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Dielectric relaxation of agueous solutions of micelles, proteins, and many complex systems shows
an anomalous dispersion at frequencies intermediate between those corresponding to the rotational
motion of bulk water and that of the organized assembly or macromolecule. The precise origin of
this anomalous dispersion is not well-understood. In this work we employ large scale atomistic
molecular dynamics simulations to investigate the dielectric relaxab®) of water molecules in

an aqueous micellar solution of cesium pentadecafluorooctanoate. The simulations clearly show the
presence of a slow component in the moment—moment time correlation fuﬁd:ti@(t)] of water
molecules, with a time constant of about 40 ps, in contrast to only 9 ps for bulk water. Interestingly,
the orientational time correlation functidrC ,(t) ] of individual water molecules at the surface
exhibits a component with a time constant of about 19 ps. We show that these two time constants
can be related by the well-known micro-macrorelations of statistical mechanics. In addition, the
reorientation of surface water molecules exhibits a very slow component that decays with a time
constant of about 500 ps. An analysis of hydrogen bond lifetime and of the rotational relaxation in
the coordinate frame fixed on the micellar body seems to suggest that the 500 ps component owes
its origin to the existence of an extended hydrogen bond network of water molecules at the surface.
However, this ultraslow component is not found in the total moment—moment time correlation
function of water molecules in the solution. The slow DR of hydration water is found to be well
correlated with the slow solvation dynamics of cesium ions at the water-micelle interface.

I. INTRODUCTION organized assemblies are indeed different from the bulk was
first elucidated by dielectric relaxatidbR) experiments and
Understanding the dynamics of water molecules at theomputer simulations of aqueous protein solutions and
surfaces of self-organized assemblies and complex biologicgb|ioids!~7 In a macromolecular solution, one usually finds
macromolecules in aqueous solution has been a subject g{ree significant time constants in the relaxation spectfim,
considerable interest for a long time, being pursued by physiz 1o ps component belonging to bulk watis, a 10—100 ns

cists, chemists, and biologists alike. The reason for such g,nonent that can be attributed to the reorientation of the

sustained interest is twofold. First, water at the interface i%acromolecule andiii) a “universal’ component in the
e_xpected 1o play an impartant role in the dynamics and funCfange of 40—60 ps whose origin is the subject of the present
tion of the self-assembly or the macromolecule. Thus, astudy. This weak but distinct dispersion, sometimes called

. . . ?he S dispersion, has often been attributed to the water mol-
water should provide valuable information on several fronts.
cules at the surface of the macromolectfle.

Second, since the dynamics of water molecules at heterogg- ) _
neous surfaces is not easily and directly amenable to experi- S¢veral recent studies have addressed the issue of polar

mental studies, progress has been rather slow. Among varpolvation dynamics in aqueous micelles, lipid vesicles, and
ous experimental techniques, the study of dielectri®rotein solutions, using fluorescent probes located near the

relaxation of aqueous proteins, deoxyribose nucleic acidgurface of the macromolecule or organized assefbfyin

and micellar solutions has proved to be rather fruitful. Inall these solvation dynamics experiments, a slow component

fact, the crucial understanding that the dynamics of water awvas observed. In some cases, this slow component was

the surfaces of biological macromolecules and of selffound to decay with a time constant in the range of 20-40
ps. In some cases, even a slower solvation, with time con-

JElectronic mail: bala@jncasr.ac.in stants ranging from several hundred picoseconds to a few

YElectronic mail: bbagchi@sscu.iisc.ernet.in nanoseconds have been reporfed detailed quantitative
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understanding of the origin of such slow decays remains to . BULK WATER
be achieved. - _J0A —

A phenomenological theory developed recently, pro- el STERNLAYER™ .
posed to explain the slow dynamit$® The observed time )
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ergy of interfacial water with the hydrophilic, polar head
group of say, a micelléor the amino acids exposed to water
in a protein solutiohis strong(larger than 2—%gT). Spe-

cifically, the long time decay of the dielectric relaxation is

equal to the inverse of the rate of the transition between fre€lG. 1. Schematic illustration of the average configuration of the simulated
and bound water. CsPFO micelle. The micelle can be represented as general ellipsoidal in

