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In order to study the temperature dependence of water dynamics at the surface of a self-organized
assembly, we perform long atomistic molecular dynamics simulations of a micelle of cesium
pentadecafluorooctanoate in water at two different temperatures, 300 and 350 K. Since this micellar
system is stable over a range of temperature, a detailed study of the microscopic dynamics of water
at the surface of the micelle at both temperatures could be performed. The diffusion and dipolar
orientational correlation function of the water molecules and the polar solvation dynamics of cesium
ions at the micellar surface are calculated as a function of their location from the micellar surface.
Our study reveals a strong temperature dependence. The relaxation of both the time correlation
functions are highly nonexponential, and become very slow at 300 K. It is found that while the
slowness in the orientational time correlation function originates partly from the formation of bridge
hydrogen bonds between the polar head gra@b$G) of the micelle and the water molecules, the
solvation dynamics slows down primarily due to the interaction of the positive cesium ions with the
negatively charged PHGs.

I. INTRODUCTION gin of this slow component has been attributed to the exis-
tence of a dynamic equilibrium between the “quasibound”
Self-organized molecular assemblies are usually founeind the free water moleculés213
in nature in aqueous environments. These systems are stabi- Recently, we have presented atomistic molecular dynam-
lized by the hydrophobic interactions of the nonpolar tail andics simulation studies of solvatithand orientationaP dy-
the hydrogen bonding of the polar head groups with the wanamics at the surface of an aqueous micelle at 350 K. The
ter molecules. In these systems, the water molecules that amgicelle simulated was pentadecafluorooctanoate, with ce-
often confined within(as in reverse micellgor at the sur-  sjum being the counterion, commonly referred to as CsPFO.
face (as in micelles of such assemblies have propertiesThe system consisted of 62 CSPFO and 10562 water mol-
which are quite different from those in bulk water. Theseecules. The simulations were carried out for over 5 ns. The
differences are in fact used in nature to carry out specifigesults revealed the existence of a slow component, both in
physico-chemical functions? The dynamics of such water orientational dynamics of water and in the solvation time
molecules has recently been studied by using many differergorrelation function of the Csions at the surface of the
techniques, including dielectric  relaxatidn,solvation  micelle. It was found that while the slowness in the orienta-
dynamics}~’ NMR relaxation dispersioiNMRD),? and in-  tional relaxation was due to the bridge hydrogen bonding of
termolecular water—solute NOE studieShese studies have water molecules with the polar head groups of the micelle,
led to the surprising discovery of the existence of a secondhe slowness of the solvation time correlation functionas
very slow component in the dynamics of water in such re-due to the slow water molecules. It is due rather to the inter-
stricted environment¥) This second component was found action of the C% ions with the polar head groups. Thus, the
to decay in the hundreds to thousands of picoseconds. Thsolar head groups of the surfactant molecules were found to
first component remains ultrafast, similar to that in bulk wa-play a very important role in the dynamics of both water and
ter. The slow second component appears to be unique t6f ions at the micellar surface.
water in complex systems and may play an important role in - Because of the important role of soft interactions in their

many chemical reactions such as electron trar$féhe ori-  stability, the properties of self-organized assemblies are ex-
pected to exhibit strong temperature dependence. In the
*Electronic mail: bala@jncasr.ac.in present study, we have compared the orientational and solva-
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Thus, we have performed further atomistic molecular dy-PINY-MD packagé® with an outer timestep of 4 fs. The bond
namics(MD) simulations at 300 K. The results of this com- stretch and bend interactions within molecules were inte-
parison are really interesting. Not only do the two correlationgrated with a timestep of 0.5 fs, while the torsional degrees
functions display strong temperature dependence, we findf freedom were handled at 1 fs intervals. The nonbonded
that the solvation time correlation function becomes veryinteractions were split into two ranges, and the short-range
slow at 300 K. We attribute this slowdown to the increasednteractions were integrated at 2 fs intervals. Coulombic in-
stability of the quasibound water molecules due to the hyteractions were treated using the particle mesh Ewald
drogen bonding with the polar head groups. method. The system was initially equilibrated under constant

