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A core/shell model has often been used to describe water confined to the interior of reverse micelles. The
validity of this model for water encapsulated in AOT/isooctane reverse micelles ranging in diameter from 1.7

to 28 nm (v, = 2—60) and bulk water is investigated using four experimental observables: the hydroxyl
stretch absorption spectra, vibrational population relaxation times, orientational relaxation rates, and spectral
diffusion dynamics. The time dependent observables are measured with ultrafast infrared spectrally resolved
pump-probe and vibrational echo spectroscopies. Major progressive changes appear in all observables as
the system moves from bulk water to the smallest water nanop@ot 2. The dynamics are readily
distinguishable for reverse micelle sizes smaller than 7 nm in diameger 20) compared to the response

of bulk water. The results also demonstrate that the size dependent absorption spectra and population relaxation
times can be quantitatively predicted using a eesiell model in which the properties of the core (interior

of the nanopool) are taken to be those of bulk water and the properties of the shell (water associated with the
headgroups) are taken to be thosewp= 2. A weighted sum of the core and shell components reproduces

the size dependent spectra and the nonexponential population relaxation dynamics. However, the same model
does not reproduce the spectral diffusion and the orientational relaxation experiments. It is proposed that,
when hydrogen bond structural rearrangement is involved (orientational relaxation and spectral diffusion),
dynamical coupling between the shell and the core cause the water nanopool to display more homogeneous
dynamics. Therefore, the absorption spectra and vibrational lifetime decays can discern different hydrogen
bonding environments whereas orientational and spectral diffusion correlation functions predict that the
dynamics are size dependent but not as strongly spatially dependent within a reverse micelle.

I. Introduction are associated with particular groups in proteins, the interface
in reverse micelles, etc. and can reside in pockets separated from
the bulk water phase. The long time components observed in
dielectric relaxation and solvation dynamics experiments have
been attributed to exchange between the associated and core
populationst

To properly account for the behavior of water in complex
systems requires consideration of the complexity of water itself.
Bulk water contains many different hydrogen bonding environ-
ments determined by the strength and number of local hydrogen
bonds?! There are faster and slower relaxation time scales that
reflect inertial and diffusive dynamic3:23 The presence of a
solute or interface will modify the hydrogen bond network and
new interactions and environments need to be accounted for.
As a result, the response of water in complex systems is
expected to exhibit even more complexity than bulk water.

Reverse micelles are small molecular assemblies that encap-
sulate nanoscopic pools of water. The anionic surfactant aerosol-
OT (AOT with Na* counterion) is known to form spherical
reverse micelles in a variety of nonpolar phases. The size of
the reverse micelles is readily tuneable by adjustinguhealue.

Water has unique properties that are intimately related to its
molecular level structure. Water's properties are strongly
influenced by its dynamic hydrogen bond network. The
hydrogen bond network and, therefore, the properties of water
are sensitive to structural and chemical perturbations. An
interface with another phasé solutes ranging from ions to large
biological molecules$;* pH,°> temperature and pressBfer any
combination of these impacts the hydrogen bond network
structure and dynamics. The modification of hydrogen bond
dynamics from their bulk characteristics has important ramifica-
tions for protein folding, charge-transfer reactions, and reactions
that occur at interfaces or in confined environments. A body of
experimental and theoretical work has examined the dynamics
of water in a variety of environments, for example, water around
large biological molecule%, around micelle$, in reverse
micelles1®~14 in cyclodextrins'® and zeolited® The modified
dynamics of water in complex chemical and biological systems
probed by dielectric relaxation and solvation dynamics experi-
ments have been reviewed recertly.

Recent theoriéé and molecular dynamic simulatioris2°

indicate that at least two types of water molecules are present [H,0]
in complex systems, free and bound. Free suggests water = Q)
molecules with essentially bulk characteristics separated from [AOT]

the interface in the core of the system. Bound water molecules\/arying thew value allows the dynamics of the nanoscopically
. o confined water to be explored as a function of the water
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particular observable can be determined. The size for the onsetmolecules that are associated with the headgroups form an outer
of bulk properties is an important question that has been shell, and those water molecules some distance in from the
addressed by several groups although different techniques yieldheadgroups form the core. The core will be modeled by the
different resultg# properties of bulk water, and the shell will be modeled by the

Ultrafast infrared (IR) vibrational spectroscdpys ideally properties of thewp = 2 reverse micelle, in which essentially
suited to probe the dynamics of water in reverse micelles. Time @ll waters are associated with the headgroups. It will be
dependent vibrational measurements on the hydroxyl stretch ofdemonstrated that the size dependent absorption spectra and
water can resolve different dynamical time scales and relate thePopulation relaxation times can be reproduced quantitatively
dynamics to hydrogen bond network structural evolution. In @s properly weighted combinations of the bulk water apé-
addition to linear IR absorption spectroscopy, two ultrafast 2 spectra and vibrational lifetimes. From the results, the shell
vibrational methods are employed to explicate the dynamics of thickness is determined. However, the same model fails to
nanoscopic pools of water in reverse micelles, and the resultsfeproduce either the spectral diffusion or the orientational
are compared to those for bulk water. Spectrally resolved felaxation data. It is proposed that strong dynamical coupling
pump-probe experiments are used to determine the vibrational Petween the shell and the core causes the water nanopool to
population relaxation and the orientational relaxation of the OD have distinct dynamics from the weighted sum of shell and core
stretch of HOD in HO as a function of reverse micelle size. dynamics when hydrogen bond structural rearrangement is
Spectrally resolved stimulated vibrational echo spectros€opy involved (orientational relaxation and spectral diffusion). How-
measures the different contributions to the spectroscopic line €Ver, the absorption spectra and population relaxation times,

shape and thus the underlying system dynamics through spectrayvhich significantly depend on the local structure, do reflect the
diffusion. weighted sum of the shell and core properties. Therefore, the

separation into core and shell is appropriate for what might be
the dynamics of water arises from the intimate connection termed static observables but not dynamic observables.

between the hydrogen bond network and the water hydroxyl For the core-shell model to be successful in describing the
stretch. Hydrogen bonding affects the frequency of the hydroxyl Staic observables, the time scale for the core and shell
stretch significantly, causing the hydroxyl stretch absorption POPulations to exchange must be longer than the time scale of
frequency to red shift, as well as the integrated intensity and 1€ Observables. Thus the exchange must occur slower-thén

the spectral width of the hydroxyl band to increds&he broad ~ PS: Which encompasses the time scales of time dependent

hydroxyl stretch absorption arises from a broad distribution of OPServables presented below. This exchange time scale is
hydrogen bonding environmerf&.® Many studies have ana- supported by simulations in various confined environeniégts

lyzed this band for bulk water as well as water in different &S Well as quasi-elastic neutron scattering experirietitat
environment23-34 Simulations of bulk water have shown the Sudgest translational mobility qf water is severely restricted in
variety of hydrogen bonding environments and their relationship these systems. The data and s!mulatlons suggest that dynamical
to the absorption spectrum and to dynamical measurerfetits. exchange takes place on the time scale of tens of picoseconds
Addressing water dynamics and structure through experimentsor longer. Data presented In this paper also illustrate that _fast
on the HO hydroxyl stretch is complicated because the molecule (<10. ps) cor e-shell population exchange cannot be happening
possesses coupled symmetric and antisymmetric stretch mode&S Will be discussed further below. _ _
that absorb in the same frequency range and overlap substan- 1N€ paper is organized as follows. Section Il describes
tially. The bend overtone also absorbs within the OH stretch experimental proceqlures. Sectlo.n 1] present§ the results of the
frequency range. The experiments presented below werefour types of experiments. Section IV descnbe; the methods
performed on the OD stretch of dilute HOD in®. This system used to analyze the results of each observable in terms of the
simplifies the absorption spectrum because the OD stretch modefCré—shell model and presents the results of the analysis. The
of HOD is essentially a local mode simplifying the system and "€@s0ns for the_ successes and failures of_the analysis are
making it easier to interpret the dynami@sFurthermore, discussed. Section V presents some concluding comments.
experiments conducted on the OD stretch of dilute HOD i@H ]
eliminate vibrational excitation transfer that interferes with both !l- Experimental Procedures
orientational relaxation and spectral diffusion measurements.  agrosol OT, isooctane (Aldrich Inc.) and water were used
Below we present a comprehensive investigation exploring without further purification. A 1.0 M stock solution of AOT in
the effect of confinement on water dynamics in the AOT/water/ isooctane was prepared. This concentration allowed for viable
isooctane reverse micelle system for a large range of sizes.cell path lengths for experiments conducted on the smaller
Previous work using these methods exclusively targeted smallreverse micelles. Karl-Fisher titration was used to determine
reverse micelleswp = 2, 5, 10) for the AOT/water/CGl  the residual water content in the surfactant due to its hygroscopic
systen;2143¢ demonstrating that confinement substantially nature (0.5 water molecules per headgroup). To prepare
affects the hydrogen bond network evolution of water. Here solutions of desiresl, precise volumes of water (5% HOD in
we examine and contrast the results of four OD hydroxyl stretch H,0) were added to measured quantities of the stock solution.
experimental observables: the IR absorption spectra, vibrational ~ The size of the water nanopool is determined by the value of
population relaxation times, orientational relaxation rates, and y, An empirical formula relatingv, to the diameter of the water
spectral diffusion dynamics. The measurements are conductethool may be used for small reverse micelles. The linear
on samples from bulk water down to water nanopools with relationshipdw, = 0.29% + 1.1 (nm) applies to reverse micelles
diameter 1.7 nm. All four observables show Changes as the Sizein the rangeng = 2—203%For |arger reverse micelles, dynamic
of the nanopool is decreased with major deviations from bulk |ight scattering measurements provide the diameter of the water
water occurring fowo = 20 and smaller. pool4° In the experiments described in this paper, the sizes
The experimental results from the four observables will be ranged from 1.7 to 28 nm. The sizes of the nanopools as well
analyzed in detail using a corshell model that divides the  as the approximate number of encapsulated water molecules
nanoscopic water pool into two subensembles. Those waterare listed in Table 1. The numbers were estimated by assuming

