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Orientational dynamics of water confined on a nanometer length
scale in reverse micelles
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The time-resolved orientational anisotropies of the OD hydroxyl stretch of dilute HOD,@ H
confined on a nanometer length scale in sodiung2bithylhexy) sulfosuccinatg AOT) reverse
micelles are studied using ultrafast infrared polarization and spectrally resolved pump-probe
spectroscopy, and the results are compared to the same experiments on bulk water. The orientational
anisotropy data for three water nanopool sizé%, 2.4, and 1.7 nincan be fitted well with
biexponential decays. The biexponential decays are analyzed using a wobbling-in-a-cone model that
involves fast orientational diffusion within a cone followed by slower, full orientational relaxation.
The data provide the cone angles, the diffusion constants for motion within the cones, and the final
diffusion constants as a function of the nanopool size. The two processes can be interpreted as a
local angular fluctuation of the OD and a global hydrogen bond network rearrangement process. The
trend in the relative amplitudes of the long and short exponential decays suggest an increasing
rigidity as the nanopool size decreases. The trend in the long decay constants indicates a longer
hydrogen bond network rearrangement time with decreasing reverse micelle size. The anisotropy
measurements for the reverse micelles studied extrapolat®183 rather than the ideal value of

0.4, suggesting the presence of an initial inertial component in the anisotropy decay that is too fast
to resolve. The very fast decay component is consistent with initial inertial orientational motion that

is seen in published molecular-dynamics simulations of water in AOT reverse micelles. The angle
over which the inertial orientational motion occurs is determined. The results are in semiquantitative
agreement with the molecular-dynamics simulations2@5 American Institute of Physics

[DOI: 10.1063/1.1883605

I. INTRODUCTION Reverse micelles are widely used as model systems for
) ) ) _ studying water in confined nanoscopic environmentRe-

Water is fundamentally important in a multitude of yerse micelles can be formed in a mixture of water, surfac-

physical and biological processes. Many of these processggnt and organic solvent. The water molecules are trapped in

involve water in confined nanoscopic environments, not irhanoscopic cavitieone to tens of nanometers in diameter

its bulk continuous f:)rm. Water confme"d 0on a nanometer. o a4 by the surfactant molecules oriented so that their
length scale, i.e., “nanoscopic water” is important in

hemistry: biol 2 q | 9 For i . ionic or polar head groups point inward toward the aqueous
chemistry, biology, and geology. "or _mstance, 19N bhase. Sodium bi&-ethylhexy) sulfosuccinatg AOT) is a
exchange processes, important in analytical chemistry, a

. ; , .  Al€mmon surfactant used to make reverse micelles.
mediated by water in the confines of ion-exchange resins. . )
; ' ) L ; Many experiments on AOT reverse micelles have pro-
The dynamics of confined water in the vicinity of biomacro- . : ; . . .
) . . . Y|ded information on nanoscopic water properties and indi-
molecules are believed to be responsible for many biologica . . . . .
. o -rect information on dynamics. The optical experiments per-
functions, such as molecular recognition and enzymatlEormed on AOT reverse micelles include linear infrared
cataIyS|s‘f The water nanopools in reverse micelles are use

as nanoreactotsand for hydration studies of enzymatic Spe?‘roi‘gof’y of the ~ hydroxyl stret¢h,” librational
activity.“ motions,” and terahertz frequency spectroscopy of surface

(o J— .
The key feature of liquid water is its formation of dy- modes® Time-resolved experiments have been performed

namic hydrogen bond networks that are responsible for wadSing Probe molecules to indirectly measure the dynamics of
ter's unique propertie@Bqu water dynamics occur over a thg surrounding water moIecuIes.lThese experiments include
range of time scales from tens of femtoseconds to severdiSible fluorescence up-conversion _spectr_osé?)f)’y and
picosecondé:** Because water is found in many nanoscopic™id-IR pump-probe spectrog@of}’y‘. Difficulties in inter-
environments, an essential problem is the nature of wate?'eting the dynamical experiments arise from the uncertain-

dynamics in nanopools and how nanoscopic water dynamicdes in the location of the probe molecules in the reverse
differ from those of bulk water. micelle and the complexity of deciphering the influence of
the water dynamics on the observable associated with the
dpermanent address: School of Physical and Mathematical Sciences, Nag-rObe molecule. Nonetheless, these !mportant eXperImems
yang Technological University, 1 Nanyang Walk, Singapore 637616. emonstrate that there are changes in the water dynamics

PElectronic mail: fayer@stanford.edu that increase as the size of the reverse micelle water pool
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decreases. Transient IR spectra of the water hydroxyl stretofjuency domain by measuring their spectra with a monochro-
in reverse micelles have been meastffduljt the picosecond mator. In all of the samples studied, the laser spectrum was
time resolution used was too slow to examine the fundamentuned to match the peak of the OD stretch in the linear ab-
tal dynamics of the water molecules. Emphasis was on timeorption spectrum. To determine the pulse duration in the
scales of tens to hundreds of picoseconds. Very recently, asample, the time-delayed mid-IR pulses that are used in the
IR experiment examined the flow of vibrational energy fromexperiment are cross-correlated in a nonresonant sample con-
water nanopools in reverse micelles into the surroundingaining only CC). The beams pass through the identical
solvent®® Inelastic neutron-scattering experiments studiedamount of optical material. The sign and magnitude of the
the dynamics of water in reverse micelles by obtaining thechirp on the pulses are determined by frequency resolving
line shapes as a function of scattering arf§l@he results the nonresonant signal in a monochromaffrequency-
were compared to the molecular-dynami®dD) simula-  resolved optical grating (FROG experiment Calcium
tions. fluoride and germanium windows are placed in the beam

