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We performed a molecular dynamics simulation on a system containing a water pool inside the
reverse micelle made up of an assembly of phosphate fluorosurfactant molecules dissolved in
supercritical carbon dioxide. The water molecules in the first solvation shell of the headgroup lose
the water to water tetrahedral hydrogen bonded network but are strongly bonded to the surfactant
headgroups. This change in inter-water hydrogen bonding in connection with the confined geometry
of the reverse micelle slows down the translational and especially the rotational dynamics of water.
© 2003 American Institute of Physics. @DOI: 10.1063/1.1531585#

not taken into account in this study. Linse has examined an
AOT-like reverse micellar system.18 His study indicated that
there exists a greater degree of spatial and orientational order
of water in the pool, in good agreement with the experimental studies. However, in the study by Linse, the surface of the
micelle were assumed to be rigid, which is somewhat unrealistic. Tobias and Klein19 have investigated the microscopic
properties of a calcium carbonate/calcium sulfonate reverse
micellar aggregate in nonpolar solvents. They concluded that
the structure of the micelle is independent of the solvent and,
on average, the water molecules were tightly bound to the
surface of the micelle. They, however, did not elaborate on
the properties of water in this study. An extensive and careful
molecular dynamics simulation study of the water pool in the
interior of a reverse micelle was done by Faeder and
Ladanyi20 recently. They found that water forms well-defined
layers in the vicinity of the headgroups, where water mobility was greatly reduced. In a separate article the same authors
also investigated the solvation dynamics in RM of varying
size.21 The drawback of the work by Faeder and Ladanyi is
that they modeled the interior of the RM as a rigid spherical
cavity, which again is somewhat unrealistic. Very recently,
Salaniwal et al. performed molecular dynamics simulations
on water/dichain surfactant/carbon dioxide system and demonstrated the self-assembly of reverse micelles.22 They also
studied the structural properties and the kinetics of aggregation of such micelles.23 Their simulations used realistic molecular models for the components present in the systems.
Their results demonstrated a significant penetration of water
into the hydrophobic region. However, their interest mostly
lay in the study of the structure and kinetics of aggregation,
rather than in the exploration of the nature of water in the
aqueous core. Clearly, computer simulation studies of water
in reverse micelles need to be extended.
In our preceding paper24 ~paper 1!, we reported the
structure of a reverse micellar aggregate composed of phosphate fluorosurfactant (C6F13 –~CH2!2 –O!~C6F13 –~CH2!2 –O!
1
PO2
2 Na , water and supercritical carbon dioxide. By a combination of molecular dynamics simulation and SANS experiments, we have estimated the size and shape of the

I. INTRODUCTION

The behavior of water inside reverse micelles ~RM! has
been the subject of intense research over the past several
years. Thermodynamic and spectroscopic properties of water
in reverse micellar systems have been studied using a large
variety of experimental techniques, e.g., flourescence probe
measurements,1,2 IR and Raman spectroscopy,3,4 NMR,5,6
ESR,5 and DSC measurements,5,7 etc. These experiments revealed that in a water-in-oil ~w/o! droplet three types of water molecules exist: ~i! water molecules bound to the headgroups at the oil–water interface; ~ii! free water molecules,
that can exchange their state with bound water; and ~iii! bulk
water. Picosecond emission spectroscopy,8 fluorescence
spectroscopy,9–11 dielectric measurements,12,13 femtosecond
resolution,14 and pulsed NMR studies15 of a water pool confined in reverse micelles and/or in biomolecules have indicated a dramatic slowing down of the rate of relaxation of
water molecules. In spite of all these efforts, a good understanding of the nature of water enclosed by the RM is still
not achieved.9,16
With the recent increase in computing power, computer
simulation methods have been employed to study the nature
of a RM. Perhaps the first attempt to study a RM using
molecular dynamics ~MD! simulation was made by Brown
and Clarke,17 who studied water containing RM in an apolar
solvent. The micelle in their simulation contained 36 surfactant molecules and a water pool of 72 molecules. The study
showed that surfactants formed a coat with a substantial
roughness at the aqueous interface and that a considerable
number of water molecules penetrated the headgroup surface. However, Brown and Clarke used a highly simplified
model in which the surfactant molecules were described by
two spherical interaction centers, with one sphere describing
the hydrocarbon tails and the other sphere describing the
entire headgroup. Thus, specific interactions between water
and the sites on the headgroups, which may play a crucial
role in water behavior, particularly for those water molecules
that are in the first solvation shell of the headgroups, were
a!
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FIG. 1. Structure of the fluorosurfactant molecule. The numbers are the
values of the atom-centered point
charges.