The utility of ultrafast vibrational spectrosco{dyn probing
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TABLE 1: Reverse Micelle Water Pool Sizes and Number measurement€The pump beam is chopped and the modulated
of Water Molecules intensity of the shot-to-shot reference detector normalized probe
reverse micelle diameter, nm no. of water molecules ~ beam is measured with a lock-in amplifier.
Wo =2 1.7 ~40 For the stimulated vibrational echo experiments, three variably
wo=5 2.3 ~300 delayed pulses are crossed in the sample, and the vibrational
wo =10 4.0 ~1000 echo signal emerges in a unique direction. The vibrational echo
Wo = 20 7.0 ~/2400 pulse is dispersed in a monochromator and a particular
wo = 40 17 ~77000 - .
Wo = 60 28 ~350000 wavelength is detected with an InSb detector. The monochro-

mator wavelength is set at the peak of the absorption spectrum
for each reverse micelle size and bulk water for a majority of
the work described in this paper. Spectrally resolving the
vibrational echo eliminates contributions from the 2 vibra-

that the density of water is preserved within the reverse micelles
indicating the level of approximation involved. All samples were
housed in cells containing two Cawindows (3 mm thick) and ! =" -
a Teflon spacer with a thickness adjusted to obtain optical tional transition and permits the data to be collected at well-
densities in the range 0-D.4 for all solutions studied. Al defined wavelengths in the-@ absor_ptlon spectrum.
experiments described in this paper were conducted ¥€.25  In the three-pulse sequence, the time between pulses 1 and 2
The laser system employed in these experiments has beerS 7 @nd the time between pulses 2 and Jis For fixed Ty,
described in detail elsewhefe Briefly, 800 nm pulses are 7 IS scanned, and a vibrational echo decay curve is recorded.
generated by a home-built Ti:sapphire/regenerative amplifier This decay curve reflects the “coherence decay”. Its Fourier
system at 1 kHz. These pulses are used to pump an opticaltransformis a dynamic line shape with dynamics on longer time
parametric amplifier (OPA) to produce4 uJ mid-IR pulses at ~ Scales eliminated. The dynamics that occur on time scales longer
~4 um. The power spectrum of the IR pulses has a Gaussianthan a single vibrational echo decay can be measured by varying
envelope with a 230 cnd bandwidth (full width at half-  thetime delay between the second and third pulsesin entire
maximum (fwhm)). After the mid-IR pulses are generated, the decay curve is measured at eath and the full curves are
experimental system is purged with dry €€crubbed air to used in a quantitative analysis of the data. Rsincreases, a
remove both atmospheric water absorptions and the strong CO Proader distribution of water structural conformations, and
absorption. To characterize the pulses in the time domain, atherefore a wider range of frequencies, is sampled through a
nonresonant third-order signal is generated that provides a threeProcess termed spectral diffusion. The increase in the sampled
pulse correlation from which the pulse duration is determined. frequencies can be viewed as an increase in the dynamic line
Pulse chirp is determined by doing a FROG measureffent. Width that is buried under the absorption spectrum. As the
Ge and Cafflats, which have opposing effects on the second- dynamic line width increases, the vibrational echo data decay
order dispersion of the IR pulses, are placed in the beam pathmore rapidly, and the peak of the data move toward 0. For
at Brewster's angle, and their relative amounts are adjusted to€ach water nanopool size (reverse micelle size), a s@,of

minimize the chirp. The chirp was minimized to be less than a dependent decay curves is recorded and analyzed using time
2 fs across the laser spectrum. dependent diagrammatic perturbation thel8r¥z4” The vibra-

Two types of third-order measurement techniques were tional lifetime limits the maximum time for which data can be

employed: pumpprobe and stimulated vibrational echo ex- collected. A nonresonant signal is observed Tqr< 200 fs.

periments. For the pumgprobe experiments, a pump pulse This signal, which is caused by the nonresonant polarizability
excites chromophores to the first vibrational excited state of Of the solvent, is centered at= 0, and interferes with data for

the OD hydroxyl stretch of HOD in the 4 nanopools and the very short‘l’_w. However, becaus_e _the res_onant vibrat_ional echo
subsequent time evolution is measured with a variably delayeddaté are displaced from = 0, it is possible to obtain some
probe pulse. Because the pump and probe pulses are polarizedﬂformat'on even at very shoTr,_V values despite the nonresonant
the decay of the anisotropy (orientational relaxation) as well as Signal- In addition to analyzing the complete decay curves,
the population relaxation can be measured. In the experiments,ViPrational echo peak shifts are also employed for comparisons
the pump beam is polarized horizontally, and the probe is set Of different reverse micelles and bulk watéf* The peak shiff

to ~45° polarization. A polarizer in front of the monochromator 1S the difference in the peak of the vibrational echo curve from
is set either horizontallf or vertical (J), to record the two 7 = 0 and has been shown to track the decay of the frequency-
components of the anisotropy. To produce directly comparable frequency correlation function (FFCF) at long tintéghe entire

Il and 0 datasets needed to extract the decay of the anisotropyVibrational echo decay curve, and therefore the peak of the curve
and the population, two polarizers, a half-wave plate, and a IS related to the FFCF. The magnitudes of the peak shifts in the

computer controlled mechanical device for interchanging the €xperiments are on the order of tens of femtoseconds. Temporal
polarizers are employed. One polarizer is BetThe other drift between the first two pulses affects the peak shift values.
polarizer is sef] and then followed by a half wave plate that 1O eliminate the effect of this drift, the two-pulse vibrational
returns the beam tofollowing the polarization analysis by the ~ €cho emitted in a distinct direction was simultaneously detected.
polarizer. Therefore, the light that propagates through the The two-pulse echo curve involves only the first two pulses in
monochromator and measured by an MCT detector is alwaysthe sequence; it is independent Bf. Therefore, its position
“|I". A small adjustment of the probe angle around the nominal Provides a method to correct for any timing drifts in the system.
45° is made so that in the absence of the pump beam, the MCT In the pump-probe and vibrational echo experiments,
detector measured identical intensities for Itteand O polariza- vibrational relaxation of the excited hydroxyl stretch can cause
tions. Scans of the delay line alternated betwiéand every local heating of the sample that may be observed on the time
scan. Thus, the magnitude of thandJ components have the scale of 5-100’s of ps. The magnitude of the temperature
correct relative amplitudes. The correct amplitudes are requiredchange is small (fraction of 1 K). The signals and local heating
because the decay of the anisotropy is so slow in the smallereffects also scale equivalently with laser intensity. The time scale
reverse micelles that tail matching of the data cannot be used.for the onset of these effects is long enough not to significantly
This procedure avoids potential pitfalls in making anisotropy impact the vibrational echo signals because a large fraction of
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1LoF Water blue from the peak position of bulk water. The spectra of bulk

L Wo = 60 water,wo = 60, and 40 peak at 2511, 2513, and 2516 &m

Wy =40 respectively. Even though the peak shifts are small, there is

Wy =20 noticeable broadening on the blue side of the absorption spectra.

The FTIR spectra also show a distinct change in the peak

position with reverse micelles, = 20 and smaller. Then =

20 reverse micelles correspond to a water pool diameter7of

nm. Large reverse micelles contain many tens of thousands of

water molecules (see Table 1), which might lead one to believe

that bulk-like characteristics are to be expected. However, the
! broadening on the blue side of the = 60 and 40 spectra

P Ty a———— suggest the existence of a modified hydrogen bond network due

frequency (cm™) to the presence of the interface. As shown below, all of the

Figure 1. Background-subtracted FTIR absorption spectra of the oD [€atures in the size dependent spectra can be reproduced by the

stretch mode of 5% HOD in @ in bulk water and different size reverse EO[Q_She” model outlined in the Introduction and applied
micelles. elow.

