure of an aqueous reverse micelle. o
Experimental studies of these structures with a range of °

techniques have shown that they consist of tens to hundreds of @ @
surfactant and solvent molecules and tend to be spherical in

Aerosol-OT
(sodium bis(2-ethythexy!) sulfosuccinate}

Figure 1. Structure of Aerosol OT and the interior of a spherical,
aqueous reverse micelle.

onpolar continuum

shape at low surfactant and polar solvent concentrafiolds.
The effects of confinement and the strong interactions between
the polar solvent molecules and the headgroups, which are
frequently ionic, produce a chemical environment that may differ
dramatically from that of the bulk solvent. As more polar solvent
is added, the interior pools grow in size and tend to recover the
properties of the bulk solvent. Some authors use the term
“microemulsion” to distinguish these larger aggregates with a
more bulklike interior from the smaller oné&s!® but we use

the description “reverse micelles” to refer to all spherical

cluster synthesis, and materials developniér§tl618 and they
have frequently been described as “microbeakers” or “microre-
actors”.

A major reason that reverse micelles are so useful for
chemistry is that they create a large interface between the
aggregates occurring in predominantly nonpolar surfactant 284U€ous and nonpolar phases, allowing reactants that prefer
mixtures. different phases to be brought together. For example, most

The properties of this interior phase and their variation with enzymes, being highly polar molecules, are much more SOIUb'?
micelle size are interesting for both fundamental and practical I" @duéous phases, but many substrates are soluble only in
reasons. In biochemistry, reverse micelles have been widely "onPolar solutions, so that reactions between the two will only
studied because of their resemblance to biological membranes©ccur if there is a sufficient interface between the phases.
and they have also been exploited for their ability to solubilize Because much chemistry occurs at the reverse micellar interface,

enzymes and catalyze biochemical reactiiReverse micelles it is important to understand the properties of the solvent there.
have been applied to chemical catalysis, drug delivery, nano- From both experimentt24and theoreticdb—36 studies of water

at many different types of interfaces, it is known that most of

*To whom correspondence should be addressed. E-mail: bl@ the changes occur over a range of only a few molecular
bibm.mfbl.colostate.edu. diameters, and properties of the bulk reemerge rapidly at greater
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distances. It is therefore important to characterize the solventaffected only by the overall ion concentration and not by local
interfacial structure at a molecular level. effects. They argue that previous experiments that were modeled
The size of reverse micelles ranges from a few solvent by multistate models, where each state has fixed properties as
molecule diameters to many hundrédsThe overall size of a function of micelle size, can also be modeled by a single state
the cavity is obviously an important factor in micellar reactivity, whose properties vary with size.
controlling such factors as reactant concentrations, the position Recently, several groups have used time-resolved fluorescence
of reactants within the cavity, and the size of product par- to characterize the solvation response in reverse micelles on
ticles1618 Sometimes less appreciated are the changes inthe nanosecont, picosecon®>%’ and femtosecond time
interfacial properties that occur as the reverse micelle size is scale$96068 They have found that substantial components of
varied. Curvature is one important propetty3° but probably the response occur on time scales several orders of magnitude
more important for reactivity are the changes in the concentra- longer than those found in bulk water and even concentrated
tions of the polar surfactant groups at the interface, which have electrolyte solution§8 It is thought that significant portions of
a large effect on the structure of both the surfactant layer and this response are due to the highly restricted mobility of water,
the interfacial solvent. One fundamental motivation for studying particularly bound water, inside the reverse micelles. In addition,
reverse micelles is that they provide a well-controlled system even the short-time components of the solvation response appear
for observing the effects of charge variation at an interface, a to be longer compared with the bii%°-68Ultrafast terahertz
problem of broad interest to chemistry and biology. spectroscopy has also been used to probe the dielectric relaxation
One the most commonly studied surfactants that forms reverseof water in AOT reverse micellé$,and it was found that both
micelles is sodium bis(2-ethylhexyl)sulfosuccinate, also known the magnitude and time scale of the response were smaller than
as Aerosol OT (AOT}.Because of its two branched hydrocar- those in bulk water. The increase in the frequency of the
bon chains (see Figure 1), this molecule possesses a high ratialielectric response in the terahertz experiments seems to conflict
of hydrophobic tail volume to headgroup surface area, which with the much longer relaxation times found in the fluorescence
is predicted by basic thermodynamic models to be a key factor experiments. Nevertheless, these experiments suggest that the
in reverse micelle formatioff. AOT is attractive as a model  restricted mobility of water inside reverse micelles can have a
surfactant because it does not require cosurfactants to formlarge effect on the collective properties of the solvent. The
reverse micelles. Aqueous AOT reverse micelles can be uncertainty surrounding the structure of water in these environ-
characterized over a wide range of water and surfactant ments, however, hinders the interpretation of the results.
concentrations by a single parameter, In this paper we investigate the properties of a simple
molecular model for the interior of an aqueous reverse micelle
W, = [H,0)/[ACT] 1) with the aim of elucidating the structure and dynamics of water

o ) ) o in these environments. In this model, the surfactant tails and
which is proportional to the micellar radit8:*These aggregates  syrrounding nonpolar solvent are treated as a continuum, and

have been found to be relatively monodisperse in solution and e interior is described by a rigid spherical cavity containing
spherical in shape down to very low water concentratiéiihie surfactant headgroup ions tethered to the cavity, mobile coun-
spherical aggregates, which are the focus of this study, rangeterions, and water molecules. The sizes of the ions are chosen
in the diameter of the aqueous core from about 0.5 nm to more 1o match those of the sulfonate and sodium in AOT and the
than 10.0 nm. _ . o compositions of the model micelles as determined from the
The vast number of experimental studies and applications of experimental aggregation numbéksSimulations have been
AOT reverse micelles have recently been reviewed by De and performed over a range of micelle sizes oklwy < 10. The
Maitra.> Experimental techniques that have been used to char-regyits of the simulations show that for all of the sizes studied
acterize the AOT reverse micelles include light scattetty,  \yater forms distinct molecular layers, which are easily observed
photon correlatiod? IR spectrqscopﬁ?"%47 NMR, 2248752 in water density profiles. We have characterized the structural
probe fluorescenc¥,1.56* calorimetry??**small-angle neutron  anqg dyanamical properties of these layers using a variety of
scattering (SANS)?*4%and quasi-elastic neutron scatterfh@® other measures described below and compared our results to
While many of these techniques provide information about the poth experimental observations and other simulations. The
structure and properties of reverse micelles, a fundamental;emainder of the paper is organized as follows: Section 2
dispute remains about the structure of water in the micellar giscysses previous molecular modeling of reverse micelles,
interior. A large number of investigators (the majority of those  section 3 presents the current model, section 4 contains a detailed
cited) have fit their data by assuming that water adopts two Or gnaysis of simulation results, section 5 compares these results

more distinct structures in the interior. The simplest models \yith those of other simulations and experiments, and section 6
postulate two different water structures, “bound” and “free”, ¢oncludes.

