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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 HOfDiiatd

used to probe the structural dynamics of water. A method is demonstrated for combining correlation
spectra taken with different infrared pulse bandwidimslse 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 anharmoni¢it§2 cmt) are presented and used in the data
analysis. In addition, the recent accurate determination of the OD vibrational lif€tide ps and

the time scale for the production of vibrational relaxation induced broken hydrogen bond
“photoproducts” (~2 p9 aid in the data analysis. The data are analyzed using time dependent
diagrammatic perturbation theory to obtain the frequency time correlation fund@&bGF. 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 m@&@RC-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 compariso@00® American Institute

of Physics. [DOI: 10.1063/1.1818107

I. INTRODUCTION bond dynamics from under the inhomogeneously broadened
hydroxyl stretch absorption barid?—3°

The dynamics and structure of water continue to be a : Lo
. . A The development of the ultrafast infrared vibrational
problem of both fundamental interest and practical signifi- . 2639 o oo
o . cho techniqué®~*°and the application of vibrational echo
cance. Water is important as a solvent in a vast number o ~19.40 : .
““provide a direct

chemical and biological settings. To a great extent theexperiments to the study of watet,
9 gs. g ' method for accessing hydrogen bond dynamics through the
hydroxyl stretch frequency evolution. Vibrational echo cor-

unique properties of water derive from its ability to form
complex hydrogen bond networkswater can form up to ) . . .
h elation spectroscopy experiments with full phase informa-

four hydrogen bonds, but the number and strength of t & ) 519 i X s
hydrogen bonds continually fluctugte> Therefore, under- t1oN applied to water™can provide more detailed examina-

standing the dynamics of the hydrogen bond networks igion of water dynamics than two pulse vibrational ecbes

. . . 7 .
central to understanding the nature of water. Characterizatiofl vibrational echo peak .sh|ft.measureme’rrirs". The multi-
of the full dynamics of the hydrogen bond networks is es-dimensional stimulated vibrational echo correlation spectros-

sential to test water models which find application in simu-COPY technique measures the population and vibrational
lations of protein foldind;” ion hydration® and polymeriza- dephasing dynamics in two frequency dimensiansand
tion reactions wm. > (In NMR, ». and w,, are usually calledo; and
While there have been a wide variety of experimental@s, respectively’’) The w,, axis is similar to the frequency
methods directed at understanding water, ultrafast infrare@Xis in frequency resolved pump-probe spectroscopy.dhe
experiments that examine the water hydroxyl stretchinggXis does not have an analog in the pump-probe experiment;
mode are particularly well suited for the study of the hydro-it provides an additional dimension of information that is
gen bond network dynamics. The frequency of the hydroxypontained only in the correlation spectrum. The time evolu-
stretch is sensitive to the strength of the hydrogen bonds ariépn of the shapes of the bands in the correlation spectra
the number of hydrogen bonds:1°~**The distribution in the ~ provides information on the dynamics of the system pro-
strengths and number of hydrogen bonds gives rise to thduced by structural evolution of the hydrogen bond network.
very broad hydroxyl stretch absorption line observed in IR In the experiments, ultrashort mid-IR puls€s;,50 fs or
spectra of watet® However, the different strengths and <4 cycles of light, were employed, making it possible to
numbers of hydrogen bonds do not give rise to spectroscopjperform experiments on the entire broad hydroxyl stretching
cally resolvable features in the water spectrum. For that resband despite its>400 cm * width. Employing pulses that
son, a number of ultrafast infrared experimental methodsire transform limited and controlling path lengths with accu-
have been applied to extract information about hydrogemacy of a small fraction of a wavelength of light, along with
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proper analysis, data are obtained with correct phase relgeneration of photoproducts limits the time over which OH
tionships across the entire spectrum. The proper phase relar D,O results can be analyzed in a straightforward manner,
tionships permit accurate separation of the absorptive and factor that has not been taken into account in previous
dispersive contributions to the spect¥:***®As a result, the  reports:’+18
two-dimensional2D) IR correlation spectra are obtained in
a manner akin to 2D NMR spectroscdfy.

The OD hydroxyl stretch of dilute HOD in }0 was !l EXPERIMENTAL PROCEDURES
investigated previously with vibrational echo correlation

X The ultrashort IR pulses employed in the experiments
spectroscopy experiments on watdthe results were com-

are generated using a Ti:sapphire regeneratively amplified

. 9 .
pared to theoretically calculated res@fts® obtained frI%rln laser/OPA system. The output of the modified Spectra Phys-
two water simulation models TIP4RRef. 50 and SPC/E” g regen is 26 fs transform limited 2/3 mJ pulses at 1 kHz

