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The dynamics, structural properties, and energetics of hydration water around a sodium dodecyl sulphate
micelle have been investigated using molecular dynamics simulation. A clear revelation of the slow dynamics
of the hydration water has been made by separate measurements of the rotational and translational properties.
Calculated diffusion coefficients fall within the range of experimentally observed quantities. The water-micelle
head group(MHG) hydrogen bond is more stable(by an amount,7.0 kcal/mol) compared to the water-water
hydrogen bond. The difference in stability of the water monomers forming different numbers of hydrogen
bonds sn=0,1,2d with the MHG has clearly been shown from the analyses of their rotational relaxation,
residence times, as well as the energy of interaction with different components of the system. The singly
hydrogen-bonded water species is the most abundant and stable. The entropy plays the key role in controlling
the relative abundance of the different species.
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I. INTRODUCTION

The altered structure and dynamics of water molecules at
the interfaces of biological macromolecules and other self-
organized assemblies have received great attention recently
[1,2]. Experiments[1,3–9] performed extensively during the
last decade have shown that the dynamics of hydration water
(“biological water”) is slower than that of bulk water. Atom-
istic simulations are revealing very interesting details of the
structure, energetics, and dynamics of water molecules near
surfaces of proteins[2,10], DNA [11], lipid bilayers [12],
etc., and almost all reports have indicated a slowing down of
water molecules near the interface. There are reports that
hydration water is crucial for the functionality of biological
macromolecules[13–16]. At the membrane surface the inter-
action with interfacial water constitutes the initial events that
take place during many biological recognition, insertion, and
transport processes. The complexity of membrane interfaces
makes them less amenable to experiments. Micelles, on the
other hand, provide a relatively simple mimic of a membrane
and are being extensively used to study a variety of peptide-
membrane interactions[17,18]. The nature of hydration wa-
ter at the micellar interface has attracted some attention in
recent years. In a series of reports[19–22] on cesium penta-
decafluorooctanatesCsPFOd micellar systems, interfacial
water molecules have been classified into three categories:
the first two are either singly or doubly hydrogen bonded(H
bond) to the polar micellar head groups(MHG’s) and the
third category included water molecules that are not H
bonded to MHG’s. The bound water molecules are stabilized
[22] by an energy of,2.0–4.0 kcal/mol. It was suggested
that entropy is a key factor in determining the relative abun-
dance of the individual species. The dramatically slow dy-
namics of interfacial water has been attributed to the long-
lived hydrogen bonds between water and surfactant head
groups[20,21].

Sodium dodecyl sulphate(SDS) micelles having a more
complicated head group structure(SO4

− as compared to
COO− in CsPFO) are extensively used to study membrane-
peptide interactions. Earlier computer simulation reports by
Bruceet al. [23] on the water environment near SDS micelle
focused on the structural and dynamical aspects including
the relevant radial distribution functions. It has been revealed
there that the water molecules do not penetrate the hydrocar-
bon core and the hydrogen-bond network of solvent mol-
ecules is disturbed by the hydrogen bond between water and
head group atoms. They have also indicated that the rota-
tional movement is more affected than translational in the
first hydration shell[23]. However, statistics on different wa-
ter species are not extensive and a more detailed investiga-
tion about the nature of the different types of hydration water
including their relative abundance, rotational and transla-
tional diffusions, residence times, and stabilization energies
seems worthwhile.

We report here the quantitative measurements of the dy-
namical properties and the detailed analysis of the water
structure in the first hydration layer of SDS micelle including
their identity, binding properties, and thermodynamics in-
volved. The simulation strategy as well as the force field
adapted in this case is different from previous studies. Usu-
ally in order to cut down the computational time such simu-
lations are run after freezing the vibration of bonds and
thereby increasing the integration time step to 2 fs[23].
However, freezing of bonds containing hydrogens may ad-
versely affect the calculated dynamics of the hydrogen bonds
as it has been shown that bond vibrations can influence the
lifetime of the hydrogen bonds[24]. In the present work no
constraint on the vibrations of the bonds has been applied
and a shorter integration time step of 1 fs has been taken.
Our simulation is in agreement with those reported[19–22]
for CsPFO in identifying the different types of water mono-
mers present in the first hydration layer. This distinction in
water monomers has been found to be appropriate also from
calculation of their stabilization energy. The diffusion coef-
ficients calculated for water molecules in various hydration
shells match quite well with the experimental data. The resi-*Corresponding author. FAX: 91-33-2351-9755.
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dence times of water in the first and subsequent hydration
layers demonstrated clearly the presence of fast and slow
components. The structure and dynamics of the singly- and
doubly-hydrogen-bonded species have been categorized.