C t . lati h | d . tant role i shape. Its extent in the third direction, perpendicular to the plane of the
omputer simufations have played an important role Inpaper, is estimated to be around 46 A. The region outside the “dry core”

providing insights into microscopic processes and phenomeontains water. Water molecules present within a distance of 4.35 A from
ena that complement experimental data. Several groups ha(_R? carpon atom Qf the he_ad group of any surfa_ctant molecule, con_stitute the
reported detailed simulations of orientational relaxation andnterfamal region in our discussion. The plus signs denote counterions.
translational diffusion of water molecules; on micellar
surfaces*~inside reverse micellé$!®and also at the sur-
face of aqueous proteid8.Our detailed simulations and the
ones carried out by Berkowitz and co-workers have clarified  The surfactant in our simulations is cesium pentadecaf-
many aspects of water dynamics at the surfaces of selfuorooctanoatédCsPFQ. The CsPFO—KD system has been
assemblies. In particular, these simulations have clearlyell studied experimentalf§??*and the critical micelle con-
shown that the rotational dynamics and translational motiorcentration is around 0.02 weight fraction of CSPFO in water.
of the surface water molecules become significantly perOur molecular dynamics simulations were carried out in the
turbed by the presence of the surface. Because of the relatiéVT ensemble for an aggregate of 62 CsPFO molecules in
small size of the systems studied in these simulations, rathél0 562 water molecules at 300 K. The potential for water
long molecular dynamicéMD) runs were possible to carry molecules is the extended simple point charl@PC/B
out which was essential to detect the slow decay compomodel? the counterions carry a unit positive charge, which
nents. is compensated by & 0.4e charge on the carbon of the
In the present paper we use the same atomistic MPctanoate head group and-&0.7e charge on each of the
simulation to study theontribution of only the water mol- ©0Xygens of the head groGﬁThe surfactant is modeled with
eculesto the DR in this system. The objective is to under- explicit flqorme atoms .and interactions between_the fluoro-
stand the collective dynamics of the water molecules thafaroon tails were obta|7ned from the work of Speial. on
contribute to dielectric relaxation, and its relation to thepontetraﬂuoroetherné. Other details of the potential pa-

single-particle, reorientational motion of interfacial water rametgrs are prov[ded elsewhéfd?he equations of motion

molecules. The interesting new result is the finding that waVere mtegrgted with trgg reyer3|ble reference system %ropa-

ter molecules indeed show a DR in the 40 ps time scaleg.]‘rfﬁor algorlthm schemie using the PINY_.MD papkaé

Equally important is the fact that the simulations une uivo—WIth an ou'_[er time Step. of 4 fs. Coulombic interactions were
qually importan . . . q treated using the particle mesh Ewald method. The linear

cally show thatit is the slow orientational relaxation of the dimensions of the simulation cell at 300 K were 80.6, 80.6,

water molecules at the surface which is responsible for theand 521 A Details of the simulations can also be found

40 ps component in the DRhis DR component fits el- g sewherd4-163031The analyses reported here were carried

egantly the macro-microrelati6h’that has been developed oyt from different sectionsfaa 3 nstrajectory. The results

to understand the relationship between the single particle orjertaining to interfacial water are compared to a simulation

entational relaxation and DR. In addition, we find the exis-of hulk water that contained 256 molecules of the SPC/E

tence of an ultraslow component with a time constant ofype at a temperature of 300 K and a density of 1.02 g/cm

about 500 ps in the orientational relaxation of the surface In order to aid the discussion that follows, we provide a

water molecules. Analysis of the origin of this slow compo-schematic illustration of the micelle in Fig. 1.

nent leads to the conclusion that this slow rotational relax-

ation is due to the existence of extensive hydrogen bond

network at the surface with the polar head groups of thdll. RESULTS AND DISCUSSION

micelle. A. Dielectric relaxation

The rest of the paper is organized as follows. In the next ) ) )
section we discuss the simulation details. In Sec. Ill, we DR measures the complex dielectric functiefw), that

present the results and discuss their importance. Section 162N be decomposed into real and imaginary parts &

contains the concluding remarks. e(w)=€'(w)—i€(w), (1)

