10902 J. Phys. Chem. B002,106,10902-10907

Molecular Dynamics Simulations of Sodium Dodecyl Sulfate Micelle in Water: The
Behavior of Water
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Using a 5 nsexplicit atom molecular dynamics simulation of a 60 monomer sodium dodecyl sulfate micellar
system containing 7579 TIP3P water molecules, the behavior of water in different electrostatic environments
was examined. Structural evaluation of the system revealed that penetration of water molecules into the micelle
was restricted to the headgroup region, leaving a 12 A water-free hydrocarbon core. Water molecules near
the headgroup exhibit a distortion of the wat&rater hydrogen bonding network due to headgroup oxygen
water hydrogen bond formation. The dynamic implications of this distortion are manifested in the decay of
the dipole autocorrelation functiod(t) and translational diffusion coefficient. We observe that while the
translational diffusion coefficient of water molecules in the first solvation shell of the micelle is reduced by
less than a half of its value in bulk water, the slow component of the reorientational correlation function is
slowed by one or two orders of magnitude.

Introduction SCHEME 1

The behavior of water at the molecular level has long been < Hydrophobic tai > o

of interest due to its abundance in nature and its unique c . R R . . l N
properties as a solvefit® In particular, the structure and o 7 "o N e N Ne 1\O// ~o,
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dynamics of water have been studied in relation to its function 0s
in biological system4. Investigations of protein and DNA s
systems have revealed much about the function of water in the Hydrophilic head group

stability of these macromolecufeand its role in moving ions
across ion channefs® Through a combination of experimental  regions labeled. Hydrogens are not shown for clarity. Micelles
and computational techniques, properties such as hydrogenformed from SDS have been studied previously using molecular
bonding, diffusion, and reorientation in response to stimuli can dynamic$”-19and other computer simulation techniques, but the
be probed.With greater computing power becoming available, time scale and system size in all of these previous studies were
increasingly complex systems can now be examined. Thus, for small compared to our recent more extensive calculatio@sir
example, the structural and dynamical properties of micellar jonger simulation (5 ns) has shown that the sodium counterions
solutions can be studied using molecular dynamics simu- require a significant amount of equilibration time. Another
lations'%-23 From these simulations we can also learn about benefit of using a larger system is that better statistics becomes
the molecular level structure and dynamics of water in charged available for certain physical properties of water, such as the
environments and its interaction with such charged assemblies.giffusion coefficient in different regions of the system. Of the
The formation of a micelle is dependent on the presence of micellar characteristics evaluated in our previous work (we will
water in large quantities relative to the surfactant. The surfactantrefer to this as Paper 1), none had significant deviation over
aggregates with other surfactant molecules to minimize the time except for the required equilibration time for the sodium
energetically unfavorable interaction of its hydrophobic tail with  counterion distribution. This was accounted for in the analysis
water. In this work, the water molecules have been explicitly by discarding the first nanosecond of the production run. The
simulated as opposed to using an electrostatic continuumsame procedure is followed here. All micellar structural quanti-
description for the water. Since individual water molecules can ties were stable throughout the simulation.
control the outcome of many fundamental processes, water paper | reported a detailed analysis of the structural and
should be studied both macroscopically and as individual gynamical properties of the surfactant molecules and the Na
molecules composing the solvent. counterions. The results implied that a large amount of surface
The common ionic surfactant sodium dodecyl sulfate (SDS) roughness exists in the system. Hydrocarbon-to-water contact
is shown in Scheme 1 with the hydrophobic and hydrophilic was evaluated on the basis of accessible surface area calcula-
tions. Evaluation of the micelle shape revealed that the micelle
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Figure 1. Density of selected atoms at the interfacial region between the micelle and the aqueous phase.

hydrocarbon core while still generally associating with the other
tails.

Berendsen temperature coupling metdd keep the temper-
ature at 300 K. For comparison, a simulation consisting of 510

It was also observed that the sodium ions formed contact- TIP3P water molecules was performed at 300 K in a periodic
ion pairs with the micelle headgroups rather than completely box of dimension 24.837 A 24.837 Ax 24.837 A. A 400 ps
dissociating. Fifty percent of the counterions were in either the NVT production run was carried out after a short (100 step)

first or second shell while the remainder were in the bulk. The
diffusion coefficients for the ions in these different regions were
all less thanDy,+ found for a system consisting of spatially
separated Na and CI in water. In addition, the diffusion
coefficients for the ions followed the tremkyg shel™> D2nd shell
> Dist shet Below, this pattern for the sodium ions in different
shells will be compared to the pattern for water molecules in
different regions of the system.