RM. Since we intended to perform a realistic simulation of a
RM, we used a detailed molecular level description of all the
species. The description of the potential models was reported
in paper 1. The results in paper 1 implied that the RM remained stable over the 4 ns time period of the simulation and
the simulation data complemented the SANS experimental
results. The radius of gyration of the aqueous core obtained
from the simulation was 24.362 Å. The area per surfactant
headgroup was calculated to be '64 Å2. The calculated
value of micelle eccentricity implied that the RM in our
simulation was not a perfectly spherical object. The direct
observation of micelle shape fluctuations and the time behavior of eccentricity indicated the stability of the micelle shape
on the time scale of the simulation. The results also implied
that about 90% of the sodium counterions form contact-ionpairs with the headgroup atoms and that the interfacial water
molecules penetrated the headgroup surface.
To complete our study, we have investigated the structure and dynamics of water in aqueous core of the RM described in paper 1. The results of this work are presented
below.
II. THE MODEL AND SIMULATION DETAILS

We performed a detailed molecular dynamics simulation
of an aqueous reverse micelle containing phosphate based
fluorosurfactants in supercritical carbon dioxide. Specific details of the model and the procedures used to build the reverse micelle have already been presented in paper 1. The
SPC/E model25 was chosen to describe the water molecules.
The SPC/E model is a well-tested and widely used model for
liquid water, which has been shown to give a good description of liquid water at both room and supercritical conditions. A single site united atom model was used for CO2 . 26
The tails of the surfactant molecules were modeled using the
united atom formalism, in which CH2 , CF2 , and CF3 groups
are each replaced by one interaction site centered on the C
atom. Every atom in the headgroup was described explicitly.
The atom-centered point charges on the surfactant molecules
were determined from quantum calculations at the Hartree–
Fock level using a GAUSSIAN 98 package27 with the 6-311G*
basis set. The partial charges along with the structure of the
surfactant molecule are shown in Fig. 1. The torsional angle
potential for the fluorinated tails of the surfactant molecules
were described by a model proposed by Cui et al.,28 and the
corresponding parameters are tabulated in Table I. The other
interaction parameters used in the calculation are also included in Table I. The torsional potential parameters for the
dihedral CF2 – CH2 – CH2 – OS were obtained by performing
quantum calculations as described in paper 1. The OPLS

parameters29 were used for the rest of the intermolecular and
intramolecular interactions present in the surfactant. The
standard combination rules were adopted to obtain the
Lennard-Jones parameters for interactions between the different species. All bond lengths were held fixed by applying
the SHAKE algorithm30 with a preset tolerance of 1028 Å.
This allowed us to integrate the equations of motion with a
time step of 2 fs.
TABLE I. Force field parameters for the various species present in the
system.a
Bond
O2 – P
CH2 – CF2

r eq (Å)

Bond

~a! Bond parameters
r eq (Å) Bond r eq (Å)

1.48
OS–P
1.54 CF2 – CF2

1.61 OS–CH2
1.54 CF2 – CF3

Bond

r eq (Å)

1.43 CH2 – CH2
1.54
Ow – H w

1.54
1.00

~b! Angle parameters
Angle

k u @ kcal/~mol rad2 )]

u ~°!