B. Pump—Probe Spectroscopy.The population dynamics
the dynamics occur within the first 5 ps for all samples. As a of the OD and OH stretch have been studied extensively in
result, its effect is negligibly small for these experiments. The different hydrogen bonded systefis?>2In all of these studies,
pump-probe experiments do measure dynamics occurring on the signals do not promptly decay to zero but persist for tens
the time scale of the local heating. The heating effects are well of picoseconds. The residual signals are caused by the deposition
understood24%-52 and are subtracted from the data as described of heat following vibrational relaxation, which shifts the OD

08|
0.6 |
0.4 f

024

absorbance (normalized)

0.0 E

2400

in detail in the following section. absorption spectruff. These signals need to be accounted for
when constructing the isotropic and anisotropic signals. This
Ill. Results offset arises from the long-term limit @(t), a contribution to

) the signal that grows in as vibrational relaxation occurs. As
A. FTIR Spectroscopy. The linear spectroscopy of the  giscussed in the Experimental Section, both the parallel and
hydrpxyl stretch of water in AOT reverse micelles has been perpendicular components of the pumgobe signal were
studied extensively3*3430.535%Figure 1 displays the linear  measured. Measuring the signal at paral®&l)(and perpen-
absorption spectra for the OD hydroxyl stretch of HOD #0H  gjcular (S, ) polarizations permits the determination of both

for the bulk water anelp = 60, 40, 20, 10, 5 and 2 AOT reverse e jsotropic and anisotropic decays. For a dipole transition such
micelle samples. These spectra display an increasing blue shiftys the OD stretch under study here,

as the reverse micelle size decreases. This shift has been

observed by others and has been attributed to a weakening of S, (t) = P(t)[1 + 0.8C(t)] + G(t) (2)
the hydrogen bond netwo#é*53because it is well documented
that weaker hydrogen bonds absorb on the blue side of the bulk S, (t) = P()[1—0.4C,(t)] + G(t) 3

water hydroxyl stretch absorptiéh5556However, attributing

a blue shift of the spectrum to weaker hydrogen bonds basedP(t) represents population relaxation a@g(t) is the second

on the nature of bulk water can be problematic, and the Legendre polynomial correlation function describing the ori-

interpretation of the shift will be discussed in detail below. entational relaxatiof® G(t) takes into account the thermal
In contrast to the IR spectra of pure®lin reverse micelles  heating that results after vibrational relaxation and will be

which contains structure in the OH stretch regiéthe spectra referred to as the growth term. The fact t&t) is simply added

of HOD in H,O exhibit no inherent structure, as can be seen in to the signals in eqs 2 and 3 assumes that the thermal heating

Figure 1. The bend overtone as well as symmetric and contribution to the signal is isotropf:51-62 The population

antisymmetric stretches that are coupled to the hydrogen bondrelaxation is determined by constructing the isotropic signal

network complicate the interpretation of the spectrum of pure

H.0 in terms of different hydrogen bonding environments. The I(t) =8 +25,=3(P(t) + G(1)) (4)

featureless isotopically mixed absorption spectrum of the OD

stretch (local mode) of HOD in reverse micelles has led to the The growth term needs to be accounted for to obtain the

conclusion that distinct water environments cannot be resolved Vibrational population dynamicB(t). In the simplest situation

by looking at the line shape of the OH or OD stretéfhe IR the population decay is a single exponential given by

spectrum of low-frequency libration modes of water in reverse

micelles suggests the possibility of two environments of water PH)=e"™ ()

in these systems (associated and céféjowever, the spectra . . . L . . .
y ( &) P \Q/hereTl is the vibrational lifetimeG(t) involves the vibrational

are exceedingly broad, and it has been argued that the presenc laxati f the hvd | stretch that d N
of an isosbestic point may not necessarily imply the existence relaxation ot the hyadroxy! stretch that decays 1o on€ or more

of more than one type of chemical species in a sarfiere intermediate states before energy finally dissipates into the
is the additional complication that the asymmetry of the ground-state bath and produces a shift of the absorption

absorption spectra depicted in Figure 1 may be related to aspectrum?.2 This model gives the following expression for the
frequency dependent transition dipole of wafethe issue of growth term
the difference in transition dipole between bulk water and water
associated with headgroups will be discussed as part of the G(t) = o+ [k(1 — exp(=kyt) + k,(—1 + exp(—kt))]
quantitative analysis of the spectrum. ko (6)

An important feature of Figure 1 is that the peak positions
of thewy = 60 and 40 spectra are only slightly shifted to the k.= 1/T; andk; is the rate constant for relaxation of intermediate

o
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1.4 from the best single-exponential fits are given in Table 2. When
L y ng(‘)er bulk water is compared with water confined ima= 2 reverse

1 0 micelle, T; increases by a factor of3. T; for bulk water and

wp = 60 and 40 are identical within experimental error estimated
to be £0.1 ps. Bywy = 20, the lifetime has lengthened,
becoming substantially longer than that of bulk water for the
smaller reverse micelles. The vibrational lifetime trends we
observe here are consistent with previous measuremeits of
for HOD in small AOT/CC}, reverse micelleswp < 10)!2 as
well as measurements ®f for the OH stretch of HOD in BD.>2
Similarly, experiments probing vibrational relaxation of the azide
ion in reverse micelles also show increased lifetimes for small
reverse micelle® The wide range of reverse micelle sizes
studied here show that bulk likE, values are achieved fov

Figure 2. Pump-probe data taken at the center frequency of the > 20 (dy, ~ 7 nm), and thaT differs significantly for smaller
absorption spectrum for bulk water and different size reverse micelle reyerse micelles.

samples. A nonresonant spike occurs=at0, and as a result, the data Thei ina | lived tob dinth
are normalized at = 200 fs for comparison. The long time offsets in € Increasing long-lived component observed in the pamp

the data are caused by a shift in the equilibrium distribution of hydrogen Probe transients can be attributed to local heating in the system.

0.6 |-

04

02

P(#) (isotropic pump-probe signal)

0.0 f=

bonds following vibrational relaxation (local heating). Thermally induced shifts in the absorption spectra have been
o o . . observed previously for the AOT/C{leverse micelle systelh
TABLE 2: Vibrational Lifetimes and Orientational as well as other hydrogen bonded systéffé The magnitude
Relaxation Parameters . . d .
of this long-lived signal is largest for bulk water and decreases
T 2t 72 De D as the reverse micelle size decreases, as shown in Figure 2. In
sample (ps) AL (ps) A2 (ps) O (ps?) (ps7) addition, the heat deposition signals decay on a shorter time
bulk water 1.7 0.34 27 0.062 scale for the smaller reverse micelles, 100 ps, increasing in time
Wo=60 18 033 27 0.062  (nanoseconds) for the larger reverse micelles. The amplitude
m; ;‘8 %I 8:32 g:g 8:822 of the long-lived component with decreasing size may occur
Wwo=10 27 017 18 016 15 42 006 0009 Decause the interface provides an avenue for some of the
Wo=5 44 025 30 008 1.0 31 0.05 0.006 Vibrational energy toescape the water pool during the vibrational
Wo =2 52 0.27 50 0.03 09 29 0.02 0.003 relaxation cascad®.

) ) ) ) 2. Orientational RelaxationThe orientational dynamics were
states leading to the spectral shift responsible for the long time extracted from the pumpprobe data using eq326162G(t) is

offset, 0.3 To extract the rotational correlation function, the  gptained from fits of the isotropic data described in the previous

following ratio is calculated, section. Small variations iG(t) have very little effect oni(t).
S -5 As the nanopool size decreases, the offset also decreases, and
| any error introduced by the choice &{t) is further reduced.
o = —oacy (0 o f o

Furthermore, because the data ranges that were fit do not extend
further than 35 ps, modifications t8(t) involving a long time
decay as heat diffuses out of the smaller reverse micelles was
not introduced because the time scale associated with this (tens
of picoseconds) is longer than the time range over which the
plata were examined. In a previous study of small AOT reverse
micelles in CCJ, the growth term was not included in the
analysis, resulting in some errors in the values reported for the
lifetimes and the orientational relaxatiottdlowever, the trends
presented previously are the same as those discussed below. A
reanalysis of the data for the small reverse micelles studied

S+ 25, — 36(1)

where the denominator divides out the vibrational lifetime when
the growth term is subtracted. The growth term needs to be
subtracted in the denominator to give the orientational dynamics
exclusively. In the absence of detectable heating induced spectra
changes after vibrational relaxation (no growth term), eqs 4 and
7 yield the typical formulas that represent the isotropic and
anisotropic responses.
1. Population Relaxatiorfigure 2 presents isotropic pump

probe data obtained using the middle term of eq 4. The data : 6 s .
curves do not decay as single exponentials. At very short time, previously® using the current method gave essentially identical

there is a nonresonant spike that tracks the pulse duration an(fesu'tS as those presented below for the same size micelles.

is negligible for the pumpprobe delay timet > 200 fs. The Therefore, changing the solvent fr_om G@ isooctane QOes

data have been normalized to 1 &t 200 fs because the decays hot appear to change the _dynam|cs of the nanoscopic water

are relatively slow, the fastest being 1.7 ps (see Table 2). Two contained in the reverse micelles.