Below we present supplementary vibrational echo correlafep rate. These are used to pump an optical parametric am-
tion_s_pectro_scopy_experiments on water and compare them }ﬂifier (BBO) employing difference frequency generation
additional simulations. _ (AgGaS). The output of the OPA is compressed to produce
The vibrational echo correlation spectra are measured asg fs transform limited IR pulses as measured by collinear
a function of the time delay,, between the second and third 4 tocorrelation. For the experiments, the compression was
pulses in the stimulated vibrational echo pulse sequence. Th‘éadjusted to give transform limited pulses in the sample as
resultingT,, dependent data are fit by varying the frequencymeasured by a sample that gave a purely nonresonant signal.
time correlation functiofFTCP), which is input into a time  The pulses were always transform limited in the sample dur-
dependePézdiagrammatic perturbation theory calculation ofng the course of an experiment, that is, over the full range of
the datel"**In addition, the FTCF obtained from the experi- T s However, over the several months during which data
ments is compared to calculations based on the SPC-FQere collected, there was some variation in the bandwidth
(Ref. 53 water model. A quantum oscillator is embedded in(pulse duration of the pulse. A change in bandwidth has a
the classical molecular dynamics simulation to calculate thgypstantial influence on the experimental correlation spectra,
FTCF3>%9%*The resulting FTCF is then input into a dia- as discussed below. As detailed in the Appendix, a method
grammatic perturbation theory calculation to obtain simu-yas developed to combine data sets taken with different
lated data in the same form as the eXperimental data. Thﬁ"se bandwidths. Therefore, it is possib|e to average to-
previous calculations using the TIP4P and SPC/E modelgether data sets taken under appropriate but not identical
showed relatively poor agreement with the experiments, parconditions.
ticularly at long time. In contrast, calculations of the FTCF The IR beam is split into five beams. Three of the beams
using the SPC-FQ modélare in much better agreement are the excitation beams for the stimulated vibrational echo.
with the data. The better agreement may occur because thefourth beam is the local oscillatgtO) used to heterodyne
polarizable term in the SPC-FQ model introduced collectivedetect the vibrational echo signal. One of the excitation
effects into the molecular dynamics simulation. These collecheams is also used for pump-probe experiments, with the
tive effects are absent in the TIP4P and SPC/E models bdifth beam as the probe beam in the pump-probe experi-
cause they are do not contain the polarizable term. The eXnents. All of the beams that pass through the sample are
periments have improved accuracy and data analysigptically identical and are compensated for group velocity
procedures. In addition, complementary experiments haveispersion simultaneously. The vibrational echo signal com-
been performed to obtain data that are necessary for thgined with the LO is passed through a monochromator and
analysis of the vibrational echo experiments. Using specdetected by a 32 element MCT array. At each monochro-
trally resolved ultrafast IR pump-probe experiments, the vi-mator setting, the array detects 32 individual wavelengths.
brational anharmonicity of the OD stretch of HOD in water The sample, 5% HOD in O, was held in a sample cell
is accurately determined 62 cmit). The anharmonicity is a of CaF, flats with a spacing of um. The peak absorbance
necessary input parameter in the diagrammatic perturbatioof the samples was 0.2. Such a low absorbance is necessary
theory calculations used to extract the FTCF from the datao prevent serious distortions of the pulses as they propagate
and to compare the data to the simulations. Furthermore, ahrough the sample. The OD stretch of HOD is used as a
accurate value of the OD stretch lifetimi&.45 ps (Ref. 55 probe of water for three reasons. The relatively dilute OD
was employed. The determination of the lifetime took intostretch reduces the rate of vibrational excitation transport to
account the generation of “photoproductfroken hydro- the point where transport has a negligible influence on the
gen bonds that are formed following vibrational dynamics:® Excitation transport would be a source of spec-
relaxation®® The production of photoproducts changes thetral diffusion that is not related to structural dynamics of
hydroxyl stretch spectrum and influences the determinatiomwater. Furthermore, it is very difficult to make a pure water
of the vibrational spectral diffusion. Detailed analysis of thesample that is thin enough to have the necessary low optical
growth of the photoproduct spectrum demonstrates that thdensity for the experiments, and such a thin sample is subject
photoproducts do not significantly impact the vibrationalto heating artifacts. Finally, as discussed below and men-
echo correlation spectra because of the relatively long lifetioned in the Introduction, the vibrational lifetime of the OD
time of the OD stretch in KD. This is one of the reasons that stretch of HOD in HO and the time for the onset of the
OD in H,0 is studied rather than OH in 0.1 OH in  photoproduct spectrum caused by hydrogen bond breaking
D,0 has a substantially shorter lifetinfe-0.7 p3.5%" The  determine the longest time for which data can be taken and
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unambiguously interpreted. The OD stretch of HOD istH  on the order of 1 fs, and to chirp. Therefore, a well defined

lifetime is significantly longer than the OH stretch lifetime in phasing procedure based on various potential errors was

D,0. developed®®°The frequency dependent phasing factor used
The phase-resolved, heterodyne detected, stimulated io correct the 2D spectra has the form

brational echo was measured as a function of one frequency

variablew,, and two time variables andT,, that are defined Sc(wm,,)=S(@n,0,) P (o, o,)
as the time between the first and second sample-radiation
field interactions and the second and third sample-radiation +Sy(on,0,)Py(0n,0;),

field interactions, respectively. The measured signal is the
absolute value squared of the sum of the vibrational echo ¢, (w,,0,) =exfi(wmA 7o e+ ®,AT 3+ 0mw,C
signal electric fieldS and the local oscillator electric field ' ’

+w0iQ)], 2
IL+S]2=L2+2LS+ 2 (1) "
The L2 term is time independent and 82 is very small; Dy, 0,)=eXfi(wmA T 0~ AT 7+ 0pw,C
hence neither contributes to the time dependence of the sig- )
nal. The 2.S term is the heterodyne amplified signal. The +tonQ)].

