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The dynamics of water molecules and ions near an
aqueous micellar interface is a subject of intense cur-
rent interest, as such a system serves as a prototype of
more complex biological systems, in addition to being
important in its own right. We study the dynamics by
using an atomistic molecular dynamics simulation of a
micelle of cesium pentadecafluorooctanoate (CsPFO)
in water. This micellar system is stable over a range of
temperature, allowing us to perform a detailed study
of the microscopic dynamics of water at the surface of
the micelle, at two different temperatures. The dipolar
orientational correlation function of the water mole-
cules and the polar solvation dynamics (SD) of cesium
ions and tagged water molecules are calculated. Res-
ults show that the reorientational motion of water
molecules near the micelle is restricted, and as a result
exhibits a slow component which is slower than its
bulk value by at least two orders of magnitude, in
agreement with dielectric relaxation experiments. In
addition, the SD of cesium ions is found to be slowed
down significantly, again by more than two orders of
magnitude compared to that in the bulk water.
Through an analysis of partial solvation time corre-
lation functions, we find that the cesium ions are
primarily solvated by the polar headgroups, and their
SD is thus intimately coupled to micellar dynamics.
Both orientational dynamics and SD show strong tem-
perature dependence.

SELF-ORGANIZED molecular assemblies are often found in
nature in an aqueous environment. In these systems, the
water molecules which are confined within or at the sur-
face of such assemblies have properties which are different
from bulk water and these differences are often used in
Nature to carry out specific physico-chemical functions'®.
Recently, several groups have studied the dynamics of
such water molecules by using many different techniques,
including dielectric relaxation (DR)™, solvation dyna-
mics (SD)*®, NMR relaxation dispersion (NMRD)* and
intermolecular water-solute NOE studies’. These studies
have led to the surprising discovery of the existence of a
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second, very slow, component in the dynamics of water
in such restricted environments’. This second component
decays in hundreds to thousands of a picosecond. The
first component remains ultrafast, similar to that in bulk
water. The slow second component appears to be unique
to water in complex systems and may play an important
role in many chemical reactions such as electron transfer.
The origin of this slow component is not understood and
is currently a subject of lively debate®.

Experimental studies have shown that the relaxation of
water near a micellar surface exhibits a similar slow
component. SD in neutral (triton X-100, TX), cationic
(cetyl trimethyl ammonium bromide, CTAB) and anionic
(sodium dodecyl sulphate, SDS) micelle have been
studied using C480 and 4-aminophthalimide (4-AP) as
probes®. Spectroscopic studies indicate that the probes
reside in the water (i.e. the Stern) layer near the micellar
surface. The average solvation times for SDS, CTAB and
TX are respectively 180, 470 and 1450 ps for C480, and
80, 270 and 720 ps for 4-AP (ref. 6). Thus, SD in the
Stern layer of the micelle is two to three orders of mag-
nitude slower than that in the bulk water. The ultrafast
component of SD in reverse micelle was studied under
varied conditions by Levinger and coworkers'’. DR studies
also show the existence of a very slow component.
Recently, Ladanyi and coworkers have explored the role
of constrained water in SD within reverse micelle'’.
Their interesting study has revealed many aspects of
water dynamics in constrained environments. However,
the origin of the slow component is not understood at
present. In bulk systems, the orientational relaxation of
the solvent molecules and the SD of the ion/dipole in
question is well understood. This may not be the case in
inhomogeneous systems where the underlying surface
can play a very important role.

In order to understand the origin of the slow decay, we
have performed atomistic molecular dynamics (MD) simu-
lations of a micelle in water. The simulations reveal that
while the dipolar correlation function of water molecules
that are far from the surface decay on their usual fast
time scale, the ones near the micelle show a very slow
decay. The SD of counterions that are present near the
micellar surface, also shows a dramatic slowing down
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compared to those present in bulk solvent. It is further
found that this slowing down of the reorientation of water
molecules can be attributed at least partly to an interest-
ing transient hydrogen bonding arrangement where two
neighbouring hydrogen-bonded water molecules are hyd-
rogen bonded to oxygen atoms of two neighbouring polar
headgroups of the micelle. The lifetime of such an
arrangement depends not only on the dynamics of sur-
rounding water molecules (and hence the temperature),
but also on the vibrational dynamics of the surfactant
molecules. Our results thus indicate a possible role of the
micellar aggregate in the experimentally observed long
time decay of the solvation time correlation function. In
addition, simulations reveal a rather strong temperature
dependence of orientational dynamics of surface water.

