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We describe the model dynamical behavior of the solvent between two nanoscopic hydrophobic solutes. The
dynamics of the vicinal water in various sized traps is found to be significantly different from bulk behavior.
We consider the dynamics at normal temperature and pressure at three intersolute distances corresponding to
the three solvent separated minima in the free energy profile between the solutes with attractions. These three
states correspond to one, two, and three intervening layers of water molecules. Results are obtained from a
molecular dynamics simulation at constant temperature and pressure (NPT) ensemble. Translational diffusion
of water molecules trapped between the two solutes has been analyzed from the velocity correlation function
as well as from the mean square displacement of the water molecules. The rotational behavior has been
analyzed through the reorientational dynamics of the dipole moment vector of the water molecule by calculating
both first and second rank dipole-dipole correlation functions. Both the translational and reorientational
mobilities of water are found to be much slower at the smaller separation and increases as the separation
between solutes becomes larger. The occupation time distribution functions calculated from the trajectories
also show that the relaxation is much slower for the smallest intersolute separation as compared to other
wider separations. The sublinear trend in mean square displacement and the stretched exponential decay of
the relaxation of dipolar correlation and occupation distribution function indicate that the dynamical behavior
of water in the confined region between two large hydrophobic solutes departs from usual Brownian behavior.
This behavior is reminiscent of the behavior of water in the vicinity of protein surface clefts or trapped
between two domains of a protein.

I. Introduction

It is well recognized1-5 that water plays an important role in
determining the structure, function and dynamics of biological
macromolecules. Many biological molecules are inactive without
a threshold level of hydration.6-8 Macromolecules associate by
merging the solvation layers at each surface, subsequently
making contact or often sharing water molecules at the
interface.9 We wish to better understand the differences in the
dynamics of water near surfaces at different distances.10 How
water responds dynamically when trapped may give indications
about the proposed mechanisms11 for stability of hydrophobics
in solution.

The water molecules in the vicinity of a biomolecule may
be divided into three categories, viz., (i) internal water, which
are fairly immobilized in the solute molecule, (ii) hydration
water, which stays for some time in the hydration shell of a
solute molecule, and (ii) bulk water, which is far away from
the solute surface. Hydration waters being close to the protein
surface, interact with the atoms in the protein surface, but they
are not as immobilized as the interior waters. These molecules
frequently get exchanged with those from the bulk region and
occasionally with those on the interior. However, they are not
as free as bulk water as far as their positions and motions are
correlated with the biomolecule. Hydration water thus plays a
crucial role not only in determining structure and dynamics of
a biomolecule but also in determining its chemical and structural
activities as well.

The structural and dynamical behavior of hydration water in
the immediate vicinity or trapped between two regions of a bio
macromolecule are also believed12-16 to have considerable
importance in determining the mechanism of folding of a protein
molecule. The interior of a protein is often hydrophobic in
nature. Given the complicated surface topography and chemical
heterogeneity of a protein surface, it is of interest to consider
the structure and dynamics of water near a large model
hydrophobic surface to better understand this aspect of macro-
molecular association and assembly.

There are several recent theoretical11,17-19 as well as
simulation20-23 studies in the literature concerning the role of
hydrophobic effect on the solvent induced collapse and/or
aggregation of proteins. Several such studies use model
hydrophobic surfaces. In such an investigation on the hydration
of two large model ellipsoidal solutes, Berne and co-workers22

have reported a dewetting induced collapse of the two solutes
in water. They found a complete expulsion of water molecules
or drying between two solutes at a critical intersolute separation
of around 14 Å, when they considered a purely repulsive solute-
water interaction. However, a sharp decrease in this critical
distance for dewetting is observed when they considered even
a very weak attractive interaction for the solute-solvent
potential. In a very recent study,24 we have shown by calculating
the free energy of hydration as a function of the surface to
surface distance, how the mechanism of the hydration forces
between large hydrophobic solutes is different depending on
the strength of solute-solvent attraction and the size of the
solutes.