To complete our study of the structural and dynamical
properties of the SDS micellar solution, an examination of the
properties of water in this system was done. In previous

computational studies of SDS by other researchers only

structural analyses through the relevant radial distribution
functions were performed. No dynamic studies of the water
behavior were carried odit:®®Water coordination distributions

were not analyzed and neither was the hydrogen bonding

network or the diffusion coefficients. Comparison of these

properties was reported in one series of papers on sodium
octanoate micelles, but this surfactant has a very different

headgroup and will clearly exert a different influence on the
water behavior than SD%:16 Studies of octyl glucoside
micelles performed by Bogusz et#@l?2examined the structure
of the waters interacting with the micelle, but did not report
any results on the bulk behavior or on any of the water
dynamics. The work of Tieleman et.®# on dodecylphospho-

choline considered only the physical properties of the micelle/
water interface. Clearly there is a need for a detailed analysis

of the behavior of water in different regions of SDS micelles,
and we will use our MD run for this purpose. Below we present
results of our analysis with particular attention paid to structural

issues such as electrostatic environment and penetration of wate
into the micelle core, and to dynamic issues such as the diffusion

coefficient.

Method

minimization, an NPT simulation for density equilibration, and
thermalization.

Further explanation of the methods used to extract physical
properties of the system are given in the relevant sections below.
As mentioned previously, one of the most distinct differences
between this work and all previous studies of ionic surfactant
systems is the length of the simulation: 5 ns. During this
simulation the sodium counterions required a full nano-
second to reach an equilibrated distribution. As a result,
complete analysis of the system was performed only on the last
4 ns of the simulation.

Results and Discussion

A. Water Structure. 1. Interfacial Region and Water
Penetration The density distribution of selected atoms in the
system provides information about its composition. A radial
density plot (Figure 1) was constructed by calculating the
distance of selected atoms from the micelle center of mass
(COM) every 1 ps and counting the number of atoms in 0.1 A
wide shells around the micelle COM. Examination of Figure 1
shows that the interior of the micelle is water free. There is a
10 A portion (fromR = 12 A to R = 22 A) where the
hydrocarbon and water are in contact. This value is comparable
to those obtained in studies of dilauroylphosphatidylethanol-
amine (DLPE) and dipalmitoylphosphatidylcholine (DPPC)
membraned’ The length of the interface, defined as the distance
between the point where the water reaches 10% of its bulk
density and the point where the hydrocarbon diminishes to 10%
of its bulk density, is 4.5 A. This is in agreement with results
pf MacKerrell}” The 12 A water-free hydrocarbon core also
agrees with MacKerrell, but in that work water molecules within
12 A of the micelle COM were removed as part of the setup
prior to the production run. No water molecules were deleted
in this manner in our simulations because there were no water
molecules within 12 A of the micelle COM after the thermal-

The simulation was carried out as described in detail in Paperization process of the system preparation.

.19 Briefly, the method is summarized as follows: The parm98
force field within AMBER & was used to perfon a 5 ns NVT

Investigation of the interface between the bulk water and the
micelle interior reveals a region where the water molecules

molecular dynamics simulation on a SDS micelle consisting of interact with both the hydrophilic headgroup and the hydro-
60 surfactant monomers, 60 Neounterions, and 7579 TIPZP phobic tail of the micelle. Because there are not enough
water molecules. Thermalization and equilibration were carried headgroups to completely cover the micelle surface, there is
out including a 40 ps NPT simulation, which brought the density some water-to-hydrocarbon contact. The accessible surface area
to 1.0051 g/mL and a box size of 65.042 A 61.762 A x analysis presented in Paper | revealed that 70% of the micelle-
63.348 A A 2 fs time step was used for the production run to-water contact is through the headgroup. Therefore, it is the
with  SHAKE for all hydrogen-containing bonds and the oxygen atoms of the headgroup that provide the primary means
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Figure 2. Water oxygens-to-micelle oxygens radial distribution function. Headgroup oxygebs-;. Main chain oxyger= O,. Thin solid line
shows the coordination number of the headgroup oxygen, while dashed solid line is for the main chain oxygen. The number of water molecules in
the first coordination shell is 0.6 for&and 1.3 for Q, O,, and Q.
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Figure 3. Water—water hydrogen bonding by micellar region. Thaxis represents the percentage of water molecules with a given number of
hydrogen bonds.