Ultrafast IR spectrally resolved stimulated vibrational prior to beam splitting to compensate the group-velocity dis-
echo experiments have been used to directly examine thgersion. The results are 60-fs near transform limited pulses
hydrogen bond dynamics of nanoscopic water in reversgn the sample.
micelles?®°The results were compared to the experiments  The IR pulses are split into pump and probe components
on bulk water and MD simulations of bulk watér’® These  with a relative intensity of 9:1. A polarizéP1) is placed in
series of experiments measure the time-dependent frequenghe path of the probe beam to change the probe beam polar-
fluctuations, i.e., spectral diffusion, of the OD stretch. Thejzation to 45° relative to the pump beam. Both beams are
vibrational echo experiments provide insights into the hydrothen focused onto the sample using an off-axis parabolic re-
gen bond network evolution, and displayed a very pro-lector. Another off-axis parabolic reflector recollimates the
nounced dependence of the dynamics, particularly the longrobe pulse after the sample. The probe beam is then routed
time scale dynamics, on the size of the water nanopool.  through a monochromator. A HgCdTe detector is placed at

In this paper we present the studies of the orientationalhe monochromator exit slit to measure the frequency-
dynamics in water nanopools by observing the OD hydroxykesolved probe signal. The monochromator is set so that the
stretch of dilute HOD in water nanopools of AOT reverse detection Wave'ength matches the maximum Of the oD ab_
micelles using ultrafast infrared spectrally resolved pumpsorption spectra of the different samples. Frequency resolu-
probe experiments. The experiments measure the anisotropypn avoids the ambiguity introduced when signals from both
decay as well as the vibrational lifetime. In contrast withthe 0-1 and 1-2 vibrational transitions are observed simulta-
bulk water, the anisotropy decays are not exponential, but figeously in a nonfrequency-resolved experiment. In addition,
well to a biexponential decay. A wobbling-in-a-cone the presence or lack of a detectable wavelength dependence
modef"“?is used to interpret the results. The orientationalcan provide useful information. A polarizéP?) is placed
diffusion is initially restricted to a limited cone of angles. On 4fter the monochromator just before the detector to selec-
a longer time scale complete orientational relaxation OCCUrSjyely measure the parallel or perpendicular polarization
The cone angles, diffusion constants for motion in the coneomponents of the probe pulse. The polarizer before the
and the complete orientational diffusion constants are detengCdTe detector has an extinction ratio of120:1. The
mined as a function of water nanopool size. It is observedyheriment is conducted as a function of the delay between
that the initial anisotropy is not the ideal value of 0.4, butynqo pump and probe pulses,A boxcar integrator measures
rather~0.33, with a small variation depending on the water,o signal and is then sent to a lock-in amplifier. The pump
nanopool size. The difference is assigned to a very fast initig), ;|se js chopped at a rate of 500 Hz. This frequency provides
inertial orientation motion that occurs on a time scale Ofthe lock-in frequency whereby the transient absorption signal
<100 fs. T_he res_ults of the_meas_urements_ are_compared 1%n be obtained asl, andAl | for the parallel and perpen-
the MD2753'2rnUIat'9”S of orientational motion in reverse yicyjar components, respectively. The lock-in signals are
micelles™” " The simulations display all of the features ob- yhen normalized to the probe intensities of the two compo-
served in the experu_’nents and are in semiquantitative agre?lénts(ln andl ), as measured on the HgCdTe detector. This
ment with the experimental results. gives the normalized parallel and perpendicular transient ab-
sorption signalss=Al,/l, andS, =Al | /I ,, respectively.

The pump-probe experiments were performed on the OD
stretch of dilute HOD in HO (10% HOD in H,O mixture

The laser system used in the experiments consists of eonfined in monodispersed AOT reverse micelles. The low
home built Ti:Sapphire oscillator and a regenerative ampliconcentration of HOD in KO ensures minimal Forster en-
fier followed by an optical parametric amplifi€@PA) and  ergy transfer from an excited OD stretch to another OD. The
difference frequency stage. The 800 rB0-fs pulses pump average distance between a pair of HOD molecules at the
the OPA containing a single 3-my-barium borate crystal concentration that we use i$6.7 A compared to the Forster
that is double passed generating near-IR wavelen@tiis-  radius ofR,= ~ 2.0 A3** At a distanceR,, the transfer time
tered at wavelengths of1.3 and~2.0 um). A 0.5-mm  equals the lifetime. The transfer rate falls off &,/R)®.
AgGas$ crystal is used to difference frequency mix near theTherefore, at the average separation, the transfer rate is ap-
IR wavelengths to produce the-4-um mid-IR pulses proximately one thousandth of the lifetime decay rate, and
(~4 wd/pulsg. The pulses are characterized in the fre-the Forster transfer is negligible.

