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The dynamics of water are examined using ultrafast IR stimulated vibrational echo correlation spectroscopy.
The OD hydroxyl stretch of HOD in ¥ is probed with 45-fs pulses that have sufficient bandwidtdq0

cm™Y) to span the entire broad spectrum. High-quality 2D correlation spectra are obtained having the correct
phase relations across the broad hydroxyl band. The correlation spectra are found to evolve on multiple time
scales. The time evolution of the vibrational echo correlation spectrum reflects the structural evolution of the
hydrogen bond networks. The extended vibrational lifetime of the OD hydroxyl stretch of HOBGOn H
facilitates the measurement of hydrogen bond dynamics for longer times than possible in previous studies of
the OH stretch. Molecular dynamics simulations/electronic structure calculations are used to obtain the time
correlation functions (TCF) for two water models, TIP4P and SPC/E. The TCFs are inputs to full time-
dependent diagrammatic perturbation theory calculations, which yield theoretical correlation spectra.
Quantitative comparison with the data demonstrates that the two water models somewhat overemphasize the
fast fluctuations in water and do not contain a slow enough component to account for the slowest fluctuations.
Fits to the data using a phenomenological triexponential TCF yield a slowest componeéhpsf and TIP4P

and SPC/E have slowest components@fps. The TCF obtained from the water models and the triexponential
TCF reproduce the linear absorption line shape equally well, but all miss to some extent the asymmetric
“wing” on the low-energy side of the line. Therefore, the time dependence of the vibrational echo correlation
spectra provides a good test for the TCF, but the absorption spectrum does not.

Vibrational echo correlation spectroscopy of the hydroxyl
. - . stretch examines the time evolution of the hydroxyl stretching
Water is ubiquitous in nature. It has profound effects on
frequency and, therefore, the hydrogen bonds themselves. Very

diverse fields of science from astronomy to zoology. The . .
properties of water are dominated by the strong hydrogen bondsStrong evidence for the correlation between the hydroxyl
that form among water molecules. The hydrogen bonds give stretching frequency and the hydrogen bond strength in solids

I. Introduction

rise to hydrogen bonding networks that play a major role in
both the structure and dynamics of walket The hydrogen bond
networks are continually evolving in time. Hydrogen bonds
break, and new hydrogen bonds form. Structural evolution
causes weak hydrogen bonds to become strong and stron
hydrogen bonds to become weak.

Properties of hydrogen bond networks can be studied using
IR spectroscopy of the hydroxyl stretching mode because of

the influence of the number of hydrogen bonds and the strength

of hydrogen bonds on the hydroxyl stretching frequelcy?
A water molecule can form up to four hydrogen bonds, and the

various types and number of hydrogen bonds are not spectro-

scopically resolvable under the broad hydrogen-bonded hydroxyl
stretching band?13
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is obtained from correlating crystallographic and spectroscopic
datal* From the crystallographic data, the length of the hydrogen
bond can be determined. A shorter length corresponds to a
stronger bond. Observations of a large number of compounds
show that as the bond shortens the hydroxyl stretching frequency

Lhifts to the red. The fact that the crystallographic/spectroscopic

relationship also applies to liquids follows from three observa-
tions about the hydroxyl stretch of hydrogen-bonded liquids,
such as water and alcohols. First, molecules that form stronger
hydrogen bonds display larger red shifts in their hydroxyl stretch
than molecules that form weak hydrogen bo#ftfs:15There is
general agreement in the literature that the red side of the
hydroxyl stretch of a hydrogen-bonding liquid corresponds to
stronger hydrogen bondg:101422 Second, the hydroxyl stretch-
ing band is inhomogeneously broaderié&?+27 In a hydrogen-
bonding liquid, the lengths and strengths of hydrogen bonds
vary substantially, giving rise to the broad, inhomogeneously
broadened hydroxyl stretching ba#dFinally, the hydroxyl
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stretching frequency of water varies continuously from its low- inputs to full time-dependent diagrammatic perturbation theory
temperature, icelike spectrum (large red shift, strong hydrogen calculations, which yield theoretical correlation spectra. The
bonds) to its high-temperature, vaporlike spectrum (small red diagrammatic treatment uses the TCF to obtain the line shape
shift, weak hydrogen bonds) when the temperature is varied function that has real and imaginary contributions. The imagi-
from the freezing to boiling pointsFalk and Ford concluded  nary portion accounts for the time-dependent Stokes shift. The
that hydrogen bonds varied continuously in strength rather thanline shape function is then used to obtain the response functions
having a fixed strength.The stronger hydrogen bonds cor- employed in the calculations of the correlation spectra. Calcula-
respond to the red side of the hydroxyl stretch because the redtions were performed for two of the most widely used water
side is lost when the temperature is raised. Similar behavior models, TIP4F® and SPC/E* Comparisons of the experimental
has been observed in methanol over a limited temperaturevibrational echo correlation spectra to the MD-derived theoreti-
range?*28.29 cal correlation spectra provide a stringent test of the water

Recently, there has been an increase in understanding ofmodels. In addition, the experimental data were fit using a

hydrogen-bonding liquids brought about by the application of Phenomenological triexponential TCF. The results show that
ultrafast IR experimental methods, particularly a variety of the two water models somewhat overemphasize the fast fluctua-

transient absorption experimeffs1928-35 The development of ~ tions in water and do not contain a slow enough component to
the ultrafast IR vibrational echo technidée® and the recent ~ account for the slowest structural fluctuations. Fits to the data
extension to multidimensional vibrational echo metR&ds40-49 using the phenomenological triexponential TCF yield a slowest

provide a new approach for the study of condensed matter cOmponent of 2 ps, and TIP4P and SPC/E have slowest
systems. Such techniques are beginning to be applied tocomponents of1 ps. The TCF obtained from the water models

hydrogen-bonding syster%:25455051The structure and evolu- ~ @nd the triexponential TCF reproduce the linear absorption line
tion of hydrogen-bonding networks have been extensively Shape equally well, but all miss to some extent the asymmetric
studied by molecular dynamics (MD) simulatighi:13.5255 “wing” on the low-energy side of the line. Therefore, the time
Here we report the first application of ultrafast heterodyne- d%pendencz tOf tt?e t\ﬂbr_?g?:n%l ?fr?o ct:)orrel?_tlon spetctra gro-
detected multidimensional stimulated vibrational echo correla- V'¢€S @ good testiorthe » DUt the absorption spectrum does

tion spectroscopy with full phase information to the study of
the dynamics of water. The OD hydroxyl stretch of low-

concentration HOD in kD is studied. The extended vibrational |I. Vibrational Echo Correlation Spectroscopy and

lifetime of the OD hydroxyl stretch~1.8 ps§®56-8 facilitates Experimental Procedures

the measurement of hydrogen bond dynamics for longer times

compared with previous studie$-19.21.22.27.50.5%hat focused The ultrashort IR pulses employed in the experiments are

on the OH stretch (lifetime< 1 ps)/%183560Hydrogen bond  generated using a Ti:sapphire regeneratively amplified laser/
breaking occurs later in the dynamics following the excitation OPA system. The output of the modified Spectra Physics regen
of the OD stretc¥® which greatly simplifies the analysis of the  is 26-fs transform-limitec/-mJ pulses at a 1-kHz rep rate.
slower hydrogen bond dynamics. By using ultrashort mid-IR These are used to pump a substantially modified Spectra Physics
pulses (45 fs or-3.4 cycles of light), it is possible to perform  short-pulse IR OPA. The output of the OPA is compressed to
experiments on the entire broad hydroxyl stretching band despiteproduce 45-fs transform-limited IR pulses as measured by
its >400-cm! width. Employing pulses that are transform- collinear autocorrelation. For the experiments, the compression
limited and controlling path lengths with the accuracy of a small was readjusted to give 45-fs transform-limited pulses in the
fraction of a wavelength of light, along with proper data analysis, sample as measured by a sample that gave a purely nonresonant
data are obtained with correct phase relationships across thesignal. The shot-to-shot IR stability is1.0%, and the long-
entire spectrum. The proper phase relationships permit theterm stability is such that data were collected continuously for
accurate separation of the absorptive and dispersive contributionsas long as 5 days.

to the spectrg??>434449.8)As a result, the 2D IR correlation The IR beam is split into five beams. Three of the beams are
spect6r2a are obtained in a manner akin to 2D NMR spectros- the excitation beams for the stimulated vibrational echo. A fourth
copy. beam is the local oscillator (LO) used to heterodyne detect the

