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Abstract: To determine the relative importance of the confining geometry and nanoscopic length scale
versus water/interface interactions, the dynamic interactions between water and interfaces are studied with
ultrafast infrared spectroscopy. Aerosol OT (AOT) is a surfactant that can form two-dimensional lamellar
structures with known water layer thickness as well as well-defined monodispersed spherical reverse micelles
of known water nanopool diameter. Lamellar structures and reverse micelles are compared based on two
criteria: surface-to-surface dimensions to study the effect of confining length scales, and water-to-surfactant
ratio to study water/interface interactions. We show that the water-to-surfactant ratio is the dominant factor
governing the nature of water interacting with an interface, not the characteristic nanoscopic distance. The
detailed structure of the interface and the specific interactions between water and the interface also play
a critical role in the fraction of water molecules influenced by the surface. A two-component model in which
water is separated into bulk-like water in the center of the lamellar structure or reverse micelle and interfacial
water is used to quantitatively extract the interfacial dynamics. A greater number of perturbed water
molecules are present in the lamellar structures as compared to the reverse micelles due to the larger
surface area per AOT molecule and the greater penetration of water molecules past the sulfonate head

groups in the lamellar structures.

I. Introduction

Water in chemical and biological systems frequently occurs
in very crowded environments where the characteristic length
scale associated with the environments is nanometers. The
important question arises; what is the dominant effect in confined
aqueous systems? Is it the geometry of the system with some
nanolength scale determined by a surface-to-surface distance
that plays the principal role in disrupting the hydrogen bonding
network and altering the dynamics of the confined water? Or,
is it the water/interface interactions and the relatively static
presence of the surface that is the primary influence on water
dynamics? Here we answer these questions and show that the
nanolength scale is of less significance and that the short-range
water/interface interactions are of principal importance.

There is evidence that suggests that both length scale and
interface interactions alter water dynamics in confined environ-
ments. Surface force and shear measurements on water confined
down to a few molecular layers between atomically smooth mica
sheets indicate that the structure and properties of water are
modified when confined to these length scales."> Molecular
dynamics (MD) simulations of water confined between hydro-
phobic plates® or inside carbon nanotubes® also show that
modifications occur in the water structure and dynamics. At the
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same time, MD simulations have shown that the most strongly
perturbed water molecules in a reverse micelle’ or at the surface
of a lipid bilayer®’ are the water molecules that are directly in
contact with the surface. Magnetic relaxation dispersion (MRD)
experiments and MD simulations of protein hydration water in
dilute systems show that only the water molecules interacting
directly with the surface have strongly perturbed dynamics
compared to bulk water.®”'?

What is it about an interface that slows the orientational
dynamics of water? We focus here on orientational relaxation
because complete orientational randomization requires concerted
rearrangement of the water hydrogen bonding network.'*'*
Therefore, observations of orientational relaxation are closely
related to the hydrogen bond network’s structural evolution. Are
hydrogen bonding interactions so strong that water molecules
simply cannot reorient? MD simulations of water around
aqueous ions and hydrophobic molecules may provide an answer
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Figure 1. Structure of Aerosol OT.

to this question, indicating that the primary factor that slows
water reorientation is the excluded volume effect of the solute
that blocks new hydrogen bond acceptors from entering the
hydration shell of the reorienting water molecule, not anoma-
lously strong hydrogen bonds.'>'® The same effect is likely to
influence the dynamics at an interface. While a great deal of
work has been devoted to understanding the structure and
dynamics of water in confined environments and near surfaces,
the issue of geometry and length scale versus water/interface
interactions has not been experimentally resolved.

The goal of the present work is to systematically study the
effects of changing the nanolength scale and geometry of a
confining system while keeping the molecular nature of the
interface constant. To do this, we employ the surfactant Aerosol
OT (AOT), which forms well-characterized, monodispersed
reverse micelles in isooctane over a wide range of length
scales.'” Reverse micelles are often characterized by the wy
parameter, which is defined as the number of water molecules
per surfactant molecule, wy = [H,O]/[AOT]. The radius of the
reverse micelle scales with w, and can range from less than 1
nm up to 14 nm. AOT also forms lamellar structures when
mixed with water, and the lamellar repeat distances have been
characterized by X-ray diffraction.'® 2 The lamellar repeat
distance scales linearly with the reciprocal of the AOT volume
fraction.'®'® To make the comparison between the lamellar
structures and the reverse micelles clear and to differentiate
between the two systems, the parameter, A, will be used to
represent the number of water molecules per surfactant in the
lamellar structures, A = [H,O]/[AOT].

The structure of AOT is shown in Figure 1. It consists of a
sulfonate head group and sodium counterion that preferentially
partition into the polar phase. Near the head group on each of
the alkyl tails are ester moieties that may also interact with the
polar phase depending on the packing and configuration of the
AOT molecules. The alkyl tails are branched and bulky; their
steric interactions with one another and the nonpolar phase help
stabilize the shape of the reverse micelle and play an important
role in determining the surface area per AOT molecule in both
the reverse micelle and lamellar phases.

The dynamics of water in AOT reverse micelles have been
studied extensively by a variety of techniques including

(15) Laage, D.; Hynes, J. T. J. Phys. Chem. B 2008, 112, 7697-7701.

(16) Laage, D.; Stirnemann, G.; Hynes, J. T. J. Phys. Chem. B 2009, 113,
2428-2435.

(17) Zulauf, M.; Eicke, H.-F. J. Phys. Chem. 1979, 83, 480-486.

(18) Fontell, K. J. Colloid Interface Sci. 1973, 44, 318-329.

(19) Boissiere, C.; Brubach, J. B.; Mermet, A.; de Marzi, G.; Bourgaux,
C.; Prouzet, E.; Roy, P. J. Phys. Chem. B 2002, 106, 1032-1035.

(20) Nallet, F.; Laversanne, R.; Roux, D. J. Phys. Il 1993, 3, 487-502.