corresponding to water that is bound to the headgroup ions at

the interface and water that has more. bulklike characteristigs 2. Previous Molecular Modeling of Reverse Micelles

away from the interface. Bound water in these models has, in

comparison to bulk water, greatly restricted mobititpoth Molecular modeling of these complex systems is a daunting
translationd®¢and rotationat!-?232484ncreased viscositsh task. The few previous molecular simulations of reverse micelles
a diminished hydrogen-bonding netwdd&!3-47 and less polar- have been of two basic types: (1) atomistic models that include
ity1011or smaller dielectric constaft.The transition from the nonpolar solvent, surfactant, and polar solvent molecules (and
highly rigid behavior of the smallest reverse micelles to the more possibly additional aqueous solutes) explicitly and (2) reduced
fluid properties that approach the bulk in the largest reverse models that use simplified potentials to treat the interactions of
micelles has often been modeled by a decrease in the ratio ofthe polar molecules on the interior with the nonpolar components
bound to free water molecules. There is, however, no direct on the exterior. All of the molecular models to date, including
experimental characterization of the molecular water structure the one presented here, neglect intermicellar interactions.

at the interface, and other researchers have suggested that water Atomistic models offer the potential for a complete descrip-
has a uniform structure within the interi¥>267 which is tion of the molecular structure in these systems, but the
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simulations are cumbersome and expensive, while with reduced
models it is easier to study the effect of the fundamental
parameters, such as micelle size, counterion charge and size,
and temperature. To date, however, no one has to our knowledge
studied in a systematic way the properties of even simplified
molecular models of reverse micelles. Of the three atomistic
simulations of a complete reverse micelle, two simulate micelles
with an effectively solid core consisting largely of calcium
carbonat€®’® Alaimo and Kumosinsk? have simulated a
complete AOT reverse micelle using an all-atom potential, but
they examined only the issue of aggregrate stability. Derecskei
et al’3 have performed all-atom simulations of a single AOT
molecule with solvent shells of water and carbon tetrachloride.
In the future their simulations may be extended to include a
complete reverse micelle, and it will be interesting to compare
the all-atom description with the results obtained here.

Brown and Clarké& carried out what, to our knowledge, was
the first molecular dynamics (MD) simulation of a reverse
micelle by using simplified, single-site interaction models for
the nonpolar solvent molecules, hydrocarbon tails, and head-

groups. They showed that their carefully assembled model Eg“gguzﬁ d';"r‘;/d;('t%g?\%fggﬁ%iTig:\'/'ﬁ;"%?gg’guTIf';i:?e'iﬁggg;&%;kzre
m'ce"e, was meChan'Ca,‘"y St_able on the time scale. of the modeled as a single atomic ion with a charge-@. The dotted circle
simulation (100 ps) and investigated the shape fluctuations andgpaws the equilibrium positions of the headgroups, which are confined

structural properties of the water and ions. The headgroups inpy a harmonic potential, and also marks the van der Waals radius of
this model were, however, positively charged ions much smaller the cavity.D marks the distance between an atomic center and the
than the sulfonate headgroups of AOT. Furthermore, the mobile dotted circle, whiled is the distance to the cavity boundafyis the
counterions were negatively charged and substantially largertotal radius of the cavity.

than the Na ions in AOT. Most important is that only a single,

relatively small, micelle was studied, so the effect of micelle Simplifications—the rigid spherical shape of the interface, the
size on the structure could not be assessed. lack of penetration by water into the hydrophobic region, the

spherical description of the headgroup anion, and the absence
of surface roughnessall of which are known to be violated

to some degree in the experimental system. The effect of
these and other approximations will be addressed in future

hydrophobic region

Linse and Hallé>5%also performed MD simulations with an
even more simplified model, which included discrete representa-
tion of only the headgroups, counterions, and water molecules.
The headgroups were embedded in the surface of a hollow
cavity, and the interaction between the hydrophobic cavity WO _ o
exterior and the water molecules and the counterions on the 3-1. Potential Model. We have modeled the interior of an
interior was represented by a single potential, the spherical 2JUEOUS reverse micelle as a rigid spherical cavity, treating only
equivalent of the 39 potential commonly used for the the surfactant headgroups apd water at a molecular. level.
interaction between molecule and a hydrophobic suféée. Interactions between the |nter|or molecule_s and the caylty are
Linse conducted a detailed structural analysis of this sy3tem, repreignted by the same continuum potential used by Linse and
but only a single size was studied, and the surface ion coverage1@lle;”” described in more detail below. The surfactant head-
that was chosen (90%is about a factor of 2 smaller than what 970UP is modeled as a pair of atomic ions: a large negative ion
is found in equivalent AOT reverse micelles. The ionic charges fiX€d at the cavity interface approximates the sulfonate group,
were also scaled so that the total strength of the ionic interactionsWNile @ much smaller positive ion represents'Neteractions

was about 50% smaller than that in the system with full charges. between different reverse micelles are neglected in the model,
corresponding to the condition of infinite dilution. As a result,

3. Methods periodic boundary conditions are not required.
The interaction potentials among the various components of

The model used in the current simulations is similar to the the system are handled in the standard way as a sum of Lennard-
one used by Linse and Halle, but it has been modified to provide Jones and point charge interactions. The positive and negative
a more realistic representation of AOT reverse micelles. An ions are each assigned a unit charge, while the SPC/E ffodel
illustration of the model is shown in Figure 2. The micelle is used for both the charge distribution and Lennard-Jones
exterior is still represented by a continuum potential, but the interactions of water. This rigid water model has been exten-
headgroups, rather than being embedded in the cavity, protrudesively used in liquid simulations and gives reasonable values
from the interface as might be expected from the structure of for a wide range of both watér7° and ion-water propertie§?
the AOT molecule (see Figure 1). Other differences, including The size of the large atomic ion (¥ representing sulfonate
the headgroup and water models, are detailed below. Anotherwas determined by adding the—® bond length to the
key difference between the two models is that experimental approximate van der Waals radius of the sulfonate O atom,
aggregation numbers have been used to determine the paramresulting in a total value fasz- of 6 A. The value okz-, which
eters that define the model system for a given valugwoT hus, is of minimal importance in this system, was assigned the
the density of ions at the micelle interface, a key factor in reasonable value of 0.5 kcal/mol. The parameters for Mere
determining the molecular structure of the interface should be taken from a previous simulation involving water and sodium
approximately correct. While the incorporation of experimental dodecyl sulfaté! For convenience, all of the potential param-
data should make this model more realistic for AOT reverse eters used in the model are shown in Table 1. The Lennard-
micelles than previous models, it still contains several Jones parameters for interactions between sites of different type
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TABLE 1: Potential Model Parameters?®

atom o (A) € (K) q(e
(6] 3.166 78.24 —0.8476
H 0.4238
z 6.0 251.58 -1.0
Na* 2.275 58.01 1.0

aRo.n = 1 A; Onon = 109.5. gyar = 2.5 A; €war = 231.55 K.de
= 2.5 A; k. = 600 kcal/mol A2

are determined from the usual combining rules

o = (0, + )12, € = (Eifj)l/2 (2
Although these effective pair potentials do not accurately treat
many-body interactions, more complicated potentials that
explicitly include many-body polarization have given only
slightly different results at similar interfaces for the simple
structural and dynamical properties examined in this péper.