It is important to realize that the water molecules are
not permanently bound to the micellar surface and are
rather transient to the surface. This aspect raises several
interesting issues regarding the role of averaging in the
observable properties. Thus, a single particle and collec-
tive properties behave differently, as the collective pro-
perties, like DR and SD of the system are sensitive to the
fraction of (slow) water molecules at the surface.

In the next section, we discuss the simulation details.
We then present the results and discuss their significance.
The last section contains the concluding remarks.

Simulation details

In this simulation, the surfactant is pentadecafluoro-
octanoate, with cesium being the counterion, commonly
referred to as CsPFO. The CsPFO-H,O system has been
well-studied experimentally'>"” and is regarded as a
typical binary to exhibit micellization'*. The amphiphiles
are believed to form disc-shaped (oblate ellipsoid) micelles,
stable over an extensive range of concentration and tem-
perature. As a function of concentration, the system
exhibits isotropic, nematic and lamellar phases. In the
nematic phase, the mesogenic units are the individual
micelles. The critical micelle concentration is around
0.02 weight fraction of CsPFO in water. At 350 K, the
isotropic phase is stable up to a weight fraction of 0.62
and the average aggregation number is around 60.

The MD simulation was carried out in the NVT ensem-
ble for an aggregate of 62 CsPFO molecules in 10,562
water molecules, i.e. at a weight fraction of 0.15. The
initial configuration of the micelle was built to mimic
experimental data pertaining to its size and shape'. This
configuration for the micelle with linear dimensions of
45, 45, 25 A along its principal axes, was placed in a box
of water with linear dimensions of 84, 84, 55 A. Water
molecules in hard contact with the micelle were removed
by observation. The counterions were placed at random
positions among the water molecules, with the constraint
that they were at least 7 A away from the micellar
headgroups. The potential for water molecules is the
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extended simple point charge (SPC/E) model", the coun-

terions carry a unit positive charge, which is compen-
sated by a + 0.4e charge on the carbon of the octanoate
headgroup and a — 0.7e charge on each of the oxygens of
the headgrouplé. The surfactant is modelled with explicit
fluorine atoms and interactions between the fluorocarbon
tails were obtained from the work of Sprik et al'’ on
polytetrafluoroethylene. Other details of the potential
parameters are provided in ref. 18. The equations of motion
were integrated with the reversible reference system
propagator algorithm (RESPA) scheme' using the PINY-
MD package®® with an outer time-step of 4 fs. The bond
stretch and bend interactions within molecules were inte-
grated with a time-step of 0.5 fs, while the torsional
degrees of freedom were handled at 1 fs interval. The non-
bonded interactions were split into two ranges, and the
short-range interactions were integrated at 2 fs interval.
Coulombic interactions were treated using the particle-
mesh Ewald method. The system was initially equilibrated
under constant pressure conditions, to arrive at a ‘natural’
simulation box size of linear dimensions 81.4, 81.4, and
52.6 A. The system was equilibrated for around 0.5 ns
and the micelle was found to be stable, with a total pres-
sure of around 100 atmospheres. The analyses reported
here were carried out from different sections of a sub-
sequent 2.3 ns trajectory.

While dealing with discrete molecules or ions, it is
often impossible to objectively define different interfacial
layers precisely. This is because of the constant exchange
of molecules between such layers. Our interest is to
observe the slow dynamics of water near the interface.
This is obviously the strongest for those water molecules
whose residence times within any defined layer are the
longest. Simulations prior to ours have also looked at the
dynamics of water near a micellar interface, but they
chose to include all water molecules that were in an
interfacial layer at an arbitrary reference time to be ‘part’
of that layer. Thus, such analyses could have contri-
butions from water molecules which got exchanged to
neighbouring layers. In our study, the distance-dependent
orientational correlation function of water molecules was
calculated by following only those molecules which
stayed within a given distance from the micellar surface
throughout that particular run. This seriously curtails the
number of qualifying water molecules, particularly since
one of our operating temperatures of 350 K is above
ambient conditions, when water is quite mobile. For exam-
ple, at 350 K, for a time period of 72 ps, only 18 water
molecules are present within 6 A from the headgroup,
and no water molecule stays within a distance of 10 A
from any headgroup, continuously, for more than 300 ps.

Thus, both the distance from the headgroup as well as
the residence time define the location of a water molecule
amongst the different layers. This effectively filters out
molecules or ions which relax fast, so that we could focus
on only those species with a slow component in their
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dipolar or solvation relaxation. In general, we found that
water molecules more than 20 A away from the micellar
surface behave identically as those in the bulk.