It is important to realize that the water molecules are nofpressure conditions, to arrive at a “natural” simulation box
permanently bound to the micellar surface, and are rathesize of linear dimensions 81.4, 81.4, and 52.6 A at 350 K.
transient to the surface. This aspect raises several interestifigne system was equilibrated for around 0.5 ns, and the mi-
issues regarding the role of averaging in the observable promelle was found to be stable, with a total pressure of around
erties. Thus, single particle and collective properties couldl00 atm. at 350 K. The analyses reported here were carried
behave differently, as the collective properties, like dielectricout from different sections of a subsequent 3 ns trajectory,
relaxation and solvation dynamics of the system, are sensduring which coordinates of all atoms were stored periodi-
tive to the fraction of(slow) water molecules at the surface. cally with a resolution of 1 ps.
Single particle properties can be investigated in solutions by  The dipolar orientational time correlation function of the
following trajectories of the individual water molecules. water molecules is defined as usual by the following relation:

In the next section, we discuss the simulation details. In

(mi(t)- i (0))

Sec. Ill, we present the results and discuss their significance. C,(t)= , )
Section IV contains the concluding remarks. (1i(0)- 1i(0))

where w;(t) is the dipole moment vector of thigh water
Il. SIMULATION DETAILS molecule at timet, and(---) denotes averaging over initial

As already mentioned, the surfactant is pentadecaflugimes 0, and over water molecules.
rooctanoate, with cesium being the counterion. The The solvation dynamics is monitored by the decay of
CsPFO—HO system has been well studied experimen_solvation time correlation functio@€4(t), which is defined
tally!®!” and is regarded as a typical binary to exhibit&
micellization!® The amphiphiles are believed to form disk- (SE(t) 5E(0))
shaped(oblate ellipsoidl micelles, stable over an extensive Cit)= =,

: . (SE(0)SE(0))

range of concentration and temperature. As a function of
concentration, the system exhibits isotropic, nematic, anavhere SE(t) denotes the fluctuation in the polar part of the
lamellar phases. In the nematic phase, the mesogenic unigtential energy of the tagged cesium ion at timand the
are the individual micelles. The critical micelle concentrationangular bracket is an equilibrium average over different ref-
is around 0.02 weight fraction of CSPFO in water. At 350 K, erence zero times, and over cesium ions.
the isotropic phase is stable up to a weight fraction of 0.62  C(t) was calculated by considering only the polar part
and the average aggregation number is around 60. of interaction energy, both of a tagged water molecule and of

The molecular dynamics simulations were carried out ina tagged cesium ion with the rest of the system. Typically,
the NV T ensemble for an aggregate of 62 CsPFO moleculethe coordinates of all the atoms from a molecular dynamics
in 10562 water molecules, i.e., at a weight fraction of 0.15.run were stored at periodic intervals from which the correla-
The initial configuration of the micelle was built to mimic tion functions were calculated. For the calculationGa(t),
experimental data pertaining to its size and shidpehis  the polar energy was calculated using a real-space molecular
configuration, for the micelle with linear dimensions of 45, interaction cutoff of 23 A, with no Ewald sum. Note that our
45, 25 A along its principal axes, was placed in a box ofmolecular dynamics simulations were performed with con-
water with linear dimensions of 84, 84, 55 A. Water mol- verged Coulomb energies, using the Ewald summation
ecules in hard contact with the micelle were removed bymethod, and that we used a simple real-space cutoff during
observation. The counterions were placed at random posilata analysis only. The details are discussed elsewh@tee
tions among the water molecules with the constraint that thegolvation energy of a tagged cesium ion consists of contribu-
were at least 7 A away from the micellar head groups. Theions from cesium ions, the water molecules, and the polar
potential for water molecules is the extended simple poinhead groups of the surfactant. Thus, the total solvation time
charge(SPC/B model®® the counterions carry a unit positive correlation function can have contributions from six distinct
charge, which is compensated by-g0.4e charge on the partial time correlation functionghree pure and three cross
carbon of the octanoate head group and @7e charge on correlations.
each of the oxygens of the head grdiprhe surfactant Molecules and ions were classified asar XA if they
is modeled with explicit fluorine atoms, and interactionsstayed within xA distance from any head group throughout a
between the fluorocarbon tails were obtained from the worlspecified time period. Thus, both the distance and the time
of Sprik et al. on polytetrafluoroethylen&. Other details of  duration criteria specify the molecules that qualify for analy-
the potential parameters are provided elsewhéTde equa- ses.Far xA molecules were those that stayed beyond xA
tions of motion were integrated with the reversible referenceaway from any head group throughout a specified time pe-
system propagator algorithtRESPA schem& using the riod. The cutoff distances for classifying molecules and ions
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asnear or far were chosen after studying their pair correla-
tion functions with the head group carbon. Another consid-
eration was to obtain a fair number of molecules or ions that
can satisfy the rigorous criterion of residence within a layer A 40
throughout a particular rufthe lengths are defined in cap- § [
tions to the figurels The first neighbor shell of a head group
consists of cesium ions and water molecules. Since the coun
terions and water molecules are in constant exchange be
tween different coordination shells of the head group, a dis-
tance cutoff based only on the position of the minimum in < 100
the first peak of the pair correlation function might yield only &