HEAD GROUP

II. DETAILS OF SIMULATION



where €' (w) and €'(w) are the real partpermittivity facton 1
apd imaginary(dielectric los$ parts, respectlvgly. The t.otal @ Simulation data (micellar solution )
dipole moment of the system, at any given timé/(t), is 08 | Fitted Curve (micellar solution)
defined as O Simulation data (Neat Water)
\ — —— Fitted Curve (Neat water)
N 06+
M= 2 m(D), @ \
- = s E?\
whereN is the total number of dipolar molecules apd is ] \b\
the dipole moment vector of thiégh molecule. The complex 02 \
dielectric function e(w) is given by the following exact O\Q\o .
relation33:32 o “o~—0___ - o
e(w)—e(OO):fwdte_iwt[_dq),v,(t) 0
€(0)—e(*) Jo dt “o 20 40 60 80 100
" time [ps]
—1_i —iwt
: IwJO dte (DM(t)’ (3) FIG. 2. Time dependence of the normalized total moment—moment time

correlation functior[d)‘h’,l"(t)] for the water molecules, both in the micellar
wheree(0) ande(«) are the Iimiting low- and high-frequency solution(solid line) and in neat water. Circles are the simulation data and the

permittivities respectively@M(t) is the normalized time continuous line is a multiexponential fit. Data points in the former are shown
: . . . infrequently for clarity.
auto correlation function of the system'’s total dipdié, and auenty Y

is defined as
(M(t)-M(0)) dynamic exchange of water molecules between its bound and
Dy(t)= MO - MO (4)  the free states at the interface. We shall return to this point
{(M(0)-M(0)) again later.

The total moment of the system can be split into contribu-

tions from the water, the micelle, and the ions. Thil§(t)  B. Relationship with orientational time correlation
will contain terms that are self-correlation functions, such asfunction of interfacial water

water—water, and crosscorrelations, such as water-micelle.

The calculation of the relaxation of the total moment of the
micellar solution from a finite sized simulation containing
only one micelle, is wrought with interpretational difficulties,

The interfacial region of water around the micelle can be
defined using the pair correlation function of water mol-
ecules with respect to the carbon atoms of the head group.

chief of which is the absence of intermicellar contributions.The first minimum in this function is found to be at 4.35

14,30 : : . : . )
In addition, the treatment of ions in DR need to be handled&' In Fig. 3, we show the single particle dipolar orienta

with care too. However, we focus here on the contributiontIonal relaxation[C,(t)] of water moleculesiear the sur-

from water alone to the DR of the system, i.e., we calc:ulatet"’m(.a (W".[hm 4.'35 A fro”.‘ any surfactant head grayjgom-
paring it to its relaxation in bulk. Note the pronounced

(My(t)-My(0)) ) slower decay of the former. In Table I, we present time con-
(Mw(0)-My(0))’

whereM (1) is similar to Eq.(2), but with the sum extend- TABLE I. Parameters of multiexponential fits to the normalized total
ing 0n|y over atoms of all water molecules in the system moment—moment time correlation functi@ﬂ)\h'}l’(t)] of all the water mol-

Fi 2 sh the total t t i lati ecules in the micellar system, that for the normalized dipolar time correla-
Igure 2 shows the total moment—=moment lime correlation;,, function[ C,(t)] of the interfacial water moleculdstaying within 4.35

. W .
function (TCF), ®,(t), of water(only), both in the presence A from the any polar head group of the micgjland for the solvation time
(solid line) and in the absence of the micelle in the simula-correlation functior{ C«(t)] of Cs* ions in the micellar solutiorisee Ref.

tion box, i.e., in bulk or neat water. The TOF\,\’,'V(t) was 19
fitted to a form containing a sum of three exponential terms

DY(t)=

Time constantps) Amplitude (%)

DY (t)=Cie Y1+ Cre Y2+ Che Vs (6) - 0.4 3.6
dW(1) ™ 8.9 70.0

to get the time constants and amplitudes which are presented T3 41.0 26.4
in Table I. Note that theb‘,(,,"(t) of neat water decays expo- Ty 0.4 14.0
nentially with a time constant of 9 ps for SPC/E water, in  Cu(t) 72 5.0 29.0
good agreement with the experimental estimate of 8.3 ps. :3 533’3 2298'(?
The value of the computed static dielectric constant of neat T‘l‘ 03 15.0
water in the absence of micelle is @Ref. 35 while the Cs(t) 72 3.9 15.0
value of the same with contributions only from the water T3 56.0 70.0

molecules in our micellar system is found to be 68. . .
. . . ®The value of 507 ps as the time constant for the ultraslow component in the
Th_e presence O_f the 41 ps component in the dleleCt”CCM(t) is only nominal, as the time correlation function can be calculated
relaxation of the micellar water can be traced back to thereliably only up to 150 ps.