The multidimensional stimulated vibrational echo correlation vibrational echo signal. One of the excitation beams is also used
spectroscopy technique measures the population and vibrationafor pump—probe experiments, and the fifth beam is the probe

dephasing dynamics in two frequency dimensioms, and beam in the pumpprobe experiments. All of the beams that

W, 232543:44,4649.61In NMR, w, andwy, are usually calleds; pass through the sample are optically identical and are com-
andws, respectively??) The wn, axis is similar to the frequency  pensated for GVD simultaneously. The vibrational echo signal
axis in frequency-resolved pumiprobe spectroscopy. The, combined with the LO is passed through a monochromator and

axis does not have an analogue in the ptpmbe experiment; detected by a 32-element MCT array. At each monochromator
it provides an additional dimension of information that is setting, the array detects 32 individual wavelengths.
contained only in the correlation spectrum. The positions and  The sample, 5% HOD in 0, was held in a sample cell of
signs of peaks in the correlation spectra contain the history of caF, flats with a spacing of &m. The peak absorbance of the
the various vibrational transitions involved in the eXperiment. Samp|es was 0.2. Such a low absorbance is necessary to prevent
The time evolution of the shapes of the peaks provides serious distortions of the pulses as they propagate through the
information on the dynamics of the system produced by the sample. The OD stretch of HOD is used as a probe of water for
structural evolution of the hydrogen-bonding network. three reasons. The relatively dilute OD stretch reduces the rate
MD simulation$121354gpecifically performed for the OD  of vibrational excitation transport to the point where transport
stretch of HOD in water are used in the data analysis. The has a negligible influence on the dynamié€xcitation trans-
coupling to the OD oscillator uses a new approach involving port would be a source of spectral diffusion that is not related
electronic structure calculations on water clusters. The simula-to the structural dynamics of water. Furthermore, it is very
tions yield the time correlation function (TCF). The TCFs are difficult to have a pure water sample that is thin enough to
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have the necessary low optical density for the experiments, frequency-dependent phasing factor used to correct the 2D
and such a thin sample is subject to heating artifacts. Finally, spectra has the form

the longer vibrational lifetime of the OD stretch of HOD

in H,O (~1.8 ps§56-58 compared to the OH-stretch lifetime ~ Sc(@m @,) = Si(wy, @) Py, ;) +

(<1 ps):918:35803]lows us to monitor the dynamics in water S ;) Py, @)
twice as long without the complication of hydrogen bond )
breaking?3-26.28.29.45.51.56 Qy(0p, ;) = explil@AT o + 0, AT, ) +
- - i i - 2
The phase-resolved, heterodyne-detected, stimulated vibra w,0.C+ 0,2Q] (2)

tional echo was measured as a function of one frequency
variable,wm, and two time variables,andTy, that are defined ~ ®,(w,,, w,) = expli(@, AT o g — ©, AT, ) +

as the time between the first and second sampéiation field 2
interactions and the second and third samjpéliation field @y@,C+ 0yQl

interactions, respectively. The measured signal is the absolute_. . .
value squared of the sum of the vibrational echo signal electric Scis the correlation spectrurfi; andS, are the spectra recorded

. . e for pathways 1 and 2, respectivelyr o g accounts for the lack
field, S and the local oscillator electric field. of perfect knowledge of the time separation of the LO pulse
and the vibrational echo pulsér; , accounts for the lack of
perfect knowledge of the time origins of excitation pulses 1
and 2; C accounts for linear chirp caused by the echo
|Propagating through the sample; aQdaccounts for the linear
chirp caused by the propagation of the vibrational echo through
the back window of the sample cel\r;, comes in with
opposite signs for pathways 1 and 2. A more detailed description
of the phasing procedure, including the experimental minimiza-
tion of At oE, At12 andC, has been published elsewhé?e.
d An additional procedure was developed and employed to
produce the very high quality correlation spectra shown below.

an interferogram measured as a function of theariable. The projection slice theorem reduces a 2D entity to a 1D entity.

; X _ . i ici el 144,61 i
The interferogram contains the amplitude, sign, frequency, and !N Many instances, this is sufficiefit**However, to assign
phase of the vibrational echo signal electric field as it varies & COTTECt correlation spectrum unambiguously, it is preferable

with 7. By numerical Fourier transformation, this interferogram to use information from bc,)t.h dimension§. T.herefo.re, in the
is converted into the frequency variahlg, providing theaw, phasing procedure an additional constraint is applied for the
axis. w, dimensiort® We can use information from the absolute value
The interferogram measured as a function ebntains both correlation spectrum, which is the sum of the absolute value
the absorptive and dispersive components of the vibrational echgSPectra of pathway 1 (rephasing) and pathway 2 (nonrephasing)

signal. However, two sets of quantum pathways can be measurediscussed above. The absolute value spectrum is independent

independently by appropriate time ordering of the pulses in the ©f the phase factor and peaks at the same frequency aleng
experiment34461 With pulses 1 and 2 at the time origin, 25 the purely absorptive spectrum. Consequently, the difference

pathway 1 or 2 is obtained by scanning pulse 1 or 2 to negative in peak positions of a trial phased .absorptive spectrum and the
time, respectively. Adding the Fourier transforms of the absolute val_ue spectrum for anh\ gives an additional criterion
interferograms from the two pathways, the dispersive componentfpr the quality _Of the correlation spectrum. The correct correla-
cancels, leaving only the absorptive component. The 2D tion spectrum is the one t.hat prowo!es the bgst fit to the pump
vibrational echo correlation spectra are constructed by plotting Probe spectrurandminimizes the difference in peak positions

the amplitude of the absorptive component as a function of both ©f @Psorptive and absolute value spectra. This procedure holds
wm andw for symmetric line shapes and hence can be applied to the data
-

The lack of perfect knowledge of the timing of the pulses discussed herg, where the dynamical Iine§ can be very well fit
and the consideration of chirp on the vibrational echo pulse to aGa}ussmn Ime shape and the smal! dewapqns are symmetric.
requires a “phasing” procedure to be ug&@ The projection FO”%W'ng phasing, the errors in the time origins ar&00 x
slice theorem is employed to generate the absorptive 2D 10 S, and the time sh|f}8across the entire spectrum due to
correlation spectrurf®=2543-4561.62The projection of the ab- chirp, omC, is <100 x 107" s.
sorptive 2D correlation spectrum onto i, axis is equivalent
to the IR pump-probe spectrum recorded at the safg as
long as all of the contributions to the stimulated vibrational echo  A. Vibrational Echo Correlation Spectra. The vibrational
are absorptive. Consequently, a comparison of the projected 2Decho correlation spectra displayed in Figure 1 are 2D frequency
stimulated vibrational echo spectrum to the purppobe maps of the dynamics of the OD stretch. Theaxis (horizontal
spectrum permits the correct isolation of the absorptive vibra- axis) displays the frequency of the interaction of the sample
tional echo correlation spectrum from the 2D spectrum obtained with the first laser pulse. Water exists predominantly in its
from the addition of the two quantum pathways. hydroxyl-stretch ground vibrational state (level 0) at room

Itis possible to come relatively close to the correct correlation temperature. Consequently, the first interaction occurs between
spectrum prior to the “phasing” procedure because the very shortthe ground and first excited vibrational state (level 1). Thd.0
pulses permit their time origins to be known within a few transition frequency of the OD stretch of HOD occurs-2600
femtoseconds. However, the correlation spectrum is very cm™t. Examining the correlation spectra in Figure 1, we find
sensitive to small errors in the time origin, even on the order of that all of the features appear to be centered at thkt@ansition
1 fs, and to chirp. Therefore, a well-defined phasing procedure frequency along the, axis. Thewn, axis displays the frequency
based on various potential errors was develoj3ée.The at which the vibrational echo was emitted from the sample. In

IL+9%=L%+2LS+ & (1)

TheL?term is time-independent, and tB&term is very small;
hence neither contributes to the time dependence of the signa
The A.Sterm is the heterodyne amplified signal. The mono-
chromator performs an experimental Fourier transform on the
radiation. Through data processing that involves chopping to
measureL? and normalization, the spectrum yields thg,
frequency axis. As the variable is scanned in 2-fs steps, the
phase of the vibrational echo signal electric field is scanne
relative to the fixed local oscillator electric field, resulting in

Ill. Results and Discussion
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Figure 1. Experimental vibrational echo correlation spectra of the OD
stretch of HOD in HO. Each contour represents a 10% change. The
positive-going peak arises from the-Q transition. The negative-going
peak arises from the-12 transition. The 61 and 2 peaks are

Asbury et al.

the dynamical line width can be seen by looking at a cross-
sectional cut of the ©1 peak at a particulaw,, value and
projecting it onto thew, axis. The horizontal dashed line shown
in theT,, = 100 fs panel of Figure 1 illustrates such a cut at the
apparent center of the hydroxyl stretching peak at 2500'cm
Itis clear that ag,, increases the-01 band changes shape and
the 2500-cm! cut becomes broader. The dynamical line
measured in the correlation spectra of HOD is narrow when
spectral diffusion has not randomized the distribution of
hydroxyl stretching frequencies. As spectral diffusion occurs,
the dynamical line width broadens. Because the hydroxyl
stretching frequency is correlated with the number and strength
of hydrogen bonds, the time evolution of the vibrational echo
correlation spectra reflects the evolution of the hydrogen-
bonding network.