a few (or nong ions or molecules, because of the strict con- J 0
dition of allowing only those molecules which stay in that I
region throughout a particular time period. Thus, a definition 0
of different interfacial layers based on positions of coordina-

tion shells is not quite useful for water molecules which have _
considerable mobilty In the directon perpendiculr [0 theg 2, Mee e deeesnent o vt eues e o e o e
local micellar surface. Wherever possible, we have employegich stay within the specified distance from any head group over a time
realistic cutoffs for interfacial layers based on the first coor-period of 100 ps, anéhr are those which stay beyond the specified distance
dination shell around the head group. Also to note is the facior the same time period.

that different dynamical quantities exhibit different time

scales. Thus, to obtain good statistics, one will have to emand ion dynamics around micelles at the lower end of this
% ize distribution.

ploy different residence time and distance criteria to stud A
The analyses reported here are made nontrivial by the

these quantities. This aspect has also been discusse
14
before: constant exchange of the prob@gter molecules or cesium
ions) between different interfacial layers away from the mi-

The initial configuration for the 300 K run was obtained
from the final configuration of the higher temperature "UN-cellar surface. An additional point to note is that the micelle
itself is highly fluxional and its surface exhibits dynamical

Initial MD runs at 300 K were performed at constant pres-
sure conditions at a set pressure of 1 atm. The density ing, g yositional fluctuations, making calculations such as ours
crease at 300 K relative to the value at 350 K was found tchuite complex to perform.

be 3.1%. The configuration obtained at the end of the con-

stant pressure run was further equilibrated at 300 K for over

2 ns, under constant volume conditions, after which analyse@' RESULTS AND DISCUSSION

were carried out over a time period of 4 ns. The averagé\. Translational diffusion of water at micellar surface

pressure of the system during this constant volume run at We have calculated the mean-square displacement of

300 K was found .to be 60 at.m' It 'S pertinent ',[O note her_ewater molecules at different distances away from the micel-

that the average size of the micelle increases with decreasing. ¢ ,.tace These are shown for both temperatures in Fig. 1
6 . . . . .

temperaturé; with an aggregation number of around 200 alThe translational diffusion of water molecules is definitely

300 K. Itis just impossible for our simulations to capture this ogyricted, but the extent of immobility is not dramatic, even

growth without an enormous increase in the number of sury; gistances as close & A from the surface. It might well be

factant and water molecules, and thus the computing time. Ig, 4t only a certain fraction of the water molecules is
this work, we assume that the temperature dependence @houng” to the micellar head groups. At a temperature of
water and of ion dynamics will not be unduly influenced by 350 K, we have found water molecules to stay within a 10 A

the growth of the micelle. Charitably put, our aim in this ghell from the head group up to about 300 ps, and no longer.
work is to characterize the effect of temperature alone on theghis gives us an idea of the lifetime of bound water mol-

dynamics of the solvent and of the counterions. Indeed, thecules. In Table I, we provide the diffusion coefficients ob-

