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1.1 INTRODUCTION

The question of how charged species affect water structure and dynamics is relevant
to many applications in chemistry, biology, geology, and industry. Biological systems
are often crowded aqueous environments filled with proteins, membranes, vesicles,
and other structures that often rely on the presence of ions for stability and proper
functioning [1-6]. The ion—water interface is critical for ion exchange resins [7, 8],
heterogeneous catalysis [9-11], electrochemistry [12], as well as processes involving
mineral dissolution [13, 14] and ion adsorption [15, 16]. Because the behavior of
water in the presence of ions impacts a wide range of technical and scientific fields,
a great deal of literature over the years has been dedicated to studying the aqueous
solvation of ions and the properties of water at charged interfaces. Studies that have
examined ion—water interfaces have employed x-ray and neutron diffraction [17-19],
Raman spectroscopy [20], ultrafast infrared spectroscopy [21-26], Fourier transform
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infrared (FTIR) spectroscopy [20, 27], and other spectroscopic techniques [15, 28,
29]. Theoretical models [30, 31], molecular dynamics (MD) simulations [32-35],
and Monte Carlo (MC) calculations [20] have also been employed. While simula-
tions can provide some insight into the underlying dynamics, most experimental
techniques only provide steady-state data. Here we utilize ultrafast infrared spec-
troscopy to examine the hydrogen bonding dynamics of water at several types of
charged and uncharged interfaces.

Ultrafast infrared spectroscopy has been shown to be a powerful technique for
elucidating dynamics in water—ion systems [21-26], other hydrogen bonding systems
[36-43], protein environments [44—52], and systems that undergo chemical exchange
[25, 53-57]. Here, we apply ultrafast infrared pump—probe and two-dimensional
infrared (2D IR) vibrational echo spectroscopic techniques to examine the dynamics
of water when it is confined in nanoscopic environments and interacting with inter-
faces. The question is whether the nature of confinement or the chemical composi-
tion of the interface most significantly influences the dynamics. To explore this
question, the dynamics of water at charged and neutral interfaces in reverse micelles
are compared. In addition, water in ionic solutions is investigated. Some water
molecules are hydrogen bonded to ions, while others are hydrogen bonded to water
molecules. These are in equilibrium, with water molecules bound to ions switching
and becoming bound to water molecules, and vice versa. Using 2D IR chemical
exchange spectroscopy, we determine the exchange time required for a water
hydroxyl initially hydrogen bonded to an anion to switch to being hydrogen bonded
to another water molecule.

Reverse micelles consist of a water pool surrounded by a layer of surfactant
molecules and are often used as model systems for confined environments. The
surfactant molecules are terminated by a hydrophilic head group that can be either
charged or neutral. These hydrophilic head groups face in toward the water pool
while the alkyl (hydrophobic) tails of the surfactant are suspended in a nonpolar
organic phase. A schematic of a reverse micelle utilizing the surfactant Aerosol-OT,
or AOT [sodium bis(2-ethylhexyl) sulfosuccinate], is shown in Figure 1.1. The AOT
surfactant (Fig. 1.2) forms spherical monodispersed reverse micelles that have been
well characterized. The size of the AOT reverse micelles can be easily controlled
by varying the amounts of starting materials according to the w, parameter:
wy = [H,O)/[surfactant] [58—60]. AOT can yield sizes of w, = 0 (essentially dry
reverse micelles) all the way up to wy, = 60, which has a water pool diameter of
28 nm and contains ~350,000 water molecules [61]. Isooctane is a common solvent
used as the nonpolar phase of AOT reverse micelle systems, but other solvents such
as carbon tetrachloride, cyclohexane, and benzene can also be used with minimal
changes in water pool size for a given w, [62]. A recent study has shown that the
identity of the nonpolar phase has no effect on the water pool dynamics [63].

As shown in Figure 1.2, AOT has a sulfonate head group with a sodium coun-
terion. The head group region of the reverse micelle therefore creates a charged
interface that surrounds the water pool. The sodium ions will generally reside in a
region close to the interface. Figure 1.1 illustrates the regions of a reverse micelle.
When the total water pool diameter, d, is sufficiently large (=4.6 nm) the reverse
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Figure 1.1

Illustration of the reverse micelle interior. The bulk water core is surrounded by a layer
of interfacial water. The total water pool diameter is denoted by d. The hydrophilic AOT head groups
face in toward the water pool while the alkyl tails are suspended in the organic phase. The sodium
counterions are dispersed in the water pool, but they generally reside close to the head group interface.
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Figure 1.2 Molecular structures for AOT and Igepal CO-520. AOT (top) is terminated by a

charged sulfonate head group with a sodium counterion while Igepal (bottom) has a neutral hydroxyl
head group.
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micelle can support a core of water with bulklike properties. Below we will discuss
how far perturbations from the charged sulfonate interfacial region extend into the
water pool and what happens to the water dynamics as the size of the water pool
changes in size. The chemical identity of the surfactant layer can be changed by
using a neutral surfactant molecule called Igepal CO-520 (Fig. 1.2). Igepal is termi-
nated with neutral hydroxyl head groups, so the interfacial water molecules will be
exposed to a very different chemical surface compared to the AOT reverse micelle
system. To what extent changes in surfactant identity, particularly charged versus
neutral head group regions, and reverse micelle size affect water dynamics will be
described.

Water dynamics are investigated through the processes of orientational relax-
ation, spectral diffusion, and vibrational relaxation, which can be measured with
ultrafast infrared vibrational spectroscopy. These observables report on how the
hydrogen bond network of water evolves and rearranges over time. The hydroxyl
stretch of water is monitored during the experiments and is used as a reporter for
hydrogen bond dynamics. During vibrational relaxation, vibrational energy dissi-
pates by transferring into a combination of low-frequency modes, such as torsions
and bath modes [64, 65]. Energy must be conserved during this process. Certain
pathways that facilitate vibrational relaxation in one system may or not be present
in a different system. Thus, vibrational relaxation is extremely sensitive to local
environments. Orientational relaxation measures how quickly water molecules reori-
ent by monitoring the direction of the transition dipole of the hydroxyl stretch.
Molecular reorientation is involved in water hydrogen bond exchange, which leads
to global hydrogen bond network reorganization [66, 67]. Bulk water consists of an
extended network of hydrogen bonds that are continually rearranging and exchang-
ing with one another. According to the theory of Laage and Hynes, water molecules
exchange hydrogen bonds via a jump reorientation mechanism that involves con-
certed motions of water molecules in the first and second solvation shells [66, 67].
The mechanism proceeds when a molecule in the second solvation shell of another
water molecule moves in toward the first solvation shell. In order to swap hydrogen
bonds with the approaching water from the second solvation shell, a water molecule
must pass through a five-coordinate transition state and then undergo a large-
amplitude rotational motion (or “jump”). The jump allows it to switch one of its
hydrogen bonds to the approaching water molecule. These large-amplitude jumps
change the orientation of the transition dipole. Solutes and interfaces (such as the
surfactant shell of the reverse micelles) can disrupt the jump reorientation mecha-
nism, thus slowing down the process of reorientation [23, 68—72]. Both vibrational
and orientational relaxation can be measured with ultrafast infrared pump-probe
spectroscopy.

Ultrafast 2D IR vibrational echo spectroscopy is used to measure spectral dif-
fusion of the water hydroxyl stretch. The linear infrared absorption spectrum of the
hydroxy] stretch is very broad due to a large distribution in the lengths and strengths
of hydrogen bonds. At the beginning of the 2D IR experiment, a hydroxyl will
vibrate at a certain frequency, but due to dynamic structural evolution of the system,
that frequency will change over time. This process of frequency evolution is known
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Figure 1.3 Representation of solvation shell exchange. The time it takes for a water hydroxyl
initially hydrogen bonded to an anion (left side) to switch to being hydrogen bonded to another water
hydroxyl (right side) can be measured with 2D IR vibrational echo spectroscopy.

as spectral diffusion and reports on how quickly water molecules sample different
structural environments.

In addition, 2D IR vibrational echo chemical exchange spectroscopy is used to
examine how quickly a water hydroxyl bound to an anion will switch to being
hydrogen bonded to a neighboring water hydroxyl. This process is illustrated sche-
matically in Figure 1.3. A model system for studying water—ion exchange is a solu-
tion of sodium tetrafluoroborate (NaBF,) in water because the linear IR absorption
spectrum of the solution yields two resolved peaks corresponding to waters interact-
ing with other waters and waters interacting with the tetrafluoroborate anions. It is
found that the ion—water hydrogen bond switching time is ~7 ps [25]. This switching
time has implications when treating the orientational relaxation dynamics of water
molecules inside reverse micelles made of charged and neutral surfactants [71].
Together, these ultrafast infrared experiments involving water in reverse micelles
and water—ion chemical exchange construct a dynamic picture of the behavior of
water molecules at charged interfaces and interacting with ions.

1.2 EXPERIMENTAL METHODS
1.2.1 Sample Preparation

Carbon tetrachloride (CCly), cyclohexane, isooctane, H,O, D,O, AOT, Igepal CO-520,
and NaBF, were used as received. Stock solutions of 0.5 M AOT were prepared in
CCl,, cyclohexane, and isooctane. A variety of solvents are necessary due to certain
experimental considerations that will be discussed below. A 0.3-M stock solution of
Igepal CO-520 was prepared in cyclohexane. The residual water contents of the
stock solutions were measured via Karl Fischer titration. The reverse micelle samples
were prepared by mass by adding appropriate amounts of a solution of 5% HOD
(water with one hydrogen exchanged with deuterium) in H,O to measured quantities
of the AOT or Igepal stock solutions to obtain the desired w,. In the ultrafast experi-
ments, the OD stretch of 5% HOD in H,O is probed because it not only provides an
isolated stretching mode to interrogate but also prevents vibrational excitation trans-
fer processes from artificially causing decay of the orientational correlation function
and observables related to spectral diffusion [73, 74]. MD simulations demonstrate that
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a dilute amount of HOD does not perturb the structure and properties of H,O and
that the OD stretch reports on the dynamics of water [75].