monochromator performs an experimental Fourier transform

on the radiation. Through data processing that involves chopS; is the correlation spectrung; and S, are the spectra
ping to measurd.? and normalization, the spectrum yields recorded for pathways 1 and 2, respectivaly, o g accounts
the o, frequency axis. As the variable is scanned in 2 fs for the lack of perfect knowledge of the time separation of
steps, the phase of the vibrational echo signal electric field ithe LO pulse and the vibrational echo pulder, , accounts
scanned relative to the fixed local oscillator electric field,for the lack of perfect knowledge of the time origins of ex-
resulting in an interferogram measured as a function ofrthe citation pulses 1 and Z; accounts for linear chirp caused by
variable. The interferogram contains the amplitude, sign, frethe echo propagating through the sample; @accounts for
guency, and phase of the vibrational echo signal electric fielthe linear chirp caused by propagation of the vibrational echo
as it varies withr. By numerical Fourier transformation, this through the back window of the sample célir; , comes in
interferogram is converted into the frequency variable with opposite sign for pathways 1 and 2.

providing thew, axis. An additional procedure was developed and employed to

The interferogram measured as a functionrafontains  produce the very high quality correlation spectra shown
both the absorptive and dispersive components of the vibrabelow®*® The projection slice theorem reduces a two-
tional echo signal. However, two sets of quantum pathwayslimensional entity to a one-dimensional entity. However, in
can be measured independently by appropriate time orderingrder to unambiguously assign a correct correlation spectrum
of the pulses in the experimetit***®With pulses 1 and 2 at it is preferable to use information from both dimensions.
the time origin, pathway 1 or 2 is obtained by scanning pulselherefore, in the phasing procedure an additional constraint
1 or 2 to negative time, respectively. Adding the Fourieris applied for thew, dimension. We can use information
transforms of the interferograms from the two pathways, thdrom the absolute value correlation spectrum, which is the
dispersive component cancels leaving only the absorptiveum of the absolute value spectra of pathwafrebhasing
component. The 2D vibrational echo correlation spectra arand pathway Znonrephasingdiscussed above. The absolute
constructed by plotting the amplitude of the absorptive comvalue spectrum is independent of the phase factor and peaks
ponent as a function of both,, andw, . at the same frequency along,. as the purely absorptive

Lack of perfect knowledge of the timing of the pulses spectrum. Consequently, the difference in peak positions of a
and consideration of chirp on the vibrational echo pulse retrial phased absorptive spectrum and the absolute value spec-
quires a “phasing” procedure to be usetf The projection trum for eachw,, gives an additional criterion on the quality
slice theorerf with an auxiliary condition is employed to of the correlation spectrum. The correct correlation spectrum
generate the absorptive 2D correlation spectrum. The projeds the one that provides the best fit to the pump-probe spec-
tion of the absorptive 2D correlation spectrum onto #hg  trum and minimizes the difference in peak positions of the
axis is equivalent to the IR pump-probe spectrum recorded atbsorptive and absolute value spectra. This procedure holds
the sameT,,, as long as all the contributions to the stimu- for symmetric line shapes and hence can be applied to the
lated vibrational echo are absorptive. Consequently, compardata discussed here, where the dynamical lines can be well fit
son of the projected 2D stimulated vibrational echo spectrunto a Gaussian line shape and the deviations are symmetric.
to the pump-probe spectrum permits the correct isolation of  Finally, to test the procedures described above and to
the absorptive vibrational echo correlation spectrum from thenake final very small corrections, a method call PEARL for
2D spectrum obtained from the addition of the two quantum‘phasing employing absorptive resonant loci” was used.
pathways. This procedure will be discussed in detail subsequéftly.

It is possible to come relatively close to the correct cor-PEARL is the multidimensional, multipeak absorptive
relation spectrum prior to the phasing procedure because tregjuivalent of a Cole-Cole procedure used in dielectric relax-
very short pulses permit their time origins to be knownation experiment§’ Following phasing, the errors in the
within a few femtoseconds. However, the correlation spectime origins are<100x 10~ 18s and the time shift across the
trum is very sensitive to small errors in the time origin, evenentire spectrum due to chi@,,C is <100x 10 1°s.
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IIl. RESULTS AND DISCUSSION periments to obtain properties of the hydroxyl stretch that are
more accurate than those available in the literature. These

The hydroxyl stretch frequency provides a sensitive_ ~.° . .
auxiliary experiments are necessary for accurate analysis of

probe O.f the_hydrogen bond dynamics of water through Its[he vibrational echo experiments and accurate determination
correlation with the strength and number of hydrogen bonds

associated with a water molecdi@10-13 Ultrafast time- of the FTCF using molecular dynamics simulations of three

resolved nonlinear vibrational spectroscopy probes the hywater models.
This report is broken into two main sectiorng) mea-

droxyl stretch directly, and so provides access to the hydro-

gen bond dynamics. Vibrational echo spectrosé®p¥ and, surement of water dynamics aé) comparison of experi-
: . - : o . mental and theoretical dynamics predicted from three models
in particular, multidimensional vibrational echo correlation

94061 . o : of water. Within Sec. Ill A, we describe our measurement of
spectroscopy'®4%®1 provides superior time resolution and

sensitivity to the dynamics of water compared to IR pump_the vibrational anharmonicity and the vibrational lifetime of

orobe  technique®-2733-35 Multidimensional vibrational the hydroxyl stretch using spectrally resolved infrared pump-