effects of a larger micelle are likely to affect small moleculetained from the Einstein relatiéhusing the mean-squared
or ion dynamics only in the time scales of large amplitude

motion of the micelle, such as its rotation. Such “modes”
mlght be expected to operate |n the nanosecond t|me Scale-@:BLE l. D|fqu|0n coefficients obtained from the IOng tlme pehaViOr of the
and are thus beyond the scope of this computation. The ué\éean—square displacement of water molecules shown in Fig. 1 at two tem-
of a smaller micelle is less likely to affect the dynamics in peratures
the tens to hundreds of picosecond time scales that we are
interested in here. Further, in reality, there exists a distribu-
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tion of micellar sizes in solution at a given temperature and

concentration of the surfactant. The so-called aggregatioﬁ:;gﬁ ;g 2-3 2-2
number is just the mean of this distribution. Our study at 30G-,, >9 A 35 23 18

K can thus be interpreted as relevant to studying the water



displacement data between the time duration, 30 and 50 ps 1 ® - T " T " T
To obtain this, we have assumed that the diffusion of water
molecules takes place in three dimensions, although such a
assumption might be questionable for the diffusion of water
molecules near the micellar surface, where they will be in a
heterogeneous and anisotropic environment. The MSD dati ¢
in this time range was reasonably linear, and within the sta-~
tistics available here, we could not identify any non- 5__,
Brownian diffusion in which the displacement is expected to ~ 0.4
show a power law behaviér.The coefficient values for wa-
ter molecules far from the micellar surface match well with
values known for bulk SPC/E water reported earfeit is 02
interesting to note that that the dimensionless ratio,
[DtaT) —Deak T) 1/[D1a(T) ], is nearly identical for the 0 . . . .
two temperatures, suggesting that the extent of restriction ir 0 50 100 150
translational diffusion is almost independent of temperature. time [ps]
Assuming an Arrhenius dependence of the diffusion constant _ _ . )
with temperature, we find the aciivtion energy to be in thd'S, % PR (e coneitor el (), (o wee moecues st
range of 2.0 kcal/mole, and nearly independent of the locaany head group over a time period of 330 ps are used. Continuous line is
tion of the water molecule. This implies that the additionalmultiexponential fit at the two temperatures. Numerical data points are
source of friction on translational motion of the water mol- shown infrequently for clarity.
ecules(as the surface is approachemuld have weak tem-
erature dependence. Now, there are at least two types qf . . . . -
ipnteractions 5vhich are different at the surface. The forr)1/1i<2:1'[ion(81'St&mce criteria, with different ratios of mixing. These am-

of the hydrogen bond with the polar head groups of the rni_pIitudes are shown in Table Il. The amplitude of one of the

celle certainly slows down the water molecules, but thesgtrﬁtchec?nz?pcl?nen:fl Lortmrlncrﬁases ars]vti)rn(ram?pgtr?screswthe
bonds (as discussed belgwmay not be as strong as the surface, cating the heterogeneous environme atawa-

bonds with other water molecules. Also, the long-range poIaFer molecule experiences. This heterogeneity in the local en-

interactions with the other charges of the micelle could have\ll_';?nmher\llflleadst :[[?] a(;?'ﬁﬂ;/liliy sm;ﬁrll Ivaluteiz ch]f ﬁrfun?] O.LrLth
a weaker temperature dependence. The limited set of teni]_tesrf:lcg i: ra?her T)roZd Th(e) vgluee axaot;)tainedeshereeais €
perature data precludes us from drawing any conclusions oh . . At

smaller than the value of 0.63 obtained for water molecules

the nature of the diffusion process near the micellar surface . -
P ear the surface of a protein This is somewhat surprising,

or whether the diffusion process has a temperature depen- th tei id oty of surf
dence other than the Arrhenius form. as the protein possesses a wider variety of surface groups

than the single type of surfactant considered here. The latter

is thus expected to exhibit a more homogeneous environment

for the neighboring water molecules. However, the loyer
Unlike translational diffusion, the reorientational motion value for the micellar aggregate could have arisen from a

of water molecules is found to be severely affected near thgreater degree of geometrical disorder over the protein, as

micellar interface. In Fig. 2, we show the dipolar orienta-

tional correlation functiorC ,(t) against time for individual

water molecules located close to the micellar surface, agaiFﬁBLE 1l. Amplitudes of the two stretched exponential contributions to the

dipolar time correlation function of water molecules presented in Fig. 2. The
for the two temperatures. The data for both show the emelfunction was fitted {0 a formE ,(t) = Co exel —(Ur)1]+C, extl —(Ur)%].