Earlier studies left unresolved issues related to surface
curvature and potential models. To separate the issues, we
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considered first flat platelike solutes of various dimensions.
Using fully atomic descriptions of the solutes modeled as a
graphite-like plates made up of carbon atoms, we found a
dewetting at an intersolute separation of 10 Å only if a purely
repulsive water-solute interaction is considered. However, using
a reasonable dispersion parameter taken from a popular force
field25 for the carbon atoms of the solute, it was shown24 that
the cumulative effect of a large number of small attractive
interactions of the solute with water can stabilize the solvent
separated state containing as little as one layer of water
molecules between the two large solutes without any cavitation
or drying. Although energy loss due to disruption in the
hydrogen bond network in water may not, in general, favor11

the dissolution process of a large hydrophobic solute, a delicate
interplay between solute-solvent and solute-solute attractive
interaction and lost hydrogen bond energy determines the
stability of such a state.

The mechanisms for the stabilization of the solute contact
pair in the cases with and without small dispersion attractions
were shown24 to be strikingly different. For the purely repulsive
solute, the contact pair is stabilized completely by a large
negative free energy contribution from the solvent induced
interaction, whereas for a solute with weak attraction for the
solvent, the contact pair is mainly stabilized by the solute-
solute interaction, with the solvent induced contribution provid-
ing barriers between minima and being negligibly small at
contact. This behavior is consistent with what has been observed
in case of carbon nanotubes in water.26-28 As even the most
hydrophobic regions in a protein have significant polarity and
dispersion interactions, these studies demonstrate the importance
of taking into consideration such interactions in dealing with
hydrophobicity induced protein folding and aggregation. Given
this level of understanding of the equilibrium situation the
dynamical time scales on which the molecular exchanges occur
become important to our mechanistic understanding.

Recent advancement in experimental techniques such as
nuclear magnetic relaxation dispersion (NMRD),29,30 inelastic
neutron scattering (INS),31 infrared (IR) spectroscopy,32 etc. has
made it possible to study structure and dynamics of hydration
water in the vicinity of large solutes. In particular, the rotational
and translation diffusions and the residence time of water
confined to the solvation shell of a large biomolecule have been
the subject of many recent investigations involving experi-
ments29,31,32as well as simulations.33,34-36 Although the results
from different INS studies31 are not completely consistent,
NMRD techniques have provided a more unified picture of the
diffusion of water around a protein.

Molecular dynamics (MD) simulation on the other hand can
provide a detailed picture of model molecular motions leading
to the macroscopic variables such as NMR relaxation times and
molecular diffusion rates. The dynamical insight from simulation
helps in characterizing the perturbation of the solvent rotational
and translation diffusion caused by the presence of the solutes.
The early study35 of solvent molecular dynamics in regions of
hydrophobic hydration of two small solutes has shown how
water translational and orientational motion can be affected by
the close proximity of the nonpolar solutes. Of late, there are a
number of simulation studies33,34,36and combined INS and MD
studies37,38 concerning the dynamics of the hydration water of
a protein molecule. It has been shown that dynamical properties
of hydration waters close to the protein surface are markedly
different from those of the bulk water. These studies have shown
that relaxation behavior of many dynamical quantities deviates
significantly from the bulk exponential decay. These MD studies

reveal two types of time constants with anomalous relaxation
behavior, as observed in highly heterogeneous disordered
systems such as supercooled liquids.

In our previous study24 on the hydration behavior of two large
hydrophobic model solutes, we have calculated the equilibrium
free energy profile or the potential of mean force (PMF) between
two nanoscopic hydrophobic plates. In the free energy profile
we found three local minima in addition to the contact pair state.
Examination of the solute-solvent structure corresponding to
these three minima apart from the contact minimum reveal that
these three minima correspond to three different solute-solvent
state corresponding to one, two and three intervening water
layers between the two solutes.

In the present study we investigate the dynamical properties
of the water confined between these two solutes at these three
intersolute distances. It is interesting to consider not only how
different the dynamical behavior of these water molecules in
various size traps is from that of the bulk but also how similar
their behavior is with the water near a protein surface or other
model surfaces.