NMR,?"** fluorescence,” >’ neutron scattering,”® MD simula-
tions,>° and ultrafast infrared spectroscopy.*® *? All of these
studies point to a slowing of the water dynamics as the reverse
micelle size decreases. Recently, the orientational relaxation time
of interfacial water in AOT reverse micelles has been determined
by a detailed investigation of the wavelength-dependent vibra-
tional population relaxation and orientational dynamics of water
in large reverse micelles.*?

AOT reverse micelles have been studied extensively, but
much less is known about the dynamics of water in AOT
lamellar structures. Most studies have focused on understanding
the structure of the lamellar phase. The lamellar repeat distance
has been determined by X-ray diffraction,'®'? the surfactant
hydration has been studied by differential scanning calorimetry
(DSC),* and the infrared spectrum of the confined water has
been measured at various hydration levels.'> Dynamical mea-
surements have primarily been performed using NMR to
measure the characteristic length scales for water diffusion,** ¢
but the nature of the interfacial water dynamics and the details
of the water/interface interactions are largely unknown. The
present work provides a detailed investigation of the dynamics
of interfacial water in both AOT lamellar structures and reverse
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micelles to study the effects of confining length scales, geometry,
and water/interface interactions on the dynamics of water.

To address the question of length scale, lamellar structures
that have the same water layer thickness as a given reverse
micelle’s diameter are compared. This comparison allows the
effect of surface-to-surface distance in two-dimensional
versus three-dimensional confined systems to be determined.
The effect of water/interface interactions is addressed by
preparing reverse micelles and lamellar structures that have
the same number of water molecules per AOT molecule. It
has been shown by DSC that the number of unfreezable water
molecules is the same for AOT lamellar structures and reverse
micelles, indicating that the head group/water interactions
are similar in the two systems.*>*’ One major difference
between the reverse micelles and the lamellar structures is
the surface area per AOT molecule.'®*® Due to the steric
interactions of the alkyl tails and the differences in the
curvature of the spherical reverse micelle and the planar
lamellar surfaces, the surface area per AOT is significantly
larger in the lamellar structures. This difference is shown to
be important, demonstrating how variations in surface
topography play a significant role in governing the number
of perturbed water molecules. In spite of the differences in
geometry and topography, we show that the water/interface
interactions are very similar in the reverse micelle and
lamellar systems and that the dynamics of the confined water
are affected most strongly by direct interaction with the
interface as opposed to longer-range effects where the
nanoscopic length scale and the spherical versus planar
geometry would play significant roles.

Il. Experimental Procedures

Aerosol OT (sodium bis(2-ethylhexyl) sulfosuccinate), isooctane,
H,0, and D,0 (Aldrich, Inc.) were used as received. A 0.5 M stock
solution of AOT in isooctane was prepared, and the residual water
content in the stock solution was determined by Karl Fischer
titration to be 0.5 water molecules per AOT (wy = 0.5). A stock
solution of 5% HOD in H,O was added to measured amounts of
the 0.5 M stock solution to prepare reverse micelles with the desired
wo. Reverse micelle sizes for a given wy have been determined by
photon correlation spectroscopy'” and viscosity measurements.*
Lamellar structures were prepared by adding water to dry AOT to
produce samples with various water-to-surfactant ratios, 1. The
water thickness of lamellar samples of varying water to surfactant
ratios has been determined by X-ray diffraction.'®'® Four lamellar
structures were prepared, 1 = 16.5, 25, 37, and 46 with water layer
thicknesses of 1.6, 2.3, 3.3, and 4.0 nm, respectively. Eight sizes
of reverse micelles were prepared for comparison with the lamellar
structures. To compare the surface-to-surface distances, reverse
micelles of wy = 2, 5, 7.6, and 10 were prepared with diameters of
1.6, 2.3, 3.3, and 4.0 nm, respectively. The other four reverse
micelles have the same water-to-surfactant ratio as the lamellar
structures, wo = 16.5, 25, 37, and 46 with diameters of 5.8, 9.0,
17, and 20 nm, respectively.

Samples for infrared absorption and ultrafast IR experiments were
housed in copper sample cells between two CaF, windows separated
by a Teflon spacer. The thickness of the spacer was selected to
maintain an optical density of ~0.5 in the OD stretch region for
all samples. The OD stretch of dilute HOD in H,O is used to
eliminate problems due to vibrational excitation transfer that can
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cause artificial decay of the orientational correlation function.’*->!

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.>>

The laser system used for these experiments consists of a Ti:
sapphire oscillator and regenerative amplifier pumping an OPA and
difference frequency stage to produce ~70 fs pulses at ~4 um (2500
cm™!). The mid-IR light was split into an intense pump pulse and
a weak probe pulse. Before the sample, the polarization of the pump
pulse is rotated from horizontal to 45° relative to the horizontally
polarized probe. The pump pulse is passed through a polarizer set
to 45° immediately before the sample to ensure that the HOD
molecules are excited by a linearly polarized pump pulse. The
polarization of the probe is resolved parallel and perpendicular
(+45° and —45° relative to horizontal) to the pump after the sample
using a computer-controlled rotation stage. Another polarizer
immediately after the resolving polarizer and just before the input
to the monochromator is used to set the polarization entering the
monochromator to horizontal to eliminate differences in the polar-
ization-dependent reflection and diffraction efficiencies in the
monochromator.’® The probe is frequency dispersed by the mono-
chromator and detected using a 32 element MCT detector (Infrared
Associates and Infrared Systems Design).