gence of a very slow _decay at long _times, and are NONEXPOrhe near6 A andfar 29 A data were fitted to single stretched exponential
nential. In analogy with the relaxation of supercooled lig-functions, respectively, to obtain the following time constant grgaram-
uids, several groups have tried to describe the relaxation negiers: 71=9.76 ps, 8,=0.43, 7,=1.84 ps, 8,=0.87 at 350 K, andr,
protein surfaces using the stretched exponential funéfigh, = 3477 pS.51=0.39, 7,=3.95ps, 5,=0.80 at 300 K. Herey, and f,

. . . correspond to theear 6 A data andr, and 8, correspond to théar 29 A
A fit of our data to a single stretched exponential form wasy,;,

not very satisfactory, and yielded an exponégi that was

0.8 [t ® 300K E

B. Orientational dynamics of surface water

0.24 and 0.36 with a time constant of 2.8 and 10.7 ps at 350 Temperatur¢K] Distance criterion Co Ci
and 300 K, respectively. The low exponent values provide an Near 6 A 1.00
indication of the extent of nonexponentiality of the relax- Near 8 A 0.72 0.28
ation. However, we could satisfactorily fit the dipolar time 350 Near 10 A 0.54 0.46
correlation function(tcf) data to a sum of two stretched ex- Near 12 A 0.43 0.57
ponential functions. The two stretched exponential functions Far 29 A 1.00
were assumed to describe the limiting behavior, i.e., for wa- Near 6 A 1.00
ter molecules very near the interfa¢eear 6 A), and for Near 8 A 0.70 0.30
those far from the interfacefar 29 A). Thus, we derived two 300 ,\']'::rr llg AA 8;’;’ g;‘g
time constants and two exponenj3, Using these param- Far 29 A . 1.00

eters, we were able to fit the dipolar tcf for all intermediate



TABLE Ill. Parameters of multiexponential fits to the dipolar time correla-
tion function of water molecules presented in Fig. 2 at two temperatures.

350 K 300 K
7 [ps]| Amplitude 7 [ps]| Amplitude (d)
1.1 0.42 0.5 0.17
6.4 0.44 6.0 0.44
e e 22.8 0.26
383.5 0.14 767.1 0.13
7, [ps] 57 108

well as from the fact that we have chosen to study the reori-
entation ofonly those water molecules with long residence
times in the hydration layer. This could lead to the slower

dramatic slowing down of orientational dynamics near
a surface which interacts strongly with the water mol-
ecules. The time constants for this decay are also given
in Table III.

We see from Fig. 2 tha€ ,(t) for water molecules near
the micellar interfacedoes not decay to zer@s op-
posed to its decay to zero for water molecules in bulk.
Also note that the function exhibits a nearly constant
value at long times, spanning over 100 to 200 ps. The
decay to zero of this function for bulk water is a con-
sequence of the water dipole being able to explore all
possible orientations in space. For water molecules
near an interface, this exploration is restricted to a
cone, due to the fact that they are hydrogen bonded to
the micellar head groups, and that micellar dynamics is

decay observed in our simulations than in the work of Roc-
chi et al?® Another reason could be that the binding energies
near uncharged, polar groups in proteins are around 1.4
kcal/mole?® while the binding energy for the micelle studied
here is at least 50% larger than the former. This could lead to
a lower exponent for the stretched exponential function. The
observation that the reorientational time correlation function
can be fitted to a sum of two functions can also be rational-
ized from the two-state dynamical equilibrium modeFits
to a sum of simple and stretched exponential form were not
as satisfactory as the fits to a sum of two stretched exponen- The orientational correlation will of course decay in the
tial forms. very long time(of the order of tens or hundreds ofjnsither

