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FEATURE ARTICLE

Water Dynamics—The Effects of lons and Nanoconfinement

I. Introduction

Sungnam Park, David E. Moilanen, and M. D. Fayer*
Department of Chemistry Stanford Wersity, Stanford, California 94305
Receied: December 31, 2007; In Final Form: February 13, 2008

Hydrogen bond dynamics of water in highly concentrated NaBr salt solutions and reverse micelles are studied
using ultrafast 2D-IR vibrational echo spectroscopy and polarization-selective IR-panoipe experiments
performed on the OD hydroxyl stretch of dilute HOD in® The vibrational echo experiments measure
spectral diffusion, and the pumprobe experiments measure orientational relaxation. Both experimental
observables are directly related to the structural dynamics of water’s hydrogen bond network. The measurements
performed on NaBr solutions as a function of concentration show that the hydrogen bond dynamics slow as
the NaBr concentration increases. The most pronounced change is in the longest time scale dynamics which
are related to the global rearrangement of the hydrogen bond structure. Complete hydrogen bond network
randomization slows by a factor 6f3 in ~6 M NaBr solution compared to that in bulk water. The hydrogen

bond dynamics of water in nanoscopically confined environments are studied by encapsulating water molecules
in ionic head group (AOT) and nonionic head group (Igepal CO)520erse micelles. Water dynamics in

the nanopools of AOT reverse micelles are studied as a function of size by observing orientational relaxation.
Orientational relaxation dynamics deviate significantly from bulk water when the size of the reverse micelles

is smaller than several nm and become nonexponential and slower as the size of the reverse micelles decreases.
In the smallest reverse micelles, orientational relaxation (hydrogen bond structural randomization) is almost
20 times slower than that in bulk water. To determine if the changes in dynamics from bulk water are caused
by the influence of the ionic head groups of AOT or the nanoconfinement, the water dynamics in 4 nm
nanopools in AOT reverse micelles (ionic) and Igepal reverse micelles (nonionic) are compared. It is found
that the water orientational relaxation in the 4 nm diameter nanopools of the two types of reverse micelles is
almost identical, which indicates that confinement by an interface to form a nanoscopic water pool is a primary
factor governing the dynamics of nanoscopic water rather than the presence of charged groups at the interface.

molecules in an approximately tetrahedral geometry and form
an extended hydrogen bond network. Hydrogen bond lengths

This article draws together a variety of materi&ig which
have not been considered jointly, to tell one story. The combined
results may say s_,ome_thlng important ab_out blolo_glcal systems of water fluctuates on femtosecond to picosecond time
even though no biological molecules are involved in the studies. 011-13 . .

U ) scales’™® The slowest component of the fluctuations is
The results should also be significant for materials other than

biological systems even though such materials are not considere szouatederEjh thﬁNgrl??%al ‘?’émitur?l relarrar?gtgmentf ?rf] the
explicitly. The issues to be addressed here are the combine ydrogen bond network.Rapid structural evolution ot the

roles of ions and nanoscopic confinement in modifying the 1ydrogen bond network of water is responsible for water's
dynamical properties of water. How much are the dynamics of Unique propertie! The properties and dynamics of water are
water changed when the water molecules are associated witfthanged in the presenfias_gg charges and in nanoscopically
ions? If water is in a confined space of nanometer dimensions confined environments.* In aqueous solutions, water
or a few nanometers from an interface, does the interface havedissolves ionic compounds, charged chemical species, and
to be ionic to have a pronounced effect on water hydrogen bond mgcromolecul_es_, W_'th charged s_urfaces |DC|Ud|n9 proteins,
dynamics or is merely being confined by the interface sufficient micelles, and lipid bilayers by forming hydration shells (layers)
to strongly influence hydrogen bond network dynamics? around them. In nanoscopic water environments, water mol-
Water is ubiquitous in nature and plays an important role in €cules are in dirgct contact with different types of interfaces.
chemical, physical, and biological processes. In the pure liquid, At and near an interface, water's hydrogen bond network is
water molecules are hydrogen bonded to neighboring WaterSIinflcanﬂy modified because the network must make accom-
modation for the distinct topology of the interface. Water
*To whom correspondence should be addressed. E-mail: fayer@ cOnfined on nanometer length scales is found in many physical
stanford.edu. and biological environments. Near charges or interfaces, the

(strengths) are continually changing, and water molecules are
constantly switching hydrogen bond partnér¥ The structure
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water. Highly concentrated NaBr solutions are investigated to
study the dynamics of water in close proximity to ions. The
number of water molecules per NaBr ranges from 8 to 32. These
numbers of water molecules would correspond to less than one
hydration shell to approximately two hydration shells for each
ion in dilute solution. By examining such highly concentrated
NaBr solutions, all of the water molecules are close to ions,
and therefore, the influence of wat€pn interactions is not
diluted out by large quantities of bulk water unaffected by ions.
Using both ultrafast 2D-IR vibrational echo experiments and
polarization-selective pumgprobe experiments, it is shown that

) ) ) ) ) the dynamics of water in concentrated salt solutions differ
David E. Moilanen was born in Redmond, Washington in 1980. He  gjgpjficantly from those of pure water, but not to the extent
received B.S. degrees in Chemistry and Physics from the University . % . . -

of Washington in 2003. Currently, he is a graduate student with indicated earlier by less direct measureméntBhe surprising
Professor Michael D. Fayer at Stanford University. His research focusesresult is that even at the highest concentration with 8 water
on applying ultrafast infrared spectroscopy to study the properties and molecules per NaBr¢6 M solution), the time scale associated
dynamics of water and aqueous systems. with the complete rearrangement of the hydrogen bond structure

. . is only a factor of 3 slower than that in pure water.
properties and dynamics of water cannot be extrapolated from . ) )
those of bulk water and need to be examined. To examine the influence of nanoconfinement on water dy-

The hydroxyl (OH and OD) stretch frequency of water in Namics, reverse micelles are used. Reverse micelles are surfac-
aqueous solutions is closely related to the local hydrogen bondtant assemblies that .encapsulate nanoscopic popls of water. For
structure. Since the advent of ultrafast femtosecond infrared SOme well-characterized reverse micelles, the size of the water
techniques, time-resolved IR spectroscopies have been applie®©0! is readily controlled on nanometer length scales by
to study many aqueous systems. IR purppobe experiments ~ changing the concentration ratio of water and surfactegt=
have been used extensively to study vibrational population [Hz20)/[surfactant]. The diameter of spherical reverse mi-
relaxatio®3° and orientational relaxation dynamics of pure Ccelles depends linearly on the, parameter over a range of

water3:-34 water in nanoscopic environmerts35:36and ionic sizes. A number of studies have explored the properties of water
solutions3”~40 Over the last several years, the application of for various size water pools and types of reverse micelles,
ultrafast infrared vibrational echo spectroscdp§t47 particu- including those formed with the ionic surfactants Aerosol OT