The pump—probe signal measured parallel () and perpendicular
(I1) to the pump contains information about both the population
relaxation and the orientational dynamics of the HOD molecules.>*

I, = P(H)(1 + 0.8C,(1)) (1)
1, = P(t)(1 — 0.4Cy(1)) )

P(?) is the vibrational population relaxation, and C,(#) is the second
Legendre polynomial orientational correlation function. Pure popu-
lation relaxation can be extracted from the parallel and perpendicular
signals using

Pt =1, + 21, 3)

In the case of a single ensemble of molecules undergoing orien-
tational relaxation, the orientational correlation function, C,(f), can
be determined from the anisotropy, (f), by

r(t) =, — ID/U, + 21) = 0.4C,(1) “)

The additional complications that arise in calculating the anisotropy
when two distinct subensembles of molecules exist in the system
will be discussed in detail below.

lll. Results and Discussion

A. Nanoscopic Length or Water/Interface Interactions? 1.
Infrared Spectra. The OD stretching mode of HOD in H,O is
sensitive to the local hydrogen bonding network structure of
water as well as the local electric fields acting on the OD
bond.>>° Infrared spectra of the OD stretch of water in reverse
micelles and lamellar structures can provide information about
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Skinner, J. L.; Fayer, M. D. J. Chem. Phys. 2004, 121, 12431-12446.
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14174.
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Figure 2. Normalized infrared absorption spectra of the OD stretch of dilute HOD in H,O in AOT lamellar structures and reverse micelles. Lamellar
structures: blue curves. Large reverse micelles with wy = A: solid black curves. Small reverse micelles with the same characteristic nanoscopic distance as

the lamellar structure (diameter vs interplanar distance): dashed black curves.

these two factors. Figure 2 shows the infrared absorption spectra
of the four lamellar structures and eight reverse micelles. Each
panel of Figure 2 groups the spectrum of a lamellar structure
with two reverse micelle spectra.

The two reverse micelle spectra are the spectrum of the
reverse micelle that has the same diameter as the surface-to-
surface distance of the lamellar structure and the spectrum of
the reverse micelle that has the same number of water molecules
per AOT, wy = A. It is clear in Figure 2 that the spectra of the
lamellar structures are much more similar to the spectra of the
reverse micelles that have wy = A. The important point is that
the characteristic nanoscopic dimension of the system is not
the dominant influence on the spectra.

The fact that the hydroxyl stretch spectra do not depend
on the nanoscopic size of the system at least for larger
nanoscopic dimensions is not too surprising because the
absorption frequency is determined by very local interactions.
It has been shown that the IR spectrum of water in reverse
micelles shifts progressively to higher frequencies in a
monotonic fashion as the reverse micelle size, or wy,
decreases.>>** In fact, the spectrum can be modeled as a
linear combination of the spectrum of bulk water (peak at
2509 cm™!) and the spectrum of the wy = 2 reverse micelle
(peak at 2565 cm™").>* The infrared spectrum of the hydroxyl
stretch in bulk water is sensitive to the hydrogen bond
strength and the number of hydrogen bonds.>” In reverse
micelles and lamellar structures, it is unclear whether the
shift in the spectrum to higher frequencies should be at-
tributed to different hydrogen bonding interactions with the
interface or to the electric fields caused by the anionic
sulfonate groups and cationic sodium counterions as has
recently been suggested.>® In either case, it is clear from the
IR spectrum that the hydrogen bonding environment in the
lamellar structures is not dominated by the surface-to-surface
distance, but instead by the specific water/interface interactions.

(57) Corcelli, S.; Skinner, J. L. J. Phys. Chem. A 2005, 109, 6154-6165.

While on a coarse level the water/interface interactions
dominate the IR spectrum, the specific nature of the water/
interface interactions does not strictly depend on the number
of waters per AOT. This is particularly evident in Figure 2d
that shows a comparison between the reverse micelle and
lamellar structure with 16.5 waters per AOT. The IR spectrum
of the lamellar structure is somewhat shifted to higher frequen-
cies relative to the reverse micelle spectrum. This shows that,
while similar, the water/interface interactions are not identical
in the two structures in spite of the fact that the chemical
composition of the interface is the same. These differences in
the properties of water in reverse micelles and lamellar structures
with wg = 1 are even more apparent in the vibrational population
relaxation results discussed below.

2. Vibrational Population Relaxation. Vibrational population
relaxation is very sensitive to variations in the local environment
of the water molecule**®° In the ultrafast pump—probe
experiments described here, we excite the 0—1 vibrational
transition of the OD stretch. This excitation will decay by
pathways involving other modes in the system. Energy must
be conserved. The initially excited OD stretch decays into a
combination of lower frequency modes that have energies that
sum to the original OD vibrational energy.’® These pathways
include high frequency modes of the excited water molecule,
such as bends, high frequency modes of other molecules (water
or AOT) and low frequency bath modes, such as torsional and
translational modes.*>®° Because several discrete intramolecular
modes are unlikely to match the energy of the initially excited
mode, creation or annihilation of one or more modes of the
continuum is necessary to conserve energy.’® The OD stretch
in different structural environments will have different coupled
intramolecular modes and will experience a different density
of states of the continuum. Small changes in the lower frequency

(58) Kenkre, V. M.; Tokmakoff, A.; Fayer, M. D. J. Chem. Phys. 1994,
101, 10618-10629.

(59) Egorov, S. A.; Skinner, J. L. J. Chem. Phys. 2000, 112, 275-281.
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Figure 3. Normalized vibrational population relaxation decays at 2548 cm™! in the lamellar structures and reverse micelles. Lamellar structures: blue
curves. Large reverse micelles with wy = A: solid black curves. Small reverse micelles with the same characteristic nanoscopic distance as the lamellar
structure (diameter vs interplanar distance): dashed black curves.

bath modes that may not affect the OD stretching frequency the interplanar spacing of the lamellae. Clearly, the water/
can frustrate vibrational relaxation. Therefore, the lifetime is interface interactions are the dominant effect, yet in Figure 3,
very sensitive to the local environment.*? the differences between the reverse micelles and lamellar
The vibrational population relaxation data at 2548 cm™! of structures with wy = A4 are evident. The vibrational lifetimes in
water in the lamellar structures and corresponding reverse the lamellar structures appear to be slower than they are in the
micelles are shown in Figure 3. The data have been corrected reverse micelles of corresponding wy. As we will see in section
for a small, well-documented isotropic heating contribution.®'-%> II1.C below, the differences are not actually caused by intrinsi-
Again, it is clear that the vibrational relaxation in the lamellar cally slower vibrational lifetimes, but by a larger fraction of
structures is more similar to the reverse micelles that have wy the water molecules interacting with the interface in the lamellar
= ] as opposed to the reverse micelles with diameters that match structures than in the reverse micelles. The decays are a
0.35 |
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Figure 4. Anisotropy decay curves at 2548 cm™! for the lamellar structures and reverse micelles. Lamellar structures: blue curves. Large reverse micelles
with wy = A: solid black curves. Small reverse micelles with the same characteristic nanoscopic distance as the lamellar structure (diameter vs interplanar

distance): dashed black curves.
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combination of the bulk water decay (fast) and the interfacial
water decay (slow). A larger fraction of the water interacts with
the lamellar interfaces than with the reverse micelle interfaces,
although wy = A. The increase in the magnitudes of the slow
components is responsible for the apparent slower decay for
the lamellar data.

