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Dynamics of water probed with vibrational echo correlation spectroscopy
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Vibrational echo correlation spectroscopy experiments on the OD stretch of dilute HOD in H2O are
used to probe the structural dynamics of water. A method is demonstrated for combining correlation
spectra taken with different infrared pulse bandwidths~pulse durations!, making it possible to use
data collected from many experiments in which the laser pulse properties are not identical. Accurate
measurements of the OD stretch anharmonicity~162 cm21! are presented and used in the data
analysis. In addition, the recent accurate determination of the OD vibrational lifetime~1.45 ps! and
the time scale for the production of vibrational relaxation induced broken hydrogen bond
‘‘photoproducts’’ ~;2 ps! aid in the data analysis. The data are analyzed using time dependent
diagrammatic perturbation theory to obtain the frequency time correlation function~FTCF!. The
results are an improved FTCF compared to that obtained previously with vibrational echo
correlation spectroscopy. The experimental data and the experimentally determined FTCF are
compared to calculations that employ a polarizable water model~SPC-FQ! to calculate the FTCF.
The SPC-FQ derived FTCF is much closer to the experimental results than previously tested
nonpolarizable water models which are also presented for comparison. ©2004 American Institute
of Physics. @DOI: 10.1063/1.1818107#
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I. INTRODUCTION

The dynamics and structure of water continue to b
problem of both fundamental interest and practical sign
cance. Water is important as a solvent in a vast numbe
chemical and biological settings. To a great extent,
unique properties of water derive from its ability to for
complex hydrogen bond networks.1 Water can form up to
four hydrogen bonds, but the number and strength of
hydrogen bonds continually fluctuate.2–5 Therefore, under-
standing the dynamics of the hydrogen bond networks
central to understanding the nature of water. Characteriza
of the full dynamics of the hydrogen bond networks is e
sential to test water models which find application in sim
lations of protein folding,6,7 ion hydration,8 and polymeriza-
tion reactions.9

While there have been a wide variety of experimen
methods directed at understanding water, ultrafast infra
experiments that examine the water hydroxyl stretch
mode are particularly well suited for the study of the hyd
gen bond network dynamics. The frequency of the hydro
stretch is sensitive to the strength of the hydrogen bonds
the number of hydrogen bonds.2,3,10–13The distribution in the
strengths and number of hydrogen bonds gives rise to
very broad hydroxyl stretch absorption line observed in
spectra of water.2,3 However, the different strengths an
numbers of hydrogen bonds do not give rise to spectrosc
cally resolvable features in the water spectrum. For that
son, a number of ultrafast infrared experimental meth
have been applied to extract information about hydrog
12430021-9606/2004/121(24)/12431/16/$22.00
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bond dynamics from under the inhomogeneously broade
hydroxyl stretch absorption band.5,14–35

The development of the ultrafast infrared vibration
echo technique,36–39 and the application of vibrational ech
experiments to the study of water,5,15–19,40provide a direct
method for accessing hydrogen bond dynamics through
hydroxyl stretch frequency evolution. Vibrational echo co
relation spectroscopy experiments with full phase inform
tion applied to water5,19 can provide more detailed examina
tion of water dynamics than two pulse vibrational echoe18

or vibrational echo peak shift measurements.15–17The multi-
dimensional stimulated vibrational echo correlation spectr
copy technique measures the population and vibratio
dephasing dynamics in two frequency dimensionsvt and
vm .5,41–46 ~In NMR, vt and vm are usually calledv1 and
v3 , respectively.47! The vm axis is similar to the frequency
axis in frequency resolved pump-probe spectroscopy. Thevt

axis does not have an analog in the pump-probe experim
it provides an additional dimension of information that
contained only in the correlation spectrum. The time evo
tion of the shapes of the bands in the correlation spe
provides information on the dynamics of the system p
duced by structural evolution of the hydrogen bond netwo

In the experiments, ultrashort mid-IR pulses,~;50 fs or
,4 cycles of light!, were employed, making it possible t
perform experiments on the entire broad hydroxyl stretch
band despite its.400 cm21 width. Employing pulses tha
are transform limited and controlling path lengths with acc
racy of a small fraction of a wavelength of light, along wi
1 © 2004 American Institute of Physics
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proper analysis, data are obtained with correct phase r
tionships across the entire spectrum. The proper phase
tionships permit accurate separation of the absorptive
dispersive contributions to the spectra.5,42,44,48As a result, the
two-dimensional~2D! IR correlation spectra are obtained
a manner akin to 2D NMR spectroscopy.47

The OD hydroxyl stretch of dilute HOD in H2O was
investigated previously with vibrational echo correlati
spectroscopy experiments on water.5 The results were com
pared to theoretically calculated results3,5,49 obtained from
two water simulation models TIP4P~Ref. 50! and SPC/E.51

Below we present supplementary vibrational echo corre
tion spectroscopy experiments on water and compare the
additional simulations.

The vibrational echo correlation spectra are measure
a function of the time delayTw between the second and thir
pulses in the stimulated vibrational echo pulse sequence.
resultingTw dependent data are fit by varying the frequen
time correlation function~FTCF!, which is input into a time
dependent diagrammatic perturbation theory calculation
the data.41,52 In addition, the FTCF obtained from the expe
ments is compared to calculations based on the SPC
~Ref. 53! water model. A quantum oscillator is embedded
the classical molecular dynamics simulation to calculate
FTCF.3,5,49,54 The resulting FTCF is then input into a dia
grammatic perturbation theory calculation to obtain sim
lated data in the same form as the experimental data.
previous calculations using the TIP4P and SPC/E mod
showed relatively poor agreement with the experiments,
ticularly at long time. In contrast, calculations of the FTC
using the SPC-FQ model54 are in much better agreeme
with the data. The better agreement may occur because
polarizable term in the SPC-FQ model introduced collect
effects into the molecular dynamics simulation. These coll
tive effects are absent in the TIP4P and SPC/E models
cause they are do not contain the polarizable term. The
periments have improved accuracy and data anal
procedures. In addition, complementary experiments h
been performed to obtain data that are necessary for
analysis of the vibrational echo experiments. Using sp
trally resolved ultrafast IR pump-probe experiments, the
brational anharmonicity of the OD stretch of HOD in wat
is accurately determined~162 cm21!. The anharmonicity is a
necessary input parameter in the diagrammatic perturba
theory calculations used to extract the FTCF from the d
and to compare the data to the simulations. Furthermore
accurate value of the OD stretch lifetime~1.45 ps! ~Ref. 55!
was employed. The determination of the lifetime took in
account the generation of ‘‘photoproducts’’~broken hydro-
gen bonds! that are formed following vibrationa
relaxation.55 The production of photoproducts changes t
hydroxyl stretch spectrum and influences the determina
of the vibrational spectral diffusion. Detailed analysis of t
growth of the photoproduct spectrum demonstrates that
photoproducts do not significantly impact the vibration
echo correlation spectra because of the relatively long l
time of the OD stretch in H2O. This is one of the reasons th
OD in H2O is studied rather than OH in D2O.15–18 OH in
D2O has a substantially shorter lifetime~;0.7 ps!.56,57 The
Downloaded 22 Dec 2004 to 171.64.123.99. Redistribution subject to AIP
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generation of photoproducts limits the time over which O
in D2O results can be analyzed in a straightforward mann
a factor that has not been taken into account in previ
reports.17,18

II. EXPERIMENTAL PROCEDURES

The ultrashort IR pulses employed in the experime
are generated using a Ti:sapphire regeneratively ampli
laser/OPA system. The output of the modified Spectra Ph
ics regen is 26 fs transform limited 2/3 mJ pulses at 1 k
rep rate. These are used to pump an optical parametric
plifier ~BBO! employing difference frequency generatio
(AgGaS2). The output of the OPA is compressed to produ
;50 fs transform limited IR pulses as measured by collin
autocorrelation. For the experiments, the compression
readjusted to give transform limited pulses in the sample
measured by a sample that gave a purely nonresonant si
The pulses were always transform limited in the sample d
ing the course of an experiment, that is, over the full range
Tws. However, over the several months during which d
were collected, there was some variation in the bandwi
~pulse duration! of the pulse. A change in bandwidth has
substantial influence on the experimental correlation spec
as discussed below. As detailed in the Appendix, a met
was developed to combine data sets taken with differ
pulse bandwidths. Therefore, it is possible to average
gether data sets taken under appropriate but not iden
conditions.

The IR beam is split into five beams. Three of the bea
are the excitation beams for the stimulated vibrational ec
A fourth beam is the local oscillator~LO! used to heterodyne
detect the vibrational echo signal. One of the excitat
beams is also used for pump-probe experiments, with
fifth beam as the probe beam in the pump-probe exp
ments. All of the beams that pass through the sample
optically identical and are compensated for group veloc
dispersion simultaneously. The vibrational echo signal co
bined with the LO is passed through a monochromator
detected by a 32 element MCT array. At each monoch
mator setting, the array detects 32 individual wavelength

The sample, 5% HOD in H2O, was held in a sample ce
of CaF2 flats with a spacing of 6mm. The peak absorbanc
of the samples was 0.2. Such a low absorbance is neces
to prevent serious distortions of the pulses as they propa
through the sample. The OD stretch of HOD is used a
probe of water for three reasons. The relatively dilute O
stretch reduces the rate of vibrational excitation transpor
the point where transport has a negligible influence on
dynamics.58 Excitation transport would be a source of spe
tral diffusion that is not related to structural dynamics
water. Furthermore, it is very difficult to make a pure wa
sample that is thin enough to have the necessary low op
density for the experiments, and such a thin sample is sub
to heating artifacts. Finally, as discussed below and m
tioned in the Introduction, the vibrational lifetime of the O
stretch of HOD in H2O and the time for the onset of th
photoproduct spectrum caused by hydrogen bond brea
determine the longest time for which data can be taken
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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unambiguously interpreted. The OD stretch of HOD in H2O
lifetime is significantly longer than the OH stretch lifetime
D2O.