II. Method

In the present work, we shall first briefly recall the procedure
used previously.24 The interested reader can find more details
in that work.24 Here we consider the dynamical properties of
water between two large, flat hydrophobic solutes by MD
simulation in a constant pressure ensemble. Each of the
hydrophobic solutes considered here was modeled as a graphite-
like sheet or plate made up of 60 carbon atoms placed in
hexagonal lattice with carbon-carbon bond lengths of 1.4 Å,
with the dimension of 11 Å× 12 Å. The water molecule in
this study was represented by the standard SPC/E39 model. The
two sheets were placed symmetrically around the center of a
cubic box containing 1800 water molecules, with the plates
being parallel to each other as well as to thexy-plane with three
fixed intersolute distancesr0 corresponding to three solvent
separated states represented by three local minima in the
potential of mean force calculated in our previous study. The
carbon atoms of the solutes were modeled as uncharged particles
having intermolecular interactions via a Lennard-Jones (LJ)
potential with diameterσCC ) 3.4 Å and a well depthεCC )
0.086 kcal mol-1 (or 0.3598 kJ mol-1), corresponding to the
sp2 carbon atoms in the AMBER 96 force field.25 The usual
Lorentz-Berthelot mixing rules [σOC ) (σCC + σOO)/2 andεOC

) (εCCεOO)1/2, with σOO and εOO being the LJ parameters for
oxygen atoms of SPC/E water] were employed to calculate the
interaction parameters for solute-water interactions. The solutes
were kept fixed at specific intersolute separations corresponding
to the three previously found minima in the solute-solute
potential of mean force. Simulations in the isothermal isobaric
(NPT) ensemble were carried out using the molecular dynamics
(MD) extended system approach of Nose’ and Anderson.40-42

Periodic boundary conditions were applied and all electrostatic
interactions were calculated using the Ewald method.43 The
bonds and angles between oxygen and hydrogen atoms of the
water molecules were constrained by use of the RATTLE
algorithm,43,44 and the solutes were kept rigid. All the systems
were simulated at a target pressure of 1 atm and a target
temperature of 298 K. The equations of motion were integrated
using velocity Verlet algorithm43,45with a 2 fstime step. Each
of these reference states was equilibrated for 100 ps and
dynamical properties were calculated from the coordinates and
velocities saved at every 0.02 ps (20 fs) for next 400 ps.

The dynamical properties of a fluid are conveniently described
through a consideration of a time correlation functionC(t),
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which can be cast in the form

where f i(t) is a vector function of positions or velocities of a
moleculei from the set ofN molecules at timet. Throughout
the present analysis of time correlation functions for water
between two solutes, we adopt the convention that a molecule’s
entire dynamical history is classified according to its positions
usually on the basis of spatial proximity at an initial time. Thus
in the above equation the sum overN includes only contributions
from those molecules that are within the confined space between
two solutes at an initial time, irrespective of there actual position
at time t later or at any intermediate time between 0 andt.
Therefore we rewrite eq 1 for the present case as

where the functionθi(t0) is 1, if moleculei is within the confined
region at an initial time irrespective of its position at any other
time, and 0 otherwise.Ω in the above equation is the
normalization constant given by

where t0
max is the total number of time origins considered for

time averaging andNoccu is the number of molecules in the
confined space averaged over all the time origins. As mentioned
by Zichi et al.,35 this specific classification scheme avoids the
introduction of a bias that would necessarily be imposed by a
scheme46 that calculates the dynamical properties in confined
space or shell region considering only those molecules that
remain in the region of interest at least as long as the greatest
correlation time considered. Although short time dynamical
behavior will be well characterized by this scheme,46 as one
would not expect most of the molecules to migrate from the
confined region at short time, long time dynamical behavior
may not reflect correct behavior, because this scheme does not
take into consideration the crossing of molecules through the
shell boundary that dominates at longer times. The present
scheme, however, avoids this difficulty. The power spectrum
for the velocity autocorrelation function has been obtained from
the Fourier transformation of the velocity autocorrelation
function using Filon’s method.43

III. Results and Discussion

In our previous investigation24 we have determined the PMF
between two large atomistic hydrophobic plates as described
above and we have shown that apart from the contact pair state
at an intersolute distance (r0) of around 3.4 Å, there are three
local minima corresponding to the three solvent separated states
with one, two and three intervening water layer/s at separations
r0 of 6.8 Å (state A), 9.8 Å (state B), and 13.0 Å (state C),
respectively. In the present study, we describe the dynamical
behavior of the intervening water molecules for these three
states. First we shall describe a time correlation function that

describes the dynamical behavior of the occupation of the
intersolute regions by the solvent water, which is known as
occupation time distribution function.35 Then we will analyze
the translational diffusion of these water molecules both from
the short time behavior given by the velocity autocorrelation
function and also from the longer time mean square displace-
ment. The rotational mobility will be analyzed by calculating
both first and second rank rotational correlation functions of
the water dipoles.