. . . probe spectroscopy.We then present the results from five
echo correlation spectroscopy provides experimental observ- oo . .
) L . ets of vibrational echo correlation spectra and discuss data
ables that permit the parametrization or selection of the mos . : .
4 analysis procedures that enable us to combine multiple data
accurate water models:

o . o . sets to reduce the error bars in the measurement. Section
Significant disparities exist between recent measure:

. : .tIII B compares the experimental data with predictions from
ments of water dynamics made by several groups using dif- . .
. . ; 7 19 . three water models and discusses the differences between the
ferent vibrational echo techniqued’~1°The water dynamics models that affect their predicted dvnamics
are described by the FTCF that each group reported. The P y '
FTCF is defined as

C(t)=(Sw(t) sw(0)), 3

where éw is the change in the hydroxyl stretch frequency
from its initial value, and the bracket is an ensemble average. The goal of studying the vibrational dynamics of water
The FTCF describes the loss of correlation of the frequencys to access the ground state equilibration dynamics, which
of an ensemble of OD stretches as time progresses. Yeare displayed in the 0-1 transition. The 1-2 transition reports
emenko, Pshenichnikov, and Wiersma heterodyne detectedtlae dynamics of the excited state, which is not the principle
2-pulse vibrational echo of the OH stretch of HOD ip@®  objective of the study. The 1-2 transition of the OD stretch
and reported a biexponential decaying FTCF with 130 andibration of HOD in liquid water significantly overlaps the
900 fs time constants having60% and~40% amplitudes, 0-1 transition. The contribution of the 1-2 transition in the
respectively. Fecket al. also studied the OH stretch of HOD experimental data can be accounted for as long as the anhar-
in D,O wusing 3-pulse vibrational echo peak shift monicity (shift in frequency between the 0-1 and 1-2 transi-
measurementS. They reported a FTCF that decayed in tions) is known accurately. The ground state dynamics of
~200 fs(~85% amplitude with a large oscillation followed water can be measured from the 0-1 transition once the con-
by a 1.2 ps exponential decay-15% amplitude Both  tribution from the 1-2 transition is known. The dynamics can
aforementioned experiments utilized frequency integratedbe examined at wavelengths that do not have interference
techniques which did not discriminate between the 0-1 androm the 1-2 transition in the frequency resolved correlation
1-2 transitions that are emitted by the hydroxyl stretch and sspectroscopy experiments. In addition, the contribution of
included both ground and excited state dynamics in theithe 1-2 transition can be calculated using diagrammatic per-
measurements. Most recently, the OD stretch of HOD irturbation theory:*'526263The calculations describe the 0-1
H,O was studied using vibrational echo correlation spectrosand 1-2 transitions and require the anharmonicity as input.
copy. The experiments yielded a FTCF described by a triexBy comparing the experimental data with the calculated re-
ponential function having 32 fs, 400 fs, and 1.8 ps time consults, the ground state dynamics can be obtained without any
stants with corresponding 43%, 16%, and 41% ampli-contamination from the excited stat&’
tudes>!® These experiments selectively measured the dy- The anharmonicity of the OD stretch vibration of HOD
namics of the 0-1 transition because the vibrational echo coiin liquid water has been reported several times with values
relation spectroscopy technique spectrally resolves the vibraanging from 127Ref. 64 to ~200 cm .33 The uncertainty
tional echo and facilitates complete discrimination betweerin the values from the literature is far greater than can be
ground and excited state contributions. A review of othertolerated in the analysis of the experiments. Consequently,
reports of the FTCF of water has been provided recéntly. we determined the anharmonicity of the OD stretch of HOD
The differences in the dynamics of water reported inin H,O using frequency resolved pump-probe spectroscopy.
these three experimental investigatiohs °suggest that the The pump-probe spectra at delay timigs shorter than
experimental execution and the experimental method can irthe vibrational lifetime are composed of the bleach of the 0-1
fluence the results. To improve the experimental accuracy dfansition and the excited state absorption of the 1-2 transi-
the vibrational echo correlation spectroscopy measurement®on. A representative difference spectrum collectedT gt
on water, we have performed the type of experiments re=200fs is displayed in Fig. 1. The bleach of the ground state
ported above!® with improved technique five times over the is a positive signal centered at 2510 thywhile the negative
course of many months and under many different laser corexcited state absorption signal is centered around 2358.cm
ditions. Additionally, we have performed complementary ex-To extract a precise anharmonicity constant, we fit the pump-

A. Accurate measurement of water dynamics

1. OD stretch anharmonicity
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FIG. 1. Transient absorption spectrum of the OD hydroxy! stretch of HopFIG. 2. Time dependent contributions to the signe_tl of the initially ex_cited
in water collected at pump-probe deldy,=0.2 ps. The 0-1 transition is (UPPer curveand photoproductiower curve populations of water species
positive going at~2510 cni and the 1-2 transition is negative going at measured from transient absorption experiments. The photoproduct forms

~2350 cmt. The solid line through the data is a fit comprised of two following vibrational relaxation of the hydroxyl stretch, which breaks hy-

Gaussians, one for the 0-1 and another for the 1-2 transition that yields th@°gen bonds.
anharmonicity 162 cim'.