The interaction potential between the cavity and a site on

the interior is determined by assuming the cavity is composed
of a continuum of sites at constant density, where the interaction

between the interior and exterior sites is given by a Lennard-
Jones potential. Integrating over all points on the cavity exterior
gives the interaction energfy

u(z=r/R) = 87p,€0[(0/R°F(2,6) — (o/R*F(z3)] (3)

where

w d
F(zn) = fl Y dyf‘ll(y24—zz—i2xﬁ‘

R is the total radius of the cavity, is the distance of the site
from the cavity center, angdy is the density of sites in the
hydrocarbon exterior. The functiof$z 3) andF(z,6) are given

by

(4)

F(z3)=2/[3(1— 2
F(z,6)= 2(5+ 457 + 637' + 152)/[45(1— 2)°] (5)

It can be shown that in the limit of infinit® (zero curvature)

Faeder and Ladanyi
u(d) = (L/2)k(d — dp)? (7)

whereke has the value 600 kcal/mol &, which is roughly
appropriate for a covalent bodéThe Z~ ions may move freely

on the surface of the interface but are effectively prevented from
doing so by their strong repulsion for each other. The protrusion
of the Z" ions from the surface, which is strongly suggested by
the structure of AOT, allows both the counterions and water
molecules to occupy bridging positions directly between the
negative ions and thus lowers the interaction energy at the
interface.

3.2. Construction of the Reverse Micelles.The three
fundamental parameters used to define our model system are
the number of surfactant molecules,, the ratio of water
molecules to surfactant moleculeg, and the micelle radius,

R. For a given value ofvo, ns has been determined by linear
interpolation of Eicke and Rehak’s reported values (if]
measured in the water/AOT/isooctane system by light scatter-
ing.#! The total volume of the systerw, can then be calculated

by assuming a fixed molecular volume for each of the three
species in the micelle. The molecular volume of water was
assumed to be the bulk value of 36 #.997 g/crd), based on

the density of water at 25C, while the molecular volumes of
Na™ and Z were taken to be 6 and 573Arespectively. The
latter values are the spherical volumast/6) of Nat and half

this volume for Z. Ris then given by (8/47)Y2 4 Gyai. This
determination oRis obviously approximate, but we have found
that the structural properties do not depend sensitivelyRon
Supporting the validity of this procedure is the fact that the
water density in the core approaches that of the bulk in the larger
micelles. The parameter sets used in the current simulations are
shown in Table 2.

The reverse micelles were constructed in a three-step process.
First, the Z ions were distributed on a sphere of radRis-
de, and the repulsive interactions were minimized by geometry
optimization with the ions constrained to lie on the surface of
the sphere. Then, with the negative ions held fixed, the
counterions were randomly distributed inside the cavity, and
the lowest energy configuration was determined from a series
of Monte Carlo heating and annealing cycles, after which the
counterions all lay at the interface and were bound to one or

this potential, when expressed as a function of the distance frommore headgroup ions. The water molecules were then added to

the interfaced, attains the standard-® form that has been
commonly used for the interaction of a particle and a flat

the cavity, the constraints on the negative ions were removed,
and the system was allowed to equilibrate at 500 K by running

hydrophobic surface. In terms of the parameters previously usedan MD trajectory for several hundred picoseconds, after which

to specify this interactiongyan and ey, the sphere potential
becomes

u@ =
18v3€,,1[(15/2)(aR°F(2,6) — (0[P F(z.3)] (6)

so that in the limit of zero curvatureya and ewa Mark the
zero crossing and the minimum of the potential, respectively.
Only the sodium and oxygen atoms interact with the cavity
through this potential. The values ofa1 and eya (see Table

1) are the same for both atom types and are taken from ref 26.

The structure of the cavity interface in the current model
differs from that of Linse and Hall&,in which the headgroup
ions were embedded in the cavity interface. As shown in Figure
2, the Z ions protrude from the cavity by a distance of 2.5 A,

the temperature was lowered to 300 K over an additionat100
200 ps. The trajectory was continued for another 800 ps to
equilibrate the system at 300 K.

We have tested several modifications of this procedure and
found that the results are not sensitive to how the micelle is
constructed, provided sufficient time is allowed for equilibration.
The structural properties of the reverse micelles do, however,
vary from run to run. Different structural isomers appear to form
during the annealing process that do not interconvert at 300 K
on time scales of up to several nanoseconds. The variations in
the properties of these distinct structures are small enough that
they generally do not affect the observed trends with micelle
size.

3.3. Simulations. Integration of the MD trajectories was
performed using the velocity Verlet algorithm with the method

a difference that must be considered when calculating the of constraints to maintain the rigidity of the water molec#f&¥.

effective ion densities at the surface that are shown in Table 2.

The Z ions are held at the interface by a harmonic potential
of the form

A 2 fs step size was used throughout the simulations. The
temperature was controlled using the Berendsen therrfiostat
with a time constant of 0.4 ps during the equilibration period



Interior of Aqueous Reverse Micelles J. Phys. Chem. &

TABLE 2: Overview of the Simulations

run time (PE« [PE4,00 [pressurél
rurf Wo Ns Ni,0 R(A) (A2 (ns) (10® kd/mol) (kJ/mol) (bar)

RM1la 1.0 21 21 10.25 35.9 2.0 —12.555(3) —78.9 7.2(2)x 1¢°
RM1b 1.0 21 21 10.25 35.9 2.0 —12.594(3) —80.9 6.8(2)x 1C°
RM2a 2.0 26 52 11.6 40.0 2.0 —17.101(3) —75.1 3.4(1)x 1¢°
RM2b 2.0 26 52 11.6 40.0 2.0 —17.072(3) —88.8 3.3(1)x 16°
RM3 3.0 32 96 13.15 44.5 0.5 —22.699(3) ~73.9 1.1(1)x 1C°
RM4a 4.0 35 140 14.1 48.3 0.5 —26.651(3) ~76.4 6.2(6)x 107
RM4b 4.0 35 140 14.1 48.3 0.5 —26.672(5) —-77.1 4.4(7)x 1%
RM7.5 7.5 70 525 19.4 51.3 1.0 —65.613(2) ~70.4 0.4(2)x 17
RM10 10.0 98 980 22.9 53.4 0.4 —103.60(2) —68.6 —-1.3(1)x 1%
HC174 0 174 13.4 0.5 —7.437(3) —42.7 2.4(3)x 10t
HC674 0 674 194 0.5 —29.831(5) —44.2 4.6(3)x 10
B216 0 216 0.1 ~10.065(5) —46.6 3(3)x 10

aRM, HC, and B refer to reverse micelle, hydrophobic cavity, and bulk, respectively. 47(R — de)?/ns is the area occupied per surfactant
molecule at the interfacé [PEy[Jand (PE clJare the average potential energy of the system (per mole of reverse micelles) and of a single water
molecule in the system (per mole of water moleculésgrrors in the last decimal place are shown in parentheses.

and 2 ps during the production runs. This fixed the average wo=1
temperature at 300.0 K in all of the simulations. Properties were
computed from configurations saved at 100 fs intervals.

For comparison with the micelle results, we have also
performed simulations of SPC/E water alone inside spherical
hydrophobic cavities of different sizes and bulk SPC/E water
with periodic boundary conditions. The bulk simulation em-
ployed the Ewald summation to evaluate the long-range
interactions. In both cases the step size was 2 fs, and the
temperature was controlled using the Berendsen thermostat with
a time constant of 2 ps.

