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ABSTRACT: The dynamics of water molecules near the
surfactant interface in large Aerosol-OT reverse micelles
(RMs) (w, = 16—25) was investigated with IR polarization-
selective pump—probe experiments using the SeCN™ anion as
a vibrational probe. Linear absorption spectra of RMs (w, =
25—2) can be decomposed into the weighted sum of the
SeCN™ spectra in bulk water and the spectrum of the SeCN™
anion interacting with the interfacial sulfonate head groups (wj
= 1). The spectra of the large RMs, w, > 16, are
overwhelmingly dominated by the bulk water component.
Anisotropy decays (orientational relaxation) of the anion for
w, > 16 displayed bulk water relaxation (1.4 and 4.5 ps) plus
an additional slow decay with a time constant of ~13 ps. The
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amplitude of the slow decay was too large to be associated with SeCN™ in contact with the interface on the basis of the linear
spectrum decomposition. The results indicate that the observed slow components arise from SeCN™ in a water boundary layer, in
which water molecules are perturbed by the interface but are not directly associated with it. This layer is the transition between
water in direct contact with the interface and bulk water in the large RM cores. In the boundary layer, the water dynamics is slow

compared to that in bulk water.

I. INTRODUCTION

Water is a fundamental component of many natural and man-
made systems. In many processes, water does not occur as bulk
liquid but rather interacts with interfaces. In biology, water
exists in crowded environments, such as cells, where it hydrates
membranes and large biomolecules. In geology, ion adsorption
and mineral dissolution are controlled by interfacial water
molecules. In chemistry, water plays an important role as a
polar solvent that is often in contact with interfaces, for
example, in ion-exchange resin systems.

The hydrogen-bonding properties of water are distinct from
those of bulk water when it interacts with an interface.
Interfacial interactions influence the ability of water to undergo
hydrogen bond rearrangement, which is a concerted process
that involves a water molecule and at least its two water
solvation shells."” For a water molecule to undergo hydrogen
bond rearrangement, other water molecules must break and
form new hydrogen bonds."” Such hydrogen bond rearrange-
ments are necessary for both orientational and translational
motions. An interface eliminates many of the pathways for
hydrogen bond rearrangement that are available in bulk water.
It is well established that water molecules in contact with a
hydrophilic interface have dynamics that is very different from,
that is, substantially slower, that of bulk water."” It is also well-
known that far enough from an interface water has bulk
properties. !

If water has distinct dynamics when in contact with an
interface and consists of bulk water when far from an interface,
there must be a transition region between interfacial and bulk
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water. In this article, we address the important questions of the
dynamics in the interfacial boundary layer.

To investigate the interfacial boundary layer, experiments
were conducted on reverse micelles (RMs). An RM consists of
a nanoscopic water pool surrounded by a layer of surfactants in
an organic solvent. The hydrophilic head groups of the
surfactants face toward the water pool, whereas the hydro-
phobic tails merge into the organic phase. The interface
between water and the surfactants has attracted a good deal of
attention. Tailoring the properties of surfactants leads to
diverse surface properties and a broad range of applications, for
example, hosting catalytic reactions®> and serving as biological
membrane model systems.*”

One of the most commonly used and well-characterized RMs
is formed using the surfactant sodium bis(2-ethylhexyl)
sulfosuccinate, also known as Aerosol-OT or AOT. The AOT
system makes essentially monodispersed and spherical RMs.
The size of the water nanopools can be controlled by changing
the w, parameter,g_m which is defined as [H,0]/[AOT],
where [H,0] and [AOT] are the molar concentrations. To
examine the dynamics of the water molecules inside the RMs, a
variety of techniques have been applied, includin§ nuclear
magnetic resonance spectroscopy, '~ fluorescence,” "> neu-
tron scattering,'®'” dielectric relaxation,'® molecular dynamics
(MD) simulations,"””® and ultrafast IR spectroscopy.” *
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Ultrafast IR spectroscopy is particularly useful because its
time resolution allows the dynamics to be directly observed on
a picosecond time scale. Using the optical density (OD) stretch
of dilute HOD in H,O as a probe, Moilanen et al. applied the
Fourier transform infrared (FT-IR) and IR pump—probe
experiments on RMs ranging in size from small (wy = 2) to
large (w, = 60)."**** From the IR pump—probe measurements
on large RMs (w, > 16), two populations of HODs were
observed, which had distinct vibrational lifetimes and
reorientation dynamics. The observations can be described by
a core/shell model. The “core” region is separated from the
interface and has bulk water properties. The OD stretch in this
ensemble of water molecules has a vibrational lifetime of 1.8 ps
and an orientational relaxation time of 2.6 ps, which are
identical to those of bulk water.”® The other ensemble, the
shell, was shown to be hydrogen bonded to the sulfonate AOT
head groups. These interfacial water molecules have an OD
stretch lifetime of 4.3 ps and an orientational relaxation time
constant of 18 ps. The interfacial shell was found to have a
width of 0.26 nm, which is close to the diameter of a single
water molecule. Therefore, the interfacial shell probably
corresponds to water molecules directly.