1 — conclude that the 19 ps component in the orientational relax-
ation in indeed responsible for the 41 ps component observed

0.8 - in the dielectric relaxation.
! — Within 4.35A | What is the origin of the ultraslow, 500 ps, component

0.6 I ———- Neat Water | (with 30% amplitudg in the orientational relaxation of the
' water molecules in the hydration layer? One can attempt to
estimate this long time component from the inverse of the
rate of transition from bound to free states of watk;),
M=k, *.13 However, this gives a much smaller value. In
fact, a numerical study of the bound to free transition rates
also confirm that the 500 ps component cannot be explained
in terms of transition between bound and free states, at least
for the present micellar system.
—o2 L In order to unravel the origin of this ultraslow compo-
0 25 50 75 100 125 150 nent, we have calculated the TCF of the water dipole in the
time [ps] time dependent, principal axes frame of the micelle, rather
FIG. 3. Dipole—dipole time correlation functidi ,(t)] for the interfacial than .m the Iaporatory frame. This procedure Shomd. remove
water molecules within 4.35 A away from any polar head group of theComnbuuons'If any, from those water molecules which are
micelle, and for bulk water, calculated in the laboratory frame. bound to the micellar surfadeticky molecules and which
rotate along with the overall rotation of the micelle and thus
contribute to the ultraslow reorientation of water dipole ob-

. i . . ._served from the laboratory frame. Here, the principal axes of
stants obtained by fitting the average orientational correlatlonElhe micelle were obtained as the eigenvectors of the instan-

function of water molecules in the hydration layer to a mu"taneous moment of inertia matrix of the micelle. Three dis-

tiexponential form. Here, one finds an intermediate slow de’[inct eigenvalues were obtained, whose time evolution are

cay with a time constant of about 1_9 ps which is again muc'%hown in Fig. 48). The simulated micelle can thus be de-
slower than that for neat water which is about 4 ps and th cribed as a general ellipsoid in shape. The central core of

decay in neat water is single exponential. The orientation he micelle contains surfactants arranged in the form of a

tlme correlation function for hydration watgr exhibits an ad'bilayer and the eigenvector corresponding to the largest ei-
ditional slow (or, rather ultraslowdecay of time constant of . Lo )
egenvalue was found to be oriented along this direction, in

) i 0 . g
507 ps with an amplitude of 30%. We have discussed els accord with the moment of inertia expected for ellipsoids.

where that this ultraslow component is due to the strong| he extent of the micelle in this direction is approximately
bound water molecules that are found to form two hydrogeq

bond with the polar head group of the micelfé” However, - cc the end-to-end length of the surfactant. To obtain an
idea of the overall rotation of the micelle, we plot in Fig.

X(b), the time autocorrelation functions of the principal axes

o . themselves. We find th&; and P; axes do not reorient in

It is important to correlate the slow decay of the orien- S . .
any significant manner over the time span of 1-2 ns, while

tational time correlation function with the slow decay ob- the P» axis reorients in a time scale of about 500—800 ps. a
served in the total moment—moment time correlation func- 2 PS,

tion. Such a relation is known in the statistical mechanicalval.ue that'is still large on the time scales of the reorientation
literature as a macro-microrelation because the total momel%f w:te:igc;leél( water n;}olectur:esd_ tributi fth | d
is a macroscopic quantity while the single particle correla- n Fig. 5(a@), we show the distribution of the angle made

tion is a microscopic quantity. Several such relations hav@y the end-to—_end vec_tor of the surfactant, defined as the
been proposed in studies of dielectric relaxaf®rin all vector connecting the first and the last carbon atom, with the

these relations. the moment—moment time correlation funcPrincipal axes of the micelle. Itis evident that a large fraction

tion time constantry, is predicted to be considerably larger Orf th% surfactalnts are orlerr:tedhalok?g e ax:cs.hlt W°|UIdh q
than the single particle orientational correlation timg, A thus be natural to expect that the bisector of the polar hea

simple continuum model based form of this relation was pro3"°4P of the sgrfa(.:tan'gs and their vector sum 100 t_o be or-
posed by Powles and is givenBy® ented along this direction. We present the orientational dis-