3. Orientational Dynamics. Perhaps the most telling dynami-
cal observable for the nature of water confined in the lamellar
structures and reverse micelles is the orientational anisotropy
decay. Figure 4 displays the anisotropy decays of the lamellar
structures and corresponding reverse micelles at 2548 cm™!. On
a qualitative level, it is clear once again that the orientational
dynamics in the lamellar structures are much more similar to
the reverse micelles that have wy, = A than to the reverse micelles
that have the same diameter as the interplanar separation of the
lamellae. These results demonstrate that orientational relaxation,
which is directly related to the hydrogen bond network
dynamics, is most strongly perturbed for waters directly
interacting with a surface, as has been shown recently by a
detailed examination of the interfacial water in large reverse
micelles.*? Still, there are differences between the orientational
anisotropy decays of the lamellar structures and reverse micelles,
just as there were differences in the vibrational lifetimes. In
section II1.C, the orientational relaxation and vibrational lifetime
results will be analyzed quantitatively. It will be shown that
the apparent differences in dynamics of water in reverse micelles
and lamellae are actually caused by a larger fraction of the water
interacting with the interface in the lamellar structures. Water
molecules interacting with interfaces in the two geometrically
distinct systems share the same characteristic dynamics.

B. Two-Component Model for Water in Confined Systems.
In the case of a single reorienting ensemble, the anisotropy decay
is a measure of the second Legendre polynomial orientational
correlation function, C(f) (see eq 4). However, when multiple
ensembles are present, the anisotropy decay is more complicated
and the decay curves do not directly reflect the orientational
dynamics. For a single-component system, as can be seen from
eq 4, the denominator divides out the vibrational lifetime. This
is no longer true with a two-component system with the
components having distinct lifetimes and orientational relaxation
dynamics. The issues that arise in interpreting the anisotropy
decay for multicomponent systems have been discussed in detail
recently.*

The problem can be seen clearly by explicitly writing out
the numerator and denominator of eq 4 for two components.

_alhy = 1)+ (4 = ad; — 1)
a(ly + 21) + (1 — a)} + 21)

\

=

=
[

aP,(DCY1) + (1 — a)P,()C(1)
aP,(1) + (1 — a)P,(1)

®)

Here, a is a weighting factor that represents the fraction of the
signal due to component 1. The parallel and perpendicular
pump—probe signals due to component i are given by [j and
I, respectively. Pi(1) is the population relaxation of component
i, and the orientational correlation functions are given by Ch(%).
The interplay of the weighting factor, a, the two vibrational
lifetimes, and orientational correlation functions can lead to
nonintuitive decay curves which have been simulated and
discussed recently.** Unlike the anisotropy decay, the population

relaxation is given simply by a weighted sum of the two
components contributing to the signal.

P(t) = aP (1) + (1 — a)P,(1) ©6)

The variables are the same as in eq 5.

While it is clear that the anisotropy decays of the small reverse
micelles do not match the lamellar anisotropy decays, a complete
understanding of the similarities and differences between the
dynamics of water in the reverse micelles and lamellar structures
that have wy, = A requires a determination of the vibrational
relaxation times and orientational relaxation times. To ac-
complish this goal, we apply a two-component model to
simultaneously fit the vibrational population relaxation and
anisotropy decays for both the reverse micelles and lamellar
structures. Two-component models consisting of a bulk-like core
and a shell of interfacial water molecules have been applied
previously to analyze the infrared spectra and vibrational
lifetimes of water in AOT reverse micelles.*>*° Recently, it was
shown that the orientational dynamics of water in large reverse
micelles could also be modeled as consisting of a core of bulk
water and a shell of interfacial water, which has a slower
vibrational lifetime and orientational relaxation time.** The
interfacial water in large reverse micelles has a characteristic
vibrational lifetime of 4.3 ps and an orientational relaxation time
of 18 ps.** These recent results are consistent with those obtained
previously that set a lower bound of 15 ps for the orientational
dynamics of interfacial water when studying the OH stretch of
HOD in D,O in AOT reverse micelles.*®

In the case of large reverse micelles, it is reasonable to assume
that water far from the interface has characteristics similar to
bulk water. The extended jump model of Laage and Hynes
shows that water reorientation is primarily governed by the
availability of new hydrogen bond acceptors in the second
solvation shell of a reorienting water molecule.'*'* A significant
amount of the water in the core of a large reverse micelle has
a second solvation shell that does not interact with the interface,
and these water molecules behave the same as bulk water.

Water molecules interacting with the interface are expected
to have slower long time orientational relaxation decays than
bulk water. Long time orientational relaxation is associated with
processes that contribute to complete orientational randomiza-
tion. The slowing is due to the presence of the interface that
blocks the ability of new hydrogen bond acceptors to move into
the solvation shell of the interfacial water.'® Similar slowing
has been observed in ionic solutions®*** and around hydrophobic
solutes.®® These interfacial waters have slow complete random-
ization times but are not static on a short time scale. Instead,
they sample a significant range of angular space about their
hydrogen bond axis without breaking their hydrogen bonds. The
restricted angular sampling is referred to as wobbling-in-a-cone.

An example of wobbling-in-a-cone is given in Figure 5, which
shows the anisotropy decays of bulk water as well as water in
the wy = 2 reverse micelle at two frequencies. The bulk water
anisotropy decays as a single exponential with a time constant

(61) Steinel, T.; Asbury, J. B.; Fayer, M. D. J. Phys. Chem. A 2004, 108,
10957-10964.

(62) Bakker, H. J.; Woutersen, S.; Nienhuys, H. K. Chem. Phys. 2000,
258, 233-245.