It is also useful to fit the dipolar tcf to a multiexponential due to “evaporation” of the slow water molecules at the
form rather than to a sum of stretched exponential functionssurface or due to rotation of the micelle itself. Note that this
The former is attractive, as one can directly obtain an aversjow orientational decay has already been observed in ex-
age time constant, which can provide us information on theyeriments, as discussed earlier.
extent of slowdown in the water and ion dynamics. This |t is now natural to ask if the reorientation of water is
approach is also widely used by experimentalists. Further, iindered or slowed down within this cone. This information
is in principle possible to assign the different time constantsan be obtained by studying the time correlation function of
to different relaxation processes of the system. For instancehe fluctuation in dipole moment, rather than the dipole mo-
the ultrafast decay observed in the water reorientation can b@ent itself. This function is defined as
related to its fast librational motion. It is in this spirit that we
have chosen to fit the dipolar tcf data to a sum of simple (Opi(t)- opi(0))

(61i(0)- 6(0))”

exponential functions. The time constants obtained by fitting

to such a multiexponential form are shown in Table IlI, . o )

where we have also given the value of the average orientd¥here dui(t) = pui(t) —(ui(t")) is the fluctuation in the di-

tional correlation timez,, defined by pole moment, and the average in the second term is taken

. over all times,t’. This quantity is plotted for water mol-

- fwdt C.(1). &) ecule_s near the micellar surfa(_:e at 350 and at 300 K in _Fig. 3,
o Jo K’ and is compared to the function for water molecules in the
From Fig. 2 and Table Ill, we can reach the following

conclusions:

much slower. Thus, the long time value of this function
is a direct indicator of the extent of this restriction, with
larger values signifying a more restricted environment
for molecular reorientation. Note that the function does
not remain constant, and does actually decay, albeit at a
very slow rate. This decay arises due to the unshack-
ling of the water molecule from the cone due to the
breaking of the hydrogen bonds that it had formed with
the polar head groups of the surfactafits.

()= @

far region around the micelle. The reorientation of water
molecules near the interface is not only restricted to a cone,
but the motion within this cone is also considerably slowed
(@ The decay of the orientational correlation function is down, relative to water molecules in the bulk. The time cor-
nonexponential at both temperatures. One needs atlation functions fomearwater in this figure could be fitted
least four exponentials to fit the data at 300 K. to two exponentials with time constants of 0.4 and 2.4 ps at
(b) The average orientational correlation time is slower by350 K and 0.9 and 5.4 ps at 300 K, respectively. In both
about a factor of 20 than the corresponding value in thecases, the faster component contributes about 25% of the
bulk. However, the long time decay is slower by moretotal decay. The average time constant obtained for water
than two orders of magnitude. Such slowdown hasmolecules close to the surface is about a factor of 2 larger
been observed in real experiments. than that for water molecules in the bulk region. This shows
(c) The effects of the heterogeneous surface on the orierconclusively that the molecular reorientation is definitely
tational dynamics is rather dramatic at 300 K. Now, slowed down near the micelle.
almost 40% of the decay falls under the slow region.  From the values of the time constant of the slowest com-
This graph is perhaps the first demonstration of such g@onent in the orientational relaxatidRig. 2) at the two tem-
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FIG. 3. Time correlation function of fluctuationg,,(t), in water dipole for ~ FIG. 5. The decay of the solvation time correlation functi@hft), for
water molecules at 300 K and at 350 K. Circles are for those water molcesium ions at 300 and 350 K. The solvation time correlation function is
ecules which stay within 10 A from any head group over a time period ofshown for only those Csions which stay within 10 A from any head group
330 ps, while the squares are for those water molecules which are beyond #gr 1 ns. Continuous line is multiexponential fit at the two temperatures.
A away from any head group. The continuous line is the multiexponential fitNumerical data points are shown infrequently for clarity.

at the two temperatures for the waters near the head groups. Numerical data

points are shown infrequently for clarity.