For the pump—probe experiments involving large reverse micelles presented
here, the 0.5-M stock solution of AOT in isooctane was used to make samples of
wo = 10, 16.5, 25, 37, and 46 (diameters of 4.0, 5.8, 9, 17, and 20 nm, respectively).
It has been found that the combination of AOT and isooctane causes distortions in
vibrational echo experiments, so for vibrational echo experiments on small reverse
micelles the 0.5-M AOT/CCI, stock solution was used to make w, =2, 4, and 7.5
(diameters of 1.7, 2.3, and 3.3 nm, respectively) [63]. CCl, cannot support reverse
micelles larger than w, ~10 [61], so the 0.5-M AOT/cyclohexane stock solution was
used to make wy, = 12 and 16.5 (diameters of 4.6 and 5.8 nm, respectively) for
vibrational echo experiments on larger reverse micelles. Neither CCl, nor cyclohex-
ane cause distortions in the vibrational echo experiments. Cyclohexane can only
reliably make reverse micelles of w, < 20 [76, 77], so the vibrational echo studies
are limited to the lower bound of large sizes. It will be shown that both w, = 12 and
16.5 have well-defined bulk water cores and interfacial water regions, so analysis
of these sizes should provide insight into the behaviors of water molecules in the
even larger sizes.

To compare the effects of the chemical composition of the interface, Igepal
reverse micelles with wy = 12 and 20 were also made. Like AOT, Igepal also makes
monodispersed spherical reverse micelles [78]. The AOT and Igepal surfactants have
different aggregation numbers, thus yielding different sizes for the same w, values.
The w, = 12 Igepal reverse micelles have the same 5.8-nm diameter as AOT
wy = 16.5 while the w, = 20 reverse micelles have the same 9-nm diameter as AOT
wy = 25. AOT lamellar structures (sheets of AOT surfactants with water between
them) were prepared by adding water to dry AOT to produce samples with various
water-to-surfactant ratios, A. These lamellar samples allow us to examine the effects
of confining geometry on the water dynamics (spherical confinement versus confine-
ment within layers).

The experimental samples are contained between two calcium fluoride windows
that are separated by a Teflon spacer. The thickness of the Teflon spacer is chosen
such that the optical density of the OD stretch region is ~0.1 for the vibrational echo
experiments and ~0.5-0.7 for the pump—probe experiments.

For the 2D IR chemical exchange experiments, a 5.5-M solution of NaBF, in
water was used. Again, the water component consisted of 5% HOD in H,O for the
same reasons outlined above. The 5.5-M concentration corresponds to a system with
seven water molecules per NaBF, molecule (n = 7). For linear IR absorption mea-
surements, additional samples of 1.7 M, 3.1 M, and 4.3 M of NaBF, in water were
made, corresponding to n = 30, 15, and 10, respectively.

1.2.2 2D IR Vibrational Echo Spectroscopy

The laser system used to generate the infrared light that excites the OD hydroxyl
stretch consists of a Ti—sapphire oscillator that seeds a regenerative amplifier. The
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output of the regenerative amplifier pumps an optical parametric amplifier that gen-
erates near-infrared wavelengths that are difference frequency mixed in a AgGaS,
crystal. The resulting mid-IR pulses are centered at ~4 um (2500 cm™) but can be
tuned to the peak of the absorption spectrum for a given sample (e.g., 2565 cm™ for
wy =2 AOT reverse micelle). The generated mid-IR beam enters a 2D IR vibrational
spectrometer that can be readily converted into a pump—probe setup.

The pump—probe and 2D IR vibrational echo techniques presented here are
noncollinear four-wave mixing experiments [79, 80]. In these experiments, three
field—matter interactions between the sample and the incident ultrafast laser pulses
create a third-order macroscopic polarization that emits a signal electric field.
Depending upon the type of experiment, the signal electric field carries different
types of information. As discussed in the introduction, the signal from a pump—probe
experiment allows one to extract vibrational lifetimes and orientational relaxation
parameters for the OD stretch of HOD in H,O. The vibrational lifetime and orien-
tational observables are sensitive to local structural and chemical environments. 2D
IR vibrational echo spectroscopy is a sophisticated technique that observes how
vibrational chromophores in a system evolve in frequency over time via chemical
exchange, spectral diffusion, coherence transfer, or other processes. 2D IR spectros-
copy can monitor these frequency changes by manipulating the quantum pathways
by which the system evolves.

The experimental pulse sequence for the 2D IR vibrational echo experiments is
shown in Figure 1.4a. The pump—probe experiment (Fig. 1.4b) is similar in several
ways to the 2D IR experiment, but it differs in the number of input beams and the
manner by which the signal is detected. In the 2D IR experiment, three time-ordered

(a) Vibrational
echo (combines

/ with local
A oscillator pulse)

1 >

| |
T Tw <t
1 2 3

T — coherence periods; T, — population period

(b)

Pump—probe signal
(heterodyne amplified
by probe pulse)

A :

[P »l
< »i

t

1,2 (pump)
t — population period

3, probe

Figure 1.4 Pulse sequences implemented for (@) 2D IR vibrational echo spectroscopy and (b)
pump—probe spectroscopy. Both techniques are noncollinear four-wave mixing experiments.
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Figure 1.5 Experimental setup for the 2D IR vibrational echo experiment. Three excitation beams

in a BOXCARS geometry cross in the sample to produce the vibrational echo signal in the phase-matched
direction denoted by the wave vector k.. The vibrational echo signal combines with a local oscillator
beam for heterodyned detection. The heterodyned signal is detected by a 32-pixel MCT array detector.

beams interact with the sample (Fig. 1.5). The first pulse induces a coherence state
between the ground (0) and first excited (1) vibrational levels. The vibrations are
initially in phase, but inhomogeneous broadening of the absorption line and struc-
tural fluctuations cause the phase relationships to decay. After a period of time, T, a
second pulse impinges on the sample and creates a population state in either the 0
or 1 vibrational levels. A time period T, elapses (the waiting time) before the third
pulse reaches the sample and induces a second coherence state, partially restoring
the phase relationships between the vibrational chromophores. This rephasing
process causes the vibrational echo signal electric field to emit at a time ¢ < 1. The
vibrational echo signal propagates in the phase-matched direction according to
kgy ==k + k, + k3, as denoted by the BOXCARS geometry of the input beams shown
in Figure 1.5. The vibrational echo signal is temporally and spatially overlapped
with a local oscillator (LO) pulse for heterodyned detection. The LO is another IR
pulse identical to the excitation pulses but lower in amplitude and fixed in time. The
combined vibrational echo and LO beam is frequency dispersed by a monochroma-
tor, and the heterodyned signal is detected on a 32-pixel mercury—cadmium—telluride
(MCT) array detector. If we denote the vibrational echo signal as S and LO signal
as L, then the quantity IS + LI* = §* + 2LS + L* is measured on the detector. Assume
S is negligible and can be ignored and L is a constant signal and can be subtracted.
The 2LS cross term represents the heterodyned signal of interest.

Ultimately, the 2D IR experiment obtains frequency correlation plots (2D
spectra) for the second coherence period (known as the detection time period) and
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Figure 1.6 CLS procedure: (a) bulk water 2D spectrum at 7,, = 0.2 ps, showing elongation along
the diagonal and (b) bulk water spectrum at 7, = 2 ps. Spectral diffusion has mostly completed, so the
spectra become more circular. The white solid lines show the direction of cuts during the CLS

procedure. The white dots indicate the peak positions through the slices (centerline data). The slope is
found through each set of peak positions at each T,, to obtain a plot of slope versus T,,, as shown in
panel (¢). The CLS curve is equal to the normalized FFCF, which is shown as the black line through
the CLS data.

the first coherence period (known as the evolution time period). Each frequency axis
of the correlation plot arises from Fourier transformation of each coherence period.
The Fourier transform along the second coherence period is performed experimen-
tally by the monochromator, yielding the vertical “®,,” axis while the Fourier trans-
form along the first coherence period is obtained numerically during data processing,
yielding the horizontal “®,” axis. These axes are clearly marked in Figures 1.6q, b,
which show correlation spectra for bulk water (5% HOD in H,0). During the experi-
ment, T is scanned for a series of fixed 7,, values. As T is scanned, the echo signal
field moves in time relative to the fixed LO. The echo field goes in and out of phase
with the LO field producing an interferogram. Mixing the vibrational echo signal
with the LO allows interferograms to be recorded, thus providing the necessary
phase information for Fourier transformation.

Qualitatively, a 2D IR vibrational echo experiment works in the following
manner. The first laser pulse “labels” the initial structures of the species by establish-
ing their initial frequencies, ®,. The second pulse ends the first time period T and
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starts the reaction time period 7, during which the labeled species undergo structural
evolution. For example, the local hydrogen bond network rearranges. This ends the
population period of length 7, and begins a third period of length <t, which ends
with the emission of the vibrational echo pulse of frequency ®,,, which is the signal
in the experiment. The vibrational echo signal reads out information about the final
structures of all labeled species by their frequencies, ®,. During the period T,
between pulses 2 and 3, the system’s structural evolution occurs. The structural
evolution and associated frequency changes as 7, is increased cause new off-diagonal
peaks to grow in a chemical exchange experiment or the shape of the 2D spectrum
to change in a spectral diffusion experiment. The growth of the off-diagonal peaks
or the change in the 2D band shapes in the 2D IR spectra with increasing 7,, provides
the dynamical information.

The 2D IR experiments require precise timing between the excitation pulses as
well as phase stability during the coherence periods. Computer-controlled precision
delay lines (Aerotech ANT-50L) manipulate the delay between the excitation pulses,
and a three-pulse cross-correlation measurement is used to check the timing and
correct for drifts between the three excitation pulses [63]. The vibrational echo
experiments are also sensitive to linear chirp in the mid-IR pulse. Linear chirp is
corrected by proper insertion of materials (calcium fluoride and germanium) with
opposite signs of the group velocity dispersion (GVD) [82, 83].

The 2D IR experiments presented here are used to determine the frequency—
frequency correlation function (FFCF) of water molecules (OD stretch), which is a
measure of spectral diffusion. The FFCF can be determined via the centerline slope
(CLS) method [84, 85]. Figure 1.6 illustrates this process. In the CLS technique, the
2D IR spectrum is sliced parallel to the vertical w,, axis over a range of frequencies
surrounding the center of the 2D IR spectrum. In Figures 1.6a,b, the solid white
lines show the direction of slicing and the bounds over which the slices are taken.
For water systems (as shown in the figure), the range is typically +30—40 cm™" around
the measured center frequency of each 2D IR spectrum. Each slice intercepts a
frequency on the horizontal ®, axis. The slices are fit to Gaussian line shape functions
to determine the peak position of each slice. Only the peak positions are required.
The peak positions (white dots) are plotted versus their corresponding ®, frequen-
cies, and the slope of the resulting line is calculated. This process is repeated for all
T,, values so that a plot of slope versus 7, is obtained (Fig. 1.6¢). Generally, the 2D
plots show elongated spectra at early 7,, as shown by Figure 1.6a. By 2 ps (Fig.
1.6b), the spectra show a more circular shape because most of the water hydroxyl
environments in the H,O inhomogeneous line shape have been sampled by the OD
vibrational chromophore, indicating that spectral diffusion is nearly complete.

