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Abstract

The properties of water depend on its extended hydrogen bond network and
the continual picosecond-time scale structural evolution of the network. Wa-
ter moleculesin confined environments with pools a few nanometers in diam-
eter or at interfaces undergo hydrogen bond structural dynamics that differ
drastically from the dynamics they undergo in bulk water. Orientational mo-
tions of water require hydrogen bond network rearrangement. Therefore,
observations of orientational relaxation in nanoscopic water systems provide
information about the influence of confinement and interfaces on hydrogen
bond dynamics. Ultrafast infrared polarization- and wavelength-selective
pump-probe experiments can measure the orientational relaxation of water
and distinguish water at an interface from water removed from an interface.
These experiments can be applied to water in reverse micelles (spherical
nanopools). The results provide quantitative determination of the dynamics
of water as a function of the size and nature of the confining structure.
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1. INTRODUCTION

Water exists in confined environments and at interfaces in a wide variety of important systems
in chemistry, biology, geology, materials science, and technological applications. In biology, wa-
ter is found in crowded environments such as cells, in which it hydrates membranes and large
biomolecules, as well as pockets in proteins. In geology, interfacial water molecules can control
ion adsorption and mineral dissolution. Embedded water molecules can change the structure of
zeolites. In chemistry, water plays an important role as a polar solvent that is often in contact
with interfaces, for example, in ion-exchange resin systems and chromatographic surfaces. Water
in the nanoscopic channels of polyelectrolyte membranes is central to the operation of hydrogen
fuel cells.

Water’s unique properties can be traced to its formation of an extended hydrogen bonding
network (1). Water molecules can form up to four hydrogen bonds in an approximately tetrahedral
arrangement (2). Water is a very small molecule; in the absence of hydrogen bonds it would be a
gas at room temperature, as is methane, which is very similar in size and molecular weight. The
hydrogen bonds give water its stability as a room-temperature liquid. However, the hydrogen
bonded network is not static. The network evolves constantly on a picosecond time scale because
of the concerted dissociation and formation of hydrogen bonds (3, 4). This rapid evolution of
water’s hydrogen network enables processes ranging from proton diffusion to protein folding.

Recent advances in both experiments and theory have greatly increased our understanding of
dynamics of water in bulk solution (4-14). Ultrafast infrared (IR) vibrational echo experiments
have measured spectral diffusion in bulk water (15-24). The results have been compared to de-
tailed simulations (17, 19, 25-28). Experiments and simulations show that on very short (<400-fs)
time scales, local fluctuations in hydrogen bond lengths and angles dominate the hydrogen bond
dynamics. At longer (>1-ps) time scales, the hydrogen bond network evolution randomizes the
water network structure. Ultrafast IR polarization-selective pump-probe experiments have been
used to measure orientational relaxation in bulk water (6, 13, 21, 29-33). Following an ultrafast
inertial component (6) occurring on a time scale of ~100 fs, bulk water undergoes complete ori-
entational relaxation by jump reorientation (3, 4, 6, 34). This concerted process involves a water
molecule and its first two “solvation shells” of other water molecules. Water molecules undergo
orientational relaxation by breaking and reforming hydrogen bonds with new partners. In bulk
water, they do so by making ~60° jumps.

Experiments on bulk water generally measure the dynamics of HOD in either H,O or D,O
(1, 17, 18, 33, 35). For example, the OD stretching mode of dilute HOD in H,O allows mea-
surements to eliminate the vibrational excitation transport that contributes to spectral diffusion
and anisotropy decay in pure H,O and D, O (36, 37). Simulations have shown that the presence
of dilute HOD does not change the dynamics of H,Oj; the dynamics reported by dilute HOD
in H,O are a good representation of the dynamics in pure H,O. (25). Measurements of the OD
orientational relaxation decay time of HOD in H, O reveal a 2.6-ps single exponential decay after
the initial inertial relaxation (6). Similarly, the OH orientational relaxation of HOD in D,O is
reported as 2.5 ps (33).

Here we discuss recent experiments on the influence of nanoscopic confinement and interfaces
on water hydrogen bond dynamics (38-45). Water is confined to the interior of reverse micelles,
which are droplets of water sequestered from a nonpolar phase by a surfactant layer (46). In the
studies described below, the surfactant Aerosol OT [AOT; sodium bis(2-ethylhexyl) sulfosucci-
nate] forms well-defined reverse micellar structures whose centers contain a nanoscopic pool of
water. Figure 1 shows the chemical structure of AOT and an illustration of an AOT reverse mi-
celle. The reverse micelles are in an organic phase, in this case iso-octane. The negatively charged
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Figure 1

(@) Schematic depiction of a potential structure of a reverse micelle. Water molecules reside in the interior,
sometimes interacting with head groups and counterions. Surfactant tails reside in contact with the
continuous, nonpolar, organic supporting phase. (b)) Chemical structure of Aerosol OT [AOT; sodium
bis(2-ethylhexyl) sulfosuccinate], the surfactant used in the studies reported in this review. (¢) Schematic of a
large reverse micelle showing important features of the structure.

sulfonate head groups with their positively charged sodium counterions form the interface be-
tween the surfactant and the nanoscopic pool of water. The counterions are in close proximity to
the sulfonate anions (47).