The phase-resolved, heterodyne detected, stimulated
brational echo was measured as a function of one freque
variablevm and two time variablest andTw that are defined
as the time between the first and second sample-radia
field interactions and the second and third sample-radia
field interactions, respectively. The measured signal is
absolute value squared of the sum of the vibrational e
signal electric fieldS and the local oscillator electric fieldL

uL1Su25L212LS1S2. ~1!

The L2 term is time independent and theS2 is very small;
hence neither contributes to the time dependence of the
nal. The 2LS term is the heterodyne amplified signal. Th
monochromator performs an experimental Fourier transfo
on the radiation. Through data processing that involves ch
ping to measureL2 and normalization, the spectrum yield
the vm frequency axis. As thet variable is scanned in 2 f
steps, the phase of the vibrational echo signal electric fiel
scanned relative to the fixed local oscillator electric fie
resulting in an interferogram measured as a function of tht
variable. The interferogram contains the amplitude, sign,
quency, and phase of the vibrational echo signal electric fi
as it varies witht. By numerical Fourier transformation, th
interferogram is converted into the frequency variablevt ,
providing thevt axis.

The interferogram measured as a function oft contains
both the absorptive and dispersive components of the vi
tional echo signal. However, two sets of quantum pathw
can be measured independently by appropriate time orde
of the pulses in the experiment.43,44,46With pulses 1 and 2 a
the time origin, pathway 1 or 2 is obtained by scanning pu
1 or 2 to negative time, respectively. Adding the Four
transforms of the interferograms from the two pathways,
dispersive component cancels leaving only the absorp
component. The 2D vibrational echo correlation spectra
constructed by plotting the amplitude of the absorptive co
ponent as a function of bothvm andvt .

Lack of perfect knowledge of the timing of the puls
and consideration of chirp on the vibrational echo pulse
quires a ‘‘phasing’’ procedure to be used.5,40 The projection
slice theorem47 with an auxiliary condition is employed to
generate the absorptive 2D correlation spectrum. The pro
tion of the absorptive 2D correlation spectrum onto thevm

axis is equivalent to the IR pump-probe spectrum recorde
the sameTw , as long as all the contributions to the stim
lated vibrational echo are absorptive. Consequently, comp
son of the projected 2D stimulated vibrational echo spectr
to the pump-probe spectrum permits the correct isolation
the absorptive vibrational echo correlation spectrum from
2D spectrum obtained from the addition of the two quant
pathways.

It is possible to come relatively close to the correct c
relation spectrum prior to the phasing procedure because
very short pulses permit their time origins to be know
within a few femtoseconds. However, the correlation sp
trum is very sensitive to small errors in the time origin, ev
Downloaded 22 Dec 2004 to 171.64.123.99. Redistribution subject to AIP
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on the order of 1 fs, and to chirp. Therefore, a well defin
phasing procedure based on various potential errors
developed.45,59The frequency dependent phasing factor us
to correct the 2D spectra has the form

SC~vm ,vt!5S1~vm ,vt!F1~vm ,vt!

1S2~vm ,vt!F2~vm ,vt!,

F1~vm ,vt!5exp@ i ~vmDtLO,E1vtDt1,21vmvtC

1vm
2 Q!#, ~2!

F2~vm ,vt!5exp@ i ~vmDtLO,E2vtDt1,21vmvtC

1vm
2 Q!#.

SC is the correlation spectrum.S1 and S2 are the spectra
recorded for pathways 1 and 2, respectively.DtLO,E accounts
for the lack of perfect knowledge of the time separation
the LO pulse and the vibrational echo pulse;Dt1,2 accounts
for the lack of perfect knowledge of the time origins of e
citation pulses 1 and 2;C accounts for linear chirp caused b
the echo propagating through the sample; andQ accounts for
the linear chirp caused by propagation of the vibrational e
through the back window of the sample cell.Dt1,2 comes in
with opposite sign for pathways 1 and 2.

An additional procedure was developed and employed
produce the very high quality correlation spectra sho
below.5,40 The projection slice theorem reduces a tw
dimensional entity to a one-dimensional entity. However,
order to unambiguously assign a correct correlation spect
it is preferable to use information from both dimension
Therefore, in the phasing procedure an additional constr
is applied for thevt dimension. We can use informatio
from the absolute value correlation spectrum, which is
sum of the absolute value spectra of pathway 1~rephasing!
and pathway 2~nonrephasing! discussed above. The absolu
value spectrum is independent of the phase factor and p
at the same frequency alongvt as the purely absorptive
spectrum. Consequently, the difference in peak positions
trial phased absorptive spectrum and the absolute value s
trum for eachvm gives an additional criterion on the qualit
of the correlation spectrum. The correct correlation spectr
is the one that provides the best fit to the pump-probe sp
trum and minimizes the difference in peak positions of t
absorptive and absolute value spectra. This procedure h
for symmetric line shapes and hence can be applied to
data discussed here, where the dynamical lines can be we
to a Gaussian line shape and the deviations are symmet

Finally, to test the procedures described above and
make final very small corrections, a method call PEARL f
‘‘phasing employing absorptive resonant loci’’ was use
This procedure will be discussed in detail subsequentl60

PEARL is the multidimensional, multipeak absorptiv
equivalent of a Cole-Cole procedure used in dielectric rel
ation experiments.60 Following phasing, the errors in th
time origins are,100310216s and the time shift across th
entire spectrum due to chirpvmC is ,100310216s.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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III. RESULTS AND DISCUSSION

The hydroxyl stretch frequency provides a sensit
probe of the hydrogen bond dynamics of water through
correlation with the strength and number of hydrogen bo
associated with a water molecule.2,3,10–13 Ultrafast time-
resolved nonlinear vibrational spectroscopy probes the
droxyl stretch directly, and so provides access to the hyd
gen bond dynamics. Vibrational echo spectroscopy36–39 and,
in particular, multidimensional vibrational echo correlatio
spectroscopy5,19,40,61 provides superior time resolution an
sensitivity to the dynamics of water compared to IR pum
probe techniques.20–27,33–35 Multidimensional vibrational
echo correlation spectroscopy provides experimental obs
ables that permit the parametrization or selection of the m
accurate water models.5,54

Significant disparities exist between recent measu
ments of water dynamics made by several groups using
ferent vibrational echo techniques.5,17–19The water dynamics
are described by the FTCF that each group reported.
FTCF is defined as

C~ t !5^dv~ t !dv~0!&, ~3!

where dv is the change in the hydroxyl stretch frequen
from its initial value, and the bracket is an ensemble avera
The FTCF describes the loss of correlation of the freque
of an ensemble of OD stretches as time progresses.
emenko, Pshenichnikov, and Wiersma heterodyne detect
2-pulse vibrational echo of the OH stretch of HOD in D2O18

and reported a biexponential decaying FTCF with 130 a
900 fs time constants having;60% and;40% amplitudes,
respectively. Feckoet al.also studied the OH stretch of HOD
in D2O using 3-pulse vibrational echo peak sh
measurements.17 They reported a FTCF that decayed
;200 fs~;85% amplitude! with a large oscillation followed
by a 1.2 ps exponential decay~;15% amplitude!. Both
aforementioned experiments utilized frequency integra
techniques which did not discriminate between the 0-1
1-2 transitions that are emitted by the hydroxyl stretch and
included both ground and excited state dynamics in th
measurements. Most recently, the OD stretch of HOD
H2O was studied using vibrational echo correlation spectr
copy. The experiments yielded a FTCF described by a tr
ponential function having 32 fs, 400 fs, and 1.8 ps time c
stants with corresponding 43%, 16%, and 41% am
tudes.5,19 These experiments selectively measured the
namics of the 0-1 transition because the vibrational echo
relation spectroscopy technique spectrally resolves the vi
tional echo and facilitates complete discrimination betwe
ground and excited state contributions. A review of oth
reports of the FTCF of water has been provided recently5

The differences in the dynamics of water reported
these three experimental investigations5,17–19suggest that the
experimental execution and the experimental method can
fluence the results. To improve the experimental accurac
the vibrational echo correlation spectroscopy measurem
on water, we have performed the type of experiments
ported above5,19 with improved technique five times over th
course of many months and under many different laser c
ditions. Additionally, we have performed complementary e
Downloaded 22 Dec 2004 to 171.64.123.99. Redistribution subject to AIP
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periments to obtain properties of the hydroxyl stretch that
more accurate than those available in the literature. Th
auxiliary experiments are necessary for accurate analysi
the vibrational echo experiments and accurate determina
of the FTCF using molecular dynamics simulations of thr
water models.