of micelle-to-water electrostatic interactions. Complete charac- of the most distinctive features of bulk water is its hydrogen
terization of the interface between the micelle and the water is bonding network. Disruption of the network in different regions
important as it can aid in the understanding of how other of the system was quantified using the energetic definition of a
hydrophilic species such as cells and membranes interact withhydrogen bond: when the pair energy of any two water
their aqueous environments. molecules is less than10 kJ/mol, the waters are considered
2. Hydrogen Bonding NetworkTo analyze the water to be hydrogen bonded. Figure 3 shows the results of our
headgroup interaction, relevant radial distribution functions analysis for water-to-water hydrogen bonding distribution. The
(RDFs) were calculated over the last 4 ns of the simulation at analysis was performed for different shells of water. Based on
2 ps intervals. These functions were then averaged and normalthe micelle oxygen-to-water oxygen radial distribution function
ized. Figure 2 shows the RDFs for both &hd Q-3 to water (Figure 2), each shell was defined as follows:
oxygen (see Scheme 1 for explanation of the numbering system).

At a course glance, it may seem odd that the peaks of the RDF First Shell of Water: R, o <3.5 A 1)
are coincident, but further investigation reveals that surfactant
monomers can extend into the water enough thaisCat the Second Shell of Water: 35&AR, o <6.0A (2)

same distance from a water molecule as{OThe difference
in the magnitudes of the peaks more clearly expresses the
difference in the relative position along the chain of O
compared to @3. It should be noted that the RDFs are
normalized so that the difference in magnitude is not simply Comparisons were made with a bulk water simulation performed
due to the fact that there are three terminal oxygens atoms onon 510 TIP3P water molecules. Third shell water molecules
the headgroup and only one main chain oxygen atom. exhibit a nearly identical distribution of hydrogen bonds as that
The presence of the surfactant headgroup causes manyof bulk water: most of the water molecules have 3 hydrogen
distortions in the bulk behavior of water near the micelle. One bonds followed by 4 and then2:28 (The relative proportions

Third Shell of Water: R, o > 6.0A )
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04 of water molecules having + 1 hydrogen bonds in either of

‘ - the other two shells or in the bulk water simulation. This can
S LoeH A be explained by considering that in the first shell of the micelle,
N 0
04 / 0, 0
O3

b micelle headgroup atoms may replace the position normally
filled by another water molecule with a hydrogen bond to the
_ micelle through the headgroup oxygen atoms. This phenomenon
0= 9OW-HW-Omjc was investigated by stipulating that a micelle-to-water hydrogen
Figure 4. Water-to-surfactant hydrogen bonding. A water molecule bond ,eX'StS when the distance between the water oxygen and
is considered hydrogen bonded to the micelledf R, < 3.25 Aand  the micelle oxygen is less than 3.25 A and the arfgfermed
00,~Hy—Ome > 140C°. by the micelle oxygen, one of the water hydrogens, and the
water oxygen was greater than 24(QSee Figure 4.)

Bor bulk Watetr d?p'qted u:hFlgure 3 differ Sl'gh;ly gofr_n .tthat Off Evaluation of the water-to-micelle oxygen hydrogen bonding
orgensen €t al. since ey use an energetic detnition ot a o, 0415 that 60% of the water molecules in the first shell of the

hydrogen bond of-2.25 kcal/mol (or—9.414 kJ/mol). When . ) o 0
—9.414 kJ/mol was used as the energetic criterion, the Jorgensenrmce”e have one micelle-to-water hydrogen bond and 33% have

distribution was reproduced. The differences, though, are zero. (See Figure 5.) Combining this information with the water-
extremely small, and thus a éutoff ef10.0 kJ/moyl was us'ed tojwa}ter_hydrogen _bonding for first ShPT” water molecules
for all water-to-water hydrogen bond calculations). (distribution shown in Figure 3) results in a total hydrogen
The hydrogen bond distribution for the second shell of water bonding distribution for first shell water molecules that more
is different compared to that of bulk water. Thus, for example, cIose_Iy rese_mble_s that of bulk water (See Figure ), although
we observe a decrease in the relative ratio of 4 and 2 hydrogenthe distribution shifts toward a fewer number of hydrogen bonds
bonds from 2.4:1 in bulk to 1.5:1 in the second shell. For water PE" water molecule. As will be discussed below, this shift has
molecules in the first shell of the micelle, the presence of the & Significant impact on the mobility of the water molecules in
headgroups (as well as their charge) causes a much greate‘he first shell. It must be noted that the relative distributions of
distortion in this distribution. Here the majority of the water nydrogen bonds shown in Figure 5 depend somewhat on the
molecules have only 2 water-to-water hydrogen bonds and achoice of hydrogen bond definition although for variations of
s|gn|f|cant decrease |S observed in the number Of water 9 + 200, the most nO'[Iceab|e diﬁerence was the exact number
molecules with 4 water-to-water hydrogen bonds. It is interesting ©f hydrogen bonds, not the relative ratios.
to note that the percentage of water molecules hawving Continuing with this definition of a micelle-to-water hydrogen
hydrogen bonds in the first shell is comparable to the percentagebond, the number of water molecules that are hydrogen bonded
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Figure 5. Water-to-micelle hydrogen bonding distribution.
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Figure 8. (a) The single dipole autocorrelation function as a function
of time for those water molecules that remain in respective shells
continuously for 20 ps; the solid line is for water molecules in the first
shell, the long dashed line is for water in the second shell, and the
dot—dashed line is for water in the third shell. For comparison, the
decay of bulk water is also included (dotted line). (b). Dipolar
autocorrelation function for those water molecules which stay at a
distance less tha6 A from the micellar surface continuously for 250
ps (solid line). The dotted line is for bulk water.