A. Occupation Time Distribution Function. The occupation
time distribution function is calculated here from the time
correlation function of the form represented by eq 1 withfi(t)
(or fi(0)) equal to 1 if a water moleculei is in the confined
region between two solutes at timet (or at time 0), otherwise
fi(t) (or fi(0)) is set equal to zero. Notice that a molecule which
leaves the region of interest at any timet, on reentering the
region, can continue to contribute to the distribution at any later
time. Thus we can write a normalized occupation time distribu-
tion functionR(t) as

with

whereθi(t) ) 1, if the oxygen atom of a water moleculei is in
the region of interest at timet and zero otherwise. In Figure 1
we have shownR(t) of water as a function of time for three
intersolute separationsr0 ) 6.8 Å (state A), 9.8 Å (state B) and
13.0 Å (state C). The functionR(t) as defined by eq 4 measures
the probability that the confined region is occupied by a water
molecule for a timet + dt on average and its decay with time
provides information about the local dynamics of the hydration
water molecules. As seen in Figure 1, all the three occupation
time distribution functionsR(t) decay initially very rapidly
followed by a slower decay. The nature of these time profiles
indicates that at least two time scales are required to describe
the relaxation processes over the entire period of time. Although
a biexponential relaxation is often employed to describe such a
decay, a single exponential for the fast dynamics and a stretched
exponential for the long time (slower) relaxation in the present
case fits the calculated data with considerably better precision,
e.g.

C(t) ) 〈∑
i)1

N

f i(t)‚f i(0)〉/〈∑
i)1

N

f i(0)‚f i(0)〉 (1)

C(t) )
1

Ω
〈∑

i)1

N

f i(t)‚f i(0)〉 )

1

Ω[ 1

t0
max

∑
t0)1

t0max

1

Noccu
∑
i)1

N

[f i(t0)‚f i(t0+t)]θi(t0)] (2)

Ω )
1

t0
max

∑
t0)1

t0max

1

Noccu
∑
i)1

N

|f i(t0)|2θi(t0) (3)

Figure 1. Occupation time distribution functions for the water
molecules belonging to three different confined states. The dashed line
is for state A withr0 ) 6.8 Å, the solid line is for state B withr0 ) 9.8
Å, and the dotted line is for state C withr0 ) 13.0 Å.

R(t) )
1

Ω[ 1

t0
max

∑
t0)1

t0max

1

Noccu
∑
i)1

N

θi(t0) θi(t0+t)]
Ω )

1

t0
max

∑
t0)1

t0max

∑
i)1

N

θi(t0) θi(t0) (4)

R(t) ) Ae-(t/τl)â
l + Be-t/τs (5)
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whereτs andτl are the two time constants associated with short
and long time decay, respectively,âl being the stretch-exponent
for the long time decay. This behavior is not uncommon in
systems that are characterized by complicated length and time
scales.47 The two preexponentsA andB in the above equation
are the measure of the relative proportions of the long and short
time processes, respectively. The stretched exponential behavior,
referred to as the Kohlrausch-Williams-Watts (KWW) law,
is often employed in the characterization of the non exponential
nature of relaxations in several phenomena in condensed matter
systems such as supercooled liquids and protein folding. The
KWW time constant provides the time scale over which the
process evolves. In the present case it gives us average time
over which the confined region is occupied by an average water.
The exponentsâl in the above equation is the signature of the
deviation of the dynamics in disordered media from a simple
exponential law. The deviation ofâl from unity signifies the
deviation of the relaxation from the usual exponential behavior.
A fast initial relaxation due to the presence of a transient
librational phenomenon follows a simple single-exponential
decay, whereas the slower long time relaxation is well fit with
a stretched exponential decay. This type of behavior with two
time constants has also been observed in many recent stud-
ies33,34,36 involving residence time of hydration water near a
protein surface and in many other different relaxation pro-
cesses.47,48