In large RMs, between the interfacial water and bulk water
core there must be a boundary layer that is the transition
between them. In contrast to the interfacial layer, in which
water molecules are hydrogen bonded to sulfonate AOT head
groups, the boundary layer water molecules are hydrogen
bonded to other water molecules. However, some of the
boundary layer water is hydrogen bonded to the interfacial
water molecules. As the dynamics of the interfacial water is very
different from that of bulk water, water bound to the interfacial
water will have dynamics that differs from that of bulk water. As
the distance from the interface increases, the influence of the
interface will decrease, and at some distance the water will have
bulk properties.

In this paper, we employ ultrafast IR polarization-selective
pump—probe (PSPP) experiments performed on a small
anionic vibrational probe, the CN stretch of SeCN~, to
investigate water dynamics in large RMs. It has been shown
with ultrafast IR experiments that SeCN™ reports on water
hydrogen bond dynamics.”” SeCN~ has a substantially longer
vibrational lifetime (37 ps) than either the OD (1.8 psZ(’) or
OH (0.7 ps”®) hydroxyl stretches of HOD in H,O or D,0,
respectively, which makes it a useful probe. Experiments using
HOD have provided detailed information on orientational
relaxation and spectral diffusion in bulk water. Using SeCN™ as
the vibrational probe makes it possible to obtain data at much
longer times than that possible using HOD.

PSPP experiments on SeCN™ in large RMs, w, = 16, 20, and
25, yielded orientational relaxation with three components, two
of which are identical to those found in bulk water (D,0O, 1.4
and 4.5 ps) and an additional decay of ~13 ps. This slow decay
was found in all three of the large RMs. FT-IR experiments
showed that the SeCN™ anions that give rise to this slow
component are not directly associated with the interface and
are therefore assigned to SeCN™ in the boundary layer.

Abel et al. conducted MD simulations on AOT RMs and
determined the radial density function of water molecules that
suggested the boundary layer is ~1.0 nm, although the largest
RM in the study was w, = 16.”° Atomic force microscopy
techniques were used on amorphous silica to study thin films of
water between two interfaces on a nanometer distance scale
and a much larger viscosity was found “than that of bulk water
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for nanometer-scale interfacial separations”.’® A study of the
silica surface as a function of relative humidity using attenuated
total reflection IR spectroscopy showed icelike water up to a
three-layers thickness for 0—30% relative humidity and an
additional layer of liquid water structure, in the humidity range
of 30—60%.”" Water on the hydrophobic surface of mica was
studied using high-resolution X-ray specular reflectivity of the
mica(001)—water interface. Density oscillations were found to
extend to ~1 nm from the surface and were interpreted as
being “due to the “hard-wall” effect of the molecularly smooth
mica surface”.”” Singh et al. used tricyanomethanide anions as
the vibrational probe for two-dimensional (2D) IR spectros-
copy experiments in RMs with w, values ranging from 4 to 30.
Using a heterogeneous dynamics distribution model, they
argued that the characteristic decay length, over which the
interfacial water dynamics exponentially changes into the bulk
value, ranges from 6 A for wy = 4 to 0.4 A for w, = 30.%* The
exponential decay for w, = 30 gives the width of the layer
influenced by the interface as ~2 A, which is less than the size
of one water molecule and much smaller than the
tricyanomethanide probe molecule. The experiments on the
SeCN™ vibrational probe reported here for large RMs examine
samples that have an interface and a bulk water core removed
from the interface. There is a transition region, a boundary layer
between the interface and core. We observe both bulk water
dynamics and dynamics that differs from that of the bulk, in
addition to very slow dynamics that are associated with the
vibrational probe directly interacting with the interface. The
results provide information on the dynamics in the boundary
layer between the interface and bulk water.