Table 2 presents parameters and properties for all of the
simulations discussed in this paper. Errors were estimated
through the usual procedure of performing averages over
subblocks of configuratiorf¥. The results of repeating the entire
construction and simulation procedure are shownwipr= 1,

2, and 4. Results are discussed in the following section.

4. Results

Before embarking on a comprehensive analysis of the
simulation results, it is useful to describe the overall picture of
the reverse micellar interior that emerges.

Figure 3 presents snapshots of several micelles of different
size along with cuts that reveal the structure of the interior. In
the smallest micelles, illustrated by thg = 1 snapshot, nearly
all of the counterions reside on the surface and are triply
coqrdlnatgd by headgroulp anions, forming a tightly packed, rigid Figure 3. Snapshots of the reverse micelle interior. The headgroup
lattice. This lattice also incorporates a small number of water anjons are the large, black circles, the*Nmunterions are the small,
molecules that modify the triple coordination structure.wt light gray circles, the water hydrogens are white, and the water oxygens
= 4 the higher surface density of water interrupts the lattice, are dark gray. The left-hand side shows the interior surface, which
leaving a significant number of counterions singly or doubly displays the structure of the ionic layer, while the cuts on the right-
coordinated. A small fraction of counterions-10%) form hand side reveal the interfacial layer and the aqueous core.
solvent-separated ion pairs or dissociate from the surfaceture8® we identify a layer oftrappedwater at the interface, a
altogether. It can also be seen that the spacing between thdayer of boundwater attached to the interface, and label the
headgroup anions is not uniform, and thus an important featureremaining water in the core region faseto indicate that water
of the model is that these ions are allowed to move on the more than a few molecular layers from the interface quickly
surface of the interface. Byp = 10 the surface lattice structure  regains its bulk characteristics.
has almost completely dissolved, the density of water at the The strong interaction between water and the surface ions,
interface exceeds that of the bulk, and about 30% of the which disrupts the water hydrogen-bonding network, is the
counterions are solvent-separated or dissociated. Triply coor-primary force that determines the properties of water at the
dinated ions do occur but rarely. interface. The layer of ions and water trapped in the interface

The cuts reveal the structure of the interior, which is isrigid because of the high charge density. Each water molecule
composed primarily of water. Three distinct regions of water is multiply coordinated by ions, resulting in low mobility and
can be identified based on structural and dynamical properties.little hydrogen bonding with other water molecules. Because
While the properties of each region vary substantially with the headgroup anions are constrained to lie on the surface of a
micelle size, a sharp contrast between regions at a gigea sphere, the interface is sharp and the trapped layer is only one
maintained at all sizes studied. Following previous nomencla- molecular diameter<3 A) thick. Most of the water molecules
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TABLE 3: Fraction of Counterions and Water in Each
Region Based on Radial Density Profiles

species Wo
region 1 2 3 4 7.5 10
Na*
lattice? 0.80 0.74 0.49 0.41 0.31 0.25
diffuse® 0.16 0.15 0.49 0.53 0.58 0.59
free 0.05 0.11 0.02 0.05 0.11 0.16
H,0d
trapped 0.28 0.32 0.33 0.33 0.22 0.19
bound 0.62 0.49 0.39 0.37 0.31 0.26
fred 0.10 0.19 0.28 0.30 0.47 0.55
Wper? 0.90 1.62 2.16 2.78 3.98 4.51

aD < 05A"05<D <3A D > 3 A 9Based on O atom
position.eD < 1.5 A.f The bound and free water regions are separated
at the third minimum in the densityp(~ 4—5 A). 9 See eq 8.

positions of the headgroup anions (see Figure 2). The density
profile of the anions, not shown, is about 0.1 A wide and
centered aD = 0. Fractional populations of counterions and
water in various regions of the micelle, obtained by integrating
the density profiles, are shown in Table 3.

The radial density profiles for water demonstrate the layering
of water near the interface. For all of the micelles there is a
well-separated peak in the water oxygen density centered near
D = 0 that corresponds to water trapped at the interface. The
density of the trapped water increases greatly with micelle
size, undergoing a nearly 4-fold increase over the range studied.
The narrow, approximatell A width of the peak, and the
nearly total exclusion of water between the first two layers
suggest that water at the interface is tightly bound and highly
ordered.

The layer of bound water is reflected by peaks at 3 and 4 A
in the density profiles. Fomg = 1 and 2 the peak at 4 A
corresponds to the region of highest water density within the
micelles. These peaks are closely correlated with the distribution
of counterions at the interface. The relative intensities of both
water and counterion peaks in these small micelles vary
substantially between runs. As mentioned earlier, there are
different structural isomers for the ionic layer that do not
interconvert on several hundred picosecond time scales at 300
K. The water peak db = 3 A strongly correlates with the size
of the counterion peak & = 1 A, while the water peak db
= 4 A correlates with the counterion peak Bt= 0. In the
large micelles, thd = 4 A peak becomes less pronounced,

. . . reflecting the broader counterion distribution and the overall
Figure 4. _Densny of water oxygen atoms (solid lines) _andWans _ . . . _ A
(dashed lines) as a function of the distance from the interface. Solid d€Cr€ase in counterion density. The peakDat= 3 A, .
and dotted lines in the bottom panel are oxygen densities for HC174 Nevertheless, remains distinct and appears to increase and shift
and HC674, respectivelyd is measured from the surface 2.5 Ainside  slightly toward the interface with increasing micelle size.
the cavity boundary where the hydrophobic potential becomes repulsive. The exact cutoff of the bound water region is somewhat

in the adjacent molecular layer are bound to at least one surfacedrbitrary, but it is reasonable to use the position of the minimum
ion, resulting in reduced mobility and a hydrogen-bonding after theD = 4 A peak, which ranges from about 5.5 A far
structure that is intermediate between trapped and free water.= 1 to just ove 4 A for wo = 10. There is additional structure
The mobility and hydrogen-bond network characteristic of bulk in the density profiles beyond this point, most notably a peak
water reemerge within a few molecular diameters from the at about 56 A, but as we will see below, the effect of the
interface. In the larger micelles, = 7.5 and 10, there are large ~ interface on water properties decays rapidly beyond the second
pools of bulklike free water on the interior despite the high ionic Molecular layer.
conentrations only a few molecular layers away. The fraction of water in the free region increases greatly with
In the following sections we present a detailed analysis of micelle size, starting from about 10% & = 1 (only a few
the simulations to expand on this basic picture and make water molecules) and hitting 55% ap = 10. Many experi-
comparisons with experiments and other interfacial systems. mental studies provide a quantity related to the fraction of free

density (107 A™)

10
D (A)

4.1. Radial Density Profiles.Figure 4 shows the number
density of water oxygen atoms and Nins as a function of
D, the distance from the interface as defined by the equilibrium

water, which is the number of water molecules per headgroup
that are strongly perturbed by the interface. We approximate
this numberwper, based on the total fraction of water in the
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trapped and bound regions:

Woert =

p

8)

The values ofwper Obtained by the simulations are shown in
the last row of Table 3. Experimental studies report a limiting
value of about 6 for large reverse micelles, although values in
the range 3-12 have been reportéd® wy = 10 is not large
enough to estimate the limiting value from the simulations.