The values of all the parameters related to this decay for the
three occupation distribution functions considered here are given
in Table 1. The examination of these values shows that atr0 )
6.8 Å (state A), where two solute plates are separated by a single
layer of water molecules, the long nonexponential relaxation
process is very slow with a large time constant of around 100
ps. In the case ofr0 ) 9.8 Å (state B) also, where the intersolute
region is occupied by two layers of water, we find the relaxation
time for the slow (long time) process to be fairly large, but
smaller than the first case, which signifies that water in state A
is less mobile than that in state B. Forr0 ) 13 Å (state C);
however, we find the long time decay constant to be much
smaller than that in the previous two cases, indicating that water
in this state is much more free as compared to other two cases.

Theâl parameters indicate the degree of stretched exponential
behavior. We note that the for states A and Bâl is significantly
smaller than for state C. This indicates that though states A
and B have a significant KWW process in the relaxation, state
C demonstrates less complicated dynamics in the long time
process.

The fast dynamics show a small overall contribution to the
curve as noted by the coefficients, which are less than 10% of
the total in all cases. The fast decay processes, which last only
fractions of a picosecond, are very similar for states A and B,
but for state C this process decays much faster as compared to
A and B state. The fast transient inR(t) is due to very local
librational motions of a water molecule in a cage formed by its
surrounding neighbors. The comparatively slower decay of this
fast process for states A and B as compared to states C signifies
that local environment of a water in states A and B are much
more rigid due to the close proximity of the two large solute
surfaces and pronounced structure formation in this region. The

relative proportions of the short and long time processes as
indicated by the values of the coefficients reveal that the overall
decay process is dominated by the long time process for all the
three states.

B. Translational Motion and Diffusion of Water Mol-
ecules.1. Velocity Autocorrelation Function of Water Molecules.
The velocity autocorrelation function (VCF) has long been used
to reveal dynamics in the liquid state.49 Here, we use it as a
sensitive measure of the effects of confinement on the trapped
water molecules between the plates. It is calculated for the three
states A, B and C considered here by extending the definition
of time correlation function given by eqs 1-3, viz.,

with

wherevi(t) is the velocity vector for the oxygen atom of thei
th water molecule at timet and θi(t0) is 1, if the ith water
molecule is in the confined region at time origint0 irrespective
of its position at timet later. Thus in the sum overN in the
above equations we only include the velocities of those
molecules that are present in the confined region at the initial
time t0, a time origin. The velocity correlation functions for states
A, B, and C are presented in Figure 2a. The velocity correlation
function for states B and C are quite similar to each other and
are close to bulk water, whereas that for state A is strikingly
different from the same for other two states. For states B and
C, after a quick initial decay, a small minimum and shoulder
are observed due to rebound of the molecules from the shell of
their neighbor. This type of behavior is also observed in the
water near protein surfaces33,34,36 and for two hydrophobic
solutes35 in water. Notice that this feature is suppressed for state
A, in which water molecules are correlated with the solutes.
The oscillations in the VCF are generally due to the manifesta-
tion of the many body correlations and the differences in the
oscillations observed in these three cases indicate that waters
are in spatially different environments. The negative dip and
subsequent strong oscillations forr0 ) 6.8 Å case (state A) are
indicative of larger confinement effect in this case.

We compare the VCF of the multilayered state C with that
of bulk water, in the inset of Figure 2a. They are obviously
similar. The decay of the VCF has been achieved within roughly
1 ps for states B and C, whereas the oscillation persisted for
almost 1.5 ps for state A. Thus the diffusive regime by this
measure starts from 1 ps onward for states B and C and beyond
1.5 ps for state A. This general time scale was seen in earlier
analyses of water dynamics near protein surfaces.50

TABLE 1: Fitting Parameters for the Occupation Distribution Time Correlation Function R(t) As Calculated Using Eq 4 and
Fitted to a Curve According to Eq 5

r0 (Å) A τl (ps) âl B τs (ps)

6.8 (state A) 0.96( 0.0004 102.6( 0.278 0.66( 0.002 0.04( 0.0004 0.15( 0.004
9.8 (state B) 0.95( 0.0005 86.5( 0.245 0.65( 0.002 0.05( 0.0005 0.19( 0.004