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. Background-subtracted Fourier transform infraf€flR) spectra of

the OD stretch of HOD in KD in bulk water and in AOT reverse micelles. F!C- 2. Vibrational population relaxation of the OD stretch of HOD isH

in AOT reverse micellegsee text and Table.l

The reverse micelles were prepared in £Gblvent, ) ) o » )
with wo=[H,0]/[AOT]=10, 5, and 2. The details of the The long-lived signal is either positiieesidual ground state

preparation procedures are outlined in another publicdfion. Pléach or negative(additional absorptiondepending of the

Briefly, the reverse micelle samples were prepared by adding€tection wavelength. At the center of the line, the long-lived
a measured volume of HOD 48 mixture to a stock solution Signal is positive. In the reverse micelles, a detection
of 1M AOT to give the desireav,. The water content of the Wavelength-dependent long-lived signal is also observed in
stock solution was determined by Karl Fisher titration, andt"€ P(t) data. The long time scale nonzero signal is much
the small water content of the stock solution was taken intgMaller than the long-lived signal observed in bulk water and
consideration in determining concentration of water in theP&comes smaller as the size of the nanopool decreases. The

final samples. The size of the nanoscopic water pool at th8ffSets for the reverse micelle sizes fw5=10, 5 and 2 are
center of the micelle can be assigned fram For thew,s 4%, ~3%, and~2%, respectively. Table | gives the decay

studied, the nanopool sizes are approximately 4.0, 2.6 angPnstantT, for each size reverse micelle measured at its peak
1.7 nm in diameter, containing 1000, ~300, and~50 wa- absorption wavelength. A detailed examination of the time
ter molecules, respectivel§. Experiments were also per- dependence of the long-lived spectrum following vibrational

formed on bulk water. The absorption spectra of the four€laxation will be presented subsequently.

samples are displayed in Fig. 1. The peak positicms™) _ The orlentatlon_al gmsotropy(t) is obtained from t.he
and full width at half maximunicni™?) for the spectra of the t|m(79ér8esolved polarization selective pump-probe experiments
OD stretch in bulk water and water nanopoolsng=10, 5, '

and 2 reverse micelles af@506, 170, (2539, 174, (2558,

160, (2566, 156, respectively. The spectra shift to higher F(t) = M = 0.4C,(1) (2)
frequency(blueshify and become narrower with decreasing S +2S, (1) '

Wo. % The laser-pulse bandwidth spans the absorption spec-

trum of the sample under study. The samples were containéihereS, andS. are the normalized parallel and perpendicu-
in a sample cell consisting of a Teflon spacer sandwichedfr transient absorptions, respectively, as detailed in the ex-
between two pieces of 3-mm Cafindows. The spacers Pperimental sectionCy(t)=(P,[4(t)-x(0)]) is the second-
used are 25@m for the reverse micelles and }an for  order Legendre polynomial of the transitional dipole moment
bulk water. The optical densities are0.3 for all samples unit vector orientation autocorrelation. At tinte=0, r(0)
studied. =0.4, andC,(0)=1.

The anisotropy data for the water nanopools in the re-
verse micelles withwy=2 (circles, 5 (triangles, 10 (hexa-
gong, and bulk water(squarep are shown in Fig. @&). In

The vibrational population dynamicB(t) of the OD  bulk water, the anisotropy decay is a single exponential with
stretch of HOD in water, without contribution from orienta- a decay constant of 1.9+0.1 p&* In contrast with bulk
tional relaxation, was obtained using water, the anisotropy decays measured on the water nanopo-

Pt) =S (1) +2S,(1). (1)
. TABLE I. Vibrational excited state lifetime decay constaft,values.
The data for the water nanopools in the three reverse mi

celles are plotted in Fig. 2. The data are fit with an exponensample T, (p9
tial decay and an offset. For HOD in bulk water it has been

IIl. RESULTS AND ANALYSIS

demonstrated in considerable detail that vibrational relaxaofé 22
ation of the OD stretch leads to hydrogen bond breakif. w10 g

The hydrogen bond breaking produces changes in the spegf-jl; water 15
trum that results in a long-lived nonzero pump-probe signal




174501-4 Tan, Piletic, and Fayer J. Chem. Phys. 122, 174501 (2005)

0.40 decay that has occurred within the first 200 fs that is not
0.35 b measured in the experiments. The initial value of the aniso-
tropy for bulk water is 0.385+0.01, which is much closer to
0.30 [y ; S .
oot the ideal value of 0.4. Molecular-dynamics simulations show
g 025 " ” that bulk water has an initial inertial-libration contribution to
*§ 020 B the anisotropy decdy. This phenomenon has also been ob-
S o5l &Y served in rec4elnt ultrafast anisotropy studies of OH stretches
e . in bulk water.” MD simulations show that water in reverse
010} micelles also undergoes an initial fast decay of the aniso-
0.05 tropy due to the similar inertial-librational motion preceding
0.00 s T Sselon, o T T the orientational diffusion, but to a greater extent than in
0 2 4 6 8 10 12 14 16 18 bulk water?’ The inertial contribution will be discussed in
0.40 ©) more detail below. There are a number of clear trends of the
0.35 By observed biexponential decays that we can note here. First,
0.30 N s wo =2 the time constant of the longer decay increases with a de-
- R e creasing size of the water nanopool. Second, the ratio of the
g 0261 % e SN amplitudes of the slow time decay to the fast time decay also
B8 020l 4 increases aw/, decreases.
s I The biexponential decaying anisotropy can be analyzed
e or within an extended wobble-in-a-cone modkf?In the stan-
0.10 - dard model, two independent diffusion processes are pro-
005 . ceeding simultaneously. The first, with a shorter correlation
P oy time, describes the motion of a restricted rotor, whereby the
0 1 2 3 4 5 transition dipole moment can only undergo orientational dif-
t(ps) fusion within a cone of semiangle The second longer cor-