Il. EXPERIMENTAL PROCEDURES

ILA. Sample Preparation and Characterization. AOT
[sodium bis(2-ethylhexyl) sulfosuccinate], isooctane, D,0O, and
potassium selenocyanate (KSeCN) were purchased from Sigma
Aldrich and were used as received. A 0.15 M stock solution of
AOT in isooctane was prepared and the residual water content
in the stock solution was determined using Karl Fischer
titration to be ~0.3 water molecules per AOT (w, = 0.3). A
specific amount of KSeCN in D,0O solution was added to the
AOQOT/isooctane stock solution to achieve the desired w,. The
concentration of KSeCN was determined such that the average
number of KSeCN anions in one RM is small enough to avoid
vibrational excitation transfer. On average, there are four to six
KSeCN anions in an individual large RM, whereas the number
of water molecules in the RMs ranges from ~3000 for w, = 16
to ~8000 for wy = 25. In the RMs with w, = 5, 2, and 1, there
are approximately 1, 0.3, and 0.03 KSeCN anions, respectively.
For RMs ranging from w, = 2—20, the water pool diameter is
characterized by the formula d (nm) = 0.29w, + 1.1, which has
been determined by a large number of viscosity measurements.”
For the largest RM, w, = 25, the diameter was determined by
photon correlation spectroscopy (PCS)** to be 9 nm, which is
within error of the formula. In the experiments, we studied
RMs with w, = 1, 2, §, 16, 20, and 25, which have diameters of
14, 1.7, 2.65, 5.7, 6.9, and 9 nm (PCS or 8.4 nm from the
formula), respectively. Viscosity measurements and dynamic
light scattering were performed on RM solutions with and
without KSeCN. The results showed that the solution
viscosities were unchanged and there was no aggregation
after the addition of the salt. Therefore, adding the KSeCN
probe did not change the properties of the AOT micelle
systems.
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Samples for IR absorption and ultrafast IR experiments were
contained in sample cells composed of two CaF, windows
separated by a Teflon spacer. The thickness of the spacer was
selected to have an optical density in the range of 20—200
mOD in the CN stretch region for all samples. D,O was used
instead of H,O because H,O has large background absorption
in the CN stretch region of SeCN™.

II.LB. PSPP Experiment. The PSPP experiments were
performed using a pulse-shaping IR optical setup.”> A mid-IR
optical parametric amplifier pumped by a Ti:Sapphire
regenerative amplifier produced ~170 fs pulses centered at
2075 cm™!, with ~30 yJ pulse energy. The mid-IR pulse was
then split into a weak probe pulse and a strong pump pulse.
The pump pulse passed through an acousto-optic mid-IR
Fourier-domain pulse shaper, which was used to phase-cycle
and chop the pump beam. The phase cycling reduces the
deleterious effects of scattered light. Because of the large
transition dipole of the SeCN™ anion, the pump pulse was
attenuated to avoid saturation, which distorted the anisotropy
data. The probe pulse arrived after a delay time, ¢, which was
controlled by a mechanical delay line.

The PSPP experiments track the decay of the probe
transmission, with polarizations parallel and perpendicular to
the pump-pulse polarization. The parallel and perpendicular
components of the probe signal, S(t) and S, (), respectively,
can be expressed in terms of population relaxation, P(t), and
the second Legendre polynomial orientational correlation
function, C,(t)

Si(t) = P(t)[1 + 0.8C,(1)] (1)

S () = P(t)[1 — 0.4Cy(t)] )

In terms of these, the population relaxation and reorientational
relaxation are

P(t) = S|(t) +28,(¢) (3)
_ () = Si(t)
=50 +250 @

where r(t) is the anisotropy, with r(t) = 0.4C,(¢).