to an individual headgroup (or coordination nhumber) was also
examined. The resulting distribution is shown in Figure 7. It
was found that 70% of the monomer headgroups have from 5
to 7 water molecules hydrogen bonded to them. Detailed
analysis of the hydrogen bonding network of water in the
different regions of the micelle and of water-to-micelle hydrogen
bonding are crucial in understanding the structure and dynamics
of water in confined environments, and it is to the issue of
dynamics that we now turn.

B. Water Dynamics. 1. Dipole Autocorrelation Functions.
The single dipole autocorrelation functiom®(t), provides
information on the reorientation of the solvent (through motion
of its dipole) as a result of interaction with other solvent dipoles
or solute molecules over tim&(t) is defined a¥

oy = 20#O0 4)

whereu(t) is the dipole of a given water molecule at a tite
andu(0) is the dipole of the same water molecule at time zero.
Figure 8a show(t) as a function of time for water molecules

in each of the three shells of the micelle as well as that for bulk
water. Each curve (except the curve for bulk water) was obtained

from 20 ps trajectories during which water molecules were in
their corresponding shells and did not cross the boundaries of
these shells. As we can see, while over the first 100 fs the dipole
autocorrelation function for water molecules in the first shell
displays an initial decay that is the same as for bulk water
molecules, over the longer time scale the decay is much slower
compared to the one observed for bulk water molecules. The
behavior of the autocorrelation function of the water molecules
in the second shell is similar to the one displayed for the first
shell, although the slow component decay is somewhat faster.
Finally, we observe that the decay of the correlation function
for those water molecules that are in the third shell is the same
as the decay for bulk water molecules. To find out the behavior
of the orientational correlation function over longer time we
need to take into account that water molecules cross the
boundaries of the shells over longer times. Thus to extend our
calculation of the correlation function to a 200 ps time interval
we divide all water molecules into two groups: the first group
contains all the water molecules that are influenced by the
micelle, i.e., water molecules that stay at a distance less than 6
A from the micelle during the time interval of 250 ps, the second
group contains all other water molecules. Figure 8b shows the
plot of the dipole autocorrelation function for water molecules
that are influenced by the surface of the micelle and compare
this plot with the one for bulk water. From both Figures 8a and
8b we conclude that the slow component of the reorientational
correlation function decays much slower (by one or 2 orders of
magnitude) compared to bulk water.

2. Diffusion Coefficientdt has already been confirmed that
the micelle significantly distorts the structural properties of water
molecules next to the micellar surface. We also observed that
the rotational dynamics of a water molecule next to the surface
is disturbed. The translational dynamics of the water can be
appropriately examined by comparing the relative diffusion
coefficients in different parts of the system. Using Einstein’s
relation connecting mean square displacement with the diffusion
coefficient:

_ 2
|imM[|

D= 6t

(%)

t—o0

and the water-to-micelle oxygen RDF (Figure 2) to define shells
of water that surround the micelle, we found that the relative
ratio of diffusion coefficients for water molecules in the three
regions is roughly 0.6:0.8:1 with a value DB shei Of 5.4 x

1075 cn?/s. This value is comparable to that found previously
for the TIP3P water modéf.3! Dy, was found to be 5.3«
1075 cn/s. Equations %3 give the definitions for water shells
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used in this analysis. Again, as for the calculations of dipole ment$§” and simulations is that constrained water exhibits slow
autocorrelation functions, the 20 ps trajectories were used for dynamics. This has substantial implications for kinetics of
all three shells to determine the diffusion coefficient. reactions occurring in the presence of this type of water.
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