FIG. 3. Orientational anisotropy decays of the OD stretch of HOD j® H relatlor_' tlme accounts for the SIO\.Ne_I’ overall O”enFatlonal
in bulk water and in AOT reverse micelles and biexponential(ee Table ~ relaxation without any angular restriction that results in com-

I1). (@ Long time scale(b) Expanded time scale. Note the0 differences  plete orientational randomization. In this model the orienta-
in r(t) between the bulk water value-0.39 and the reverse micelle values tional correlation function is given by

(~0.32-0.34.
Cy(t) = [Q*+ (1 - Q¥)exp(~ /7o) Jexp(— t/ ), (4)

ols in the three reverse micelles are not single exponentialvhere Q? is the generalized order parameter that describes
The decays can be fit very well by a biexponential whenthe degree of restriction on the wobbling-in-the-cone orien-

C,(t) in Eq. (2) has the form tational motion.Q? satisfies the inequality of € Q?<1,
~ where Q?=0 describes unrestricted reorientation, whé
Ca(t) = Ay exp=timy) + Ay exp(=t/mp). (3 =1 is no wobbling-in-the-cone orientational motio@? is

the amplitude of the slow decay in E@l). It would be ob-

The fitting begi t=200fs b f the | -
€ fIting Hegins a S DOCAUSE Of e ‘arge nonreso tained from data by taking the slow decay amplitude of the

nant signal centered at0 produced by the Cglsolvent. LT .
Although the pulses used in the experiments-ag9 fs, the r.(t) decay and mult|ply|ng it by 2.§see Eq.(?)]. e IS the
very strong nonresonant signal does not decay to zero ungfme constant that describes the wobbling-in-the-cone mo-

200 fs. The time constants and amplitudes of the biexponeﬁ'—on' The time constant of the final diffusive full orientational

tial fits for the threew, values as well as for bulk water are rglaxa'uon IS denote_d-m, W,h'Ch’ from E.q.(3),. IS thg Ion.g
listed in Table II. time constant,. 7,,, gives directly the orientational diffusion

The sum of the amplitudes of the biexponential fits to thecoefficient of the angularly unrestricted orientation relax-

anisotropy decays of all three reverse micelle samples add ug)tlon from the r_elatlon betwgen 'ghe decay of the second Leg-
to ~0.33, but there are small differences for the three revers&ndre polynomial and the diffusion constant,

micelles. Figure @) displays the anisotropy data and fits on 1

a shorter time scale so that the extrapolated values of the fits Dm= a (5)

can be more clearly seen. The fact that the data do not ex-

trapolate to 0.4 implies that there is a fast initial anisotropy ~ 7c iS obtained from the experimentally measuredrof
and 7, using the relation

TABLE II. Anisotropy decay parameters. T = (7'11 - 7'51)_1. (6)
Sample A 7 (P9 A 7> (P9 The cone semianglé is obtained from the order parameter
2 : 1
Q2 using’
Wo=2 0.04 0.9%0.2 0.30 78+10 , ,
Wo=5 0.08 1.4%0.2 0.25 19.540.6 Q@ =[%(cos6)(1 + cosh) |. (7)
Wo=10 0.10 1.3+0.2 0.22 6.240.4

The wobbling-in-the-cone diffusion constaby, is in turn

bulk water 0.385 1.9+0.1 1
related tor, and 6 for 6<30° by?
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TABLE lll. Cone angles and diffusion constants. the correlation functiorC, is required to be zero at0. As
o o shown in Appendix, the analysis yields a triexponential func-
Sample 0in Htot Dc (ps) Dm (pS) tion
Wo=2 19° 25° 3812 470%60 _ 5
Wo=5 20° 32° 31+2 117+3 C)=(1-T9)
Wo=10 22¢ 35° 25£2 37%2 xexp(—t/n,) + TS+ (1 - P)exp- t/7)]
bulk water 11.4+0.6

X exp(— t/,). (10

The first term describes the decay of the initial very fast
D, = 76%/24x, (8)  inertial component that is not directly observed in the experi-

with 6 in radians. In the experimental systems studied herements' The second term describes the biexponential curve

0#<30°, and Eq(8) gives close to the correct values. In the that fits the experimental dal&q. (3)].

. ! o . There are two cones, the inertial cone and the total cone.
simulations analyzed below,>30°, and the full expression . X
1 The cone angle for each is calculated with the same formula,
for any value of6 must be used.