probe spectrum to a sum of two Gaussian line shapes, orfestablish theT'W delays, for which the generation of phoFo—
corresponding to the ground state and another to the excitd©@ducts can influence the measurements of the dynamics of

state. The fit is displayed as the solid line through the data ifater- The magnitude of the influence of the photoproducts
Fig. 1. We obtained a more constrained fit by fixing the cenon the vibrational echo results are determined quantitatively

ter of the ground state peak to be the same as the peak of tRg/OW- _ _ _ _
OD-hydroxy! stretch absorption in the Fourier transform in- "€ transient absorption spectra were taken in a magic

frared absorption spectruf@510 cm'?) (Ref. 5 while leav- angle configuration to eliminate orientational dynanitts.

ing the center of the 1-2 transition and the widths of theThe transient spectra were decomposed into reactant and

Gaussians as fitting parameters. We performed the fit dd2hotoproduct contributions using singular value decom-

scribed above on hundreds of distinct pump-probe spectra &OSition=>* Separation of the vibrational relaxation dynam-
delay times ranging from 0.12 to 1.0 ps. The difference beiCS from the hydrogen bond breaking and formation pro-

tween the peak positions of the 0-1 and 1-2 transitions that€SSes revealed an exponential vibrational lifetimergf
=1.42+0.05ps across the entire hydroxyl stretch band in-

were determined from the fits provides the anharmonicity” ~* - )
constant, which we determined to be 162 cn .. cluding 0-1 and 1-2 transitions. As a consistency check we
analyzed the data by fitting the transient absorption decay at
o ) the red side of the 1-2 transition, where the decay is not
2. OD stretch lifetime and photoproduct formation perturbed by the photoproduct dynamics. The results were
The vibrational lifetime of the hydroxyl stretch deter- virtually the same and the vibrational lifetime was found to
mines the time duration over which the equilibrium dynam-be frequency independent with a time constapt=1.45
ics of water can be unambiguously measured. Beyond this 0.05 ps. This value for the lifetimis slightly shorter and
time window, photoproducts that result from hydrogen bondmuch more accurate than previous measurentanits.
breaking contribute to the signallf the dynamics of water From the measurement of the population dynamics,
are measured on the time scale of and beyond the vibrationathich is briefly discussed here, it was demonstrated that ex-
lifetime, the measured dynamics do not solely reflect thecitation of the hydroxyl stretch and subsequent vibrational
equilibrium fluctuations of water. The photoproducts of hy-relaxation breaks hydrogen bonds and produces spectrally
drogen bond breaking that form following vibrational relax- distinct photoproduct®® Figure 2 displays the spectrally re-
ation contaminate the sign@l.To determine the time win- solved dynamics of the initially excited and the photoproduct
dow during which the ground state fluctuations of water maypopulations at 2500 cnt (note the time scale is logarith-
be interrogated and to access the contribution to the signahic). The excited state contribution to the signalpper
from the production of photoproducts as a function of time,curve) decays exponentiallyl.45 p3, while the photoprod-
the vibrational lifetime was determined using broadbanduct (lower curve grows in nonexponentially as a result of
transient absorption experiments to monitor the hydroxylthe vibrational relaxation rate and the hydrogen bond break-
stretch population dynamics.The ultrashort mid-IR pulses ing rate(810 f9.>° The dashed line indicates the maximum
(~50 fs or <4 cycles of lighj uniformly excited the 0-1 T, delay at which a correlation spectrum is reported in this
transition of the OD hydroxyl stretch of HOD in water, work. It is clear that the measured dynamics will not be
which completely eliminated the influence of spectral diffu- substantially affected by the photoproducts o<1 ps,
sion from the dynamics. Such precautions have not alwayshile at times larger than 5 ps the photoproduct prevails. At
been taken into account previouéy?’33-35The ultrafast intermediate times both components contribute to the tran-
transient absorption experiments have been described in dsient absorption signal and neither of them can be neglected.
tail elsewher@® The necessary details are recounted here térom the analysis, the photoproduct contributes to the tran-
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FIG. 3. (Color) The experimental vi-
i brational echo correlation spectra of
the OD stretch of HOD in KO. The
-0.4 data have been normalized to the
maximum positive value. Each con-
08 tour represents a 10% change. The
positive going peak arises from the 0-1
0.8 transition. The negative going peak
arises from the 1-2 transition. The 0-1
0.4 and 1-2 peaks are elongated along the
diagonal, indicating inhomogeneity
0 persists in the hydroxyl stretch fre-
quency distribution. Spectral diffusion
broadens the widths of the peaksTgs
increases. The dashed line represents a
cut atw,,=2500 cnT L.

2300 2400 2500 2600 2700 2400 2500 2600 2700 2400 2500 2600 2700
@, (cm™) @, (em’')) @, (cm!)