13.0 (state C) 0.92( 0.0007 4.9( 0.006 0.81( 0.0009 0.08( 0.0007 0.015( 0.001

CV(t) )
〈v(t)‚v(0)〉

Ω
)

1

Ω[ 1

t0
max

∑
t0)1

t0max

1

Noccu
∑
i)1

N

{vi(t0)‚vi(t0 + t)}θi(t0)]
Ω )

1

t0
max

∑
t0) 1

t0max

1

Noccu
∑
i)1

N

Vi(t0)
2 θi(t0) (6)
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The calculation of the diffusion constant (D) from the
integration of the VCF using relation

for three states are performed by numerically integrating the
corresponding VCF; the values are tabulated in Table 2 along
with that calculated from mean square displacement (discussed
below). The upper limit of the integration for state A has been
set to 2 ps, where as those for states B and C have been set to
1.5 ps.

The power spectrum obtained by Fourier transformation of
the velocity autocorrelation function is presented in Figure 2b.
The frequency spectrum for the bulk water shown by solid line
has a major peak around 9-10 ps-1, attributed to manybody
motions35 and a broad shoulder-like peak at around 40-45 ps-1,
attributed to pairwise intermolecular oxygen-oxygen vibra-
tions51,52and is in good agreement with a recent study53 on bulk
water as well as that from early computer simulations of water.51

The frequency spectrum for state A shown by the dotted line
reveals a large shift of the 9-10 ps-1 bulk water peak to a much
higher frequency of around 16-17 ps-1 for our confined system.
The frequency distributions in the power spectrum are indicative
of the relative population of the density of states of independent

oscillators corresponding to a particular frequency, related here
to the local motions of water molecules. The shift in the main
peak for state A toward higher frequency can be attributed to a
larger forces acting on the molecules imparted by the restrictive
environment in this state. For comparison in the inset of the
same figure we have shown the power spectra for state B
denoted by solid line, state A denoted by dotted line and bulk
water shown by dashed line. A very small shift of 1-2 ps-1 in
the first peak for state B from the same for bulk water is
observed, whereas the same for state C although not shown here
for clarity are almost identical as that for state B. Spectra for
all the confined states are noisy due to poor statistics caused
by the small number of water molecules between the two solutes.

2. Mean Square Displacement of Water Molecules.The mean
square displacement (MSD) (〈∆r2〉 of the water oxygen for the
three states A, B, and C as well as for bulk water are shown in
Figure 3. As all other time correlation functions, MSD also has
been calculated by averaging over only those water molecules
that are in the confined region at the initial time (i.e., time origin
t0). The mean square displacement is a good measure of the
water translational mobility in a given environment and therefore
gives us information about the diffusion processes in the
medium. The MSD at long times is related to the self-diffusion
coefficient (D) of water by the well-known Einstein relation

wherer(t) is the position vector at timet. The diffusion constants
are obtained for each of the three states considered here and
bulk water from the slope of a linear fit of the respective MSD
data calculated from simulation trajectory. Comparing all the
MSDs presented in Figure 3, we see that slope of MSD for
state A is the smallest one and it increases as we go to larger
intersolute distances of 9.8 and 13 Å in states B and C,
respectively. The slope of the MSD for state C is very close to
that for bulk water indicating that the water in state C is not so
perturbed by the confinement due to solutes. This might be
unexpected given the strong density waves that exist for this
state.24 Thus the diffusion constant is the lowest for the confined
water molecules in state A and it increases with an increase in
the volume of the confined space. The diffusion constants as
obtained from integration of the VCF also show same trend.
The diffusion constants as obtained from MSDs are displayed
in Table 2.

The smaller diffusion constant for state A as compared to
bulk water is due to the lower mobility of water in the confined
region. The temperature of the confined water in state A as

Figure 2. (a) Velocity-velocity autocorrelation functions for the water
oxygens belonging to the three confined regions. Legends are the same
as in Figure 1. Inset: VCF for bulk water is shown by solid line along
with the same for state C shown by dotted lines. (b) Power spectra
obtained from the Fourier transform of the velocity-velocity autocor-
relation functions for the water oxygens belonging to the bulk water
(solid line) and state A withr0 ) 6.8 Å (dotted line). Inset: power
spectra for states A (dotted line), B (solid line), and bulk (dashed line).