Eq. (7). The restricted orientational relaxation can be viewed
X2(L +x)HIN[(L +x)/2] + (1 - x)/2} as a decay to a plateau. The va!ue pf the plateau giyes the
= cone angle. In the normal wobbling-in-a-cone, there is one

Cc _ N2 _
7o(1 - Q)20 = D] plateau. In the absence of further orientational relaxation, the
(1 =x)(6 + 8 —x2— 123 - 7x3) decay would be to a true plateau reflecting a spread of ori-
+ 247(1-Q? ' © entations to a particular value. However, in the single cone

case described in E¢4), the plateau decays with the final

where x,=cosé. In the limit of #=180°, i.e., there is no diffusion process that leads to complete orientational ran-
restriction to the orientational diffusionQ?=0 and D,  domization. In the experiments presented here, there are two
=1/67, as expected. The values reported Iﬂ@1 in Tables plateaus. The inertial dynamics produces a decay to the first
Il and V were obtained using Ed9) in the manner pre- plateau. The decay from the first plateau is caused by diffu-
sented below. sive wobbling-in-a-cone that leads to the second plateau,

The analysis given above does not take into account thavhich in turn decays by the final diffusion process.
there is a very fast inertial component to the orientational  The inertial cone angl®,, is determined by the initial
relaxation. The very fast inertial motion partially randomizesvalue obtained by extrapolatingt) to t=0 [see Fig. 8b)]
the distribution before the onset of diffusive motion. Theand then multiplying this by 2.5 to get the value for the
inertial motion produces an initial cone of orientations fromnormalized correlation function. This valueTs, the sum of
which the wobbling-in-a-cone diffusion motion proceeds.the amplitudes of the biexponential fitd; +A, (see Table
The very fast inertial orientational decay produces a condl), multiplied by 2.5.6,, is obtained from Eq(7) with T?
within a cone that needs to be treated to properly analyze theQ?. While the first process is not diffusive, the cone angle
data and to extract additional information. The inertial com-is strictly geometric and determined by the level of the pla-
ponent is too fast to measure because of the interferendeau. The total cone angi,; describes the range of angles
from the CCJ, nonresonant signal. Simulations suggest that isampled by the combined inertial motion and the diffusive
is ~40 fs (Ref. 32 (see below. However, the amplitude of wobbling-in-a-cone motioné,, is determined by the value
the inertial component is obtained from the experiments. Th@2S? in Eq. (10), which is obtained from the(t) decay.T?°S
important quantity is the value @,(t) following the inertial  is A, multiplied by 2.5 to give the value in terms of the
decay. That is the sum of the amplitudas+A, [Eq. (3)] normalized correlation function.
obtained form fittingr (t) times 2.5, which is~0.82, but var- Equations(4), (6), (7), and(9) would be used to deter-
ies somewhat withw. mine the orientational diffusion constant for the wobbling-in-

To take into account the very fast inertial component ofa-cone motion in the absence of inertial motion. For a single
the decay, it is necessary to modify the wobbling-in-a-condliffusive cone, the wobbling-in-a-cone motion causes the
model given above. The inertial-librational motion is treatedcorrelation function to decay from 1 tQ? [see Eq.(4)].
as an additional initial wobbling-in-a-cone motion that is in- Here, the diffusive wobbling-in-a-cone motion causes a de-
dependent of the subsequent longer time scale motion in @ay from T? to T°S [See Eq.(10)]. T?=2.5A;+A,) and
cone that is observed in the experiments on-Heps time  T2S°=2.5A,. From these experimental values the effective
scale. Because the initial inertial decay is so much faster thacone angle is obtained by usiggin Eq. (7). This cone angle
the subsequent diffusive motions, the details of the inertiabnd 7, [Eq. (6)] are used to determine the wobbling-in-a-
motion do not come into play. All that matters is that the cone diffusion constarid. [Eq.(9)]. The calculated values of
inertial motion that produces an initial smaller cone ofthe inverse wobbling-in-a-cone orientational diffusion con-
sampled angles is complete on a time scale that is muciatantD;l and the inverse overall orientational diffusion con-
shorter than the following diffusive motion that samples thestantD ! [Eq. (5)] are given in Table . The orientational
larger cone. Because the details of the functional form of theliffusion constant for bulk water is also given in Table 11l for
inertial decay are unimportant for the analysis presentedomparison.
here, we treat the inertial decay as exponential, although it The values of the various parameters in Table IIl are size
must actually begin as a Gaussian decay since the slope dépendentd,,, the inertial cone angles, show a very small
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increase with increasing water nanopool size that may beonstrained environment, the network cannot arrange in a
within experimental error. The trend in the total cone anglegeometrically optimum manner. Therefore, without breaking
it also increases with increasing size, and this trend is outhe hydrogen bonds, the fluctuations of the hydrogen bond
side of experimental error. The inverse wobbling-in-a-coneangles of the constituent molecules are more limited in the
diffusion constanD_* becomes faster as the nanopool size issmaller water nanopools and, hence, result in a smaljer
increased. This trend is real; it is outside of experimentalThe same argument would explain the increasing inverse
error. The most dramatic change is in the final complete difwobbling-in-a-cone diffusion constarﬁ.‘!;1 with decreasing
fusive orientational relaxation that randomizes the orientananopool size.