distance of 2.90 A, with a coordination number of around

L 3.5. This is consistent with our earlier observatiGribat the
peratures, we can calculate an activation energy for the rota- S
. L . . coordination number of water molecules around the head
tional diffusion, which we found to be 2.9 kcal/mole. This

value is smaller than the hydrogen bond-breaking energy fogz(r);J Fk))ectz\j\g(e)r? ﬁé; dsgorolful)soigelr?sZgéb?:’egsn?rig\r?g?ittggo K
pure water in the bulk. However, it is known that the hydro'One finds that the cesium ions have nearly “condensed” on.
gen bond energies of water with biological systems vary befhe surface of the micelle, indicated by a strong peak at 3.20
;véz(rer?s1r£a;%nzéilléc?/{2nﬁ§;glljrzafge c\ilizlcuuesszé?j ':ﬁ::/ mglilo,\%_with a coordination number of 0.44. This, too, is consis-
. - y tent with our earlier observations from an analysis of the
ing down may originate partly from the hydrogen bond

— i 0 -
bridge that a water molecule at the surface of the CsPF(g.ead group carbon—cesiugir) that nearly 70% of the ce

. . : . ium ions present in th m is present in the fir rdi-
micelle can form with the neighboring polar head grotips. S1UMm 10ns prese t t e system Is Eoese tin the first coord
. . nation shell of the micellar surfacé:
Thus, the rotation of the water molecule may involve break-
It should be remarked here that another source of rota-

ing of one or two bonds. Here, we provide some more Strucfional slowina down mav come from the long-range polar
tural data in addition to what has been published edfier. 9 Y 9 ge p

Figure 4a) shows the pair correlation functiom(r) be- interactions ofa_single water molecgle with the_other_charge
tween the head group oxygen and the oxygen atom of thgroups of the micelle. Smcg the motion of the micelle !s vgry
water molecule at 300 K. Thg(r) at 300 K is nearly iden- .IOW compared_ to. f[he motion of watfar molgcules, this fric-
tical to the one at 350 K but has sharper features; hence ttﬂeon may .b_e S|gp|f|cant. Actually, th'sf motion could have

: ) L ' 7.7 “been significant if not for the fast motion of the water mol-
latter is not shown here. The first coordination shell is at a

ecules themselves.

25 7T L e e e

C. Solvation dynamics

For solvation dynamics of dipoles in pure water, experi-
mental studies find a dominant sub-50 fs Gaussian compo-
nent and a slow biexponential decay with time constants 126
and 880 fs, respectivef}f3* It is believed that the initial
ultrafast response comes from the intermolecular-© vi-
brational mode of water, while the slowest one comes from
the reorientational dynamics of wafér’® As the latter is
most affected by the presence of the micellar surface, we
expect the slower component of solvation dynamics to be

L really affected and exhibit strong temperature dependence.
%02 4 6 s 2 4 6 3 10 In Fig. 5 we show the solvation dynamics of cesium ions
rA] rA] near the micellar surface at 300 and 350 K. Note the strong

FIG. 4. Pair correlation functions at 300 K ft head group oxygen-water t€Mperature dependence. The slow tai_l in the decays(t),
oxygen, andb) head group oxygen—cesium pairs. already clear at 350 Kand reported earliéh), becomes more

g(r)




TABLE IV. Parameters of multiexponential fits to the solvation time corre- partial solvation time correlation functions for the micellar

lation function of cesium ions presented in Fig. 5 at two temperatures. system that the contribution from the polar interaction of the
350 K 300 K cesium ion with the micelle head groups is t.he most domi-

nant cause of the slow decyin contrast to this partial tcf,

rlpsl Amplitude 7Lps] Amplitude the contribution from the interaction with water molecules is