important features can be seen easily in the figure. The first Parts A and B of Figure 3 display the anisotropy decays of

feature is that the decays reflecting vibrational relaxation becomebulk water and water in the different reverse micelles. There is

increasingly fast with increasing reverse micelle size. The secondthe possibility of OD stretch excitation transfer, which would

feature involves the long-lived component, which increases in contribute to the decay of the anisotrdfy-aster anisotropy

amplitude as the size of the water nanopool increases and attain§lecays are measured for higher concentrations of HOD. Because

a maximum value for bulk water. of its strong distance dependence excitation transfer can be
To explore the different vibrational relaxation times, the data €liminated by lowering the concentrati&.°® A concentration

in Figure 2 were fit using eqs 4 and 6. As discussed in detail Study showed evidence of excitation transfer at 10% HOD but

below, the intermediate size reverse micelles gi®’s that not at 5% or 2.5%. Therefore, 5% HOD in® samples were

are not strictly single exponentials once the growth term is used in the experiments.

removed. However, initially to see the trends with nanopool In all of the data it is not possible to determine the time

size, the decays will be fit as single exponentials. Thealues dependence of(t) for t < 200 fs because of the large
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Figure 3. Orientational anisotropy decays of the OD stretch mode in
the various samples (see Table 2). (A) Bulk water= 60, 40 and 20

Piletic et al.

r(f) (anisotropic pump-probe signal)

t(ps)

Figure 4. Single-exponential fits to the anisotropy decays of bulk water
and thew, = 10 reverse micelle. Bulk water fits well to a single
exponential whereas thg = 10 does not.

biexponential behavior will be discussed below. It is evident
that a divergence of dynamical behavior occurs for water
nanopool diameters of 7 nm (v = 20). For the larger reverse
micelles the anisotropy decay is single exponential and very
similar to bulk water although the change may beginvgt=

20. Forwy < 10, a~1 ps component is followed by a
component that decays in tens of picoseconds. The most
dramatic affects are observed in the long time dynamics of the
smallest reverse micelles. This drastic slowing down demon-
strates the restrictions of structural dynamics of water molecules

show little variability in the anisotropies of these samples. The decays in small reverse micelles.

are single exponential. (B) Bulk watexy = 10, 5 and 2 anisotropies

reveal the progressively longer orientational relaxation time scales in
the smaller reverse micelles. The anisotropy decays of the small reverse

micelles are biexponential.

C. Vibrational Echo Spectroscopy.Recently, vibrational
echo experiments on the hydroxyl stretch have explicated the
dynamics of hydrogen bond networks in bulk water. Vibrational
echo peak shift measuremetit®® and 2D IR vibrational echo

nonresonant signal that dominates the data. Therefore, analysigorrelation spectroscopy experimefits5%°combined with
of all the data begins at 200 fs. Extrapolation of the curves back molecular dynamics simulatioffs*®5%7%76 have provided de-

tot = 0 never yieldsr(t) = 0.4 because there is a very fast

tailed information on the nature of structural evolution of bulk

(~50 fs) inertial component to the orientational relaxation that water's hydrogen bond network. The results demonstrate that

is complete by 200 f&37 The inertial component reduces the
apparent initial anisotropy obtained by extrapolatiort te 0
of the measured curvé&®?

the dynamics of water responsible for spectral diffusion observed
in the experiments occur over time scales ranging froh®0
fs to >1 ps. The fastest dynamics involve very local hydrogen

Figure 3A shows the data for bulk water and the three largest bond fluctuations, whereas the longest time scale dynamics

reverse micellesyy = 20, 40 and 60. All of the curves are fit
exceptionally well to single-exponential decays givenzas
values in Table 2. Like the lifetimeTl() results, bulk watemnyg

reflect global hydrogen bond structural rearrangement that
complete the randomization of structures and the sampling of
all frequencies in the hydroxyl stretch absorption spectrum.

= 60 and 40, display the same orientational relaxation decay Vibrational echo and vibrational echo peak shift measure-

time within experimental error. The value of for wo = 20 is

ments have been extended to small AOT reverse micelles in

slightly longer and the difference from the larger reverse CCly solvent!?!4 Large AOT reverse micelles cannot be

micelles is just outside of experimental error.
Figure 3B displays the anisotropy decaysvigr= 10, 5 and

prepared in CGl Preparing the reverse micelles in isooctane
allowed us to revisit the small reverse micelles and extend the

2 reverse micelles as well as bulk water. In contrast to Figure examination to large ones as well. Figure 5 displays time
3A, the anisotropy decays for the small reverse micelles differ dependent vibrational echo traces faf = 1.2 ps. The water
substantially from bulk water. In addition, the anisotropy decays wo = 60, and 40 decays are virtually identical. The first decay
of the smaller reverse micelles are not single exponential. Figurethat departs from bulk water behavior is fe§ = 20. For water

4, which displays anisotropy data for bulk water amg= 10,
clearly shows the difference in the functional forms of the
decays. For clarity, thep = 10 data and its single-exponential
fit have been offset by-0.05 along the vertical axis. Although
the water data fit very well to a single exponentiah, = 10

nanopoolsvg < 20 the differences in the decays become large.
The substantial change in the nature of the dynamicgat

20 is consistent with the observations made of the vibrational
lifetimes and orientational relaxation dynamics, where significant
departure from bulk water dynamics first appear for reverse

data are not correctly described as a single exponential. (A micelles smaller thamp = 20.

biexponential fit to theny = 10 data over a much wider range

Data like those displayed in Figure 5 were collected for all

of times is shown in Figure 10 and discussed below.) For the 7 samples over a range ©f, values, eacfi, yielding a distinct
three smallest reverse micelles, Table 2 lists decay constantscurve. The curves can be characterized by their shapes and their

71 andt; resulting from biexponential fits. The fast component,

peak shifts, that is, the displacement of the peak of the decay

T2, IS substantially faster than bulk water and the slow curve from the absolute position of= 0. First the data on the

componentzy, is much slower than bulk water. Models for the

7 samples will be discussed qualitatively in terms of the peak
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TABLE 3. FFCF Parameters

5 10 Tu=12ps

2 sample T2* (ps) Az (cm™) 72 (pS)

g 08 bulk water 0.12 54 1.1

e 1 Wo = 60 0.12 57 1.2

< 06 Wo = 40 0.10 53 1.2

5 Wo = 20 0.10 55 2.5

o 04 Wo =10 0.14 66 3.8

S Wo=5 0.16 54 6

5 02F Wo =2 0.23 56 15

c

S

£ 00 Wp = 60 andwp = 40 are virtually identical at very short times
e ' P — but differ slightly at longer times. Nonetheless, except for the

200 -100 0 100 200 300
+(fs) initial peak shift difference between bulk water awgl = 60

andwp = 40, these three samples have very similar dynamics.
water and different reverse micelles detected at the frequency of the;rhe Z'gﬂmcar;: chhar;]gss n lthe strl;cftural quctuatlolns_as Lnam-
center of the absorption line for each sample. Bulk water (solid line), ested through the hy rqu strqtc requency evolution begin
andwo = 60, 40 and 20 (dashed lines) are not easily discernible whereasat Wo = 20 and become increasingly pronounced as the water

Figure 5. Vibrational echo decays (scan) atT,, = 1.2 ps for bulk

the smaller reverse micelles clearly exhibit slower decays. nanopool size continues to decrease.
Once the FFCF has decayed significantly, further decay of
120 M4 g e the peak shift is directly related to the decay of the FREE.
o O wy=40 The slowest components of the phenomenological biexponential
100 () Q] fits for the peak shifts for watew, = 60, 40, 20, 10, 5, and 2,
_ 80 HIX Y Wo=3 are approximately 1, 1, 1, 2, 4, 5, and 11 ps, respectively. These
£ reflect the trend in the slowing of the longest component of the
E dynamics (complete global structural randomization of the
5 hydrogen bond network), and in fact, are not far from the values
= obtained using time dependent diagrammatic perturbation theory
(see Table 333
The time dependent diagrammatic perturbation theory method

was used to calculate the third-order polarization generated in
the samplé378The calculations employed finite pulse durations
with the associated spectra. The vibrational echo curves taken
Figure 6. Vibrational echo peak shifts for bulk water and different 5t eachT,, and the linear line shape were fit simultaneously.

reverse micelles. The lines through the data are phenomenologicalty,q parameters used in the functional form of the FFCF were
biexponential fits for reverse micelles (solid lines) and bulk water ied in fitt the data. Previ tudi . 2D IR
(dashed line). As the size of the water nanopools decrease, the spectral aried in fitting the data. Frévious studies using
diffusion dynamics slow as manifested by the longer decays in the peak Vibrational echo measurements performed with heterodyne

shifts with increasingy. detection (polarization level measurements) used a triexponential
form for the FFCF. The full 2D correlation spectra (measured
and calculated}-®°revealed a very fast component 100 fs)

hat gave rise to a motionally narrowed contribution, a low
“amplitude intermediate component400 fs), and the slowest
component, 1.4 ps. The slowest component arises from global
structural rearrangement of the hydrogen bond network. In the
bulk water experiments, the nonresonant contribution to the
signal at short time is much smaller than in the current
experiments. Furthermore, the polarization level measurements
afford better short time resolution compared to the intensity level
measurements presented here. Given the nature of the data in
the current experiments, we found a biexponential form for the
FFCF was sulfficient to fit the data. This reduces the number of
parameters and makes comparisons between systems easier. Of
particular interest here are comparisons of the longest time scale
component for each system. The number obtained for bulk water