In the PSPP experiments, the input polarization of the probe
was horizontal. A half-wave plate and a polarizer set the
polarization of the pump at 45° relative to the horizontal.
Following the sample, the probe pulse was resolved either
parallel or perpendicular to the polarization of the pump using
a polarizer in a computer-controlled rotation mount. Care was
taken to make sure that the probe spectra in the parallel and
perpendicular polarizations were identical in amplitude in the
absence of the pump pulse.

lll. RESULTS AND DISCUSSION

lILLA. Absorption Spectra. In Figure 1A, FT-IR spectra of
the CN stretch of SeCN™ anions in RMs and bulk water are
shown. The spectrum in bulk water is centered at 2075 cm™.
As the size of the RM decreases, the spectra shift to red. The
spectrum for w, = 1 is centered at 2065 cm™'. The spectral
shifts are small until wy = § and become pronounced for w, = 2.
In the bulk water solution, the SeCN™ anions are fully solvated
by water. In contrast, in the wy = 1 RMs, the SeCN™ anions
mainly interact with the AOT interface. AOT head groups
require four to six water molecules for complete hydration.*®
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Figure 1. (A) IR absorption spectra of the SeCN™ anion in various
sizes of RMs (labeled by the w, parameter) and in bulk water. (B) IR
absorption spectra of SeCN™ in bulk water and in the wy, = 1 RM
(solid curves) and their fits (dashed curves). The spectrum in w, = 1
RMs is symmetric, as shown by the excellent fit to a Voigt function.
The spectrum in bulk water was fit on the high-frequency side of the
line just past the peak and the fit was extended to the red side of the
line, showing that the spectrum is not symmetric.

There is so little water that SeCN™ is not solvated and most of
these anions do not interact with water.

Figure 1B shows the SeCN™ spectrum in the w; = 1 RMs and
in bulk water along with fits to Voigt functions. The wy = 1 RM
spectrum is perfectly symmetrical. The bulk water spectrum
was fit on the blue side of the line and the fit was extended to
the red side. The fit curve shows that the bulk water spectrum is
not symmetrical. The wing on the red side of the line is likely
caused by the non-Condon effect.””** The strength of
hydrogen bonding varies across the line. Anions on the red
side of the line have increased transition dipoles, which result in
the red wing.”” The non-Condon effect demonstrates the role
of hydrogen bonding to SeCN™ in bulk water that is absent in
the wy = 1 RM spectrum. The symmetrical shape of the w, = 1
RM spectrum supports that the spectrum does not involve
significant interactions of the anion with water. Therefore, we
take the wy = 1 RM spectrum to represent that of SeCN~
interacting solely with the interface.

All of the spectra between w, = 1 RMs and bulk water can be
fit by a weighted summation of the w, = 1 spectrum and the
bulk water spectrum. Figure 2A shows the wy = 2 RM spectrum
(black curve) and the fit to the spectrum (dashed magenta
curve). The only adjustable parameter is the relative amplitude
of the wy = 1 RM and bulk water spectra. The components of
the fit, the wy = 1 RM spectrum (blue curve) and bulk spectrum
(red curve), are also shown. The wy, = 1 RM spectrum is the
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Figure 2. IR absorption spectra of SeCN™ in wy = 2 (A), S (B), and 16
(C) RMs (black curves) and their fits (dashed curves) to the sum of
the spectra in wy = 1 RMs and bulk water. Only the amplitudes of
these two spectra were varied to fit the spectra. The spectra in w, = 1
RMs (blue curve) and bulk water (red curve), with the amplitudes
obtained from the fits, are shown. All of the spectra in the RMs with w,
= 2—25 can be accurately fit in the manner shown in (A)—(C).

dominant component, but the bulk spectrum is not negligible.
It is well established that the w, = 2 RM does not have a bulk
water core”” or enough water to fully hydrate the AOT
sulfonate head groups™ or the SeCN™ anions. The fact that the
SeCN™ spectrum of the wy = 2 RMs can be fit to the sum of the
spectra of wy, = 1 RM and bulk water within experimental error
suggests that the bulk water spectrum is obtained when a single
hydrogen bond is formed between the CN moiety and a water
molecule. It is not necessary to fully hydrate the SeCN™ anions
to obtain the same spectrum that occurs in bulk water within
experimental error. The AOT RMs do not have a bulk water
core until they are large, that is, ~w, = 16 or larger.