This report is broken into two main sections:~A! mea-
surement of water dynamics and~B! comparison of experi-
mental and theoretical dynamics predicted from three mod
of water. Within Sec. III A, we describe our measurement
the vibrational anharmonicity and the vibrational lifetime
the hydroxyl stretch using spectrally resolved infrared pum
probe spectroscopy.55 We then present the results from fiv
sets of vibrational echo correlation spectra and discuss
analysis procedures that enable us to combine multiple
sets to reduce the error bars in the measurement. Se
III B compares the experimental data with predictions fro
three water models and discusses the differences betwee
models that affect their predicted dynamics.

A. Accurate measurement of water dynamics

1. OD stretch anharmonicity

The goal of studying the vibrational dynamics of wat
is to access the ground state equilibration dynamics, wh
are displayed in the 0-1 transition. The 1-2 transition repo
the dynamics of the excited state, which is not the princi
objective of the study. The 1-2 transition of the OD stret
vibration of HOD in liquid water significantly overlaps th
0-1 transition. The contribution of the 1-2 transition in th
experimental data can be accounted for as long as the an
monicity ~shift in frequency between the 0-1 and 1-2 tran
tions! is known accurately. The ground state dynamics
water can be measured from the 0-1 transition once the c
tribution from the 1-2 transition is known. The dynamics c
be examined at wavelengths that do not have interfere
from the 1-2 transition in the frequency resolved correlat
spectroscopy experiments. In addition, the contribution
the 1-2 transition can be calculated using diagrammatic p
turbation theory.5,41,52,62,63The calculations describe the 0-
and 1-2 transitions and require the anharmonicity as inp
By comparing the experimental data with the calculated
sults, the ground state dynamics can be obtained without
contamination from the excited state.5,19

The anharmonicity of the OD stretch vibration of HO
in liquid water has been reported several times with val
ranging from 127~Ref. 64! to ;200 cm21.33 The uncertainty
in the values from the literature is far greater than can
tolerated in the analysis of the experiments. Conseque
we determined the anharmonicity of the OD stretch of HO
in H2O using frequency resolved pump-probe spectrosco

The pump-probe spectra at delay timesTw shorter than
the vibrational lifetime are composed of the bleach of the
transition and the excited state absorption of the 1-2 tra
tion. A representative difference spectrum collected atTw

5200 fs is displayed in Fig. 1. The bleach of the ground st
is a positive signal centered at 2510 cm21, while the negative
excited state absorption signal is centered around 2350 cm21.
To extract a precise anharmonicity constant, we fit the pum
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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probe spectrum to a sum of two Gaussian line shapes,
corresponding to the ground state and another to the exc
state. The fit is displayed as the solid line through the dat
Fig. 1. We obtained a more constrained fit by fixing the c
ter of the ground state peak to be the same as the peak o
OD-hydroxyl stretch absorption in the Fourier transform
frared absorption spectrum~2510 cm21! ~Ref. 5! while leav-
ing the center of the 1-2 transition and the widths of t
Gaussians as fitting parameters. We performed the fit
scribed above on hundreds of distinct pump-probe spectr
delay times ranging from 0.12 to 1.0 ps. The difference
tween the peak positions of the 0-1 and 1-2 transitions
were determined from the fits provides the anharmonic
constant, which we determined to be 16264 cm21.

2. OD stretch lifetime and photoproduct formation

The vibrational lifetime of the hydroxyl stretch dete
mines the time duration over which the equilibrium dyna
ics of water can be unambiguously measured. Beyond
time window, photoproducts that result from hydrogen bo
breaking contribute to the signal.55 If the dynamics of water
are measured on the time scale of and beyond the vibrati
lifetime, the measured dynamics do not solely reflect
equilibrium fluctuations of water. The photoproducts of h
drogen bond breaking that form following vibrational rela
ation contaminate the signal.55 To determine the time win-
dow during which the ground state fluctuations of water m
be interrogated and to access the contribution to the si
from the production of photoproducts as a function of tim
the vibrational lifetime was determined using broadba
transient absorption experiments to monitor the hydro
stretch population dynamics.55 The ultrashort mid-IR pulses
~;50 fs or ,4 cycles of light! uniformly excited the 0-1
transition of the OD hydroxyl stretch of HOD in wate
which completely eliminated the influence of spectral diff
sion from the dynamics. Such precautions have not alw
been taken into account previously.20–27,33–35The ultrafast
transient absorption experiments have been described in
tail elsewhere.55 The necessary details are recounted here

FIG. 1. Transient absorption spectrum of the OD hydroxyl stretch of H
in water collected at pump-probe delayTw50.2 ps. The 0-1 transition is
positive going at;2510 cm21 and the 1-2 transition is negative going
;2350 cm21. The solid line through the data is a fit comprised of tw
Gaussians, one for the 0-1 and another for the 1-2 transition that yield
anharmonicity 162 cm21.
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establish theTw delays, for which the generation of photo
products can influence the measurements of the dynamic
water. The magnitude of the influence of the photoprodu
on the vibrational echo results are determined quantitativ
below.

The transient absorption spectra were taken in a ma
angle configuration to eliminate orientational dynamics55

The transient spectra were decomposed into reactant
photoproduct contributions using singular value deco
position.55,65 Separation of the vibrational relaxation dynam
ics from the hydrogen bond breaking and formation p
cesses revealed an exponential vibrational lifetime oftvib

51.4260.05 ps across the entire hydroxyl stretch band
cluding 0-1 and 1-2 transitions. As a consistency check
analyzed the data by fitting the transient absorption deca
the red side of the 1-2 transition, where the decay is
perturbed by the photoproduct dynamics. The results w
virtually the same and the vibrational lifetime was found
be frequency independent with a time constanttvib51.45
60.05 ps. This value for the lifetime55 is slightly shorter and
much more accurate than previous measurements.33,35

From the measurement of the population dynami
which is briefly discussed here, it was demonstrated that
citation of the hydroxyl stretch and subsequent vibratio
relaxation breaks hydrogen bonds and produces spect
distinct photoproducts.55 Figure 2 displays the spectrally re
solved dynamics of the initially excited and the photoprod
populations at 2500 cm21 ~note the time scale is logarith
mic!. The excited state contribution to the signal~upper
curve! decays exponentially~1.45 ps!, while the photoprod-
uct ~lower curve! grows in nonexponentially as a result o
the vibrational relaxation rate and the hydrogen bond bre
ing rate~810 fs!.55 The dashed line indicates the maximu
Tw delay at which a correlation spectrum is reported in t
work. It is clear that the measured dynamics will not
substantially affected by the photoproducts forTw,1 ps,
while at times larger than 5 ps the photoproduct prevails.
intermediate times both components contribute to the tr
sient absorption signal and neither of them can be neglec
From the analysis, the photoproduct contributes to the tr

he

FIG. 2. Time dependent contributions to the signal of the initially excit
~upper curve! and photoproduct~lower curve! populations of water species
measured from transient absorption experiments. The photoproduct f
following vibrational relaxation of the hydroxyl stretch, which breaks h
drogen bonds.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. ~Color! The experimental vi-
brational echo correlation spectra o
the OD stretch of HOD in H2O. The
data have been normalized to th
maximum positive value. Each con
tour represents a 10% change. Th
positive going peak arises from the 0-
transition. The negative going pea
arises from the 1-2 transition. The 0-
and 1-2 peaks are elongated along t
diagonal, indicating inhomogeneity
persists in the hydroxyl stretch fre
quency distribution. Spectral diffusion
broadens the widths of the peaks asTw

increases. The dashed line represent
cut atvm52500 cm21.
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sient absorption signal;3%, 8%, and 15% of the total atTw

delays of 800, 1200, and 1600 fs, respectively.
The influence of the photoproduct on the vibration

echo correlation spectra is discussed in detail below. F
the analysis, the photoproduct signal contributes only;0.5
cm21 to the measured dynamic line width at the longerTw

delays,~800–1600 fs! which is negligible given that the erro
bars in the measurement are62.5 cm21 ~see below!. Conse-
quently, it is unnecessary to correct the measured dyna
linewidths for the photoproduct contribution. As has be
discussed in detail elsewhere,55 the growth of the photoprod
ucts does have a significant influence on the determinatio
the vibrational lifetime and the orientational relaxation.