II. SIMULATION DETAILS

The structure of a SDS monomer was generated using the
CHARMM (Chemistry at Harvard Macromolecular Mechan-
ics) package(version No. 28b1). Copies of the monomer
were rotated and translated properly to construct an almost
spherical micelle of radius,21 Å containing a cavity of
radius,3.5 Å at the center. The micelle was consisting of
62 monomers. The aggregation number of SDS has been
reported to be in the range 60–70 at room temperature
[25,26], and our choice of 62 monomers was arbitrary within
the specified range. The micelle was minimized in vacuum
and then was placed in a cubic water box of side length 60 Å
containing 8000 TIP3P water molecules(which corresponds
to a density,1 g/cm3). The water molecules residing within
the 10 Å distance from the center of the micelle were deleted
[27], and then any other water molecules whose oxygen
atom resides within 2.6 Å distance from any heavy atom of
the micelle were deleted. Sixty-two sodium ions were added
to the system by replacing the water molecules randomly to
maintain the overall electroneutrality of the system. The re-
sulting system contained 62 SDS monomers, 6756 water
molecules, 62 sodium counter-ions, and overall 22 934 at-
oms. The system was then energy minimized, heated to
300 K, and equilibrated. After that the resulting box size was
61 Å361 Å361 Å. A 2.8-ns-longN-V-T simulation was
carried out with 1 fs integration time step,CHARMM force
field, and parameter of version 27. A 12-Å cutoff for non-
bonded interactions was used, and the nonbonded lists were
updated after every 25 fs. Long-range electrostatic and van
der Waals interactions were taken into account using a shift-
ing function. A periodic boundary condition was applied to
the system to minimize the edge effect. Different types of
analyses need different types of sampling intervals and tra-
jectory lengths. Coordinates were usually saved after each
250 fs, and in addition to that the snapshots during the last
30 ps of the whole trajectory were saved after each 15 fs,
which gave a resolution sufficient to study the short time
dynamics[28]. The diffusion properties were analyzed with
this trajectory of 15 fs resolution. We have not considered
the first 1 ns of the total 2.8 ns trajectory(TRAJ1) for the
analysis so that the system equilibrates sufficiently before the
analysis starts. Different portions of the last 1.8 ns of the
trajectory have been used for the analysis. A cubic water box
of 32 Å side length containing only 1000 water molecules
was simulated with similar protocol, and this trajectory has
been used to generate the data for “bulk” water which is the
system of reference. This trajectory has been referred as
TBLKC. The data presented in this work have been extracted
from these two trajectories.

In this article we have discussed the justification of using
a spherical cutoff for long-range electrostatics. We have ex-
tended the TRAJ1 for another 0.5 ns using the particle mesh
Ewald (PME) summation method, and this extension has

been referred as TRAJ2. The bulk water was also simulated
using PME(referred as TBLKP) in addition to the trajectory
“TBLKC” run with the cutoff method. The diffusion proper-
ties of water obtained from the different methods of simula-
tion have been compared. We have performed the simulation
on a PIII IBM server at our department.MICROCAL ORIGIN

5.0 has been used for plotting the data, drawing the figures,
and for giving different types of fits(e.g., stretched exponen-
tial decay) to the data.

III. RESULTS

In this study the focus was on the properties of the sol-
vents. The solvent model and the simulation scheme were
chosen in such a way that the bulk properties of the
solvent— i.e., water—could be produced close to the experi-
ments. It was highly nontrivial to choose the method of tack-
ling the long-range electrostatic interactions. Though the
Ewald summation technique is more accurate than ordinary
cutoff methods, it has been shown that the TIP3P model for
water gives better data(i.e., closer to the experiments) when
it is treated with a cutoff method coupled with shifting func-
tions for nonbonded interactions rather than using the Ewald
summation technique[29,30]. Makarov et al. [30] clearly
reported the overestimation of the water diffusion with the
Ewald technique. Several reports[29–35] on the self-
diffusion coefficients of TIP3P water indicate that the choice
of method for handling the long-range interactions, nonbond-
ing cutoff distances, introduction of shifting potential func-
tion in case of cutoff methods dramatically change the ob-
servable properties. Using these different strategies the
reported[29–35] self-diffusion coefficient of water ranges
between 2.3310−5 and 7.0310−5 cm2/sec for the original
and modified TIP3P models. In some reports[29,30] it has
been shown that the use of the Ewald summation technique
yields an elevated diffusion coefficient s,5
310−5 cm2/secd, whereas with a 12-Å nonbonding cutoff
the calculated water properties are closer to the experiments.
In our case, the self diffusion coefficient of “bulk” water
obtained from the PME trajectory(TBLKP) is 3.8
310−5 cm2/sec (see Table I) whereas using a 12-Å cutoff
and shifted potentials(TBLKC) yielded a value 2.8
310−5 cm2/sec, which is closer to the experimentss2.3
310−5 cm2/secd [36]. It has been suggested by Alperet al.
[37] that for solvent properties the use of the Ewald summa-
tion technique should yield poor results since the TIP3P
model was originally optimized with cutoff methods. Our
results indicate that the present simulation procedure pro-
duces the diffusion properties for the micellar system and the
“bulk” water from the trajectories TRAJ1 and TBLKC, re-
spectively, much closer to the experiments than the previous
reports[23] sD=5.3310-5 cm2/secd on a similar system.

