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I. INTRODUCTION

The behavior and motions of interfacial water molecules are
critical in many chemical reactions, biological mechanisms, and
industrial processes. For example, water molecules facilitate
proton transfer in the polyelectrolyte membranes of fuel cells.
Water molecules at mineral or zeolite interfaces are used for
ion-exchange and filtration applications as well as heteroge-
neous catalysis. In biology, water molecules are found in
crowded environments interacting with protein pockets or
surfaces, cell membranes, or pharmaceuticals. Processes in such
nanoscopic systems depend upon water’s ability to form and
exchange hydrogen bonds. Bulk water consists of an extended
network of hydrogen bonds that are continually rearranging,
requiring concerted motions of both the first and second
solvation shells.1,2 The presence of interfaces or confined
environments can disrupt pathways necessary for hydrogen
bond rearrangement, thus slowing down the rate of hydrogen

bond exchange.3�7 Spectroscopic observables that report upon
water dynamics include the vibrational lifetime, orientational
relaxation, and spectral diffusion of the water hydroxyl stretch,
all of which generally occur on the picosecond (ps) time scale.
With its femtosecond (fs) time resolution, ultrafast infrared
spectroscopy is a useful technique for measuring water dynamics.

One fundamental question is how the size of the confining
environment affects water hydrogen bond rearrangement dy-
namics. This topic has been explored quite extensively with
ultrafast pump�probe experiments that measure water reorien-
tation inside of reverse micelle systems.6,8�20 A reverse micelle
consists of a nanoscopic water pool surrounded by a layer of
surfactant molecules. The surfactant has a hydrophilic headgroup
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ABSTRACT:Water dynamics inside of reverse micelles made
from the surfactant Aerosol-OT (AOT) were investigated
by observing spectral diffusion, orientational relaxation, and
population relaxation using two-dimensional infrared (2D IR)
vibrational echo spectroscopy and pump�probe experiments.
The water pool sizes of the reverse micelles studied ranged in
size from 5.8 to 1.7 nm in diameter. It is found that spectral
diffusion, characterized by the frequency�frequency correla-
tion function (FFCF), significantly changes as the water pool size decreases. For the larger reverse micelles (diameter 4.6 nm and
larger), the 2D IR signal is composed of two spectral components: a signal from bulk-like core water, and a signal fromwater at the
headgroup interface. Each of these signals (core water and interfacial water) is associated with a distinct FFCF. The FFCF of the
interfacial water layer can be obtained using a modified center line slope (CLS) method that has been recently developed. The
interfacial FFCFs for large reverse micelles have a single exponential decay (∼1.6 ps) to an offset plus a fast homogeneous
component and are nearly identical for all large sizes. The observed ∼1.6 ps interfacial decay component is approximately the
same as that found for bulk water andmay reflect hydrogen bond rearrangement of bulk-like water molecules hydrogen bonded to
the interfacial water molecules. The long time offset arises from dynamics that are too slow to be measured on the accessible
experimental time scale. The influence of the chemical nature of the interface on spectral diffusion was explored by comparing
data for water inside reverse micelles (5.8 nmwater pool diameter) made from the surfactants AOT and Igepal CO-520. AOT has
charged, sulfonate head groups, while Igepal CO-520 has neutral, hydroxyl head groups. It is found that spectral diffusion on the
observable time scales is not overly sensitive to the chemical makeup of the interface. An intermediate-sized AOT reverse micelle
(water pool diameter of 3.3 nm) is analyzed as a large reverse micelle because it has distinct core and interface regions, but its core
region is more constrained than bulk water. The interfacial FFCF for this intermediate-sized reverse micelle is somewhat slower
than those found for the larger reversemicelles. The water nanopools in the smaller reverse micelles cannot be separated into core
and interface regions. In the small reverse micelles, the FFCFs are biexponential decays to an offset plus a fast homogeneous
component. Each small reversemicelle exhibits an∼1 ps decay time, whichmay arise from local hydrogen bond fluctuations and a
slower, ∼6�10 ps decay, which is possibly due to slow hydrogen bond rearrangement of noninterfacial water molecules or
topography fluctuations at the interface.
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and a hydrophobic tail region. The head groups face in toward the
water pool, surrounding the nanoscopic pool of water and forming
a layer of interfacial water molecules. The tails are suspended in a
nonpolar organic phase. A common surfactant used in making
reverse micelles is sodium bis(2-ethylhexyl) sulfosuccinate, also
known as Aerosol-OT or AOT (Figure 1), which has charged,
sulfonate head groups. The AOT system makes monodispersed,
spherical reversemicelles and has beenwell-characterized. The size
of the water pool diameter is easily controlled by varying the w0
parameter, which is equal to the ratio of concentrations of starting
materials: w0 = [H2O]/[surfactant].

21�23 Sizes of reverse micelles
can range from essentially dry AOT (w0 = 0) all the way up to
w0 = 60, which has a water nanopool diameter of 28 nm and
contains roughly 350 000 water molecules.10

Recently, the spectral diffusion dynamics of water inside of
w0 = 2 AOT reverse micelles suspended in carbon tetrachloride
(CCl4) were reported.

24 Spectral diffusion dynamics are described
by the frequency�frequency correlation function (FFCF),
which indicates how quickly water molecules sample different
frequencies within the inhomogeneously broadened vibrational
absorption band. The frequency evolution is caused by structural
changes that influence the vibrational frequency of a molecule
such as hydrogen bond rearrangement. Once the FFCF is
known, time-dependent diagrammatic perturbation theory can
be used to calculate all linear and nonlinear optical experimental
observables.25 In addition to a fast, homogeneous component,
the FFCF for the w0 = 2 system was found to have ∼1 ps and
∼10 ps components and an offset.24 The FFCF for bulk water
has a homogeneous component, a ∼400 fs component, and a
∼1.7 ps component (and no offset).26 The short (∼400 fs)
component is attributed to fast local hydrogen bond fluctuations,
mainly in the lengths of hydrogen bonds,27,28 while the 1.7 ps
component arises from hydrogen bond network randomization.26

While it is likely that the ∼1 ps component in the w0 = 2 system
arises from fast hydrogen bond fluctuations, the 10 ps component
has no analogue in the bulk water system. It was proposed that this
∼10 ps process was due to water molecules accommodating
topography roughness of the surfactant interface, but other
possibilities will be discussed below. The offset was attributed to
extremely slow reorientation and diffusion processes of water
molecules. Overall, the dynamics in the very small w0 = 2 reverse
micelles (∼40 water molecules) are extremely slow compared
to bulk water because virtually all of the water molecules are
interacting with the interface.

It was shown recently that the dynamics inside the AOT
reverse micelles are insensitive to the identity of the nonpolar

phase.24 AOT reverse micelles may be made in a variety of
solvents, including isooctane, decane, carbon tetrachloride, and
toluene, without significantly changing the size of the water
pool.29,30 Isooctane is a popular solvent used in experiments
and in molecular dynamics (MD) simulations.31,32 However, it
was discovered that interactions between AOT and isooctane
cause extra signals that interfere with the measurements of the
hydroxyl stretch spectral diffusion, although it is still possible
under the right circumstances to effectively background-sub-
tract the extra signals and determine the FFCF.24 This proce-
dure that corrects for the distortions in the isooctane system has
been described in detail.24 When carbon tetrachloride (CCl4) is
used as the solvent instead, the distortions are not present. To
ascertain whether the identity of the nonpolar phase changes
the dynamics of the water pool, the steady state and dynamic
data were compared for AOT reverse micelles made in iso-
octane and in CCl4. It was found that the Fourier transform
infrared (FTIR) absorption spectra, vibrational lifetime beha-
vior, reorientation dynamics, and spectral diffusion are identical
for the two solvents within experimental error. Thus, experi-
mental data obtained in CCl4 may be directly compared to
experiments performed with isooctane.