500 fs) are related to the extent of the fastest structural is slightly faster than that obtained in the analysis of the more

fluctuations. As the water nanopool becomes smaller, the decaydeta"_ed data because tl_1e intermediate. time scale component
of the peak shift slows, demonstrating that the rate of structural WS In part subsumed into the long time scale component.
fluctuations decrease with the nanopool size. Peak shifts for However, for the purposes of understanding trends, the differ-

bulk water and the two largest reverse micelleg= 60 and "€ iS not significant. o L

40, though quite similar, include some significant differences. The funcyonal form of the FFCF used in fitting the vibrational
Peak shifts for bulk water andp = 60 are virtually identical ~ €ch0 data is

after a few hundred femtoseconds. However, the initial peak ur e

shift value for water is much smaller than fov, = 60. Clt)=A.e "+ Ae (8)
Therefore, the very fast fluctuations in bulk water are not the

same as in a water nanopool with a diameter-@8 nm. The whereA; and A; are amplitude factors and andz, are the
slower fluctuations are almost indistinguishable. Peak shifts for corresponding decay times. It is important to note that the FFCF

T, (ps)

shifts. As discussed further below, the peak shifts as well as
the detailed shape of the decay curves can be calculated usin
a model FFCF. The peak shifts provide a convenient representa
tion of the trends in the data.

Figure 6 displays peak shift data for bulk water and the six
different reverse micelles. The solid curves represent phenom-
enological biexponential fits rather than diagrammatic perturba-
tion theory® analysis of the dat&4which will be presented
below. The vibrational echo peak shifts as a functiopfre
related to the decay of the FFG#” These phenomenological
fits allow assessment of qualitative trends in the data prior to
the detailed analysis. As structural fluctuations over a longer
period of time (increased,) cause more and more of the
spectroscopic line to be sampled through spectral diffusion, the
peak shift goes to zero. The peak shift data at sfigr{sub
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is the input into a detailed calculation of the observable. A picture does not agree with the many reports in the literature
biexponential FFCF does not produce a biexponential decay,that assign distinct properties to water molecules in separate
but rather a nonexponential decay with a functional form that regions in the reverse micellgs345457.8284 A core—shell model
depends on the relative values of the parameters. is based on the coexistence of a subensemble of molecules

Table 3 contains the best fit parameters for all samples associated with the headgroups that form an outer shell of the
studied. These will be used below in the context of the €ore  water nanopool, and another subensemble forming the nanopool
shell model. The root-mean-squared amplitdd@nd time scale  core, which has bulk water like properties ascribed to it. Though
7, cannot be independently determined because the fastest timgresented ubiquitously, the two subensemble model has not been
scale dephasing dynamics are motionally narrowed, thagis, rigorously tested for a variety of observables. Here each of the
< 1,980 giving a Lorentzian contribution to the dynamic four observables are quantitatively tested with the two sub-
spectrum. The line width of the motionally narrowed component ensemble model.

is I' = 1/nTo*, with A. Spectra and Population Relaxation.First consider the
absorption spectra as a function of reverse micelle size. As
UTx = Alzrl 9 shown in Figure 1, as the reverse micelle decreases in size, the
spectrum shifts to the blue. One proposition to explain the shift
(Ay in rad/s,7; in s, andT>* in s) Although A; andz; can be is based on the spectrum of bulk waterWater has a
varied, they must simultaneously satisfjr;< 1 and eq 9, distribution of the number and strengths of hydrogen béhés.

which results in a well-defined value fds*. Therefore, Table ~ On the blue side of the bulk water spectrum, water molecules
3 lists To* rather thanA; and 7y The T2* values are similar ~ With fewer and weaker hydrogen bonds comprise the spectrum;
until the reverse micelles become small, and then there is somethe red side reflects more and stronger hydrogen bonds. To
increase. The\, values are all very similar. The major trend describe the spectrum of nanoscopic water in AOT reverse
with decreasing water nanopool size is a substantial increase inmicelles, a blue shift of the entire line can be attributed to a

the long time scale time constamt, for wy < 20. The results single ensemble of the water molecules having weaker and/or
of these detailed fits show the same trend as the peak shift result§ewer hydrogen bonds than bulk water. As the size of the reverse
(Figure 6), and the simple fits to the long component of the micelle decreases, this picture indicates an increasing blue shift
peak shifts are almost in quantitative agreement with the resultsresults from a decrease in the strength and/or the number of

given in Table 3. The change in dynamical behaviowgt= hydrogen bonds. This single ensemble description implies that
20 is in accord with the observations of the orientational the changes in the distribution of hydrogen bonding environ-
relaxation and population relaxation results. ments are continuous. This is not to say that all water molecules

The time dependent perturbation theory meffagsed to are alike. As in bulk water, there is a distribution of hydrogen
obtain the FFCFs involves approximations that assume thebond strengths and number that gives rise to the broad
dynamics are identical across the absorption spectrum. Experi-spectroscopic line, which is inhomogeneously broadened on
ments on bulk water have shown that on short time scalé8@ short time scales, as demonstrated by vibrational echo experi-
fs) the rate of spectral diffusion, and therefore hydrogen bond ments’® However, this is a single ensemble description in the
structural dynamics, depends somewhat on wavelength becaussense that it does not associate the spectroscopic changes with
the water hydrogen bond network reflects water molecules that changes in the proportion of shell and core subensembles.
have different numbers and strengths of hydrogen bétitse In a two subensemble model of the spectrum, overlapping
short time scales involve very local dynamics that are sensitive contributions from a shell subensemble and a core subensemble
to these differences. The longer time scale global hydrogen bondcomprise the spectrum. To test this idea, we will take the core
network rearrangemerits'47>768linvolve many water mol-  spectrum to be the bulk water spectrum and the shell spectrum
ecules that are not sensitive to local details that determine thetg be thewy = 2 spectrum. Thev, = 2 reverse micelles have
instantaneous position of a particular hydroxyl stretch in the ~40 water molecules. A very simple model in which the
absorption lin€? The fact that these wavelength dependent thickness of the shell is the diameter of one water molecule,
differences are observed shows that the Gaussian approximatiom)aces essentially all of the, = 2 water molecules in the shell.
that underlies the diagrammatic perturbation theory determina- Figure 7A shows the bulk water awa = 2 spectra that were
tion of the FFCF is not strictly valid. Furthermore, it has been ysed as basis spectra. All of the spectrafigr= 60 throughwo
shown recently that the hydroxyl stretch transition dipole matrix = 5 were fit with the single adjustable parameter, the relative
element varies across the bulk water absorption line, and thisyroportion of the two basis spectra. Neither the peak positions

variation has an impact on the vibrational echo observales. nor the widths of the basis spectra were changed in the fitting
For these reasons, vibrational echo data presented in Table $rocedure. Figure 7B shows the result of this fit fay = 10.

were all taken at the equivalent frequency for each sample, theThe totalw, = 10 spectrum is composed of 54% of the core
peak of the absorption spectrum. Therefore, the trends observeqbu”( water) spectrum and 46% of the shelb(= 2) spectrum.

in Table 3 will be valid although the approximations in the (These are not the fractions of water molecules in the core and
theory used to obtain the FFCF introduce some error. shell, as discussed below.) Overall, the agreement is very good
with only some error in the red tail. The shape and peak position
are reproduced well. Figure 7C shows the resultwpr= 60.