larly two-dimensional infrared (2D-IR) vibrational echo (AOT)# 62627556035 well as several nonionic surfactafi§?
experiments;48-51 combined with molecular dynamics (MD)  The dynamics of water in nanoscopic environments have
simulationg52-54 has greatly enhanced the understanding of the employed AOT extensively because AOT reverse micelles are
hydrogen bond dynamics in pure wafef.11-13.52-54 More very well characterized in terms of their sizes and shape in the
recently, 2D-IR vibrational echo spectroscopy was used to studyrange of water nanopools from1 to ~30 nm. The dynamics
the hydrogen bond dynamics of water in highly concentrated of water in AOT reverse micelles deviates substantially from
ionic solutionst? those of the bulk water when the size of the reverse micelles
Here, we present the results of linear and nonlinear IR becomes smaller than several nanometers. Here, small AOT
experiments performed on highly concentrated ionic solutions reverse micelles with a water nanopool size of 1.7, 2.3, and 4
and reverse micelles to understand the effects of charges andim are discussed. In comparison to bulk water, orientational
nanoscopic confinements on the properties and dynamics ofrelaxation, which requires hydrogen bond network randomiza-
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tion, becomes very slow and nonexponential as the size of the Keeno= vibrational /benm‘
. combiner

water nanopool is decreased. by they-ky echo

lonic reverse micelles such as AOT are formed from ionic
surfactants with ionic head groups and counterions. As a con-k;
sequence, water molecules in small ionic reverse micelles are™?
in direct contact or close to charged interfaces. Therefore, the
properties and dynamics of the nanoscopic water pools observec
using ionic reverse micelles may arise from two physical
factors: the effect of nanoscopic confinement and the effect of
charges. Studies of ions in solution show that water dynamics
are influenced by ions. To address the question of whether the A A vibrational echo

monochromator

sample

local oscillator

change in the dynamics of water in ionic reverse micelles results oo i
from the effect of the charged interface or confinement, two | _
different types of reverse micelles, one with ionic and one with T -
o 2 T,

nonionic surfactants, are compared. In contrast to AOT surfac-
tants with ionic sulfonate head groups and sodium counterions, o _ o
alcohol tethered by a polyether chain. The nonionic reverse experiment and pulse sequence. Three pulses enter the sample with

icelle (1 | CO 520) is th v trul Il ch terized the timing given by the pulse sequence shown at the bottom of the
micelle (Igepa ’ . ) is the on'y “JY well ¢ argc erl'ze figure. The nonlinear interactions give rise to a fourth pulse, the
system that permits a direct comparison with AOT. Orientational yiprational echo, which is then combined with the local oscillator pulse
relaxation dynamics of water in identical 4 nm diameter to obtain phase and amplitude information. The combined vibrational
nanopools in ionicyW = 10 AOT) and nonionicWo = 7 Igepal) echo and local oscillator are frequency resolved and detected with an
reverse micelles anai6 M NaBr solution are compared. The IR MCT array. For fixedT., 7 is scanned. The Fourier transformations
6 M NaBr has a nominal ionic strength that is comparable to Produce a 2D spectrum. Spectra are recorded as a functiop of

that of thewpy = 10 AOT reverse micelle. The remarkable result )
is that the orientational relaxation in the two reverse micelles P€a@m that does not go through the sample is sent to the bottom

is almost identical and much slower than thate M NaBr. stripe of the array and is used as a reference beam. The mainly
The experimental observations suggest that the hydrogen bonc?PSOrptive 2D-IR spectra are obtained by using the dual scan
dynamics of water in nanoconfinement arise mainly from effects Method in which non-rephasing and rephasing 2D-IR spectra

of nanoscopic confinements rather than the presence of ions.gg%erguegsegred by two different input pulse sequences and

Il. Experimental Procedures In 2D-IR vibrational echo experiments, there are three time
variables: evolution timez, waiting time, T,,, and detection
time, t < 7 (see Figure 1). The first IR pulse excites the

Sz':

T — coherence periods; T, — population period

A. Femtosecond Mid-Infrared System.The laser system
employed in the experiments has been described in detalil i
elsewheré. Briefly, 800 nm pulses are generated by a Ti: molecules _to produce coher_e_nt superposition sta_tes yvhere the
Sapphire oscillator and regenerative amplifier laser system at 1WaVe functions are superpositions of the- 0 and 1 vibrational
kHz. These pulses are used to pump an optical parametricenergy states. The first interaction (pulse) causes the molecules
amp”fier (OPA’ Spectra-Physics) to produce near-IR pu|ses at to “oscillate” Inltla”y in phase at their initial frequenCieS. The
~1.3 and~2.0m, which are utilized to generate mid-IR pulses phase relationships among the molecules decay quickly because
at ~4 um in a 0.5 mm thick AgGaScrystal by difference of static inhomogeneous and dynamic broadening mechanisms.
frequency generation (DFG). The power spectrum of the mid- The decay of the phase relationships produces a vibrational free
IR pulses has a Gaussian envelope with260 cnT* bandwidth  induction decay (FID). The second IR pulse transfers the
(full width at half-maximum). After the mid-IR pulses are coherent state into a population state in either:.the0 or v =
generated, the experimental setup is purged with dry-CO 1 energy level, depending on the phase of the particular molecule
scrubbe_d air to remove bqth atmos_phenc water and strong CO 4 the time of the pulse. During the population period (waiting
?n%sr?t;pitrlloa?frérﬁ):ilasri c:n;_p IS detergnned uIS|tng F_I?r?deﬁmeatsure-time T.), the molecules can undergo spectral diffusion, that is,

grating geometi§aF, plates with differen their frequencies evolve because of dynamic structural evolution

thickness are used to balance the chirp introduced by other fth lecul i Spectral diffusi th lecul
dielectric materials in the setup, particularly a Ge Brewster plate, orne molecular system. spectral diliusion causes the molecuies
to lose memory of their initial frequencies. In the water systems

producing transform-limited IR pulses in the sample. Two types *~ : >
of third-order experiments are utilized: 2D-IR vibrational echoes discussed below, time-dependent evolution of water’s hydrogen
and polarization-selective IR pumjprobe measurements. bond network causes spectral diffusion of the hydroxyl stretch
B. 2D-IR Vibrational Echo Experiments. Ultrafast 2D-IR vibration of water because the hydroxyl stretch frequency is
vibrational echo experiments are performed by manipulating sensitive to the local environments associated with the strength
multiple pulse sequences. The details of 2D-IR experiments areand number of hydrogen bon8s! The third IR pulse brings
described elsewhefeA schematic of the experiment and the the molecules into a second coherent state where their wave
pulse sequence are shown in Figure 1. Briefly, three mid-IR functions are again superpositions of the= 0 and 1 levels or
pulses (wave vectork, ks, andks) that can be time-delayed  petween ther = 1 and 2 levels. During the second coherence
are focused into the sample in a noncollinear geometry. The perigg (detection time), the molecules oscillate at their final

signal is emitted in a unique phase-matched directigr=(k, frequencies, which can be different from those they had durin
+ ks = ka) and is then overlapped with a local oscillator (LO) theqfirst cohérence period. The signal is emitted aEyaz time ’

pulse for heterodyne detection. The heterodyned signal is . . S
dispersed through a monochromator onto the top stripe of a duallalter and combines with the LO for heterodyne detection; the