3. Vibrational echo correlation spectra

Since the first report of vibrational echo correlation sp
troscopy experiments investigating the dynamics of wat5

we have refined the data collection and analysis method
enhance the accuracy of the measurements of water dyn
ics. The results of Secs. III A 1 and 2 are used below in
analysis presented in this section. Five distinct sets of t
dependent correlation spectra were collected to improve
accuracy. The data sets were collected over the span of
eral months. Each data set comprised an independent co
tion of correlation spectra measured for sixTw points at 100,
200, 400, 800, 1200, and 1600 fs. A typical set of correlat
spectra from a single experiment is displayed in Fig. 3. T
correlation spectra are two-dimensional frequency maps
the frequency fluctuations of the OD stretch. Thevt axis
~horizontal axis! displays the frequency of the interaction
the sample with the first laser pulse, which occurs at the
transition frequency in the region around 2500 cm21. All the
features in the correlation spectra appear centered at the
transition frequency along thevt axis. Thevm axis displays
the frequency at which the vibrational echo is emitted fro
the sample. Vibrational echo correlation spectroscopy
cesses the ground~0!, first ~1!, and second~2! vibrational
states. Consequently, two peaks are observed along thevm

axis corresponding to the 0-1 and the 1-2 transition frequ
cies. The positive going 0-1 peak appears on the diago
Downloaded 22 Dec 2004 to 171.64.123.99. Redistribution subject to AIP
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~represented by the linevm5vt) because the vibrationa
echo is emitted with the same frequency as the first inte
tion with the radiation field~first pulse!. The negative going
peak corresponds to the vibrational echo that was emitted
the 1-2 transition. The peak appears redshifted along thevm

axis by the anharmonicityDan5162 cm21 ~Sec. III A 1! be-
cause the vibrational echo was emitted from the 1-2 tra
tion, but the first interaction was with the 0-1 transitio
Similar to IR transient absorption spectroscopy, the 0-1 p
is positive and the 1-2 peak is negative because they re
from a decrease in the ground state population and an
crease in the excited state population, respectively. The p
resolution afforded by heterodyne detected vibrational e
correlation spectroscopy displays the sign parity between
0-1 and 1-2 transitions. The sign parity combined with t
measurement of purely absorptive line shapes facilitates
complete removal of the excited state contribution from
ground state dynamics, unlike previous investigations of w
ter dynamics.17,18

Looking at the earliestTw delay (Tw5100 fs) displayed
in Fig. 3, the 0-1 and 1-2 peaks appear elongated along
diagonal because their widths along thevt axis are smaller
than their total widths~observed by looking at the projectio
of the peak on thevm axis!. The width of the projection of
the 0-1 peak at a particularvm onto thevt axis is the ‘‘dy-
namical linewidth.’’5,66,67 Because the hydroxyl stretch o
HOD is inhomogeneously broadened for smallTw , the re-
sulting band shapes are asymmetric.5,66,67 As Tw increases
~see theTw panels of Fig. 3!, the dynamic linewidths of the
0-1 and 1-2 peaks~projection of vm onto the vt axis!
broaden. ByTw51600 fs, the width of the 0-1 peak alon
thevt axis has grown almost to the asymptotic value, that
the width when all possible frequencies have been sam
because of complete structural randomization. Change
the dynamical linewidth report the spectral diffusion dyna
ics. The dynamical linewidth can be measured by selectin
cross sectional cut of the 0-1 peak at a particularvm value
and projecting it onto thevt axis. The horizontal dashed lin
shown in theTw5100 fs panel of Fig. 3 illustrates such a c
at the approximate center of the hydroxyl stretch peak~2500
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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12437J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Vibrational echo correlation spectroscopy of water
cm21!. The dynamical line measured in the correlation sp
tra of HOD is narrow when spectral diffusion has not ra
domized the distribution of hydroxyl stretch frequencies.
spectral diffusion occurs, the dynamical linewidth broade
which is captured by the increased width of the cut at 25
cm21.5,19

Excited state relaxation occurs with a wavelength in
pendent 1.45 ps time constant asTw increases,55 which re-
duces the amplitude of the emitted vibrational echo and p
duces photoproducts that are spectrally distinct in about
~see above!. Consequently, the signal amplitudes of the d
displayed in Fig. 3 decay by a factor of;3 from 100 to 1600
fs. The data in Fig. 3 have been normalized to the amplit
of the 0-1 peak, which obscures the decay. Because we
to study the hydrogen bond dynamics of equilibrium wat
not the photoproducts caused by hydrogen bond brea
following vibrational relaxation, we restrict our observatio
window to,2 ps. Studying OD in H2O enables us to exam
ine the equilibrium hydrogen bond dynamics of water ove
time window that is approximately twice to that of inves
gations of OH in D2O.17,18 OH in D2O has a substantially
shorter lifetime~;0.7 ps!.56,57Therefore, photoproducts wil
be generated on a shorter time scale. Furthermore, the v
tional quantum of energy deposited upon vibrational rel
ation is substantially larger for a OH stretch and may lead
a larger photoproduct contribution. Photoproduct genera
has not been taken into account in the analysis of vibratio
echo data for the OH in D2O system.17,18

The cuts at 2500 cm21 are well described by a Gaussia
line shape. We fit the cuts atvm52500 cm21 from the cor-
relation spectra presented in Fig. 3 to extract the full width
half maximum~FWHM! and to quantify the change in th
dynamical line as a function ofTw delay. The dynamica
linewidths extracted from the data in Fig. 3 are the triang
in Fig. 4. The dynamic linewidths display the same trend
the correlation spectra, small width atTw5100 fs ~;112
cm21!, which increases withTw delay~;143 cm21 by 1600

FIG. 4. The dynamic linewidths of 2500 cm21 slices that were extracted
from five independent sets of vibrational echo correlation spectra~see text
for details!. Five distinct experiments were performed over a period of s
eral months. Each experiment produced one correlation spectrum at eaTw

point. The triangles report the dynamic linewidths obtained from the co
lation spectra that are presented in Fig. 3. The black curve is a guide t
eye. Different bandwidths~pulse durations! were used in the experiments
which prevents the five sets of data from being averaged together wit
first correcting for the different pulse durations.
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fs!. Four other sets of dynamic linewidths are presented
Fig. 4 ~circles, squares, diamonds, and stars! that were ex-
tracted from additional sets of correlation spectra. The so
black line is a guide to the eye.

The method we used to extract the dynamics of wa
from the correlation spectra, selection of cuts at 2500 cm21,
has two distinct advantages that enable the most accu
measurement of the structural evolution of water. First,
method can extract the dynamics of water without interf
ence from the 1-2 transition. Because we accurately de
mined the anharmonicity~Sec. III A 1!, it was possible to
assess the contribution of the 1-2 transition at 2500 cm21. It
was determined that the contribution is negligible. Con
quently, it is unnecessary to remove its influence5 when fit-
ting the slice at 2500 cm21 to obtain the dynamic linewidth
of the 0-1 transition.~Nonetheless, the 1-2 transition is in
cluded in the theoretical calculations presented below.! Re-
cent investigations of water dynamics17,18 were unable to se-
lectively measure the dynamics of the 0-1 transition beca
the investigators used frequency integrated two18 and three17

pulse vibrational echo measurements. The inclusion in d
of the 1-2 transition, which can have different dynamic
complicates the analysis and may influence the FTCF de
mined from such data.

The second advantage of the method is that it selects
central frequency of the 0-1 transition, which facilitates co
parison with theoretical simulations of water~Sec. III B!. In a
recent vibrational echo correlation spectroscopy study of
ter, it was found that the dynamical line shapes measure
different wavelengths across the OD hydroxyl stretch ba
of HOD in water vary in width at very shortTw delays.19 The
wavelength dependence indicated that different water m
ecules experience fluctuations that are specific to their hy
gen bonded configuration. ByTw;400 fs, the dynamical
linewidths become wavelength independent because the
local structures of different hydrogen bonded configuratio
are randomized.19 The frequency dependence of the dynam
cal linewidth cannot be described by the diagrammatic p
turbation theory treatment used to simulate the vibratio
echo correlation spectra because of the Gaussian approx
tion that is implicit in the theory.41,52,62,63The method we use
mitigates this short coming by selecting the central f
quency of the 0-1 transition to represent the dynamics of
entire distribution. The method is rigorously correct for t
longer time scale dynamics (Tw.400 fs), and the oppositely
signed errors at the earlierTw delays cancel because we u
the central frequency.

Part of the spread in the different data sets shown in F
4 is not random error. Differences arise if the data sets
collected with different pulse bandwidths. To reduce the
ror bars in the determination of the time evolution of t
dynamic linewidths, a method is needed to combine the
sults of the five experiments into a single composite se
data. However, the groups of data presented in Fig. 4 can
be averaged together without first correcting the dynam
linewidths from each experiment for the influence of the c
responding laser pulse bandwidths. During each meas
ment, the laser pulses were transform limited and did
vary while the data were collected. However, different e
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ut
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periments employed laser pulses that varied in duration f
45 to 57 fs. The pulse durations were precisely determi
by measuring the cross correlation of the three laser pulse
a sample that gave a purely nonresonant signal.40

To illustrate the importance of correcting the data se
we calculated correlation spectra with 45, 51, and 57 fs pu
durations to simulate the effect of the actual laser pulses.
employed time dependent diagrammatic perturbation the
to obtain the full third-order nonlinear material response
cluding finite pulse durations.41,52,62,63The implementation
has been described in detail elsewhere.5 Briefly, the diagram-
matic treatment uses a FTCF as input to obtain the resp
functions employed in the calculations of the correlati
spectra. The FTCF used as input to the calculations was
experimentally determined FTCF that describes the equ
rium fluctuations of water~the method by which the FTCF
was obtained from the data is described below!. The FTCF
was scaled to reproduce the linear linewidth observed fr
the linear absorption spectrum~FWHM5170 cm21!.5 Three
groups of correlation spectra were calculated using the s
FTCF. Only the pulse durations varied between the sets.
top, middle, and bottom curves in Fig. 5~a! display the dy-
namic linewidths obtained from the correlation spectra c
culated with 45, 51, and 57 fs pulse durations, respectiv
The dynamic linewidths were acquired from Gaussian fits
the 2500 cm21 cuts out of the correlation spectra.Tw delays
were calculated from 0.1 to 5 ps, which is sufficient tim