The density profiles of water in hydrophobic cavities of
different size are shown in the bottom panel of Figure 4. To
facilitate comparison with the reverse micelle density profiles,
D is measured from the surface 2.5 A inside the cavity boundary
where the hydrophobic potential becomes repulsive. These
profiles demonstrate that the highly perturbed water structure
in the reverse micelles is due almost entirely to presence of
ions at the interface. Very little water penetrates the repulsive
region of the hydrophobic potential in contrast to the reverse
micelles, where the trapped water peak is centerdd &t 0.

Our results for water in spherical hydrophobic cavities are very
similar to those of Zhang et &’,who used a flexible SPC
model. The weak oscillations in the density profile beyond 4 A
in the reverse micelles are similar in magnitude to those seen
in the hydrophobic cavities.

The surface lattice structure is reflected by the sharp coun-
terion peaks aD = 0 in thewp, = 1 and 2 micelles. As we
discuss in more detail below, the ions in this layer are highly
coordinated and tightly bound to the interface. The intensity of
this “lattice” peak decays monotonically with increasing micelle
size, essentially disappearing g = 10. Even atvg = 1 the
counterion distribution near the surface is bimodal, with a
secondary “diffuse” surface state centered at atibut 1 A.

The ions in this region are on average bound to fewer anions
and have more interactions with water. Table 3 shows that the
fraction of counterions in the highly coordinated lattice state
declines sharply in favor of the diffuse state after= 3. The
width of the diffuse counterion distribution increases up to about
Wo = 4, but the distribution appears to hit a cutofit 2 A.

For all micelle sizes there is a2 A range beyon®d = 2 A

of very low counterion concentration that coincides with the
region of bound water.

The concentration of counterions in the core decreases with
increasing micelle size, but the total fraction of dissociated
counterions is actually largest b = 10. Forwp = 1 only a
single counterion+{5%) dissolves in the core, while about 16%
of counterions dissociate & = 10, corresponding to a core
ion density of 1 mol/L.

4.2. Pair Distributions. The various pair radial distribution
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Figure 5. Z~—Na" pair densities (solid lines) and running coordination
numbers (dashed linesh,, is the number of ions in the first
coordination shell.

TABLE 4: Head Group Anion Coordination Numbers

Wo
interaction 1 2 3 4 75 10
Z —Na*?2 2.7 2.2 2.2 1.8 1.4 1.1
Z~—0P 1.9 3.4 4.3 4.9 6.7 7.2
Z~ H-bond 1.1 2.1 2.4 3.1 4.3 4.9

Ary_nat < 4.8 A.b rr—o0 < 5.0 A.c -y < 4.0 A.

of ion structure and water penetration presented above. The
sharp peak in they, = 1 pdf and the Z—Nat coordination
number of nearly 3 indicate that a rigid, triply coordinated lattice
forms at the reverse micellar interface. This peak becomes
broader and the Z-Na" coordination number falls as the
micelle size increases, reaching a value of aboutvpat 10.
These trends reflect the decrease in ion density at the interface
that breaks up the lattice and allows water molecules to penetrate
the surface layer. The development of a distinct secondary peak
in the ion—ion pdf near 6 A and the increased counterion
mobilities, described below, also demonstrate the much more
fluid nature of the ionic layer in the larger micelles.

Figure 6 shows the’Z-0O and Z —H pdf’s, revealing a strong

functions and associated coordination numbers provide a morewater orientation indicative of hydrogen bonding. The hydrogen

detailed view of the ion and water structure. For simplicity and
to facilitate the comparison between different micelle sizes, we
have plotted the unnormalized pair density instead of the usual
pair distribution functior?* For a given pair of species A and
B, the pair densityag(r) is defined such thatoag(r) r2 dr is
the average number of species B that are betwesmdr + dr
away from species A. Thus, & is the average number density
of B in the systempag(r) = psdas(r), wheregas(r) = gga(r)
is the usual pair distribution function between A and B. The
problem with usinggag(r) for the ion pair distributions is that
the total ion density varies witlwp, making it difficult to
compare distributions for different micelle sizes.

Figure 5 shows the Z-Na* radial pair density functions
(pdf's) and running coordination numbers fap = 1, 4, and
10. Table 4 shows the coordination numbers of the headgroup
anions with both Na and HO. These data quantify the picture

bonding to water protons is evident in the ZH pdf's at all
sizes, but the total density in the first solvation shell increases
greatly withwp. At wo = 1 each Z has only about 2 water
molecules near neighbors, while this number increases to over
7 atwp = 10. The average number of Zwater hydrogen bonds
closely tracks the values &y, Suggesting that our definition
of perturbed water, which was based solely on the density
profiles, is a reasonable one. The number of hydrogen bonds is
always greater thawpebecause some trapped water molecules
hydrogen bond to more than one anion. The fact that the@Q
coordination numbers are much larger than the hydrogen-
bonding numbers indicates that there is substantial overlap of
the Z hydration shells.

The Na —water pdf’s plotted in Figure 7 show the expected
orientation of the water protons away from the cations. The
sharp peak in the Na-O pdf's and the near zero density in
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T T iy TABLE 5: Counterion Coordination Numbers by
4 1 Counterion Region (Based on Classification in Table 3)
" —_—Z-0 Wo
.......... Z-H species Wo
region 1 2 3 4 7.5 10
2k 72
L lattice 2.9 2.6 2.7 25 2.1 1.8
diffuse 2.3 1.9 1.8 1.4 1.3 11
Y . free 0.0 0.1 0.1 0.1 0.1 0.1
T ¥ T Hzob
4+ w=4 lattice 0.1 0.6 0.7 0.9 2.0 25
diffuse 2.2 2.5 2.8 3.4 3.6 3.9
free 5.7 5.7 55 5.6 5.7 5.7

qrnat-z < 4.8 A b I'nat-o < 3.5 A

density (107 A™)
N

0 ":' 1 i l
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Figure 6. Z~—H,0 pair densities.
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t Figure 8. Water—ion and waterwater interactions as a function of

R distance from the interface. The cutoffs for the watemter nearest

1 N neighbor, Na coordination, and Z coordination argq-q < 3.5 A,

6 8 10 ro-nat < 3.5 A, andro_z- < 5.0 A, respectively. The watewater
hydrogen bond energy threshold-46 kJ/mol. The hydrophobic cavity
results are from HC674. The properties are computed in 0.5 A wide
bins.
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Figure 7. Nat—H,O pair densities.