32 x 2 element mercurycadmium-telluride (MCT) array final frequencies of the molecules are recorded.
detector (Infrared Associates and Infrared Systems Development The heterodyne detection of the signal enables recovery of
Corp.) and is frequency-resolved. A small portion of the IR the signal's amplitude, frequency, and phase. In practice, 2D-
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IR vibrational echo signals are collected by scanniaga fixed spectral diffusion measurements. The samples were housed in
Tw and are frequency-resolved by a monochromator. Spectralcells containing two CafFwindows (3 mm thick) and a Teflon
resolving of the frequencies of the combined vibrational echo/ spacer with a thickness adjusted to obtain optical densities in
LO wavepacket performs one of the two Fourier transforms into the range of 0.20.4 including the HO background absorption
the frequency domain. At each monochromator frequengy for all solutions studied. All experiments were conducted at
a time interferogram is obtained ass scanned as a function 25 °C.
of 7. Time interferograms are Fourier transformed to give the ~ Agueous NaBr SolutionsThe n = 8, 16, and 32 NaBr
w, axis. 2D-IR spectra are displayed with the initial frequency solutions (approximately 6, 3, and 1.5 M NaBr solutions,
axis of w, (horizontal axis) and the final frequency axisof respectively) were prepared by mixing 0.1, 0.05, and 0.025 mol
(vertical axis) at a givefi,, time. Therefore, a 2D-IR vibrational ~ of NaBr salt with 0.8 mol of 5% HOD in kD, respectively.
echo spectrum is a 2D frequency correlation map between theFor 2D-IR experiments, a range of 234P700 cnt! was
initial and final frequencies of the molecules at a givign 2D- measured with a frequency resolution-e6 cn . IR pump-
IR spectra are obtained for mafy’'s. TheT, dependence of  probe signals in aqueous NaBr solutions were detected at the
the 2D-IR spectra gives the information on the dynamics of absorption maximum of the OD stretch vibration for each
the molecular system. The 2D-IR vibrational echo experiments sample.
have been reviewed recentif*©> Reverse MicellesA 0.5 M stock solution of AOT in isooctane
Qualitatively, the pulse sequence in 2D-IR vibrational echo and a 0.3 M stock solution of Igepal CO 520 in a 50/50 wt %
experiments induces and then probes the coherent evolution ofmixture of cyclohexane/n-hexane were prepared. The residual
excitations (vibrations) of a molecular system. The first pulse Water content in the surfactant and oil phase was measured by
in the sequence causes vibrational modes of an ensemble oKarl Fischer titration. To make reverse micelles with the desired
molecules to “oscillate” initially all with the identical phase. Wo = [H20]/[surfactant], precise volumes of water (5% HOD
The second pulse labels the frequencies of the molecules initiallyin H20) were added to the measured quantities of each stock
excited by the first pulse. During the period between the second solution. AOT (v = 2, 5, and 10) and Igepahg = 7) reverse
and third pulses, structural changes in the system cause thenicelles were used for IR pumprobe experiment$? Thewo
frequencies of the labeled molecules to change. The third pulse= 10 AOT andwp = 7 Igepal reverse micelles had the same
begins the read out of the molecular frequencies and generategliameter of 4 nni. The size of the water nanopool was
the observable signal, the fourth pulse, the vibrational echo. Thedetermined by the value ofp. For AOT reverse micelles with
characteristic spectrum obtained from observing the frequencies Wo between 2 and 20, the diameter of the water nanopool was
intensities, and phases of the vibrational echo and Fourier given by daor = (0.9% + 1.1) nm!® For Igepal reverse
transformation into the frequency domain is sensitive to changesmicelles, the diameter of the water nanopool was obtained from
in environments of individual molecules during the experiment dic = (0.38n + 1.40) nmI* Igepal reverse micelles were not

even though the aggregate populations in distinct environmentsstudied with small-angle neutron scattering (SANS) for sizes
do not change. smaller tharwp = 10. However, the SANS experimental results

show that reverse micelles somewhat smaller thas 10 are

In IR pump-probe experiments, a pump pulse excites the stable, and their sizes should follow the same linear relation-
! in71

molecules to the first vibrational excited state= 1), and the ship: )

subsequent time evolution of the molecular system is measured "€ organic solvents used for the two types of reverse

by a time-delayed probe pulse. The details of the pupmpbe micelles were chosen because these are the solvents in which

experiments have been described elsew#feFae mid-IR pulses thr? rgl_(f:felles have llinderlgone thﬁ m?dst extelnswe clha_racrt]erlzanon.
are split into the pump and probe beams with a relative intensity | € difference in the solvents should not play a role in the water

of 9:1 and are focused into the sample. The probe’s polarization dYnamics. Measurements of water dynamics in AOT reverse

is set to 45 relative to the pump. After the sample, the micelles made with the solvents isooctane and carbon tetra-
: : . . . o : 55

components of the probe with polarization parallel and perpen- chloride were identical within experimental erfo.

dicular to the pump are selected to avoid depolarization effects

due to optics in the beam pathPolarizers set to parallel and

perpendicular are rotated using a computer-controlled wheel. A Aqueous NaBr Salt Solutions.Water molecules around
Scans alternate between parallel and perpendicular to reducgnonatomic ions provide the simplest system for the investigation
effects of long-term laser drift. After the polarizers, a half wave of the dynamics of water in the presence of charges. Therefore,
plate rotates the polarization of each component fopttr to examining the dynamics of water in simple ionic solutions, such
the entrance slit of a 0.25 m monochromator so that both as sodium bromide (NaBr) discussed here, can provide valuable
parallel, §(t), and perpendicularSy(t), polarization scans  insights that will increase the understanding of chemical
experience the same diffraction efficiency from the monochro- processes and biological systems that involve charged species
mator grating. The spectrally resolved purypobe signal is  in aqueous solutions. NaBr salt solutions were chosen for the
detected by a 32 element MCT detector (Infrared Associates initial study among aqueous halide salt solutions because the
and Infrared Systems Development Corp.). OD stretch band of HOD in the solutions shows a significant
D. Sample Preparation. Aerosol OT, Igepal CO 520, blue shift in the FT-IR spectrum compared with that of HOD
isooctane, cyclohexane, n-hexane, NaBr, agd ere obtained in pure water, suggesting a large change in the hydrogen bond
from Sigma-Aldrich and were used as received. A 5% HOD in structure.
H,O stock solution was prepared by adding 2.5 wt % e®D 1. Linear FT-IR SpectraThe background-subtracted FT-IR
to H,0. A solution of 5% HOD in HO was used for 2D-IR spectra of the OD stretch of HOD in NaBr salt solutions and
vibrational echo and IR pumpprobe measurements. The OD pure water are shown in Figure 2. The curves are labeled by
stretching mode of HOD in D was studied to avoid vibrational ~ the number of waters per NaBmn, wheren = 8, 16, and 32
excitation transfé¥ 68 (Forster resonant excitation transtdr correspond to approximately 6, 3, and 1.5 M NaBr solutions,
which will interfere with both orientational relaxation and respectively. The FT-IR absorption spectra represent a time-