FIG. 5. ~a! Dynamic linewidths from calculated vibrational echo correlati
spectra that used different pulse durations~45, 51, and 57 fs, top to bottom!.
The linewidths rise to different limiting values because the bandwidth
fects the asymptotic limit. The spread in asymptotic limits is the reason
the data displayed in Fig. 4 cannot simply be averaged together.~b! The
three sets of dynamic linewidths displayed in Fig. 5~a! but recast to have the
average pulse duration~51 fs! using the correction procedure developed
the Appendix. The exact superposition of all three curves demonstrates
the procedure corrects the experimental data for the influence of finite p
durations.
Downloaded 22 Dec 2004 to 171.64.123.99. Redistribution subject to AIP
m
d
in

,
e
e

ry
-

se

he
-

m

e
he

l-
y.
o

delay for spectral diffusion to be complete. The dynam
linewidths are narrow at smallTw delays and grow to their
asymptotic limits by 5 ps for all three groups. Th
asymptotic limits corresponding to the 45, 51, and 57
pulse durations are displayed as the dotted lines in Fig. 5~a!.
The asymptotic line widths for the three pulse durations
152, 147.3, and 142.7 cm21, respectively. For infinite pulse
bandwidth, the asymptotic limit is the linear absorption lin
width. However, for finite bandwidth pulses, the asympto
linewidth is reduced because the entire absorption spect
is not excited equally. The laser pulse durations used in
simulations reflect the range of pulse durations used in
experiment. Consequently, the asymptotic limit of the d
presented in Fig. 4 also varies between 152.0 and 14
cm21. The dynamic linewidth in the experiment does n
reach its asymptotic limit within our time window of obse
vation (Tw51600 fs), which is limited by the appearance
the broken hydrogen bond photoproducts~see above discus
sion!. Consequently, we rely on precise knowledge of t
limit a priori in fitting the data. Given that the dynami
linewidth varies by 35 cm21 over theTw range in the data
sets, the variance in the asymptotic limit due to differe
pulse durations produces substantial shifts not only in
asymptotic limit, but in the entireTw dependent curve. The
variation is615% for the range of pulse durations used. Th
produces unacceptable apparent errors in the data.

To address this issue, we developed a procedure to
rect the dynamic linewidths for the influence of finite pul
durations. Expressions are provided in the Appendix desc
ing the dependence of the correlation spectra on the l
pulse bandwidth. From this dependence, the correction
cedure is developed. The correction procedure was applie
the simulated dynamic linewidths displayed in Fig. 5~a!. The
linewidths calculated with 45 and 57 fs pulses are recast
the median pulse duration 51 fs. Figure 5~b! displays the
three sets of calculated dynamic linewidths after the corr
tion procedure was applied@see Eqs.~A12! and~A13!#. The
sets are indistinguishable. What appears as a single curv
Fig. 5~b! is the superposition of three identical curves. T
comparison demonstrates that the effects of finite-bandw
pulses on the dynamic line widths are precisely described
Eqs. ~A12! and ~A13!, and that the procedure described
the Appendix can be used to combine data sets taken
different bandwidths.

Having verified the accuracy of the correction procedu
we applied the method to the five sets of experimental
namical linewidths presented in Fig. 4. After correction f
the differences in bandwidth, the averaged data give
points with error bars shown in Fig. 6. The scatter in the d
at eachTw point yields error bars, defined as one stand
deviation62.5 cm21. The dynamic linewidth data climb to
wards a well-defined asymptotic limit of 147.3 cm21 ~deter-
mined from the pulse duration and the linear linewidth!. The
dynamic width in Fig. 6 approaches, but does not reach
asymptotic limit byTw51600 fs.

Before analyzing the data presented in Fig. 6 in detai
is necessary to determine the influence of photoproduct g
eration on the experimentally determined dynamic lin
widths. The real dynamic line shapeGdyn(vt), which would
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12439J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Vibrational echo correlation spectroscopy of water
be measured in the absence of the photoproduct, can be
culated from the measured dynamic line shapeGm(vt) ac-
cording to the following expression:

Gdyn~vt!5~12A!21@Gm~vt!2AGpp~vt!#. ~4!

Gpp(vt) is thevt dependent line shape corresponding to
photoproduct andA is the fractional contribution to the mea
sured signal from the photoproduct. The influence of pho
products on the correlation spectra has been discusse
detail in a recent vibrational echo correlation spectrosc
study of methanol oligomers.45,48,68,69It was demonstrated
that the photoproduct line shape along thevt axis is the
asymptotic line shape when it is formed without fine fr
quency correlation with the initially excited hydroxy
distribution.69 When fine frequency correlation exists b
tween a photoproduct and its parent molecule that was
tially excited, the photoproduct retains a detailed memory
the parent frequency within the inhomogeneous hydro
stretch distribution. The dynamical linewidth of the phot
product is narrow, just like the parent dynamical linewid
was prior to hydrogen bond breaking. This fine frequen
correlation, which was observed in methanol oligomers
CCl4 ,69 does not exist in water. Consequently, the dynam
linewidth of the photoproduct is the asymptotic linewidth f
the total hydroxyl distribution~147.3 cm21!.

The contribution of the photoproduct to the vibration
echo correlation spectrum signal amplitude as a function
Tw delay was determined independently from ultrafast inf
red transient absorption experiments~3%, 8%, and 15% a
Tw5800, 1200, and 1600 fs, see Fig. 2!. Solving Eq.~4! for
eachTw point displayed in Fig. 6, we find that the phot
product produces an increase of<0.5 cm21 to the true dy-

FIG. 6. Comparison of the dynamical linewidths of the simulated and
perimental correlation spectra obtained from thevm52500 cm21 slices. The
experimental data appear as circles with error bars. The horizontal lin
147.3 cm21 is the long time asymptotic linewidth. The top curve is from t
TIP4P model and the next lower curve is from the SPC/E model. B
models have reached the asymptotic limit by 1.6 ps. Compared to the
both models have too much amplitude at short time and the long
components are too fast. The third from top curve is from the SPC
model, which is a polarizable water model. The SPC-FQ model disp
considerably better agreement with the experimental dynamics that
TIP4P or SPC/E models. Most importantly, the SPC-FQ model has
reached the asymptotic limit by 1.6 ps. The curve through the data is fro
fit to the data obtained by varying the parameters of a triexponential
FTCF until the dynamical linewidths best fit the data. The experime
FTCF provides a fit to the data within experimental error.
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namic linewidth at allTw delays. This quantity is insignifi-
cant compared to the measured linewidths that have e
bars of62.5 cm21. The photoproduct adds negligibly to th
measured widths because the vibrational lifetime~1.45 ps! is
comparable to the longest decay component in the freque
fluctuations~1.4 ps, see discussion that follows!. The fre-
quency fluctuations have nearly randomized the distribut
of hydroxyl stretches before the photoproduct contribu
significantly to the signal. Consequently, the dynamic lin
widths reported in Fig. 6 do not need to be corrected for
contribution from the photoproduct.

We note that the time dependent contribution from h
drogen bond breaking photoproducts was not considere
other recent reports of water FTCFs,17,18 which interrogated
the OH stretch of HOD in D2O. Recent mixed electronic
structure and molecular dynamics simulations of water h
demonstrated that the frequency fluctuations in D2O are
nearly identical to those in water.54 Yet, the vibrational life-
time of the OH stretch of HOD in D2O is half the duration
compared to the OD stretch of HOD in water. Consequen
the photoproducts will contribute much earlier in the stud
involving the OH stretch.17,18 In addition, a larger quantum
of energy is deposited upon vibrational relaxation, whi
could result in increased photoproduct generation thro
hydrogen bond breaking. Therefore, photoproduct genera
might influence the reported FTCFs.

B. Comparisons of experimental results
and theoretical models

The data presented above reflect the equilibrium dyna
ics of water. They are free of artifacts resulting from excit
state~1-2 transition! contributions, photoproduct contamina
tion, and finite pulse duration effects. We now compare
water dynamics obtained experimentally with the dynam
that are predicted by three models of water: TIP4P50

SPC/E,51 and SPC-FQ.53 The comparisons provide a conte
for discussing the data and rigorously test the accuracy w
which these three models predict the dynamics of water.

The following four step sequence5 is used to compare
the theoretically derived dynamics with the experimental
sults.

~1! A particular water model simulation is implemente
~2! The FTCF for a given model of water is generat

from methods that involve electronic structure~ES! calcula-
tions and classical molecular dynamic~MD! simulations.

~3! We calculate the vibrational echo correlation spec
from the FTCF using time dependent diagrammatic per
bation theory.5,41,52,62,63

~4! We extract theTw dependence of the dynamical line
width and compare to the experimental data.

The mixed ES/MD method used to calculate the norm
ized FTCF for the OD stretch of HOD in H2O ~Refs. 49 and
54! is based onab initio electronic structure calculations o
clusters of water molecules. First, configurations of m
ecules are generated from a given classical molecular
namics simulation of the HOD/H2O system. Then a repre
sentative set of HOD~H2O)n clusters are extracted from th
simulation. For each cluster a series ofab initio calculations
~using density functional theory! are performed for different
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Downloaded 22 De
TABLE I. TFCF parameters@see Eq.~5!#.