Here, we compare the spectral diffusion dynamics of water
inside a wide range of AOT reverse micelle sizes, w0 = 16.5, 12,
7.5, 4, and 2. However, CCl4 cannot support reverse micelles of
w0’s greater than 10,

10,33 so cyclohexane was used as the organic
phase for w0 = 12 and 16.5. On the basis of the previous solvent-
dependence study, the change to cyclohexane will not affect the
water pool dynamics. Spectral diffusion of water was also
measured in reverse micelles of w0 = 12 made with the nonionic
surfactant Igepal CO-520 (Figure 1), which has the same water
pool diameter as AOT w0 = 16.5 (5.8 nm). With these different
systems, we examine how both water pool size and the chemical
composition of the interface affect water spectral diffusion, and
therefore structural evolution, in confined environments.

II. EXPERIMENTAL PROCEDURES

Carbon tetrachloride (CCl4), cyclohexane, H2O, D2O
(Sigma-Aldrich), and Igepal CO-520 were used as received.
AOT (Sigma-Aldrich) was purified by first dissolving the com-
pound in methanol and stirring overnight with activated char-
coal. The charcoal was removed by vacuum filtration, and the
methanol was removed with a rotary evaporator. The AOT was
stored in a vacuum desiccator. Stock solutions (0.5 M) of AOT
were prepared in CCl4 and in cyclohexane. A 0.3 M stock
solution of Igepal CO-520 was prepared in cyclohexane. The
residual water contents of the stock solutions were measured via
Karl Fischer titration. The reverse micelle samples were prepared
bymass by adding appropriate amounts of a solution of 5%HOD
in H2O to measured quantities of the AOT or Igepal stock
solutions to obtain the desiredw0. The AOT/CCl4 stock solution
was used to make w0 = 2, 4, and 7.5 (diameters of 1.7, 2.3,
and 3.3 nm, respectively), while the AOT/cyclohexane stock
solution was used tomake w0 = 12 and 16.5 (diameters of 4.6 and
5.8 nm, respectively). To compare the effects of the chemical
composition of the interface, Igepal reverse micelles with w0 =
12 were also made. Like AOT, Igepal also makes monodis-
persed spherical reverse micelles.34 The w0 = 12 Igepal reverse
micelles have the same 5.8 nm diameter as AOT w0 = 16.5. The
w0 = 12 Igepal reverse micelles are not the same size as the
w0 = 12 AOT reverse micelles because the two surfactants have

Figure 1. Molecular structures for AOT and Igepal CO-520. AOT has
charged, sulfonate head groups, while Igepal has neutral, hydroxyl head
groups.
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different aggregation numbers. The experimental samples are
contained between two calcium fluoride windows that are
separated by a Teflon spacer. The thickness of the Teflon spacer
is chosen such that the optical density of the OD stretch region
is ∼0.1 for the echo experiments.

In the ultrafast experiments, the OD stretch of 5% HOD in
H2O is probed because it prevents vibrational excitation
transfer processes from artificially causing decay of the orienta-
tional correlation function and observables related to spectral
diffusion.35,36 MD simulations indicate that a dilute amount of
HOD does not perturb the structure and properties of H2O and
that the OD stretch reports on the dynamics of water.37 The
laser system used to generate the infrared light that excites the
OD hydroxyl stretch consists of a Ti:Sapphire oscillator that
seeds a regenerative amplifier. The output of the regenerative
amplifier pumps an optical parametric amplifier, which gener-
ates near-infrared wavelengths that are difference frequency
mixed in a AgGaS2 crystal. The resulting mid-infrared pulses
are centered at ∼4 μm (2500 cm�1) but are tuned to the peak
of the absorption spectrum for a given sample (for instance,
2565 cm�1 for w0 = 2).

The experimental layout and procedures of the two-dimen-
sional infrared (2D IR) vibrational echo experiment have been
described in detail elsewhere.24,38 In brief, themid-IR light is beam
split into three time-ordered excitation beams and a fourth beam
called the local oscillator (LO). The first excitation pulse creates a
coherence state between the v = 0 and v = 1 vibrational levels of the
OD stretch. During the evolution period τ that follows, the phase
relationships between the oscillators decay. At time τ, the second
pulse creates a population state in both the v= 0 or v= 1 vibrational
levels. The waiting period Tw elapses before the third pulse arrives
to create a final coherence state, partially restoring the phase
relationships. The rephasing of the oscillators causes the vibra-
tional echo to be emitted at a time te τ after the third pulse. The
OD oscillators undergo spectral diffusion during the Tw period as
the molecules sample different environments due to structural
evolution of the system. The vibrational echo signal is spatially and
temporally overlapped with the LO for heterodyned detection.
The heterodyned signal is frequency dispersed by a monochro-
mator and detected on a 32 element mercury cadmium telluride
detector. At a series of fixed Tw values, τ is scanned to generate 2D
IR spectra. The time evolution of the spectra as Tw is increased
yields information on spectral diffusion.

Spectral diffusion may be described by the FFCF, which can
take the form

C1ðtÞ ¼ Æδω10ðtÞδω10ð0Þæ ¼ δðtÞ
T�
2

þ ∑
i
Δi

2e�t=τi ð1Þ

The Δi are the frequency fluctuation amplitudes of each
component, and the τi are their associated time constants. If
the productΔτ is less than 1 for a given component in the FFCF,
then Δ and τ cannot be determined separately and instead
contribute a motionally narrowed homogeneous component
to the absorption spectrum with a pure dephasing line width of
Γ* = Δ2τ = 1/πT2

* , where T2
* is the pure dephasing time.

Contributions from vibrational lifetime, orientational relaxation,
and pure dephasingmay be combined into the total homogeneous
dephasing time, T2, which is given by

1
T2

¼ 1
T�
2
þ 1

2τvib
þ 1

3τor
ð2Þ

where T2
* , τvib, and τor are the pure dephasing time, vibrational

lifetime, and orientational relaxation time, respectively. The total
homogeneous line width is given by Γ = 1/πT2.

The FFCF (eq 1) can be determined from the Tw dependence
of the 2D IR correlation spectra via center line slope (CLS)
analysis.38�40 In this technique, the 2D correlation spectrum at a
given Tw is sliced parallel to the ωm axis (the vertical detection
axis) over a range of frequencies about the 2D IR center. Each
slice is fit to a Gaussian line shape function to obtain its peak
position. This particular variant of the CLS method is known as
CLSωm. The peak positions are plotted versus the ωτ frequen-
cies (the horizontal initial excitation axis) that the slices intercept.
The set of peak positions (ωτ, ωm) are referred to as center line
data. The resulting line is fit with a linear regression to find
the slope. Slopes of this nature are obtained for each Tw. From
the plot of slopes versus Tw, the FFCF can be determined.
The procedures describing the extraction of the FFCF from CLS
data have been detailed previously.39 In brief, the CLS decay is fit
with amultiexponential decay. The decay constants are the FFCF
decay constants. To obtain the homogeneous component of the
FFCF, amplitudes and time constants of the CLS are used to
simultaneously fit the CLS data and the system’s linear FT IR
absorption spectrum. The FT IR spectrum is fit via the Fourier
transform of the linear response function. A homogeneous
component is also included in the fit so that the full FFCF is
determined.