C. Polarization-Selective IR Pump-Probe Experiments.

I1l. Results and Discussion



Feature Article J. Phys. Chem. B, Vol. 112, No. 17, 200&283

2700
1.0
2600
'é* 0.8 &
=
S O 2500
£ 06 =
[} 5]
5]
= 2400
3 04
e
=)
B
S 02
26001
00 P IS S B SR T B RS R . "T_\
2400 2500 2600 2700 8 2500
-1 ~—
frequency (cm) &
Figure 2. Absorption spectra of the OD stretch of HOD in pure water 2400 ¢
and aqueous NaBr solutions 4Bl background subtracted). The= 8,
16, and 32 are the numbers of water molecules per NaBr and corresponc
to approximately 6, 3, and 1.5 M NaBr solutions, respectively. The
peak positions (bandwidths, fwhm) of the OD stretch of HOD in pure
water anch = 32, 16, and 8 NaBr solutions are 2509 (160), 2519 (163), ~ 2600
2529 (159), and 2539 cmh (141 cn1?), respectively. =
_ _ _ o E 2500
independent picture of the inhomogeneous distribution of the &
hydroxyl (OD) stretching frequencies. When a hydrogen bond
is formed, the mean frequency of the hydroxyl stretch is red- 2400
shifted from the gas-phase value, its line shape broadens, anc

its integrated intensity increas&’4 The hydroxyl stretch 2400 2500 2600 2400 2500 2600 2700
frequency shift from its gas-phase value is mainly determined o, (cm™) o, (cm™)
by local hydrogen bond structures, that is, the strength and gjgre 3. 2p-IR vibrational echo spectra as a functiorTafmeasured
number of the hydrogen bonds as well as, to some extent, theon then = 8 (~6 M) NaBr solution. The 10% contour lines are shown.
hydrogen bond angles. For pure water, it is known that the broad Red peaks (81 transition), positive going. Blue peaks<2 transition
spectrum is associated with a wide range of strengths andvibrational echo emission), negative going. The peak shape changes
different numbers of the hydrogen borid€576For pure water, asT, increases. The blue lines are the center lines.
subensembles of water molecules with stronger and/or more
hydrogen bonds have red-shifted absorptions, while suben-increases, a larger fraction of the hydroxyls are associated with
sembles with weaker and/or fewer hydrogen bonds are blue-the Br- ions. The spectrum is essentially a superposition of
shifted. hydroxyls that are bound to other water molecules, which give

When ions are present, it has been shown that the hydroxyla spectrum like that of pure water and hydroxyls that are bound
stretch frequency is correlated with the electric field projected to Br-, which produces a blue-shifted spectrum that is substan-
along the OH or OD bond vectdf.While the electric field is tially overlapping with the pure water spectrum. Increasing the
the result of all of the water molecules and ions in the system, ratio of the OD--Br~ spectrum to that of the OO spectrum
the contribution of the hydrogen bond acceptor overwhelmingly produces a superposition spectrum that is increasingly blue-
dominates. Therefore, in NaBr ionic solutions, the blue shift of shifted? FT-IR spectra ofn = 32 and 16 NaBr solutions are
the spectrum relative to that of bulk water is caused by the ODs well-represented by the weighted sum of spectra of bulk water
that are hydrogen bonded to the anions. The blue shift occursand then = 8 NaBr solution. This is also true for Nal solutions.
because the electric field along the OD bond is actually weaker 2. Hydrogen Bond Dynamics from Spectral Diffusion Mea-
for a hydrogen bond to Brthan it is to an oxygen of another  surements2D-IR vibrational echo spectra of the OD stretch of
water molecule. The Bris so large and the negative charge is HOD in then = 8 NaBr solution €6 M) are shown in Figure
so diffuse that the electric field at the OD is smaller than that 3 as a function of,. For clarity of presentation, the number of
produced by a hydrogen bond to oxygen of another water contours is limited, although the data have a far higher amplitude
molecule. A hydroxyl associated with Hisplays a larger blue  resolution. The red bands (on the diagonal) are positive going
shift, while CI” yields a smaller blue shift. Only Fproduces and result from the transition between the ground and first
a red shift compared to bulk water because of the small size of excited vibrational states {01). The blue bands (off-diagonal)
F~. Sodium cations have a very small or negligible effect on are negative going and are associated with emission of the
the hydroxyl stretch frequency because they interact with the vibrational echo signal at the-2 transition frequency, which
oxygen atoms of wate¥. The spectra with K cations are the  is shifted along thew, axis by the OD stretching mode
same as those with Na anharmonicity. Focusing on the-Q transition (red positive

As shown in Figure 2, FT-IR spectra of the OD stretch band), a noticeable feature of the 2D-IR spectra is the change
frequency are characteristically broa@;’¢ and their peak in shape a3, increases. The red band is substantially elongated
positions are increasingly blue-shifted from those of the bulk along the diagonal af, = 0.2 ps. AsT,, increases, the shape
water as the NaBr concentration increases. In aqueous NaBrbecomes more symmetrical. This change is the signature of
solutions, water molecules are hydrogen bonded to other waterspectral diffusion. In the long-time limit, all structural configu-
molecules and bromide anions. As the NaBr concentration rations are sampled, and consequently, all frequencies are
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sampled. In this limit, spectral diffusion is complete, and the
peak becomes completely symmetrical. However, because of 0.6
the overlap with the negative going peak that arises from -
emission at the 12 transition frequency, the bottom of the-0 051
transition band is eaten away. Spectral diffusion dynamics are
obtained by analyzing the change of peak shapes as a function 04
of Ty. .

Spectral diffusion dynamics of the molecular systems can be = 03
quantified with the frequeneyfrequency correlation function 5
(FFCF)289127879The FFCF is a key to understanding the
structural evolution of molecular systems in terms of amplitudes 0.2
and time scales of the dynamics. The FFCF is the joint -
probability distribution that the frequency has a certain initial 0.1
value att = 0 and another value at a later timeThe FFCF -
connects the experimental observables to the underlying dynam- ool v vy
ics. Once the FFCF is known, all linear and nonlinear optical 0 2 4 6 8 10
experimental observables can be calculated by time-dependen T, (ps)
diagrammatic perturbation theof§Conversely, the FFCF can ) - W ]
be determined fom the 2D-IR specira wih nput o he near FILTE . SPects SIS rarmes ohe 00 S 1800,
abso_rptlon spectrum. In hydrogen-bonded §ystems like aqueou f the center line slope obtained from 2D-IR spectra and the line through
solutions, the hydroxyl stretch frequency is closely related t0 the data points calculated from the FFCF determined from the 2D-IR
the local hydrogen bond structure, and thus, time-dependentspectra and linear FT-IR spectra. As the NaBr concentration increases,
changes in the hydroxyl frequency (spectral diffusion) can be the dynamics of water slow.
related to the evolution of the hydrogen bond structure.