The size of the water pool depends on the molar ratio of water to surfactant, wy =
[H,O]/[AOT], which can be varied over a wide range of diameters, d (46, 48). Such variation
makes it possible to determine the influence of the size of a water nanopool on water dynamics
and, for large reverse micelles, to determine the distinct dynamics at the interface. AOT forms
well-characterized, nominally monodispersed, spherical reverse micelles in iso-octane over a large
range of water content from wy ~ 0 (low; essentially dry) to wy &~ 60 (high) (48). The smallest
reverse micelles (50-100 water molecules) have radii of <1 nm, whereas the largest (~400,000
water molecules) have radii of up to 14 nm. This large size range allows one to change the relative
amount of the water directly interacting with the interface from a large fraction to a small fraction
of the total simply by increasing w,. Here, we report on studies exploring the nature of water
in a range of reverse micelle sizes: wy = 2, 5, 10, 16.5, 25, 37, and 46. Sizes for these reverse
micelles, determined by photon correlation spectroscopy (48) and viscosity measurements (49),
are reported to have diameters of 1.6, 2.3, 4, 5.8, 9, 17, and 20 nm, respectively.

In very large reverse micelles (wy > 30, d ~ 10 nm), many aspects of water exhibit properties
similar to those of a bulk-like water core and water at an interface (9, 43, 50-53). Water at the
interface undergoes orientational relaxation that is substantially slower than that of bulk water
(9, 43, 50-53). Furthermore, water at the interface of large AOT reverse micelles has the same
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orientational relaxation time as water at the interface of the planar lamellar structures (52). For
very small reverse micelles (4 ~ 2.5 nm), there are so few water molecules that all of the water
is substantially affected by interactions with the interface. There is no bulk-like core, and within
experimental error, orientational relaxation is slow and identical for all of the water molecules
(9, 43, 53). Intermediate-size water nanopools (4 ~4 nm) include both core and interfacial water
molecules with distinct dynamics. However, the core exhibits dynamics that are slower than those
of bulk water, and the interfacial water dynamics are slower than those at the interface of large
reverse micelles. These experimental results show that the dynamics are very sensitive to the size
of the confining structure for intermediate and small sizes. However, certain systems, namely
those that are large enough that water in an interfacial layer interacts with so much water that it
is effectively bulk water, display no size dependence.

2. TECHNICAL DETAILS OF EXPERIMENTAL STUDIES

The setup of experiments on water in confined geometries and at interfaces has been described
in other publications (1, 9, 40, 42, 43, 45, 50-54). However, we provide some details of these
experiments to inform the reader of the methods used. Experiments explored the OD stretch of
dilute HOD in H,O to eliminate complications due to vibrational excitation transfer that can
cause artificial decay of the orientational correlation function (55, 56). Molecular dynamics (MD)
simulations of HOD in bulk H,O demonstrate that dilute HOD does not change the properties
of water, and the dynamics of HOD report on the dynamics of water (19).

Time-dependent signals resolve the relative polarization of pump and probe beams collecting
data for probes that are parallel (/) and perpendicular (,) to the pump beam. These signals
contain information about both the population relaxation and the orientational dynamics of the
HOD molecules, given by (57)

I, = P(®)[1 + 0.8Cy(#)] and (1)
I, = P®)[1 — 0.4C> ()], 2)

where P(z) is the vibrational population relaxation and C,(¢) is the second Legendre polynomial
orientational correlation function. Pure population relaxation can be extracted from I and I,
from Equation 3:

P@ty=1,+21,. 3)

In the case of a single ensemble of molecules undergoing orientational relaxation, the orientational
correlation function, C,(t), can be determined from the anisotropy, 7(¢), by

r(@) = (I = 1)/ + 211) = 0.4C; ). )

The additional complications that arise in calculating the anisotropy when there are two distinct
subensembles of molecules in the system are discussed in detail below. For bulk water, the OD
stretch of dilute HOD in H,O has a vibrational population relaxation time of 1.8 ps, and the
orientational relaxation time is 2.6 ps (43).

The responses from water in reverse micelles fall into several separate regimes according to the
size of the water pool. We discuss results for large-, small-, and intermediate-size reverse micelles
in the following three sections.