280.0
200.0
200.0
160.0
90.0
124.14
124.14
124.14
124.14
¯

119.90
108.20
120.50
109.50
102.60
114.0
114.6
114.6
114.6
109.4

O2–P–O2
O2–P–OS
P–OS–CH2
OS–CH2 – CH2
OS–P–OS
CH2 – CH2 – CF2
CH2 – CF2 – CF2
CF2 – CF2 – CF2
CF2 – CF2 – CF3
Hw – Ow – Hw

~c! Torsional parameters
Dihedral

V n /2 (kcal/mol)

g~°!

n

0.25
1.45
2.732
21.099
0.25
1.1

0.0
0.0
0.0
30.0
0.0
0.0

3
3
3
1
3
2

O2 – P–OS–CH2
P–OS–CH2 – CH2
OS–CH2 – CH2 – CF2
OS–P–OS–CH2

~d! Torsional parameters for the surfactant tails
7
a i (cos f)i ~Refs. 22, 28!#
@ U( f )5a 0 1 ( i51
a 0 5959.4 K
a 4 527875.3 K

a 1 52282.7 K
a 5 5214168.0 K

a 2 51355.2 K
a 6 59213.7 K

a 3 56800.0 K
a 7 54123.7 K

~e! van der Waals parameters
Atom type
O2
OS
CF2
Na
Hw
a

s ~Å!

e ~kcal/mol!

Atom type

s ~Å!

e ~kcal/mol!

2.9578
2.9934
4.6000
2.2750
0.0000

0.210
0.170
0.05959
0.11522
0.00000

P
CH2
CF3
Ow
CO2

3.7418
3.9300
4.6000
3.1655
3.7200

0.200
0.09335
0.15691
0.15539
0.46895

In Tables I~a!, I~b!, and I~e! w stands for water.
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A system containing 1616 water molecules, 160 surfactant molecules, and 6991 CO2 molecules was simulated in a
cubic box at 35 °C and 414 bar pressure. To enable volume
variation, the simulation was performed in the NPT ensemble, using the Nose–Hoover thermostat and barostat.31
Both the thermostat and barostat relaxation times were set to
0.5 ps. An equlibration simulation of 200 ps was performed
before a production run of 4 ns. Periodic boundary conditions were employed in all directions. The calculation of the
long-range Coulombic forces was performed using the
smooth particle mesh Ewald ~SPME! method.32 The real
space part of the Ewald sum and Lennard-Jones interactions
was cut off at 9 Å. We have also simulated a system containing pure bulk water, so that the behavior of water in the
confined system can be compared with that of the bulk under
the same pressure and temperature. For bulk water, the simulation was carried out in a cubic box containing 512 particles
at T535 °C and at pressure P5414 bar. For the bulk system, periodic boundary conditions were applied in all three
directions, minimum image convention was used for the
short-range interactions, and the SPME method was employed for the long-range interactions. The bulk water system was equilibrated for 200 ps, and then the production run
was continued for 1 ns. Both simulations were carried out
using the DLPOLY33 molecular dynamics simulation package.
III. RESULTS AND DISCUSSION
A. Water structure