tions. The inverse diffusion constal;' becomes much The complete structural rearrangement of the hydrogen
faster as the nanopool size increases. Howeverwferl0,  bond networks involves the rotation and translation of water
D, is still ~3 slower than in bulk water. molecules and consequently the breaking and formation of

The reverse micelles are themselves undergoing orientarydrogen bonds. With smaller reverse micelles, there are in-
tional diffusion in the solvent. It is important to estimate how creasing geometric constraints to the rotational and transla-
much the orientational relaxation of the entire reverse mitional freedom of the molecules undergoing the structural
celle contributes, if at all, taD;. The Debye-Einstein— rearrangement. As the reverse micelle is made smaller, an
Stokes equatidt describes the inverse orientational diffu- increasing fraction of the water molecules interact with the

sion constanD" of a sphere in a solvent of viscosity head group boundary layer both physically and chemically.
8myre The inverse orientational diffusion constant for complete ori-
D§1= ? (11 entational reIaxatiorD;} reflects the time scale of the rear-

rangements and the underlying hydrogen bond breaking and
wherek is the Boltzmann constant, is the radius of the reforming processes. There is a dramatic increade, fnas
sphere, and is the temperature in Kelvin. The radius of a the size of the water nanopool decreaés=e Table Ill. A
Wo=2 AOT reverse micelle including the surfactant mol- similar trend is observed in the frequency-frequency correla-

ecules is 1.9 nrif° Given the value for the viscosity of CCI  tion functions(FFCF$ of the OD stretch in water nanopools
at 295 K of 0.969 cﬁ? D;} is ~40 ns. This value is almost ©f reverse micelles measured with spectrally resolved stimu-
two orders of magnitude longer than tlE=460 ps that lated vibrational echo experimerits® The FFCF measures
was found for thav,=2 reverse micelle. Therefore, the con- the spectral diffusion of the OD stretch and the long time
tributions to the inverse diffusion constants reported in Tablglecay component is attributed to the hydrogen bond making
11l from the orientational relaxation of the entire reverse mi-and breaking process&s™*®The long decay constants of
celles are negligible. the FFCF measured favy=10, 5, and 2 are 5, 8, and 22 ps,
The data suggest that the orientation relaxation of waterespectively”** We can compare these values to the mea-
in the reverse micelle nanopools can be partitioned into tweured time constants of the slow reorientatigri Eq. (5)] for
processes. The first is the local motions of water moleculewater in reverse micelles,,=10, 5, and 2 of 6, 20, and
within the hydrogen bond network. The second slower pro-78 ps, respectively. These values are not directly comparable
cess involves the more global rearrangements of the constitipecause the vibrational echo experiments measure the FFCF
ent molecules of the network. In this picture, the cone semiwhile the experiments presented here mea€iy¢). How-
anglesé,,; and the associated inverse diffusion constﬁ]{fs ever, the trend may suggest that there are the same underly-
reflect the first more local process while the inverse diffusioning physical processes, i.e., breaking and making of hydro-
constantsD;wl are measures of the second more global progen bonds, responsible for the slowing observed in both
cess. types of experiments as the water nanopool size gets smaller.
Although there are constraints on the orientational diffu-The trend of slower reorientation of the water molecules with
sion of hydroxyls of a water molecule in a hydrogen bonddecreasing reverse micelle size is also consistent with the
network, the intrinsic flexibility of hydrogen bonds allows experiments on probe molecules using visible fluorescence
the hydroxyls to undergo directional fluctuations withoutup-conversion spectroscoﬁ?l and mid-IR pump-probe
breaking hydrogen bonds. The extent of the flexibility can bespectroscop’2*
appreciated by studying the distribution of hydrogen bond  Although there are many MD simulations of bulk water,
angles(the angle made between the vector along the hyMD simulations of water in reverse micelles is still a rela-
droxyl and the oxygen-to-oxygen vector between two adjatively sparse field. The most comprehensive MD simulation
cent hydrogen bonding molecu)esMolecular-dynamics of the dynamics of water confined in different sizes of model
simulations on bulk water indicate that the hydrogen bondAOT reverse micelles has been performed by Ladanyi and
angles are distributed from 0° up to 454’ Although not  co-workers?”*? Figure 4 displays the results of simulations
rigorously equivalent guantities, we may nonetheless comef C,(t) from the MD simulationgsolid curve$ for reverse
pare this distribution of the hydrogen bond angles todge  micelle sizes ofwy=2.5 and 5(Ref. 27. [Figure 12 of Ref.
.ot takes into account both the initial fast inertial decay and27 depicts the IfC,(t)]/[1(I1+1)] calculated forwy,=5. For
the subsequent diffusive wobbling-in-a-cone motion. TheFig. 4, we obtained th€,(t) values forwy=5 and 2.5 from
values for6,,; measured for the reverse micellé&ble Il1) Ladanyi and co-workers simulated in the same study but not
are 25°, 32°, and 35° fony=2, 5, and 10, respectively. The depicted in Ref. 2J The simulations shown in Fig. 4 are the
increasef,,; with increasing reverse micelle size may be dueaverages over all water molecules in the reverse micelles.
to the decreasing rigidity of the hydrogen bond network. In awhen the water molecules were subdivided into two suben-
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1.0 TABLE V. Simulation cone angles and diffusion constants.
0.9 r(a) Wy =2.5
0.8 Sample bin Bot D¢t (P D (P
0.7 Wo=2.5 34° 52° 8 63
0.6 Wo=5 29° 48° 1 38
R O5
0.4
03} inertial componentsy;, can be compared to the measured
02} values, which are 1-2(B,+A,) from Table II.
0.1} Quialitatively, the simulations ofi,=2.5 and 5 reverse
ook micelles have the same general characteristics as the experi-
0.9 mental results om,=2 and 5. There is a very fast inertial
0.8 decay followed by a biexponential decay that has-dps
071 decay time and then a significantly longer decay time. To
06k make a more quantitative comparison between the MD simu-
S o5l lations and the experimental results, the simulated data were
© 0al analyzed in the identical manner as the experimental data.
0l Table V presents the results. The simulations give inertial
ol cone angle9,, that are~50% greater than the experimental
“F values, and the total cone anglég, are 50%-100% larger.
8‘; - T The simulated inverse wobbling-in-a-cone diffusion con-
o 6 8 10 stantsD_* are factors of 3-5 faster. They are consistent with
t(ps) experiment in that there is not a substantial change wijth