(63) Kropman, M. F.; Bakker, H. J. J. Chem. Phys. 2001, 115, 8942-8948.

(64) Park, S.; Moilanen, D. E.; Fayer, M. D. J. Phys. Chem. B 2008, 112,
5279-5290.

(65) Rezus, Y. L. A.; Bakker, H. J. Phys. Rev. Lett. 2007, 99, 148301—
148304.
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Figure 5. Anisotropy decay curves for bulk water (red) and the wy = 2
reverse micelle at two frequencies. Bulk water: single exponential with a
decay constant of 2.6 ps; wy = 2 reverse micelles have a fast wobbling
reorientation with a time constant of ~0.5 ps followed by very slow
orientational relaxation. The higher OD stretching frequency, which
corresponds to weaker hydrogen bonds, displays a larger amplitude wobbling
component.

of 2.6 ps. In contrast, water in the wy = 2 reverse micelle has
a very fast reorientation followed by an essentially static offset
reflecting orientational relaxation that is too slow to measure
within the experimental time scale that is limited by the
vibrational lifetime. In the wy = 2 reverse micelle, all of the
water is either directly interacting with a relatively static
sulfonate head group or hydrogen bonded to a water that is
interacting with a head group. These interactions with the
interface make it very difficult for a water molecule to undergo
complete reorientation. In spite of this constraint for complete
reorientation, a significant amount of orientational relaxation
occurs on a fast time scale, and the amount of reorientational
motion is correlated with the OD stretching frequency. In
general, higher OD stretching frequencies correspond to weaker
hydrogen bonding interactions, and it is apparent that the
amplitude of the fast reorientation is larger at 2630 cm™! than
at 2568 cm~!. This behavior is in agreement with MD
simulations that found significant OH bond angular motion in
the interfacial region of small reverse micelles even though the
reorientation of the entire water molecule was much slower.’
The trend in fast angular motion is also in agreement with both
experimental® and simulation®” results on bulk water that found
a larger inertial reorientation for weaker hydrogen bonds that
have higher frequency hydroxyl stretch absorptions. In bulk
water, hydrogen bond switching events occur rapidly enough
that the wobbling motion is not resolvable, but in the wy = 2
reverse micelle, the separation of time scales is large and the
fast decay is clear. In the interfacial region of large reverse
micelles and lamellar structures, this fast wobbling reorientation
about the hydrogen bond axis makes an important contribution
to the anisotropy decay and must be included to successfully
model the dynamics.

Equation 5 has a number of variables, and it would be difficult
to extract useful information about the dynamics of interfacial
water without fixing some parameters. The most logical
parameters to fix are the vibrational lifetime and orientational
time of the core waters at the well-known values for bulk water,
Toux = 1.8 ps and 7> = 2.6 ps, respectively. This approach
has worked well for analyzing the dynamics of interfacial water
in large reverse micelles.*? Since the number of water molecules

(66) Moilanen, D. E.; Fenn, E. E.; Lin, Y.-S.; Skinner, J. L.; Bagchi, B.;
Fayer, M. D. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 5295-5300.
(67) Laage, D.; Hynes, J. T. Chem. Phys. Lett. 2006, 433, 80-85.
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per head group in the lamellar structures is the same as in the
reverse micelles, the same approach will be used here to analyze
the dynamics of the interfacial water. The unknown quantities
are the population relaxation time of the interfacial water
molecules, P;,(?), and the orientational correlation function of
the interfacial waters, Ci'(f). When the fast wobbling motion is
included in the orientational correlation function of the interfacial
water molecules, C¥'(#) is given by

C™(1) = be "™ + (1 — b)e "™ (7

Here, 7,, is the time constant for the fast wobbling reorientation.
To reduce the number of adjustable parameters, its value was
fixed at 0.45 ps to match the time constant for this motion in
the wy = 2 reverse micelle. The parameter b is the fractional
amplitude of the orientational correlation function due to the
wobbling motion, and 7™ is the time constant for the complete
reorientation of interfacial water. In the next section, the two-
component model will be applied to the vibrational population
relaxation and anisotropy decays of water in the lamellar
structures and reverse micelles with wy = A to extract informa-
tion about the dynamics of the interfacial water in these two
systems.

C. Dynamics of Water near AOT Interfaces. In a previous
work,** the spectral region most likely to contain information
about water interacting with the interface in large AOT reverse
micelles was identified to lie at frequencies higher than 2565
cm~!. The same spectral region is investigated here to yield
information about the dynamics of water near AOT lamellar
interfaces. Vibrational lifetimes and anisotropy decays at five
frequencies over a range of 40 cm™! from 2578 to 2619 cm™!
are fit simultaneously for each sample. Within this spectral
range, we assume that the vibrational lifetime and orientational
dynamics of the interfacial water are independent of frequency.
The simultaneous fitting results in a characteristic vibrational
lifetime and orientational time for interfacial water, a weighting
factor a at each frequency that represents the fraction of the
signal due to interfacial water, and a fraction b that represents
the amplitude of the interfacial water orientational correlation
function due to fast wobbling reorientation.

Anisotropy decays and the fits from the two-component model
are shown for the data at 2578 cm™! in Figure 6. The fits capture
the shapes of the anisotropy curves quite well, and the
simultaneous fits to the vibrational lifetime (not shown) are
excellent. The quality of the fits demonstrates that the water
dynamics are well described by a two-component model
consisting of bulk water and slower interfacial water. The fit
parameters for the interfacial water dynamics in the AOT
lamellar structures and reverse micelles are given in Table 1.
Within experimental error, the vibrational lifetimes and long
time orientational dynamics in the two systems are the same,
with an average vibrational lifetime of T;, = 4.3 £ 0.2 ps and
an average orientational time of 7™ = 18 & 2 ps. The results
demonstrate that the molecular mechanisms that govern the
dynamics of interfacial water are essentially the same in the
two systems.