3. WATER IN LARGE REVERSE MICELLES

In all reverse micelles, some water molecules reside in the interfacial layer near surfactant head
groups (46). Figure 1c depicts a large reverse micelle, showing the interfacial water layer and
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the core that constitute the water pool with diameter d. For a sufficiently large micelle, much of
the water resides so far from the interface that the core appears to adopt bulk-like properties,
as discussed in detail below. Despite the large volume of water in the core that is bulk-like, our
ultrafast IR pump-probe experiments can determine the dynamics of the interfacial layer.

The IR spectra of the OD stretch of dilute HOD in H,O of several large reverse micelles
(wo = 46, 37, 25), bulk water, and the wy = 2 reverse micelle are shown in Figure 24. Even
though the OD stretch spectrum from the large reverse micelles closely resembles the signal from
bulk water, OD moieties interacting with the interface contribute to the signal. This contribution
manifests itself by a minuscule blueshift in the absorption spectra. As the reverse micelle size
decreases, the blueshift becomes more apparent. For the tiny wy = 2 reverse micelle sample,
the OD stretch displays a dramatic shift away from the signal in bulk water, and the absorption
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Figure 2

(@) Infrared (IR) spectra of the OD stretch of 5 mol% HOD in H,O in several large (wo = 46, 37, and 25)
reverse micelles, in small (wy = 2) reverse micelles, and in bulk water. (b)) Fit of the OD stretch moiety in
the IR spectrum of the wy = 25 reverse micelle via a linear combination of the bulk water spectrum and the
wo = 2 spectrum. The wy = 2 spectrum represents water dominated by an interfacial environment.
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spectrum peaks at ~2565 cm~!. The blueshifting of the absorption spectrum with decreasing
wo demonstrates that when water molecules interact with the interface, their OD stretching
frequencies increase. As the size of the reverse micelle decreases, greater numbers of the water
molecules interact with the interface, giving rise to the increased blueshift.

We have used a core/shell model to describe the water inside large reverse micelles (43).
This model utilizes the spectrum of bulk water to represent the core spectrum, whereas the shell
(interfacial) spectrum is modeled as the spectrum of the wy = 2 reverse micelle. In large reverse
micelles, the spectrum of bulk water represents the core spectrum very well. We use the OD
spectrum in wy = 2 reverse micelles to represent interfacial water because, in this tiny reverse
micelle, essentially all of the water molecules interact directly with the interface. Therefore, the
wo = 2 spectrum acts as a useful guide to help identify the probably spectral region of interfacial
water.

Figure 2b shows the results of a fit to the spectrum of a wy = 25 reverse micelle. The fit
was made with a linear combination of the bulk water spectrum and the wy = 2 spectrum, where
the relative amplitude of the two spectra is the only adjustable parameter. The fit is very good.
Clearly, the response from interfacial water contributes more strongly to the pump-probe signal
at frequencies higher than 2565 cm™'. However, even on the blue (high-frequency) side of the
absorption spectrum, contributions from the core bulk water and the interfacial spectra overlap
extensively, demonstrating that we must separate these contributions when analyzing the time-
dependent experiments.

As mentioned above, although measurements on bulk water reveal a single-exponential pop-
ulation relaxation (1.8 ps), and although after the ultrafast inertial component the orientational
anisotropy decay is also single exponential (2.6 ps) (1), the population and orientational relax-
ations of OD in reverse micelle samples do not fit to single-exponential decays (6, 9, 43, 52, 53).
A two-component model allows us to separate the contributions from the core bulk water and the
interfacial shell water in the population decays and orientational (anisotropy) decays. We know
that the core bulk water signals decay single exponentially, and we assume that the interfacial water
population and anisotropy decays are also single exponential. Equations 1 and 2 above present
formulas reflecting contributions to the pump-probe signal with the probe resolved parallel and
perpendicular to the pump. When there is more than one subensemble in a system, and when
exchange between the ensembles is slow, the contributions of each subensemble to the signal are
additive, and a weighted sum of the population relaxation of the two components can describe the
population relaxation:

PGt) = aPi(t) + (1 — a)Py(t) = ae "' T + (1 — a)e™"/ 71, )

Here, 2 is a weighting factor and P;(z) is the population relaxation of componentj. T'" is the OD
stretch vibrational lifetime of bulk water, and 7'/ is the lifetime of interfacial water. Importantly,
because the pump-probe signal for each component is proportional to /ch j» where 1 is the
transition dipole moment and ¢; is the concentration of component j, the weighting factor #
depends on both the transition dipole moment and the concentration. If the transition dipole
moments of the two subensembles are the same, then # is the fractional concentration of the
two species at a particular wavelength. It is not necessary to know the relative transition dipole
moments of the ensembles to fit the data, and in the discussion below, # is treated as a weighting
factor. However, at the same detection wavelength, the transition dipoles of the core and interfacial
water are the same within experimental error (53).