There have been a number of methods introduced to obtain ABLE 1: FFCF Parameters
the FFCF from the results of nonlinear and linear experimental sample T'(cm™) A;(cm™)  7i(ps)  Ax(cm™)  72(ps)
results?®81Here, the center line slope (CLS) method is used to water 76+14 41+8 0.38+0.08 34+11 1.7+05
extract the FFCF from thel,, dependence of the 2D-IR n=32 78+9 43+£5 0.43+006 34+7 26405
spectra-® In the CLS method, frequency slices through the n=16 74+6  41+3 0.49+005 3444  3.5+05
2D-IR spectrum parallel to the, axis at variousv, frequencies n=8 67+6 35+3 063+£009 30+4 48+06
are projected onto the, axis128 These projections are a set
of spectra with their peak positions@f"® on thew, axis. The
plot of w]"™™ versuswn, is a line called the center line. In Figure
3, the blue lines are the center lines for thelltransition (red
peaks). In the absence of a homogeneous contribution to th
2D-IR vibrational echo spectrum, the peak shape in the 2D-IR
spectrum afl,, = 0 ps would be a line along the diagonal at
45°, The slope of this center line would be unity. At very long
time, the peak shape in the 2D-IR spectrum becomes sym-
metrical, and the center line is vertical (slope is infinite). The
inverse of the center line slope (called the CLS) varies from a
maximum value of 1 af,, = 0 ps to a minimum value of 0 at
a sufficiently long time. It has been shown theoretically that
the T,, dependence of the inverse of the center line slope
combined with additional information from the absorption
spectrum can be used to determine the complete PEORBta o h . . L
points shown in Figure 4 are the CLS obtained from the 2D-IR The lifetime and orientational relaxation contributions are not
spectra as a function df,, and the lines through data points removed because_ they are very smaII._For gxample, for pure
are calculated from the FFCFs determined from the CLS and Water: the comblned "fe“”?e f"md orlgntgtlonal relaxation
the linear FT-IR spectra®lt is clear from Figure 4 that as the ~contribution tolr is 4 cnt?, which is well within the error bars
concentration of NaBr increases, the spectral diffusion and, on the _76 cm hom(_)ge_neous I_|ne width. As seen n Tfab_le L,
therefore, the hydrogen bond dynamics slow. the major change with increasing NaBr concentration is in the

To quantify the change in dynamics with NaBr concentration, SI.OWESt time constants, of_the FFCF. T_he homogeneogs line
a multiexponential form of the FFCIE(t), was used to model widths, I', of pure watern = 32, andn = 16 NaBr solutions

the multitime scale dynamics of the structural evolution of the ar? |file2ti|clall V}'i'trr']'trll exraerlllmrentr?(lﬁgriorilolnly iforV\fit:r?i:ngtkll\laB:r ;
water system8.The FFCF has the form solution 1SL-slightly smatler, a s value Is € erro

bars of the others. Th& values, which give the amplitudes of
5 5 5 the fluctuations on different time scales, are again very similar,
C(t) = Alexp(~t/ry) + Azexp(-t/7,) + Azexp(-t/ry) (1) with then = 8 NaBr solution being slightly smaller. The time

constants,r; and r3, show a systematic trend; both become

where A and 7 are the amplitude and correlation time, longer as the NaBr concentration increases. Thacreases

respectively, of the frequency fluctuations. Theeflects the by a factor of~1.6, while thers increases by~3.

time scale of a set of structural fluctuations, and thés the The simulations of pure water show that the motionally

range of the OD stretch frequency sampled due to the structuralnarrowed component arises from extremely fast (tens of

fluctuations. In the motionally narrowed limit (fast modulation femtoseconds) local fluctuations mainly in the hydrogen bond

NaBr,n=8, 6 M
NaBr,n=16,3 M
NaBr,n=32,15M
pure water

limit) with At < 1, A andt cannot be determined indepen-
dently, but A%z = 1/T; is obtained as a single parameter
describing the motionally narrowed Lorentzian contribution.
eTz is called the pure dephasing time. The Lorentzian contribu-
tion to the 2D-IR spectrum also has contributions from lifetime
(T1) and orientational relaxatiom§,). The total homogeneous
(Lorentzian) contribution,T,, is given by 1T, = 1T, +
1/(2T1) + 1/(3Ty), where T, is determined with the CLS
method-8° and T; and T, are measured using polarization-
selective IR pumpprobe experiments (see below). The total
homogeneous line width IS = 1/(T>). In the results presented
here,I" is dominated by the pure dephasifg,
The FFCF parameters for the aqueous NaBr solutions and

pure water are given in Table?IFor the motionally narrowed
components, the homogeneous line widths 1/(7T>), is given.
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length? These exceedingly fast fluctuations amount to over- 0.4
damped oscillations of single hydrogen bonds. There is some
experimental evidence that the strongest hydrogen bonds (rec i
side of the absorption spectrum) are slightly underdampét. 0.3
These ultrafast motions do not change the global structure of ’
hydrogen bond networks. The slowest time (1.7 ps) for pure i
water is associated with the final complete randomization of
the hydrogen bond structure. This is the time scale for global %= 02
rearrangement of hydrogen bond networks, and it requires\f
breaking and re-forming of hydrogen bonds as hydrogen bond
partners switch. The complete structural reorganization means 0.1
that the OD stretch oscillators will have sampled all structures
and, therefore, all vibrational frequencies. This slowest decay -
time is the time scale on which spectral diffusion is complete, 00 Lt e
and all frequencies under the inhomogeneously broadened : 0 1 2 3 4 5
absorption spectra have been sampled. 480 fs time scale

is a transition between the strictly local hydrogen bond length f(pS)

fluctuations and the final complete structural reorganiza‘ﬁon. Figure 5. Anisotropy decaysi(t), of the OD stretch of HOD in pure
The intermediate and slowest time scale components in thewater and aqueous NaBr solutions. As the NaBr concentration increases,
FFCF should not necessarily be viewed as distinct processesthe orientational relaxation slows.

It is useful to take the results from the MD simulations of
pure water and carry them over to understanding the FFCFs
obtained from highly concentrated NaBr solutions. It is reason-
able to assume that the ultrafast motionally narrowed contribu-
tion to the FFCF still arises from local hydrogen bond length - . o
fluctuations. However, in highly concentrated NaBr solutions, calculatec_ﬁ6v87 These S|mu|at|gns show that the lifetime Of
the hydrogen bonds are no longer solely among water moleculeswater_Br hydrogen bonds is a few picoseconds and is
but rather between water molecules and ions. At the highestsomeWhat longer than that of watewater hydrogen bond¥.

concentrationn = 8, most of the OD groups will be hydrogen dic31jIagrg]qtig%]aéniilgxg;l?l:ghi par?cl)lg(la E? r?gldn?:a:gs:g d
bond donors to bromide anions. This change in the nature of P burip g

the OD hydrogen bond length fluctuations may be manifested with two beam polarization configurations are given by

NaBr,n=8, 6 M
NaBr,n=16,3 M
NaBr,n=32,1.5M
pure water

using the 2D-IR vibrational echo experiments foe thM NaBr

and are supported by the anisotropy decays occurring on similar
time scales. Recently, MD simulations were performed on ionic
solutions, and hydrogen bond lifetime correlation functions were

in the reduction i seen in Table 1. As mentioned above, the S, = P()[1 + 0.8C,(1)] 2)
slowest component of the FFCF displays the largest change with : 2
increasing NaBr concentration. The slowest component slows S, = P(t)[1 — 0.4C,(t)] 3)

by almost a factor of 3 going from pure water to the= 8
NaBr sglutlog. Th.tcajrefor.e, as rrt:ore k?md more hydrogenlbonldswheIre P(t) is the population relaxation an@y(t) = [Pa[u(t)-
are made to bromide anions rather than among water molecules,, (3)1r5s the second-order Legendre polynomial transition dipole
the rate of global structural rearrangement slows. The structural .o rejation function (orientational relaxation). Orientational
randomization is just a factor of 3 slower than 'Fhat in pure water (q|axation dynamics are determined from the anisotropy decay,
even when the number of water molecules is less than what () " that is calculated from the parallel and perpendicular
would be required to make single hydration shells in dilute components of the pumiprobe signals
aqueous solutions.