1. Density distribution

There is an ambiguity in the literature related to water
structure in the interior of a reverse micelle. Faeder and
Ladanyi20 in their molecular dynamics simulation of the interior of aqueous reverse micelle identified that water has a
layered structure near the interface. No such layering was
observed in the simulation of a reverse micelle by Salaniwal
et al.22 We have calculated the number density of water as a
function of distance from the center of the aqueous core and
the result is shown in Fig. 2. As we see from this figure, no
layered structure is found while calculating the density with
respect to the center of the aqueous core. The number densities in Fig. 2 were calculated by computing the average
number of molecules in spherical shells of thickness Dr
50.2 Å, located at various distances from the center of the
water pool. As it was demonstrated in the study of liquid/
liquid interfaces, a more careful consideration of how to calculate local water density is needed in order to understand
the structure of water.34,35 Similar considerations apply in our
case. We observed that the surfactant headgroups form a coat
with a substantial roughness at the aqueous interface. This
means that the water/headgroup interface is not smooth, but
very corrugated, and is fluctuating with time. Moreover, the
shape of the water pool is not exactly spherical. These factors will smooth out the local density of water if it is calculated in a simple way like it is done for Fig. 2. Instead we
should calculate the local density profile with respect to the
headgroup surface. When this is done, the density profile
displays the presence of layered structure, which is shown in
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FIG. 2. The number density profile of ~a! water ~solid line! and carbon
dioxide ~dashed line! and ~b! sodium ~solid line!, head group phosphorus
~long dashed line!, tail CH2 ~short dashed!, and tail CH2 ~dotted line! as a
function of the distance from the center of the aqueous core.

Fig. 3. The local density of water as a function of distance
from the ‘‘effective’’ surface formed by the headgroup phosphorous atoms was computed by following an algorithm proposed very recently in our group and it is described
elsewhere.36
Figure 2 also indicates that a significant amount of water
penetrates the hydrophobic region and essentially hydrates
the methylene groups of the surfactant tails. This is possibly
due to the electrostatic interactions between water and these
groups. The water density then dies down and CO2
molecules take over in the solvation of the surfactant tails.
Thus, the surfactant headgroups do not form a rigid surface,
rather they create a ‘‘soft’’ surface that water can penetrate to
some extent. A similar observation of the penetration of
water next to membrane surfaces was reported by our group
previously.37

FIG. 3. The number density profile of water with respect to the effective
surface formed by the head group phosphorous atoms.
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FIG. 4. The pair radial distribution function for P–Ow .

FIG. 5. The distribution of interwater hydrogen bonds for water in the three
regions along with the distribution for bulk water. The x-axis denotes the
number of hydrogen bonds per water molecule and the y-axis denotes the
percentage of water with that many number of H bonds.

2. Hydrogen bond distribution

Exploring properties of confined water is an important
field of research. Water in systems like proteins, DNA, and
reverse micelles is confined, and this confinement plays a
crucial role in the function and stability of these systems. In
this study we have investigated the environment and dynamics of confined water in a reverse micelle and the results are
shown in Figs. 4 –10.
To compare the environment and behavior of water that
is in the vicinity of the headgroup surface with water at the
center of the aqueous core, we have divided the water pool
into three different regions. The size of the first region was
selected by a comparison with the size of the first solvation
shell observed in the radial distribution function ~rdf! for
headgroup phosphorus to water oxygen, which is shown in
Fig. 4. Thus, region I ~or the first shell! consists of water
molecules that lie within 5 Å in P–Ow rdf ~the distance of
first minimum!. The rest of the water molecules were assigned to other two regions: region II consisted of molecules
between 5–9.5 Å, and region III contained water molecules
situated beyond 9.5 Å. The choice of 9.5 Å for the beginning
of region III was determined by calculating the hydrogen
bond distribution in this region. It was found that the qualitative nature of the water hydrogen bond distribution beyond
9.5 Å matches the distribution in bulk water. The bulk water
was simulated at 35 °C and 414 bar pressure.
Albeit water has a very simple molecular structure, it is
the tetrahedral hydrogen bonding network that makes it such
a complicated but interesting liquid to study. To investigate
the water hydrogen bond distribution in various regions of
the pool, we adopted a geometric definition of hydrogen
bonds.38 According to this definition, a pair of water molecules is hydrogen bonded if the oxygen–oxygen distance is
less than 3.5 Å and simultaneously the oxygen–oxygen–
hydrogen angle is less than 30°. Figure 5 shows the distribution of hydrogen bonds ~H bonds! between water molecules
for the three regions I–III and, for comparison, the distribution for bulk water. The x axis on this figure denotes the
number of hydrogen bonds per water molecule and the y axis
denotes the percentage of water with that number of H
bonds. As the figure reveals, most of the water molecules in
region I lose some of the water-to-water hydrogen bonds.