It has been demonstrated theoretically that the CLS curve of slope versus 7, is
equal to the 7,-dependent portion of the normalized FFCF [84, 85]. The FFCF adopts
a functional form that contains both homogeneous (motionally narrowed) and inho-
mogeneous components,

C1(1) = (86,1800 (0)) = “)+ZA2 (1.1)
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where (0w,o(1)0w,((0)) is the correlation function for the fluctuating O—1 transition
frequency, and 8, (f) = {®;o) — W;o(r). The summation term in Eq. (1.1) contains
the processes that sample the inhomogeneous distribution of frequencies through
structural evolution of the system. The A, terms are frequency fluctuation amplitudes,
and the T; are their associated time constants. The time constants describe different
time scales that contribute to spectral diffusion. The magnitude of each A; term gives
the contribution to the absorption line shape from processes occurring on each time
scale.

The homogeneous dephasing time T, is given by
! ! + L + . (1.2)

2T, 371,

where 7, is the pure dephasing time, T is the vibrational lifetime, and T., is the
orientational relaxation time constant. The first term of Eq. (1.1) is known as the
pure dephasing component. In the condensed phase, homogeneous broadening can
arise from fast solvent motions [86]. The dynamics that give rise to pure dephasing
occur on a very fast time scale such that the product At < 1, meaning that this portion
of the total absorption line shape comes from a motionally narrowed (Lorentzian)
component. The homogeneous component is often expressed as the homogeneous
line width, I = 1/(rT5,). In water, 7, is on the order of a couple hundred femtoseconds
while 7' and 1, are a few picoseconds or longer. Therefore, the homogeneous line
width is virtually completely determined by pure dephasing.

Figure 1.6¢ shows that there is a large difference between 1 and the initial CLS
data points extrapolated to 7,, = 0. This large drop is caused by fast homogeneous
processes, and the difference between the 7, = 0 CLS data and 1 combined with the
absorption spectrum permits the homogeneous line width to be determined. Slower
processes sample the inhomogeneous distribution of frequencies and cause the T,,-
dependent decay of the CLS.

The first step in extracting the FFCF involves fitting the CLS to a multiexpo-
nential decay to yield a set of amplitudes and decay constants [85]. Due to the short
time approximation [85, 87, 88], the amplitude associated with the fastest of the time
constants can be pushed into the homogeneous contribution. As a result, the CLS data
alone cannot accurately determine the full FFCF. In order to obtain the correct
homogeneous component and amplitude of the fast inhomogeneous component, it
is necessary to employ the absorption line shape. The linear absorption spectrum is
the Fourier transform of the linear response function, R,(?),

T, T,

R(1) = |y > el gmin® (1.3)

where U, is the transition dipole moment of the 01 transition, (®,,) is the average
0-1 transition frequency, and g,(¢) is the line shape function,

g1(0)= [ a. [ (80, (030, (0)) (1.4)
0 0

Equation (1.4) contains the FFCEF, as given by Eq. (1.1), showing the link between
the absorption spectrum and the underlying dynamic processes. The amplitude of
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Table 1.1 Bulk Water FFCF Parameters

[ (em™) Ay (em™) T (ps) A, (em™) T2 (ps)

76 = 14 41 +8 0.4 +0.1 34+£11 1.7£0.5

the fast inhomogeneous decay and the homogeneous component are the only adjust-
able parameters as the absorption spectrum is fit simultaneously with the CLS data.
The time constants and remaining amplitudes of the CLS multiexponential fit are
accurate and are fixed during the procedure. This fitting routine has been shown to
accurately determine the full FFCF including both homogeneous and inhomoge-
neous components [84, 85]. For bulk water, it is found that there is a fast ~400-fs
decay that is attributed to fluctuations of the lengths of the hydrogen bonds [89, 90],
followed by a 1.7-ps decay corresponding to global hydrogen bond network ran-
domization [23]. In addition, there is a relatively large homogeneous contribution.
The full FFCF for bulk water is listed in Table 1.1 and is shown going through the
CLS points in Figure 1.6c¢.

1.2.3 Polarization-Selective Pump-Probe
Spectroscopy

The pump-probe experiment illustrated in Figure 1.4b also involves three field—
matter interactions. In this variation, only two beams are used (instead of the three
excitation beams plus the LO in the vibrational echo experiment). A strong pump
pulse and weak probe pulse are crossed in the sample. The first two field—matter
interactions occur during the pump pulse so that T = 0, and the system immediately
adopts a population state in either the O or 1 vibrational levels. The probe pulse
enters at a later time to interrogate the changes in the sample due to the pump. The
pump—probe signal emits in the same phase-matched direction as the probe and
self-heterodynes with the probe.

The vibrational lifetime and orientational relaxation dynamics are obtained via
polarization-selective pump—probe experiments. The pump is polarized at 45° rela-
tive to the probe (which is kept at horizontal polarization). Molecules whose transi-
tion dipoles are oriented at 45° will have a higher probability of being excited, while
transition dipoles oriented perpendicular to the pump will have zero probability of
being excited. The probe undergoes changes in absorption due to these transitions.
Because the 0—1 vibrational transition is excited, there will be increased transmission
of the probe as well as stimulated emission at the O-1 transition frequency. The
induced absorption of the 1-2 transition will cause a decreased transmission of the
probe at the 1-2 frequency. As the molecules reorient, fewer transition dipoles will
be aligned with the pump. After the sample, the probe is resolved at parallel and
perpendicular polarizations relative to the pump (£45°). The resolved probe is
frequency dispersed by the monochromator and detected on the 32-pixel MCT
detector. The time between the pump and probe pulses is scanned to measure the



1.2 Experimental Methods 15

time-dependent changes in absorption of the parallel and perpendicular components.
The parallel and perpendicular signals are given by

I,(t) = P(t)(1+0.8C, (1)) (1.5)
I, (t)=P(t)(1-0.4C,(1)) (1.6)

where P(f) is population relaxation and C,(#) is the second Legendre polynomial
orientational correlation function for a dipole transition [91]. Pure population relax-
ation (no contributions from orientation) may be obtained from

P(t)="1(1,(0)+ 21, (1)) a7

P(7) generally adopts the form of a single or biexponential decay, depending on how
many distinct OD environments a system contains:

P(r)y=¢e""" (1.8)
for one component or
Pty =A™ +(1-A)e"'™ (1.9)

for two components, where A; and 1 — A, are the fractional populations of compo-
nents 1 and 2, respectively, and the 7} terms are the vibrational lifetimes of the ODs
for the ith component. The orientational correlation function, Cx(f), can be obtained
from calculating the anisotropy according to

r(t) = Lit)—1,.(1) _
Lit)+21,(t)

It is important to note that Eq. (1.10) involves dividing by the pure population
relaxation [P(f) of Eq. (1.7)] to obtain pure orientational relaxation dynamics. Equa-
tion (1.10) only holds for a single-component system in which the vibrational chro-
mophores have a single vibrational lifetime and orientational correlation function.
In this case, the orientational correlation function follows single exponential
dynamics,

0.4C, (1) (1.10)

Cy(t)y=e "™ (1.11)

where T, is a time constant describing orientational relaxation. Sometimes C,(¢) can
also contain a contribution from a “wobbling-in-a-cone” mechanism [92, 93], which
will be discussed further in Section 1.6.

If the system contains two distinct species, each with its own vibrational lifetime
and orientational relaxation time constants, then P(f) does not divide out and the
anisotropy adopts a more complicated form [61, 68—72]:

_ 1 1 _ 2 2
Ae e o 4 (1—Ay)e T et/mor
_47! _ 72
A"+ (1= A)e™T
where the 7} and 7!, terms are the vibrational lifetimes and orientational relaxation

time constants for the ith component, respectively. The fractional populations of each
component are given as A; and 1 — A;.

r(t) = (1.12)
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1.3 LINEAR INFRARED ABSORPTION SPECTRA OF
WATER NEAR CHARGED INTERFACES

1.3.1 Water in Salt Solutions

The hydroxyl stretch of water, in this case the OD stretch of HOD in H,O, is
extremely sensitive to local environments. Figure 1.7 shows the IR absorption band
of the OD stretch (5% HOD in H,0). The band is wide [~170 cm™ full width at
half-maximum (FWHM)] because there is a large distribution in the lengths and
strengths of hydrogen bonds. Hydrogen bonds influence the attractive part of the
hydroxyl vibrational potential, opening up the potential and lowering the vibrational
frequency compared to the gas phase. A strong hydrogen bond will lower the vibra-
tional transition frequency more than a weak hydrogen bond. Relative to the line
center of the OD stretch of HOD in H,O, strong hydrogen bonds produce a red shift
and weak hydrogen bonds produce a blue shift [21, 23, 61, 68, 72]. Raman experi-
ments and MC calculations have suggested that the magnitude of a red or blue shift
in the hydroxyl stretch frequency is actually correlated to the strength and direction-
ality of the electric field of the hydrogen bond acceptor [20]. Figure 1.8 shows linear
IR absorption spectra of the OD hydroxyl stretch in water—salt solutions at a constant
ratio of 12 water molecules to 1 salt ion pair. The OD hydroxyls will interact with
the anions of the salts. The salts are KF, KCIl, NaCl, KBr, NaBr, KI, and Nal. As
the size of the anion increases, the spectra show a greater blue shift. This trend has
been observed by other groups [21, 94]. Based on the Raman and MC studies men-
tioned above, the blue shift arises because a more diffuse and less directed electric
field is projected along the OD hydroxyl as the size of the anion increases. KF, in
contrast, causes the spectrum to red shift compared to the OD stretch of HOD in
bulk water. F~ is a very small anion, increasing the electric field felt by the hydroxyl.
The Raman and MC study also concluded that the anion only caused local changes
to the hydrogen bond structure of water and that only the waters in the first solvation

1.0 F OD stretch HOD in H,0
H-bond g 08| H-bond
strong (short) NS o6 weak (long)
< o6l
O=D-0 & o T 0
s T~
Low-frequency — 5 ™~ High-frequency
hydroxyl stretch 2 °*f hydroxyl stretch

0_0 L L L L
2200 2300 2400 2500 2600 2700 2800
Frequency (cm!)