Previously, two-color IR pumpprobe experiments were _ S—$ _
performed by pumping the OH stretch of HOD ind salt r(t) = S "‘_231 = 0.4C,(1) 4)
solutions (6 M NaCl, NaBr, or Nal) near the center of the OH
stretching band and measuring vibrational population relaxation n ater systems, vibrational population relaxation is followed
at different frequencie¥. The results were interpreted as spectral py the deposition of heat into the solution that produces a long-
diffusion and were analyzed in terms of a single correlation |jiveq orientationally isotropic signak This long-time isotropic
time constantr.. The correlation times were reported to be  sjgnal, which decays on thermal diffusion time scales, is caused
20-50 times longer than those of pure water. MD simulations py the temperature dependence of the water spectrum. The
on halide-water systems suggested that the very long correlation magnitude of the temperature change in these experiments is
times measured by two-color pumprobe experiments were  sma|| (fraction of 1 K). The heating effects are well-understood
similar to residence times of water molecules in the first gng are subtracted from the pumprobe signals using the
hydration shells of halide anions in dilute solutidfis?’ standard procedur&®288The vibrational population relaxation
However, there is no bulk water in the highly concentrated salt of the OD stretch of HOD in aqueous NaBr solutions is well-
solutions, and as shown in previous studies of various water fit by a biexponential function and gets slower with increasing
systems;®1347the FFCFs of water are nonexponential in nature NaBr concentration3.

and decay on multiple time scales. A model with two subsets  Figure 5 displays the anisotropy decas), for pure water

of water mOleCUleS, water bound to ionS, and bulk water seemsgnd aqueous NaBr solutions. As the NaBr concentration

to be insufficient to describe the hydrogen bond dynamics of jncreases, the orientational relaxation slows. The anisotropy

water in the very highly concentrated salt solutions. decays do not begin at the maximum value of 0.4 (see eq 4)
The very long correlations times obtained from two-color because of an ultrafast inertial component that occurs on the

pump—probe experiments are in contrast to the results obtained tens of femtoseconds time sca¥8:2°For times< 100 fs, when

from the direct measurements of spectral diffusion dynamics the pump and probe pulses are overlapped in time, there is a
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large nonresonant signal that obscures the inertial componentTABLE 2: Orientational Relaxation Parameters
The difference in the amplitude of the measured anisotropy — sample a w(®s)  6c() % 7 (ps)
decay and 0.4 gives a measure of the amplitude of the inertial
. . water 0.35+£0.01 2.6£0.1
component. In the following, only the anisotropy decay after | _—a25NaBr 016+0.02 17402 38+4 021+ 003 3.9+ 03
the inertial component is discussed. n=16NaBr 0.17+-0.03 1.6+0.1 38+2 0.21+0.01 5.1+0.2
The anisotropy decay of HOD in pure water is a single n=8NaBr  0.17-0.01 1.6+0.1 38+2 0.21+£0.01 6.7+0.3

exponential with a time constant of 2.6 $% However, the AOTwo=10 0.12+0.01 1.5+0.2 31 0.25-0.01 22+1

anisotropy decays of water in aqueous NaBr solutions are clearly AOTwo=5 0.08 1.0 31 0.25 30

not single exponential and are fit very well by a biexponential ACTWo=2 0.03 0.9 29 027 50

function of the form Igepalwg=7 0.10+0.01 1.6+0.2 32 0.24:0.01 21+1
r(t) = a, exp(—tir,,) + a, exp(—tiz,,) (5) semiangld). are identical. However, the long time constant,

. . increases as the NaBr concentration increases. im+th8 NaBr
where 7oz > 7on. Water molecules in NaBr solutions are  solution,7 is almost three times longer than that in pure water.
hydrogen bonded to bromide anions by strong-idipole Like the slowest component of the spectral diffusion (see Table
interactions. These ierdipole interactions restrict orientational 1), the complete randomization of the OD transition dipoles
motions of water in NaBr solutions. Experiments on HOD in  requires a global reorganization of the hydrogen bond structure.
water nanopools in small AOT reverse micefiés(discussed While the FFCF and the orientational correlation function
below) and in nanoscopic water channels in Nafion fuel cell cannot be directly compared, the physical picture states that the
membrane¥ also displayed biexponential decays of the ani- slowest component of each requires complete rearrangements
sotropy. The biexponential decays of the anisotropy in NaBr of the hydrogen bond structure. It is useful to compare the effect
solutions are analyzed by a wobbling-in-a-cone model based of NaBr concentration on the slowest components of the FFCF
on restricted orientational diffusion with a boundary condition and orientational correlation function shown in Tables 1 and 2,
of a coné® followed by complete randomizatidi.* The respectively. This can be done by taking the ratRspf the
motions at short times are restricted by the intact hydrogen bondtime constants of the slowest components for NaBr solutions
network. Orientational diffusion occurs by the wobbling motion  with respect to the value for pure water. For the FFRFcr
of water within a cone of the semiangle @f. After the initial = 1.5, 2.1, and 2.8 going from low to high concentration. For
wobbling period, a longer-time decay of the anisotropy is the orientational correlation functioR,, = 1.5, 2.0, and 2.6.
associated with complete orientational randomization. The These ratios are identical within experimental error. The
essential idea is that on a time scale short compared to Fhat foridentical trend in the two ratios strongly supports the picture
the rearrangement of the hydrogen bond structure (break[ng {smcthat the slowest components of both experimental observables
re-forming of hydrogen bonds), the OD bond vector, which is are closely related to the global rearrangement of the hydrogen
essentially the transition dipole vector, can sample a restrictedbond structure, which occurs by concerted breaking and
range of orientations but cannot completely randomize. In pure re-forming of the hydrogen bonds. The results of the 2D-IR
water, the wobbling motion and overall orientational relaxation vibrational echo and pumgprobe experiments demonstrate that
seem to occur on similar time scales and cannot be separatedhe interaction of water with ions slows the structural rear-
in time as distinct processes. As a result, within experimental rangement of water, but even inett6 M NaBr solution, the
error, the anisotropy decay in pure water is a single exponential reduction is only a factor of-3.
after the ultrafast inertial component. B. Reverse Micelles Reverse micelles are useful systems

Recent molecular dynamics simulations have shown that the for studying the effects of nanoscopic confinement on water
orientational relaxation of water molecules in pure water and dynamics. A reverse micelle is composed of amphiphilic
ionic solutions is described by a jump reorientation model rather surfactant molecules self-assembled such that they form a closed
than Gaussian orientational diffusi&h?® Water molecules  structure with polar or charged head groups pointing inward,
undergo complete randomization of their orientations by switch- toward the polar water phase, while hydrocarbon chains are
ing their hydrogen bon(_j partners_in a concerted manner, which pointing outward toward the nonpolar phase. AOT reverse
involves large angular jumps. This model was recently applied micelles have been studied extensively by many experimental

to nanoscopic water in Nafion fuel cell membra#des. methods to understand the properties and dynamics of confined
In the wobbling-in-a-cone model, the orientational correlation water on nanometer length scafe§26.27.5559.92 |trafast IR
function is given by experiments investigate the dynamics of nanoscopically confined

water by making measurements directly on the water molecules

C,(t) =[S+ (1 — S) exp(-tr,)] exp(-tir)  (6) rather than examining the properties of a fluorescent dye

molecule or other types of probe molecules located in the water

whereS (0 < S =< 1) is the generalized order parameter that nanopool. This section focuses on the influence of confinement

describes the degree of restriction of the orientational motion, on FT-IR spectra and orientational relaxation dynamics of water
7w is the time constant of the wobbling-in-a-cone motion, and jn small AOT reverse micelle:6.55 Vibrational echo experi-