sient absorption signat 3%, 8%, and 15% of the total &,  (represented by the line,=w,) because the vibrational
delays of 800, 1200, and 1600 fs, respectively. echo is emitted with the same frequency as the first interac-
The influence of the photoproduct on the vibrationaltion with the radiation fieldfirst pulsg. The negative going
echo correlation spectra is discussed in detail below. Frompeak corresponds to the vibrational echo that was emitted on
the analysis, the photoproduct signal contributes ord/5  the 1-2 transition. The peak appears redshifted alongwthe
cm ! to the measured dynamic line width at the londgr  axis by the anharmonicitj ,,=162 cm ! (Sec. Il A1) be-
delays,(800—1600 fswhich is negligible given that the error cause the vibrational echo was emitted from the 1-2 transi-
bars in the measurement at€.5 cm * (see below. Conse-  tion, but the first interaction was with the 0-1 transition.
quently, it is unnecessary to correct the measured dynamiSimilar to IR transient absorption spectroscopy, the 0-1 peak
linewidths for the photoproduct contribution. As has beenis positive and the 1-2 peak is negative because they result
discussed in detail elsewhetethe growth of the photoprod- from a decrease in the ground state population and an in-
ucts does have a significant influence on the determination afrease in the excited state population, respectively. The phase

the vibrational lifetime and the orientational relaxation. resolution afforded by heterodyne detected vibrational echo
correlation spectroscopy displays the sign parity between the
3. Vibrational echo correlation spectra 0-1 and 1-2 transitions. The sign parity combined with the

Since the first report of vibrational echo correlation spec-measurement of purely absorptive line shapes facilitates the
troscopy experiments investigating the dynamics of water,complete removal of the excited state contribution from the
we have refined the data collection and analysis methods t@round state dynamics, unlike previous investigations of wa-
enhance the accuracy of the measurements of water dynari@r dynamics."*®
ics. The results of Secs. llIA1 and 2 are used below in the Looking at the earliesT,, delay (T,,=100fs) displayed
analysis presented in this section. Five distinct sets of timén Fig. 3, the 0-1 and 1-2 peaks appear elongated along the
dependent correlation spectra were collected to improve thdiagonal because their widths along the axis are smaller
accuracy. The data sets were collected over the span of setpan their total widthgobserved by looking at the projection
eral months. Each data set comprised an independent colleef the peak on thev, axis). The width of the projection of
tion of correlation spectra measured for $ix points at 100, the 0-1 peak at a particulas;,, onto thew, axis is the “dy-

200, 400, 800, 1200, and 1600 fs. A typical set of correlatiomamical linewidth.®®%°" Because the hydroxyl stretch of
spectra from a single experiment is displayed in Fig. 3. The¢dOD is inhomogeneously broadened for smg|J, the re-
correlation spectra are two-dimensional frequency maps osulting band shapes are asymmeti&S’ As T,, increases
the frequency fluctuations of the OD stretch. The axis  (see theT,, panels of Fig. 3 the dynamic linewidths of the
(horizontal axi$ displays the frequency of the interaction of 0-1 and 1-2 peakgprojection of w,, onto the w, axi9

the sample with the first laser pulse, which occurs at the 0-broaden. ByT,=1600fs, the width of the 0-1 peak along
transition frequency in the region around 2500 ¢nAll the  the w, axis has grown almost to the asymptotic value, that is,
features in the correlation spectra appear centered at the Otie width when all possible frequencies have been sampled
transition frequency along the, axis. Thew,, axis displays because of complete structural randomization. Changes in
the frequency at which the vibrational echo is emitted fromthe dynamical linewidth report the spectral diffusion dynam-
the sample. Vibrational echo correlation spectroscopy acics. The dynamical linewidth can be measured by selecting a
cesses the groun), first (1), and second?) vibrational cross sectional cut of the 0-1 peak at a particulgy value
states. Consequently, two peaks are observed alongthe and projecting it onto the . axis. The horizontal dashed line
axis corresponding to the 0-1 and the 1-2 transition frequenshown in theT,,= 100 fs panel of Fig. 3 illustrates such a cut
cies. The positive going 0-1 peak appears on the diagonalt the approximate center of the hydroxyl stretch pe&00
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fs). Four other sets of dynamic linewidths are presented in

{; 10F 4 Fig. 4 (circles, squares, diamonds, and stdhat were ex-
S a0l - $ x tracted from additional sets of correlation spectra. The solid
£ * black line is a guide to the eye.
'E 130l - * The method we used to extract the dynamics of water
2 from the correlation spectra, selection of cuts at 2500 tm
o 120} ¥ has two distinct advantages that enable the most accurate
E Ve measurement of the structural evolution of water. First, the
%. 110 - . method can extract the dynamics of water without interfer-
. . . . ence from the 1-2 transition. Because we accurately deter-
0 400 800 1200 1600 mined the anharmonicitySec. IlIA 1), it was possible to
T, (fs) assess the contribution of the 1-2 transition at 2500t

FIG. 4. The dynamic linewidths of 2500 crhslices that were extracted was dett_arr_nlned that the contrlbutlon_ Is. negligible. C.0nse
from five independent sets of vibrational echo correlation spest@a text quently, it is unnecessary to remove its influehaen fit-

for detaily. Five distinct experiments were performed over a period of sev-ting the slice at 2500 cit to obtain the dynamic linewidth
eral months. Each experiment produced one correlation spectrum af gach of the 0-1 transition(Nonetheless, the 1-2 transition is in-

point. The triangles report the dynamic linewidths obtained from the corre+ded in the theoretical calculations presented bel&ve-