The time dependence of the dynamical line width measured
by vibrational echo correlation spectroscopy is equivalent to

elongated along the diagonal, indicating that inhomogeneity persists performing a transient hole-burning experiment that covers the

in the hydroxyl stretching frequency distribution. Spectral diffusion
broadens the widths of the peaksTasincreases.

vibrational echo correlation spectroscopy, the ground state and
the first and second vibrational excited states are accessed

Consequently, two peaks are observed along dhe axis
corresponding to the-81 and the +2 transition frequencies.

entire line, and because it is done in the time domain, vibrational
echo correlation spectroscopy does not have a-tibeadwidth
product limitation. As will be discussed in another publication,
the wm dependence of the dynamical line width can be used to

address the question of the inhomogeneity of dynamics across
the very broad water absorption bafid.

The positive-going peak, corresponding to the radiation emitted ~AS Tw increases, the peak shape changes, and the amplitude

at the O-1 transition frequency, appears on the diagonal
(represented by the line, = w,) because the vibrational echo
is emitted with the same frequency as the first interaction with
the radiation field (first pulse). The negative-going peak,
corresponding to the vibrational echo emitted at the21l
transition frequency, appears red-shifted alongdaheaxis by
the anharmonicity,Aan. The anharmonic potential of the
hydroxyl stretch results in a lower frequency for the2l.than

for the 0-1 transition. The vibrational echo was emitted on the
1-2 transition, but the first interaction was on the-D
transition. Consequently, the-2 peak appears off-diagonal at
(wm = wo-1 — Aan, @ = wo-1). Similar to the situation in IR
pump—probe spectroscopy, the-Q peak is positive, and the

of the emitted vibrational echo also decreases because of excited-
state relaxation. The data displayed in Figure 1 have been
normalized to the amplitude of the-Q peak, which obscures
the amplitude decay. The signal amplitude actually decays by
a factor of ~3 over the time period displayed because the
lifetime of the OD stretch is 1.8 0.2 ps3%:56-58 Water and
other hydrogen-bonding liquids are known to break hydrogen
bonds following excitation and vibrational relaxation of the
hydroxyl stretctr0.28.29.60.7277 Because we want to study the
hydrogen bond dynamics of water and not the photoproducts
of hydrogen bond breaking, it necessary to restrict our observa-
tion window to less than the vibrational lifetime. We have
performed detailed, spectrally resolved IR purmpobe experi-

1—-2 peak is negative because they result from a decrease inments and find that hydrogen bond breaking does not contribute
the ground-state population and an increase in the excited-statesignificantly to the spectrum for pumjprobe delays of2 ps®®

population, respectively.
The correlation spectra in Figure 1 are displayet,adelays

Consequently, we consider only correlation spectra measured
at Ty, delays of <2 ps to simplify the analysis. We have

of 100, 200, 400, 800, 1200, and 1600 fs. Starting at the earliestmeasured correlation spectra and puppobe spectra afy,

Tw delay [Tw = 100 fs), we find that the ©1 and -2 peaks

delays of >2 ps. The hydrogen bond dynamics and further

appear to be e|ongated along the diagona| because their W|dth§pectral diffusion dynamiCS will be discussed in detail in a future

along thew, axis are smaller than their total width (observed
by looking at the projection of the peak on thg, axis). The
width of the 0-1 peak along the. axis is the dynamical line
width 6566 (Note that we employ a procedure described below
to ensure that we specifically extract the dynamical line width
of the 0-1 transition.) Because the hydroxyl stretch of HOD is
inhomogeneously broadened for small, the resulting band
shapes are asymmetfieb6 As T,, increases, the widths of the
0—1 and 1-2 peaks along the, axis broaden. The broadening
along thew, axis is progressive, monotonically increasing as
Twincreases. By, = 1600 fs, the width of the-©1 peak along
the w, axis grows toward its asymptotic value. Detailed
calculations (described below) show that the width of theL0

publication.

The above discussion pinpoints a significant advantage of
using the OD stretch of HOD in # to study hydrogen
bond dynamics over using the OH stretch of HOD in
D,0.7:16-19,21,22.27.50.59n gddition to studying water rather than
D0, the vibrational lifetime of the OH stretch of HOD in,O
is <1 ps’918:356Because hydrogen bonds break following the
vibrational relaxation of the hydroxyl stretéfr,26:28.29.45.51.5¢he
hydrogen-bond-broken species will come to dominate the
vibrational echo or transient hole-burning signals measured for
the OH stretch in BO much faster than in studies of the OD
stretch in HO. On the basis of the comparison of the vibrational
lifetimes, we expect the products of hydrogen bond breaking

peak approaches but does not reach its asymptotic limit by 1.6to dominate the echo or THB signals ial ps, making the

ps.
Changes in the dynamical line width report the spectral
diffusion dynamic>26:58.6770 goccurring in the hydroxyl stretch-
ing peak of watet?26 A detailed analysis of the dynamical line
widths will be presented below. Qualitatively, the change in

guantitative measurement of the frequency fluctuations in water
(not the photoproduct) extremely difficult for time scales longer
than 1 pg2-25455L560ur recent IR pumpprobe study and
vibrational echo correlation spectra collectedTatdelays of

>2 ps indicate that water molecules on the low-frequency side
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of the hydroxyl stretching peak preferentially break hydrogen
bonds, similar to the behavior observed in Me&D?54551.56
Consequently, the time window is limited te&1l ps for

J. Phys. Chem. A, Vol. 108, No. 7, 2004111

Hamiltonian for the gas-phase HOD moledélend the classical
TIP4P model for the KD molecule$? The total Hamiltonian
is separated into a term for the quantum mechanical vibrations

experimental investigations of the frequency fluctuations in of the HOD molecule (the “system”), a term for the rest of the
water that use the OH stretch of HOD i@ to probe the degrees of freedom (the “bath”), and a term for the system
dynamics, unless modeling procedures are employed to modelbath coupling. The system Hamiltonian is then renormalized
both the initially excited species and the products of hydrogen by the average interaction with the bath. The fluctuating OD
bond breaking. Most investigators neglected this complication stretching frequency is obtained from diagonal matrix elements

in the analysis of their resuftg6-19.21.50.5%nd hence may have

(between eigenstates of the system Hamiltonian) of the system

included artifacts that influenced their assignment of the slow bath coupling. These matrix elements are classical bath variables,

component of the fluctuations in water.
B. Semiclassical MD Simulations and the TCFsChanges

so a trajectory of the fluctuating frequency can then be obtained
from a classical molecular dynamics simulation. From this

in the dynamical line width report the time scales and amplitudes trajectory, the TCF is calculated.
of the frequency fluctuations that cause the spectral diffusion The second methd8lis very different in spirit and is based
of the OD hydroxyl stretch because the OD stretch senses theon ab initio electronic structure calculations of clusters of
dynamics of the water in which it is embedded. Thus, the molecules. First, configurations of molecules are generated from
dynamical line width reports the effects of the frequency a classical molecular dynamics simulation of the HORH
fluctuations that are described by the time correlation function system. Then a representative set of HORIM clusters are
(TCF). (Note that the time correlation function is frequently extracted from the simulation. For each cluster, a series of ab
referred to as the frequeneyrequency correlation function.)  initio calculations (using density functional theory) are per-
The TCF is defined as formed for different values of the OD stretching coordinate,
and in doing so, a potential curve that leads to an anharmonic
3) 0—1 OD transition frequency for the HOD molecule in that
cluster is generated. From looking at 100 or so clusters, it was
wheredw is the change in the hydroxyl stretching frequency determined that there is a linear correlation between the OD
from its average value. The TCF describes the loss of correlationfrequency and the component of the electric field from th®H
of the frequency of an ensemble of OD stretches as time molecules on the D atom in the direction of the OD bond vector
progresses from = 0, the time of the first interaction, to= (correlation coefficient= 0.89). Assuming that this same linear

C(t) = Dw(t) dw(0)]

Tw, approximately the time that the echo is emitted. As the
structure of the hydrogen-bonding network evolves, the fre-
guency of a given OD oscillator will change. The TCF describes
the “randomization” of the OD oscillators’ frequencies through-
out the entire absorption line. At sufficiently long time, a given
oscillator may be found at any frequency in the absorption
spectrum, independent of its initial frequency.