T\ is the time constant for the IOng-time Complete orientational ments have also been conducted on water in AOT reverse

relaxation®-3690 By comparing eqs 5 and Gy = (7,] — micelles*6 As shown above, polarization-selective purguobe
Ton) L 1 = Top, and S = \/;2. The cone semianglé; is measurements of orientational relaxation and vibrational echo
obtained from the generalized order paramegs# 0.5 cos measurements of spectral diffusion provide complementary
0c(1 + cosfy). information. In the interest of brevity, only the orientational

The parameters from fitting the anisotropy decays with egs relaxation measurements will be discussed here.
5 and 6 are given in Table 2. In the absence of the ultrafast 1. Linear FT-IR SpectraAOT reverse micelles were studied
inertial componenta; + a, = 0.4. The decrease from 0.4 gives  with wo = 60, 40, 20, 10, 5, and2These range in diameter of
the amplitude of the ultrafast inertial component. For the three the water nanopools from 28 down to 1.7 nm. Here, the smallest
NaBr solutions, the wobbling time constamj, and cone of the reverse micelles are discussed because they display the
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Figure 6. Absorption spectra of the OD stretch of HOD in water nanopools in AOT reverse micelles with different water nanopool sizes.
nanopools of AOT reverse micelles and in bulk water. Wae= 2, 5, As the size of the reverse micelles decreases, the orientational relaxation

and 10 correspond to the reverse micelle sizes 1.7, 2.3, and 4 nm,slows.

respectively. The peak positions (bandwidths (in fwhm)) of the OD

stretch of HOD inwp = 2, 5, and 10 AOT reverse micelles are 2565  viprational population can be described by the weighted sum

(155), 2559 (161), and 2537 ci(177 cnr?), respectively. of a core lifetime (bulk water, 1.7 ps) and the shell lifetime.
o ) The shell lifetime is taken to be the single-exponential lifetime,

most dramatic differences from bulk water. Figure 6 shows the 5 5 b5 measured far, = 2, which is so small that essentially

background-subtracted FT-IR spectra of the OD stretch of HOD 4| of the water molecules are associated with head groups (the

in water of bulk water and in AOT reverse micelles with = shell)
10, 5, and 2, which correspond to nanopool diameters of 4, 2.3, 2 Orientational RelaxatioriThe anisotropy decays of water
and 1.7 nm and the number of water molecute3000,~300, in AOT reverse micelles with different nanopool sizes and bulk

and~40, respectively. The peak positions (bandwidths, fwhm) \ater are shown in Figure 7. The probe signal was detected at
for wo = 10, 5, and 2 are 2537 (177), 2559 (161), and 2565 the wavelength of the peak of each spectrum. The anisotropy
cmt (155 cmt), respectively, with water centered at 2509 gecay slows dramatically as the size of the reverse micelles
cmL. Itis clear that the FT-IR spectrum increases its blue shift jecreases. As discussed above in connection with the NaBr
from that of bulk water as the size of the water nanopool eyxperiments, complete orientational relaxation requires hydrogen
decreases. AOT surfactants have an ionic sulfonate head grougyond randomization. Therefore, as the size of the water nanopool
with a sodium counterion. Iwp = 2 with only ~40 water  gecreases, hydrogen bond dynamics slow. It has been found
molecules, essentially all of the water molecules are associatetpat the hydrogen bond dynamics of water approach those of
with the sulfonate head groups of the AOT surfactants. The |k water as the size of AOT reverse micelles is increased
FT-IR spectrum forwp, = 2 is blue-shifted from the bulk significantly above 4 nmvjp = 10)4
spectrum by~55 cnt. This large change in the OD stretch rientational relaxation of water in reverse micelles is well-
frequency is related to the electric field projected onto the OD characterized by a biexponential function and is analyzed using
bond vector.” As the AOT reverse micelles get smaller, the {he wobbling-in-a-cone model (egs 5 and 6). The results are
relative number of water molecules associated with the sulfonategiven in Table 2. The most notable change in the anisotropy
head groups .increase.s, .and the FT-IR spectra becomes in(:r'ea%ecay with decreasing nanopool size is in the long-time
ingly blue-shifted. This is the same type of shift observed in gynamics that are associated with the global rearrangement of
Figure 2 as the concentration of NaBr is increased. the hydrogen bond structure. Orientational dynamics of water
In AOT reverse micelles, water molecules can be divided in reverse micelles cannot be described by a weighted sum of
into two subensembles in a cershell model* Water molecules two subensembles of water molecules (core and shell), in
associated with the sulfonate head groups form the shell, andcontrast to the FT-IR spectra and vibrational population detays.
the water molecules some distance in from the sulfonate headThe core and shell regions, while physically distinct, are
groups form the core. Water molecules in core have the sameintimately connected through the hydrogen bond network.
OD absorption spectrum as that for bulk wat@fT-IR spectra  Simulationg®93%4and physical considerationshow that the
of the OD stretch in the water nanopoolswf = 5 and 10  Na' counterions are associated with the sulfonate anionic head
AOT reverse micelles can be reproduced with great accuracy groups. While the detailed structure of water associated with
(peak position, line width, and shape) using a weighted sum of the head group/counterion is unknown, it is safe to say that the
the FT-IR spectra of bulk water anah = 2. For any size AOT  arrangement of water molecules in a shell of waters at the
reverse micelles, the FT-IR spectrum is composed of a coreinterface will differ substantially from that of bulk water.
spectrum (bulk water spectrum) and a shell spectrum (spectrum  Consider a hypothetical system possessing an infinite extent
of wo = 2)4 of water molecules with the structure found near the interface.
It should be mentioned that vibrational population relaxation Such a system will have global hydrogen bond network
of the OD hydroxyl stretch of water in the AOT reverse micelles randomization dynamics that are different from those of the bulk
was observed to be biexponential, with the overall decay water. If this infinite extent shell structure could be in contact
becoming longer as the size of the reverse micelles decréases.with an infinite bulk water system, at the boundary between
For any size reverse micelle, the biexponential decay of the two, there would have to be accommodation akin to the
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interface of two incommensurate crystal lattices. When two
incommensurate crystal lattices are joined, the structure of the
boundary region differs from that of both pure crystalline
materials because of accommodat®r-However, if the two
types of crystals are macroscopic in extent, at some distance
from the boundary, their unperturbed lattice structures will exist.
In the reverse micelle, a thin shell layer meets a relatively small
core region. In isolation, the structures of these regions differ, ,
but their structures and particularly their long-time-scale global :
hydrogen bond dynamics are strongly coupled. Because core ' (Q.15F A neat Toenal
waters are hydrogen bonded to shell waters, the rearrangement= L @ AOT gi?z 4 nm
responsible for full orientational relaxation in the small reverse 0.10F ® locnal d—4 nm 5
micelles require motions that depended on the structure of the O b W
coupled system. The influence of the interface will extend some 0.05F avre e o o
distance into the core. If the water nanopool is small enough, i O bulk water ¢ 0
the hydrogen bond dynamics will not become those of bulk 0.00 1' —— é B
water anywhere. The influence of the interface on dynamics is 3 4 5 6
different from that of the spectrum and the population relaxation. 1(ps)

Both the spectrum and the population relaxation are completely ) )
dominated by the local structure, in contrast to the hydrogen Figure 8. Anisotropy decaysi(t), of the OD stretch of HOD in water
bond rearrangement, which requires global structural Changesnanopools of Igepal and AOT reverse micelles with the same water

) . nanopool size of 4 nm. Anisotropy decays of the OD stretch of HOD
that are not strictly local. The hydrogen bond dynamics are not ;, pure water and in tha = 8 NaBr solution (6 M), as well as for the

necessarily uniform throughout the water nanopool in small pygroxyl head groups (5% OD) of pure Igepal, are also shown for
AOT reverse micelles, as has been shown by a wavelengthcomparison.

dependence of the orientational relaxatién.