While the anisotropy decays in Figure 6 look fairly similar
to one another, they are clearly not identical. Yet the underlying
dynamics, including the important long time interfacial water
reorientation time, are the same. To understand why the curves
appear different, it is instructive to examine the frequency
dependence of the fraction of interfacial water, a, and the
wobbling fraction, b. Table 2 contains the frequency dependence



Geometry and Nanolength Scales vs Interface Interactions

ARTICLES

0.4

r(f) - anisotropy

(1) - anisotropy

0_0-|.|.|.|.|.|

3 4 5 (5] 7 a8
1 (ps)

Figure 6. Anisotropy decay curves and two-component model fits for the lamellar structures and reverse micelles that have the same number of water
molecules per AOT, wy = A. The model describes the data well for all the samples.

Table 1. Vibrational Population Relaxation (Ti,) and Orientational
Relaxation (z'™)

size? Tt (pS) 7" (ps)
wo = 46 3.94+0.5 18+3
A =46 43405 24+9
wo = 37 46 +0.5 18+3
A=37 41+03 19+3
wo = 25 43+05 19+3
A=25 42+03 18+2
wo = 16.5 44403 17+3
A =165 45+03 17+2

“ Reverse micelle (w); lamellar (1).

of these two factors in the interfacial water spectral region (2578
to 2619 cm™!). In the two largest reverse micelles, wy = 46
and 37, the contribution to the signal due to interfacial water is
small enough that the wobbling amplitude, b, cannot be resolved.
Samples that have an interfacial contribution, a, greater than
0.2 require fast wobbling to fit the data. Several trends are
apparent in data in Table 2. First, for any given sample, the
fraction of the signal due to interfacial water becomes larger at
higher frequencies. This result is consistent with interfacial
waters contributing to the signal at higher frequencies as
manifested in the blue shift of the IR spectrum and slowing of
the vibrational lifetime when water is confined in progressively
smaller reverse micelles.*>** The second important trend is that,
for samples with the same geometry (reverse micelles or lamellar
structures), decreasing the number of water molecules per AOT
leads to an increase in the fraction of water molecules interacting
with the interface. There are also important trends in the
amplitude of the wobbling reorientation, b. As shown in Figure
5, the amplitude of b increases as the OD stretching frequency
increases. This is associated with a weakening of the OD—O
hydrogen bond that allows larger angular excursions around the
hydrogen bond axis.

In Table 2, a comparison of the fraction of interfacial water
in reverse micelles and lamellar structures with wy = 4 shows
that the single most important factor that makes the curves in

Figure 6 appear different is, a, the relative amount of interfacial
water that contributes to the signal. In all cases, the lamellar
structures have a significantly larger contribution due to
interfacial water. The larger interfacial water contribution in the
lamellae quantitatively explains the vibrational lifetime data in
Figure 3. The vibrational lifetime appears to be slower in the
lamellar structures because a larger fraction of interfacial water,
with its long lifetime, contributes to the signal not because the
relaxation mechanisms are different in the two types of samples.

A secondary factor that makes the curves look different is
the fraction of the interfacial water orientational correlation
function due to fast wobbling, b. In the lamellar structures, b is
systematically larger than in the reverse micelles. This indicates
that the hydrogen bonding network at the interface of AOT
lamellar structures allows the OD vector to sample a larger
angular range. The curves also look different because the fast
inertial drop in the anisotropy,®® which occurs at shorter times
than the wobbling, is larger in the lamellar structures. The
inertial drop in bulk water occurs during the first ~200 fs and
depends on the strength of both the local OD—O hydrogen bond
as well as the other hydrogen bonds that a water molecule
forms.®® Moilanen et al. showed that the amplitude of the inertial
drop depended not only on the OD stretching frequency of the
reorienting water but also on the average distribution of
hydrogen bond strengths in the ensemble of water molecules.
When hydrogen bonds are on average weaker, the inertial drop
is larger. Conversely, stronger average hydrogen bonds restrict
the amplitude of the inertial drop.®® These results indicate that
the hydrogen bonding network at the lamellar interface is
weaker, on average, than at the reverse micelle interface. The
possible reasons for this observation are discussed in the next
section. In spite of the differences described above, the most
important result of this analysis is that the vibrational population
relaxation and long time reorientation dynamics at the interfaces
of AOT reverse micelles and lamellar structures are the same
within experimental error.
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Table 2. Interfacial Water Fraction, a, and Wobbling Fraction, b, versus Frequency
2619 cm™! 2609 cm™" 2599 cm™! 2589 cm™! 2578 cm™"
a b a b a b a b a b
wy = 46 0.19 - 0.18 - 0.17 - 0.15 - 0.13 -
A =46 0.42 0.39 0.41 0.36 0.38 0.32 0.35 0.31 0.32 0.26
wo = 37 0.20 - 0.19 - 0.17 - 0.16 - 0.14 -
A =37 0.39 0.40 0.38 0.37 0.35 0.34 0.31 0.31 0.27 0.29
wo = 25 0.35 0.30 0.34 0.30 0.32 0.30 0.29 0.25 0.25 0.23
A=25 0.62 0.41 0.58 0.37 0.54 0.36 0.48 0.33 0.43 0.29
wo = 16.5 0.50 0.34 0.49 0.31 0.46 0.28 0.42 0.25 0.37 0.21
A=16.5 0.70 0.39 0.67 0.36 0.63 0.33 0.58 0.32 0.51 0.30

D. Interfacial Topography and Its Affect on Water Dynam-
ics. Though the chemical composition of the interface is the
same in the AOT reverse micelles and lamellar structures, the
surface topography depends on the packing of the AOT
molecules and the curvature of the interface. The concave
curvature of a reverse micelle interface allows the sulfonate head
groups to pack closely together while still allowing room for
the bulky tails. As the reverse micelles become larger, the
surface curvature decreases, the steric interactions of the AOT
tails increase, and these interactions separate the sulfonate head
groups. In the limit of an infinitely large reverse micelle, the
surface curvature is zero. The steric effects will dominate, and
the packing of the AOT molecules will resemble the situation
in AOT lamella. For the AOT reverse micelle sizes studied here,
Eicke and Rehak*® have shown that the surface area per AOT
varies quickly from less than 30 A? for the wy = 2 reverse
micelle up to 50 A2 at wy = 15. After this point, the changes in
surface area per AOT are relatively small, approaching a limiting
value of 54 A2 by wy = 40. These changes reflect the changing
curvature of the interface with increasing reverse micelle size.
Fontell'® has shown that in AOT lamellar structures the surface
area per AOT is 65 A? and is relatively independent of water
layer thickness. The difference in surface area per AOT molecule
in these two systems requires that we consider how the surface
topography and water penetration in the AOT head group region
affects the water/interface interactions. Infrared spectroscopy
of the hydrophilic portions of the AOT head group can provide
insight into the specific differences in water/interface interactions
that occur in the lamellar structures and reverse micelles.