A. Radial distributions of water

Various types of properties reported in this article which
are averaged over water shells(e.g.,R=1–4 Å, R=5–8 Å,
etc.) acknowledged only those water molecules, which do
not leave that specified water shell within the time interval of
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the calculation.R defines the water shells, andR is measured
from the micelle head group oxygen(MHGO). As a starting
point we need to have information about the distribution of
water molecules around the micellar head groups since it is
impossible otherwise to define a cutoff distance for the first
layer of hydration. Calculation of a radial distribution func-
tion is very useful to get a picture about the distribution[2].
The radial distribution functiongsrd is calculated as follows:

gasrd =
kDNasrdl
4pNwrDr

, s1d

wherekDNasrdl is the number of water molecules averaged
over time, within a distancer ±Dr /2 from a hydration sitea,
r is the density of the bulk water, andNw is the total number
of water molecules in the system.Dr was chosen as 0.1 Å.

In Fig. 1 the plot of the O-O radial distribution—i.e., the
MHG oxygen atoms(MHGO) versus water oxygen atoms—
shows that there is a concourse of water molecules at a dis-
tance 2.7 Å. This peak arises due to the micelle-water hydro-

gen bonding. We have used a value of 4 Å as a cutoff
distance for defining the first layer of hydration, and this
distance is measured from the MHGO atoms. Use of this
value ensures the inclusion in the first layer of almost all
water molecules that have a chance to form H bonds with the
MHGO. To compare the properties averaged over the water
layers of similar thickness we choose the first water layer of
R=1–4 Å rather thanR=0–3 Å and take the subsequent
layers at R=5–8 Å and R=9–12 Å. The layer for R
=0–1 Å wasignored to avoid the void region on the micelle
surface which has been observed from Fig. 1.

B. Categorization of MHG-water hydrogen-bonded species

The water monomers in the first hydration layer can exist
as H bonded(labeled as “bound water”) to the MHG oxygen
atom or as free—i.e., having no H bond with the MHG. In
SDS micelle MHGO’s can only act as acceptor. The criteria
for the H bond was set such that the OHO cutoff angle was
120° and a maximum value of 2.4 Å for the O-H length was
allowed. These cutoff values were compatible with the
CHARMM force field[38]. The water monomers which form a
single H bond and a double H bond with the MHG have been
labeled as 1HBW and 2HBW, respectively, and the water
molecules residing in the first hydration layer having no H
bonds with the MHG have been labeled as FRW—i.e., free
water.

C. Rotational diffusion

The information about the influence of the interaction be-
tween the macromolecules or molecular assemblies and the
solvent on the diffusive properties of hydration water can be
obtained from the study of the rotational diffusion of the
water electrical dipole. The reorientational dynamics of the
water electrical dipolemW i can be analyzed by means of the
autocorrelation functionG1 defined as[39–41]

G1std = kP1fmW is0d · mW istdgl, s2d

whereP1 is the lth-order Legendre polynomial andmW istd is
the unit vector along the dipole axis of theith water molecule
at time t; the bracket “kl” indicates both the average over
solvent molecules and different time origin. The first- and
second-order(i.e., l =1, l =2) Legendre polynomials are usu-
ally investigated. Here we report for the second-order func-
tion. The relaxation of rotational correlation function of the
hydration water can be fitted with a sum of two stretched
exponential functions[2]:

G2std = Ae−st/tsd
bs + Be−st/tld

bl , s3d

where thel and s suffixes stand for the longer and shorter
components of the relaxation orientation timet. b is the
stretching parameter and is a measure of the deviation from
the exponential character of the decay. This type of time
behavior is termed Kohlrausch-Williams-Watts(KWW) re-
laxation [42,43]. TheA andB values tell the relative contri-
bution from the shorter and longer components of the decay,
respectively. Figure 2 and Table II show that the relaxation
becomes fast as we go away from the MHG, and this is

TABLE I. Diffusion coefficientsDd values for water in different
layers around micelle head groups obtained from the simulation
using spherical cutoff and shifted potential(VSHIF), which has
been compared with theD values obtained from the simulation of
the same system using PME technique. TheD values for bulk water
for each method of simulation and experiment[36] have been
given.