tribution of the total dipole moment of the micellghat
2€0+ €, Ty arises only from the charged head groups of the surfg¢tant
TR= " 2. 5 (7) calculated with respect to its centroid, in Figbp There is a
3eop Gk . .
clear preference for the total dipole moment of the micelle to
wheregy is the well known Kirkwoodg factor.gx for water  be oriented along th®; axis. We estimate its magnitude to
is equal to 2.8 andy(simulated}=70. We takee,,=5, since  be around 9 D.
the above Powles relation was based on the assumption of a This anisotropy in the internal structure of the micelle
single exponential Debye behavior. When these estimates aamd consequently, in the orientation of the polar head groups
used in the above expression, we get a ratip/ 7r=4. A (PHG) and in the total dipole moment of the micelle, influ-
microscopic relation(involving pair correlation function ences the orientation of the dipole vector of the water mol-
also gives values in the similar ranffe®® Thus, it is fair to  ecules. In Fig. 6, we show the distribution of the angles made

partly correct, as discussed in more detail later.
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FIG. 4. (a) Eigenvalues of the moment of inertia matrix calculated from the FIG- 5. (&) Distribution of the cosine of the anglé, made by the end-to-end

atoms constituting the micelle as a function of time. The largest eigen valu&€ctor of the surfactants with the principal axes of the micelle. A uniform

corresponds to the smallest extent of the micelle, i.e., along its bilayer core/@lué of 0.5(dashed lingis expected for an isotropic distributiofb) Dis-

and corresponds to tHe; axis described in Fig.(®). (b) Time auto corre- tribution of the_cosme of the angl_eﬂ" made by the total d_|po|e_ moment_

lation functions,Cyo(t), of the eigen vectorgprincipal axes of the mi- v_ector of the mlcellt_e, calculated with respect to its centroid, with the prin-

celle, represented in the laboratory frame. cipal axes of the micelle. Top to bottom: Aloriy, P,, andP; axes. The
dashed line with a value of 0.5 is the expected value for an isotropic distri-
bution.

by the dipole vectors of water molecules present in two in-
terfacial regions, with the principal axes of the micelle. Thecay significantly within 50 ps, and the relaxation behavior is
water molecules that are present within 4.35 A away fromisotropic, as is to be expected from the orientational distri-
the head groups of the surfactants, show a noticeable prefdpution of the dipole vectors shown in Fig. 6. However, the
ence to have their dipole moments oriented along®thexis  data for water molecules closest to the micellar surface, i.e.,
of the micelle, while water molecules that are present bewithin 4.35 A of the head groups is vastly different. This is
tween 4.35 ad 9 A away from the micellar surface exhibit shown in Fig. Tb). We find that the dipole components along
an isotropic distribution of dipole vectors. We believe thatP; andP, decay to a zero value in about 150 ps, while that
this marginal, preferential orientation of water dipoles at thealong theP; axis does not decay. These time correlation
interface is caused by their interaction with the effective di-functions can decay due to two reasons. One, from the inher-
pole moment of the micelle that is oriented alongfieaxis.  ent reorientation of the water dipole along that axis, and two,
This dipole—dipole interaction decays with distance awayfrom the reorientation of the principal axes themselves in
from the center of mass of the micelle, and thus is ineffectivespace. The contribution of the latter is expected to be mini-
in inducing a similar anisotropy in the orientation of water mal, based on the data presented in Fidp)4and also from
molecules present in the second interfacial region. the fact that the components of water dipole do not reorient
It is thus natural to expect that the anisotropy in orien-even with respect to a time independent laboratory frame
tation will lead to different rates of reorientation of the water (not shown.
dipole along different axes. We show, in Figa), the reori- Note that one should be careful about the possibility that
entational TCFs of the components of the water dipole vectoat least a part of the slowness in the decay of the TCP;of
along the three principal axes of the micelle for water mol-[Fig. 4(b)] might be an artifact; the length of the simulation
ecules in the second interfacial shell, i.e., between 4.35 and €l is 82 A each in the Cartesidtaboratory framgx andy
A away from the micellar surface. All three components de-axes, while it is only 52 A in the axis. The initial configu-
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factant head group. Bottom panel: water molecules between 4.35 and 9 A
away from any surfactant head group. The plots describe, from left to right,
the angle distribution with respect B , P,, andP; axes. The dashed line

with a value of 0.5 is the expected value for an isotropic distribution. ‘5’1

ration of the micelle was setup such that the bilayer region,

with an extent of about 24 A was oriented along thaxis.