lation spectra that are presented in Fig. 3. The black curve is a guide to thé : . 8
eye. Different bandwidthépulse durationswere used in the experiments, Cent investigations of water dynamiés®were unable to se-
which prevents the five sets of data from being averaged together withouectively measure the dynamics of the 0-1 transition because
first correcting for the different pulse durations. the investigators used frequency integratedfremd thre&’
pulse vibrational echo measurements. The inclusion in data
of the 1-2 transition, which can have different dynamics,
cm™1). The dynamical line measured in the correlation speccomplicates the analysis and may influence the FTCF deter-
tra of HOD is narrow when spectral diffusion has not ran-mined from such data.
domized the distribution of hydroxy! stretch frequencies. As ~ The second advantage of the method is that it selects the
spectral diffusion occurs, the dynamical linewidth broadens¢entral frequency of the 0-1 transition, which facilitates com-
which is captured by the increased width of the cut at 250aParison with theoretical simulations of wat@ec. Il B). In a
cm 1519 recent vibrational echo correlation spectroscopy study of wa-
Excited state relaxation occurs with a wavelength indeter, it was found that the dynamical line shapes measured at
pendent 1.45 ps time constant &g increasegs5 which re- different Wavelengths across the OD hydroxyl stretch band
duces the amplitude of the emitted vibrational echo and proof HOD in water vary in width at very shoft,, delays.® The
duces photoproducts that are spectrally distinct in about 2 pgavelength dependence indicated that different water mol-
(see above Consequently, the signal amplitudes of the datagcules experience fluctuations that are specific to their hydro-
displayed in Fig. 3 decay by a factor f3 from 100 to 1600 gen bonded configuration. BY,,~400fs, the dynamical
fs. The data in Fig. 3 have been normalized to the amplitudénewidths become wavelength independent because the very
of the 0-1 peak, which obscures the decay. Because we walgical structures of different hydrogen bonded configurations
to study the hydrogen bond dynamics of equilibrium water,are randomized® The frequency dependence of the dynami-
not the photoproducts caused by hydrogen bond breakingal linewidth cannot be described by the diagrammatic per-
following vibrational relaxation, we restrict our observation turbation theory treatment used to simulate the vibrational
window to <2 ps. Studying OD in KO enables us to exam- echo correlation spectra because of the Gaussian approxima-
ine the equilibrium hydrogen bond dynamics of water over dion that is implicit in the theor§f*>?°#%3The method we use
time window that is approximately twice to that of investi- mitigates this short coming by selecting the central fre-
gations of OH in BO.Y"*¥® OH in D,O has a substantially quency of the 0-1 transition to represent the dynamics of the
shorter lifetime(~0.7 p3.5%%" Therefore, photoproducts will —entire distribution. The method is rigorously correct for the
be generated on a shorter time scale. Furthermore, the vibréenger time scale dynamicg {>400fs), and the oppositely
tional quantum of energy deposited upon vibrational relaxsigned errors at the earlidr, delays cancel because we use
ation is substantially larger for a OH stretch and may lead tdhe central frequency.
a larger photoproduct contribution. Photoproduct generation  Part of the spread in the different data sets shown in Fig.
has not been taken into account in the analysis of vibrationa is not random error. Differences arise if the data sets are
echo data for the OH in D system'"*® collected with different pulse bandwidths. To reduce the er-
The cuts at 2500 cit are well described by a Gaussian ror bars in the determination of the time evolution of the
line shape. We fit the cuts at,,=2500cm ! from the cor-  dynamic linewidths, a method is needed to combine the re-
relation spectra presented in Fig. 3 to extract the full width asults of the five experiments into a single composite set of
half maximum(FWHM) and to quantify the change in the data. However, the groups of data presented in Fig. 4 cannot
dynamical line as a function of,, delay. The dynamical be averaged together without first correcting the dynamic
linewidths extracted from the data in Fig. 3 are the triangledinewidths from each experiment for the influence of the cor-
in Fig. 4. The dynamic linewidths display the same trend agesponding laser pulse bandwidths. During each measure-
the correlation spectra, small width @t,=100fs (~112 ment, the laser pulses were transform limited and did not
cm™ 1), which increases witfr,, delay(~143 cmi * by 1600 vary while the data were collected. However, different ex-
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— 2 N T ] delay for spectral diffusion to be complete. The dynamic
g 150F e e ] linewidths are narrow at small,, delays and grow to their
Pt e T ] asymptotic limits by 5 ps for all three groups. The
B 140f N asymptotic limits corresponding to the 45, 51, and 57 fs
i ] pulse durations are displayed as the dotted lines in Kaj. 5
£ 430l ] The asymptotic line widths for the three pulse durations are
E ] 152, 147.3, and 142.7 cm, respectively. For infinite pulse
g 120} ] bandwidth, the asymptotic limit is the linear absorption line-
) ] width. However, for finite bandwidth pulses, the asymptotic
110 L linewidth is reduced because the entire absorption spectrum
L is not excited equally. The laser pulse durations used in the
S ] simulations reflect the range of pulse durations used in the
§ 140} ] experiment. Consequently, the asymptotic limit of the data
E ] presented in Fig. 4 also varies between 152.0 and 142.7
g, 130L ] cm . The dynamic linewidth in the experiment does not
2 ] reach its asymptotic limit within our time window of obser-
© [ ] vation (T,,= 1600fs), which is limited by the appearance of
E 120} 1 the broken hydrogen bond photoprodugise above discus-
_g. sion). Consequently, we rely on precise knowledge of the
110 L limit a priori in fitting the data. Given that the dynamic