FIG. 4. MD simulations of the orientational dynamigS,(t)] of water in Th_e inverse dIﬁUSI(_)? constant for the final (_:omplete Orl_en-

AOT reverse micellegRef. 27 and triexponential fit§see Tables IV and tatlpnal relaxatlorD_m h?—ve the correct trend in that the dif-

V). fusion becomes significantly faster as the water nanopool
becomes larger, but the times are too fast by factors of 3-7.

Generally, the simulations show cone angles that are too

sembles, one associated Wit.h the head groups and one for tpﬁge and diffusion that is too fast. One feature of the simu-
core c\j/va;[)ers, t.hﬁ srr?\meh badS|c shapes t?f the Cllajlrvej' wlere. 0B&ions that may be responsible for the quantitative differ-
tained, but with the head group subensemble displaying,qq \yith experiment is the lack of a detailed molecular

somewhat slower dynamics and the core subensemble SOMeodel of the head group&?While the agreement between

what faster dynamics than the curves displayed in Fig. 4o imylations and the experimental results is only semi-

(Ref. 27 Therefore, the highly nonexponential shapes of the,, . nitative, all of the basic features of the experiments are
curves are not a result of two subensembles, each giving risgproduced in the simulations, the trends are correct, and the
to different exponential decay curves. _ _ actual numbers are in reasonable accord with the experiment
C,(t) is directly related tar(t), the orientational aniso-  given the difficulty of the simulations. This feature of having
tropy measured hersee Eq.(2)]. The simulations were fit 5 hiexnonential decay in the orientational correlation is also
with a triexponential function constrained to have the sum Ofpresent in the MD simulations of water molecule in a per-
the three amplitude factors;, equal unity(dashed curvgs v polyether reverse micelle system with a size vof
While not perfect, the triexponential function does a good-g 44° Apother important aspect of the simulations by
job of reproducing the simulations, and the resulting paramegader and co-worker is that they show that the counter
eters permit direct comparisons to the experimental result%ns(Naﬁ) are essentially fully associated with the negatively
The fit parameters for the three exponentials are given i'&harged head groups. Therefore, the ionic strength of the
Table IV. 7, and 7, are directly comparable to the measuredyater nanopools is low and not responsible for differences in
values given in Table lla; and a, are the equivalent of qrientational dynamics between the water confined in the
multiplying A, and A, of Table Il by 2.5. The simulations eyerse micelles and bulk water. Furthermore, pump-probe
give 7, the inertial decay constant as40 fs. 7, was not  gpjsotropy experiments on salt solutions suggest that there is
measurable in the experiments, but the simulation values afgte effect on the orientational dynamics of bulk water be-
consistent with the observation that the inertial componenyiong the first solvation shell of the ion% IR pump-probe
has completely decayed by 200 fs. The amplitudes of th@xperiments that measured the lifetimes and orientational re-
laxation of a small probe molecule in nonionic reverse mi-
TABLE IV. Simulation orientational correlation function decay parameters. Cellés showed significant differences from bulk water and a
size dependenc@?* The experiments on nonionic reverse
Sample @ 7in (P9 @ 7 (p9 @, 7 (p9 micelles support the results of the simulations that show that
confinement rather than the influence of free ions in AOT
reverse micelles is responsible for the trends seen here in
both the experiments and simulations.

Wp=2.5 0.43 0.038 0.32 0.95 0.25 10.5
Wy=5 0.33 0.036 0.35 1.05 0.32 6.3
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IV. CONCLUDING REMARKS water in reverse micelles has suggested thatvpy 16, the
water in the nanopools behaves like the bulk watevhile