Figure 1.7 Linear IR absorption spectrum of the OD stretch of 5% HOD in H,O. The absorption
band is very wide (~170 cm™) because there is a wide range in the distribution of lengths and
strengths of hydrogen bonds in the water network. The red side of the line shape is dominated by
strong hydrogen bonds that lengthen the OD bond. In contrast, the blue side of the line is dominated
by weak hydrogen bonds that cause a shorter OD bond length.
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Figure 1.8 Linear IR absorption spectra of bulk water (5% HOD in H,O) and water—salt solutions
at ratios of 12 : 1 water to salt. The salts are KF, KCl, KBr, KI, NaCl, NaBr, and Nal. As the anion
increases in size, the spectra shift more to the blue. Large anions exert a weaker electric field along the
OD hydroxyl to cause the blue shift. There appears to be no difference when the cation is changed but
the anion kept the same.

shell of the anion felt significant perturbation [20]. The amount of blue or red shift
is correlated to electric field strength of the anion and also may reflect the strength
of the hydrogen bond. These conclusions refute the idea that salts are either kosmo-
tropes (“structure makers”) or chaotropes (“structure breakers”) [95] since any
changes in hydrogen bonding structure are very localized. It can also be seen from
Figure 1.8 that changing the identity of the cation (K" to Na*) does not affect the
spectra when the anions are kept the same. The lack of change with cation identity
indicates that it is the direct very local interaction of the hydroxyls and anions that
determines the hydroxyl stretch frequency.

The spectra in Figure 1.8 only show one broad absorption band even though
there are arguably two types of water molecules in each system: water hydrogen
bonded to other water hydroxyls and water interacting with ions. The water—-NaBF,
system, in contrast, shows different behavior. Linear IR absorption spectra of the
1.7-M, 3.1-M, 4.3-M, and 5.5-M solutions are shown in Figure 1.9 [25]. Bulk water
shows a single absorption band at ~2509 cm™, but at 1.7 M NaBF, concentration
and higher concentrations, a second, narrower band grows in at ~2650 cm™'. Because
this second band increases in size as the NaBF, concentration increases, it is con-
cluded that this second band is due to water hydroxyls interacting with the tetrafluo-
roborate anions. The main band at ~2509 cm™ in the spectra is attributed to
water—water interactions. As discussed below, in this system, 2D IR chemical
exchange spectroscopy can be used to directly measure the exchange rate between
the water—ion and water—water species because cross peaks will be resolved.
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Figure 1.9 Linear IR absorption spectra for water—NaBF, solutions at varying concentrations. The
main lobe around 2509 cm™ corresponds to water—water hydrogen bonding environments while the smaller
peak around 2650 cm™' corresponds to water molecules interacting with the tetrafluoroborate anions.
As the NaBF, concentration increases, the main lobe decreases in size, and the smaller lobe increases.

1.3.2 Water in AOT Reverse Micelles

Figure 1.10 displays linear IR absorption spectra for water (5% HOD in H,O) inside
the full range of reverse micelle w,’s examined, from w, = 2 to w, = 46. For clarity,
a few wy’s are omitted because they closely overlap with neighboring spectra. As
the reverse micelle size decreases, the spectra systematically shift to the blue. While
bulk water peaks around 2509 cm™, the w, = 2 spectrum peaks around 2565 cm™.
This blue shift trend occurs because as reverse micelle size decreases, proportionally
more water molecules interact with the sulfonate head groups [61, 68, 70]. The
sulfonate group is a large anion, so it exerts a weak electric field along the OD
hydroxyl stretch.

Figure 1.1 illustrates that distinct water environments exist in the reverse
micelle. If large enough, the reverse micelle can support a core of bulklike water.
The bulk water core is then surrounded by a layer of interfacial water molecules
associated with the head group interface. It has been shown that the spectra in Figure
1.10 can be reproduced by a linear combination of the spectrum of bulk water and
the spectrum of wy, =2 [61, 68, 70]. In the w, = 2 sample, essentially all of the water
molecules interact with the head groups, and there is no bulklike core. The w, = 2
spectrum is taken to be the spectrum of interfacial water. This model of decomposing
the reverse micelle spectra into bulk and interfacial contributions has been referred
to as the core—shell model and is described by

Lo () = a1 (@) + (1=a) [ (®) = S () + 5, (0) (1.13)
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Figure 1.10 Linear IR absorption spectra for water inside AOT reverse micelles from w, = 2
through wy, = 46 along with bulk water for comparison. The spectra steadily shift to the blue as the
reverse micelle size decreases.
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Figure 1.11 Two-component decomposition of the water spectrum of AOT w, = 25, a large reverse
micelle. The wy = 25 spectrum can be reproduced by a linear combination of the bulk water spectrum
and the w, = 2 spectrum in which nearly all the water molecules interact with the head group interface.

where [, and /, are the component spectra for bulk water and w, = 2, respectively,
and a, is the fractional population. When fitting the reverse micelle spectra, a, is the
only adjustable parameter. Figure 1.11 displays the core—shell decomposition for
AOT w, = 25. The circles are the data and the solid line through the circles is the
weighted sum of the bulk water spectrum and the w, = 2 spectrum. The agreement
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Table 1.2 Fractional Population of Interfacial Water in Large AOT Reverse Micelles

Wo Diameter (nm) IR Fraction Geometric Fraction
25 9 0.17 0.18
37 17 0.10 0.10
46 20 0.08 0.08
1.0'_ Igepal
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Figure 1.12 Linear IR absorption spectra for water inside Igepal reverse micelles compared to
AOT reverse micelles of the same size. Igepal wy = 20 has the same size as AOT wy =25 (9 nm
diameter), and Igepal w, = 12 has the same size as AOT w, = 16.5 (5.8 nm). Spectra for systems of the
same diameter are not equivalent to each other, indicating that the hydrogen bonding interactions in
the Igepal and AOT systems are different.

between the original spectrum and the linear combination is excellent. Table 1.2 [70]
lists the 1 — a, parameter (interfacial fraction) for AOT reverse micelles of w, = 25,
37, and 46. The numbers indicate that the fraction of interfacial water decreases as
water pool diameter increases. Fractions are listed for both the IR spectral decom-
position analysis as well as geometric calculations. If the interfacial region is
modeled as a shell of approximately one water molecule thick (about 2.8 A), then
the interfacial fractions are nearly identical to those obtained by spectral analysis.
These results strongly indicate that in large reverse micelles, the interface gives rise
to a very locally perturbed region of interfacial water that does not extend far beyond
the first solvation shell of the head groups [70].

1.3.3 Water in Igepal Reverse Micelles

The linear IR absorption spectra of water inside of Igepal reverse micelles, as shown in
Figure 1.12, also show a systematic blue shift as the water pool diameter decreases [71].
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Figure 1.12 compares spectra of water in Igepal reverse micelles to water in AOT
reverse micelles of the same size. Igepal w, = 20 and AOT w, = 25 each have a
water pool diameter of 9 nm while Igepal w, = 12 and AOT w, = 16.5 each have a
water pool diameter of 5.8 nm. The Igepal spectrum of a given wj is not as blue
shifted as its AOT counterpart of the same size even though both systems contain
identical amounts of water. It is important to note that identical wy’s of Igepal and
AOT do not yield the same water pool diameters because of different aggregation
numbers of the two surfactants; that is why different w,’s are used to produce reverse
micelles of the same size. Igepal reverse micelles, like the AOT systems, also contain
bulk and interfacial water regions. In the case of Igepal, the waters interact with
hydroxyl head groups, but in AOT they interact with charged sulfonate head groups.
The chemical identity of the interface clearly alters the linear absorption behavior
of the water molecules.

The Igepal spectra are not decomposed into core and shell regions like the AOT
systems because Igepal reverse micelles are not well characterized below w, ~10
[78], so there is no low water content spectrum (akin to AOT w, = 2) to approximate
the pure interfacial water spectrum. Furthermore, the Igepal reverse micelle system
contains a third environment in addition to the core and interfacial water regions.
The hydroxyl head groups will exchange deuterium atoms with the 5% HOD in the
water pool. As a result, the interfacial region is composed of two types of hydroxyls:
waters at the interface and OD head groups. The population of OD head groups is
small, and their contribution to the experimental observables has been treated in
detail so that the interfacial water dynamics can still be extracted (see Section 1.4.2)
[71]. Figure 1.12 shows that there are significant spectral changes upon changing
the chemical identity of the interface, but it will be shown below that changing the
charged sulfonate head groups at the interface to neutral hydroxyl groups does not
significantly affect water’s hydrogen bonding dynamics.

1.4 POPULATION RELAXATION AND
ORIENTATIONAL RELAXATION

1.4.1 At the Interface of Large and Intermediate
AOT Reverse Micelles

The spectral analysis in Section 1.3.2 shows that large reverse micelles can be
divided into two distinct regions: bulklike core water and interfacial water. This
core—shell model (Fig. 1.11) has critical implications in the treatment of large reverse
micelles, as it implies that the dynamics of the core and interface regions can be
separated as well, with the core exhibiting the dynamics of pure water. In pure water,
the vibrational lifetime of the OD stretch is 1.8 ps [using Eq. (1.8)] [68, 70], and
the orientational relaxation time is 2.6 ps [using Eq. (1.11)] [96]. Consequently, the
interfacial dynamics are the only unknowns in measurements on the water pools of
large reverse micelles. Based on spectral analysis, waters that interact with the
interface experience a blue shift in their linear IR absorption spectra. As shown by
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Figure 1.13 Population relaxation data for AOT w, = 25 at three detection frequencies. The inset
shows that interfacial water molecules have more population at frequencies above 2565 cm™'. The
three curves have a slight frequency dependence to them because of changing fractions of core and
interfacial water.

the inset in Figure 1.13, the nearly purely interfacial wy, = 2 OD—water spectrum
peaks at 2565 cm™. The experimental pump-probe signal is frequency dispersed by
a monochromator, so the dynamics at different frequencies across the absorption line
shape can be monitored. For example, if the dynamics of w, = 25 were measured at
2519 cm™, then water molecules sampling the center of the absorption line shape
would be mostly observed. Most of the spectral contribution at that frequency is due
to bulklike water molecules in the core, as shown by Figure 1.11 and the inset in
Figure 1.13. At higher frequencies, such as 2565 cm™, the water molecules at the
surfactant interface make a larger contribution to the signal than they do toward the
center of the absorption line. To accurately extract the dynamics at the interface from
the dynamics of the core (which are known), it is useful to have the greatest amount
of interfacial water contributing to the signal as possible. Because of this require-
ment, it is best to analyze the pump—probe signals detected at frequencies greater
than or equal to 2565 cm™ where it is likely that a significant portion of the signal
comes from interfacial water.