RsÅd Ds10−5 cm2/secd Ds10−5 cm2/secd
Ds10−5 cm2/secd

(experimental) [36]

1–4 1.7a 3.0b

5–8 2.3a

9–12 2.6a 3.7b

Bulk water

1.3 s278 Kd
2.8 3.8 1.8s288 Kd

(TBLKC) (TBLKP) 2.3 s298 Kd
aUsing a spherical cutoff coupled with a shifted potential(TRAJ1).
bUsing PME(TRAJ2).

FIG. 1. Micelle-water radial distribution around SDS micelle as
a function of the distance between water oxygen and the nearest
micelle head group oxygen atom.
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indicated by the decreasing values of decay constants as the
distance from the MHG increases. We have identified the
water monomers, which are either bound(1HBW and
2HBW) or free (FRW) at the start of the calculations in the
first layer, and the difference in their rotational dynamics has
been shown in the table and figure mentioned above.

D. Diffusion properties of the water molecules

Solvent mobility is most conveniently described by the
diffusion coefficientD related to the slope of the molecular
mean-square displacements(MSD) by the Einstein relation-
ship, which ind dimension has the following form[44]:

D =
1

2d
lim

Dt→`

kurWistd − rWis0du2l
Dt

=
1

2d
lim

Dt→`

kDr2l
Dt

, s4d

whererWistd and rWis0d are the position vectors of theith sol-
vent molecule at timet and at timet=0 respectively. The
numeratorkurWistd−rWis0du2l represents the MSD of the position
vectors which is referred to asrmsd in Fig. 3. The “kl” sign
indicates the averaging over both the time origin and the
solvent molecules. This method of calculation ofD requires
the storing of the coordinates with a higher frequency(here

we have used 15-fs intervals) during the simulation run[45].
The diffusion coefficients for the water at different layers has
been calculated(Table I) from the slope of the linear fit of
the plot(Fig. 3) of rmsdof water oxygen atoms versus time of
last 8 ps duration of a total 10 ps trajectory length analysis
with a resolution of 15 fs(the Dt being 8 ps). The values of
R define the water layer on which the individual calculations
have been made. The diffusion coefficients1.7
310−5 cm2/secd for water molecules in the layerR
=1–4 Å indicates the least tendency to diffuse, whereas for
R=9–12 Å we gotD=2.6310−5 cm2/sec. The water in the
first hydration layer is 1.6 times less diffusive than the
“bulk” water whose diffusion coefficient is 2.8
310−5 cm2/sec. Table I also containsD values obtained
from the experiments[36] at various temperatures. TheD
values obtained for the run with the PME method(TRAJ2)
have been shown in Table I for a comparison.

Instead of a linear change in the MSD value of water with
time calculated from the Einstein equation a time-dependent
change of the slope of the plotrmsd versus time has been
observed which is indicative of the anomalous diffusion at
the micelle-water interface that has been previously observed
at the protein water interface[2,10,46]. Due to the presence
of anomalous diffusion, the MSD follow the law

kDr2l , ta. s5d

The log-log plot(Fig. 3) of rmsd versus time is helpful to
get the values ofa. The abrupt change of the slope indicates
the establishment of the diffusive regime after ballistic re-
gime that lasted for the first 0.2 ps. Before the diffusive re-
gime was established, the initial slope for the all layers of
water gavea,2, which became less than 1 when the diffu-
sive regime was established and did show a distinct and low-
est value(see Fig. 3) of a for the shellR=1–4 Åsa=0.84d.
The water at the larger distance did show almost similar
values ofa=0.88 within the time interval of the calculation.

E. Residence time analysis

To understand the translational diffusive property of the
layers more clearly, calculation of the water residence times

TABLE II. Fitting parameters for the data obtained for rotational
relaxation calculated according to Eqs.(2) and (3) for water mol-
ecules residing at various shells of water around micelle. Bound
water and FRW both resides in the shellR=1–4 Å. Data forbulk
water have also been given for comparison.

R sÅd A ts spsd bs B t1 spsd b1

Bound 0.62 0.84 0.33 0.38 2.20 0.90

FRW 0.53 0.60 0.33 0.45 2.09 0.90

5–8 0.51 0.36 0.38 0.49 1.76 0.91

9–12 0.49 0.37 0.40 0.51 1.62 0.90

Bulk(TBLKC) 0.49 0.37 0.40 0.51 1.67 0.90

FIG. 2. Rotational relaxation of the water molecules at various
shells of water around SDS micelle: bound(solid line) in the first
layer, free or FRW(dashed line) in the first layer,R=5–8 Å (dash-
dotted line) and R=9–12 Å (dotted line). Fitting parameters have
been given in Table II.