The CLSωm method is a convenient tool for obtaining the
FFCF of a system because it avoids using the nonlinear
response function formalism to fit the 2D IR data, and it is
insensitive to finite pulse durations, sloping background ab-
sorption, Fourier filtering methods (such as apodization), and
overlap between the 0�1 and 1�2 transition peaks.39,40 How-
ever, it should be noted that the CLS methodology was
developed under the assumption of Gaussian fluctuations.39,40

In systems such as bulk water, non-Condon effects and devia-
tions from Gaussian fluctuations may influence experimental
spectral observables to some extent.41,42 Non-Condon effects
account for a varying transition dipole with absorption
frequency.41,42 MD simulations have shown that the variations
in calculated observables obtained via different water models
are just as large as simulations that do or do not use the
Gaussian approximation.28,42�44 In aqueous systems that are
even more complex than bulk water, such as water nanopools in
reverse micelles, it is extremely difficult to extract usable
information from 2D spectra using simulations alone. While
obtaining the FFCF via the CLS method involves certain
approximations, the CLS is still an easily accessible experi-
mental observable that can discern time scales of structural
fluctuations and can be used to compare different systems.
Furthermore, the CLS is a valid observable that can be the target
of simulations regardless of whether it is used to determine
the FFCF.

While the focus of this paper is 2D IR vibrational echo
experiments, we also report results from polarization and wave-
length selective pump�probe experiments, which determine the
vibrational lifetime and orientational relaxation time of water
molecules inside the reverse micelle environments. In these
experiments, the IR light is split into a weak probe pulse and
an intense pump pulse. The pump is polarized at 45� relative to
the horizontally polarized probe. The two beams cross in the
sample, and the parallel and perpendicular components ((45�)
of the probe are resolved using a computer-controlled rotation
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stage. Before entering the monochromator, the polarization of
the probe is set to horizontal to eliminate problems from
diffraction and reflection efficiencies of the optics inside the
monochromator for different polarizations. The frequency dis-
persed signal is detected on the 32 element mercury cadmium
telluride detector. The measured parallel and perpendicular
signals yield information about the population relaxation and
orientational dynamics of the water molecules (HOD) and are
given by

I )ðtÞ ¼ PðtÞð1 þ 0:8C2ðtÞÞ ð3Þ

I^ðtÞ ¼ PðtÞð1� 0:4C2ðtÞÞ ð4Þ
where P(t) is the vibrational population relaxation and C2(t) is
the second Legendre polynomial orientational correlation func-
tion for a dipole transition. These two signals may be combined
to yield the pure population relaxation,

PðtÞ ¼ I )ðtÞ þ 2I^ðtÞ ð5Þ
The anisotropy, from which C2(t) may be extracted, is given by

rðtÞ ¼ I )ðtÞ � I^ðtÞ
I )ðtÞ þ 2I^ðtÞ ¼ 0:4C2ðtÞ ð6Þ

For two-component systems consisting of bulk-like water in the
core and water at the interface of large reverse micelles, eqs 5 and
6 must be extended, as discussed below, to account for the
contributions of different subensembles of water molecules. As

with the CLS methodology discussed above, eqs 3�6 are some-
what approximate, as MD studies have suggested that non-
Condon effects, excited-state absorption, and spectral diffusion
influence the anisotropy to some extent.45,46 However, differ-
ences in simulation models and electrostatic maps can produce
errors comparable to differences between simulations that do or
do not use the Gaussian approximation or implement non-
Condon effects.28,42�45 As a result, the data analysis implemen-
ted here provides viable information concerning the dynamics of
water molecules.

III. RESULTS AND DISCUSSION

A. Linear Absorption and Pump�Probe Spectroscopy.
Figure 2A displays the FTIR absorption spectra for the OD
stretch of HOD in H2O in the range of w0’s of AOT reverse
micelles studied in this work along with bulk water for compar-
ison. The hydrogen bonding interaction between water (HOD)
and the sulfonate head groups at the micelle interface causes the
OD spectrum to blue shift. As the reverse micelles become
smaller, a greater proportion of water molecules interact with the
sulfonate head groups and cause a greater blue shift. Previous
analysis has shown that the water spectra in AOT reversemicelles
can be decomposed into a bulk water spectrum and an interfacial
water spectrum. The interfacial spectrum is approximated as the
w0 = 2 spectrum6,8,10 because in this system virtually all of the
water molecules interact with the head groups. In describing the
absorption spectrum, the only adjustable parameter is a fractional
population corresponding to the amounts of interfacial and bulk
water in a given reverse micelle. This model is often referred to as
the core/shell or two component model. This model takes the
following mathematical form:

ItotðωÞ ¼ a1I1ðωÞ þ ð1� a1ÞI2ðωÞ ¼ S1ðωÞ þ S2ðωÞ
ð7Þ

where a1 is the fractional population, and I1 and I2 are the
component spectra for bulk water and w0 = 2, respectively.
Figure 2B shows the decomposition of the AOT w0 = 12
spectrum. The blue and red curves are the bulk water and w0 = 2
spectra, respectively. The circles are the w0 = 12 spectrum, and

Figure 2. (A) Linear FTIR absorption spectra for the range of reverse
micelle sizes studied, in addition to bulk water. The smaller reverse
micelles, w0 = 2, 4, and 7.5 were made in carbon tetrachloride, while
w0= 12 and 16.5 were made in cyclohexane. There is a systematic blue
shift of the spectra as water content decreases. (B) Two component
decomposition of the AOT w0 = 12 spectrum into the bulk water (blue)
and AOT w0 = 2 (red) spectra. The black dots are the original spectrum,
and the black line is the two-component fit.

Figure 3. Linear FT IR absorption spectra for Igepal w0 = 12 (blue)
AOT w0= 16.5 (red). Even though these two reverse micelles both have
a 5.8 nm water pool diameter, the Igepal spectrum is red-shifted because
the headgroup regions are different between the two surfactants.
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the black curve is the weighted sum of the bulk water and w0 = 2
spectra. The figure shows excellent agreement for the model
embodied in eq 7. For AOT reversemicelles, a1 = 0.56 forw0 = 12
and 0.74 for w0 = 16.5.
Figure 3 compares the linear FTIR absorption spectra of AOT

w0 = 16.5 and Igepal w0 = 12. Both samples have water pool
diameters of 5.8 nm. Even though the water pool sizes are
identical, the spectra are not the same because the headgroup
regions are different. The spectrum for Igepal w0 = 12 is less blue-
shifted than AOT w0 = 16.5. The difference is caused by the
different nature of the interfacial interactions for the two
surfactants.
Population relaxation and rotational dynamics can provide

considerable insight into the dynamics and interactions of water
molecules in confinement. Population relaxation is described via
the vibrational lifetime, a time constant that measures how
quickly vibrational energy dissipates in a system. The vibrational
energy goes into a combination of low frequency modes, such as
bending modes, torsions, and bath modes, that sums to the
original energy.47,48 In bulk water, vibrational energy dissipates
relatively easily through these pathways. Confinement or the
presence of solutes can modify vibrational relaxation because
certain pathways that were available in bulk water may no longer
be accessible. As a result, the vibrational lifetime is extremely
sensitive to local environments. Figure 4 shows the population
decays for AOT w0 = 12, AOT w0 = 16.5, and Igepal w0 = 12 at a
high detection frequency of 2589 cm�1, where the contribution
from water at the interface is enhanced. As demonstrated by
Moilanen et al., the population decay of water in large reverse
micelles can be decomposed into contributions from the bulk
water core and the interfacial water molecules at the head groups:

PðtÞ ¼ A1e
�t=τvib1 þ ð1� A1Þe�t=τvib2 ð8Þ

where A1 is a fractional population and τvib1 and τvib2 are the
vibrational lifetimes of bulk water and water at the headgroup
interface, respectively. In larger AOT reverse micelles, the time
constants do not change with wavelength, but the fractional
population A1 does change with wavelength. In eq 8,A1 is not the
same as a1 in eq 7 because A1 changes with wavelength while a1 is
a single value. At all wavelengths, τvib1 is fixed at the literature

value of 1.8 ps for bulk water,6,8 and τvib2 is determined to be
∼4.5 ps for both AOT reverse micelle sizes (w0 = 12 and 16.5),
as summarized by Table 1. This interfacial vibrational lifetime
is consistent with a previous value obtained for large reverse
micelles in isooctane.6,8 Figure 4 shows that the popula-
tion decay for AOT w0 = 12 is slightly slower than that for
AOT w0 = 16.5 at the same wavelength. This behavior arises
because there is more interfacial water in AOT w0 = 12 and
therefore a greater contribution of the component with a
slower decay. The population decays in Figure 4 have been
corrected for a well-understood long time nonzero baseline
that arises from the deposition of heat into the system from the
vibrational relaxation.10,13,49�54

The population relaxation parameters for AOT w0 = 7.5 are
also listed in Table 1, which have been published previously.24

AOT w0 = 7.5 can also be decomposed into core and inter-
facial environments, but the vibrational lifetime associated with
the core is slightly slower (2.1 ps) than the value for bulk water
(1.8 ps), and the vibrational lifetime at the interface also slows
down (5.5 ps). The AOT w0 = 7.5 reverse micelle is too small to
support a purely bulk-like water core, but it is still large enough
to have separate environments with different dynamics. The
w0 = 7.5 system can be considered an intermediate-sized reverse
micelle. In the spectral diffusion analysis in the next section, AOT
w0 = 7.5 will be analyzed in two ways as both a small and large
reverse micelle.
Table 2 lists the vibrational relaxation parameters for smaller

reverse micelles, AOT w0 = 2 and w0 = 4. These reverse micelles
present a situation where, even though the water molecules
exist in a mainly interfacial environment without a core region,
the vibrational lifetime still has two components. For both
reverse micelles, there is one lifetime of 2 ps and a slower
lifetime of ∼7 ps for w0 = 2 and ∼6.5 ps for w0 = 4. The faster
(2 ps) lifetime is attributed to OD hydroxyls that are hydrogen
bonded to the oxygens of water molecules, while the second,
slower lifetime is attributed to ODs bound to head groups.

Figure 4. Population relaxation decays for AOT w0 = 12 (green), AOT
w0 = 16.5 (red), and Igepal w0 = 12 (blue) at a detection wavelength of
2589 cm�1. AOT w0 = 12 has the slowest decay, and Igepal w0 = 12 has
the fastest.

Table 1. Population and Orientational Relaxation Para-
meters for Large and Intermediate Reverse Micellesa

AOT w0 = 16.5 AOT w0 = 12 AOT w0 = 7.5b

τvib1 (ps) 1.8 1.8 2.1

τvib2 (ps) 4.5 4.7 5.5

τor1 (ps) 2.6 2.6 4.4

τor2 (ps) 15 23 30
a Error bars are (0.2 for τvib1, τvib2, and τor1; (5 for τor2.

bData
reproduced from ref 24.

Table 2. Population Relaxation Parameters for Small Reverse
Micellesa,b

sample parameter 2590 cm�1 2610 cm�1 2620 cm�1 2640 cm�1

AOT w0 = 2 A1 0.13 0.08 0 0

τvib1 (ps) 2.0 2.0

τvib2 (ps) 7.3 7.5 7.4 8.1

AOT w0 = 4 A1 0.22 0.15 0.13 0.10

τvib1 (ps) 2.0 2.0 2.0 2.0

τvib2 (ps) 6.4 6.6 6.9 7.4
a Error bars are (0.2 ps for time constants, (0.04 for amplitudes;
A2 = 1 � A1.

bData reproduced from ref 24.
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Unlike the larger reverse micelles, there is a frequency depen-
dence to the value of the second, longer lifetime. As the
frequency increases, the population of the 2 ps lifetime
decreases, and the value of the slower lifetime increases. At
the highest frequencies for AOT w0 = 2, the population decay
becomes single exponential because only ODs bound to head
groups are observed. The two component behavior arises
because the vibrational lifetime is extremely sensitive to local
environments. The water molecules in the small reverse mi-
celles are mostly hydrogen bonded to the interface, but they can
sometimes form hydrogen bonds to other water molecules.
These water�hydroxyl interactions give rise to the faster life-
time, while water�interface interactions give rise to the slower
lifetime. As the frequency is tuned to the blue, the nature of the
OD-headgroup interactions changes, which is reflected in an
increasingly long lifetime.
Orientational relaxation, determined from the time-depen-

dent anisotropy (eq 6), provides information on how quickly
water molecules rotate. In the mechanism for hydrogen bond
reorientation, large amplitude rotations occur via concerted
motions of the water molecules.1,2 Interfaces and solute mol-
ecules can modify water orientational relaxation.5�8,10�14,26 Like
the population dynamics, Moilanen et al. found that the anisot-
ropy decay of water inside of large reverse micelles can be
decomposed into two components.6,8 The two-component
anisotropy model takes on a more complicated form than the
two-component population decay:5,8,10

rðtÞ ¼ A1e�t=τvib1 e�t=τor1 þ ð1� A1Þe�t=τvib2 e�t=τor2

A1e�t=τvib1 þ ð1� A1Þe�t=τvib2
ð9Þ

where A1, τvib1, and τvib2 are defined by eq 8, and τor1 and
τor2 are the orientational relaxation time constants for bulk
water and interfacial water, respectively. Because A1, τvib1, and
τvib2 can be determined separately via the population decay and
τor1 = 2.6 ps from the literature,54 τor2 is the only adjustable
parameter in eq 9. Typically, anisotropy decays for several
wavelengths are fit simultaneously to extract τor2.