TFCF D0 (rad/ps) (%) t0 (ps) D1 (rad/ps) (%) t1 (ps) D2 (rad/ps) (%) t2 (ps)

Fit 10.1 ~41! 0.048 3.8~15! 0.4 10.9~44! 1.4
SPC-FQ 12.0~44! 0.048 5.5~20! 0.35 9.8~36! 1.45
SPC/E 12.1~42! 0.031 9.0~32! 0.28 7.4~26! 0.98
TIP4P 15.2~55! 0.032 10.2~37! 0.34 2.2 ~8! 0.90
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values of the OD stretch coordinate, and in doing so an
harmonic potential curve that leads to a 0-1 OD transit
frequency for the HOD molecule in that cluster is generat
From looking at a hundred or so clusters, it was determi
that there is a linear correlation between the OD freque
and the component of the electric field from the H2O mol-
ecules on the D atom in the direction of the OD bond vec
~correlation coefficient50.9!. Assuming this same linear co
relation holds for the full liquid, the normalized FTCF sim
ply becomes the normalized electric field time correlat
function. The latter can be generated easily from a co
pletely classical molecular dynamics simulation. Using t
ES/MD method,49,54 the simulation was actually performe
on the neat H2O system, which provides much better stat
tics by averaging over all molecules. It was determined t
this change makes a negligible difference.54 With this
method, it is very easy to examine various models of wa
In this paper we report comparisons to the data for the
stretch of TIP4P,50 SPC/E,51 and SPC-FQ53 HOD in H2O.

The FTCFs obtained from the ES/MD simulations are
with exponential functions to obtain an analytical repres
tation. The numerical FTCFs can be represented exceedi
well by the sum of three exponentials.5 Calculations with the
numerical FTCFs generated by the simulations produced
distinguishable correlation spectra from those generated
the exponential fits. However, considerable calculation ti
was saved using the analytical forms. These functions h
the form

C~ t !5D0
2 exp~2t/t0!1D1

2 exp~2t/t1!

1D2
2 exp~2t/t2!. ~5!

While the time constants in Eq.~5! were obtained directly
from the simulations, the magnitudes of the prefactors w
multiplied by a constant to reproduce the full width at h
maximum of the experimentally measured linear absorp
spectrum~170 cm21!.5 We will henceforth refer to the triex
ponential fits as the FTCFs. The parameters of the expo
tial functions describing the FTCFs for each water model
displayed in Table I. Additionally, parameters describing
FTCF obtained from fitting the data are provided in the tab
The method by which this FTCF was obtained is discus
below.

We calculated theoretical vibrational echo correlati
spectra from the appropriately scaled FTCFs~Step 3, see
above! using diagrammatic perturbation theory to obtain t
third-order nonlinear material response, including finite pu
durations.5,41,52,62,63The calculations included all contribu
ing pathways to the 0-1 and 1-2 peaks.5,41,52,62,63We approxi-
mated the frequency fluctuations of the 1-2 transition as
ing the same as the 0-1 transition~harmonic approximation!.
c 2004 to 171.64.123.99. Redistribution subject to AIP
n-
n
.
d
y

r

-
s

-
t

r.
D

t
-
ly

n-
th
e
ve

re

n

n-
e
e
.
d

e

e-

This assumption allowed us to use the same FTCF to
scribe the 0-1 and 1-2 transitions and caused the two pea
have the same dynamic linewidths and total widths.

Having input the experimentally determined anharm
nicity ~162 cm21, see above!, the calculations demonstrate
that within the harmonic approximation, the 1-2 peak do
not contribute significantly at 2500 cm21. Therefore, theTw

dependent dynamical linewidths of the 0-1 transition in t
theoretical correlation spectra are accurately measured b
ting slices at 2500 cm21 with Gaussian line shapes. The sam
analysis scheme was used for the experimental correla
spectra. Although the harmonic approximation may not
strictly valid for water, the contribution of the 1-2 peak
2500 cm21 is so small that employing the harmonic approx
mation should have a negligible influence on the dynam
linewidth. In any event, any contribution from the 1-2 tra
sition is included in both the measurement and the calc
tions.

Correlation spectra were calculated for each water mo
at six Tw delays coinciding with the experimental data (Tw

5100, 200, 400, 800, 1200, and 1600 fs! and atTw55 ps~to
insure that the calculation reached the correct asympt
limit !. Representative theoretical correlation spectra for
SPC/E model of water have been presented previous5

Slices of the correlation spectra were selected at 2500 c21

and fit with Gaussian line shapes to quantify their width
The Gaussian function accurately fit the slice and provide
measure of the dynamic linewidth.

The dynamic linewidths calculated from the TIP4P~top
curve!,50 SPC/E ~second from top!,51 and SPC-FQ~third
from top!53 models of water are displayed as a function ofTw

delay in Fig. 6. The dynamic linewidths calculated for t
TIP4P and SPC/E models were reported previously5 and are
included here for comparison. The data are displayed in
6 as the filled circles with error bars. The dashed line
147.3 cm21 represents the asymptotic dynamic linewidth f
the 51 fs pulse duration~see Sec. III A 3!. The same pulse
duration was used in the diagrammatic perturbation the
calculations. The line through the composite data is a
which yielded the experimental FTCF~see discussion tha
follows!. The dynamic linewidths calculated from the wat
model FTCFs and the experimental FTCF, all ascend~at suf-
ficiently long Tw delay! to the same asymptotic value be
cause the FTCFs were scaled to reproduce the linear
width ~170 cm21!.5

The dynamic linewidths extracted from the calculat
correlation spectra display the same trend as the experim
tal data. The widths are narrow at earlyTw and increase
toward the asymptotic linewidth with increasingTw delay
because spectral diffusion randomizes the frequencies in
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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hydroxyl stretch peak. The rate of increase in the dyna
linewidth for each model is determined by the correspond
FTCF. The triexponential fit parameters corresponding
each water model are displayed in Table I. The compari
in Fig. 6 demonstrates that the TIP4P and SPC/E water m
els describe the dynamics of water that are reflected by
frequency fluctuations of the hydroxyl~OD! stretch rela-
tively poorly.5 The dynamic linewidths predicted by bot
models are much too large atTw5100 fs and increase to th
asymptotic linewidth by 1600 fs, considerably faster than
composite data. These models overemphasize the fast
tuations and do not contain a slow enough componen
account for the slowest fluctuations.

The third water model simulated in this work SPC-FQ53

better describes the dynamics of water compared to
TIP4P and SPC/E models. The dynamic linewidth calcula
from the SPC-FQ model atTw5100 fs deviates only;8
cm21 from the experimental dynamic linewidth measured
the sameTw delay. In contrast, the dynamic linewidth calc
lated from the TIP4P and SPC/E models deviated;20 and
;14 cm21, respectively, atTw5100 fs. Of greater signifi-
cance is the fact that the dynamic linewidth calculated fr
the SPC-FQ model increases more slowly towards and d
not reach the asymptotic limit byTw51600 fs, in contrast to
the TIP4P and SPC/E models. These differences indicate
the SPC-FQ model more accurately describes the freque
fluctuations of water.

Based on the results from the water model calcula
FTCFs, a triexponential form for the FTCF was used to
the experimental data. We begin by entering a triexponen
function as the FTCF into the full third-order material r
sponse calculation.5,41,52,62,63As output, simulated correlation
spectra are generated. A slice at 2500 cm21 is used to obtain
the time dependent dynamic linewidths for eachTw . This
output is compared with the experimental data. The proc
is iteratively repeated, and the parameters in the FTCF
varied until the dynamical linewidths obtained from th
simulated correlation spectra produce the best least squ
fit to the experimental data.

The triexponential function describing the experimen
FTCF was constrained to be consistent with other com
mentary experiments and calculations to obtain the grea
confidence in the parameters. Constraint of the initial m
nitude of the FTCF was achieved by fitting the linear abso
tion line shape calculated from the FTCF to the absorpt
spectrum.5 The FTCF reproduces the long time asympto
value of the dynamic line width 147.3 cm21, which results
when 51 fs pulses are used. This procedure also cause
pre-exponential factorD i

2 of one the exponential componen
to be dependent on the other two. As a result, only two of
threeD’s were varied independently in the fitting procedu
The amplitudes of theD’s in Table I reflect the appropriat
initial magnitude to reproduce the linear line shape. In
three simulations of the FTCF, the fastest component is
tionally narrowed, that is,D0t0,1. In this case, this compo
nent contributes an exponential decay in the time domai
the total time domain vibrational echo decay with decay r
D0

2t0 . Therefore, t0 and D0 are not independent. Th
SPC-FQ provided the FTCF that produced theTw dependent
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linewidths that are closest to the data. Therefore,t0548 fs
was fixed and onlyD0 was varied. Three pulse photon ech
peak shift measurements were made on the intermediate
scale and gavet15400 fs.5 This measurement provided th
intermediate time constant because once the FTCF has
cayed sufficiently, the vibrational echo peak shift as a fu
tion of Tw gives the time dependence of the FTCF.70–73

Therefore, in the fitting procedure, three parameters w
allowed to vary independently; the preexponential factors
two of the components and the time constant of the slow
component.