Thus, in region I about 40% of water molecules have two
water-to-water H bonds followed by 26% molecules having
3, and 25% having 1 water-to-water H bond. This implies
that there exists a strong influence of the head group surface
on the water structure at the interface. A rupture in the
hydrogen-bonded network is also seen for water in region II,
where about 19% of water has 2 water-to-water H bonds and
only 33% has 4 water-to-water H bonds. The surface effect
diminishes as we move well beyond the surface region and
in region III water has hydrogen bond distribution as in the
pure bulk water.
The phosphate head groups contain oxygen atoms that
are capable of forming hydrogen bonds with first shell water
hydrogens. We have studied this capability by computing
water–head group hydrogen bonds and the results are shown
in Fig. 6. To describe a water–head group hydrogen bond we
have used the same geometric definition of hydrogen bonds
as for water–water, i.e., a head group and a water molecule
are hydrogen bonded if a head group oxygen–water oxygen
distance is no greater than 3.5 Å and, simultaneously, the
head group oxygen–water oxygen–water hydrogen angle is
no greater than 30°. Figure 6 shows that about 40% of water
molecules in the first solvation shell of the head groups have
one micelle to water H bond, whereas more than 50% of

FIG. 6. The distribution of water-to-head group hydrogen bonds. The y axis
denotes the percentage of water with a specified number of hydrogen bonds
to the head groups.
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FIG. 7. The hydrogen bond distribution for first shell water molecules taking into account both the interwater and water-to-head group hydrogen
bonds. The distribution for bulk water is also included for comparison.

them have 2 micelle to water H bonds. This means that the
water molecules in the first solvation shell that lose the tetrahedral hydrogen bonded network try to regain it by forming hydrogen bonds with the headgroup oxygens. To give a
quantitative proof of this statement, we computed the hydrogen bond distribution for first shell water molecules, taking
into account the formation of hydrogen bonds to both water
and micelle head groups. The results are plotted in Fig. 7,
which shows the percentage of first shell water hydrogen
bonded to both other water molecules and head groups as a
function of number of hydrogen bonds per water molecule.
Thus Fig. 7 indicates that while considering the hydrogen
bond with both the water and micelle, most of the first shell
water molecules have four hydrogen bonds followed by three
and this closely resembles the hydrogen bond distribution in
bulk water.
As we can see, water molecules in the first shell are
strongly influenced by the presence of the head group. As we
move to the next section, we will find that this structural
reorganization of water close to the surface strongly manifests itself in the dynamics, and the mobility of water molecules in shell I is reduced significantly. Therefore we
specify these water in region I as ‘‘bound water.’’ The head
group surface influences water molecules in region II also,
but the effect is not that significant and, as we shall see,
water molecules in this region are more mobile compared to
water in region I. We, therefore, designate these water molecules as ‘‘free or diffuse water.’’ Water molecules in region
III are very slightly affected by the surface and essentially
behave like bulk water. We call them ‘‘bulklike water.’’
B. Water dynamics