The anionic sulfonate head group dominates the water/
interface interactions in both the AOT reverse micelles and
lamellar structures, requiring ~6 water molecules for complete
solvation.***’ Figure 7 shows the infrared spectrum of the
symmetric sulfonate stretch. A number of authors have inves-
tigated the changes that occur in the sulfonate stretching region
with increased hydration for AOT reverse micelles as well as
Nafion fuel cell membranes.®®~7" At low hydration levels, there
is a high probability of forming a contact ion pair between the
anionic sulfonate head group and the counterion. This causes a
blue shift and broadening of the sulfonate stretching spectrum
as seen in Figure 7a for the wy = 2 spectrum that peaks at ~1050
cm™ ! Increased hydration and/or larger counterions leads to a
red shift and narrowing of the spectrum.®®~”! This behavior is
the result of increased hydrogen bonding of water molecules to

(68) Christopher, D. J.; Yarwood, J.; Belton, P. S.; Hills, B. P. J. Colloid
Interface Sci. 1992, 152, 465-472.

(69) Moran, P. D.; Bowmaker, G. A.; Cooney, R. P. Langmuir 1995, 11,
738-743.

(70) Moran, P. D.; Bowmaker, G. A.; Cooney, R. P.; Bartlett, J. R.;
Woolfrey, J. L. J. Mater. Chem. 1995, 5, 295-302.

(71) Lowry, S. R.; Mauritz, K. A. J. Am. Chem. Soc. 1980, 102, 4665—
4667.
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the sulfonate head groups that partially screens the sulfonate
group from the counterion, reducing its polarizing effect on the
sulfonate stretch. Comparison of the wy = 16.5 and the wy, =
46 spectra in Figure 7a, which are essentially identical, shows
that the sulfonate group is completely hydrated by wy, = 16.5,
and no further change occurs in the nature of the environment
that the sulfonate group experiences with increased reverse
micelle size. No similar studies have been conducted on the
sulfonate stretching region of AOT when it forms lamellar
structures.

Figure 7b shows a comparison of the reverse micelles and
lamellar structures that have wy = A. While the environment of
the sulfonate groups in the reverse micelles remains constant,
changes continue to occur in the lamellar structures. Interest-
ingly, the lamellar structure with less water, A = 16.5,
experiences a greater red shift, peaking at 1044 cm™! as opposed
to the reverse micelle with wy = 16.5 that peaks at 1047 cm™".
This red shift could be due to a surface topography that allows
increased hydrogen bonding to the sulfonate groups, or it could
be caused by a greater separation or screening of the sodium
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Figure 7. Infrared spectra of the symmetric sulfonate stretching region in
AOT lamellar structures and reverse micelles. Panel a displays the sulfonate
stretch in AOT reverse micelles. Panel b is a comparison of the sulfonate
stretch in the largest and smallest reverse micelles and lamellar structures
that have wy = A. The sulfonate stretch in the lamellar structures is shifted
to lower frequencies than in the reverse micelles. This is attributed to
increased separation of the sulfonate group and sodium counterion.
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Figure 8. Infrared spectra of the ester carbonyl stretching region in AOT
lamellar structures and reverse micelles. Panel a displays the carbonyl stretch
in AOT reverse micelles. Panel b is a comparison of the carbonyl stretch
in the largest and smallest reverse micelles and lamellar structures that have
wo = A. The carbonyl stretch in the lamellar structures is broadened and
shifted to lower frequencies than in the reverse micelles. The broadening
and shift are attributed to increased water and sodium counterion interaction
with the ester moiety.

counterion from the sulfonate group for A = 16.5. In A = 16.5,
the water layer thickness determined by X-ray diffraction is ~1.6
nm, which would only accommodate between five and six water
molecules between the two surfaces. With such a small volume,
entropic effects’> become important and may drive the sodium
counterions out of the water layer into the region behind the
sulfonate head groups. This hypothesis is supported by the red
shift of the sulfonate stretch and the broadening of the ester
carbonyl stretch described below.

In Figure 7, the broad peak at lower frequency, ~1017 cm™!,
is probably due to the C—O stretch of the ester group of AOT.”°
This peak was not discussed in previous studies on AOT, but it
is not present in the sulfonate stretching region of Nafion, which
does not have an ester moiety. The amplitude of this peak does
not change significantly in the AOT reverse micelles. However,
in the lamellar structures, the peak is greater in amplitude in
the red-shifted sulfonate stretch spectrum of A = 16.5 than in
the 4 = 46 spectrum. As discussed further below, the increase
in amplitude may indicate greater hydration of the ester group
as well as the possibility of increased sodium ion—ester
interaction.

Figure 8 shows the ester carbonyl stretching region of the
AOT reverse micelles and lamellar structures. The changes in
the carbonyl stretching region that occur with increased hydra-
tion in AOT reverse micelles have been assigned to rotational
isomerization about the acyl C—C bond of the AOT head group
that leads to gauche or trans configurations for the ester
carbonyls.®® 7 In the wy = 2 reverse micelle, the packing of
the AOT molecules allows the more extended trans conforma-

(72) Mitchell-Koch, K. R.; Thompson, W. H. J. Phys. Chem. C 2007, 111,
11991-12001.

tion that peaks at ~1737 cm™! (see Figure 8a). With increased
hydration, the decreased curvature of the reverse micelle surface
leads to the more wedge-shaped gauche conformation,®® which
peaks at ~1723 cm™!. As in the sulfonate stretching region of
the reverse micelles, little change occurs in the carbonyl
stretching region above wy, = 16.5. The opposite is true for the
carbonyl stretch in the lamellar structures shown in Figure 8b.
At high hydration levels, 1 = 46, the carbonyl spectrum is
similar to that in the reverse micelles although somewhat broader
on the low frequency side. However, the 1 = 16.5 carbonyl
stretching region is dramatically broader with pronounced
structure. This broadening of the spectrum with increased
amplitude in the lower frequency region has been attributed to
interactions between the sodium counterion and the carbonyl
group.®’® The broadening of the ester carbonyl stretch cor-
relates with the red shifting of the sulfonate stretch and increased
amplitude of the peak at 1017 cm™! assigned to the ester C—O
stretch for 4 = 16.5, providing additional support for the idea
that the sodium counterions are being driven out of the center
of the water layer to interact more strongly with the ester groups.