FIG. 3. Log-log plot of the mean-square displacementsrmsdd of
water molecules(extracted from TRAJ1) at various shells around
SDS micelle:R=1–4 Å (dash-dotted line), R=5–8 Å (solid line),
and R=9–12 Å (dotted line). The a values reported in the figure
have been calculated by a linear fit of the data of last 8 ps of a total
10 ps duration of the calculation.
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is essential. Water residence times can provide useful in-
sights into the structural and translational dynamical behav-
ior of interfacial water in the first or successive hydration
shells of the macromolecular atoms exposed to the solvent
[2]. Commonly, the residence time is evaluated from a sur-
vival time correlation functionCRstd, describing the relax-
ation of the hydration shells of a macromolecule or molecu-
lar assemblies[2]. The “layer survival time correlation
function” can be defined as

CRstd =
1

Nw
o
j=1

Nw kPR,js0dPR,jstdl
kPR,js0d2l

, s6d

where thePR,j is a binary function that takes a value of 1 if
the j th water molecule stays in the layer of thicknessR for a
time t without getting out in the interim of this interval and
of zero otherwise. This quantityCRstd measures the probabil-
ity that a water molecule remains in a given layer for a time
t. The relaxation trend of theCRstd provides information
about the local dynamics of the hydration waters. A sum of
three exponential functions was fitted to the data according
to the following equation:

CRstd = A1e
−st/t1d + A2e

−st/t2d + A3e
−st/t3d. s7d

The decay for the various water layers is shown in Fig. 4
and the values of the decay constants have been given in
Table III. TheA, B, andC values indicate the relative con-
tribution from the different time scale motions to the decay.
We have separately reported the decay of survival time cor-
relation function for bound and free water rather than aver-
aging it over all the waters in the first layer. Figure 4 and
Table III show that bound water resides for the longest in a
particular water layer among all the water molecules in the
system.

F. Lifetime of the water monomers in the first layer

The bound water in the first layer can be identified either
as 1HBW or as 2HBW at any instance. Since they are always

in dynamic equilibrium with the other species, during the
course of the simulation they can leave the first hydration
layer or be converted to FRW. A similar kind of conversion
was also true for FRW; it has always the chance to be con-
verted to either “bound” or “bulk.” So we have also investi-
gated the lifetime of different water species in the first layer.
A function CW has been defined for this calculation[21]:

CWstd =
khs0dhstdl

khl
, s8d

wherehstd is 1 if a water monomer preserves its identity at
time t and otherwise zero; i.e., if a 1HBW selected att=0
remains as 1HBW att thenhstd will be taken as 1, but oth-
erwise zero.CW allows the reformation of bonds that are
broken at some intermediates. Figure 5 shows that the decay

TABLE III. Fitting parameters for the data obtained for the de-
cay of survival time correlation function calculated according to
Eqs. (6) and (7) for water molecules residing at various shells of
water of similar thickness around micelle.

Bound
A1=0.02 t1=0.50 ps

A2=0.59 t2=3.74 ps

A3=0.39 t3=27.40 ps

FRW

A1=0.60 t1=0.41 ps

A2=0.22 t2=2.75 ps

A3=0.18 t3=22.68 ps

R=5–8

A1=0.22 t1=0.29 ps

A2=0.44 t2=1.74 ps

A3=0.34 t3=5.60 ps

R=9–12

A1=0.18 t1=0.27 ps

A2=0.37 t2=0.94 ps

A3=0.45 t3=3.46 ps

FIG. 4. Decay of survival time correlation function of water at
various shells of water around SDS micelle: bound(solid line) in
the first layer, free or FRW(dashed line) in the first layer,R
=5–8 Å (dash-dotted line), and R=9–12 Å (dotted line). Fitting
parameters have been given in Table III.

FIG. 5. Decay of theCw function [see Eq.(8)] for different
water species in the first hydration layer showing the lifetime of
those species: 1HBW(solid line), 2HBW (dashed line), and FRW
(dotted line). Fitting parameters[see Eq.(9)] have been given in
Table IV.
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of CW is slowest for the 1HBW. A fit of a sum of three
exponentials[20,21] for CW has been able to clearly show
the wide variation of the decay constants:

CWstd = A1e
−st/t1d + A2e

−st/t2d + A3e
−st/t3d. s9d

The fitted data have been shown in Table IV. The dynami-
cal stability of 1HBW species over the 2HBW or FRW is
evident from thet values. The low contributionsA1=18%d
from the fast componentst3=0.23 psd and the higher contri-
bution sA3=38%d from a very slow componentst3

=79.0 psd of the decay have been observed for 1HBW
species.

G. Solute-solvent interactions at the first hydration layer

The preference of the water monomers to form a H bond
with a MHG rather than with another water molecule could
be analyzed in terms of water-micelle interaction energies.