the region between the first and second solvation shells reflect
the much stronger interaction between the water and the more anions and fewer water molecules than those in the diffuse
relatively small cations. The profiles, particularlyws = 10, state, supporting the distinction suggested by the radial density
are quite similar to the Na-water pdf's at infinite dilutiorf? profiles. For counterions in both of these states, the drop in
which shows that the presence of other nearby ions does notanion coordination and the rise in water coordination are
disrupt the pair coordination structure. The density of counterion monotonic with micelle size. Counterions in the free region have
water pair interactions also undergoes a dramatic increase withnearly identical coordination numbers as ions at infinite dilu-
micelle size, reflecting the breakup of the ionic lattice and the tion.8°
increasing penetration of water. Figure 8 shows the wateion and waterwater coordination
The counterion coordination numbers for counterions in the numbers as a function &f. Near the interface water interactions
three different states lattice, diffuse, and free are listed in are dominated by the ions. Water molecules in the trapped region
Table 5. Counterions in the lattice state coordinate on averageessentially do not hydrogen bond to other water molecules, while
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hydrogen bonding in the bound region is reduced by a factor 4 T T T
of 2. The amount of waterwater hydrogen bonding near the
interface goes up only slightly with micelle size despite the
substantial increase in the water concentration. This disruption
of the water-hydrogen bond network near the interfaces
contrasts with the relative increase in hydrogen bonding near
the interface of the hydrophobic cavity. While the number of
nearest-neighbor interactions at the hydrophobic interface drops
by a factor of 2, the average number of hydrogen bonds falls
by only about 20%. This relative enhancement of hydrogen
bonding near the interface is a well-known feature of hydro-
phobic surfaced?

Near the interface, the watewater interactions are replaced
by ion—water interactions. Figure 8 shows that trapped water
is surrounded by a highly ionic environment including several
anions and a cation. The water molecules must adopt specific 3+ dip .
orientations in order to have simultaneously favorable interac-
tions with its ionic neighbors. Water in the bound region still
tends to have multiple ionic interactions, but the coordination \
numbers drop sharply in this region. This drop is particularly AN z-
large for the Na coordination between 3 dn4 A and has a 1+ \ P -
substantial effect on the average water orientation discussed ! NS - N
below. " ) \ N T

Except for thewp = 1 micelle, the watetion coordination -1.0 -0.5 0.0 0.5 1.0
falls to nearly zero and the watewater coordination reaches cos 6,

a plateau at a point that coincides with the definition of the Figure 9. Angular distribution functions of water in the first hydration
water core based on the radial density profiles. The water densityshell of Na (solid lines) and Z (dotted lines) fomp = 1, 4, and 10.

in the core is about 10% lower than that in the bulk, which A uniform distribution would have & value of 0.5.

accounts for the slightly lower amount of watewater coor- ) ) ) )

dination and hydrogen bonding compared to the interior of the favors dipole orle_ntatl_on toyvard the mte_rface because far_ few
hydrophobic cavity. The significant counterion concentration Water molecules in this region are coordinated by counterions.
in the core probably accounts for these differences, which are The water polarization density is another, perhaps more
quite small compared to the structural changes at the interface Physically meaningful, way to characterize the water response

4.3. Water Orientation. In this section we present several to the surface charge distribution. The polarization density is

probability
[0}
(e}
(72}
<
g

i 8
measures of the water orientation near the ions and the interface'V€" by’
Figure 9 _shows the angular_d|str|but|c_)n of the water OH bond |5(§) _ m(Fe) —%-P(_F'!) 9)
and the dipole moment relative to the intermolecular separation
vector for water in the first hydration shells of Nand Z". In wherefmis the dipole moment density amlis the quadrupole

all cases, the electrostatic interactions determine the most Iikelydensity tensor, the radial projections of which are both easily
orientations: the dipole moment and the protons point away cajculated from the simulations. Figure 11 plots both the
from the Cat|on and tOWard the anIOI’I The angular dIStI’IbutlonS polarization and d|p0|e moment densities projected along the
do not vary greatly with micelle size. The angular distributions  gytward radial direction as a function of distance from the
with Na* are sharper because the cations are so much smallefinterface. In the trapped water region, both the total polarization
than the anions and also because of the overlap between theynd the dipole densities increase substantially as a function of
anion hydration shells. While each water molecule is on average micelle size. The polarization drops to nearly zero between the
coordinated by several anions, it appears to hydrogen bond withtrapped and bound layers and rises again in the bound region,
only one. This overlap does not, however, cause water to adoptyndergoing several oscillations where the water coordination
less favorable conformations with respect to"Na structure changes most substantially. The bound layer shifts
Figure 10 shows the angular distribution of the water dipole toward the interface asg increases. The dipole density shows
with respect to the cavity interface as defined by the outward a small bump in the core region at arou® A before decaying
pointing surface normal. THe = 0 profile shows that the dipole  completely to zero at about 10 A. There is less structure in the
of trapped water orients toward the surface, an effect that core polarization density, and it drops below zero near 10 A,
increases withwp. The electrostatic field created by the ions appearing to diverge near the micelle center. The polarization
favors this alignment because the cation density is centered atof water in the core, however, is zero beyond 10 A because of
D > 0, moving inward aswp increases. In the hydrophobic the R? dependence of the volume element. It interesting that
cavities, the water dipole also exhibits some preferential outward the hydrophobic cavity also displays significant polarization at
orientation, but the origin of this effect is not clear. Significant the interface, apparently as a byproduct of the enhanced
orientation is also observed in tHie = 3 and 4 A micelle hydrogen-bonding structure. For all of the systems studied the
distributions, while there is little orientation at these distances quadrupole moment density makes a substantial contribution
from the hydrophobic interface. The angular distributiorDat  to the total polarization density.
= 3 A is bimodal forwo = 4 and 10, with a peak at caki, = The polarization density profile of the reverse micelles shows
—1. This peak arises from water molecules that are coordinatedthe distinct separation between the two primary water layers
with counterions in the diffuse state, which is a small fraction and differs quite markedly from the distribution shown in Figure
of counterions aivo = 1. At D = 4 A the distribution strongly 8 of ref 32, which, though bimodal, does not display a region
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Figure 11. Water radial polarization densities (solid lines) and dipole
; moment densities (dotted lines) in reduced upits as a function of
-1 -0.5 0 0.5 1 the distance from the interface.is the molecular dipole moment of
water in the SPC/E model, 2.35 D, anglis the molecular volume of
water, 30 A.

Figure 10. Angular distribution functions of the water dipole with
respect to the outward pointing surface normal at several distances from . . .
the interface. Bins of 0.5 A thickness were used for eRovalue. surface. The latter effect has been observed in other simulations

of hydrophobic interfaces with both ffdtand cylindrica?®
of very low polarization between the layers. The differences in geometries. The water mobility in the core nears the bulk value
the polarization density profiles mirror those in the radial density in both systems, although in both cases the core mobility is
profiles and arise from differences in the models of the interface, higher than the mobility in the bulk. In the hydrophobic cavity
which are described in section 3. The two water layers are morethe enhancement may be due to molecules that diffuse into the
distinct in the current model. As mentioned earlier, we expect interfacial regions being included in the average. The enhance-
the current model to provide a more accurate description of the ment is quite small in the reverse micelle and may result from
interface in an AOT reverse micelle because the ion density is & water density that is about 10% lower in core than in bulk
closer to that observed in the experiments and because thevater.
surface charges are not scaled. The water mobilities are quantified by the effective diffusion
4.4, Translational Mobilities. We now turn from a static  coefficients reported in Table 6. These are determined from the