The TCF is the input for the calculation of the theoretical

correlation holds for the full liquid, the normalized TCF simply
becomes the normalized electric field time correlation function.
The latter can be generated easily from a completely classical
molecular dynamics simulation.

The second methd¥was first applied to the TIP4P model
for HOD/H,O. The results for the normalized TCF are very
similar to those obtained with the first method described here.
For the second method, the simulation was actually performed

vibrational echo correlation spectrum. The full third-order on the neat KO system because in that way much better
nonlinear material response using diagrammatic perturbation statistics can be obtained by averaging over all molecules. It
theory including finite pulse durations is determined to correlate was determined that this change makes a negligible difference.
the time dependence of the correlation spectrum and thewith this new method, it is very easy to examine other water
TCF*~48 quantitatively. Comparing the dynamical line width  models, and in this paper, we also report results specifically
of the experimentally observed vibrational echo correlation for the OD stretch of SPC/E HOD in 4@ 54

spectra with the dynamical line width extracted from calculations  The TCFs obtained from MD simulation are fit with
based on the underlying TCF makes it possible to test the exponential functions to obtain an analytical representation. The
accuracy of the dynamics predicted by models of water and to numerical TCFs can be represented exceedingly well with the

“fit” the data to extract a phenomenological TCF. The methods sum of exponentials. Calculations with the numerical TCFs

we use to compare the dynamics predicted from MD simulation generated by the simulations produced indistinguishable cor-

with the experimentally observed dynamics are described in relation spectra from those generated with the exponential fits.

detail below. Briefly, (1) a particular water model simulation However, considerable calculation time was saved using the

is implemented, and (2) the TCF for a given model of water is analytical forms. These functions have the form

generated from methods that involve electronic structure

calculations and classical MD simulations. (3) We calculate the ) — A2 exp(— l) A2 exp{— l) A2 exp(— i) @)

vibrational echo correlation spectra from the TCF using time- T 7, 7,

dependent diagrammatic perturbation theory to obtain the full

third-order nonlinear material resporfég4) We extract the Whereas the time constants in eq 4 were obtained directly from

change in the dynamical line width and compare to the the simulations, the magnitudes of the prefactors were not able

experimental data. This comparison provides a stringent test ofto reproduce the linear absorption line shape (see below). The

the water models, which allows us to test our understanding of ratios of the prefactors were maintained, but they were

water dynamics quantitatively. In fitting the data, we begin at multiplied by a constant to reproduce the full width at half-

(3) using a phenomenological triexponential TCF based on the maximum of the experimentally measured absorption spectrum.

results obtained from the water models. The triexponential representations of the TCFs produced from
Two methods for calculating the normalized TCF for the OD

stretch of HOD in HO have been used. The first method has

been described in detail for the OH stretch of the HORUD

systemt21354|t begins with an accurate quantum mechanical

the three models of water are displayed in Figure 2. We will
henceforth refer to the triexponential fit as the TCF. The TCFs
have been normalized to unit magnitude at tinse0. The two
TIP4P models are extremely similar, being dominated by a fast
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Figure 2. Triexponential fits to the MD simulation-derived TCFs  Figure 3. Comparison of the linear line shape calculated from the
corresponding to the TIP4P and SPC/E models of water. Two methodsthree TCFs to the experimentally measured linear line shape of the
are used from the TIP4P simulations that give almost identical results OD stretch of HOD in HO. The TCFs produce good descriptions of
(see text}2™ The SPC/E model displays a slow component. The the linear line shape but miss the red wing to some extent. The

parameters for the triexponential functions are given in Table 1. calculated spectra from the TCFs are virtually indistinguishable from
each other. A Gaussian fit to the experimental spectrum yields a 162-
TABLE 1: TCF Parameters? cmt fwhm.
Ao (rad/ps), 1o Ai(rad/ps), 71 Az (rad/ps), - ] )

TCF (%) (ps) (%) (ps) (%) (ps) where Ay, is defined in terms of eq 4 by
tri-exp. fit 11.5,(43) 0.032 4.2,(16) 0.4 108, (41) 1.8 ) ) ) )
SPC/E 12.1,(52) 0.031 9.0,(29) 0.28 7.4,(19) 0.98 A=A+ AT+ A )]
TIP4P 13.0,(58) 0.032 10.2,(36) 0.34 4.4,(6) 0.90

aSee eq 4. The reorganization energy is included in the calculations because

it makes a small but nonnegligible contribution. The linear line

component with a time constant 6f30 fs and a slower  shape/(), is then calculated frong(t) by*
component of~500 fs. Because the two TIP4P TCFs are 1
virtually identical, below we will consider only one of them, == * (O — -
the one obtained from the second MD simulation method (@) ﬂReU; dt expi(€2 — wo)t) expCg(O)] (8)
described above. Parameters for the two water model TCFs are ) B )
summarized in Table 1 along with a phenomenological TCF Whe(ewo |s.the. center of' the transition. The 'detalled shape of
we obtained by a fitting procedure to be described below. As the linear line is determined from the functional form of the
displayed in Figure 2, the TCF from the SPC/E model displays TCF and by the initial amplitudeAf, (see egs 4 and 7).
somewhat slower dynamics than the TIP4P model. The slow Therefore, the normalized TCFs are multiplied by a scaling
component of this TCF has a time constantdf ps with~19% factor to obtain the correct linear line width. The amplitudes of
of the total amplitude. Although the time constant of the slowest the prefactorsAs, listed in Table 1 for each TCF reflect the
component in the TIP4P TCF, 0.9 ps, is similar, it has a@ppropriate scaling to reproduce the linear line shape. (Note
significantly less amplitude. The fact that the two methods for thatAfOt is not the linear line width. One or more contributions
the determination of the TIP4P TCF give almost identical results from the TCF may be motionally narrowed, and the linear line
indicates that differences in the TIP4P and SPC/E TCFs arisewidth is the convolution of the various components.) As can
from differences in the water models rather than from some be seen in Figure 3, all of the TCFs reproduce the linear line
aspect of the coupling to the OD stretching frequency. shape with equal accuracy. The calculated curves are indistin-

From the TCFs, we calculate the linear line shape as the first guishable. The calculated line shapes are not symmetrical. There
step in comparing the theoretical with the experimental cor- is @ wing to the low-energy side, but it is not sufficient to
relation spectra. The calculated linear line shapes for the TCFsreproduce the wing in the experimental absorption spectrum
discussed in this work are compared with the experimentally accurately. The low-energy wing in the experimental linear
measured linear line shape (measured by FTIR spectroscopy)spectrum arises from the combined effects of the Stokes shift
in Figure 3. From MD simulation, we obtain normalized TCFs, that is determined by the reorganization energy, \ghich is
which describe the time scales and relative amplitudes of the estimated to be~35 cnt* from eq 6, and potentially non-
frequency fluctuations but not the absolute magnitude of those Gaussian frequency fluctuatiohs2# The calculated linear
fluctuations. We calculate the time domain line-shape function, lines are systematically unable to reproduce the low-energy wing
g(t), from the TCF,C(t), with the assumption of Gaussian in the linear spectrum either because eq 6 underestimates the

fluctuations?’ Stokes shift or because the fluctuations are not Gaussian. The
diagrammatic perturbation theory implicitly assumes Gaussian
t ot ot C(t,) fluctuations and so cannot describe the influence of non-
gt = ) fi°Clty dt dt, —i2 f(|1~ <) dt, (5) Gaussian fluctuation$:47.82
We calculate the theoretical vibrational echo correlation

where 2 is the reorganization energy. In the high-temperature SPectra from the appropriately scaled TCFs using diagrammatic

limit, A is related toAw by perturbation theory to obtain the third-order nonlinear material
responsé®47.82The line shape function given in eq 5 is used
AAZ to obtain the response functior,*647.82Because the bandwidth
fp— (6) of the laser is large enough to cover both thelOand 12