TABLE 2: Diffusion Coefficients of Water in States A, B, C
and bulk from the Velocity Autocorrelation Integral (Eq 7)
as Well as from the Slope of Mean Square Displacement (Eq
8) and r Values from the Fitting of the MSD Plot to Eq 9

D/10-5 (cm2/s)

r0 (Å) from VCF from MSD R

6.8 (state A) 1.22 1.17 0.89( 0.001
9.8 (state B) 1.83 1.83 0.96( 0.002

13.0 (state C) 2.57 2.54 0.96( 0.001
∞ (bulk) 3.05 2.86 0.96( 0.0005

D ) 1
3∫0

∞
〈v(t)‚v(0)〉 dt (7)

Figure 3. Mean square displacements of water oxygens from the three
confined regions and the same for bulk. The dashed line is for bulk
water, the dotted line is for state C withr0 ) 13.0 Å, the solid line is
for state B withr0 ) 9.8 Å, and the dash-double dotted line is for state
A with r0 ) 6.8 Å. Inset: plots of the same MSDs in the log-log
scale.

D ) 1
6

lim
tf∞

〈∆r2〉
∆t

) 1
6

lim
tf∞

〈|r (t) - r (0)|2〉
∆t

(8)
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calculated from the average kinetic energy of these confined
water molecules from our simulation trajectory is around 10 K
less than the average temperature lagging the entire system.
Though the trend indicates an energy loss mechanism, the details
are an artifact related to the particular implementation of the
Nose′ style temperature bath. A similar temperature decrease
for the intersolute water has also been observed by Zichi et al.
in the NVE ensemble.35 This finding may have implication in
the role of solvent mobility on the protein glass transition.54

To examine whether any anomalous diffusion phenomenon,
as observed in many studies33,34,36,48 on hydration water of
proteins, exists in any of the present cases, we present the same
MSD plot in log-log scale in the inset of Figure 3. Initially,
up to around 0.2 ps, the behavior of the MSD for all three states
is almost indistinguishable. In this time zone the diffusive regime
has not been reached. Beyond this point, however, all the three
MSDs are different from each other, indicating a different
diffusive environment in each of the three states. As seen in
the VCF plot, the diffusive regime is established for states B
and C within around 1 ps, and for state A around 1.5 ps. Beyond
these times where diffusive regimes have fully been established,
the MSDs in the log-log plot (inset) appear to be linear with
time. The slope for state A is smaller than that corresponding
to normal diffusion, which obeys linear relation〈∆r2〉 ∼ t1. The
deviation from linearity of the solvent MSD has also been
observed in hydration water of protein molecules. To measure
the deviation from normal linear behavior of MSD, it is
generally fitted with the equation

The exponentR is a measure of the deviation from the linear
behavior. The value ofR is 1 in the ideal case of 3-D Brownian
diffusion, and any deviation from unity indicates the presence
of anomalous diffusion sometimes related to a change in
effective dimensionality. In the case of the hydration water of
a protein molecule the value ofR is usually less than 1 and this
sublinear behavior is attributed to the highly hindered motion
of the solvent molecules due to the presence of large solute
around them and also due to the enhanced solvent structure
formed around solute molecule to gain stability.

For our idealized system of confined water between plates,
the values ofR have been extracted from the simple fit of the
MSD in the log-log plot by eq 9 and are tabulated in Table 2.
For state A, where only a single layer of water is trapped
between two large solutes, the model water molecules are highly
structured and thus the smaller value ofR ) 0.89 indicates that
diffusion behavior in this region deviates significantly from the
normal behavior. For the other two statesR values are close to
1, indicating almost normal diffusion.