Based on visualization of equilibrated configurations, we es- -0.2 : : : : :

. . . 0 50 100 150
timate the size of the micelle along tRe andP, axes to be (b) time [ps]

approximately 46 and 36 A, respectively. The micelle may
thus be constrained to maintain @ axis a|igned, to some FIG. 7. (8 Time correlation function of the components of the dipole mo-

extent with thez axis, due to the shorter box Iength along ment vector of water moleculc_es that lie between 4.35 and 9 A away from the
polar head groups of the micellar surfad®., P,, and P; represent the

that direction. Thus, a part of the Ipng t'm?hundreds_ of principal axes of the micellgb) Time correlation function of the compo-
picosecondsdecay of the TCF of the interfacial water dipole nents of the dipole moment vector of water molecules within the first coor-

along theP3 axis might be an artifact arising from the inabil- dination shell of the polar head groups of the micefg, P,, and P,
ity of the P; axis to reorient. represent the principal axes of the micelle.

It is certainly natural to expect that the time scales of
reorientation of théP; axis be much larger than that needed
to reorient theP; andP, axes, based on their lengths. There-0.84 ps(37.2%), 7.2 ps(38.4%9, and 68.2 p$24.2%), while
fore, if the slowness of the orientation of the water moleculeghat along theP; axis yields two time constants with values
owes its origin to the slow rotation of thHe; axis, then this 0.74, and 8.4 ps, and a third component whose value cannot
slowness will have to persist even when the rotation of thide determined as this ultraslow decay could not be captured
axis is allowed. This adds support to the claim that the ul-adequately within the limited duration of the TCF.
traslow component in the reorientation of dipoles of interfa-  Let us summarize the earlier analyses. We have uncov-
cial water is genuine. In addition, the time scales of relax-ered that there is a noticeable anisotropy in the orientation of
ation of the water dipole is observed to be much sméfew  the surfactants in the micelle. We believe that the slowness of
hundreds of picosecondthan the time constant of reorien- the rotation of theé?; axis could be partly responsible for the
tation of the micellar axe¢around 1 ns or moje This too  slowness in surface water rotation. Note that this is a direct
leads us to believe that the ultraslow component is unlikelyconsequence of the shape of the micelle. A part of the slow
to be purely an artifact. The finite duration of the simulatedreorientation of the interfacial water also arises from its in-
TCFs, arising out of the limits on the residence times ofteraction with the effective dipole moment of the micelle that
water molecules in the interfacial layer, prevent us from deis oriented preferentially along the; axis. We shall come
termining exactly the time constant of this ultraslow relax-back to this point again later where we connect this to an
ation component. The reduced simulation cell length alongnalysis involving mode coupling theory.
the z direction also casts an uncertainty in the amplitude of  Another interesting aspect of the puzzle is the absence of
this component. However, its existence and the rationale foany contribution of this 507 ps component to the relaxation
it, explained earlier in terms of the anisotropy in the orien-of the total moment time correlation function of hydration
tation of interfacial water dipoles that arises from the intrin-water (see Table )l Thus, this contribution gets fully can-
sic structure of the micelle, cannot be doubted. The decay afelled out in the total moment which is possible only if the
the water dipole components along fhgandP, axes can be slow component comes from bound water molecules which
fitted to multiexponential functions with time constants of are expected to be arranged in the opposite directions on the



diametrically opposite surfaces of the micelle because thpected from the interaction between the micellar dipole and
polar hydrogen groups of the surfactant are always projectethe water dipole. Thug;(z) is expected to have a rise at very
outwards, that is, towards the opposite sides. small z which will not be present in bulk water. This, we
Our previous analysis has shown that in CsPFO micellebelieve, could be the origin of the relatively large, 30% con-

only about 10% of the interfacial water molecules are doublytribution of the 500 ps component.
hydrogen bonded to the micellar surface and, the majority, The earlier analysis has further consequences. Several
80%, are singly hydrogen bonded to the negatively chargegecent analyses of vibrational frequency shifts of O—H and
oxygen atoms of the polar head grodfisThe remaining  O_D stretch of water near protein surfaces have led to the
10% can be regarded as free. These are eqU”ibriUm eStimatgﬁggestion that the water near such surfaces forms a perco-
of the states of water at the micellar surface. There is Ofating network characterized by very strong water—water hy-
course dynamic exchange leading to such an equilibrium disgrogen bonds, in addition to the H bonds to the charged/polar
tribution. _ _ . _ _ head groups of the proteffi.The existence of the ultraslow