_ZkBT transitions of the hydroxyl stretch and we determine the
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01D _ been normalized to the amplitude of the D peak. The 61
2600 : - peak in theT, = 100 fs correlation spectrum displays the
/] ) characteristic elongation along the diagonal that demonstrates
the presence of inhomogeneity in the hydroxyl stretching peak.
In Figure 4, adl,, increases, the shape of the Dpeak changes,
reflecting the increasing dynamical line width. The theoretical
. correlation spectra display significant changes to the dynamical
~ 2600 - ; : ; line in the first few hundred femtoseconds. After 800 fs, they
N i ' display only small changes.
C. Comparison of Experimental and Theoretical Correla-
tion Spectra. A comparison of the experimental and calculated
| correlation spectra is difficult to present in the 2D representation
using contour plots. The data and calculations may be more
Figure 4. Simulated vibrational echo correlation spectra calculated clearly compared using the dynamical line widths obtained from
frc?m the TCF that is derived from the SPC/E modgl of water. Each each set. This method makes it posglble to construct a S|mplle
contour represents a 10% change. The simulated correlation spectra{:‘lot tq co'mpare the Qata a}nd calculations, Wh'(_:h facilitates the!r
show the same qualitative features as the experimental spectra (seéluantitative comparison in a clear and concise manner. This
Figure 1). The 61 is positive-going and the-12 peak is negative-  discussion corresponds to step (4) of the analysis scheme
going. The peaks are elongated along the diagonal for Shatelays. discussed in section III.B. The dynamical line shape cannot be
As Ty increases, the peaks broaden alongdh¢horizontal) axis. obtained directly by taking a cross-sectional cut out of the data
absorptive component of the vibrational echo, a total of 16 ata partlc_ularwm o get a spectrum with respect . The
response functions (quantum pathways) must be consiféRee cross-s_ectlonal cut BUt of the df\ta at th_e center oi the hydroxyl
stretching peakpm = 2500 cn! (see Figure 1T,, = 100 fs,

To account for finite-duration pulses in the calculations, time- - 0 .
. . . dashed line), is influenced to a small degree by the negative
ordered integrations over the response functions are used to
. i o 1-2 peak because the two features overlap. The overlap of the
generate the final third-order polarization

two features atvy, = 2500 cn1? decreases as the dynamical
© o oo line width increases. Consequently, the dynamical line width
3 _
P, T 7 = j(; Jz) J(‘) zRi(teu th 1)
I

S B

2300 2400 2500 2600 2700 2400 2500 2600 2700 2400 2500 2600 2700
o, (enr') @, (enr') w, (emr!)

as a function of thd,, delay can be obtained more accurately
from the data by first fitting the 2D spectra.

*E* 4 4 . We employed a model in which the sum of two 2D Gaussian
Bt 74Ty~ = - ) B+ Ty ~ = b) peak shapes of opposite sign were used to fit both the &nd
Eq(rs — tg) dty dt, dt; (9) 1—2 peaks of the experimental and theoretical correlation spectra

o for eachT,, delay. The sum of the two 2D Gaussian peaks has
where theE; are the electric fields of the three laser pulses  ine form

_ Akjr —iwjt —t2/202
E(t) =€ """ (10) S @,) = {[Ay_1 EXPE(COSO) @ — Omo-1) T+
75 is the time variable associated with the emitted vibrational sin (0)(w, — w,1))7205 ¢ 1)
echo pulse. The third-order polarization is then Fourier trans- . _ (sin 6 B n
formed along ther and rs dimensions to give frequeney exp(= (sin @)(@mo-1 ~ @)
frequency plotsd., wm) that can be compared to the correlation cosP)(w, — w,yo_l))2/20§v(H)] (11)

spectra.

Two separate calculations are performed to obtain each — [A,_, exp(—(cosO)(w,, — @y, 1-2) +
correlation spectrum corresponding to the positive and negative : _ 21 2
7 scan experiments (pathways 1 and 2 respectively, see section SiNO)(@, = @y,1-2)7203,1-2)

I). Once the positive and negativecalculations have been * exp(—(sinO) (@, 1, — @) +

performed, the results can be manipulated in the same manner ' 2 2

as the experimental data to generate the calculated correlation cos)(w, — w, 1 ,)) 7205, )1}
spectra. The only difference is the absence of the phasing

procedure for the calculated spectra. The parametergy-; and A;—, describe the amplitudes of the

Representative theoretical correlation spectra calculated using0—1 and 12 peaks, respectively. Because the data are
the TCF obtained from the SPC/E model of water are shown in normalized to the amplitude of the-Q peak,Ay-; is always
Figure 4 at the values of,, for which the experimental  approximately unity. The terms including the angleeflect a
correlation spectra were collected. The correlation spectra for 45° coordinate transformation from they, w,) plane to the
the TIP4P model of water have a similar appearance. The (wq4, ws) plane (the plane constructed from the diagonal and
parameters of the triexponential function describing the TCF, antidiagonal axes). This transformation allows the diagonally
from which these correlation spectra were calculated, are givenelongated peak shapes to be described by a simple 2D Gaussian
in Table 1. The theoretical correlation spectra show the samefunction. The positionsvme-1 and w,o-1 reflect the position
qualitative features as the experimental spectra. Fhi feak of the 0—1 peak in the®m, w,) plane;wm 1-2» andw, 1, reflect
appears on the diagonal, and theZlpeak appears shifted off-  the corresponding position of the-2 peak. The full width at
diagonal by the anharmonicity. In this calculation, we assumed half-maximum of the peaks along the diagonal are represented
an anharmonicity of 140 cnt based on best fits of the IR by 2.3%40-1 and 2.3 -2, those along the antidiagonal are
pump—probe data (not shown) and the experimental correlation represented by 2.350-1 and 2.3%,1-2. The square root of the
spectra (displayed in Figure 1). The uncertainty in the measure-laser spectrum was divided out of the experimental data along
ment of the anharmonicity %20 cnT. The calculations have  the wn, axis to remove the influence of the local oscillator
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spectrum. This procedure produces experimental correlation

spectra having the same dependence on the combined spectra

of the three input pulses as the calculated correlation spectra
thus allowing the same fitting procedure to be employed for
both experimental and calculated correlation spectra.

The best fits to the 2D spectra are obtained by minimizing
the integral over the square of the residual volume,

R? = 100 x
f f (Storl @ @) = Sp(@y @) ADSE oy @,)) dev devy,

./‘fabsscorr(wmy CUT))3 da)t da)m

(12)

resulting from subtracting the 2D Gaussian$it(wm, w;), from
the experimental or theoretical correlation spectr@&g{(wm,
w-). The residual volume is weighted by the absolute magnitude
amplitude of the correlation spectrum and normalized by the
total volume raised to the appropriate power. This evaluation

Asbury et al.
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Figure 5. Comparison of the dynamical line widths of the simulated
and experimental correlation spectra obtained from the 2D Gaussian
fits. The experimental data appear as diamonds with error bars. The
horizontal line at 147 crt is the long-time asymptotic line width. The
top curve (dots) is from the TIP4P model, and the lower curve (dashes)
is from the SPC/E model. The TIP4P model has reached the asymptotic
limit by 1.6 ps, but the SPC/E model approaches more slowly.
Compared to the data, both models have too much amplitude at short

scheme emphasizes the peaks in the correlation spectrum ovetime, and the long-time components are too fast.

the wings and the area containing no signal. Much of the area
in the 2D frequency map contains no signal. Small amounts of

noise in these areas can grow to dominate the sum of the square
of the residuals because of the large area over which they are

integrated. This problem is avoided by weighting the residuals
according to eq 12. Typical best fits to the correlation spectra
have residual volume errors 6f0.2% of the total volume of

the correlation spectrum. The fits describe both the calculated

correlation spectra and the experimental correlation spectra

exceedingly well. After fitting the correlation spectra, we null
the amplitude of the 42 peak, leaving only the-81 peak. A
cross-sectional cut of the-dl peak atwy, = 2500 cn1? is fit

with a Gaussian. The resulting fwhm is a measure of the
dynamical line width. The purpose of the model is to provide
a simple, quantitative description of the calculations and the
data that can be compared in a simple plot. The method allows
us to extract the time evolution of the dynamical line width
from the G-1 peak without interference from the-2 peak. In

the harmonic approximation, the-Q and 1-2 transitions are
described by the same TGFHowever, this approximation may
not apply in water because of the very large anharmonicity
associated with the hydroxyl streteéhTherefore, it is useful to
separate the-01 and -2 transitions to obtain the-01 TCF.