C. Rotational Diffusion of Water Molecules.The rotational
diffusion of the water molecules in the region between two
solutes with three intersolute separations corresponding to our
defined states A, B, and C has been analyzed through the
reorientational dynamics of dipole moment vectorsµ. The time
evolution of µ can easily be determined by calculating the
autocorrelation functionsΓ1 defined as the autocorrelation of
the Legendre polynomialsPl(cosθ(t)). Thus, we have

whereµ̂(t) is the unit vector along the dipole moment vector at
time t. The first (l ) 1) and second (l ) 2) order Legendre
polynomial are calculated from our MD simulation and can also
be obtained from experiments. First-order properties can be

derived from the infrared spectroscopy, whereas the second-
order function is obtained from NMR experiments. We present
Γ1(t) in Figure 4 andΓ2(t) in Figure 5 for the present case of
confined water in three states A, B, and C along with the same
for bulk water. In generalΓ2 decays much faster thanΓ1 for all
the four cases studied here. The long time decay of bothΓ1

andΓ2 also follow the same general trend that a longer time is
required for relaxation in the case of stronger confinements as
in state A with r0 ) 6.8 Å and relaxation becomes faster in
going to largerr0 values. Thus both these functions indicate
that confinement makes the rotational rearrangement hindered
in confined spaces. Similar behavior has also been observed in
case of hydration water of some globular proteins,33,34,36where
the close proximity of water to the protein surface has made
the reorientation slower. At very short time a quick initial decay
followed by a bump as seen in the inset of Figure 4 corre-
sponding to the librational oscillations is finally superimposed
upon a long time decay. This behavior was also observed
earlier35 for water between two small hydrophobic solutes. Due
to the existence of two time scales a single exponential or single
stretched exponential decay cannot describe well the calculated
data over the entire time range. In the present case, we find
that a stretched exponential for short time decay and a simple
single exponential for long time process for both theΓ1 andΓ2

in all the four cases can describe the calculated result over the
entire time scale of 0 to 20 ps considered here. The form of the
equation with which bothΓ1 and Γ2 have been fitted is as
follows:

whereτs andτl are the relaxation times corresponding to short
and long time processes,âs corresponds to the stretching
exponents for short time process andA andB are the relative

〈∆r2〉 ∝ tR (9)

Γl(t) ) 〈Pl(µ̂(0)‚µ̂(t))〉 (10)

Figure 4. First-order reorientational correlation functionsΓ1(t) (see
eq 10 withl ) 1) of the dipoles of water molecules in three different
confined environments corresponding to states A, B, and C and in bulk.
Inset: same plot with magnification of initial times. Legends are the
same as in Figure 3.

Figure 5. Second-order reorientational correlation functionsΓ2(t) (see
eq 14 withl ) 2) of the dipoles of water molecules in three different
confined environments corresponding to states A, B, and C and in bulk.
Inset: same plot with magnification of initial times. Legends are the
same as in Figure 3.

Γl(t) ) Ae-(t/τs)âs + Be-(t/τl) (11)
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proportions of the two processes, respectively. The values of
the time constants (τ) and stretched exponents for bothΓ1 and
Γ2 are displayed in Table 3 and 4, respectively. As expected
the decay for the slower process in bothΓ1 and Γ2 becomes
slower with decreasing values ofr0 corresponding to greater
confinement. However, the fast process forr0 ) 6.8 Å (state
A) in Γ1 shows a rapid decay compared to other two states.
This is also evident from the plot in the inset of Figure 4, which
shows that in this time scale (0-0.3 ps), state A decays faster
compared to other states.

In general we find the more confinement, the more the
restrictions in motion, both rotational and translational. This
result is in contrast to the notion that water might not only
attempt to dewet but also be more mobile in proximity to
surfaces.

IV. Conclusions

In the present work we have investigated the effect of two
large hydrophobic solutes on the dynamical behavior of water
between two solutes. The water between the two solutes are in
close proximity to both the solutes and are thus likely the most
perturbed water in the whole system. The longer occupation
time of water in the smallest confined region studied here (state
A) indicates that water in this region is highly structured. A
similar inference can be drawn from the VCF and RMSD
calculations. With the increase in volume of the confined region
dynamics of water becomes faster in general. Analysis of
occupation time distribution function and rotational correlation
functions indicate two time scales with two distinct relaxation
times. The sublinear trend in the MSD and stretched relaxation
in many of the dynamical processes indicate anomalous
dynamical relaxation reminiscent of hydration water near the
protein surfaces33 and supercooled liquids.48 Thus the present
study shows that the behavior of water near the large hydro-
phobic model plates considered here has been significantly
perturbed by the presence of the big solutes, in the same way
as that expected for the hydration water of proteins.
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