Figure 1.13 displays the population relaxation decay curves [Eq. (1.7)] for
wo = 25 at three different frequencies: 2519 cm™ (near the absorption center of
wo = 25), 2568 cm™' (near the peak absorption of w, = 2 interfacial water), and
2630 cm™ (far to the blue) [70]. The three curves are not the same, indicating that
there is a frequency dependence to the population decay. When there are two separate
water ensembles, the population decay is the weighted sum of the population decay
of the two components, as given by Eq. (1.9). When the curves in Figure 1.13 are
fit to Eq. (1.9), the vibrational lifetime of the first component (bulk water) is kept
constant at its literature value such that 7} =1.8 ps at all frequencies. The super-
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Table 1.3 Interfacial Vibrational Lifetime, 7;™, and Orientation Relaxation Times, T, for
Large AOT Reverse Micelles

Wo 12 16.5 25 37 46
7™ (ps) 47+£0.2 44+03 43+05 4.6+0.5 39+05
™ (ps) 23+£2 17+3 19+£3 18+3 18+£3

script w stands for the lifetime of the OD stretch of dilute HOD in bulk water. Data
at all three frequencies are fit simultaneously to Eq. (1.9), and A, (the fractional
population) and T;™ (the interfacial water lifetime) are the only adjustable parame-
ters. It is found that this two component model for the population decay accurately
describes the population relaxation dynamics for all AOT reverse micelles of wy =12
and larger. For all reverse micelles of w, > 12, the vibrational lifetime of interfacial
water molecules is found to be 4.3 £ 0.5 ps. This value of ~4.3 ps remains constant
regardless of w, and regardless of frequency, indicating that the dynamics of water
at the interface are quite distinct from those of the bulk water core in large reverse
micelles [68, 70]. Table 1.3 lists the obtained 7;™ values for the large reverse
micelles, showing the invariability. The only parameter that changes with wave-
length (leading to the three different curves in Figure 1.13) is A;. As frequency
increases, the amount of interfacial water increases, so 1 — A, becomes larger. As
w, decreases, there is more interfacial water overall, so the 1 — A, values collectively
increase.

Because there are two components to the population relaxation, the orientational
relaxation must also be fit to a two-component model, as described by Eq. (1.12).
There are quite a few variables in this equation, but population relaxation analysis
allows many of the parameters in Eq. (1.12) to be fixed. A, ", T;"™, and 1Y% (the
known bulk water reorientation time of 2.6 ps) all can be fixed, leaving the orien-
tational relaxation time of the interface, T, as the only adjustable parameter. Figure
1.14 shows the anisotropy decays [Eq. (1.10)], for several detection wavelengths for
the w, = 25 reverse micelle [70]. The plateaus in the data sets, which become appar-
ent around 5 ps, are characteristic of two-component systems [70, 72]. The sensitiv-
ity of the shape of the anisotropy curves to the interfacial orientational relaxation
time is shown in Figure 1.15. All of the parameters are held constant in these model
calculations except for . The dotted line in Figure 1.15 indicates the end of the
experimentally accessible data acquisition time window. At long time all of the
curves decay to zero, but the strength of the signal is limited by the vibrational
lifetimes of the OD chromophores, and therefore the signal dies out before the
experimental anisotropy data decays to zero.

The experimental anisotropy data at several wavelengths, like those shown in
Figure 1.14, for each w, were fit simultaneously to Eq. (1.12) to determine the value
for T, As shown in Table 1.3 T = 18+3 ps is obtained for w, values of 12—46.
This value of 18 ps remains constant regardless of the w, or the frequency observed
for these large reverse micelles. The only parameter that changes, as dictated by the
population relaxation analysis, is the fractional population, A;.
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Figure 1.14  Anisotropy curves for AOT w, = 25 at three detection frequencies. The data show
plateaus around 5 ps that are characteristic of two-component systems. The curves are offset by ~0.05
for clarity. The solid lines are fits to the data using the two-component anisotropy model.
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Figure 1.15 Calculated anisotropy decays of a two-component system. The different curves are
produced by using different values for the interfacial orientational relaxation time constant while
keeping all other parameters in the two-component anisotropy equation constant. At long time, all of
the curves decay to zero. The dashed line shows the maximum time for experimental data collection.
When the anisotropy data are analyzed to this point, it appears as if there is a plateau that would
normally correspond to a component that undergoes infinitely slow rotation.
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Table 1.4 Core and Interfacial Vibrational Lifetimes and
Orientation Relaxation Times for Intermediate AOT Reverse

Micelles

wo 7.5 10

T (ps) 21+£02 22+0.3
7™ (ps) 55+0.2 53+0.3
To (PS) 44+0.2 40+03
T (ps) 30+5 26+3

Intermediate-sized reverse micelles, such as w, = 10 and w, = 7.5 also show
two-component vibrational lifetime behavior that separates into core and interfacial
contributions, but the core does not follow bulk water dynamics. The dynamics in
both regions increase in value from their counterparts in the large reverse micelles.
The core has a vibrational lifetime of ~2 ps, and the interfacial waters have a vibra-
tional lifetime of ~5.3 ps (Table 1.4) [63, 68]. Because the core does not follow bulk
dynamics, the orientational lifetimes of both the core waters and interfacial waters,
T and T2 in Eq. (1.12), respectively, are unknown. Simultaneous fitting at several
frequencies for each w, yield a core orientational lifetime of ~4 ps and an interfacial
orientational lifetime of ~30 ps. These results indicate that the effects of confinement
become more pronounced in smaller sizes. Again, the important observation is that
the population and orientational lifetimes for the core and interface of intermediate
reverse micelles do not change with w, or frequency and that only the fractional
populations change.

The wy = 10 AOT reverse micelle has a water pool with a diameter of 4 nm.
The fact that the core water no longer has bulk water properties sets a distance scale
for the influence of the interface on water molecules away from the interface. As
discussed above, the interface has a very substantial influence on water in the first
water layer adjacent to the interface. Water molecules beyond the first layer are also
perturbed. In the spherical reverse micelles, the influence of the interface is
propagating in all directions. The fact that the core of the w, = 10 water pool is
affected indicates that as the reverse micelles become smaller and the radius of
curvature of the interface becomes smaller, the influence of the interface propagates
out ~2 nm.

1.4.2 Neutral versus lonic Interfaces

The AOT head group interface contains both negatively charged sulfonate head
groups and positively charged sodium counterions. It is reasonable to consider how
much the presence of these charged moieties affects the interfacial water dynamics.
To determine the role of interfacial charges, orientational dynamics were measured
for water inside of Igepal reverse micelles. Igepal (Fig. 1.2) is terminated with
neutral hydroxyl head groups. Water dynamics in Igepal wy = 12 and w, = 20 were
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Figure 1.16 Anisotropy data for Igepal w, = 20 and AOT w, = 25 compared to bulk water.
The data for the reverse micelles are nearly identical, showing that the chemical identity and charged
nature of the interface have only minor effects on water dynamics. The presence of the interface is
the dominant factor.

examined. These systems have the same water pool diameters as AOT w, = 16.5
(5.8 nm) and wy =25 (9 nm), respectively. The linear IR absorption spectra in Figure
1.12 shows that the nature of the hydrogen bonding interactions are different in the
two reverse micelles, as seen by the small, but clear, red shift of the Igepal spectra
from their AOT counterparts of the same size.

Anisotropy data at a detection frequency of ~2575 cm™ for Igepal w, = 20 and
AQOT w, =25 are shown in Figure 1.16. The two curves are nearly identical, although
the Igepal turns slightly up at long time, and there is also some difference at early
time. Because Igepal contains hydroxyl groups that exchange with the deuterium of
the HOD molecules, the Igepal data must be fit with a modified three-component
model for the anisotropy and population relaxation [71]. When the data are fit in
this way, the water reorientation times for Igepal w, = 12 and w, = 20 at the interface
are the same within experimental error: 15 £ 3 ps and 13 £ 4 ps, respectively [71].
The reorientation time of the hydroxyls are assumed to be infinitely long (coupled
to the rotation of the whole micelles), and the core adopts the bulk water reorienta-
tion time (2.6 ps). Note that the reorientation time for waters at the AOT interface
are 18 = 3 ps. The error bars of the Igepal and AOT results overlap to some extent.
Therefore, the interfacial orientational relaxation in Igepal is either the same or at
most slightly faster than in AOT. The orientational relaxation is directly related to
the hydrogen bond dynamics. The important point of these results is that going from
a charged interface to a neutral one at most makes a modest difference in the dynam-
ics. The presence of the interface has the largest impact on the dynamics, while the
chemical nature of the interface, including its charged moieties, has less of an effect.
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Figure 1.17 Tllustration of hydrogen bond network reorientation and reorganization through jump
reorientation. The mechanism involves concerted motions of the first and second solvation shells of
water molecules. The presence of an interface physically eliminates pathways by which jump
reorientation can occur, regardless of its chemical composition.

Figure 1.17 illustrates schematically how water undergoes orientational relax-
ation in bulk water and the role that an interface plays in slowing down reorientation.
Figure 1.17 is a very qualitative illustration in two dimensions of what are really
three-dimensional structures and processes. In bulk water, orientational relaxation
involves concerted hydrogen bond rearrangement that results in jump reorientation
[66, 67]. In the left portion of the figure, a central water molecule makes four hydro-
gen bonds to other water molecules in its first solvation shell. A fifth water moves
in from the second solvation shell. Because the water hydrogen bonding network is
continually in motion, it may become favorable for the water molecule to form a
hydrogen bond with the fifth water that has come into its solvation shell. After going
through a five-coordinate transition state involving a bifurcated hydrogen bond with
two water molecules, the central water can make a large angular jump of ~60° to
switch hydrogen bonds with that fifth water molecule [66, 67]. The surrounding
water molecules move and reorient concertedly to accommodate these motions such
that nonhydrogen-bonded hydroxyls do not exist for any significant length of time.
The right-hand portion of the figure suggests the role that an interface or large mol-
ecule, such as a protein, plays. The interface blocks many of the pathways for water
to move into the first solvation shell, which greatly reduces the number of pathways
that can give rise to jump reorientation. The interface eliminates an entire half-space
of water molecules. In addition, the rough surface topography of the interface also
inhibits water molecules from moving into the first solvation shell along a range of
paths that are approximately parallel to the interface. Thus the presence of the inter-
face or other physical hindrance, such a large molecule, reduces the rate of jump
reorientation independent of the chemical nature of the blocking species.