Although the population relaxation behaves in an intuitive manner when more than one
subensemble is present, the anisotropy decay becomes quite complicated. The additive model
with contributions from interfacial and core (bulk-like) water can be expanded from the
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expression in Equation 4 to

_ (IH1 —1})+(1-a) (IH2 ) —0 4ﬂe_’/T1we”/”'w + (1= ﬂ)e_’/Tlie*t/"i ©
Ca(IM 420+ A —a) (I +213) ae T (1= a)e /T '

r(®)

Here, the parallel and perpendicular pump-probe signals arising from component j are given by
I”j and I/, respectively. On the right-hand side of Equation 6, the single-exponential population
decays and the orientational relaxation decays explicitly substitute for I”j (t),and .t and 7/ are
the orientational relaxation times for bulk water and interfacial water, respectively. In the limit of
a single component, the population relaxation divides out of the right-hand side of Equation 6.
With multiple components, the anisotropy decay is not simply a measurement of the orientational
correlation function. If the two components have a large separation of time scales for both their
vibrational lifetimes and their orientational dynamics, then when the fast component has decayed
away, the long-time anisotropy decay accurately represents the anisotropy of the slow component.
However, at intermediate times, the anisotropy decay does not necessarily behave in an intuitive
fashion, and Equation 6 is required to extract the orientational dynamics. As discussed in detail
elsewhere (43), exchange of water molecules between the interfacial region and the core is slow
compared to the population and orientational relaxation dynamics. Therefore, the two-component
model embodied in Equations 5 and 6 is appropriate for the data analysis.

Figure 3 shows a series of simulated anisotropy decay curves with all parameters fixed except
for the weighting term, 4. The parameters were chosen to be representative of bulk water and
interfacial water. The vibrational lifetime and orientational relaxation time of the core component
were set to the bulk water values, 7'/* = 1.8ps and 7" = 2.6 ps. The vibrational lifetime and
orientational time of the interfacial component were set at 7'/ = 4.5 ps and ©/ = 20 ps, which
are similar to the values determined experimentally (see below). Figure 3 clearly shows that at
long times the curves coalesce to a single decay, demonstrating that after the fast vibrational
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Figure 3

Simulated anisotropy decay curves depicting a two-component system decaying according to Equation 6.
The parameters corresponding to population and orientational relaxation for bulk and interfacial water are
fixed. Only the relative fraction of bulk water weighting term, #, varies. The vertical dashed line indicates the
experimental limit imposed by the vibrational lifetimes, beyond which we cannot measure the anisotropy.
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Figure 4

Population relaxation data for water in wy = 25 reverse micelles observed at 2568 cm™! (red curve) and a
biexponential fit to the data according to Equation 5 ( pink dashed curve).

lifetime component decays, the anisotropy decay represents the orientational dynamics of the
slow component. However, at intermediate times, the anisotropy can behave in a complex manner,
appearing to reach a plateau value for # = 0.3 and even turning up for # = 0.05. Because they
are shorter than the orientational decays, the vibrational lifetimes limit the experimental data
collection, precluding observation of the complete anisotropy decay. Nonetheless, the shape of
the curve out to the experimental limit is very sensitive to the decay parameters, allowing one to
extract the interfacial orientational relaxation times (9).

We have studied a range of large reverse micelles with wy = 16.5, 25, 37, and 46 [5.8-, 9-,
17-, and 20-nm diameters, respectively (48, 49)]. Figure 4 shows the population relaxation data
for wy = 25 observed at 2568 cm™!, which is near the peak of the spectrum of the interfacial
ODs, along with a biexponential fit to the data according to Equation 5. In the fit, the bulk water
lifetime was fixed with 7'” = 1.8 ps. This excellent fit yields 7/ = 4.3 & 0.5 ps for the lifetime of
the OD stretch at the interface. Population decays measured at a number of frequencies for each
sample revealed that within experimental error, the population decay times were independent
of frequency. Changing the frequency altered only the weighting parameter # (see Equation 5)
because the relative contribution from the bulk-like core water and the interfacial water varied (see
Figure 2). We found that the vibrational lifetimes for water at the interface of the large reverse
micelles with wy = 16.5, 25, 37, and 46 were 4.4 ps, 4.3 ps, 4.6 ps, and 3.9 ps, respectively, all
with error bars of £ 0.5. Because these values are the same within experimental error, we used an
interfacial lifetime of 4.3 ps in the analysis of the orientational relaxation time for all of the large
reverse micelles.