We have presented frequency-resolved pump-probe ammeasurements on the OH librational band indicates that wa-
isotropy experiments on the OD stretch of dilute HOD inter does not attain bulklike characteristics fay between 20
water confined on a nanometer length scale in AOT reversand 40™ We are in the process of performing experiments
micelles. The experiments examined the influence of nanocen larger reverse micelles than those studied here using
scopic confinement on the orientational dynamics of water agsooctane as a solvent to determine at what size the orienta-
a function of the water nanopool size, and the results weréonal dynamics of water in reverse micelles becomes
compared to identical measurements on bulk water. The exequivalent to that of bulk water.
perimental results are also compared to MD simulations of
orientational relaxation in AOT reverse micel€$”Orien-  ACKNOWLEDGMENTS
tational relaxation in bulk water occurs as a single diffusive
processsingle exponential decay of the anisotrpplyat re- We are grateful to Professor Branka Ladanyi, Depart-
sults in complete orientational relaxation following, at most,ment of Chemistry, Colorado State University at Fort Col-
a small initial very fast inertial decay. In contrast, the orien-lins, for providing us with t2he molecular-dynamics simula-
tational diffusion in the confined water exhibits pronouncedtion data presented in Fig. 4 This work was supported by
nonexponential decay of the anisotropy. Following a veryth® Department of Energy(Grant No. DE-FGO3-
fast inertial decay component of substantial amplitude, ther84ER1325], the National Institutes of HealttGrant No.
is a decay on an-1-ps time scale and another decay on ten2RO1GMO061137-0p and the National Science Foundation
of picosecond time scalsee Table Ii. The nonexponential (Grant No. DMR-0332692
decay is analyzed using a wobbling-in-a-cone mdddlhe
diffusive cone angle decreases and the diffusion in the conAPPENDIX: MODIFICATION OF THE WOBBLING-IN-
slows as the water nanopool size decregses Table 1l. ~ THE-CONE ORIENTATION CORRELATION
The final diffusion that leads to complete orientational relax-FUNCTION
ation slows substantially as the nanopool becomes smaller gqation(4) describes the time-dependent anisotropy of
(see Table Ill. The MD simulation¥’ show the same trends, 4 resricted roto?" It consists of an overall unrestricted mo-
a very fast inertial decay followed by a longer time scalejgcylar reorientation governed by, and the restricted diffu-
nonexponential decaySee Fig. 4 and Tables IV and)V  sjon in a cone parameterized by variablgsand Q2 These
While the trends in the MD simulations are similar to the tyo processes are assumed to be independent of each other.
experimental results, the cone angles are too large and both | the experiments presented here, there are two cones,
the cone diffusion constants and the final complete diffusionhe inertial cone and the total cone. The cone angle for each
constants are too fast. is calculated with the same formula, E@). The restricted

In the data analysis, the water molecules were treated asyientational relaxation can be viewed as a decay to a pla-
belonging to a single ensemble. However, as discusseg@au. The value of the plateau gives the cone angle. In the
brleﬂy above, the MD simulations examined two classes Ohorma| Wobb“ng in a cone, there is one p|ateau_ In the ab-
water molecules, those in the core of the reverse micelles angknce of further orientational relaxation, the decay would be
those that are associated with the head groups. The Mk a true plateau reflecting a spread of orientations to a spe-
simulations indicate that the dynamics are different for thesgific nonrandom value. However, in the single cone case de-
two subensembles of water molecules. The experiments havgribed in Eq(4), the plateau decays with the final diffusion
also addressed the issue of different classes of water moprocess that leads to complete orientational randomization.
ecules in reverse micellé§*® The pump-probe data re- When there are two cones, there are two plateaus. The
ported here, although measured at the peak of the absorptigfertial dynamics produces a decay to the first plateau. The
spectrum of each sample, may be a superposition of morgecay from the first plateau is caused by diffusive wobbling
than one ensemble. The postulated different subensemblesgf a cone that leads to the second plateau, which in turn
water might be expected to have different absorptiondecays by the final diffusion process. Equati@h can be
frequencies? which would suggest that the pump-probe an-generalized to include an additional diffusion in a cone mo-
isotropy experiments may be frequency dependent. The preion as
liminary wavelength selective vibrational echo experiments R 2
show that there is some frequency dependence for the OD C)=[T"+(1-T9
stretch spectral diffusioft>° Further experiments are being xexp(— t/m) [S2+ (1 - Pexp— t/7y)]
conducted to |nyest|gate the freqqency dependence pf the xexp(-t/r), (A1)
pump-probe anisotropy decays in the reverse micelle
samples. More detailed frequency selective experiments mayhere T2 and ,, parameterize the first cone, in the experi-
allow us to delineate the contributions to the observed orienments presented here the inertial cone, 8hdnd r, param-
tation correlation function and to obtain separate orientatioreterize the second cone, the diffusive cone. As discussed in
correlation functions for the different subensembles. detail in the text, the orientational relaxation caused by the

It is apparent from Fig. 3 and Tables Il and Il that the initial very fast inertial motion is not diffusive. However, it is
dynamics of water invg=10 reverse micelles are not bulk- so fast that its functional form is not measurable in the ex-
like. The linear optical spectroscopy on the OH stretch ofperiments and the simulations and fits presented in Fig. 4
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show that the decay of the correlation function arising from,
the inertial motion can be fit reasonably well as a decaying

exponential.

When Eq.(Al) is multiplied out, there are terms involv-
ing, exg-(1/7,)-(1/7y)], and exp—-(1/7,)—(1/7)
—(1/7,)]. For the experiments discussed hefe< 7, 7. 7in
is ~0.04 ps;7. is ~1 ps; andr,, is ~10 ps. Therefore, it is
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