Two types of pair energy distributions, MHG-water(Fig. 6)
and water-water(Fig. 7), have been calculated. Figures 6 and
7 show the probabilityPsEd as a function of interaction en-
ergyEint (in kcal/mol). For the MHG-water interaction Fig. 6
shows a peak roughly around −12 kcal/mol and the relative
height of the peaks for the different water species makes it
clear that 2HBW gets maximum stability from this interac-
tion and the FRW species do not have much benefit, whereas
1HBW is an intermediate between these two. The peak
around −12 kcal/mol is indicative of MHG-water H-bond
formation. In Fig. 7 the water-water pair energy distribution
shows a slight peak around −5.0 kcal/mol for “bulk” water
arising plausibly due to the water-water H bond[22] and the
decrease in height of the peak in the order bulk
@FRW.1HBW.2HBW is due to the decrease in prob-
ability of water-water H-bond formation in the same order.
In Fig. 8 total interaction energy of a water monomer with

TABLE IV. Fitting parameters for decay of the lifetime correla-
tion function sCwd of various water species in the first hydration
layer calculated according to Eqs.(8) and(9). Thet values give the
lifetime of the 1HBW, 2HBW, and FRW.

1HBW
A1=0.18 t1=0.23 ps

A2=0.44 t2=3.38 ps

A3=0.38 t3=79.00 ps

2HBW

A1=0.33 t1=0.17 ps

A2=0.28 t2=2.26 ps

A3=0.39 t3=13.60 ps

FRW

A1=0.37 t1=0.17 ps

A2=0.33 t2=1.40 ps

A3=0.30 t3=17.80 ps

FIG. 6. Potential energy distributions for pairs of molecules of
the type 1HBW-MHG(solid line), 2HBW-MHG (dashed line), and
FRW-MHG (dotted line).

FIG. 7. Potential energy distributions for pairs of molecules of
the type 1HBW-water(solid line), 2HBW-water(dashed line), and
FRW-water(dotted line). The dash-dotted line for the bulk denotes
the pair-interaction energy distribution of the water molecules in
pure water obtained from TBLKC trajectory.

FIG. 8. Distribution of monomer energies of water molecules in
the layer R=1–4 Å: 1HBW (dash-dotted line), 2HBW (dashed
line), FRW (dotted line), and for bulk water(solid line) (from the
TBLKC trajectory).
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the rest of the system has been plotted in the abscissa. The
vertical axis shows the probability. The overall stability in
terms of potential energy follow the order
FRW,1HBW,2HBW.

The ratio 1HBW: 2HBW, which has been found as 10:1,
gives a measurement of the free energy difference between
these two states. This ratio corresponds to a free energy dif-
ference of,1.4 kcal/mol, which has been calculated from
the following equation:

DG = − RT ln
n1

n2
, s10d

where the ratiosn1 and n2 are the number of two different
species which are in equilibrium at temperatureT s300 Kd.
The ration1/n2 has been averaged over time. The MHG is
actually a SO4

− group and contains more than one acceptor
oxygen atom. So there could have been a formation of two H
bonds at a time between a SDS monomer and a water mono-
mer. But in fact it has been observed that the O-O distance
s2.3–2.5 Åd in the single MHG does not allow this phenom-
enon. So 2HBW species always forms double bonds with
two different SDS monomers. It is clear that although the
second H bond between water monomer and micelle gives
some additional stability, the 2HBW is not the most favor-
able and abundant state.

IV. DISCUSSION

We have reported here the structure and dynamics of the
water around SDS micelle and the energetics controlling
these properties. The water monomers present in the first
layer of hydration have been found to exist as “bound” or
“free.” The bound water has further been classified according
to its number of H bonds with the MHGO. The dynamics of
various types of water species have separately been quanti-
fied which give more clear insight than a previous study[23]
into the understanding of the “slow water dynamics” at the
first layer of hydration around SDS micelles. The rotational
dynamics have been separated from translational dynamics
during analysis. The calculation of the time constants for the
rotational relaxations[Eq. (2)] of the bound water are 0.84
and 2.20 ps(Table II) whereas for the “bulk” water the val-
ues obtained from the trajectory TBLKC are 0.37 and
1.67 ps, which is almost the same for the layerR=9–12 Å
obtained from the trajectory TRAJ1(0.37 and 1.62 ps). The
shorter and longer components for the relaxation become 2.3
and 1.4 times, respectively, for the bound water than the bulk
water. The relaxation time for the FRW falls midway be-
tween the slowest decay of the bound water and the “fastest”
decay of the water at larger(i.e., beyond the first layer) dis-
tances. This implies that though FRW is not directly H boned
to the MHG, the interaction with micelle as well as the local
environment influences its dynamics. The translational dy-
namics have been studied by calculating the self-diffusion
coefficient of water and residence time analysis. The diffu-
sion coefficients values seem to be more realistic for the
TIP3P water model used when the system was simulated
with a