5,6,8,9 For large
reverse micelles, τor2 is ∼20 ps, which is much slower than the
bulk water orientational relaxation time of 2.6 ps. The two-
component anisotropy decays display an apparent plateau

beginning at ∼4 ps,5,8 as seen in Figure 5. The plateau is a
result of the different lifetimes and orientational relaxation
times for bulk and interfacial water. At sufficiently long time,
the anisotropy will decay to zero, but this time is outside the
experimental time window, which is limited by the vibrational
lifetimes.
AOT w0 = 7.5 also follows the two-component anisotropy

decay model, but similar to the population relaxation behavior,
the time constants for the core region are slightly slower.24 The
orientational relaxation time for the interface is also slower than
its counterpart in the larger reverse micelles. In addition to
summarizing the population relaxation parameters for AOT
w0 =16.5, 12, and 7.5, Table 1 also lists the orientational
relaxation parameters for these three systems. The orientational
relaxation decays for the small reverse micelles (w0 = 2 and 4)
follow a wobbling-in-a-cone model,10,19,55 which consists of a
short ∼1 ps time constant decay followed by a very slow
component decay of ∼100 ps.6,24 These time scales reflect
different types of angular motions of the water molecules and
not dynamics in different subensembles. Even though the
population decays for the small reverse micelles follow a two
component model, the anisotropy decays do not. The essen-
tially single ensemble orientational relaxation behavior for the
smallest reverse micelles is evidenced by a lack of wavelength
dependence for the decays.6,24 The lifetime for the smallest
reverse micelles depends on the hydrogen bonding of the OD
hydroxyl, which is either to a sulfonate or to a water oxygen.
However, the orientational relaxation depends on the con-
certedmotion of many water molecules. Because all of the water
molecules in the smallest reverse micelles are either bound to
the interface or are bound to a water that is bound to the
interface, none are truly independent of the influences of the
interface. For orientational relaxation, the water nanopools
of the smallest reverse micelles behave essentially as a single
ensemble.
Figures 4 and 5 also display data for the Igepal w0 = 12 reverse

micelles, which have the same water pool diameter as AOT w0 =
16.5. An Igepal reverse micelle is different from an AOT reverse
micelle because the hydroxyl head groups can exchange with
HOD molecules in the water pool. The exchange of deuterium
with the headgroup interface creates a third vibrational species,
deuterated hydroxyl head groups, that contributes to the
population decay and anisotropy signals. The overall popula-
tion of OD head groups is generally very small, but these head
groups make a small contribution to the signal. The three
component treatment of Igepal reverse micelles has been
discussed in detail previously.17 The population decay for
Igepal in Figure 4 indicates that even though the reverse
micelles are of the same size, the population dynamics in Igepal
are slightly faster than those in AOT. The curve for Igepal
w0 = 12 decays more quickly than in AOT w0 = 16.5. Table 3
lists the population and orientation relaxation parameters for
Igepal w0 = 12. The parameters with a subscript of 1 are the bulk
water core parameters, parameters with a subscript of 2 are for
waters at the interface, and parameters with a subscript of 3 are
for OD head groups. While the bulk water component is the
same regardless of the surfactant identity, the vibrational life-
time for waters at the Igepal interface is faster than the
interfacial vibrational lifetime in AOT. The vibrational lifetime
of the OD head groups is similar to that for waters at the AOT
interface and is similar to previous measurements.17 There is
no orientational time constant given for the OD head groups

Figure 5. Anisotropy (orientational relaxation) data for AOT w0 = 12
(green line), AOT w0 = 16.5 (red line), and Igepal w0 = 12 (blue dots) at
a detection wavelength of 2589 cm�1. All sets of data display a plateau
that is characteristic for multicomponent anisotropy decays.
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because it will be exceedingly slow; it is assumed that it is
equivalent to the overall rotation time of the reverse micelle,
which occurs on the order of nanoseconds. The anisotropy
decays in Figure 5 indicate that there is little difference between

the rotational behaviors in Igepal and in AOT reverse micelles
of the same size, as the curves are virtually identical. However,

Figure 6. 2D IR correlation plots for AOTw0 = 16.5 atTw = 0.2, 1, and 4
ps. At early Tw, the spectra are quite elongated, but the spectra do not
complete spectral diffusion by the end of the experimental Tw window.

Table 3. Population and Orientational Relaxation Parameters for Igepal w0 = 12a

A1 τvib1 (ps) τor1 (ps) A2 τvib2 (ps) τor2 (ps) A3 τvib3 (ps)

0.71 ( 0.02 1.8 ( 0.2 2.6 ( 0.2 0.25 ( 0.02 3.7 ( 0.3 15 ( 3 0.04 ( 0.02 4.1 ( 0.3
a Subscript 1 � bulk water; subscript 2 � interfacial water; subscript 3 � OD head groups.

Figure 7. 2D IR correlation plots for AOT w0 = 2 at Tw = 0.2, 3, and 15
ps. At early Tw the spectra are quite elongated, but the spectra do not
complete spectral diffusion by the end of the experimental Tw window.
Data may be taken out longer for AOT w0 = 2 because of the sample’s
longer vibrational lifetime. The data has been reproduced from ref 24.
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because the small effects from the OD head groups in Igepal must
be taken into account, it cannot be concluded that the actual
dynamics in AOT and Igepal are exactly the same. Nonetheless, it
is clear that interaction with the interface significantly affects the
rotational dynamics of water, while the chemical composition of
the interface has substantially less influence.
B. Spectral Diffusion in Large Reverse Micelles. 2D IR

vibrational echo correlation spectra were measured for each of
the reverse micelles (AOT w0 = 16.5, 12, 7.5, 4, and 2 and Igepal
w0 = 12). 2D correlation spectra for AOT w0 = 16.5 at a series of
Tw’s are shown in Figure 6 and for AOT w0 = 2 in Figure 7. These
samples provide representative spectra for the large and small
reverse micelles, respectively. Each spectrum consists of two
peaks. The positive (red) peak along the diagonal corresponds to
the 0�1 vibrational transition, while the negative (blue) peak off
the diagonal arises from vibrational echo emission at the 1�2
transition frequency. The 1�2 peak appears off the diagonal and
shifted along theωm axis due to the vibrational anharmonicity. At
early Tw values, the spectra are elongated along the diagonal,
showing a strong correlation that an oscillator excited at a certain
frequency will retain that frequency after a short amount of time.
The spectra become more symmetric as Tw lengthens, and the
water molecules undergo spectral diffusion because of structural
evolution of the system. Bulk water generally completes spectral
diffusion within a few picoseconds.43,44 By 2 ps, the shape of the
bulk water spectrum has evolved from diagonally elongated to
nearly symmetric (circular). By contrast, none of the reverse
micelles, from w0 = 2 through w0 = 16.5, exhibit symmetric
spectra at the end of their experimental Tw ranges, indicating that
spectral diffusion is not completed.
The large reverse micelles (w0 = 12 and 16.5) and inter-

mediate reverse micelles (w0 = 7.5) contain two types of water
molecules: core waters and interfacial waters. As shown by
FTIR analysis, each of these regions is characterized by its own
absorption spectrum (see Figure 2B). In a 2D IR experiment,
each of these ensembles generates a 2D IR spectrum. The
overall measured 2D spectrum is a combination of the indivi-
dual spectra. When the peak separation between components is
relatively small, the individual spectra are not resolved, and the
2D IR correlation plots look as if there is a single species. In
large reverse micelles, the component spectra are bulk water
and w0 = 2 (see Figure 2B).
We have shown recently that the CLS method can be

extended to two-component systems.56 Each two-component
2D spectrum can be decomposed into its constituent spectra,
and each of these spectra has a characteristic CLS decay. In large
reverse micelles, the bulk water CLS is known, so it is possible
to obtain the CLS decay (and by extension, the FFCF) of the
interfacial waters. In a system with two ensembles of vibrations,
i.e., bulk and interfacial water OD hydroxyl stretches, simply
applying the CLS method (calculating the slope around the