0.2 0.15 0.3 0.15 much less dominant. Thus, the slow part of the polar solva-

26 0.20 3.9 0.15 tion of the cesium ions may have more to do with the hydro-
7 [pd] 300 20 065 56.4 40 0.70 gen bond-breaking dynamics between PHG of the micelles

and the water moleculés.The bond-breaking dynamics is
connected not only with the dynamics of the surrounding
water molecules at the micellar surface but also with the
important at 300 K. The time constant of the long time tail ismicellar dynamics. Thus, the slow solvation and slow orien-
around 30 ps at 350 K and 56 ps at 300 K. We have fitted théational relaxation at the surface are indeed probes of inter-
decay of the solvation time correlation function to multiex- action of water molecules with the micellar surface.
ponential forms in both the cases; the values of the time In the simulations reported here, we have taken adequate
constants and the relative amplitudes of the different timecare to calculate the time correlation functions over times
constants are presented in Table IV. As before, one can maksuch longer than the relaxation times of the functions. Due
the following observations from the fits: to the heterogeneous nature of the hydrophilic surface, all the
. L . .. lons or molecules that satisfy the residence criteria in the
M) The decay of the s_olvatlon time correlation function is interfacial layer need not be in similar environments. Hence,
also nonexponential at both _the temperatures. on the calculation of time correlation functions of fluctuating
needs at least three exponentials to fit the data at 35 uantities, we have subtracted the time average of the quan-
. and 300 K. . . . tity of interest corresponding to each particle separdtasy
(i) Thew average solvation time[defined by s in Eq. (4)], instead of subtracting the average over both time
=Jodt C(1)] is slower by about a factor of 20 than and particles. The latter type of averaging might lead to

the cprrespondlr_lg value in the bulk. However, thequantitatively erroneous results in heterogeneous environ-
long time decay is slower by more than two orders of ents

magnitude. Such a slowdown has been observed in
real experiments’
(iii)  The slow components contribute to almost 65% to)y CONCLUSIONS
70% of the decay of the solvation time correlation
function. This graph is perhaps also the first demon- ~ The present simulations show a strong temperature de-
stration of such a dramatic slowing down of solvation Pendence of the orientational relaxation of water molecules
dynamics near a surface which interacts Strong|y withand also of the solvation dynamics of ions at the micellar
the water molecules. surface. As noted earlier, a strong temperature dependence is
expected because the micelle is formed and held together by
There is an important distinction to be made in terms ofsoft interactions like van der Waals and hydrogen bonding.
residence times between water molecules and cesium ions+r addition, these interactions act collectively to stabilize the
the latter have significantly longer residence times near thenicelle. The appearance of the very slow component at 300
micellar interface than the former. At 300 K, the cesium ionsK in the dipolar orientational correlation function, with a
nearly “condense” on top of the micelle, to presumably form relaxation time that is two orders of magnitude slower than
the Stern layer. This gives us a much wider time window tothat in the corresponding bulk solvent, is certainly a main
study their long time dynamics, which was not possible inresult of this study. This aspect seems to be in agreement
the case of water molecules, due to their relatively rapidvith the experimental results, although experimentally one
exchange between interfacial layers. studies the dipolar solvation dynamics of a large dye mol-
The time constants of the slow decay that we have obecule near such surfaces, while our simulations focus on
tained from the reorientational motion of water moleculesionic solvation. Another difference between experiments and
and that from the solvation dynamics of cesium ions areour simulations has to do with averaging. Our simulations
significantly different, with the latter seemingly exhibiting a contain only one micelle, whereas experimentally one stud-
smaller time constant. We believe that this difference couldes the average response from several dye molecules in a
come from the choice of the “probe” that we have used inmicellar solution.
solvation dynamics, i.e., the cesium ion. The cesium ions are The present study shows that the slowing down of the
reasonably heavy particles, but still could have significanteorientational motion of water arises from the formation of
translational motion in the time scales of 50 to 100 ps. Abridge hydrogen bonds that water molecules form with polar
good probe of solvation dynamics should be stationary, stiead groups of the micelle. The two hydrogen bonds of wa-
that the solvation response comes purely from the surrounder seem to form a bridge between the neighboring polar
ing solvent® It is quite possible that if we use a larger probe head groups. Such bridges have been observed in hydrated
molecule with less mobility, as in experiments, we mightjet-cooled biomolecule¥, and also in MD simulations of
observe a much slower decay in solvation dynamics. C,,E, surfactants in wate¥. Such bridges, once formed, gain
We have demonstrated earlier from an analysis of thestability from the cooperative strengthening of the bonds.
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