spherical cutoff method coupled with a shifted function. The
calculatedD values for the run with the PME method have
been shown in Table I to be 3.8310−5 cm2/sec for the bulk
water which is far from the range of the experimental data
[36], whereas using a 12-Å cutoff and shifted potentials we
got a value 2.8310−5 cm2/sec, which is much closer to the
experiments s2.3310−5 cm2/secd [36]. With the PME
method theD values obtained for theR=1–4 Å and R
=9–12 Å layers are 3.0310−5cm2/sec and 3.7
310−5 cm2/sec respectively, whereas with our simulation
technique D values for these two layers were 1.7
310−5 cm2/sec and 2.6310−5 cm2/sec, respectively(Table
I). This clearly shows that the differences in the mobilities of
these two layers are more prominent with the cutoff method.
The results for both methods indicate that the layerR
=9–12 Å hasbulk character. Comparing the experimentalD
values for water at various temperatures(Table I) the low-
temperature behavior of the first-layer hydration water be-
comes very clear. This might arise due to the anomalous
vibrational properties of hydration water as suggested in
some previous studies[21,28]. Our preliminary calculations
indicated a high density of vibrational states in the low-
frequency range of the vibrational spectrum of water in ac-
cordance with some previous reports for water around mi-
celles [21] and proteins[28]. An in-depth analysis of the
vibrational behavior of solvent molecules for the present sys-
tem will be taken up in the future.

The residence time was analyzed with the measurement of
the decay constants of the survival-time correlation function.
For bound water the decay constants are 0.5, 3.74, and
27.4 ps, but the contribution from thet1=0.5 ps is very
small (2%) whereas thet2=3.74 ps andt3=27.4 ps contrib-
ute 59% and 39%, respectively, which clearly indicates that
majority of bound water have a large residence time. FRW
have a longer componentst3=22.68 psd, which is less than
that for the bound and its contribution is low(18%). The
other two components are also faster than the bound water.
The longest component for the FRWst3=22.68 psd is arising
due to the influence of the local environment. It is interesting
to note that the fastest component corresponding tot1
=0.41 ps contributes 60% for the FRW, which is much
higher than that for the bound water. The decay constants for
the R=5–8 Å andR=9–12 Å aredrastically different than
bound or FRW. The very slow components,22–27 psd ob-
served at the first hydration layer vanishes in the subsequent
layers and the slowest component forR=9–12 Å hasbeen
found to be 3.46 ps, comparable with the faster components
of the bound water. To monitor the existence of a particular
H bond the lifetime analysis is more informative than the
residence time analysis. It is established from the data that
the 1HBW is dynamically much more stable than 2HBW or
FRW. Thet3 for FRW s17.8 psd is slightly greater than that
for 2HBW st3=13.6 psd but the contribution for FRW is less
(30%) than that for 2HBW(39%). The t2 for FRW s1.4 psd
is almost 0.6 times of thet2 for 2HBW s2.26 psd. The life-
time of FRW also depends on the choice of the thickness of
the hydration layer. The longest decay for the 1HBWst3

=79 psd was not observed from the residence time analysis
since the residence time for the bound water was averaged
over 1HBW and 2HBW.
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To understand the involved thermodynamics we have cal-
culated the probability distributions of water-MHG(Fig. 6)
and water-water(Fig. 7) interaction energy. The position of
the peaks for different species in Figs. 6 and 7 reveal that the
MHG-water hydrogen bond is stronger than the water-water
hydrogen bond by an amount,7 kcal/mol. Due to this rea-
son, the water monomers prefer to form a H bond with
MHGO. Figure 8, which is a probability distribution of the
water monomer energy of the interaction with the rest of the
system, clearly tells us that stability increases in the order
FRW,1HBW,2HBW. A greater stability of the MHGO-
water H bond forces a water monomer to leave the solvent
cage formed by other water molecules. The spacing between
the peak positions for 1HBW, 2HBW, and FRW indicates
that the there is a benefit of,1.5–2.0 kcal/mol from each
H-bond formation between water and MHGO. The nearly
same peak position for the FRW and bulk are indicative of
the comparable stability of both species. A similar observa-
tion was also reported for the CsPFO system, where the slow
dynamics of the bound water was attributed to the strength of
the MHGO-water hydrogen bond[19–22]. It has been ob-
served that the 2HBW is not the thermodynamically most
favored state at though it has the less potential energy than
1HBW or FRW. This is due to the fact that the 2HBW spe-
cies is restricted in motion, which causes a loss in entropy
and reduces the number of 2HBW species formation. The
MHGO-MHGO distance can also be a reason for the poor
abundance of 2HBW. If the distance between the two head
groups of the micelle is too large, then one water monomer
will not be able to form two H bonds with the different head
groups simultaneously. Surprisingly the calculation showed
that 80% of the O-O distance pairs of SDS micelle could
allow the accommodation of at least one 2HBW species.
This calculation leads us to the conclusion that it is the loss
of freedom for 2HBW species rather than the availability of
two “O” acceptors at a chosen geometry that is the main
cause of its poor abundance.