2D IR maximum location) does not provide information on the
interfacial water dynamics.56 The resulting multiexponential fit
to the CLS curve yields a combination of the time constants of
the bulk water and interfacial water CLS decays that cannot be
directly resolved into the time constants and amplitudes for
each ensemble.
The recent theoretical work developed in a previous publi-

cation56 demonstrated that it is possible to extract the unknown
CLS and FFCF of one component if the CLS for the other
component is known; in this case, the FFCF and CLS for bulk
water are known. It was found that for the two-component 2D
IR spectrum (also called the combined spectrum), the peak
positions (ωmC

* ) of slices parallel to the ωm axis are weighted
combinations of the peak positions (ωm1

* ) of the bulk water
spectrum and the peak positions (ωm2

* ) of a second component:

ω�
mCðωm,ωτ ,TwÞ ¼ f1ðωτ ,TwÞω�

m1ðωm,ωτ ,TwÞ
þ ð1� f1ðωτ ,TwÞÞω�

m2ðωm,ωτ ,TwÞ
ð10Þ

In the case of large reverse micelles, this second component is
the ensemble of interfacial water molecules. The set of peak
positions for the slices are also known as center line data. In
eq 10, f1 is the fractional population of bulk water, which is both
Tw- and frequency-dependent. This fraction term may be ob-
tained from the FTIR absorption spectra of the two components
and the measured vibrational lifetimes:

f1ðωτ ,TwÞ ¼ S1ðωτÞe�Tw=τvib1

S1ðωτÞe�Tw=τvib1 þ S2ðωτÞe�Tw=τvib2
ð11Þ

where S1 and S2 are defined by eq 7. Since center line data for the
combined system and bulk water can be measured separately,
eq 10 can be rearranged to obtain ωm2

* for the interface:

ω�
m2ðωm,ωτ ,TwÞ ¼ ðω�

m2Cðωm,ωτ ,TwÞ � f1ðωτ ,TwÞω�
m1ðωm,ωτ ,TwÞÞ

ð1� f1ðωτ ,TwÞÞ
ð12Þ

For eq 12 to work, the f1 fraction term must be known, which
requires that the vibrational lifetimes are known. In addition, the
peak position of the interfacial water must also be known, or
reasonably approximated. When CLS analysis is applied to the
calculated interfacial water center line data, the CLS will be
calculated around the peak position of the interface water band,
not the 2D IR maximum. As shown in Figure 2B, the w0 = 2
spectrum is an excellent approximation for the interfacial water
spectrum. For w0 = 2, the peak position is 2565 cm�1.
The rawCLS data that has not been decomposed into separate

contributions (calculated around the 2D IR centers for each
correlation plot) for the AOT w0 = 16.5 and 12 systems each fit
well to a single exponential to an offset. The raw CLS data for
AOT w0 = 7.5 fit well to a biexponential decay with an offset. The
fit parameters to these curves are given in Table 4. In addition to
amplitudes and time constants, and differences between 1 and
the initial values at Tw = 0 are given as the a0 term in the table.
From these fit parameters, the raw CLS data may be recon-
structed. These parameters do not reflect the dynamics of either
component of the two-component system. However, they will be
useful to compare an MD simulation of the entire system to the
measured experimental data.
Figure 8 shows the results of eq 12 when applied to AOT

w0 = 12 at Tw = 0.2 ps. The black circles are the actual measured

Table 4. Exponential Fit Parameters to Raw CLS Data for
Large and Intermediate Reverse Micellesa

w0 a0 a1 t1 (ps) a2 t2 (ps) y0

7.5 0.30 0.14 1.1 0.47 6.4 0.09

12 0.28 0.57 2.5 0.15

16.5 0.37 0.34 2.1 0.29
a a0� drop from 1; ai� amplitude; ti� time constant; y0� offset. Error
bars are (0.02 for a0, ai and y0; (0.2 for t1; (1 for t2.
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experimental center line data for the AOT w0 = 12 reverse
micelle. The blue dots are the center line data for bulk water,
which was obtained separately. The bulk water CLS was used to
determine the bulk water FFCF, which was then used to obtain
the bulk water CLS for longer times because experimental data
can only bemeasured out to 2 ps due to the lifetime limitations.56

The green dots are the interfacial water center line data found by
applying eq 12. The red line is a verification of the algorithm. The
calculated interfacial water center line data and the center line
data for bulk water are recombined with the fraction terms to
make sure that the original combined center line data is
reproduced. Because eq 12 is simple linear algebra, the agree-
ment is virtually quantitative.
Center line data for the interface, as displayed by Figure 8,

were obtained for AOT w0 = 16.5, 12, and 7.5 at all measured
Tw’s. The interfacial CLS curves for these three micelles are
displayed in Figure 9. Overall, the interfacial CLS curves are very
similar for w0 = 12 and 16.5. The lack of a size dependence for the

large reverse micelles is consistent with a lack of size dependence
for the interfacial orientational relaxation and the vibrational
lifetime.6,8 The w0 = 7.5 system is considerably smaller in size,
and its interfacial CLS seems to decay slightly slower than the
larger reverse micelles. It should be noted that the bulk water
center line data were used in thew0 = 7.5 calculation, even though
our experiments suggest that the core is not exactly like bulk
water.We cannotmeasure the core of thew0 = 7.5 reverse micelle
directly, so bulk water is the best approximation for use in the
calculation.
The interfacial CLS curves fit well to a single exponential decay

plus an offset. The FFCFs for w0 = 16.5, 12, and 7.5 were
calculated by simultaneously fitting the CLS curve and the w0 = 2
spectrum for each sample. Table 5 summarizes the FFCF
parameters for the large reverse micelles and w0 = 7.5. As
suggested by examination of the CLS curves, w0 = 12 and 16.5
yield very similar FFCF parameters. This similarity indicates that,
like the rotational and population relaxation dynamics,6,8 spectral
diffusion at the interface in large reverse micelles is independent
of size. For large reverse micelles, there is a core of bulk-like
water, and the curvature of the interface is mild. The solvation of
the head groups is independent of size.6,8,9 The result is that the
local water�interface interactions and dynamics do not change
with size for sufficiently large reverse micelles.
The exponential decay portion of the FFCF for w0 = 12 and

16.5 is∼1.6 ps, which is within experimental error, very similar
to the FFCF long time constant of bulk water, 1.7 ps. The 1.7 ps
time constant in bulk water is attributed to global hydrogen
bond rearrangement.43,44 In the analysis of the orientational
relaxation, lifetimes, and spectra of interfacial water in large
AOT reverse micelles, it was shown that the interfacial layer is
approximately one water molecule thick.6,8 This conclusion was
supported by the observation that the populations of bulk water
and interfacial water obtained from both the analysis of the
absorption spectra and from amplitude fractions found from the
biexponential population decays matched the fractions of each
region obtained by geometrically approximating the interfacial
layer as a shell 2.8 Å thick, which is roughly the effective
diameter of one water molecule.8 That only the first solvation
shell is strongly perturbed by the interfaces is supported by
other experiments.3,57 Some studies have suggested that the
hydration layer around proteins can extend out to ∼10 Å.58

However, it should be noted that experimental evidence for this
observation is lacking and that such large hydration layers are
generally found via MD simulations.58�60

It was found that for large reverse micelles, the orientational
relaxation time is slow at the interface,∼20 ps.6,8,9 This suggests
that the exchange of water between the interfacial region and the
bulk-like core occurs on this time scale or slower since exchange
will not occur without changes in orientation. Therefore, on a
time scale of 1.6 ps, there is a fixed ensemble of interfacial water
molecules that are bound to the sulfonate head groups but will

Figure 9. Interfacial CLS data for AOT w0 = 16.5, 12, and 7.5. The lines
through the data are the calculated interfacial FFCFs.