Figure 2B presents the wy = S RM spectrum, and it is fit very
well using the same method. Again, there is no bulk water in
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the wy = S RMs"” to fully solvate SeCN™ anions. Therefore,
“the bulk” component of the CN stretch spectra for w, = 2 and
5 RM:s is actually the spectrum that arises from formation of a
single hydrogen bond with nitrogen. Figure 2C shows the fit to
the SeCN™ spectrum in w, = 16, which contains a bulk water
core.! For wy, = 16, the spectrum is dominated by the bulk
water spectrum, with a very small but necessary contribution
from the wy = 1 RM spectrum. The w, = 1 component becomes
increasingly small as the RMs become larger, and for w, = 20
and 25, the wy = 1 component is almost negligible.

lll.LB. Polarization-Selective Pump—Probe Experi-
ments. Figure 3A shows the SeCN™ anisotropy decays
extracted from PSPP experiments for the bulk water solution
(black points) and w, = 16 RMs (red points). The anisotropy
decay of the SeCN™ anion in bulk water was fit very well with a
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Figure 3. (A) Anisotropy decays of SeCN™ in w, = 16 RMs (red
points) and in bulk water (black points) and multiexponential fits. The
data for SeCN™ in bulk water fits to a biexponential function with two
relatively fast time constants. The data in the wy, = 16 RMs is fit with a
triexponential function. The two fast components are the same as
those found for bulk water. In addition, there is a relatively small
amplitude, a much slower component. (B) Anisotropy decays of
SeCN™ in wy = 1, S, 16, 20, and 25 RMs and in bulk water (points)
and multiexponential fits. For the RMs with w, = 16, 20, and 25, the
two fast components are the same as those found in bulk water. The
slow components have the same decay constant within experimental
error but have decreasing amplitudes as the RMs become larger. The
anisotropy decay for the wy = 1 RMs is much slower. The decay goes
to a large offset, showing that the final orientation relaxation is too
slow to measure within the experimental time window set by the
vibrational lifetime. The fit to the data in w, = $ is a combination of
the wy = 1 decay and biexponential, with the slowest component being
much slower than that for the large RMs (see the text for procedure).
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biexponential decay. The fit yields two time constants, 1.4 and
4.5 ps (black solid curve). This biexponential anisotrozpy decay
can be analyzed with the wobbling-in-a-cone model.”"** The
4.5 ps component is the complete orientational randomization
of the SeCN™ anion. The faster time constant reflects
orientational sampling in a restricted cone of angles. On the
longer time scale, the restrictions that prevent complete
sampling are relaxed and the orientation randomizes. Using
the wobbling-in-a-cone formalism®' gives wobbling motion
time constant of 2.0 ps and a cone half angle of 21.5°. The data
curve extrapolated from back to 0 from the exponential fit is
not 0.4, the maximum possible value of anisotropy. The
difference is caused by ultrafast inertial motions that are too fast
to measure with the pulse durations used in these experiments.
The inertial cone half angle is 11.3°.

The decay of the anisotropy data for wy, = 16 RMs is clearly
slower than that for bulk water (see Figure 3A). The data for wy
= 16 RMs cannot be fit with a biexponential function, but it fits
very well to a triexponential function (red curve). Of particular
importance is that the faster two components of the
triexponential are identical to those of the bulk water numbers.
The difference between the two data sets in Figure 3A is an
additional slow component in the data of wy, = 16 RMs. The
slow decay time constant is 25 + 2 ps. These data indicate that
there are two ensembles of SeCN™. One of them is the SeCN~
in the bulk water core of the RMs. The other ensemble gives
rise to a much slower orientational relaxation time that is clearly
not present in bulk water.

The slow component of the anisotropy decay is 9.4% of that
of the total. The bulk water anisotropy decay has two
components. The fast wobbling component is ~20% of the
total of the bulk decay. It is possible that the nonbulk
component in the RM has an additional faster wobbling
component that is buried under the large amplitude bulk
decays. Such an additional component can only increase the
fraction of decay that arises from the nonbulk ensemble of
SeCN™ in the micelle. However, such a component is unlikely
to exist or at most is very small, as the two fast components
agree well with the bulk water results within experimental error.