The line through the data points in Fig. 6 is the result
the fitting procedure. Because the error bars on the meas
points are small, the fit is highly constrained. In contrast
the dynamical linewidths produced from the water mode
the dynamic linewidth obtained from the experimental FTC
has the correct value atTw5100 fs. The calculated widths
pass through the data points within experimental error. T
dynamical linewidth atTw51600 fs has not reached th
asymptotic value and approaches it relatively slowly.

The normalized FTCF that provided the best fit to t
experimental dynamical linewidths is displayed in Fig. 7~top
curve! in addition to the FTCFs for the TIP4P~bottom!, the
SPC/E~second from bottom!, and the SPC-FQ~third from
bottom! water models. The triexponential parameters
each FTCF are displayed in Table I. The fit through the
perimental data has a 1.4 ps time constant for the slow
component that comprises 44% of the decay. We estim
upper and lower bounds of60.2 ps based on a factor of
increase in the sum of the squares of the residuals.

The inset in Fig. 7 displays the FTCFs in the same or
as the main portion of the figure but on a semilog scale
emphasize the behavior at long time. It is clear from both
main portion of the figure and the inset that the SPC-
model comes much closer to reproducing the data than
other two models. In fact, it is remarkable how close t
experimentally derived FTCF and the SPC-FQ FTCFs a
The fast components of the theoretical FTCFs comprise
proximately half of the total decay amplitude. This feature
reproduced by the experimentally derived FTCF, ev

FIG. 7. Comparison of the FTCF corresponding to the TIP4P,~bottom
curve! SPC/E,~second from bottom! SPC-FQ~third from bottom! models
and the experimental FTCF~top curve!. The inset displays the same FTCF
on a semi-long plot with the curves in the same order as in the main por
of the figure. The SPC-FQ model gives an FTCF that is remarkably clos
the experimental FTCF, and it is far superior to the other two.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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though this amplitude was allowed to vary independently
the fit. The long time behavior of the TIP4P and SPC/E m
els compared to the experimental FTCF are consistent
their behavior reported previously.5 The TIP4P model essen
tially misses the slow component completely. The SPC
model does better but overestimates the magnitude of
intermediate and underestimates the magnitude of the s
components. In addition, the SPC/E model underestim
the time scale of the slow component. Comparing the exp
mental and SPC-FQFTCFs demonstrates that this m
more accurately describes the fluctuations of water than
TIP4P or SPC/E models. In fact, the time scale of SPC-F
slow component~1.45 ps! is identical, within experimenta
error, to the measured value~1.4 ps, see above discussion!.
The only difference between the experimentally deriv
FTCF and the SPC-FQFTCF are relatively small differen
in the amplitudes of the components~see Table I!. It is inter-
esting to note that we scaled the FTCFs derived from
three water models and from the experiment to fit the O
stretch linear absorption spectrum so that the dynamic l
widths ~see Fig. 6! would ascend to the same asympto
value. However, the FTCF generated from the SPC-
model accurately predicted the linear linewidth within a fe
percent without scaling, which further supports the conc
sion that the SPC-FQ model more accurately describes
dynamics of water.

The time dependent structural evolution that is obtain
from simulations, enables us to correlate specific motion
water with components of the FTCF. The decay compone
of the TIP4P FTCF have been assigned for the OH stretc
the HOD/D2O system.2–4,74,75The fast component was as
signed to hindered translational motion of the hydrog
bonds~stretching of the hydrogen bond length coordinat!.
There is also a small contribution from hydrogen bo
bending.2–4,76This assignment was based on the observa
of a shallow oscillation of about one cycle in the FTCF w
a period that corresponds to the estimated period of hind
translational motion.3 The oscillation is also present wit
varying amplitudes in the FTCFs obtained from simulatio
for the HOD/H2O system~see Fig. 7!.49 The SPC-FQFTCF
does not display the oscillation but exhibits inflections at
period of the hindered translational motion. It is safe to
sume that the same physical interpretation holds for
HOD/H2O system. Therefore, the fast component of
FTCFs mainly reflects the time scale of fluctuations in
hydrogen bond length coordinate. The fact that the osc
tion is damped nearly to zero in the SPC-FQ FTCF indica
that it is essentially overdamped in this model while it is ju
barely underdamped in the other two models. It should
noted that we simulated vibrational echo correlation sp
troscopy and vibrational echo peak shift experiments with
fs pulse durations using the TIP4P FTCF, which shows
most prominent indication of an oscillation and determin
that the oscillation cannot be observed experimentally. T
shallowness of the oscillation and the convolution with t
pulses eliminate any trace of the oscillation in the data.
ing the actual TIP4P FTCF or the triexponential fit that do
not have an oscillation produces identical calculated corr
tion spectra.
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The slower portion of the FTCF calculated for th
HOD/D2O system has been assigned to the influence of
drogen bond breaking and formation. This assignment w
based on the similarity in the time constants between
slow component of the FTCF and that of the hydrogen bo
population correlation function and from examining the fr
quency distributions for hydrogen bonded and nonhydro
bonded oscillators.3,4,75,76This correlation function depend
on the rate of hydrogen bond formationandbreaking. In the
simulations, the definition of the existence of a hydrog
bond is in terms of the oxygen-oxygen distance, the oxyg
hydrogen distance, and the angles involved.77 Again, this
identification of the slow component with hydrogen bo
equilibration should also hold for the HOD in H2O system.
The experimental results demonstrate the time scales
tained from the TIP4P and SPC/E water models are too
and contain too little amplitude to describe the dynamics t
we observe in water. However, the SPC-FQ model provide
much more accurate description of the dynamics of hydro
bond equilibration~making and breaking!. Recent broadband
transient absorption experiments that examine hydro
bond equilibration, which is observed to be complete in
ps,55 support the assignment of the slowest component of
FTCF as the hydrogen bond equilibration time.

It seems likely that the SPC-FQ model more accurat
captures the structural fluctuations of water because it c
tains a method for including water polarizability through t
influence of water molecules on each other.53 Unlike the
TIP4P and SPC/E models, the partial charges in the SPC
model are not fixed but rather change position in respons
the electric fields produced by the other water molecu
This feature is absent in the TIP4P and SPC/E models.50,51

The polarizability term introduces collective effects into t
intermolecular pair potential between neighboring wa
molecules. The partial charges assigned to a particular pa
water molecules are influenced by the collective electric fi
that results from the water molecules surrounding the p
The partial charges in part determine the intermolecular p
potential that governs the behavior of the water pair. T
intermolecular distance and bond angles are affected by
intermolecular pair potential. This collective effect produc
the;50% slower dynamics in the SPC-FQ model compa
with the non-polarizable models.54,78 The collective effect
also enhances the magnitude of the slower fluctuations in
SPC-FQ model~see Table I!. The improved description o
the dynamics in water that resulted from the inclusion of
polarizability term suggests that collective effects domin
the slower time scale motions of water. It will be importa
to determine if other polarizable water models also do a
perior job of reproducing the experimental data.

IV. CONCLUDING REMARKS

Water dynamics were studied using ultrafast heterod
detected multidimensional stimulated vibrational echo cor
lation spectroscopy with full phase information. Five com
pletely independent sets of experiments were performed o
a period of several months to establish the reproducibi
and reduce the error bars in the measurement of the w
dynamics. A procedure was described for accounting for
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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12443J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Vibrational echo correlation spectroscopy of water
influence of finite pulse durations on the vibrational ec
correlation spectra. Additional experiments were perform
to provide highly accurate measurement of the vibratio
anharmonicity~162 cm21! and excited state lifetime for th
OD hydroxyl stretch~1.45 ps!. Following excited state relax
ation, hydrogen bonds break in water and photoprodu
form. Infrared pump-probe experiments were employed
determine the buildup time for the photoproducts~;2 ps!.
Therefore, the dynamic linewidths were collected for tim
shorter than 2 ps to avoid significant contamination from
photoproduct. Careful measurement of the photoproduct c
tribution at allTws proved that the photoproduct contributio
was insignificant at allTw delays that were reported. Ther
fore, the vibrational echo correlation spectra provide inf
mation free from the influence of photoproducts and with
complication from the dynamics of the 1-2 transition. Fro
these data, an accurate picture of water dynamics emerg

The dynamic linewidth, measured as a horizontal cu
2500 cm21 across the two-dimensional 0-1 peak of the c
relation spectra~see Fig. 3!, displays the time evolving fre
quency distribution sampled by water molecules as a fu
tion of Tw delay. Analysis of the dynamic linewidth
demonstrates that the frequency fluctuations of water are
complete by 2 ps. Fitting theTw dependent dynamic line
widths using time dependent diagrammatic perturbat
theory provided the experimental FTCF.