Table 5. Interfacial FFCF Parameters for Large and Inter-
mediate Reverse Micellesa

w0 Γ (cm�1) Δ1 (cm
�1) τ1 (ps) ΔS (cm

�1)

7.5 57 44 3.5 24

12 35 55 1.9 21

16.5 28 50 1.3 29
a Error bars are (5 for Γ and Δ’s; ( 0.5 for τ1.

Figure 8. Representative center line data for the back-calculation of the
interfacial CLS. Shown here are results for AOT w0 = 12 at Tw = 0.2 ps.
The blue dots are bulk water center line data, and the black circles are the
experimentally measured center line data for AOTw0 = 12 atTw = 0.2 ps.
The green dots are the back-calculated interfacial center line data using
eq 12. The red line is the recombination of the back-calculated interfacial
data with the bulk water data to reproduce the experimental data.
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also be interacting with water molecules that are beyond the
interfacial layer.
Water molecules at the interface are hydrogen bonded to

water molecules beyond the interfacial layer, and the frequency
of the interfacial water molecules will be influenced by the
dynamics of this more bulk-like water. Noninterfacial water
molecules will be making and breaking hydrogen bonds with
the interfacial water molecules as well as with other core water
molecules. It is possible that the ∼1.6 ps component of the
interfacial water FFCF is produced by the hydrogen bond
rearrangement of noninterfacial water molecules that are mak-
ing and breaking hydrogen bonds with the interfacial water
molecules. This proposition, if correct, indicates that water
molecules immediately beyond the interfacial layer behave very
much like bulk water. Although these water molecules would
have hydrogen bonds to interfacial water molecules, they also
interact with a large collection of basically bulk-like core water
molecules. Again, it is important to point out that assigning the
fast component of the interfacial FFCF to the hydrogen bond
dynamics of noninterfacial water molecules is a conjecture
based on the similarity of the observed interfacial spectral
diffusion dynamical time scale and the known time scale for
bulk water hydrogen bond randomization.
In contrast to bulk water, the interfacial FFCF has an offset.

The offset is produced by dynamics that are too slow tomeasure
because they are outside the experimental time window that is
set by the vibrational lifetime. It is not surprising that the
interfacial water has very slow dynamics. Complete spectral
diffusion within the interfacial inhomogeneous line requires
sampling all of the frequencies (see Figure 2B). As shown in
Table 2, the vibrational lifetime of the w0 = 2 reverse micelle
becomes longer at the very blue side of the absorption line. This
shows that the interface is not a single environment. All
environments must be sampled for spectral diffusion to be
complete. As mentioned above, the interfacial orientational
relaxation time for large reverse micelles is ∼20 ps. Orienta-
tional relaxation will require breaking a hydrogen bond to the
interface (sulfonate headgroup). Therefore, it is reasonable to
conclude that the time required for a water molecule to sample
the range of interfacial environments will be quite slow.
For spectral diffusion to be truly complete, all frequencies

must be sampled, including both the interfacial frequencies and
the core frequencies. Thus, there must be exchange between the
interfacial and core populations. Molecules at the interface will
have to move away from the interface and become core
molecules, and core water molecules will have to move toward
the head groups and become interfacial water molecules. Again,
given the ∼20 ps interfacial orientational relaxation time, the
time scale for interfacial-core exchange should be slow.
The exponential decay of the w0 = 7.5 FFCF has a time

constant of ∼3.5 ps, which is significantly slower than that
observed for the large reverse micelles. w0 = 7.5 is an inter-
mediate size. The water nanopool in w0 = 7.5 has a core that is
well separated from the interface, but the core has water
properties that are somewhat different from bulk-like water.
Coupling of the slow dynamics at the interface to water
throughout the small nanopool slows the orientational relaxa-
tion at both the interface and in the core as well as slowing
vibration relaxation in both regions (see Table 1). The 3.5 ps
component of the w0 = 7.5 FFCF may reflect hydrogen bond
rearrangement of core water molecules that are bonded to
interfacial water molecules. The slowing of this component of

the FFCF would be in accord with the slowing of the core water
structural dynamics as evidenced by the slower orientational
relaxation time.
C. Spectral Diffusion in Igepal Reverse Micelles. 2D IR

spectra were also measured for Igepal w0 = 12, a reverse micelle
with the same water pool diameter as AOT w0 = 16.5. Because of
lifetime limitations, data for AOT w0 = 16.5 can be taken out to
about 5 ps, but the echo signal for Igepal w0 = 12 is not reliable
past 2 ps. Given the limited experimental time window for Igepal,
it was impractical to apply eq 12 and obtain an interfacial CLS.
Instead, the AOT w0 = 16.5 and Igepal w0 = 12 were analyzed
with the CLS method in the traditional manner, that is, as if there
were a single ensemble. The CLS was obtained around the 2D IR
maxima for each Tw. Figure 10 displays these CLS curves. For the
limited range ofTw’s that could bemeasured, the CLS for the two
samples are almost identical. Given the small experimental time
window, our limited results suggest that, at least at early times,
spectral diffusion is not too sensitive to the chemical nature of the
interface. This result is consistent with the similarity found for

Figure 10. CLS data for Igepal w0 = 12 (blue squares) and AOT w0 =
16.5 (red circles), showing close agreement between the samples. The
CLS data presented in this figure have not been analyzed with the
modified two-component CLS model.