1.4.3 The Role of Interfacial Geometry

In the previous sections it was shown that the presence of an interface is enough to
significantly impact water orientational relaxation and hydrogen bond dynamics. The
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chemical composition of the interface for charged versus neutral but polar hydrogen
bonding interfaces has a relatively minor impact on the dynamics. In this section,
water dynamics in two different confinement geometries are compared, that is, water
in AOT reverse micelles and AOT lamellar structures (2D slabs of water). Water
dynamics are compared for samples of the same hydration level (w, and A) and also
samples that have the same nanoscopic dimension. The nanoscopic dimension is the
surface-to-surface distance in the two types of structures: the diameter for the reverse
micelles and distance between the interfacial planes for lamellar structures. The wy
parameter for lamellar structures is denoted as A. As an example, A = 46 and w, = 46
have the same amount of water per AOT molecule, but the w, = 10 reverse micelle
has the same nanoscopic dimension as A = 46. Both distances are 4.0 nm. In all of
the lamellar samples, the separation between the planar interfaces is sufficiently large
that the center of the 2D water slab has bulklike water dynamics. This is true even
though the separation of the planes, for example, 4 nm for A = 46, can be in the
range where for the same diameter reverse micelles, the core would not be bulk
water. The difference arises because the planar slabs of water are infinite in two
directions and only confined in one direction. In contrast the spherical water
nanopools of reverse micelles are confined in all directions.

Figure 1.18 [69] shows the anisotropy curves for four sets of reverse micelle/
lamellar systems. In all cases, the samples with the same hydration level are almost
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Figure 1.18 Anisotropy data comparing water dynamics for reverse micelles (w,) and lamellar
structures (A) of the same hydration level and surface-to-surface distance. Samples with the same
hydration level (e.g., wy = 46 and A = 46) have more similar dynamics than for samples with the same
surface-to-surface distance (e.g., wy = 10 and A = 46).
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the same, while the samples with the same nanoscopic dimension (surface-to-surface
distance) are very different. Analysis of the data shows that the vibrational lifetimes
and reorientation times of water at the lamellar interfaces are the same as those in
the large reverse micelles; 4.3 ps for vibrational lifetimes and 18 ps for orientational
relaxation times [69]. The anisotropy decay curves for the lamellar structures are
not identical to their reverse micelle counterparts of the same hydration level. This
occurs because the flat geometry of the lamellar structures results in greater surface
area per AOT head group. In reverse micelles, the surface area varies from <30 A?
in wy = 2 to a limiting value of 54 A?in wy = 40 and higher [60]. In the lamellar
structures, the surface area per AOT molecule is 65 A? [97]. Therefore, there is
a higher population of interfacial water in the lamellar structures for a given hydra-
tion level.

Overall, these results indicate that an interface only gives rise to a substantial
perturbation of the water dynamics over a short range, approximately one solvation
shell of waters at the interface. The hydration level of the reverse micelles and the
lamellar structures mainly determines the dynamics. The surface-to-surface distances
of the systems have little to no effect. For instance, in Figure 1.18d, the A = 16.5
lamellar structure has a surface-to-surface distance of 1.7 nm (the same distance as
the diameter of w, = 2), but the dynamics are almost the same as w, = 16.5 reverse
micelles with a diameter of 5.8 nm. In addition, the values for interfacial water
vibrational lifetime and reorientation in the lamellar structures were the same within
experimental error as those for interfacial water in AOT reverse micelles (4.3 and
18 ps, respectively), indicating that the dynamics are mainly determined by the pres-
ence of an interface and how many waters interact with it.

1.5 ION-WATER HYDROGEN BOND SWITCHING

Two-dimensional IR chemical exchange experiments were conducted on concen-
trated solutions of sodium tetrafluoroborate (NaBF,) [25]. Figure 1.19 shows a
schematic illustration of spectra for an ideal 2D IR chemical exchange experiment.
There are two species, A and B, with absorption frequencies, m, and ®g. At short
time (top panel), prior to any chemical exchange, there are two peaks on the diagonal
that arise from the 0—1 vibrational transition (black, positive going), and there are
two corresponding peaks below them that occur from vibrational echo emission at
the 1-2 transition frequency (gray, negative going). The 1-2 peaks are shifted to
lower frequency along the ®,, axis by the amount of the vibrational anharmonicity.
At long time (bottom panel), chemical exchange has occurred. Some A’s have turned
into B’s, and the same number of B’s have turned into A’s. Because the system is in
equilibrium, the number of A’s turning into B’s equals the number of B’s turning
into A’s per unit time. In other words, the rate of A’s going to B’s equals the rate of
B’s going to A’s. Chemical exchange is manifested by the growth of the off-diagonal
peaks. Measurement of the time-dependent increase in the off-diagonal peaks,
accounting for the vibrational lifetime and orientational relaxation that cause all
peaks to decrease in amplitude, gives the time dependence of the chemical exchange
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[55]. Vibrational excitation of the OD stretch does not change the equilibrium or the
rates of chemical exchange processes [55].

In the schematic shown in Figure 1.19, the anharmonicity is large enough that
the positive 0—1 peaks do not overlap with the negative 1-2 peaks. However, for the
NaBF,—water chemical exchange experiments, the anharmonicity of the OD hydroxyl
bound to an anion (ha, hydroxyl/anion) is much smaller than the anharmonicity of
the hydroxyl bound to a water oxygen (hw, hydroxyl/water). Therefore, positive- and
negative-going peaks overlap as the off-diagonal chemical exchange peaks grow in.
Figure 1.20a shows the 2D IR spectrum of water in a 5.5-M NaBF, solution at short
time (7,, = 0.2 ps). At this short time, no chemical exchange has occurred. The peaks
on the diagonal are the 0-1 positive-going ha and hw peaks. The negative-going
1-2 ha peak is below the diagonal ha peak. The negative-going 1-2 hw peak is not
shown. In Figure 1.20b the spectrum is shown at 4 ps. Chemical exchange has pro-
duced large changes in the spectrum. The off-diagonal positive exchange peak to
the left of the ha peak and above the hw peak can be clearly seen. The corresponding
positive exchange peak that would be below the ha peak and to the right of the hw
peak is on top of the negative-going 1-2 ha peak. In addition, one of the negative-
going 1-2 exchange peaks appears right in the middle of the positive-going diagonal
0-1 hw peaks. It is manifested by essentially negating the center of the diagonal
0—1 hw peak. In spite of the overlapping peaks, the chemical exchange data can be
readily analyzed because the frequencies at which all of the peaks will appear are
precisely known [25].
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To extract the exchange time in the NaBF, system, the peak volumes of the
diagonal and off-diagonal peaks are measured. The peak volumes reflect the various
populations. Figure 1.21 shows the results of the peak-volume analysis of the 2D
IR spectra taken over a range of 7,’s. The diagonal peaks in Figure 1.21 decay
because of chemical exchange, population relaxation, and orientational relaxation.
The off-diagonal peaks grow in because of chemical exchange but decay because
of the other processes. The solid curves through the data in Figure 1.21 are the result
of a single adjustable parameter fit that yields the chemical exchange time. Because
the system is in equilibrium, the dynamics can be characterized by a single time
constant (the inverse of the rate constant for water bound to an anion going to water
bound to another water). The analysis yields the time for a water molecule hydrogen
bonded to a BF; anion to switch to being bonded to an oxygen of another water
molecule. The exchange time is determined to be 7 ps [25]. This should be compared
to the hydrogen bond exchange time in pure water of ~2 ps obtained from 2D IR
measurements of spectral diffusion [38, 39]. The important point is that ions slow
the rearrangement of hydrogen bonds, but only by a factor of 3 or 4. The relatively
mild affect of ions on hydrogen bond switching may account for the relatively small
difference between the interfacial dynamics of water in contact with charged versus
neutral interfaces, as seen by the comparison of water dynamics in AOT and Igepal
reverse micelles in Section 1.4.2.
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Figure 1.21 Peak-volume data used to obtain the 7-ps exchange time for water hydrogen bonded to
an anion to switch to being hydrogen bonded to a water hydroxyl.

Table 1.5 Population Relaxation Parameters for Small AOT Reverse Micelles”

Sample Parameter 2590 cm™ 2610 cm™ 2620 cm™ 2640 cm™
AOT wy =2 A 0.13 0.08 0 0

T (ps) 2.0 2.0 - -

T2 (ps) 73 75 7.4 8.1
AOT wy =4 A 0.22 0.15 0.13 0.10

T} (ps) 2.0 2.0 2.0 2.0

2 (ps) 6.4 6.6 6.9 74

“Error bars are £0.2 ps for time constants, +0.04 for amplitudes; A, = 1 — A;.

1.6 SMALL REVERSE MICELLES

The small reverse micelles of w, = 2 and w, = 4 have diameters of 1.7 and 2.3 nm,
respectively, and cannot support a distinct core region. Surprisingly, these reverse
micelles present a situation where, even though the water molecules exist in a mainly
interfacial environment without a core region, population relaxation still has two
components, as shown by Table 1.5 [63]. For both w, =2 and w, =4, there is one lifetime
of 2 ps and a slower lifetime of ~7 ps for w, = 2 and ~6.5 ps for w, = 4. The faster
(2-ps) lifetime corresponds to OD hydroxyls that are hydrogen bonded to the oxygens
of water molecules while the second, slower lifetime is attributed to ODs bound to
the sulfonate head groups. Unlike the larger reverse micelles, the value of the
second, longer lifetime exhibits a frequency dependence. As the frequency of obser-
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vation is increased, the population of the 2-ps lifetime decreases, and the population
and the value of the slower lifetime increase. At the highest frequencies for AOT
wy = 2, the population decay becomes a single slow exponential because essentially
all of the signal comes from ODs that are bound to head groups. The two-component
behavior arises because the vibrational lifetime is extremely sensitive to local envi-
ronments. The water molecule hydroxyls in the small reverse micelles are mostly hydro-
gen bonded to the interface, but they can also form hydrogen bonds to the oxygens
of other water molecules. These water—hydroxyl interactions give rise to the faster
lifetime while water—interface interactions give rise to the slower lifetime. As the
frequency is tuned to the blue, the nature of the OD-head group interactions change,
which is reflected in a lifetime that steadily increases as the frequency increases.

The systems discussed above, AOT and Igepal reverse micelles, AOT lamellae,
and water—salt solutions, all have sufficient water in the systems so that there is
bulklike water in addition to water interacting with an interface or ion. Thus, water
dynamics are of two types, bulk water and interfacial water. In a reverse micelle,
such as AOT, and in other systems, the situation changes as the size of the water
nanopool becomes small. In AOT reverse micelles it was found that there are three
regimes of water nanopools—large, intermediate, and small [68]. The large reverse
micelles have cores (a substantial amount of water well separated from the interface)
with bulk water characteristics.

As the size of the water nanopool becomes smaller, a larger fraction of the water
molecules interacts with the interface. The influence of the interface propagates out
over some distance. In the intermediate regime, the nanopool is small enough that
the influence of the interface has not completely died away at the center of the
nanopool. This type of system has a core of water molecules, but the core does not
have bulklike properties. In connection with Figure 1.14, it was found that w, values
of 46, 37, 25, 16.5, and 12 all had interfacial water orientational relaxation times of
18 ps and core relaxation times with the bulk water value of 2.6 ps. Intermediate
size reverse micelles, wy, = 10 and w, = 7.5, have both interfacial and core orienta-
tional relaxation times and lifetimes that are somewhat longer than those observed
for the large reverse micelles.