The results of the procedure show that the correction to the
dynamical line widths atv,, = 2500 cnr! is ~1%. However,
that the correction is small could be known only by going
through the procedure. For wavelengths to the redgf=
2500 cntl, not analyzed here, the correction becomes larger
because of increasing overlap with the 2 transition.

Figure 5 displays the dynamical line widths extracted from
the vibrational echo correlation spectra calculated for the TIP4P

experimental data indicate the upper and lower bounds at which
E%Z (eq 12) is 2 times larger than its best-fit value. The
experimental data show a clear slow component with a few
picoseconds time constant that does not reach its asymptotic
limit by 1.6 ps, the last data point. The dynamical line widths
as a function of thel,, delay calculated from the theoretical
correlation spectra show the same qualitative tretradsapid
increase during the first few hundred femtoseconds, followed
by slower growth at largef,, delays.

A comparison of the results from the TIP4P model of water
with the experimental results displayed in Figure 5 demonstrates
that the TIP4P model does not accurately describe the hydrogen
bond network dynamics of water that are reflected by the
frequency fluctuations of the hydroxyl (OD) stretch. The
dynamical line widths extracted from the correlation spectra
calculated from the MD-derived TIP4P TCF overestimate the
dynamical line width aff, = 100 fs by~20% compared with
the experimental data. The TIP4P model predicts that the
dynamical line width should reach its asymptotic limit By
= 1.6 ps. The increase in the dynamical line width, which is
too rapid, is a result of the middle component of the TIP4P
TCF being somewhat too fast but is mainly due to the slowest
component being too fast and having a small amplitude. The
TCF obtained from the TIP4P model is dominated by a fast
component with 58% amplitude and a slowest component (0.9
ps) with only 6% amplitude. BY,, = 1.6 ps, the TCF decays
to <2% of its value. By 1.6 ps, the distribution of hydroxyl
stretching frequencies is virtually randomized, and the dynamical
line width has broadened to essentially its maximum value (147
cm™1). A comparison of the results predicted from the TIP4P
model with the experimental data clearly demonstrates that these

and the SPC/E models and the experimental data. The dashediynamics are too fast.

line at 147 cm? is the long-time asymptotic line width. This
width is narrower than the absorption spectrum (162cfwhm

The SPC/E model describes the dynamics of water somewhat
more accurately than the TIP4P model. The correlation spectra

from Gaussian fit to absorption spectrum, see Figure 3) becausecalculated from the MD-derived SPC/E TCF overestimate the

the measured dynamical line width is the product of the true
dynamical line width and the laser intensity spectrum raised to
the appropriate power~(1.5)8! Although the pulses used in
the experiment were~45 fs fwhm, the influence of their
spectrum reduced the measured dynamical line width. Calcula-

dynamical line width af,, = 100 fs by~15%. The dynamical
line width approaches the asymptotic value more slowly than
does the TIP4P model. The TCF calculated from the SPC/E
model contains a slow component comprising 19% of the
amplitude in the TCF with a time constant oflL ps. AtT,, =

tions demonstrate that 6-fs pulses are required for the asymptoticl.6 ps, this component retairsd% of its initial value, which

value of the measured dynamical line width to be indistinguish-
able from the absorption spectrum. The error bars on the

slows the approach of the dynamical line width to its asymptotic
limit compared to the TIP4P model. The SPC/E model predicts
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a larger amplitude for the slowest fluctuations in water, in

contrast to the TIP4P model. Nonetheless, in comparison to the ES

data, the SPC/E model displays dynamical broadening that is 5140 -

too fast. Neither the TIP4P nor the SPC/E model captures water =

dynamics accurately. They both have very fast dynamics g

contributions that are too large, and the slowest dynamics are o

too fast and do not have sufficient amplitude (see below). The ;;

failure of the MD simulations to reproduce the data seems to ‘é 120

be in the water models themselves rather than in the method S

used to calculate the water fluctuations to the OD oscillator =

frequency. As shown in Figure 2, two very different methods L . L L
were used to calculate the TCF for TIP4P, but the results were 00 04 08 1.2 1.6
almost identical. T, (ps)

A phenomenological TCF can be obtained by fitting the Figure 6. Comparison of the dynamical line widths of the phenom-
dynamical line widths extracted from data using steps (3) and enological triexponential fit (solid line through the data) and experi-
(4) of the analysis scheme discussed above. On the basis of thdnental correlation spectra (diamonds with error bars) obtained from
results from the water model-generated TCFs, we use athe 2D Gaussian fits. In addition, the TIP4P (dots) and SPC/E (dashes)

; . ; - . ~“dynamical line widths are shown. The horizontal line at 147 tia
triexponential form. We begin by entering a triexponential ¢ |ong-time asymptotic line width. The triexponential phenomenologi-
function as the TCF into the full third-order material FESponse cal TCF does a good job of reproducing the data (see Table 1 for
calculation (eq 9). As output, we generate simulated correlation parameters).
spectra, which are fit using eqs 11 and 12 to obtain the time-
dependent dynamical line widths corresponding to the input
TCF. This output is compared with the experimental data. We
iteratively repeat steps (3) and (4) until the dynamical line widths
obtained from the simulated correlation spectra best fit the
experimentally observed dynamical line widths.

The parameters of the triexponential function were con-
strained to be consistent with other complementary experiments
and calculations to obtain the greatest confidence in the
parameters. Constraint of the initial magnitude of the TCF was
achieved by fitting the linear absorption line shape calculated
from the TCF to the absorption spectrum (see Figure 3).
Therefore, the TCF reproduces the long-time asymptotic value
of the measured dynamic line width, 147 cOne of the three in Figure 6 as the line through the experimental data. Also

indistinguishable curves_displayed in_Figure 3 was calculated g,o0in in Figure 6 are the TIP4P and SPCI/E calculations
from the phenon_wenologlc?I TCF. This procedure also causesign|ayed in Figure 5. In contrast to the TCFs derived from the
the preexponential factor\j, of one the exponential compo-  \ater models, the TCF obtained from the fit has the correct
nents to be dependent on the other two. As a result, only two yajye at 100 fs and passes through the data points within
of the thre_eﬁ’s are varied |ndependently|nthe fitting proceglure. experimental error. Although the TIP4P model correlation
The amplitudes of thé\’s in Table 1 reflect the appropriate  spectra have reached their asymptotic value by 1.6 ps and SPC/E
initial magnitude to reproduce the linear line shape. correlation spectra are close to the asymptotic value, the data
The time constant of the fast component was set equal to 32and the correlation spectra obtained from the fit are still removed
fs to be consistent with the fast components of the TCFs from the asymptotic value and are approaching it relatively
obtained by MD simulation. This time scale is also consistent slowly.
with recent work by Hamm and co-workers, who found thata  The normalized phenomenological TCF that provided the best
33-fs component of the TCF provided the best fit to their two- fit to the experimental dynamical line widths using steps (3)
pulse vibrational echo measurement of wategiNote that we and (4) is displayed in Figure 7, along with the TCFs obtained
are currently in the process of measuring the very short time from MD simulation for comparison. The parameters of the
scale, <100-fs correlation spectra. Even with pulses that are phenomenological TCF are listed in Table 1. The best least-
45 fs, when the pulses overlap, there are additional technicalsquares fit through the experimental data gives a 1.8-ps time
and theoretical issues associated with measuring the correlatiorconstant for the slow component. We estimate upper and lower
spectra. We believe that we have overcome these problems, anthounds of+-0.5 ps based on a factor of 2 increase in the sum
we will be able to test the<100-fs behavior of the TCF  of the squares of the residuals.
subsequently.) Of particular interest here is the long-time A comparison of the phenomenological TCF with those
component of the TCF because the time constant and amplitudederived from MD simulation demonstrates that the TIP4P and
of this component are in substantial error when calculated from SPC/E models of water describe well the fast fluctuations in
the water models. To reduce further the number of adjustable water but not the slower fluctuations. The fast components of
parameters in the fit to the data, the time constant for the the MD-derived TCFs comprise approximately half of the total
intermediate component was set equal to the intermediate decaylecay amplitude. This feature is reproduced in the phenomeno-
component (400 fs) in a vibrational echo peak-shift measurementlogical TCF, even though this amplitude was allowed to vary
that we performed in the course of these experiments. Theindependently in the fit. The two important differences between
vibrational echo peak-shift measurement has been demonstratethe MD-derived TCFs and the phenomenological TCF are the
to reproduce the TCGE 0 given a sufficient waiting timeT., amplitude and time scale of the slow component. The TIP4P
so that the value of the normalized TCF<s1.8%°0 For the model essentially misses the slow component. The SPC/E model