A variety of experiments demonstrated that water in confined environments next to proteins, micelles, and in the
pools of reverse micelles displays a slow component in the
reorientational dynamics or in its response to perturbation in
solute properties. Thus, dielectric relaxation,13,39 solvation
dynamics,8 –10 NMR relaxation dispersion,39 etc. measurements have shown that this slow component decays in hundreds to thousands of picoseconds. In a recent article on
ultrafast dynamics in reverse micelles,9 Levinger has con-
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cluded that the slow components are always present in the
dynamics of water in restricted environments, and the source
of these slow relaxation components may be discussed in
terms of solvent bound to the molecular assembly, and to the
immobilization of the solvent in a confined environment.
Very recently, Bagchi and co-workers40 have reported that
the dramatic slowing down of water reorientational dynamics
can be explained partly due to the formation of hydrogen
bonds between water and surface head groups. By a detailed
molecular dynamics simulation study they have shown that
the decay of the reorientational motion of water molecules
near the micellar surface is slower than the one in bulk water
by two orders of magnitude. In a very recent simulation of a
system containing a SDS micelle in water, we also observed
the slowing down of the decay in the reorientational correlation function of water next to the micellar surface,41 thus
confirming the analysis of Bagchi and collaborators.
For a further understanding of the origin of this slow
decay, we have analyzed the mobility of water in the restricted environment of a reverse micelle. Since our interest
is mostly concentrated on the slow dynamics of water we,
following the prescription proposed by Bagchi and collaborators, pay attention only to those water molecules that have
large residence times in their respective shells. Therefore,
while calculating a dynamical quantity, we follow only those
water molecules that stay in their respective shells throughout a particular run.40 We also want to choose a fair number
of molecules in every shell so we can obtain a good averaging. One may wonder if this will not restrict our choice substantially, since very few water molecules will qualify for our
consideration. Nevertheless, we found that 25 water molecules stayed in region I throughout a time period of 1.8 ns,
at least 18 molecules stayed in region II for a time period of
160 ps, and at least 15 molecules stayed in region III
throughout a time period of 20 ps ~since water molecules are
more mobile in regions II and III, they stayed in those regions for shorter time periods!. We calculated the translational and reorientation mobilities of these molecules in different regions.
1. Translational mobility

A good measure of water translational mobility can be
obtained from the time dependence of the mean square displacement ~MSD! of water molecules. The diffusion coefficient D can be calculated from the long time behavior of the
MSD of water molecules and it is related to the slope of the
MSD by the Einstein relation, which in three dimensions
reads as
D5limt→`

^ u r~ t ! 2r~ 0 ! u 2 &
6t

,

~1!

where r(t) is the position vector of a water molecule at time
t. We have computed the MSD for water molecules in all
three regions I–III and for the bulk water as a function of
time and the results are shown in Fig. 8. From this figure we
observe that the diffusion in the first solvation shell is considerably slower than the diffusion in the bulk phase. We
have pointed out in the previous section that at least 50% of
the first shell water molecules form 2 surfactant to water H

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
131.156.59.191 On: Tue, 09 Sep 2014 00:29:10

1942

J. Chem. Phys., Vol. 118, No. 4, 22 January 2003

S. Senapati and M. L. Berkowitz

FIG. 8. The time dependence of the mean square displacement for water
molecules at various regions along with the bulk water. The solid line is for
water molecules who remain in region I continuously for 1.8 ns, the longdashed line is for water molecules who remain in region II continuously for
160 ps, the dot–dashed line is for water molecules who remain in region III
continuously for 20 ps, and the dotted line is for bulk water. All the curves
are cut at 15 ps to show clearly the differences between various regions.

bonds and about 40% of them from 1 H bond to the surfactant oxygen. The formation of hydrogen bonds between the
head group oxygens and water restricts significantly the
translational motion of water in region I. The translational
motion of water in region II is also restricted, but the surface
effect is not that profound in this region. The water mobility
then increases as we move away from the surface and at the
center of the aqueous core ~region III! it approaches a value
that is close to the bulk water mobility. We have calculated
the diffusion coefficients for all the three regions and also for
the bulk water from a linear fit to the slope of the mean
square displacement curves. The values are included in Table
II. The data show that the translational mobility for slow
water molecules in the first shell is reduced by a factor of 6
compared to bulk water.
2. Reorientational dynamics

The reorientational motion of water can be partially
characterized by calculating its single dipole autocorrelation
function C m (t). Again in our calculations of the dipolar correlation function, we considered only those water molecules
that stayed in their corresponding regions for the calculation
time. The single dipole autocorrelation function is defined as
C m~ t ! 5 ^ m i~ t ! • m i~ 0 ! & / ^ m i~ 0 ! • m i~ 0 ! & ,