The differences in the spectra of the head group moieties in
AOT reverse micelles and lamellar structures provide insight
into the nature of the water/interface interactions. Whereas the
interfacial structure of the AOT reverse micelles remains
relatively constant for the larger reverse micelles, wy > 16.5,
the structure of the lamellar interface changes considerably. At
lower hydration levels, there is significant water penetration past
the sulfonate groups in the lamellar structures, leading to
increased interactions between the ester moiety, water, and the
sodium counterion. The greater surface area per AOT head
group in the lamellar structure leads to more water penetration
at all hydration levels and increased separation between the
sulfonate group and the sodium counterion. These different
water/interface interactions explain the larger fraction of
interfacial water contributing to the pump—probe signals in the
lamellar structures as compared to the reverse micelles that have
Wy = A.

Although water molecules interact with different groups at
the interface in the AOT lamellar structures, the vibrational
relaxation and orientational dynamics are very similar. MD
simulations of phospholipid bilayers that have similar ester
moieties close to the phosphate head group confirm the
importance of water/ester interactions for a similar lamellar-
type structure.*”’® The time scale for orientational motion of
water molecules interacting with the ester groups was estimated
at a few tens of picoseconds, in agreement with the results
presented here.® This result suggests that the specific interactions
between water molecules and a hydrophilic surface are not as
important as the mere fact that the surface is present.*’”’* A
similar conclusion was reached by Moilanen et al. studying the
dynamics of water in two reverse micelles of the same size but
with different surfactants, nonionic versus ionic.*"** This study
showed that, for the same size reverse micelle, it was the
presence of the interface rather than its nature that determined
the water dynamics. The results presented here reinforce this
conclusion and further show that the dynamics are dominated
by the interactions with the surface rather than a confining length
scale. The surface removes some of the normal reorientational

(73) Disalvo, E. A.; Lairion, F.; Martini, F.; Tymczyszyn, E.; Frias, M.;
Almaleck, H.; Gordillo, G. J. Biochim. Biophys. Acta 2008, 1778,
2655-2670.

(74) Scodinu, A.; Fourkas, J. J. Phys. Chem. B 2002, 106, 10292-10295.
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pathways and vibrational relaxation routes that are available to
water when it is surrounded completely by other water
molecules.

A detailed understanding of the different water/interface
interactions that are present in the lamellar structures also allows
us to understand the IR spectra more completely. In Figure 2,
differences between the IR spectra of the OD stretch in the
lamellar structures and AOT reverse micelles only begin to
appear at the lower hydration levels, while they are clearly
present at all hydration levels in the vibrational lifetime (Figure
3) and the orientational relaxation (Figures 4 and 6) data. The
IR spectrum is primarily sensitive to the local electric field and
hydrogen bond strength rather than the availability of relaxation
pathways. For AOT, the primary source of the blue shift in the
OD stretching spectrum is the interaction of water with the
sulfonate head groups. Since the sulfonate groups are fully
hydrated in both systems, the additional water/interface hydrogen
bonding interactions in the lamellar structures may be fairly
similar to water—water hydrogen bonds, especially for the high
hydration levels, 1 = 46 and 37. The deviations between the
lamellar and reverse micelle OD stretching spectra begin to
appear only when the water—ester interactions become more
pronounced at the lower hydration levels (see Figure 8),
indicating greater water penetration and perhaps water—hydro-
carbon interactions that lead to an additional small blue shift in
the IR spectrum.

IV. Concluding Remarks

We have studied the dynamics of water confined in AOT
lamellar structures and reverse micelles to determine the relative
importance of confining geometry and nanoscopic length scales
versus water/interface interactions. A comparison of lamellar
structures and reverse micelles that have the same surface-to-
surface distance (lamellar interplanar separation and reverse
micelle diameter) shows that the perturbation of water in
confined environments is not primarily caused by a specific
confining length scale, even when the surface-to-surface distance
is ~1.6 nm. Instead, the primary factor governing the properties
and dynamics of water is the water/interface interactions. The
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infrared spectra of the OD stretching mode of water in lamellar
structures and reverse micelles that have the same number of
water molecules per AOT are virtually the same. However, the
vibrational population relaxation appears to be slower for the
lamellar structures, and the anisotropy decays appear different,
as well. A two-component model was applied to extract the
dynamics of the interfacial water for both systems. The results
of the two-component analysis show that the vibrational lifetime
and orientational dynamics of interfacial water are very similar
in the two systems with a characteristic vibrational lifetime of
Tin = 4.3 ps and an average orientational time of 7i™ = 18 ps.
The reason for the apparent slower dynamics in the lamellar
structures is that a larger fraction of the confined water
molecules are perturbed by the interface. An investigation of
the vibrational modes of the AOT head groups provides a
rationale for the greater number of perturbed water molecules.
In lamellar structures, the surface area per AOT head group is
larger, leading to more waters interacting with the head group
and increased water penetration past the interface leading to
water—ester interactions.

The results presented here provide several key conclusions.
First, the perturbation of water by an interface is quite short-
range, with substantial alteration of the dynamics of only the
water that is directly interacting with the interface. Second, the
precise topography of the interface is important but not a
dominating factor in determining the dynamical properties of
water. The similarity in the long time reorientational dynamics
of water in the lamellar structures and AOT reverse micelles
indicates that water reorientation is primarily governed by the
fact that a surface blocks pathways for new hydrogen bond
acceptors rather than the specific hydrogen bonding interactions.
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