The dipolar orientational time correlation function is
defined as usual by the following relation

— < i(t)' i(0)>

0 ,0n°
where [,(f) is the dipole moment vector of the ith water
molecule at time ¢.

The SD is monitored by the decay of solvation time
correlation function Cy(f) which is defined as’,
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where 3E(f) denotes the fluctuation in the polar part of
the potential energy of the tagged cesium ion at time ¢,
and the angular bracket is an equilibrium average over
different reference zero times, and over cesium ions or
water molecules.

Cy(f) was calculated by considering only the polar part
of interaction energy, both of a tagged water molecule
and of a tagged cesium ion, with the rest of the system.
Typically, the coordinates of all the atoms from a MD
run were stored at periodic intervals from which the
correlation functions were calculated. In order to study
both the fast (tens of femtoseconds) and the slow (tens or
hundreds of picoseconds) dynamics, we had to store the
coordinates at different time resolutions, varying from
4 fs to 1 ps, from different MD runs. For the calculation
of Cy(#), the polar energy was calculated using a real
space molecular interaction cut-off of 23 A, with no
Ewald sum. Note that our MD simulations were perfor-
med with converged Coulomb energies, using the Ewald
summation method, and that we used a simple real-space
cut-off during data analysis only. In the absence of an
Ewald method, the total Coulomb energy of a typical
polar system such as water, is believed to converge
reasonably only at interaction cut-off distances of about
30 A. Since the box length in the z-direction of our
simulation is only 52 A, we could not extend the inter-
action cut-off beyond 26 A. Hence, the single-particle
interaction energies obtained from the analysis of our
simulations, may not necessarily be converged. By syste-
matically increasing the cut-off distance from 12 to 23 A,
we have observed that the quantity of interest to us, i.e.
Cy(f) remained relatively unchanged. This procedure has
helped us to gain confidence in our results.

It is also pertinent to note that the use of an atomic
interaction cut-off (i.e. one that is based on atom posi-
tions, and not on molecular centre of mass coordinates),
leads to a residual charge on the interaction sphere, while
in the molecular cut-off method, the interaction sphere is
neutral. We have observed that use of the former leads to
spurious results which show no slow component in the
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solvation time correlation function. We believe that this
subtle, but potent error is specific to solvents containing
small molecules which have an ultrafast libration compo-
nent, such as water.

The solvation energy of a tagged cesium ion consists
of contributions from cesium ions, the water molecules
and the polar headgroups of the surfactant. Thus, the total
solvation time correlation function can have contri-
butions from six distinct partial time correlation func-
tions (three pure and three cross-correlations).

The cut-off distances for classifying molecules and
ions as near or far were chosen after studying their pair
correlation functions with the headgroup carbon. Another
consideration was to obtain a fair number of molecules or
ions that can satisfy the rigorous criterion of residence
within a layer throughout a particular run (lengths
defined in captions to the figures). The first neighbour
shell of a headgroup consists of cesium ions and water
molecules. Since the counterions and water molecules are
in constant exchange between different coordination shells
of the headgroup, a distance cut-off based only on the
position of the minimum in the first peak of the pair
correlation function might yield only a few (or no) ions
or molecules, because of the strict condition of allowing
only those molecules which stay in that region through-
out a particular time period. Thus, a definition of diffe-
rent interfacial layers based on positions of coordination
shells, is not quite useful for water molecules which have
considerable mobility in the direction perpendicular to
the local micellar surface. Wherever possible, we have
employed realistic cut-offs for interfacial layers based on
the first coordination shell around the headgroup.

We would like to add a comment here regarding the
use of solute probe molecules to ‘measure’ the solvation
time correlation function. It would have been ideal to
introduce real probe molecules, such as a coumarin dye
to study their SD. One could then make a direct compa-
rison to experiments on SD of dipoles. However, such a
simulation will have the following difficulties. As only
one or two such probe molecules can be introduced in the
system (so as to be in the dilute regime of probe con-
centration), our results will suffer seriously from poor
statistics. In real experiments, one has the advantage of
many micelles, each with one or two coumarin dyes close
to them. We thus use water molecules themselves as a
dipolar solute probe. The limitation of using water as a
dipolar solute is that it itself is highly mobile. While this
self-motion is expected to make the solvation somewhat
faster, one could still get a measure of the dipolar SD
which is much faster than the self-motion. The case for
SD of ions is not so difficult. We could profitably use the
existing counterions themselves for this purpose. Cesium
too, is reasonably large and massive, so that its trans-
lational motion is not quite high. Unlike dipolar sol-
vation, there have been no experiments to study the SD
of ions in micellar solutions. Our simulations provide the
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