The additional 25 ps slow component of the anisotropy
decay observed in the data for the wy, = 16 RMs cannot arise
from SeCN™ adsorbed on the wall of the RMs. Inspection of
the linear absorption spectrum in Figure 2C shows that the
spectral component that arises from the wall of SeCN™ is very
small. In addition, careful quantitative absorption measure-
ments show that the SeCN™ wall component has a smaller
transition dipole than that of the absorption of SeCN™ in bulk
water. The transition dipole of the wall component is 0.86
times that of bulk water component. The absorption
(extinction coefficient) depends on the square of the transition
dipole, whereas the pump—probe experiment depends on the
fourth power of the transition dipole or the square of the
extinction coefficient. Therefore, the contribution of the wall
component to the pump—probe signal is even smaller than that
indicated by the relative amplitudes of the wall and bulk
components shown in Figure 2C spectra. Using the amplitude
of the wall spectrum at the experimental wavelength, 2075
cm™, and the ratio of the transition dipoles, the 9.4% nonbulk
component of the anisotropy decay is too large by a factor of
approximately S to arise from SeCN™ bound to the wall.

Figure 3B shows the anisotropy data for five RMs, w, = 1, S,
16, 20, 25, and bulk water. The decays of the wy = 1 and 5 RMs
are fundamentally different from that of the large RMs and bulk
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water. In the decays of the wy, = S, 16, 20, and 25 RMs, the
decay component of the wy = 1 RM contributes to different
extents. For the w; = S RM, the contribution is relatively large
(see Figure 2B). For the w, = 16, 20, and 25 RMs, it is minor
but makes a difference in analyzing the data.

To rigorously analyze the slow component of the large RMs,
the w, = 1 RM needs to be accounted for. To do this, the two-
component version of the anisotropy decay given in eq 4 is
employed.”” The first component (1) is from the w, = 1 RM
contribution, whereas the second component (2) is from the
rest of SeCN™ anions in the RMs. The linear absorption
spectrum, with differences in the transition dipoles, is used to
determine the initial fraction of each component. The
expression for total anisotropy, R(t), is

_ L BOn(t) + f,B(t)n(t)
fB(t) + £, B(t) (s)

f1 and f, are the fractions of the signals coming from the two
components at £ = 0. P, and P, are the population decays (eq
3), ri(t) is the anisotropy decay of SeCN™ in the w, = 1 RMs
(purple curve in Figure 3B). The only unknown is the desired
r,(t). For the purposes of fitting, eq S was rearranged as
follows: f,(t) and f,(t) are defined as

£R®)

R(t)

£ = f, (t) =

SR + £B(t) LRO + LB (o)
The eq 5 becomes
R(t) = £, (On(t) + £,(On(t) (7)

All of the inputs for the first term on the right-hand side (rhs)
of eq 7 are known. It is subtracted from the data, and the
remaining data are fit to the second term on the rhs of eq 7.
Again, the only unknown is r,(t). Therefore, the large RM data
were fit with r,(t) as a triexponential, with the two fast
components fixed at the bulk water values. Then, the adjustable
parameters are the long-component time constant and
amplitude.

For w, = 16, 20, and 25 RMs, the slow components of the
anisotropy decay time constants were determined to be 13 =+ 1,
13 + 2, and 13 =+ § ps, respectively. The error bars on the slow
components of the anisotropy decay are larger as the size of the
RMs increase because the percentages of decay that arise from
the slow components decrease. The percentages are 13.4% for
wy = 16 RMs, 6.2% for w, = 20 RMs, and 1.2% for w, = 25
RMs. The very small amplitude of the w, = 25 component is
responsible for the large error bars.

The decrease in the amplitude of the slow component is
consistent with the slow component being associated with
SeCNT in a boundary layer that lies between the RM surfactant
wall and the bulk water core. As the RMs become larger, the
size of the bulk water core increases and the fraction of SeCN™
in the boundary layer decreases.