Figure 11. CLS data for small reverse micelles, AOT w0 = 2, 4, and 7.5.
The lines through the data are the calculated FFCFs. As reverse micelle
size decreases, spectral diffusion slows down.
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the interfacial orientational relaxation times of water in AOT and
Igepal reverse micelles.17

D. Spectral Diffusion in Small Reverse Micelles. To quanti-
fy the changes in the 2D spectra, and to extract the FFCFs for
small reverse micelles, the CLS was calculated for a( 30 cm�1

range around the 2D IR maximum location for w0 = 2, 4, and
7.5. The CLS curves for these three AOT reverse micelles are
shown in Figure 11. Orientational relaxation measurements for
the w0 = 2 and 4 reverse micelles show that the structural
dynamics behave essentially as a single ensemble. In the
previous sections, we treated w0 = 7.5 approximately using
the core-interface decomposition approach for the 2D IR
spectral diffusion dynamics. Here w0 = 7.5 was treated in the
same manner as w0 = 2 and 4 for comparison. The experimental
Tw range is limited by the vibrational lifetimes of each sample.
Thus, data cannot be taken at the same Tw values for each
sample (see Figure 11).
The general trend of the CLS data is that spectral diffusion

slows down as the water pool size decreases. The CLS curves, in
conjunction with the IR spectra of the samples, can be used to
extract the FFCF parameters.39,40 The FFCF parameters deter-
mined for reverse micelles w0 = 2, 4, and 7.5 are listed in Table 6.
The FFCF for a small reverse micelle takes the form of a
biexponential decay with a static offset and a motionally nar-
rowed (homogeneous) component. All three FFCFs have a fast
time constant of∼1 ps, and a slower time constant of∼6�10 ps.
Bulk water has a fast time constant of∼400 fs, which is attributed
to fast, very local hydrogen bond fluctuations.27,28 Given the
similarity in time scales and that the small reverse micelles
represent very constrained environments, it is reasonable to
conclude that the ∼1 ps time scale is also due to local hydrogen
bond fluctuations.
It is useful to note that neither treatment of thew0 = 7.5 reverse

micelle is truly correct. In this section, w0 = 7.5 is treated as a
single ensemble in the same way as w0 = 2 and 4. However, in
contrast to w0 = 2 and 4 for which the orientational relaxation
does not separate into interfacial and core components, w0 = 7.5
does separate into two components. In the previous section, the
CLS data were decomposed to obtain the interfacial component.
The two-component CLS procedure requires that the spectral
diffusion is known for the core. Bulk water was used to model the
core, but the orientational relaxation data show that the core is
not bulk-like in AOT w0 = 7.5. Therefore, there are uncertainties
associated with each model for AOT w0 = 7.5.
The static offset in the FFCF (not present in bulk water) arises

from the extremely slow motions of the water molecules in the
small reverse micelles. For spectral diffusion to be complete in any
system, all water molecules must experience all environments.
Diffusion through the reverse micelles or exchange of populations
between anODhydroxyl bound to the interface and one bound to
another water oxygen will occur very slowly in the highly confined
environments of the smallest reverse micelles. It is likely that slow
diffusion and exchange contribute to the static offset.

The slowest time scale for bulk water spectral diffusion is 1.7
ps, corresponding to global hydrogen bond reorganization.26 It is
possible that the intermediate time scale decay of the FFCF,
6�10 ps, is caused by hydrogen bond rearrangement of water
molecules bound to the waters directly at the interface with ones
that have at least one or possibly both hydroxyls not bound to the
interface. For the large reverse micelles, this mechanism was
proposed because of the similarity of times for the interfacial and
bulk water spectral diffusion. For the small reverse micelles, the
dynamics will be slower and as the water nanopool becomes
smaller, the dynamics will become increasingly slow. Another
possibility that was suggested previously is that interfacial
topography roughness contributes to the inhomogeneous broad-
ening and, by extension, motions of the surfactant head groups
will cause spectral diffusion.24

In addition to the time constants, the FFCF also contains
frequency fluctuation amplitudes (Δ terms) and a motionally
narrowed component. Each time scale, including the static offset,
produces a significant amount of inhomogeneous broadening.
Themotionally narrowed component (Γ) is roughly the same for
w0 = 2 and 4, but is significantly greater for w0 = 7.5. Again, it
needs to be noted that w0 = 7.5 is not strictly a small reverse
micelle.

IV. CONCLUDING REMARKS

Spectral diffusion was measured for water inside of a range of
AOT reverse micelles from w0 = 16.5 (5.8 nm diameter) through
w0 = 2 (1.7 nm diameter) using 2D IR vibrational echo
spectroscopy. We observe that the process of spectral diffusion,
described by the FFCF, undergoes significant changes as the
water pool size inside the reverse micelles increases. The 2D IR
spectra for large reverse micelles (w0 = 12 and 16.5) are a
combination of signals from a bulk water core and a shell of
interfacial waters at the surfactant head groups. Each of these
ensembles has its own FFCF. Because the FFCF for bulk water is
known, the FFCF for the interfacial region can be calculated from
known data and other experimentally measured parameters. It is
important to note that a CLS curve calculated on the actual
experimental 2D spectra does not yield a weighted average of the
FFCFs and that in order for meaningful information to be
obtained, the CLS for large reverse micelles must be decomposed
into bulk and interfacial contributions.

The similarity between the FFCFs for AOT w0 = 12 and 16.5
further corroborates previous conclusions that the dynamics at
the interface are virtually the same for all AOT large reverse
micelles.6,8,9 For the large reverse micelles, a component of the
interfacial spectral diffusion is very similar to that of bulk water,
which corresponds to hydrogen bond network randomization. It
was postulated that the ∼1.6 ps component of the interfacial
spectral diffusion is associated with hydrogen bond rearrange-
ment of core water molecules that are interacting with the
interfacial water molecules. Spectral diffusion was also compared
for large Igepal and AOT reverse micelles of diameter 5.8 nm
(Igepal w0 = 12 and AOT w0 = 16.5). The results suggest that
dynamics that give rise to spectral diffusion are not affected much
by the chemical nature of the interface. This was found to be true
for orientational relaxation as well.17 The interfacial dynamic
processes in large reverse micelles are mainly determined by the
presence of an interface rather than its chemical nature.

The w0 = 7.5 system was also treated as a large reverse micelle
because, based on orientational relaxation experiments, the

Table 6. FFCF Parameters for Small and Intermediate
Reverse Micelles

w0 Γ (cm�1) Δ1 (cm
�1) τ1 (ps) Δ2 (cm

�1) τ2 (ps) ΔS (cm
�1)

2 33( 5 19 ( 2 0.9( 0.1 36( 1 10( 1 37( 1

4 33( 5 21( 2 0.7( 0.4 44( 5 8.9( 3 26( 1

7.5 57( 2 25( 2 1.1( 0.2 47( 3 6.4( 1 20( 2
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w0 = 7.5 water pool can be divided into core and interfacial
regions. However, the core region is not the same as bulk water.
The actual core region for w0 = 7.5 cannot be measured
separately, so bulk water was used as an approximation in the
decomposition of the spectral diffusion dynamics to obtain the
interfacial FFCF. It is found that the interfacial FFCF for w0 = 7.5
is slower than the interfacial FFCFs for w0 = 12 and 16.5, which
are about the same. We have presented two sets of FFCF results
for AOT w0 = 7.5, treating it as both a large and a small reverse
micelle. Neither is precisely correct, but the results permit
comparisons to the larger and smaller reverse micelles.

In small reverse micelles (w0 = 2 and 4), the FFCF takes the
form of a biexponential decay plus an offset and a homogeneous
component. A fast decay of∼1 ps is attributed to local hydrogen
bond fluctuations (present in bulk water), but the slower∼6�10
ps decay represents processes that are not present in bulk water,
such as surface topography fluctuations of the interface or slow
hydrogen bond rearrangement of water molecules bound to
interfacial water molecules. The static offset also has no analogue
in bulk water and is associated with very slow processes such as
diffusion to the interface and exchange between hydroxyls bound
to the interface and ones that are not.

MD simulations have been used to study the orientational
relaxation of water in AOT reverse micelles.31,32,61 In light of
the new extended two component CLS method, it would be
very interesting to explore the spectral diffusion dynamics of
interfacial water molecules in large reverse micelles using MD
simulations.
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