~2!

where m i (t) is the dipole vector of the ith water molecule at
time t and the averaging is performed by water molecules
and a time origin. In Fig. 9, we have displayed the relaxation
of C m (t) for water molecules in all the three regions and also
included the result for bulk water at a specified temperature
and pressure. The reorientational motion of water in regions
TABLE II. Values of translational diffusion coefficients at various regions.
Region
29

D(10

2

m /s)

I

II

III

Bulk

0.4560.05

1.5960.13

2.2160.20

2.7060.10

FIG. 9. The time dependence of the single dipole orientational correlation
function for water molecules in various regions. The different curves are as
in Fig. 8.

I and II is highly nonexponential involving a very slowly
decaying tail. A significantly slower decay is observed for
the water molecules in region I compared to bulk water. This
is quite expected, since as we observed ~see Fig. 6! that
about 90% of water molecules in the first solvation shell are
tightly bound to the head groups. Therefore, these hydrogen
bonds between the head group oxygens and the interfacial
water molecules restrict the rotational motion of water significantly. A similar and dramatic slowdown in the decay of
the water reorientational relaxation was reported by Bagchi
and co-workers for water near the micellar surface40 and by
us,41 also near a micellar surface. To get a quantitative estimate of the reorientational decay time we calculated ~a! the
average orientational correlation time, t, for various regions,
which is defined by the following equation:

t5

E

`

0

dt C m ~ t ! .

~3!

Since our correlation function was calculated up to a finite
time, to estimate the behavior of this function at longer
times, we fitted the dipolar autocorrelation function to a multiexponent function of the following form:
4

C m~ t ! 5

( A i exp~ 2t/ t i ! ,

~4!

i51

4
A i 51 and t i is the time constant for the decay of
where ( i51
the ith component. Finally, from Eq. ~3! and using Eq. ~4! for
the extrapolation of the long-time tail region, we obtained
the following estimates for the values of average orientational correlation times: 396, 41, and 3.8 ps for water molecules in regions I, II, and III, respectively. The corresponding value for bulk water is 3.2 ps. The value of t obtained by
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Bagchi and co-workers for water near the micellar surface of
cesium pentadecafluorooctanoate micelle was 108 ps at 300
K. ~b! We calculated the time constants for the long time
decay of water molecules in regions I and II from a fit given
by Eq. ~4!. The time constants for the long-time decay were
found to be 1700 and 150 ps for water molecules in regions
I and II, respectively. This indicates that the slow component
of reorientational relaxation of water in the solvation layer is
slowed down by three orders of magnitude compared to bulk
water, which is in good agreement with the experimental
observations on a water pool in reverse micelles.8,11 We also
noticed that the value of the time constant for the long-time
decay obtained by Bagchi and co-workers for water near the
micellar surface of cesium pentadecafluorooctanoate micelle
was 767.1 ps at 300 K. Thus, we observe that water inside
our reverse micelle relaxes with a rate that is somewhat
slower than the relaxation rate observed for water near a
micellar surface. It is, however, worth emphasizing that the
average relaxation rates given above are just estimates that
depends on the quality of extrapolation and statistics. Nevertheless, previous simulations and the present simulations
clearly show that water next to hydrophilic surfaces is substantially slowed down. The quantitative value of this effect
depends on the details of the system and also on the state
conditions at which the simulations are performed. In Fig.
9~b! we show the dipole autocorrelation function for the 25
water molecules from region I plotted up to 1.5 ns. As we
can see, the function still does not decay to zero, indicating
that the rotation of water is restricted. The similar behavior
of water next to the micellar surface, was also observed by
Bagchi and collaborators. The relaxation of C m (t) for water
far from the surface ~region III! is essentially identical with
that of C m (t) in bulk water and is shown in the inset of Fig.
9~a!.
To strengthen our notion that the strong water–head
group hydrogen bonding is one of the important factors responsible for the dramatic slow decay of the water reorientational relaxation, we performed two more molecular dynamics simulations. In both simulations we froze the motion
of the surfactant molecules in the aggregate with, in one
case, making them uncharged ~and therefore creating a cavity with hydrophobic surface! and in the other case keeping
the charges intact. Figure 10~a! shows the decay of C m (t) as
a function of time for the slow molecules in region I for all
the three systems studied. The correlation functions were calculated for those water molecules that stayed in region I for
150 ps. There were 370 of these molecules when the frozen
head groups were charged, 52 when they were uncharged,
and we looked at 220 water molecules when the system was
in its normal state. As we can see from the figure, the slowest
relaxation is observed in the system with the frozen charged
groups. This is due to the fact that when we remove the
movement of the head group atoms that otherwise are vibrating rapidly, the water molecules get a better hold of head
group oxygens to form more stable hydrogen bonds. We also
observe that the relaxation of water molecules near the hydrophobic surface is much faster than next to the charged
surfaces. This indicates that the water–head group hydrogen
bond formation is, perhaps, the most important factor in de-
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FIG. 10. The time dependence of the single dipole orientational correlation
function for water molecules ~a! in region I, ~b! in region II. The solid line
is for water molecules in the original system, the long-dashed line is for
water molecules in a system where the motion of the surfactant molecules
was frozen, and the dot–dashed line is for water molecules in a hydrophobic
cavity with the motion of the surfactant molecules frozen. The correlation
functions in each system were calculated by looking at those water molecules that stayed continuously in their respective regions for 150 ps.