description of the reverse micelles to examine several basicslope of a linear fit to the msd’s between 2 and 10 ps. While
dynamical properties. A simple measure of the translational the enhancement of the water mobility at the hydrophobic
mobility within the cavity is given by the mean-squared center- surface is roughly 25%, much larger differences are observed
of-mass displacements (msd’s). At long times these displace-among the trapped, bound, and free water regions of the reverse
ments can be related to the diffusion coefficient by the Einstein micelles. Water in the bound region is much more mobile than
relation trapped water and has a mobility closer to that of the free water,

although the difference in mobility between the bound and free
_OR(t) — R(0)[*O water increases with. The water mobility within each region
lim——"——— (10) increases with micelle size. The mobility change is largest for
t—o0 6t y g g

trapped water, which is about an order of magnitude less mobile
whereR is a vector containing the center-of-mass coordinates in thewo = 1 micelle than in thev, = 10 micelle.
of the species being examined. For a confined system, the Effective counterion diffusion constants have also been
diffusion coefficient is zero, but it is possible to define an determined in the same way and are listed in Table 7. As
effective diffusion coefficient over the time scales on which expected, ions at the surface are much less mobile than the free
the msd's are linear. Figure 12 shows msd’s for water in ions in the core. In the smallest micelles, the mobilities of the
different regions of thev, = 10 reverse micelle and the larger lattice counterions are 50100 times smaller than those in the
hydrophobic cavity. The most striking difference between the bulk, and 26-30 times smaller than the free ion mobilities.
two is that mobility decreases sharply near the reverse micellar There is also a significant difference between ions in the lattice
interface, while mobility actually increases near the hydrophobic and diffuse states. These differences disappear in the larger

D=
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TABLE 7: Effective Counterion Diffusion Coefficients? by
RegiorP from Mean-Squared Displacement$ (1072 m2 s1)

Wo
region 1 2 3 4 7.5 10

0.01 0.02 0.05 0.08 0.16 0.21
0.06 0.07 0.11 0.15 0.22 0.27
0.31 0.39 0.59 0.74 0.65 0.76

aBased on linear fits fot = 2—10 ps.P Counterions tagged
according to thé = 0 position.¢ Bulk value for SPC/E water at 298 K
is 1.28x 107° m? s~ from ref 80.

lattice
diffuse
free

TABLE 8: Water Residence Times at the Interface in
picoseconds

Wo HC
region 1 2 3 4 7.5 10 674

trapped 236 77 56 34 45 34 1.7
bound 41 36 26 20 19 18 1.7

Mobility can also be characterized by lifetimes of molecules
in the various regions. One way to define the survival probability
of a molecule is the probability that a molecule in a given region
of the cavity at time zero occupies that region continuously until
time t. The survival probabilities are easily computed from the
simulations, and residence times are then determined by
integrating these frorh= 0 to «. lon residence times in even
the largest micelle are too long to be determined in our
simulations, but the water residence times are shown in Table
8. As with the diffusive mobilities, the residence times decrease
within each region as the micelle size increases, and there is a
substantial difference between the trapped and bound residence
times at all sizes. The residence times for both of these regions
in the reverse micelles greatly exceed those of water in the same
regions of the hydrophobic cavity. The residence times of bound
water in even the largest micelle are an order of magnitude

Figure 12. Mean-squared displacement of water by region within the longer than those of the hydrophobic cavity, which suggests

Wo = 10 micelle and HC674. The displacements of water in the trapped, that a |arger portion of the mob|||ty in the micellar systems
bound, and free regions are shown by solid, dotted, and thin dashedqc\rs within the layers parallel to the interface.

lines, respectively. The position of each molecule at the time origin - L . .
determines the average to which it contributes. The sBmalues are 4.5. Rotational Mobilities. The rotational mobility of water

used to define the regions in both cavities. The free water region is ¢@n be mgasured by computing the dipedigpole autocorrela-
divided inb 3 A wide bins out to 13.5 A. The water region furthest ~ tion function,
from the interface in the reverse micelle contains all water molecules

with D > 13.5 A. The displacements increase monotonically with the

distance from the interface in the reverse micelle but decreaseDwith

in the hydrophobic cavity. The thick dashed lines show the displacement

of bulk water in the B216 simulation.

c(y = 2OA00 (11)

which is plotted in Figure 13 for water in the three main regions
of the reverse micelles and the smaller hydrophobic cavity (the
results for HC674 are nearly identical). The rotational mobility
trends are essentially the same as those observed for the

TABLE 6: Effective Water Diffusion Coefficients2 by
Regior? from Mean-Squared Displacement$ (1079 m2 s71)

Wo H Cd

region 1 2 3 4 75 10 174 674 translational diffusion. The dipole reorientation is very slow at
trapped 0.05 004 018 028 036 050 35 36 theinterfacebutincreases sharplyinthe bound layerand grows
bound 1.05 101 1.03 1.16 125 1.38 2.8 3.0 still further in the core, while there is almost no difference in
freef 084 096 161 176 186 190 27 29 rotational mobility among the regions of the hydrophobic cavity.
free I 183 223 223 230 28 28  The mobility within each layer also increases with micelle size.
ggg :{',: 251 227557 21 The reorientation of water in the reverse micelles is highly

nonexponential, involving a long-lived tail that is pronounced
in all regions but becomes very large near the interface. The
reorientation is complicated by the movement of molecules
among the different regions of the micelle, which occurs on a
similar time scale. The reorientation at the interface is enhanced
micelles, but the surface ions overall remain far less mobile by molecules moving out of the interfacial region, while the
than the free ions. The free ions in the largest micelles are aboutmobility on the interior appears slower because some molecules
50% less mobile than those in the bulk at infinite dilution, migrate to the interface, where they are essentially frozen.
probably because of the relatively high ion concentration in the Because of the coupling between translation and rotation, we
core. do not attempt to compute reorientation times, but we note that

2Based on linear fits for= 2—10 ps.? Molecules tagged according
to thet = 0 position.¢ Dpuk from B216 is 2.50x 10° m2 s ¢ HC
regions are based on a reverse micelle of similar radids < D <
75A.'75<D <105A.9105<D <135A."D > 135 A,
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1.0 interfaces. As we saw in the results for the hydrophobic cavity,
the water density profiles near weakly interacting interfaces
show little structures827.89.9%93 The density profiles for water
near many different types of strongly interacting interfaces show
pronounced peaks and valleys indicative of ordered layer
formation?7.28.30.3589.9The effect of the waterwall interaction
0.0 - strength has been examined by Hartnig ef%ilvho showed
\‘ that layering could be induced simply by increasing the
.. w,=2 interaction strength while holding the form of the potential
0.5 + ST — 4 constant. A similar contrast has also been observed in the relative
........................ amounts of hydrogen bonding at hydrophobic and hydrophilic
------- interfaces. Hydrogen bonding is enhanced near weakly interact-
0.0 L ing interface®®?7°1and sharply reduced at hydrophfli@>.%6
and polar interface®;32a trend nicely illustrated by the water
AN hydrogen bond profiles in Figure 8. Water mobility trends are
05 F  Fvw. also opposite for the two different classes of interface. Trans-
e lational mobility is enhanced near hydrophobic interfdée%°!
________________ and greatly reduced in the first several solvation shells of
0.0 . T hydrophilic one$7:32:8999n our simulations, rotational mobility
w=10 is not significantly affected by the hydrophobic interface but is
~ sharply reduced in the regions near the surfactant headgroups.
Ve, Similar reductions in the rotational mobilities of water have been
S, observed in simulations of reverse miceffésurfactant mono-