~ As the micelle itself is undergoing slow rotational diffu- 500 ps component in the orientational relaxation of the water
sion, some of the water molecules near the surface also e¥qgjecules seems to agree with such a picture, as discussed
perience this diffusion on a long time scale. These are theyier This conclusion is consistent with the observation made
water molecules which have a very long residence time in, o that the hydrogen bond lifetime correlation function
the layer and are b_ound .t(.) the surface _for a S|gn_|f|can5f the water molecules with the polar head group vary with
amount of the time, in addition to undergoing dynamic ®Xthe time resolution of study. Thus, the lifetime is of the order

change. This model can be referred to as "ants on an €5t a few picoseconds with a high resolution of 12 fs but the

ephant.” So long as a given ant remains on or near the ellifetime extends to about 40 ps with the time resolution of 1
ephant surface for long enough time to experience theS (see, for instance thE,g(t) function in Ref. 16. This
motion of the elephant, this will be reflected in the dynamics

. . . oo means that many of the hydrogen bonds that are broken are
of the ant. A microscopic explanation of this, in terms of the

mode coupling theory of correlated dynamics is given Iater.lreun_'mdﬂ\]’\'Ith the SZ’T‘G Pl'-ll'ﬁ "} atr\]/ery shlprt ?rr]ne, W'tthOUt
Since the rotational diffusion of micelle is rather slow, eaving the surroundings. 1his furthér Implies the existence

our trajectory(3.4 ns long catches only a part of this micel- of a reinforcing network surrounding th_e water molecules.
lar rotational diffusion. Our preliminary calculation shows 'Natis, the water molecules must remain close to the PHGs
that the rotational time constant of CsPFO is about 5 ns. wat the micellar surface sufficiently long enough to experience
expect that bound water will get influenced but may notth_e_ torque due to the slow rotatlng micelle. Thus, while in-
catch on to the full slowness because of the presence gvidual water molecules in the first layer are not exactly
water molecules’ own dynamics. There is another importantSticking” to the micellar surface, they form a network
point to consider which is the amplitude of the 500 ps com-Which is long lived and rotate very slowly in the long time.
ponent. Since 90% of water molecules in the hydration layer ~ TO summarize, the macro-microrelations show that the
are bound to the surface, the question naturally arises: why @ielectric relaxation time can be several times larger than the
its contribution 30%? In order to understand this, we turn toorientational correlation time. Thus, it is fair to assume that it
the well-known mode coupling theory of relaxation in corre-is the 19 ps time component in the single particle orienta-
lated systems. Let us first write the generalized Einstein retional correlation of water molecules at the micellar surface

lation for rotational diffusion that gets elongated to the observed 41 ps in the dielectric
relaxation(see Table)l. The 500 ps component in the reori-
D(z)=kgT/[z+{(2)], ®) entational TCF of water seems to arise from the coupling of
whereD(2) is the frequency dependent rotational diffusion water molecules in the layer to the micellar rotation.
coefficient and;(z) is the frequency dependent friction. The The parameters obtained by fitting to the simulated
latter can be calculated from the torque—torque time correIaCD\,\’X(t) using Eq.(6) can be used to calculate the frequency

tion function dependent dielectric function. We perform these calculations
. for the fitted ®)y(t) function through Eq(3) and display
g(z):f dtexp —zt)(N(0)N(t)). (99  themin Figs. 8a), 7(b), and 7c). In Fig. 8a), we show the
0

frequency dependence of the real paft,of the dielectric

The torqueN(t) derives contributions not only from water function. In Fig. &b), we show the same for the imaginary
molecules but also from the micellar atoms, in particularPart. When compared with neat water, a clear shift of popu-
from the polar head groups, because of the large dipole mdation to the slow frequency range is observed. The Cole—
ment of the water molecules. While the contributions fromCole plot shown in Fig. &), shows considerable degree of
water molecules contribute at large frequencies, the onedonexponentiality in the dielectric spectrum.