vibrational echo peak-shift measurement in water to represent
the TCF, the minimum waiting timé&,,, must be>100 fs, based
on the time scale of the fast components of the triexponential
fits to the TIP4P and SPC/E TCFs (see Table 1). The 400-fs
component that we extracted from the vibrational echo peak-
shift measurement is sufficiently long that we believe it
accurately reflects the characteristic time scale of decay in the
TCF. Therefore, in the fitting procedure, three parameters were
allowed to vary independentiythe preexponential factors of
two of the components and the time constant of the slowest
component.

The dynamical line widths extracted from the correlation
spectra calculated from the phenomenological TCF are displayed
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us to correlate specific motions of water with components of
the TCF. The calculation of the TCF from the first method using
the TIP4P model has been described in detail for the OH stretch
of the HOD/DO system:21354 |n the analysis, the fast
component of the TCF was assigned to hindered translational
motion of hydrogen bonds (stretching of the hydrogen bond
length coordinate), although there is some contribution from
hydrogen bond bendin'21355This assignment was based on
the observation of a shallow oscillation of about 1 cycle in the
TCF with a period that corresponds to the estimated period of
hindered translational motion of hydrogen bonds in wt@he
oscillation is also present to varying amplitudes in the TCFs
obtained for the HOD/KD systen?® Calculations of the

1.0}

C(t) (normalized)
o o o
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Figure 7. Comparison of the phenomenological TCF with the MD : ; :
simulation-derived TCFs. The MD simulation-derived and phenom- vibrational echo peak shift performed assumafyinction pulse

enological TCFs share a fast component comprisif% of the durations displayed an oscillation similar to that appearing in

amplitude. The MD-derived TCFs differ from the phenomenological the TCF?! However, calculations of the vibrational echo peak

TCF in the amplitude and time scale of the slowest component. shift using 50-fs pulses do not show an oscillation because the
duration of the pulses is comparable to the period of the

TABLE 2: Spectral Widths of Different TCF Components oscillation and the oscillation in the TCF is very shallow. This

fast intermed. slow is consistent with electronic photon echo peak-shift calcula-

TCF (decaytime)  (decay time) (decay time) tions8 The TCFs shown in Figures 2 and 7 from the water
tri-exp. fit 48 cnt?(32fs) 38 cm!(400fs) 111 cm! (1.8 ps) models do not display the oscillation because they are the

SPC/E ~ 48cm!(3lfs) 97cm'(280fs) 88 cm*(0.98 ps) triexponential fits to the TCFs. The triexponential fits do not
TIP4P  56cm*(32fs) 115cm*(340fs) 50 cm® (0.90 ps) reduce the accuracy of subsequent calculations of the correlation

) ) ) . spectra because the oscillations in the TCFs are not experimental
does better but overestimates the magnitude of the intermediatg;psaryables with finite pulse durations. However, it should be
and underestimates the magnitude of the slow components. Inecognized that the triexponential fit represents the TCF but
addition, the SPC/E model underestimates the time scale of they,e ingividual exponentials do not necessarily reflect different
slow component by a factor of2. These differences in the  ocesses in the liquid. A true analytical form for the TCF is
TCFs are clearly displayed in Figure 7. not known.

Comparing the amplitude factors of the normalized TCFs can Assuming that the same physical interpretation holds for the

be somewhat misleading because the fast components ar
motionally narrowed 470 ~ 0.3—0.4 for all of the TCFs, see ?—|OD/H20_system as for HOP/BD’ the fast component O.f the
TCFs mainly reflects the time scale of fluctuations in the

Table 1). A It, th ibuti f th i - ) :
able 1). As a result, the contributions of the various compo hydrogen bond length coordinate. In the phenomenological TCF

nents to the extent of the frequency fluctuations as observed inth t fits the dat d that the fastest d tant
the dynamical line width cannot simply be compared by looking at its the data, we assumed that the fastest decay constan
was the same as those obtained from the MD simulations of

at the magnitude ofAs for each component. An alternative ) . . .
g b the water models. It was possible to fit the data with this

method is to calculate the contribution of each component to . . i .
the linear line shape. We calculated the contributions to the assumption, and the resulting amplitude from the fit was only
fwhm of each component; the results are in Table 2. The fast slightly smaller than that obtained from the SPC/E model. This