The SeCN™ anions in the water boundary layer are distinct
from the SeCN™ bound to and possibly embedded in the wall.
The wall component gives rise to the wy = 1 RM spectrum,
shown in Figure 1B, and is associated with SeCN™ anions that
do not have a hydrogen bond to nitrogen. Within experimental
error, we cannot distinguish the spectrum of SeCN™ in the
boundary layer and in bulk water. All of the spectra from the
different-sized RMs are fit exceedingly well by the sum of the
SeCN™ spectra in bulk water and w, = 1 RMs. In addition, the
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vibrational lifetime is a single-exponential decay in all of the
large RMs and, within experimental error, is the same as that in
bulk water. The orientational relaxation of SeCN™ requires
water to undergo hydrogen bond rearrangements. The results
suggest that the structure of water in the boundary layer is very
similar to that of bulk water, that is, essentially a tetrahedral
hydrogen bond network, but the hydrogen bond rearrangement
is much slower than that in bulk water. The 13 ps orientational
relaxation time for SeCN™ in the boundary layer is an average
value over the boundary layer. It is reasonable to envision that
the water molecules in the boundary layer will be more
influenced near the wall, and the effect of the interface will
decrease when moving away from the wall. At a large enough
distance from the interface, the water has the properties of bulk
water.

In small RMs, such as wy = S RMs, a boundary layer will not
exist as RMs of this size do not have bulk water cores. The
small diameter, 2.6 nm, results in all of the water molecules
basically forming a single nonbulk ensemble.' Therefore, it
would be expected that the nonwall component of the SeCN™
orientational relaxation would be very different from that in the
large RMs that have a bulk water core. To test this idea, we
determined the anisotropy decay of the nonwall component of
the wy = S RM data. A two-component anisotropy model (eq
7) was applied using the w, = 1 population decay, P, (t), and its
anisotropy decay, r,(t). Fractions f; and f, were obtained from
the absorption spectrum (Figure 2B) at the frequency of 2075
cm™" and corrected for the difference in transition dipoles. It is
necessary to know P,(t). To obtain P,(¢), we fit the wy = S
population decay data at 2075 cm™" using the known Py (t) and
an additional exponential representing P,(¢). The result is that
P,(t) gives the same single-exponential decay found for bulk
water and the large RMs with an experimental error. This is an
interesting result. As discussed immediately below, r,(t) is
much slower than that found for the boundary layers in the
large RMs, but the population decay is the same. The
population decay depends on the local solvation structure of
the water molecules surrounding the vibrationally excited
SeCN". Thus, for vibrational relaxation, the coupling of the CN
stretch in the nonwall component of wy = 5 RMs is slightly
different from its coupling in bulk water.

The anisotropy decay w, = 5 RMs was fit as discussed above.
The nonwall component required a biexponential function to
fit the data. The two components had decay constants of 4.7
and 35 ps when the data were fit with no offset. However, the
data could also be fit with an offset. An offset indicates that
there is a component that is so slow that it is outside of the
experimental time window determined by the vibrational
lifetime. Therefore, the fastest that the complete orientational
relaxation can be is 35 ps, and it is possible that it is much
slower. The 35 ps or a slower decay should be compared with
the boundary layer anisotropy decay of 13 ps. As anticipated,
for the small RMs that do not have a bulk water core and
therefore, no boundary layer, the orientational relaxation is
much slower.

If it is assumed that SeCN™ are randomly distributed in the
water nanopool, the width of the boundary layer is obtained by
finding the volume of a thin spherical shell that contains the
correct fraction of SeCN™ anions, as determined by the
amplitude of the slow component of the anisotropy. When this
is done for wy = 16 RMs, the width of the shell becomes 1.3 A.
This width is physically impossible as it is ~46% of the
diameter of one water molecule (~2.8 A). SeCN~, which is
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much larger than a water molecule, cannot be in a layer with a
width much less than the size of a water molecule. The same
geometrical calculations show that the shell width would have
to be even smaller to account for the slow anisotropy
component of the larger RMs.

The simple geometrical calculations indicate that SeCN™ is
repelled by the interface, which is lined with negatively charged
sulfonate head groups. Simulations have shown that for small
AOT RMs ions added to the water pool are repelled by the
sulfonate-lined interface.*’ Although the sulfonates are on the
surface of the interface, at least some of the Na* counterions
tend to be away from the interface and solvated by water. The
repulsion of SeCN™ by the interface can be understood in
terms of the Gouy—Chapman model.””~** In an ideal Gouy—
Chapman model, the sulfonate head groups with a negative
charge are arrayed on the interface and the counterions, Na*
cations, have a gradient of decreasing concentration as the
distance from the interface increases. This model will generate
an electrostatic field that repels the SeCN™ anions from the
interface. Anions were also found to be repelled from the
interface in other studies.*** Note that even at very high
concentrations of salts such as NaCl in water, a singly charged
cation like Na" does not have a significant effect on water
dynamics.”” Therefore, Na* or other singly charged cations are
unlikely to be the source of the boundary layer and the slower
dynamics within it.