...................................... layers?” and the proteirwater interface®

~eo

dipole autocorrelation

0.0 . The present simulations also fit with the nearly universal
previous observation that the dynamical and structural changes
\ of water near the interface fall off rapidly over a span of a few
molecular layers, regardless of the interaction strefig#{.32.89.96
The clearest evidence for the short range of structural changes
in the present simulations can be found in the water density
' and hydrogen bond profiles. Similar trends are observed in the
0 10 20 reduction of water mobility near the interface. Typical estimates
time (ps) for the reduction of mobility near strongly hydrophilic interfaces

Figure 13. Dipole—dipole autocorrelation functions of water by region are a fac,tor of 21029%%7although the change may b? difficult
within the micelle. The solid, dotted, and dashed lines correspond to 0 quantify because the nature as well as the magnitude of the
trapped, bound, and free water, respectively. The classification of eachdiffusive motion is affected® For example, we do not attempt
molecule at the time origin determines the average to which it to estimate rotational relaxation times because of the very long
contributes. time scale for trapped water relaxation and the highly nonex-
ponential nature of the decay. We do, however, see a reduction
the time scale for reorientation near the interface is tens to jn the mobility of trapped water in the smaller micelles
hundreds of picoseconds. The differences between reorientatiorgubstantia"y greater than 1 order of magnitude, which can be
at the interface and in the core are much larger than thoseattributed to the very high ion densities. Trapped water, though,
observed by Lins& because of the much higher ion densities accounts for at most just a few water molecules per headgroup,
and ionic charges in our model. and the reduction in the translational mobility of the bound layer
On a cautionary note, it is tempting to conclude from these s only by a factor of 25. The mobility of free water in the
results that a process, such as the solvation dynamics of a probgnjcelles large enough to have a core is only slightly diminished
molecule, that involves significant motion of water molecules gpg appears to approach the bulk by aHout 10 A. Finally,
will have substantial long-time components arising from the the polarization profiles shown in Figure 11 show that even for
restriction of translational and rotational motion described here. highly polar interfaces most of the electrostatic effects are
Preliminary simulations by d$of the collective dipole response  confined to the first two molecular layers. These results agree
and solvation dynamics of a diatomic probe ion indicate that, \e|l with those of Lins&2 who studied a less polar interface,
in fact, the collective response is much faster than expected.3q those of Kjellander and MarceBawho studied a system

Unlike the single molecule motions described above, the y;ith an jon density (about 50 %ion pair) comparable to the
collective response appears to be quite similar to that of bulk |5rge reverse micelles.

" ) - P experimental results is complicated by the fact that we have
from the restriction on molecular motion, but these seem to show

uD as a relatively small fraction of the collective respo not computed any directly measurable experimental quantities
P 1atively sm: oo . ponsi from the simulations. We therefore limit our comparisons to
20%), which is relatively difficult to detect in these molecular . -~

simulations. the various qualitative features that been extracted from the

experiments. The present simulations support the basic notion
that water forms layers on the reverse micellar interior but also
cast doubt on whether experiments can accurately quantify the
5.1. Comparisons with Other Simulations.Our results are water populations. The basic problem is that in addition to the
consistent with other simulations of water at a broad range of change in populations the properties of the interfacial water vary

05 p 1

0.0

5. Discussion
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with micelle size because of the constant change in the surfacebut it will also be desirable to simulate the entire extended
ion density. The broad range of reported headgroup coordinationsystem at a molecular level in order to determine the accuracy
numbers, 2157 illustrates the difficulty of using the experi-  of the reduced models. Such simulations are currently feasible
ments alone to obtain details at the molecular level. A more but will require more detailed and systematic analysis than have
intimate connection between molecular modeling and experi- so far been applied if good comparisons are to be made. As
ments may ultimately provide greater insights into the molecular mentioned earlier, some steps in this direction have already been
structure of the interface. Nevertheless, there is a basic agreetaken’® It also may be possible to make such simulations more
ment between the pictures of water and interfacial structure thattractable by using simplified models of the surfactant, such as
emerge from both experiments and the present simulations. the one developed by Palmer and E#Another simplification

The simulations strongly support the predominant view that that might prove useful in both reduced and extended models
interfacial water is characterized by strong interactions with ions, Would be to vary the surface charge density holding the reverse
reduced hydrogen bonding, and decreased mobility, while water Micelle size f'Xe_d- As long as the core region is more than_ a
away from the interface regains bulk characteristics. While we féw molecular diameters across, the effects of the overall size
have emphasized the uncertainties surrounding multistate fitting@nd the curvature should be minimal in comparison to the charge
models, the majority of these give results consistent with a density of the interface.
perturbed water region extending-2 molecular layers from )
the interface with populations comparable to those in Table 6. Conclusions

3.522.2344.85Several authors have even found evidence that up  \we have characterized the structure and dynamics of water
to a few water molecules per headgroup are “trapped” at the i the interior of reverse micelles of varying size. We find that
interface?®43 There is a large body of evidence that water ater forms distinct molecular layers at the interface that are
mobility, both translationa?>-°>%%and rotationak"*%is greatly pound to the surface ions and characterized by reduced mobility
reduced inside reverse micelles but increases greatly with micellegng hydrogen bonding. The characteristic hydrogen-bonding
size. These trends may be fit by models that assume reducechetwork returns, however, within a few molecular layers along
mobility of interfacial watef!#%8but so far the experiments  ith other properties of bulk water. The main effect of size
cannot spatially resolve the mobility. The current simulations yariation is to change the relative amounts of water in the various
support the idea that mobility increases rapidly with distance regions, although the properties within each region also vary
from the interface. One area of current controversy is the sypstantially. The decrease in charge density at the interface as
interpretation of IR spectra of the water OH/OD stretching the micelle size increases results in greater fluidity of the
bands. A number of workers have used multi-Gaussian fits of interfacial region.
the OH stretch in KO or the OD stretch in BD along with These simulations confirm the basic multistate picture of
multistate models to quantify the changes in hydrogen bonding ater near strongly attractive interfaces that has been observed
that occur with micelle siz&#44479%0thers have argued that  in other simulated systems and invoked to explain a broad range
the changes in band shape cannot be directly attributed togf experimental results. The results do suggest, however, that
hydrogen bonding because of intramolecular vibrational cou- sych models should take into account the variation in properties
pling and have found that the decoupled OD stretching band of of each region as well as the changes in composition. Caution
HOD does not exhibit multiple componerttsy’leading to the s required in employing these ideas to rationalize more
conclusion that there is not a substantial Spatial variation of water collective solvent phenomena' which may be more robust than
hydrogen bonding within reverse micelf#$’ The band shifts expected, even in these highly confined systems.
they do observe are, however, consistent with reduced hydrogen
bonding in reverse micelles and an increase with increasing Acknowledgment. We thank Prof. Nancy Levinger for
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The simulations also support the picture of ion structure that
has emerged from IR spectroscopy of sulforfat¥,counterion References and Notes
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