Four distinct size dependent observables have been presente@pectra shown in Figure 1 reveal the small but noticeable
and discussed above. They are the IR absorption spectrum, thalifferences between the bulk water spectrum andihe 60
hydroxyl stretch population relaxation, the water orientational spectrum; that is, thep = 60 spectrum displays a small shift
relaxation, and the hydroxyl stretch spectral diffusion. The in the peak position and a broadening on the blue side of the
discussion given above, particularly regarding small reverse line. The totalwy = 60 spectrum is composed of 93% of the
micelles where deviations from bulk water are pronounced, did core (bulk water) spectrum and 7% of the shelh (= 2)
not directly address the issue of treating nanoscopic water as aspectrum. These changes are reproduced quite well by the single
single ensemble or as two subensembles. A single ensembleadjustable parameter fit. The fits to all of the speciva= 60

IV. Quantitative Test of the Core—Shell Model
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E L Figure 8. Population decay data (squares), best single-exponential fit
‘g 06 (dashed line), and best fit with the cershell model, that is, the
° L weighted sum of bulk water (core modely = 2 (shell model)
§ 0.4 population decays: (Ayv = 20; (B) wo = 5.
Q
3 02 I bulk water andwvy = 2 give single-exponential decays, within
LR | experimental error. Figure 8A shows the = 20 data and the
00k . . ' . = best single-exponential fit (dashed line) on a semilog plot. In
2200 ' 2300 ' 2400 ' 2500 ‘ 2600 ' 2700 the flt, there are three adjustable parametﬂs,kr (the rate

frequency (cm™) constant in the growth term in eq 6), and an overall amplitude
Figure 7. Comparison of the coreshell model to the reverse micelle scaling factor. The long time limit of the growth term was fixed
size dependence of the absorption spectrum. (A) OD stretch spectra ofiO the value of the data at30 ps for all samples. On a longer
bulk water (model of the core) andy = 2 spectrum (model of the ~ time scale this term actually decays for the smaller reverse
shell). (B)wp = 10 spectrum (solid line) and fit (dashed line). The fit micelles but the dynamics at later times do not affect the data
is the weighted sum of the spectra in A. (@ = 60 spectrum and fit. ~ analysis presented heteAt short time, the single-exponential
The fit is the weighted sum of the spectra in (A). The small vertical fjts relatively well, but at longer times, the fit is poor. Figure
lines show the peak positions of the spectra in (A). 8B shows similar data fomy = 5 and the best single-exponential
to wp = 5, using the bulk water and th& = 2 basis spectra fit (dashed line). Again, a single exponential does a reasonable
gave results similar to those shown in Figure 7, although the but not perfect job of reproducing the data, missing at long time.
fit for wop = 5 is not quite as good. In addition to the single-ensemble model (single-exponential

Not only are the changes in peak position reproduced by the decay) not reproducing the data, there is no quantitative
core—shell model, but the changes in line widths are also explanation for the trend of the lifetime with size, as given in
reproduced. Adding an increasing amplitude of the= 2 Table 2.
spectrum (shell) to the water (core) will shift the peak to the  The vibrational population relaxation data can also be
blue and broaden the spectrum. But for the smallest reverseanalyzed quantitatively with the corshell model. The two
micelles, the spectrum narrows again as they become predomisubensemble model can be applied by using the population
nantly shell and lose amplitude on the red (core) side. In the dynamics measured for bulk water amg = 2. For both of
single ensemble model of the spectrum, it is possible to explain these samples, thia, andk; values are known. Therefore, rather
the peak shift qualitatively as a shift of the distribution of than three parameters, these fits include only two adjustable
hydrogen bonds to weaker and/or fewer, but it is less clear how parameters, the relative proportion of core (bulk water) and shell
to explain, even qualitatively, the broadening and then narrowing (wp = 2) population dynamics to be added together and an
of the spectra as the size of the reverse micelles decreases. loverall scaling factor. Initially, it may seem that the relative
contrast, the coreshell model reproduces that spectral feature proportion should be the same as that used to fit the spectral
quantitatively with a single adjustable parameter. data. However, the linear absorbance is proportiona &g,

Next we consider the population relaxation data. A single where u is the transition dipole brack®t and C is the
ensemble will produce a single-exponential decay of the excited concentration, whereas the pumprobe signal is proportional
vibrational population. The results of single-exponential fits to to |u|*C because it depends on the coupling of the oscillators
the population data obtained after removing the growth term as to both the pump and probe pulses. The solid curves in Figure
discussed in connection with eq 4 are presented in Table 2 as8A,B are the best fits using the cershell model. The results
T, values. As mentioned above, not all of the decays fit well to show that the two ensemble fit is substantially better with no
single exponentials. Following the very short time2Q0 fs), systematic deviation between the fit and the data. The fitis better
which is masked by the nonresonant contribution to the signal, than the single-exponential fit despite the fact that there is one
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fewer adjustable parameter. Thhg = 5 data are closer to a 70
single exponential than they, = 20 data because the signal ol 2 wo=10 O 2590 cm!
from the smaller reverse micelle is dominated by the shell I O 2540 cm!
contribution (o = 2), which is single exponential. Fits to all 2 5r < 2490 cm’!
of the different size reverse micellagg = 60 to 5, are of very & 40 ;@g
similar quality. = | 8 5

For each reverse micelle size, fitting the spectra gives the = 30 8 8 g o
relative proportion ofu|?C for bulk water andvy = 2, whereas & 20 . e
fitting the population dynamics gives the relative proportion of -
|u|*C. Using the two results for each reverse micelle size permits 10
the independent determination fpfi>2 and C. From the results I . .
it is found that|u«|? for bulk water is 1.44 0.2 times larger 1.5 2.0

than |u|2 for wo = 2. This is an important result that can be
independently tested by experiment. Samples of bulk water and
Wo = 2 (both 5% HOD) were prepared with known path lengths.
The concentration of thepy = 2 sample was determined from
the quantitative preparation. FT-IR spectra of the OD stretch
in each sample and on the same samples but without the 5%
HOD were collected. The samples without HOD were used for
background subtraction. The areas of the background subtracted
spectra were integrated. The ratio of the areas after taking into

peak shift (fs)

account the differences in path length and concentration yield 10

the ratio of |u|?> between the two samples. These FT-IR Ol

experiments yield a ratio djf«|? for bulk water towp = 2 of 00 o5 10 15 20 25 30

1.6+ 0.1. This result provides very strong support of the eore T (ps)

shell model used to fit the spectra and the pummbe Figure 9. (A) Wavelength dependent vibrational echo peak shift data
population data. for wo = 10. There is no detectable wavelength dependencendB)

With the ratio of|u|2 determined, the ratio of for the core 10 peak shift data for the center frequency (circles) and the no adjustable
to shell is also determined from the spectra. The fraction of parameter coreshell model calculation of the three wavelengths shown

. - in (A). In contrast to Figures 7 and 8, the cetghell model does not
igchSSzr:gleztf}Z\t (')SOShglg_Borg"ﬂ( v;/)a;%r a;)m@Si; %Ogéoaﬁg 10 provide a proper description of the spectral diffusion.
o e e et provimately 479 core and 539 shell. Thg = 10 absorpin

herical ,h Il the fraction th P hell f h . y” spectrum peaks at2540 cnt! with a fwhm of ~175 cnt?!
spherical shell, the iraction that is shell for each reverse micelle (see Figures 1 and 7B). Experiments were conducted at points

cr?nkbe us_ed to detern;]i_ne tt:e thicknegs of thg ﬁhelll' Tlh‘? shellgy enrito higher frequency (2590 crt) and 50 cnt to lower
thickness is~0.4 nm. This value is consistent with calculations frequency (2490 cm¥). Full vibrational echo curves were

performed for similar systen8 As the reverse micelle increases collected as a function oF,. The results, shown as thE,

in s_ize, th_e fraction of the water molecules fqund in the shell dependent peak shifts in Figure 9A, display almost no wave-
region rapidly decreases. In a purrgrobe experiment, the core  |onath dependence. Although these results pertain to AOT/

is emphasized further by the dependence of the signal|é@. isooctane, similar wavelength independent data were observed
The fact thatiu|? is ~1.6 times larger for the core than for the previously forwp = 10 in AOT/CCh.12

shell, combined with very large fraction of the water molecules

in the core, accounts for the virtually identicdl values  jygicate that the two subensemble model cannot apply because
measured for bulk watewo = 60 and 40 (Table 2). signals measured at the blue and red wavelengths were expected
Finally, the core-shell model for the vibrational lifetime  to have substantially different contributions from the shell and
predicts a well-defined wavelength dependence for the observedcore. However, in the two subensemble model, each sub-
nonexponential decay. As the wavelength is shifted to the blue, ensemble contributes to the polarization. In the intensity level
more water molecules in the shell contribute, and the shape ofyjbrational echo experiments conducted here, the signal reflects
the decay contains more amplitude of the slow component. the absolute value squared of the sum of the contributions from

When the wavelength is shifted to the red, more water moleculesthe core and the shell subensembles. The signal is proportional
in the core contribute, although there is an additional complica- to |P, + Py? = P2 + 2PPs + P&, whereP; is the core and

tion because detection wavelengths on the red side of the spectrghell contributions to the total polarization. This leads to a
also contain contributions from the first Vlbratlona"y excited nonneg"gib|e cross term,P2Ps, that can produce substantial

The surprising lack of wavelength dependence would seem

state to the second vibrationally excited-state Z}) transition. mixing and potentially reduce the wavelength dependence.