Because SeCN™ are not randomly distributed, a simple
geometric calculation based on the ratio of the amplitude of the
slow component of the anisotropy to the amplitude of the
combined fast components is not sufficient to determine the
width of the boundary layer. For AOT RMs with w, = 16 and
larger, it has been determined that there was a core of water
with bulk water properties." The experiments were conducted
on the OD stretch of the low concentration of HOD in H,O.
Both the orientational relaxation time and the OD stretch
lifetime were found to be the same as bulk water for water
molecules not associated with the wall. RMs with w, = 16 have
water-pool diameters of 5.7 nm. For wy, = 10 RMs, with a
diameter of 4 nm, it was determined that there was still a core
with distinct dynamics from water directly interacting with the
interface. However, the core no longer was strictly bulklike.
Both the HOD orientational relation time and the OD stretch
lifetime in the core were close to but somewhat longer than the
bulk water values." These results were interpreted as indicating
that the influence of the interface extended to ~2 nm.
Simulations and measurements on various systems discussed in
the Introduction indicate boundary layer widths of ~1 nm.
Therefore, the width of the boundary layer is likely between 1
and 2 nm, with SeCN™ repelled from the immediate vicinity of
the interface.

IV. CONCLUDING REMARKS

We have experimentally observed a water boundary layer that
lies between the surfactant/water interface and bulk water core
in large AOT RMs. A small anion, SeCN~, was used as a
vibrational probe. Polarization-selective pump—probe experi-
ments were used to measure the orientation relaxation
(anisotropy decay) of the anion. In bulk water, SeCN™~ displays
two anisotropy decay components, a 1.4 ps wobbling motion
and a 4.5 ps complete orientational randomization time
constant. In large RMs, which have a bulk water core, the
two bulk water time constants, and additional ~13 ps
anisotropy decay were observed. This additional slow relaxation
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component was assigned to SeCN™ in the boundary layer
between the interface and bulk water core.

The additional slow component of the anisotropy decay has a
time constant that is similar for the three different-sized RMs,
wy = 16, 20, and 25, that were studied. As the RM size is
increased, the amplitude of the slow component relative to that
of the bulk water components decreases. The decrease in
amplitude with increasing size is consistent with a boundary
layer that becomes a smaller fraction of the total RM water pool
as the size increases. The results also suggest that SeCN™ is not
randomly distributed in the water nanopool, but rather is
repelled from the interface that is lined with sulfonate anionic
head groups. The repulsion of the SeCN™ anions from the
interface can be understood in terms of the Gouy—Chapman
model.*~**

For orientational relaxation to occur, the solvating water
hydrogen bond network must rearrange. The results show that
in the boundary layer the water hydrogen bond network
dynamics are slower than in bulk water. Although the
orientational relaxation in the boundary layer is substantially
slower, within experimental error, the absorption spectrum and
the vibrational lifetime of the CN stretch of SeCN™ are the
same in bulk water and in the boundary layer. The lack of a
change in the spectrum and lifetime indicates that the
interactions between SeCN™ and the surrounding water in
the boundary layer are essentially the same as they are in bulk
water. Therefore, the structure of the water hydrogen bond
network in the boundary layer is not significantly different from
that of bulk water, although the time scale for hydrogen bond
rearrangement is slower. We also performed 2D IR vibrational
echo experiments on SeCN™ in bulk water”’ and in the large
RMs. The 2D IR experiments measure spectral diffusion, which
is caused by the water hydrogen bond dynamics. In bulk water,
the slowest component of the spectral diffusion is ~1.5 ps. In
the RMs, an additional slow component of ~12 ps was
observed. This observation is consistent with the interpretation
of the 13 ps anisotropy component as arising from slower water
dynamics in the boundary layer.
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