Figure 5 compares the anisotropy decay for wy = 25 at 2568 cm™! and the bulk water decay.
The data are shown beginning at ~200 fs, reflecting decays obtained after the ultrafast inertial
decay is complete (53) and resulting in a starting value of less than 0.4 for the long-time anisotropy
decay (58). We used Equation 6 to fit the reverse micelle data but with a # = 0 value (rather than
at = 0.4 value) from the experimental data, omitting the inertial component. We knew all of the
parameters for Equation 6 except for the interfacial orientation relaxation time, t/. We used values
from the bulk water for the core water: 7" = 1.8 ps and 7" = 2.6 ps. The interfacial population
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Figure 5

Anisotropy decay for water (5% HOD in H,0) in wg = 25 reverse micelles at 2568 cm™!. Also shown for
the sake of comparison is the bulk water decay. Circles represent the data. The solid purple curve through
the bulk water decay is a single exponential fit that yields an orientational relaxation time of 2.6 ps. The red
line is a fit to the wy = 25 according to Equation 6. Displaying data after the sub-200-fs inertial decay
causes the long-time anisotropy data to begin at a value below 0.4.

relaxation time was determined by fits such as that shown in Figure 4, for instance, T} = 4.3 ps.
Fits to population relaxation at each wavelength determined the # value. Simultaneously fitting
data at a variety of wavelengths yielded fits such as that shown in Figure 5. Use of the same fitting
procedure for all of the large reverse micelles yielded ¥ = 17 ps, 19 ps, 18 ps, and 18 ps for
wy = 16.5,25, 37, and 46, respectively. For all of the samples, we estimated error bars of &3 ps
on the basis of all of the parameters and assumptions used in the fits, rather than on the basis of
the reproducibility of the data. Within experimental error, the orientational relaxation times for
water molecules at the interfaces of large AOT reverse micelles were identical: 7 = 18 £ 3 ps.
The important result from these studies is that the orientational relaxation time of water
interacting with the AOT interface in large reverse micelles is 18 ps, and this value is independent
of the size of the large reverse micelles. Experiments on AOT lamellar structures, which have
planar slabs of water, found the same orientational relaxation time for water at the AOT interface
(52). Recent experiments on nonionic reverse micelles demonstrate that the nature of the interface
(ionic versus nonionic) has only a small effect on the interfacial orientational relaxation time (51).
The slower orientational relaxation—18 ps for interfacial water compared to 2.6 ps for bulk
water—is caused principally by the presence of the interface rather than by its specific chemical
composition. A recently developed theory of water jump reorientation for water surrounding a
hydrophobic solute proposes an explanation (3, 8). Water orientational relaxation is a concerted
process involving many water molecules. For orientational relaxation to occur, a water molecule
in the second solvation shell must move into the first solvation shell. One of the water molecules
in the first solvation shell, which is hydrogen bonded to the so-called central water molecule of
interest, breaks its hydrogen bond and forms a new hydrogen bond with another water molecule.
The water that moved in from the second solvation shell reforms a hydrogen bond with the
central water. At an interface, many of the paths for hydrogen bond dissociation and formation
are blocked, greatly impeding the process. It is the interface that blocks hydrogen bond switching
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paths, rather than the interactions with specific chemical species such as the AOT sulfonate group,
that dictates the water orientational relaxation time for molecules at interfaces (45).

For large reverse micelles, comparing the contributions to the signal from interfacial water
molecules in both the IR spectra and the pump-probe spectra indicates that the transition dipole
moments of these two species are very similar at the same frequency. This similarity allows the
fractional concentration of interfacial water to be determined from the integrated area of the
interfacial water spectrum (modeled as the wy = 2 spectrum) and the # parameters to be obtained
from fits to the time-dependent data (9). On the basis of geometric criteria, the data demonstrate
that the most strongly perturbed interfacial water lies in the first hydration layer at the surface.

4. WATER IN SMALL REVERSE MICELLES

Although large reverse micelles have diameters large enough that water in the core region
of water pools far removed from the interface has properties similar to those of bulk water,
small reverse micelles behave dramatically differently. Large reverse micelles behave like systems
(@) that contain interfacial water, (b)) whose dynamics differ dramatically from those of bulk water,
and (¢) that contain an effectively infinite volume of bulk-like water. That the nature of the water
at the interface of large reverse micelles and the water at the interface of lamellar structures are
identical reinforces this idea (52, 53). Small reverse micelles have so little water that the influence
of the interface permeates the entire water nanopool, and none of this water has the properties of
bulk water.