C. The Role of Confinement versus Charge on the  bulk water as the size is increased beyond 4“rfherefore,
Dynamics of Water. The dynamics of water in anionic AOT  significantly larger sizes are not useful.
reverse micelles are distinct from those of the bulk water. Water ~ Smaller sizes are problematic for two important reasons. First,
dynamics also differ from those of the bulk water in concentrated the size of smaller Igepal reverse micelles becomes increasingly
NaBr solutions in which the number of water molecules per uncertain as the size is decreased. Second, the deuterium from
ion is similar to that in the reverse micelles studied. Therefore, a HOD molecule will exchange with the Igepal hydroxyl group
the fundamental question arises, are the large changes inso that instead of studying only water, the experiment also has
hydrogen bond dynamics found in the experiments with AOT a contribution from the hydroxyl group of Igepal. This is a real
reverse micelles caused by nanoscopic confinement or by theeffect, but it will only be significant for very small reverse
presence of the charged sulfonate head grcups? micelles in which the number of surfactant molecules is

The issue of confinement versus charge can be addressed bgomparable to the number of water molecules. Fowihes 7
comparing the experimental results obtained for AOT water reverse micelle, there are 7 water molecules per surfactant
nanopools to those for a reverse micelle made from a nonionic molecule, which means that there are 14 water hydroxyl groups
surfactant. In spite of a wide variety of nonionic surfactant/ for each Igepal hydroxyl group. Statistically, the contribution
organic phase combinations, no one combination has been aso the signal from a water OD stretch will outweigh the Igepal
thoroughly studied and characterized as the AOT reverse micellehydroxyl OD by a factor of 14.
System Of the .many Combinations, a well-characterized non- Therefore, Comparing 4 nm AOT and |gepa| reverse micelle
ionic reverse micelle can be made of the surfactant Igepal CO \yater nanopools to understand the effects of interfacial differ-
520 with an organic phase consisting of a 50/50 by weight gnces on the dynamics of the confined water is appropriate,
mixture of cyclohexane and n-hexaftéhis alcohol head group 5 s is essentially the only size that can provide well-defined
nonionic surfactant and organic phase combination was Chosenresults to answer the question of whether or not interfacial

because the resulting reverse micelles have been studied in detagharges dictate the dynamics of confined water. A single counter

by small-angle neutron scattering (SANS) to determine their example is sufficient to demonstrate that interfacial charges are

structure?® The stability regime of the reverse micelle phase t solelv r nsible for confinement effects on water dvnam
was mapped out, and the water pool sizes were determined aflz:c; Solely responsible for confinement efiects on water dynam-

a number of temperatures ang values. In addition, the SANS . .
fitting indicated a spherical shape for the reverse micelles, and F1-IR spectra of the OD stretch of HOD in water in Igepal
molecular dynamics simulations on a similar system showed Wo = 7 is shifted to the blue of bulk water but not as much in
only a slight ellipticity?” The combination of spherical shape AOT Wo = 10. The Igepal maximum is at 2522 cfn while

and relatively good size characterization makes this Igepal the AOT maximum is at 2537 cm, which is almost identical
system useful for comparison with the AOT reverse micelle to the peak of the spectrum of time= 8 NaBr solution. The
system. Because of a lack of a similar detailed characterizationOD in bulk water maximum is at 2509 crh In the Igepal

of other nonionic reverse micelles, the Igepal system is the only reverse micelles, water molecules at the surfactant interface are

tropy

aniso
L)
[ ]
‘e
b
[ ]
L ]
-
[ ]

r(?)

system suitable for these studfes. hydrogen bonded to the alcohol hydroxyl head group, while in
Igepal reverse micelles witly = 7 were studied.Forwy = AOT and the concentrated NaBr solution, water is hydrogen

7, an Igepal reverse micelle nanoscopic water nanopool is thebonded to ions. This difference is responsible for the reduction

same size as the AOW, = 10 reverse micelle, that is, = 4 in the blue shift for Igepal compared to that for AOT and the

nm39 A diameter of 4 nm was chosen because in previous NaBr solution.

studies of nanoscopic water in AOT, the = 10 reverse micelle Figure 8 displays the anisotropy decays of the OD stretch of

was shown to have water dynamics significantly different from HOD in water nanopools with a diameter of 4 nm in AOT and
those of bulk water, as can be seen in Figure 7. AOT reverse lgepal reverse micelles measured at the same wavelength, 2539
micelles have water dynamics that rapidly approach those of cm™2, close to the peak of both spectra. The anisotropy decays
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of bulk water, then = 8 NaBr solution, and pure Igepal of cells and between cells experiences numerous interfaces that
surfactant are also shown in Figure 8 for comparison. The can be separated by a few nanometers to a few tens of
orientational relaxation dynamics in these two reverse micelles nanometers. Cell membranes have zwitterions at their interfaces
are very similar and much slower than those in bulk water. The with water, and transmembrane protein ion channels experience
anisotropy decays in both reverse micelles are biexponential,water at their entrances that is distinct from bulk water. The
and the two components are identical within experimental error surfaces of proteins have charged and polar amino acids forming
(see Table 2). The difference in the appearance of the AOT the interface with water. Some proteins enclose water in
and Igepal curves comes from the very short time inertial nanoscopic compartments. Water confined on nanometer length
component. AOT displays a much smaller ultrafasLQO fs) scales is also found in many nonbiological situations. Polyelec-
inertial decay component than that of Igepal. In contrast to the trolyte fuel cell membranes, such as Nafion, have water-
reverse micelles, bulk water's anisotropy decay is a single containing nanoscopic channels that have a major impact on
exponential of 2.6 ps. The anisotropy decay oftihe 8 NaBr water dynamics* and proton transpoPf:9

solution, while slower than that of bulk water, is much faster =~ The frequent incidence of nanoscopically confined and
than the orientational relaxation of water in the reverse mi- restricted water brings to the forefront the need to understand
celles. The anisotropy of neat Igepal surfactants is essentiallythe properties of water and aqueous systems in environments
constant for the time window of pumiyprobe experiments, near interfaces. The results presented above show that while
which shows that the orientational dynamics measured for the charged species at an interface may matter, the very existence
Igepal reverse micelle are not dominated by the Igepal hydroxyl of an interface can have a profound influence on water dynamics

groups? even in the absence of ionic groups.
The key finding is that the orientational dynamics of water )
are very similar in 4 nm diameter Igepaly= 7) and AOT Acknowledgment. This work was supported by grants from

(Wo = 10) reverse micelles even though the two types of reverse the Department of Energy (DE-FG03-84ER13251), the Air
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