components are mostly Lorentzian in shape because they arevggests that the simulation is reasonable on the shortest time
motionally narrowed, and the intermediate and slow componentsscale'
are well described by Gaussian shapes. It is important to note In the phenomenological triexponential TCF obtained from
that the sum of the widths of the components wilt equal the fitting the data, there is a medium time-scale component of 400
linear line width of 162 cm! because the linear line shape is fs that was obtained from peak-shift measurements. This value
the convolution of the three components. The total linear line Was used to limit the number of fitting parameters. It has low
shapes calculated from each TCF have the appropriate line widthamplitude (16%), and it may be a crossover between the fast
and are displayed in Figure 3. Although the fast component component and a nonexponential slower portion of the dynam-
comprises~50—60% of the decay in the TCFs, it contributes ics. The slower portion of the TCF calculated for the HOD/
only a relatively small width to the total linear line shape be- D20 system has been assigned to the influence of hydrogen
cause these components are motionally narrowed. The fastbond breaking and formation. This assignment was based on
component of each TCF contributes a similar width to the linear the similarity of the time constants between the slow component
line shapes, which is consistent with the comparison of the TCFs of the TCF and that of the hydrogen bond population correlation
in Figure 7. The comparison of the TCFs in Table 2 empha- function®255The hydrogen bond population correlation func-
sizes the relatively small contribution of the fast component tion depends on the rate of hydrogen bond breakamgl
and the differences in the contribution of the slow compo- formation. The definition of the existence of a hydrogen bond
nent to the linear line shape. The phenomenological TCF is in terms of the oxygenoxygen distance, the oxygen
obtained from the triexponential fit of the data predicts the linear hydrogen distance, and the angles invol%#he experimental
line shape to be dominated by the slowly varyirng..8-ps results demonstrate that the time scale obtained from the water
component. models is too fast and that this component of the dynamics has
The TCF is related to the structural correlation function too little amplitude to describe the dynamics that we observe
describing the evolution of hydrogen bonds in water because in water. Nonetheless, it is likely that the slowest time scale
the hydroxyl stretch is sensitive to the number and strength of component is due to hydrogen bond making and breaking
hydrogen bond?1354The relationship between frequency and dynamics, but the TIP4P and the SPC/E models do not properly
structure observed through the lens of MD simulation enables describe it. Additional experimental and theoretical results
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indicate that hydrogen bond breaking and formation occur on spectral breadth to observe the global frequency fluctuations
the ~2 ps or longer time scale. Experiments on methanol and minimizing complications from the timéandwidth prod-
oligomers directly measured the hydrogen bond breaking time uct limitation of THB.
constant and found-2 ps?®2° Some MD simulations report Many experimental studies have focused on the OH stretch
hydrogen bond lifetimes of 2 ps?293Although hydrogen bond  of HOD in D,0,716-1921.22.27.50.5%though a recent study has
breaking alone does not cause the decay of the TCF but ratheffocused specifically on the OD stretch of HOD in®i3 As
the equilibration of the hydrogen bonds through both breaking discussed above (see section I1l.A), the vibrational lifetime of
and formation, the fact that hydrogen bonds break ontBe the OH stretch<1 ps7-918.3560imjted the time window of the
ps time scale suggests that they may also reach equilibrium onstudies that employed the OH stretch of HOD as the probe of
a similar time scale. hydrogen bond dynamics. Consequently, the experimental
In fact, the slow time scale component obtained from the studies were sensitive only to the hydrogen bond dynamics of
measurements could be longer than 2 ps. Because the TCRwater (not the photoproducts) on thel-ps time scale, which
decays on multiple time scales, we cannot necessarily assumanade the elucidation of the slower hydrogen bond fluctuations
a form of the long-time portion of the TCF (say exponential very difficult. Compared with the triexponential fit TCF
decay) based on the measuremeniptlelays of<1.6 ps. The presented above, most of the studies reported a faster time scale
actual form of the long-time decay may not be exponential, for the slow fluctuations. Much of the work utilized THB
which means that the 2-ps component we obtain from data spectroscopy:16-1921.30 From these studies, the TCF was
collected out toT,, = 1.6 ps may underestimate the longest reported to decay exponentially on the 506%g,00-fs7 1617
decay dynamics. Although studying the OD stretch of HOD in or 1-p3819time scale. Recently, two- and three-pulse vibrational
H,O allows us to extend the time regime over which we measure echoes have been utiliz4275059 generally finding bi- or
the dynamics in water because of the longer vibrational triexponential behavior with a fast component of 136%g5
lifetime,”-9:18,30,35,5658,60\ye must probe them at still longer time.  fs,5° or 33 €7 and a slow component 6£900 fs>° 1.2 p$°® or
It is possible, although difficult, to take data on time scales that >2 ps, perhaps as large as 6 ps??
are |0ng CompaI'Ed to the vibrational lifetime. As demonstrated The transient h0|e_burning studies were primar”y sensitive
by experiments on methanol oligomers, hydrogen bond breakingto the intermediate component of the TCF but not to the fast or
following vibrational relaxation after the second pulse in the slow components. The fast component3Q fs)3,12v13,27v54
three-pulse stimulated vibrational echo sequence can preservgjecayed completely within the pulse duration of the pump
the ground-state contribution to the sigha>*>Therefore, data  and probe pulses>(200-fs cross correlation in all THB
can be collected at IOng times. However, the extent of hydrogen Studi653'16_19’21'30 and S|mp|y contributed to the minimum
bond breaking that preserves the signal in methanol is muchdynamical line width. Because none of the studies employed
greater than in water, making the water experiments at long probe pulses with sufficient spectral width to measure the
time more difficult. In addition, we must account for the spectral diffusion dynamics across the entire10transi-
influence of hydrogen bond breaking on the dynamics measured.tjon,7.16-1921.30they were unable to detect the slowest frequency
Our detailed work studying hydrogen bond breaking in methanol flyctuations. The limitation caused by too narrow a probe
using vibrational echo correlation spectrosc&psP 4> will spectrum can be understood in the following way. To measure
enable us to account for hydrogen bond breaking and extendthe time scale for the transient hole to grow to the full linear
the time regime over which we access the TCF through |ine width, it is necessary to be able to measure the full linear
vibrational echo correlation spectroscopy. line width. In the previous pioneering THB studies on
D. Comparison with Other Work. The dynamics in  water/16-192130the investigators frequency integrated the probe
water have been addressed by other ultrafast IR tech-and then tuned its central frequency to piece together the THB
niques’16-19.21,22,27.30.505The closest experimental technique spectrum of the 817:16-19 and 1-2181%ransitions. The spectral
that measures the absorptive dynamical line shape is transientiffusion dynamics were extracted using this technique by
hole burning (THB)16-19.21 Using THB, the dynamical line  constructing a model that could describe the ensemble of many
width is measured in the frequency domain, which limits the separate kinetics traces collected at different wavelengths.
inherent time resolution of the experiment because of the-time  Alternatively, the probe can be dispersed in a monochromator
bandwidth product of the pump and probe pulses. In systemsto frequency resolve the THB signal and measure the shift and
with a clear separation of time scales between fast and slowwidth of the dynamical liné® which can be a more sensitive
fluctuations, the Kubo model limi! the time-bandwidth technique because the dynamical line is measured directly,
product does not significantly affect the measurement if the making the extraction of the dynamics less model-dependent.
pulses are appropriately adjusted. However, the dynamics inIn either case (spectrally dispersed or not), the narrow bandwidth
water are not well described by this linfft.Using vibrational of the pulses makes the slower component of the spectral
echo correlation spectroscopy, we find that the dynamical line diffusion dynamics extremely difficult to extract from the
shape that we observe more directly accesses the dynamics irexperimental data. In contrast to the previous THB studies, we
water because we avoid the complicating convolution with the spectrally resolve the vibrational echo signal in a monochro-
spectra of the pump and probe pulses. By measuring themator, which measures tlg, axis. Thew, axis is obtained by
absorptive contribution to the dynamical line shape, we observea Fourier transformation of the time axis (time separation
that vibrational echo correlation spectroscopy is more sensitive between pulses 1 and 2). Both frequency axes are obtained in
to spectral diffusion than its absolute value vibrational echo a single experiment in which the spectral properties of the pulses
counterpaf® because the spectral resolution is higher and are fixed throughout. With sufficient spectral breadth4Q0
interferences between ground- and excited-state features can bem™) because of the 45-fs pulses, we are able to span the entire
separated® Therefore, vibrational echo correlation spectroscopy 0—1 transition of water to observe the full range of spectral
provides the most sensitive probe of the hydrogen bond diffusion dynamics without the timebandwidth product limita-
dynamics in water by removing the interference from the21 tion. All of these factors make the experiments reported in this
transition while also providing sufficient time resolution and work more sensitive than those reported in previous studies to



1118 J. Phys. Chem. A, Vol. 108, No. 7, 2004 Asbury et al.

the fluctuations of the hydrogen bond network in water, as the limitations of the time-bandwidth product. Interference from
reported by the TCF of water. the dynamics of the-12 transition, which may have a different

In addition to THB experiments, 1D two- and three-pulse dephasing, is eliminated. From the analysis of the dynamical
vibrational echo studies have yielded significant insight into the line widths, it was found that the frequency fluctuations in water
form and time scales of the TCF of waf@R7:5059 The occur on multiple time scales out to at least 2 ps.
investigators studied the OH stretch of HOD inM(with a Molecular dynamics simulations were used to obtain the time
the lifetime of <1 ps)7:918.35.60Fgr the two-pulse echo studies, correlation functions (TCF) for two water models, TIP4P and
the lifetime-limited window was not an issue because the time SPC/E’® Using time-dependent diagrammatic perturbation
scale of the experiment is much shorter than the vibrational theory with the full third-order nonlinear material respoffsé®
lifetime. Yeremenko et al. heterodyne detected their two-pulse theoretical vibrational echo correlation spectra were calculated
echo, which allowed them to access the fast and intermediatefrom the MD-derived TCFs and were compared to the data.
component$® However, the echo signal decayed on the 100-fs Although the SPC/E model is somewhat better, both water
time scale, which made the extraction of the slow component models produce dynamical lines that broaden too rapidly. The
extremely difficult. Consequently, the slowest component of the slowest component of both TCFs is too fast and has too little
reported TCF was-900 fs. Stenger et al. homodyne detected amplitude to reproduce the data. A phenomenological TCF was
their two-pulse experimert, making it sensitive primarily to obtained from a highly constrained fit of the data. The results
the fast component because the signal decayed twice as fasare consistent with the MD results for the fastest times. The
compared with that from the heterodyne-detected experimentslowest component of the phenomenological TCF is 1.8 ps. On
of Yeremenka? the basis of the MD simulation results, this slowest component

The three-pulse vibrational echo studies allowed the inves- is attributed to hydrogen bond breaking and formation (equili-
tigators to access the intermediate and slow time scale portionsbration). As mentioned above, we are currently in the process
of the TCF on time scales of 100 fs, when the normalized  of taking additional data at both longer and shorter times than
TCF has decayed te<1.829 However, the<1-ps vibrational the data presented in Figures 1, 5, and 6. The additional data
lifetime of the OH stretch of HOD in BD7218.35.6%¢omplicated will help pin down the detailed dynamics in water and will
the observed dynamics on longer time scafe the recent facilitate the development and testing of better water models.
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