The ratio of the number of free and bound water mol-
ecules is misleading to calculate the free energy differences
between these two states since the number of free water mol-
ecules will increase if the thickness of the first layer is in-
creased. In a previous report[23] on the SDS miceller sys-
tem the FRW: 1HBW: 2HBW has been found to be
33:60:7—i.e., 4.71:8.6:1.0. The number of free water mol-
ecules will increase if we take the first hydration layer asR
=1–5 Å rather than usingR=1–4 Å but thenumber of
1HBW or 2HBW species will not change sinceR=1–4 Å
already includes all bound water molecules in the system.
But it should be reported here that forR=1–4 Å we have
observed the ratio 10:10:1.

The effect of the shape and size of the micelle can play an
important role in controlling the properties of the hydration
water. The works reported in Refs.[19–22] deal with an
oblate-shaped micelle and the dimension of micelle is also
different from our spherical SDS micelle. For that CsPFO
micelle [19–21] the number of donor or acceptor atoms on
the polar(carboxylate) head group on each monomer is also
less. In spite of these dissimilarities the agreements of the
observed properties tell that the shape and size of the micelle
has a less effect on the properties we have studied.

V. CONCLUSIONS

Our investigation includes both structural and dynamical
property analysis of water in the first layer of hydration. The
structural part includes definitions of the first layer of hydra-
tion from radial distribution plots followed by a classification
of the water monomer present in the first layer according to
its binding and interaction energies with micelle head
groups. We have observed three different types of water
monomers that have been labeled as FRW, 1HBW, and
2HBW and they have zero, one, and two H bonds with mi-
celler head-group oxygen atoms. The dynamics of these wa-
ter species have been quantified individually and which give
clearer picture than a previous study[23] about the water
dynamics around SDS micelle. The residence time of the
water and the lifetime of the different water species around
SDS micelle presented here were not reported in any article
before. The method of simulation adjusted to prevent the
overestimation of the diffusion properties of water compared
to the experiment. The overestimation of the self-diffusion
coefficient of water with the PME technique was observed
also for our system which was in agreement with some pre-
vious observations[30,37] and that is why we adapted a
simulation scheme which would be compatible with the sol-
vent model[37]. The self-diffusion coefficients of the water
around SDS micelle reported previously[23] were far away
from the range of experimental data and it was indicative of
an overestimation of the property which might have been
reflected in the other dynamical properties also.

The reason for the slow dynamics in the first hydration
layer which has been observed here is due to the fact that the
water molecules try to achieve a more stable state by forming
a H bond with MHG and become frozen or less mobile com-
pared to that of bulk water. This happens due to the fact that
the micelle-water H bond is more stable by an amount
,7 kcal/mol over the water-water H bond. This fact also
creates a concourse of the water molecules at a distance of
,2.7 Å from the MHGO which has been established from
the radial distribution plot. Bound water—i.e., water mono-
mers H bonded to the micelle—is practically frozen both
rotationally and translationally compared to the bulk. The
FRW and bulk water monomers also form H bonds with
other water monomers, and in that sense they are also not
free water. We presented here the rotational relaxation and
translation dynamics of bound and free water separately and
indicated the relative contributions of fast and slow dynam-
ics. An in-depth study shows that the lifetime of the 1HBW
species is much longer than the 2HBW or FRW. Since in the
Fig. 8 the probability distribution showed that the 2HBW
gets maximum stability, it was expected to have highest rela-
tive abundance among the three types of species and it
should have been also dynamically the most stable. But en-
tropy plays a role here, and to prevent the loss in freedom,
the 2HBW species are formed fewer in numbers compared to
the 1HBW. Thermodynamically 1HBW is more stable than
2HBW by an amount,1.4 kcal/mol which is quite similar
to the value observed for the CsPFO system[22]. The ratio
FRW:1HBW has been found to be 1:1 although FRW is en-
ergetically less stable and the lifetime of the FRW species is
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also less compared to 1HBW. This can be interpreted as that
our definition of the first layer included a huge number of
free water and that is why our observed ratio FRW:1HBW is
much different from previous reports on the SDS miceller
system and for the CsPFO system[22,23]. Similarities of the
data obtained for SDS and CsPFO system strongly suggest

that the observed anomalous behavior of water molecules
near a micellar surface can be a general feature.
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