from micelle contribute at very low frequencies because the ~ The main conclusion that emerges from all the earlier
random walk of micellegleading to its Brownian rotational studies is the existence of a slow component in the 40—-60 ps
motion) occurs at a much longer time scale. In particular, werange in the dielectric relaxation. This slowness can be easily
found that the micellar rotation is slowest along the axis withattributed to the slow rotation of surface water molecdles.
the largest dipole moment. This can give rise to a large conOur earlier studies have confirmed that this slow rotational
tribution to the rotational friction because of the large con-relaxation is again due to the existence of quasibound state
tribution to the torque—torque time correlation function ex-of water molecules due to hydrogen bonding to the nega-



tion between solvation dynamics and dielectric relaxation.

\\\ — Micellar solution This.is pest expres_sed py the foIIowing.reIatiqn betwegn the
08 - N ——— Neat water 1 longitudinal relaxation timer, and the dielectric relaxation
- time 7 :
\c 0.6 |
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- However, the solvation dynamics of an ion at the surface of
0z a micelle is difficult to describe theoretically because the ion
faces a heterogeneous environment. Therefore, a straight-
05 TS forward application of the continuum model with a multiex-
(a) ponential description of dielectric relaxation is not possible.
However, we can still derive certain semiquantitative conclu-
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ecules. The theory suggests that at short length scales, the
relaxation time is essentially given by the dielectric relax-
ation time?%*! Therefore, we certainly expect a slow com-
ponent in the solvation dynamics with a time scale around 40
ps. As shown earlier, the decay of the equilibrium solvation
time correlation functiorC(t) of the natural probe Csion
indeed shows a pronounced component which is about 56
ps1® Note that the earlier correspondence between solvation
dynamics at micellar surface and dielectric relaxation of
“biological water” was not feasible earlier in the absence of
the dielectric relaxation study presented in this paper.

IV. CONCLUSIONS

As described earlier, many experimental studies of di-
electric relaxation in micelles and protein solutions have
found a slow time componefin the 40—60 ps rangevhose
origin had not been fully understood. This component is
sometimes referred to asdispersion. The amplitude of the
decay is rather small and it often appears as a plateau be-
tween the two dominant relaxations due to bulk water and
micelle/protein motion$.It was proposed earlier that this 40
ps component denotes the existence of a dynamic equilib-
rium between the bound and free states of water molecules at
a hydrophilic surface. The present simulations seem to fur-
ther verify that picture.

It is indeed satisfying that the present study could detect

FIG. 8. (a) Real part of the frequency dependent dielectric functionthe 40 ps time component in the dielectric relaxation. As

{[€'(w)—1]/[eg— 1]}, for the water molecules, both in the micellar solu- already emphasized, this appears to be a universal compo-
tion (solid line) and in neat watefdashed ling (b) Frequency dependence nent observed in a large number of svstems. Simulations
of the imaginary part of dielectric functidfie”(w) /[ ,— 1]}, for the water ; g - Yy o ’
molecules, both in the micellar solutiofsolid line) and in neat water ~along with the well-known macro-microrelation, shows that
(dashed ling (c) The Cole—Cole plot of the frequency dependent dielectric this 40 ps component in DR originates from a 19 ps compo-
function, (w), where the imaginary parte”(w)]/[ €o—1] is plotted against  nent in the orientational correlation function of the interfacial
the real part| €’ (w) — 1]/[ eg— 1], for the water molecules, both in micellar .
solution (solid line and in neat watetdashed ling Wz_ﬂer molf_ecules. We have _recently_ obse_rved the e_X|stence of
this long time component in the dielectric relaxation of the
) solvent in a solution of a small protefA.
tively charged oxygen atoms of the polar head group of the A somewhat unexpected but interesting finding of the
micelles. present work is the presence of a 500 ps component in the
orientational relaxation of the surface water molecules. We
have used simulations and theoretical arguments to conclude
that this ultraslow component arises at least partly due to the
The well-known continuum models and also the micro-existence of network of water molecules at the micellar sur-
scopic theories of solvation dynamics suggest a close reldace, and partly from the anisotropy in the orientation of the

C. Relationship with water solvation dynamics
at the interface
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