Figure 6 displays anisotropy decays for water (HOD in H,O) for wy = 2 at two wavelengths,
as well as a decay in bulk water for comparison (9). Decays in small reverse micelles were measured
over a range of wavelengths on the blue side of the spectrum. Following the inertial component,
the data show a very fast decay followed by a very slow decay. The very fast decay (~500 fs) is

Q4T T T[T T
©.e e 2558cm] °
03 T R R
= 2599 cm™ " = = 1
2 -
[ L J
202 i
c
R -
g -

0.1 Bulk water

00l v b v e e e
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Figure 6
Anisotropy decays for water (5% HOD in H,O) in wg = 2 Aerosol OT [sodium bis(2-ethylhexyl)
sulfosuccinate] reverse micelles at 2558 cm™! (red circles) and 2599 cm™! (blue squares). Also shown is a decay
in bulk water (purple line) for comparison. Reverse micelle data are fit to a wobbling-in-a-cone model (red
and blue lines through points). Displaying data after the sub-200-fs inertial decay causes the long-time
anisotropy data to begin at a value less than 0.4.
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much faster than the bulk water decay (2.6 ps). Such decays have previously been observed in a
number of systems (43, 50, 59, 60). The very fast decay is not a separate ensemble undergoing
orientational relaxation that is much faster than that in bulk water; rather, it arises from what is
referred to as wobbling in a cone (50). On a time scale that is short compared to that of complete
orientational relaxation—which for small reverse micelles is very long—the OD transition dipole,
which is essentially along the OD bond vector, can sample a restricted cone of angles without
breaking hydrogen bonds. The hydrogen bond network is not rigid and therefore permits angular
fluctuation of the intact hydrogen bond network. This wobbling motion is responsible for the fast
decay component shown in Figure 6.

The long-time portions of the wy = 2 anisotropy decays shown in Figure 6 and those at
additional wavelengths (not shown) display the same decay, independent of wavelength, within
experimental error. The lack of a wavelength dependence and the assignment of the very fast
initial decay to the wobbling motions indicate that the wy = 2 reverse micelles do not contain
distinct core and interfacial water components. Nearly identical behavior has been observed for
wy = 5 decays (Figure 7), except the slow component decays substantially faster than in wy =
2. The slow components of the anisotropy decays are 110 £ 40 ps and 30 £ 3 ps for wy = 2 and
wy = 5, respectively. The large error bars for the wy = 2 data arise from the difficulty of
determining such a slow decay from the limited time range of the data. However, over this limited
time range the decay is very well approximated as linear, so it is necessary only to determine the
slope of the fit line.

The data show that, within experimental error, the orientational relaxation of water in small
reverse micelles behaves as though there were a single ensemble rather than a core and an interfacial
region. As mentioned above, the jump-reorientation model for bulk water demonstrates that the
first and second solvation shells are involved in orientational relaxation (3, 4). For a reverse micelle
to have a bulk-like core, there must be a significant number of water molecules far enough removed
from the interface that the interface perturbs neither these molecules nor their first and second
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Figure 7

Anisotropy decays for water (5% HOD in H,O) in wg = 5 (red line) and wo = 10 (blue line) reverse micelles
at 2558 cm~!. The data are fit to a biexponential decay (gray /ine). Displaying data after the sub-200-fs
inertial decay causes the long-time anisotropy data to begin at a value less than 0.4.
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solvation shells (9). For AOT reverse micelles with wy = 2, no water molecules meet this criterion.
For wy = 5, and for reverse micelles for which wy is somewhat bigger than 5 (see Section 5),
almost no water molecules meet this condition. Therefore, the water molecules do not divide into
two subensembles of core and interfacial water. The effect of the interface strongly perturbs all
of the water molecules in the nanopool. The long-time decay for wy = 5 is substandally faster
than that for wy = 2 because there are more water molecules that are not in direct contact with
the interface. This situation allows for more facile concerted hydrogen bond rearrangement and
therefore faster orientational relaxation.

The results for water in small reverse micelles differ from the results for water in large reverse
micelles. Anisotropy decays for intramicellar water in large micelles are nonexponential and fit
well to the two-component model, in which one of the components has the bulk water lifetime
and orientational relaxation time. Although the decays for large reverse micelles appear to de-
pend on the detection frequency, we have shown that this dependence is caused by the change
in value of the relative amplitude parameter # (see Equations 5 and 6). Depending on the wave-
length, the interfacial water makes a larger or smaller contribution to the signal. The lifetimes
and the orientational relaxation times are independent of wavelength, within experimental error,
but the amount of each component changes with wavelength. In contrast, essentially all the water
molecules in small reverse micelles interact with the reverse micellar interface. Their dynamics
reflect the disruption of a regular hydrogen bonding network with nearby water molecules.

5. INTERMEDIATE-SIZE REVERSE MICELLES

Between large (wg > 16.5) reverse micelles and small (wy < 5) reverse micelles lies a transitional
region centered about wy = 10. For wy > 16.5, a two-ensemble behavior with a bulk-like water
core and interfacial water explains the data well. The water dynamics in the core and at the interface
for large reverse micelles are independent of the water nanopool size and of frequency. For wy <
5, the presence of the interface strongly influences all of the water molecules, and there is no clear
separation into core and interfacial regions. In the intermediate region, the dynamics in reverse
micelles depend strongly on the size of the water nanopool.