In the w, = 2 reverse micelle (see spectrum in Fig. 1.11), there are only two
water molecules per AOT molecule. Hauser et. al [98], using differential scanning
calorimetry, nuclear magnetic resonance (NMR), and electron spin resonance (ESR)
experiments suggest that between four and six water molecules are required to
hydrate the sulfonate head group of AOT. Although there may not be a bulk water-
like core, HOD molecules in small reverse micelles have their ODs experiencing a
variety of environments as demonstrated by a wavelength dependence to the vibra-
tional lifetime [63].

While small variations in the local environment of a water molecule may affect
the vibrational lifetime, the long-time orientational dynamics are related to the
complete structural rearrangement of the hydrogen bonding network due to hydro-
gen bond switching events. Anisotropy decays for HOD in w, = 2 reverse micelles
are shown in Figure 1.22 with the anisotropy decay of bulk water for comparison.
In the wy, = 2 reverse micelles, the sample has very little water, which results in
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Figure 1.22  Anisotropy curves for AOT w, = 2 at three detection frequencies. There is very little
anisotropy decay on this time scale, as compared to the anisotropy decay for bulk water. Anisotropy
decay for the small reverse micelles is modeled by a wobbling-in-a-cone mechanism instead of the
two-component anisotropy.

decreased signal-to-noise ratio. Nonetheless, the data are adequate to draw conclu-
sions. After a very fast initial decay, the anisotropy decay in the reverse micelle has
a very slow long-time decay. The long-time decays at a variety of wavelengths are
identical within experimental error [68]. This behavior is consistent with the
extremely low water content, only ~50 water molecules per reverse micelle for
wy = 2. Essentially, hydrogen bond rearrangement is dramatically slowed because
of the energetic penalty required to disrupt the structure of sulfonate groups, water
molecules, and sodium ions at the interface.

The long-time orientational dynamics are independent of frequency because
hydrogen bond switching is a concerted process that depends on new hydrogen bond
acceptors moving into the first solvation shell of the reorienting water (see Figure
1.17), not the strength of a particular hydrogen bond [66, 67]. In a w, = 2 reverse
micelle the hydrogen bonding network is completely coupled because so few water
molecules are present. Therefore, the long-time orientational dynamics are well
described by a single ensemble, not a core subensemble and an interface suben-
semble. The long-time anisotropy decays for all frequencies in the w, = 2 reverse
micelle can be fit with the same time constant of 110 * 40 ps. The large error bars
indicate the uncertainty in determining such a long-time constant from a limited time
range of data. It is interesting to note that the reorientation of water in the w, = 2
reverse micelle is still an order of magnitude faster than the tumbling time of the
reverse micelle itself [99], indicating that water is still able to reorient albeit slowly.

The fast anisotropy decay component seen in Figure 1.22 is not due to a fraction
of the water molecules that are completely reorienting on a time scale faster than
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bulk water. Rather it is caused by local orientational motions of water molecules
within a stable hydrogen bonding configuration. This type of restricted, incomplete
orientational relaxation is referred to as wobbling in a cone [68, 93, 100]. It is asso-
ciated with the wobbling of the orientation of the water molecules over a limited
range of angles within an very slowly evolving hydrogen bonding network [68].

The concerted nature of water hydrogen bond rearrangement is responsible
for the transition from two-component dynamics (large- and medium-sized water
nanopools) to collective dynamics (very small water nanopools). As discussed above,
Laage and Hynes showed that water reorientation occurs through a transition state
that involves a bifurcated hydrogen bond that the rotating water molecule forms
between the old and new hydrogen bond acceptors (see Fig. 1.17) [66, 67]. The new
acceptor is originally in the second hydration shell of the rotating water molecule,
but through concerted motions it moves into the first hydration shell, creating an
overcoordinated environment for the rotating water molecule and reducing the ener-
getic barrier for reorientation. This model shows that water reorientation is not a
localized process; the reorientation of a single water molecule requires concerted
rearrangement of both its first and second hydration shells involving ~16 water
molecules [101]. If one or more of these 16 water molecules is itself in an environ-
ment that is not the same as bulk water, causing it to have dynamics distinct from
bulk, it will affect the dynamics of its neighbors. When there are many unperturbed
water molecules, such as in large reverse micelles, the effect of the perturbation dies
off relatively quickly. However, in small reverse micelles, so many of the water
molecules are perturbed that even water molecules not directly interacting with the
interface have very slow dynamics.

1.7 SPECTRAL DIFFUSION MEASUREMENTS OF
INTERFACIAL WATER DYNAMICS

1.7.1 Large and Intermediate AOT Reverse Micelles

The linear IR absorption and pump—probe data for larger reverse micelles all suggest
that when the reverse micelles are large enough, two distinct environmental regions
yield separable dynamics. Additional information can be obtained from measure-
ments of spectral diffusion using 2D IR vibrational echo experiments. As representa-
tive 2D IR data for large reverse micelles, 2D IR spectra for AOT w, = 16.5 at three
T,’s are shown in the left column of Figure 1.23 [102]. In the spectra, the peak along
the diagonal is positive going and corresponds to the O—1 vibrational transition while
the off-diagonal peak is negative going and arises from vibrational echo emission
at the 1-2 transition frequency. The 1-2 peak appears off the diagonal and shifted
along the m,, axis due to the vibrational anharmonicity. At early 7,, values, the spectra
are elongated along the diagonal, indicating that an oscillator excited at a certain
frequency has a high probability of retaining that frequency after a short amount of
time. The spectra become more symmetric as 7,, lengthens and the hydroxyl stretches
of the water molecules evolve in frequency due to structural evolution of the system.
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Figure 1.23 Two-dimensional IR vibrational echo correlation plots for AOT wy = 16.5 (left
column) and AOT w, = 2 (right column) at a range of 7,’s. Both samples show significant elongation
along the diagonal at early time, and while w, = 16.5 shows faster spectral diffusion than w, = 2,
neither sample completes spectral diffusion on the time scale of the experiment.

Figure 1.23 shows that the spectra maintain some elongation at long 7. Therefore,
spectral diffusion, which is caused by structural evolution, is not complete on the
time scale of the experiment.

The large reverse micelles (w, = 12 and w, = 16.5) and intermediate reverse
micelles (w, = 7.5) contain two types of water molecules: core water and interfacial
water. In a 2D IR experiment, each of these ensembles generates a 2D IR spectrum
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such that the measured 2D spectrum is a combination of the individual spectra. When
the peak separation between components is relatively small, the individual spectra
are not resolved.

As discussed in the introduction, the FFCF is obtained from 2D IR spectra via
CLS analysis [84, 85]. Recently, a modified CLS technique was developed to
account for two-component systems [81]. A 2D IR spectrum resulting from a two-
component system can be decomposed into its constituent spectra, and each of these
spectra has a characteristic CLS decay. In large reverse micelles, the components
are bulk water, for which the CLS is already known from previous experiments [38,
39], and interfacial water. It is therefore possible to obtain the CLS decay (and by
extension, the FFCF) of the interfacial water. It was found that for the two-component
2D IR spectrum (the combined spectrum) the peak positions (@,,c) of slices parallel
to the ®,, axis are weighted combinations of the peak positions (,,;) of the bulk
water spectrum and the peak positions (®,,,) of the second interfacial component:

O)THC ((l)m, (Drs wa) = fi ((D‘r’ wa )('0:(111 (O)m’ 0)17 ’Tw)+ [1 - fi ((D‘n ﬂv )](1):,12 ((Dm7 (DT’ wa)
(1.14)

The set of peak positions for the slices are also known as centerline data. In Eq.
(1.14), f; is the fractional population of bulk water, which is both 7,, and frequency-
dependent. This fraction term can be obtained from the FTIR absorption spectra of
the two components and the measured vibrational lifetimes,

Si(@)e ™M
_ w _ int
Si(@)e™ " 48 (@r)e™ "

where S| and S, are defined by Eq. (1.13). Eq. (1.14) can be rearranged to obtain
., for the interface:

filw,, T,) = (1.15)

mthC (O‘)m’ @, ’Tw ) B fi (('01:7 Tw )(D;nl (('orrn 0., T‘w)
1-filw,, T,,)

For Eq. (1.16) to be employed, the f; fraction terms and vibrational lifetimes must
be known. The peak position of the interfacial water absorption spectrum must also
be known or reasonably approximated. When CLS analysis is applied to the calcu-
lated interfacial water centerline data, the CLS will be calculated around the peak
position of the interfacial water band, which is 2565 cm™ for w, = 2.

Centerline data for the interface, obtained by applying Eq. (1.16), were obtained
for AOT wy = 16.5, 12, and 7.5 at the measured 7,’s [102]. Here, we treat wy, = 7.5
as a large reverse micelle, but it will be discussed later whether that approximation
is valid. The interfacial CLS curves for these three micelles are displayed in Figure
1.24. The interfacial CLS curves are similar for wy, = 12 and w, = 16.5 within error.
The lack of a size dependence for the large reverse micelles is consistent with a lack
of size dependence for the interfacial orientational relaxation and the vibrational
lifetime. The w, = 7.5 system is considerably smaller in size, and its interfacial CLS
decays slower than the larger reverse micelles. It should be noted that the bulk water
centerline data were used in the w, = 7.5 calculation, even though the experiments
suggest that the core is not exactly bulk-water-like. The core of the w, = 7.5 reverse

©,,(0,,0.,T,)= (1.16)
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Figure 1.24 Interfacial CLS curves for large and intermediate reverse micelles. All curves decay as
a single exponential to an offset. AOT w, = 16.5 and w, = 12 show very similar interfacial CLS
curves, while AOT w, = 7.5 dynamics occur slightly slower. The curves through the data are the
interfacial FFCFs for each sample.

Table 1.6 Interfacial FFCF Parameters for Large and Intermediate AOT
Reverse Micelles*

Wo I (em™) A (em™) 71 (ps) As (cm™)
7.5 57 44 35 24

12 35 55 1.9 21

165 28 50 1.3 29

“Error bars are +5 for I" and A’s; £0.5 for 1,.

micelle cannot be measured directly, so bulk water is the best approximation for use
in the calculation.

The interfacial CLS curves fit well to a single exponential decay with a ~1.6-ps
time constant plus an offset. The interfacial FFCFs for w, values of 16.5, 12, and
7.5 are listed in Table 1.6 and were calculated by simultaneously fitting the CLS
curve and the wy = 2 spectrum for each sample. The wy, = 12 and w, = 16.5 systems
yield very similar FFCF parameters. Like the rotational and population relaxation
dynamics, spectral diffusion at the interface in large reverse micelles is independent
of size. This result implies that local water—interface interactions and dynamics do
not change with size for sufficiently large reverse micelles.