In a preliminary study of the wavelength dependencevot= The core-shell model can be tested quantitatively for the

10, we were able to reproduce the both blue side and red sideyiprational echo observables. The FFCFs were determined for

data using the coreshell model. A full wavelength study will  poth bulk water anavp = 2 (see Table 3). Therefore, a detailed

be presented subsequently. diagrammatic perturbation theory calculation can be performed
B. Spectral Diffusion and Orientational Relaxation. To for the core-shell model. Fomp = 10 or any of the reverse

further test the coreshell model, we applied it to observables micelles, the appropriately weighted FFCFs for the core and
that are strongly related to hydrogen bond network structural the shell are used in the calculation. The vibrational echo signal
evolution. Wavelength dependent vibrational echo data were at the intensity level measured in these experiments is propor-
collected forwp = 10 as a good test case because our linear-IR tional to |«|8C2. To obtain the observables, the calculations are
absorption and pumpprobe measurements indicate it is ap- performed at the polarization level prior to taking the absolute
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value square of the results. The FFCF for each subensemble is 0.4
weighted by the their relative values of|*C. From the
experiments described in section IV.A, the relative values of
|u|*C are known. Therefore, the wavelength dependent vibra-
tional echo calculations can be performgging no adjustable
parameters

Figure 9B displays the vibrational echo peak shift data for
wo = 10 at the center frequency. Only the data set obtained at
the center frequency is displayed because the data for all three
wavelengths are so similar. The solid curves are the no
adjustable parameter calculations for the three wavelengths :
displayed in Figure 9A. Several features of these data and 0.0 Ls TP I e e
calculations are interesting. First, like the data in Figure 9A, 6 7 8 9 1011 12
the calculations show little wavelength dependence, but the 1 (ps)
calculated wavelength dependence is still greater than thatrigure 10. w, = 10 orientational relaxation data (circles) and
displayed by the data. Second, the calculated curves fundamenbiexponential fit (solid curve through circles). The upper and lower
tally have the wrong shape. Using an adjustable parameter tocurves are the results of fits to thg = 2 and bulk water orientational

change the weighting of the core and shell contributions moves relaxation data, respectively. See Table 2 for fit parameters. The dashed
. curve is the coreshell model no adjustable parameter calculation of
the calculated curves up and down but does not change the|rhe data. See text for explanation of the shape. Th ol model

shape. A_t short times, the calculated curves decaY too fast, an oes not properly describe the orientational relaxation in reverse
at long times, they decay far too slowly. On the time scale of micelles.
the figure, the calculated curves are essentially horizontal after
~2 ps. This equation cannot be factored to give the pure orientational
The form of the calculated curves can be understood dynamics when the vibrational lifetimes and orientational
qualitatively. At short times, the decay is dominated by the very correlation times of the two subensembles differ. Some interest-
fast core (bulk water) decay. Favy = 10, the core would ing limits may be examined. f,c = T1s, the anisotropy reduces
dominate the signal except for the cross term, which essentiallyto
heterodyne amplifies the shell contribution. Very qualitatively,
after ~2 ps the core peak shift has decayed to zero and is no (T,) = 2 fe Cc(t) T fs CS(t) (11)
longer changing. However, the shell peak shift is still significant, w. 5{\fc + fs 2 fo +fs 2
and it is hardly changing because its decay is very stows
15 ps (see Table 3). Combining a zero peak shift that is not This implies that the anisotropy will be a weighted sum of the
changing with a significant peak shift that is barely changing orientational dynamics from each subensemble scaled by the
gives a moderate peak shift that does not decay on the timetransition dipoles and concentrationsCff(t) = C5(t), then the
scale of the plot. The vibrational echo results demonstrate thatanisotropy reduces to
a rigid separation in core and shell subensembles does not apply,
although it works very well for both the absorption spectra and
the vibrational lifetimes.
The core-shell model can also be used to calculate the
anisotropic pumpprobe signal discussed in section 111.B2. The Wwhich is also a result that only contains the purely orientational
results of the measurements are given in Table 2. The experi-response. In the case of the coshell model for AOT reverse
ments illustrate thato = 10 or smaller reverse micelles give micelles, neither of these limits are appropriate. The vibrational
biexponential anisotropy decays whereas the larger reverselifetimes and orientational correlation times are 1.7 and 2.6 ps,
micelles gave single-exponential decays. Like the vibrational respectively, for bulk water and they are 5.2 ars ps (major
echo calculations, the anisotropic pufgrobe calculations can ~ component), respectively, invio = 2 reverse micelle. Using
be done without adjustable parameters. However, to implementthe core-shell model, these differing time scales produce a
the core-shell model, the relations given in section 11l.B need calculated anisotropy that does not purely reflect the orienta-
to be rewritten to account for the two subensembles contributing tional dynamics.
to the signal. To apply the core shell model to the anisotropy decays using
The anisotropic pumpprobe signal is constructed in the usual €d 10 requires knowledge of all of the parameters with
manner by combining two different measurements of the probe reasonable accuracy. Again, we use our dataMor 10 as a
intensity, parallel and perpendicular, as in eq 7. As discussedtest case. Figure 10 displays the measured anisotropy of the
in connection with egs 4 and 6, the growth tei@(t), can be reverse micelle and the best biexponential fit (solid line) through
removed even when two ensembles are present. However, unlikghe data. The parameters of the fit are given in Table 2. Also
the population relaxationP(t), after eliminating G(t), the shown are the anisotropy decayswf = 2 and bulk water
resulting anisotropy equation does not necessarily isolate theobtained from fits to the data. The curves begin at 200 fs because
orientational relaxation dynamics. To see this, eq 7 may be the short time inertial dynamics are obscured by the nonresonant

03k
02

0.1 [

r(t) data and calculation

(0 = 2C,0) (12)

extended to involve two subensembles as signal centered at= 0.
The dashed curve shown in Figure 10 is the result of the no
> fcef(t/Tlc)Cg(t) + fsef(tﬁls)cg(t) agjustable parameter calculation usjng tht=T eafeell model
r(t) == TS = (10) given by eq 10. Initially, the match is relatively good, but at
5 fee 79 +fe longer times the curve grows and approacheswre 2 curve.

At still longer times, the calculated curve decays aswhe 2
The prefactorsc and fs are proportional tqu*C, which, as curve. The recurrence in the calculated curve does not mean
discussed above, are not the same for the core and the shellthat the model predicts an increase in the orientational anisot-
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ropy. As can be seen from eq I) is not the anisotropy decay  decay ofr(t) and multiplying it by 2.5 (see eq 7y is the time
as it would be for a single ensemble. Rather, this curve reflects constant that arises from the wobbling-in-the-cone diffusion,
the interplay of the four terms in eq 10. To understand the shapeand z,, is the final diffusive full orientational relaxation time.
of the curve, it is only necessary to consider the time scale of For the studies reported herg, is given by the long time
the decays of the four terms. A fast lifetime multiplied by a constantr; in Table 2 and directly gives the orientational
fast anisotropy decay comprises the first term (core term, C) in diffusion coefficient,Dy,, of the angularly unrestricted orienta-
the numerator, yielding the fastest decay that looks like bulk tion relaxation using eq 13. In contrast, is not directly related
water. The second term in the numerator (shell term, S) decaysto experimental observables. Rather,
very slowly because it is a product of a slow lifetime and an . P
even slower anisotropy decay. The second fastest term is the T, = (1 "~ 17 7) (15)
core term in the denominator. It is the decay of this term that
is fast compared to either of the shell terms that causes the
calculated curve to increase afteB.5 ps. After the two core > I1 2
terms have fully decayed, the remaining shell terms in the Q"= |5(cost)(1 + cosb) (16)
numerator and denominator are the anisotropy decay,ef
2. Even if the relative amounts of core and shell are adjusted, If 8 < 30°, the wobbling-in-a-cone diffusion constam, is
it is not possible to reproduce the data. The ecsleell model approximatel§®
of the anisotropy decay fails to fit or explain the data. 5

The core-shell model cannot reproduce the orientational D,, = 7624, 17)
relaxation data even qualitatively. However, a model suggested
previously for orientational relaxation of small reverse micelles
can produce biexponential decays for small reverse micélles
and provides an explanation for the transition to single-
exponential decays for the larger reverse micelles. For a single

The cone semi-anglé is obtained fromQ? using®

with 6 in radians. From eq 17 it is clear that the wobbling
diffusion constant is not determined solely by. The more
accurate expression for any value @f, leading to values
reported in Table 2 8

ensemble of molecules undergoing unrestricted orientational 2 2 _

diffusion Cy(t) (eq 7) decays as a single-exponential decay. This D, = Xy (24 %) HIN[A + x,)/2] + (= )02} +

model can describe the dynamics observed for water and the 7,(1— Qz)[2(><W —1)]

larger reverse micelles and yields an orientational diffusion

P y (1= %,)(6+8x, —x,” —12¢,° = 7%, 8
2477w(1 - QZ)

g = (13)
16D wherex,, = cosfy. In the limit of 6,, = 18C; i.e., there is no

restriction to the orientational diffusio@? = 0 andD,, = 1/6t,
The orientational dynamics of water in the smaller reverse as expected.

micelles,wp < 10 shown in Figure 3B warrants the use of a Values ford, D,, and D, are given in Table 2 fowy = 10,

more detailed model that can account for the restrictive 5 and 2. Becausg is so much longer thaty, 7> andz,, differ
orientational motions produced by the hydrogen bond network. very little (see eq 15). These values reveal a pronounced change
The wobbling-in-a-cone model, which describes relaxation of betweenny, = 10 and 20. In addition to requiring the wobbling-

a single ensemble of molecules that are orientationally restricted,in-a-cone model fomp = 10 and small reverse micelles but
can be applied. This model has been described in detail not abovew, = 20, D, drops by a factor of 6 and continues to
elsewher® and was used to examine the orientational dynamics drop with decreasingi. Furthermore, the cone angle decreases
of water in small AOT/CCJ reverse micelle¥’ The model with decreasingw, indicating increasing restriction in the
describes the relaxation when the orientational diffusion is reverse micelle environment.