Figure 7 contrasts the anisotropy decay of water in the wy = 5 and wy = 10 reverse micelles
at 2558 cm™!. The wy = 10 data have a larger amplitude and slower initial decay and reach a
plateau at longer times, whereas the wy = 5 signal continues to decay. It is counterintuitive for
the larger reverse micelle with a smaller fraction of water in contact with the interface to have
a slower long-time reorientation. On the basis of geometric considerations, it was found that
64% of the water molecules in the wy = 10 reverse micelles do not directly interact with the
interface but that, in the wy = 5 reverse micelles, nearly all the water molecules interact with the
interface. The initial decay of the water in wy = 10 data is substantially slower than the early-time
wobbling-in-a-cone portion of the water in wy = 5 data.

These data indicate the presence of more than one water ensemble in the wy = 10 reverse
micelle with distinct vibrational lifetimes and orientational correlation times. The question is
whether the wy = 10 reverse micelle contains enough water to allow it to adopt the bulk-like
characteristics observed in large reverse micelles. The plateau behavior at longer times in wy =
10 reverse micelles resembles that observed for wy = 25 (see Figure 5) and other large reverse
micelles. For large reverse micelles, with the exceptions of size and the wavelength-dependent
fraction #, we know all of the parameters: Water in the core has a 1.8-ps lifetime and a 2.6-ps
orientational relaxation time, and the interfacial water has a 4.3-ps lifetime and an 18-ps orienta-
tional relaxation time. If the wy = 10 water nanopool has a bulk-like core and the same interface
dynamics as the larger reverse micelles, then we should be able to adjust # to obtain a good fit of
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Figure 8
Anisotropy decay for water (5% HOD in H,O) in wo = 10 (blue line) with fits to two different models. The
red curve represents a fit to Equation 6; only « varies, and 7" = 1.8 ps, T{ = 4.3 ps, 7} = 2.6 ps, and

7/ = 18 ps (parameters for large reverse micelles) (9). The gray line represents global fits to Equations 5 and
6 for vibrational relaxation and anisotropy decays, yielding a core lifetime of Tcore = 2.2 ps, a core
orientational correlation time of t¢ore = 4.0 ps, an interfacial vibrational lifetime of Ti,e = 5.3 ps, and an
interfacial orientational correlation time of i, = 26 ps.

the data. Figure 8 displays the wy = 10 anisotropy data and two different fits. The fit does not
capture the shape of the anisotropy decay via the large reverse micelle time constants. The fit is
systematically too high in the middle of the data, and it is too low and decays too fast at longer
times.

The failure of the large reverse micelle parameters to reproduce the wy = 10 data indicates
that the water in these environments is intermediate between the completely coupled situation in
small reverse micelles and the strict two-component model for large reverse micelles. The impact
of the interface slows water—hydrogen bond dynamics and also influences the water dynamics away
from the interface, but unlike in very small reverse micelles, the water molecules do not behave
as a single ensemble. Also, the vibrational lifetime of the water away from the interface may
differ from that of bulk water due to perturbations in the hydrogen bonding network. To account
for the intermediate behavior, we used Equations 5 and 6, allowing the vibrational lifetime and
orientational correlation time of both the core and interfacial water to vary, but requiring values
to be longer than the bulk water and large reverse micelle interfacial values. To gain confidence
in this model, which has so many adjustable parameters, lifetimes were fit independently from the
orientational relaxation times in a manner similar to that shown in Figure 4. Also, data from a
range of frequencies were fit globally to the same parameters, except for the fraction of core water,
a. The result is shown in Figure 8 as a two-component fit to the wy = 10 anisotropy decays and
vibrational population relaxations for a range of frequencies. The resulting fit is quite good. The
water dynamics are slower in both regions than in large reverse micelles, but two distinct types of
water molecules still exist in the wy = 10 reverse micelle, unlike in small reverse micelles.

Two important factors can contribute to the transition from two-component dynamics to
collective dynamics. The first is related to the mechanism of water reorientation (discussed briefly
above). Laage & Hynes (3,4) showed that water reorientation occurs through a transition state that
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involves a bifurcated hydrogen bond formed between the old and new hydrogen bond acceptors
by the water molecule under observation. The new acceptor, originally in the second hydration
shell of the rotating water molecule, moves through concerted motions into the first hydration
shell, creating an overcoordinated environment for the rotating water molecule and reducing the
energetic barrier for reorientation. This model shows that water reorientation is not a localized
process: The reorientation of a single water molecule requires concerted rearrangement of both
its first and its second hydration shell, involving ~16 water molecules (61). If I or more of these 16
water molecules is itself in an environment different from bulk water, causing it to have dynamics
distinct from those of bulk water, it affects the dynamics of its neighbors. In the presence of many
unperturbed water molecules, such as in large reverse micelles, the effect of the perturbation
decays away relatively quickly. However, in intermediate reverse micelles, so many of the water
molecules are perturbed that even water molecules not directly interacting with the interface have
slower dynamics.