The ~1.6-ps interfacial time constant is very similar to the 1.7-ps time constant
in the FFCF for bulk water that corresponds to global hydrogen bond rearrangement.
Water molecules at the interface are hydrogen bonded to the sulfonate head groups
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but also to water molecules in the core region. The frequencies of the interfacial
waters will be influenced by the motions and dynamics of the core. It is possible
that the 1.6-ps decay arises from hydrogen bond rearrangement of noninterfacial
waters that are making and breaking hydrogen bonds with the interfacial waters. If
this proposition is correct, then water molecules immediately beyond the interfacial
water layer must behave very much like bulk water. This conclusion supports the
idea that an interface gives rise to a very localized strong perturbation of the water
dynamics. The slower FFCF time constant of 3.5 ps for w, = 7.5 is in accord with
the slowing down of core water in general in this sample, as seen by the observed
retarded orientational dynamics in intermediate sizes.

The offset in the FFCFs (Ag terms in Table 1.6) corresponds to slow processes
that cannot be measured within the experimental time window, which is limited by
the vibrational lifetimes of the samples. Rotation at the interface has ~18 ps decay
time, so it is likely that the offset includes effects from slow rotations. In addition,
for spectral diffusion to be complete, the vibrational chromophores must sample all
frequencies of the inhomogeneous line shape. This requirement means that interfa-
cial water molecules need to exchange with core waters and diffuse to the core and
vice versa. Exchange and diffusion will occur very slowly and contribute to the offset.

1.7.2 In Small AOT Reverse Micelles

The FFCFs for w, values of 2, 4, and 7.5 were determined by single-component CLS
analysis [63]. Representative 2D IR spectra for w, =2 are shown in the right column
of Figure 1.23. Note the substantial difference between the 2D IR spectra of w, =2
and wy, = 16.5. The w, = 2 spectra are much more elongated along the diagonal at
all times, and the evolution in shape is much slower than the w, = 16.5 spectra. The
CLS curves for the three small AOT reverse micelles are shown in Figure 1.25.
Orientational relaxation measurements for the wy, = 2 and w, = 4 reverse micelles
show that the structural dynamics behave essentially as a single ensemble. In the
previous sections, w, = 7.5 was treated approximately using the two-component
core—interface decomposition approach for the 2D IR spectral diffusion dynamics.
Here wy = 7.5 is treated in the same manner as w, = 2 and w, = 4 for comparison.
The experimental 7,, range is limited by the vibrational lifetimes of each sample.
Thus, data cannot be taken at the same 7,, values for each sample.

The general trend of the CLS data is that spectral diffusion slows down as the
water pool size decreases. The FFCF parameters determined for reverse micelles wy
values of 2, 4, and 7.5 are listed in Table 1.7. The FFCF for a small reverse micelle
takes the form of a biexponential decay with an offset and a motionally narrowed
(homogeneous) component. All three FFCFs have a fast time constant of ~1 ps and
a slower time constant of ~6—10 ps. Bulk water has a fast time constant of ~400 fs,
which is attributed to fast local hydrogen bond fluctuations [89, 90]. Given the simi-
larity in time scales and that the small reverse micelles represent very constrained
environments, it is reasonable to propose that the ~1-ps time scale is also due to
local hydrogen bond fluctuations. The static offset in the FFCF (not present in bulk
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Figure 1.25 CLS curves for intermediate and small reverse micelles. These data have not been
processed with the two-component CLS model. The lines through the data are the FFCFs for each
sample. AOT w, = 2 shows the slowest decay.

Table 1.7 FFCF Parameters for Small and Intermediate AOT Reverse Micelles

Wo T (em™) A (em™) 71 (ps) A, (cm™) T, (ps) As (em™)
2 33+5 19+2 0.9 +0.1 36+ 1 10+1 37+ 1
4 33+5 20+2 0.7+04 44+5 89+3 26+ 1
7.5 57+2 25+2 1.1£02 47+3 6.4+ 1 20+2

water) arises from the extremely slow motions of the water molecules in the small
reverse micelles. For spectral diffusion to be complete in any system (including both
large and small reverse micelles), all water molecules must experience all environ-
ments. Rotations, diffusion through the reverse micelles, and exchange of popula-
tions between an OD hydroxyl bound to the interface and one bound to another water
oxygen will occur very slowly in the highly confined environments of small reverse
micelles.

It is possible that the intermediate 6 to 10-ps decay time scale is caused by
hydrogen bond rearrangement of water molecules bound to the water directly at the
interface with ones that have at least one or possibly both hydroxyls not bound to
the interface. For the large reverse micelles, this mechanism was proposed because
of the similarity of times for the interfacial and bulk water spectral diffusion. For
the small reverse micelles the dynamics become increasingly slow as the diameter
decreases. It is also possible that topography roughness of the surfactant head group
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interface contributes to inhomogeneous broadening, and the motions of the head
groups contribute to spectral diffusion of the water molecules. MD simulations have
shown the necessity of including topography roughness in order to capture accurate
line shapes [103].

In addition to the time constants, the FFCF also contains frequency fluctuation
amplitudes (A terms) and a motionally narrowed component. Each time scale,
including the static offset, produces a significant amount of inhomogeneous broaden-
ing. The motionally narrowed component (I') is roughly the same for w, = 2 and
wy = 4, but is significantly greater for wy = 7.5. It needs to be noted that wy, = 7.5 is
not strictly a small reverse micelle and that neither FFCF model (large or small
reverse micelle) is entirely correct. The w, = 7.5 system is quite different from wy, =2
and w, = 4 in that it has a distinct core. However, that core is not bulklike, so the
bulk approximation in the previous section no doubt produces some error.

1.8 CONCLUDING REMARKS

Ultrafast IR spectroscopy is used here to probe the population relaxation, orienta-
tional relaxation, and spectral diffusion dynamics of water molecules near charged
and neutral reverse micelle surfaces. Using polarization-selective pump—probe and
2D IR techniques, water dynamics are monitored on the picosecond time scale on
which they are occurring. Furthermore, these experimental techniques use the actual
water molecules (5% HOD in H,0O) in the system as probes and therefore measure
the water dynamics directly, as opposed to using other probe molecules such as fluo-
rescent dyes. Water, both as a bulk liquid and confined in reverse micelles, has a
broad absorption band, indicating a large range of heterogeneity in the hydrogen
bonding environments. Water molecules near the reverse micelle interface absorb
more on the blue (high-frequency) side of the line shape, a property that greatly
facilitates isolating interfacial water dynamics from bulk dynamics. One of the
significant results discussed here is that IR spectral analysis, population relax-
ation, orientational dynamics (anisotropy), and spectral diffusion all follow a two-
component model in large reverse micelles such that interfacial water has very
distinct and separable dynamics from the bulk water core.

Population and reorientation relaxation results show that in AOT reverse
micelles (charged sulfonate head groups) that are equal to or larger than w, = 12,
the dynamics of the interface remain constant with water pool size and wavelength;
only the fractional populations of the core and interface change with wavelength.
The decay constants for vibrational relaxation and reorientation at the interface are
4.3 and 18 ps, respectively. The equivalent parameters in bulk water are 1.8 and
2.6 ps, respectively. The interface significantly retards water dynamics, but it does
not immobilize the water molecules. Spectral diffusion at the interface has a decay
time constant of ~1.6 ps that goes to a long-time scale offset. The offset arises from
dynamical processes at the interface that are too slow to measure within the experi-
mental time window. The 1.6-ps time constant is the same within experimental error
to the slowest component of bulk water spectral diffusion (1.7 ps), suggesting that
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water molecules at the interface are influenced by water molecules immediately
beyond the interfacial layer in the core and that the effects of the interface are highly
localized. The results suggest that water molecules just beyond the interfacial layer
exhibit dynamics very similar to those of bulk water.

The results show that the presence of an interface substantially slows the hydro-
gen bond dynamics that are necessary for water to undergo structural evolution. An
important issue is how important is the charge and chemical nature of the interface
compared to just the presence of an interface of any type. In comparing the interfacial
orientational relaxation at the AOT charged interface versus the Igepal neutral inter-
face, it was found that there is at most a modest decrease in reorientation time for
interfacial water molecules in Igepal reverse micelles. These results indicate that the
presence of the interface is more important than its charge or chemical composition.
As shown by 2D IR chemical exchange experiments on water—NaBF, solutions, the
exchange time for a water hydroxyl bound to an anion to switch hydrogen bonds to
another water hydroxyl is ~7 ps, which is only about a factor of 3 or 4 slower than
the time for water—water hydrogen bond exchange in bulk water. This exchange
behavior supports the observed small differences in interfacial water dynamics in
AOT and Igepal reverse micelles.

Another question is whether the geometry of the nanoconfined system plays a
role in water dynamics. Comparisons of interfacial water dynamics in large AOT
reverse micelles and AOT lamellar structures demonstrates that the overall popula-
tion and orientational relaxation times (4.3 and 18 ps, respectively) are the same for
the two geometries. The dynamics are more similar for reverse micelles and lamellar
structures of the same hydration level rather than for reverse micelles and lamellar struc-
tures of the same nanoscopic dimension (reverse micelle diameter or lamellar inter-
plane separation). This observation further supports the conclusion that the interface
only causes a strong perturbation of water dynamics in the immediate proximity of
the interface.

As the reverse micelles become smaller, the water molecules start to feel the
effects of nanoconfinement rather than only being influenced in the immediate pres-
ence of an interface. Intermediate sizes, such as AOT w, = 10 and w, = 7.5 show
two-component behavior, but each region has slower dynamics than their counter-
parts in larger sizes. At very small sizes, such as w, = 4 and w, = 2, nearly all the
water molecules interact with the interface and reorientation dynamics slow dramati-
cally. The dynamics throughout the very small water pools are strongly influenced
by the interface and behave more or less as a single ensemble with regard to hydro-
gen bond structural evolution.

The interplay between surfactant head group chemical identity, hydration level,
water pool diameter, and geometry of the interface on interfacial water dynamics is
complex in nature, but ultrafast IR spectroscopy has been able to provide detailed
insights into the effects of these factors. Overall, slow water dynamics at the inter-
face emerge as a very local effect that does not extend far beyond the first hydration
layer for large systems in which the interfacial water is in contact with bulk water.
However, when the distance scale of nanoconfinement becomes small, less than a
couple of nanometers, the role of the interface changes. For very small nanoscopic
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pool of water molecules, the interface controls the dynamics of the entire ensemble
of water molecules.
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