restricted initially to a range of angles within a cone. In the  Our observation of single-exponential decay for reorientation
absence of other relaxation processes, the wobbling-in-a-conein large reverse micelles and biexponential decay in smaller
model orientational correlation function decays exponentially reverse micelles is consistent with the wobbling-in-a-cone
to a constant value. However, if there are slower time scale model. The wobbling occurs because a restricted range of
processes that result in complete orientational relaxation, thengrientations is sampled on a time scale short compared to
the wobbling-in-a-cone model yields a biexponential decay that complete orientational relaxation that requires complete ran-
reflects the limited diffusion within the cone as well as slower domization of the hydrogen bond network (breaking and making
complete orientational diffusion that causes the anisotropy to new hydrogen bonds). If the cone angular limit is reached
decay to zero. In the standard mo#éi?the two processes occur  rapidly compared to the hydrogen bond network randomization,
simultaneously. The shorter correlation time describes the then a separation of time scales exists, and a biexponential decay

restricted motion that samples a cone with semi-aifigl€he will be observed. Fowy = 10, wobbling (1.5 ps) is still fast
longer correlation time accounts for slower unrestricted motion. compared to complete randomization (18 ps).viégy= 20, 71
The correlation function is given by has dropped a factor of 6 to 3 ps, and the trendiis that it

is becoming longer. There is no longer a separation of time
Cy(t) = [Q*+ (11— Q) exp(-t/t,)] exp(—tiz,) (14) scales. Complete randomization is occurring prior to the cone
angular limit be reached and the result is a single-exponential
where Q?, the generalized order parameter that describes thedecay. Thus, it is possible to explain the orientational relaxation
degree of restriction on the wobbling-in-the-cone motion, is the data without the coreshell model, whereas the cershell
amplitude of the slow component of the biexponential decays, model is both quantitatively and qualitatively incorrect.
and 0 < @ =< 1. Q> = 0 corresponds to unrestricted C. Reconciling the Successes and Failures of the Strict
reorientation, and)? = 1 reflects no orientational relaxation. Core—Shell Model. In section IV.A, a core-shell model was
Q? is obtained from data by taking the amplitude of the slow shown to have remarkable success in reproducing the reverse
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micelle size dependent trends in the absorption spectra and theexchange is slow. The results presented here demonstrate that
population relaxation. If the reverse micelle core is modeled exchange must occur on a time scal&0 ps.
by bulk water data and the shell by they = 2 data, the Spectral diffusion and orientational relaxation depend on the
appropriate addition of a core component and a shell componentstructural dynamics of the hydrogen bonded network rather than
could reproduce all of the data with remarkable fidelity (see on the location of energy levels per se. The core and shell
Figures 7 and 8). The results define a strict esskell model regions, though physically distinct, are intimately connected
in the sense that the observables are the weighted sum of thehrough the hydrogen bond network. Simulatit4-37 and
observables associated with each subensemble. However, whephysical consideratiof%36 show that the N& counterions are
the identical strict coreshell model was applied in the associated with the sulfonate anionic headgroups. These struc-
appropriate manner to spectral diffusion and orientational tures will have very large dipoles. Although the detailed structure
relaxation in section IV.B, the calculations based on the two of water associated with the headgroup/counterion is unknown,
subensembles produced results that were fundamentally afit is safe to say that the arrangement of water molecules in a
odds with the data. The reason for success with two observablesshell of waters at the interface will differ substantially from
and the failure with two others lies in the differences in the bulk water. Consider a hypothetical system possessing an infinite
nature of the properties measured in the four types of experi- extent of water molecules with the structure found near the
ments. interface. Such a system will have hydrogen bond dynamics
The steady-state spectra and the population relaxation are verythat lead to global hydrogen bond rearrangement and random-
sensitive to the quantized energy levels of the system, whereagzation of the network that is very different from bulk water. If
the hydrogen bond structural rearrangement dominates thethis infinite extent shell structure were contacted with an infinite
spectral diffusion and the orientational relaxation. The absorption bulk water system, at the boundary between the two there would
spectra measure the distribution of the frequencies of the ODhave to be accommodation akin to the interface of two
hydroxyl stretch and report the instantaneous distribution of incommensurate crystal lattices. When two incommensurate
frequencies of the system. OD oscillators in different environ- crystal lattices are joined, the boundary region structure differs
ments will have different stretch frequencies. Indeed, ions from both pure crystalline materials because of accommoda-
change both the water structure and dynarfféslt is not tion.> However, if the two types of crystals are macroscopic
surprising that shell water molecules in close proximity to the in extent, some distance from the boundary, their unperturbed
charged surfactant headgroups with associatedddanterions lattice structures will exist. In the reverse micelle, a thin shell
will have a different distribution of frequencies than those in layer meets a relatively small core region. The structures of these
the core, which are removed from the immediate vicinity of regions differ, but their structures and particularly their long
the headgroup¥. Although the spectrum depends only on the time scale global hydrogen bond dynamics are strongly coupled.
frequency of the OD stretch, vibrational relaxation depends on Because core waters are hydrogen bonded to shell waters, the
the frequency both of the OD stretch and of other quantized rearrangements responsible for complete spectral diffusion and
modes of the System_ The density of states, in part, determinesfull orientational relaxation in the small reverse micelles require
the vibrational relaxation rate and is expected to differ for water motions that are not independent in the two regions. Therefore,
in reverse micelles compared with bulk watéVibrational the strict core-shell model does not describe the dynamics. That
relaxation can be described theoretically in terms of the Fourier IS, adding the data of only the shellq = 2) to the data that
component of the force-force correlation function at the oscil- are only the core (bulk water) does not reproduce the spectral
lator frequency?-%4 However, the process is quantized. A diffusion d_ata or the orlentat.lona}l relaxation data for other size
polyatomic molecule can relax into a distribution of internal reverse micelles as shown in Figures 9 and 10.
and bath modes. A variety of pathways that conserve energy The results shown in Figures 9 and 10 demonstrate that, in
can be found, but not all are equally raffd-or example, the  contrast to the spectrum and the population relaxation, a strict
OD stretch can relax into a bend and one or more guanta of thecore—shell model does not apply to observables that depend
continuum of low frequency bath modes, such as torsional on global hydrogen bond rearrangements. However, differences
modes, hydrogen bond modes, and collective coupled orienta-in the hydrogen bond dynamics in the core and shell regions
tional and translational motions. Because the environment affectsmay still be observable. As discussed in connection with Figure
its frequency, the OD stretch differs in the core and shell regions. 9, intensity level vibrational echo measurements of spectral
However, the environment may not affect all modes in the same diffusion will not reveal core/shell differences because of the
way. If the bend, for example, shifts differently than the stretch, cross term between different subensembles accounts for a large
then the energy that must be transferred into the bath for part of the observed signal. However, 2D IR vibrational echo
vibrational relaxation to occur will be different in the core and ~ correlation spectroscopy, which heterodyne detects the vibra-
shell regions. The result will be that different bath modes with tional echo pulse at the polarization level eliminates the cross
different couplings and density of states and possibly a different term?244° This method can detect wavelength dependent
number of bath modes will be required to conserve energy differences in spectral diffusion in bulk waté.
during the relaxation process. In addition, the bath modes Although the cross term that influences the vibrational echo
themselves can be expected to be different in the core and shelmeasurements does not influence the orientational relaxation
regions. The relaxation pathways may differ because of the measurements, the core/shell model still does not adequately
proximity of the reverse micelle headgroups. Vibrational energy describe orientational observables. Molecular dynamics (MD)
can transfer to modes of the surfactant in very small reverse simulations of small AOT reverse micelles that calculate
micelles within several ps after the vibrational excitation of the orientational relaxation show differences between associated and
water hydroxyl stretch? The net result is that, on average, the core water molecule®.Both subensembles give nonexponential
two regions produce distinct population relaxation times that decays that can be described with a wobbling-in-a-cone model
are independent of each other. The fact that the population decaythat we have applied in section IV38.The simulations are
is composed of two distinct components is strong support for consistent with the results presented here that the biexponential
previous work?3738that suggests that the cershell water orientational relaxation decays cannot be assigned to two distinct
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subensembles each with single-exponential orientation relax- Note Added after Print Publication. This paper was
ation. The simulations also suggest that there may be two published on the Web on March 29, 2006, and in the April 20,
subensembles, each displaying nonexponential orientational2006, issue with an incorrect received date at the top of p 4985.
relaxation. Preliminary wavelength dependent measurements ofThe correct received date is February 19, 2006. The electronic
orientational relaxation invg = 10 reverse micelles show  version was corrected and reposted to the Web issue on August
changes in the orientational relaxation with wavelength which 07, 2006. An Addition and Correction appears in the August
indicate that some difference in dynamics exist in different parts 31, 2006, issue (Vol. 110, No. 34).
of the reverse micelles, but not in the manner described by the
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