The second important factor is the changing structure of the reverse micelle interface, which
occurs as the reverse micelle size decreases. In large reverse micelles, the curvature of the interface
is relatively gentle, presenting a nearly planar surface to the water pool. The nature of the interface
changes relatively gradually between wy = 46 and wy, = 16.5, but below wy = 16.5 important
structural changes occur at the interface that contribute to the transition from two-component to
collective dynamics. Both MD simulations (47) and IR spectroscopy of the head group moieties
of AOT (62-64) show that there is increased association between the sulfonate head groups and
sodium counterions at lower hydration levels. This association leads to a rigid structure of ionic
interactions wherein water molecules are trapped between sodium ions and sulfonate head groups.
At wy = 10 there is a small amount of ion pairing, but the effects become increasingly important
below wy = 6 (62). Also, the surface area per AOT decreases dramatically below wy = 10 (46).
Very small reverse micelles have low surface area per AOT and significant surface curvature,
allowing water molecules to interact with multiple sulfonate groups simultaneously, which in turn
increases the degree of perturbation. The change in surface area occurs fairly rapidly as the reverse
micelle size increases, and by wy = 16.5 it has almost reached its limiting value. The similarities
among the surface areas per head group may explain why all the reverse micelles with wy > 16.5
have the same interfacial dynamics. Essentially, for large reverse micelles the nature of the interface
is independent of reverse micelle size.

6. CONCLUDING REMARKS

Large AOT reverse micelles (wg > 16.5,d > 5.5 nm) possess two water ensembles: One comprises
the core, which is well removed from the interface, and the other includes water at the interface.
The core water has bulk properties, and water in the core undergoes orientational relaxation
with the same decay time (2.6 ps) as bulk water. Water at the interface undergoes much slower
orientational relaxation, with a decay time of 18 ps. For large reverse micelles, the interfacial
orientational relaxation time, and therefore the hydrogen bond dynamics, is independent of the
size of the water nanopool.

In small reverse micelles (wy < 5, d < 2.5 nm), experiments indicate essentially a single water
ensemble, within experimental error, with no distinct core. All of the water molecules are strongly
influenced by their proximity to the interface. The orientational relaxation time depends heavily
on size and increases substantially as the size of the water nanopool decreases. For wy = 5 (d =
2.5 nm), the orientational relaxation time is 30 ps. For wy = 2 (d = 1.7 nm), the orientational
relaxation time is 110 ps. The experiments find no wavelength dependence for the orientational
dynamics within experimental error, which indicates a single ensemble. However, recent MD
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simulations show some variation in the dynamics of water, depending on the position within the
small number of water molecules (47).

Intermediate-size reverse micelles (5 < wy < 16.5, 2.5 < d < 5.5 nm) also display two water
ensembles. However, the core does not consist of bulk-like water. The reverse micelles in the
intermediate range are small enough that the influence of the interface affects all of the water in
the nanopool but not to a large enough extent to produce a single ensemble. For w, = 10, the core
water and the interfacial water have orientational relaxation times of 4 ps and 26 ps, respectively,
which are slower than the relaxation times of large reverse micelles.

The work presented here describes water dynamics in AOT spherical reverse micelles. A recent
study compared water dynamics at the interface of AOT lamellar structures, which have slabs of
water thatare infinite in two dimensions butare confined by planar interfaces (9). The orientational
relaxation in the lamellae is the same as in the large AOT reverse micelles. Reverse micelles and
lamellae with the same number of waters per head group behave the same as one another, rather
than as reverse micelles with diameters equal to the interplanar spacing of the lamellae. Therefore,
once the spheres are sufficiently large, the geometry of the confining structure (spherical or planar)
is no longer crucial. Another study compared the same large-size (¢ = 9 nm) AOT and Igepal®
CO-520 reverse micelles. AOT has an ionic head group, whereas Igepal is neutral. The Igepal
data are described well by a bulk-like water core and interfacial water. The orientational relaxation
at the nonionic Igepal interface is slightly faster (13 ps) than that for AOT (18 ps), but the
error bars overlap somewhat. We conclude that the presence of the interface, rather than the
chemical nature of the interface, plays the dominant role in controlling interfacial hydrogen bond
dynamics.

The work presented here provides insights into the nature of water dynamics in a variety of other
systems, such as cell membranes (65-68), the surfaces of proteins (69), channels in polyelectrolyte
fuel cell membranes (59, 70), and many others. Confinement and interfaces affect water dynamics
and thus processes that take place in water, for example, electronic excited-state solvation (71—
74) and proton transfer (75-79). Studies such as those presented above, as well as increasingly
sophisticated simulations of water in confinement, are greatly increasing our understanding of
water and of the processes that occur in nanoconfined systems.
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