Electronic structure calculations and molecular dyna
ics simulations gave the FTCF for the polarizable SPC-
water model as well as two nonpolarizable models~TIP4P
and SPC/E!. These FTCFs were used to calculate the exp
mental observables, which were compared to the data in
6. In Fig. 7, the calculated FTCFs and the experimen
FTCF are compared. The SPC-FQ FTCF is very close to
experimental FTCF~see Fig. 7 and Table I!, while the other
two calculated FTCFs have substantial deviations from
periment. The SPC-FQ water model is ‘‘polarizable’’ whi
TIP4P and SPC/E models are not. The polarizability asp
of the SPC-FQ model may be responsible for its accurac

The simulations provide qualitative insights into th
physical meaning of the dynamics measured on differ
time scales. The very short time dynamics are associ
with hydrogen bond length fluctuations. The longest tim
scale observed in the measurements is associated with h
gen bond equilibration, the making and breaking of hydrog
bonds. The experimental FTCFs slow component compri
;44% of the decay with a time constant of 1.4 ps. The sl
component of the FTCF derived from the SPC-FQ mo
contained a 1.45 ps time constant that comprised;36% of
the decay. The accurate description of hydrogen bond eq
bration is most important for describing water as a chem
and biological agent because it is on this time scale that
complex hydrogen bond network structure undergoes glo
evolution.
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APPENDIX: INFLUENCE OF FINITE PULSE
DURATIONS AND COMBINING DATA SETS

Finite-duration laser pulses influence the data collec
in a vibrational echo experiment through a time doma
~time ordered! convolution between the ideal signal~which
would be observed with infinitely short pulses! and the
pulses’ temporal envelopes. Vibrational echo correlat
spectroscopy is a time-domain experiment. The two f
quency axes in the correlation spectra, denoted
SVECS(vt ,Tw ,vm), result from Fourier transformation o
the t andts time dimensions, respectively,

SVECS~vt ,Tw ,vm!52 ReE
2`

`

dt exp~ ivtt!

3E
2`

`

dts exp~ ivmts!P
~3!~t,Tw ,ts!

3E
2`

`

dts exp~ ivmts!ELO* ~ts!. ~A1!

The product of Fourier transforms along thets dimension
results from the hererodyne amplified signal@Eq. ~1!# and
occurs experimentally in the monochromator. Thet dimen-
sion is Fourier transformed numerically after the data
collected.P(3)(t,Tw ,ts) is the third-order polarization in the
sample that emits the vibrational echo, which is induced
interaction with the three laser pulses.t is the time separa-
tion between the first and second laser pulses, andts is the
time following the third laser pulse, during which the echo
emitted. By resolving the phase of the vibrational echo,
selectively measure the absorptive~real! part of the polariza-
tion. ELO* (ts) is the electric field of the local oscillator,

ELO~ t !5eik̄LO•rW2 ivLOtse2ts
2/2s2

, ~A2!

which determines the frequency range along thevm axis
over which the heterodyne cross term can be detected.
influence of finite laser pulse duration on the polarization
the sample is described by the following time order
integral:5,41,52,62,63

P~3!~t,Tw ,ts!5E
0

`E
0

`E
0

`

(
i

Ri~ t3 ,t2 ,t1!

3E1* ~ts1t1Tw2t32t22t1!

3E2~ts1Tw2t32t2!

3E3~ts2t3!dt1dt2dt3 , ~A3!

where theEi are the electric fields of the three laser pulse

Ei~ t !5eik̄i•rW2 iv i te2 i 2/2s2
, ~A4!

and the Ri describe the material response of t
sample.5,41,52,62,63
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Because the correlation spectra are displayed in the
quency domain, we re-express Equations~A1! through~A4!
purely in the frequency domain as

S~vt ,vTw
,vm!

5IRF1~vt ,vTw
,vm!(

i
R̃i

1~vt ,vTw
,vm!

1IRF2~vt ,vTw
,vm!(

i
R̃i

2~vt ,vTw
,vm!. ~A5!

The instrument response function,

IRF1~vt ,vTw
,vm!

5expS 2
~vt1v0!2

sv
2

2
~2vt1vTw

2v0!2

sv
2

2
~2vTw

1vm2v0!2

sv
2

2
~2vm2v0!2

sv
2 D , ~A6!

applies to the rephasing quantum pathwaysR̃i
1 that result

when pulse 1 precedes pulses 2 and 3. The converse in
ment response function,

IRF2~vt ,vTw
,vm!

5expS 2
~vt1vTw

2v0!2

sv
2

2
~2vt2v0!2

sv
2

2
~2vTw

1vm2v0!2

sv
2

2
~2vm2v0!2

sv
2 D , ~A7!

applies to the nonrephasing quantum pathwaysR̃i
2 that result

when pulse 2 precedes pulses 1 and 3. Here, the freque
vt , vTw

, and vm are Fourier conjugates of the time var
ables t, Tw , and ts . sv is the standard deviation of th
Gaussian fit to the electric field level spectrum of the la
pulses, andv0 is the center frequency of the laser pulse
The instrument response function in the frequency dom
@Eqs. ~A6! and ~A7!# contains the influence of the time
ordered integration ever the pulses expressed in Eqs.~A1!
and ~A3!. The vibrational echo response in the frequen
domain, expressed as( i R̃i

6(vt ,vTw
,vm), is the three-

dimensional Fourier transform of its time domain equivale
( iRi(t3 ,t2 ,t1).5,41,52,62,63

From Eq.~A5!, the influence of finite pulse duration ca
simply be divided out of the vibrational echo signal e
pressed in the frequency domain. However, the vibratio
echo signal represented in Eq.~A5! represents theTw period
in the frequency domain, which is counter intuitive. We wa
the Tw period expressed in the time domain. Unfortunate
the simplicity of the influence of finite pulse duration is lo
when theTw period is expressed in the time domain. For t
purpose of correcting the experimental correlation spec
we address this problem with the assumption that the dyn
ics in theTw period are slow compared to the pulse duratio
This assumption removes the dependence of the instrum
response function onvT . The instrument response functio
w
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is reduced to a two-dimensional Gaussian line shape dep
ing only on vt and vm . Following the above assumption
the dependence on pulse spectrum of the signal in the co
lation spectra can be described by the expression

SVECS~vt ,Tw ,vm!

5exp@2~vt2v0!2/2s i
2#

3exp@2~vm2v0!2/2s i
2#(

i
R̃i

6~vt ,Tw ,vm!, ~A8!

wheres i is the standard deviation of the intensity level las
spectrum. Therefore, dividing the correlation spectra by
intensity level laser spectrum along both frequency axes
convolves the correlation spectra from the laser pulses
produces the correlation spectrum that would be measu
with infinite bandwidth~delta function! pulses.

In the analysis of the correlation spectra presented in
main body, we selected cross sectional cuts of the 0-1 pe
in the correlation spectra atvm52500 cm21 to describe the
dynamic line shapes as a function ofTw delay. Looking at a
single vm value, the effect on the data of the instrume
response function along thevm axis reduces to an amplitud
factor that does not impact the analysis. Consequently,
can neglect thevm dependence of the instrument respon
function in the following discussion. By fitting the cross se
tional cuts of the correlation spectra with Gaussian l
shapes, the vibrational echo signals atvm52500 cm21 are
described by the expression

SVECS~vt ,Tw!5exp@2~vt2v0!2/2sob
2 ~Tw!#, ~A9!

where 2.35sob(Tw) are the FWHM of the Gaussian fits to th
dynamic line shapes that are measured as a function oTw

delay~see Fig. 4!. Combining Eqs.~A8! and~A9! and evalu-
ating at vm52500 cm21, the following expression relate
the FWHM of the Gaussian fits to the instrument respo
function and vibrational echo response,R̃0-1

6 (vt ,Tw),

exp@2~vt2v0!2/2sob
2 ~Tw!#

5exp@2~vt2v0!2/2s i
2#R̃0-1

6 ~vt ,Tw!. ~A10!

Approximating the vibrational echo response as a Gaus
and taking the natural logarithm of Eq.~A10! produces the
equality~assuming the laser is centered on the 0-1 transiti!

1/2sob
2 ~Tw!51/2s i

211/2sR
2~Tw!, ~A11!

where 2.35sR(Tw) are the FWHM of the Gaussian fits to th
vibrational echo response that would be observed in the l
of infinite bandwidth laser pulses (s i→`). Solving Eq.
~A11! for sR(Tw), we obtain an expression for the width o
the vibrational echo response as a function ofTw delay in
terms of the experimentally observed widths,sob(Tw), and
the width of the intensity level laser spectrums i

sR~Tw!5s isob~Tw!/As i
22sob

2 ~Tw!. ~A12!

Equation~A12! removes the effect of finite pulse bandwid
on the dynamic linewidth measured fromvm52500 cm21
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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slices that were selected from the correlation spectra. To
consistent with the data presented in Fig. 4, we solve
~A11! for sob(Tw),

sob~Tw!5sR~Tw!s i /AsR
2~Tw!1s i

2. ~A13!

Substitution of the solutions forsR(Tw) from Eq.~A12! into
Eq. ~A13! enables the data to be recast with the aver
pulse duration used in the experiment~51 fs!. It should be
noted that the correction scheme presented above is ge
for all vm frequency slices, not just the 2500 cm21 slice.

We note that we used full third-order diagrammatic p
turbation theory to calculate the dynamic linewidths d
played in Fig. 5~a!, which rigorously calculated the effect o
finite-bandwidth pulses. The calculations did not use the s
plifying assumption that the dynamics during theTw period
are slow compared to the pulse duration, which we mad
the development of Eqs.~A12! and ~A13!. The fact that the
three sets of dynamic line widths displayed in Fig. 5~b! su-
perimpose exactly onto each other demonstrates that
treatment precisely corrected the effects of finite-bandwi
pulses and validates the assumption of slow dynamics c
pared to the pulse duration during theTw period. If consid-
erably longer pulses were used, the assumption would
longer be valid and the dynamic line widths would report t
convolution between the spectral diffusion dynamics dur
the Tw period and the pulse duration.
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