termining the slow dynamics of water in restricted environments. It is also worth noticing that the relaxation of water
molecules near the hydrophobic surface is slower compared
to bulk water. This slowing down can be attributed to the
confined geometry of the system. Thus, the formation of
water–head group hydrogen bonds in connection with the
confined geometry of the reverse micelle resulted in a significantly slower water dynamics compared to the dynamics
of water in the bulk, which confirms the prediction of
Levinger.9 In Fig. 10~b! the relaxation of slow water molecules in region II is compared for all three systems. As we
can see, in region II, where the surface effect is weak, the
water molecules in all three systems show almost similar
behavior.
IV. SUMMARY AND CONCLUSIONS

The slowing down in the dynamics of water next to surfaces of molecules such as proteins or molecular assemblies
such as micelles and reverse micelles was observed in a
number of experiments. It was also observed in a number of
molecular dynamics simulations performed on detailed models of micelles or proteins solvated in water. The present
simulation confirms that the same slowing down of the water
dynamics occurs in the solvation region inside a reversed
micelle, thus confirming the experimental observations and
previous model studies of this type of system. Our present
simulation was performed on a system containing a water
pool inside the reverse micelle made up of an assembly of
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phosphate fluorosurfactant molecules dissolved in supercritical carbon dioxide. We observed that the slow component of
reorientational relaxation of water in the solvation layer is
slowed down by three orders of magnitude, in agreement
with the experimental results.8,11 We also observed that the
translational dynamics is slowed down, but only by a factor
of 6. The structural analysis of water inside the pool shows
that water tries to preserve its four coordinated hydrogen
bonding network by replacing water to water hydrogen
bonds with water to micellar surface hydrogen bonds. Although the distribution of hydrogen bonds for different regions is not changed dramatically, the replacement of water
to water flickering hydrogen bonds by more stable water to
micelle H bonds substantially slows down the dynamics of
water in the solvation shell, especially its rotational dynamics. It is interesting that this substantial slowing down in the
dynamics is rather localized and it is mostly gone at a distance of 1 nm away from the surface. The water molecules
that are in the region between the solvation layer and bulklike water serve as a buffer and allow for a gradual change in
water properties. A comparison of our simulations and other
simulations40,41 indicate that the substantial slowing down in
the water dynamics is a general effect, although the magnitude and details of this effect depend on the specific system.
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