0 1500 3000 4500 linewidth varies by 35 cm'® over theT,, range in the data
T, (fs) sets, the variance in the asymptotic limit due to different
FIG. 5. (a) Dynamic linewidths from calculated vibrational echo correlation pulse durations pmduces substantial shifts not onIy in the

spectra that used different pulse duratiof, 51, and 57 fs, top to bottgm ~ asymptotic limit, but in the entird,, dependent curve. The
The linewidths rise to different limiting values because the bandwidth af-variation is+15% for the range of pulse durations used. This

fects the aymptotic_limi_t. The spread i_n asymptotic limits is the reason thabroduCes unacceptable apparent errors in the data.
the data displayed in Fig. 4 cannot simply be averaged togefierthe To address this issue, we developed a procedure to cor-
three sets of dynamic linewidths displayed in Fi¢g)®ut recast to have the !
average pulse duratiofs1 f9) using the correction procedure developed in rect the dynamic linewidths for the influence of finite pulse
the Appendix. The exact superposition of all three curves demonstrates thgfurations. Expressions are provided in the Appendix describ-
;huerap:gﬁsdure corrects the experimental data for the influence of finite pUISan the dependence of the correlation spectra on the laser
' pulse bandwidth. From this dependence, the correction pro-
cedure is developed. The correction procedure was applied to
periments employed laser pulses that varied in duration fronthe simulated dynamic linewidths displayed in Figa)5The
45 to 57 fs. The pulse durations were precisely determinedinewidths calculated with 45 and 57 fs pulses are recast into
by measuring the cross correlation of the three laser pulses #fie median pulse duration 51 fs. Figuréobdisplays the
a sample that gave a purely nonresonant sitfhal. three sets of calculated dynamic linewidths after the correc-
To illustrate the importance of correcting the data setstion procedure was appligdee Eqs(A12) and(A13)]. The
we calculated correlation spectra with 45, 51, and 57 fs puls&ets are indistinguishable. What appears as a single curve in
durations to simulate the effect of the actual laser pulses. WEig. 5b) is the superposition of three identical curves. The
employed time dependent diagrammatic perturbation theorgomparison demonstrates that the effects of finite-bandwidth
to obtain the full third-order nonlinear material response in-pulses on the dynamic line widths are precisely described by
cluding finite pulse duration8:°26263The implementation Egs.(A12) and (A13), and that the procedure described in
has been described in detail elsewheBgiefly, the diagram- the Appendix can be used to combine data sets taken with
matic treatment uses a FTCF as input to obtain the responskfferent bandwidths.
functions employed in the calculations of the correlation  Having verified the accuracy of the correction procedure,
spectra. The FTCF used as input to the calculations was the#e applied the method to the five sets of experimental dy-
experimentally determined FTCF that describes the equilibnamical linewidths presented in Fig. 4. After correction for
rium fluctuations of watefthe method by which the FTCF the differences in bandwidth, the averaged data give the
was obtained from the data is described belolihe FTCF  points with error bars shown in Fig. 6. The scatter in the data
was scaled to reproduce the linear linewidth observed fronat eachT,, point yields error bars, defined as one standard
the linear absorption spectruWHM=170 cm }).° Three  deviation=2.5 cm . The dynamic linewidth data climb to-
groups of correlation spectra were calculated using the sameards a well-defined asymptotic limit of 147.3 cin(deter-
FTCF. Only the pulse durations varied between the sets. Theined from the pulse duration and the linear linewjdirhe
top, middle, and bottom curves in Fig(ab display the dy- dynamic width in Fig. 6 approaches, but does not reach the
namic linewidths obtained from the correlation spectra cal-asymptotic limit byT,,= 1600 fs.
culated with 45, 51, and 57 fs pulse durations, respectively. Before analyzing the data presented in Fig. 6 in detall, it
The dynamic linewidths were acquired from Gaussian fits tds necessary to determine the influence of photoproduct gen-
the 2500 cm? cuts out of the correlation spectrf, delays eration on the experimentally determined dynamic line-
were calculated from 0.1 to 5 ps, which is sufficient timewidths. The real dynamic line shag@&,(« ), which would
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150 namic linewidth at allT,, delays. This quantity is insignifi-
cant compared to the measured linewidths that have error
bars of +2.5 cmi L. The photoproduct adds negligibly to the
measured widths because the vibrational lifetithd5 p3 is
comparable to the longest decay component in the frequency
fluctuations(1.4 ps, see discussion that followShe fre-
quency fluctuations have nearly randomized the distribution
of hydroxyl stretches before the photoproduct contributes
significantly to the signal. Consequently, the dynamic line-
. . . widths reported in Fig. 6 do not need to be corrected for the
0 400 800 1200 1600 contribution from the photoproduct.

T, (fs) We note that the time dependent contribution from hy-

drogen bond breaking photoproducts was not considered in

FIG. 6. C?mpar:sgn of thetdyngtm_icaglifneWidthS2°5f0tge SJTUI'_&“ed %’]‘d ex-other recent reports of water FTCHs"8 which interrogated
B e Eo00 ces e  1e OH stretch of HOD in BO. Recent mixed electronic
147.3 cmitis the long time asymptotic linewidth. The top curve is from the Structure and molecular dynamics simulations of water have
TIP4P model and the next lower curve is from the SPC/E model. Bothdemonstrated that the frequency fluctuations igODare

models have reached the asymptotic limit by 1.6 ps. Compared to the datrﬁeany identical to those in Waté‘l’.Yet the vibrational life-
both models have too much amplitude at short time and the long tim !

components are too fast. The third from top curve is from the SPC—Fé'me of the OH stretch of HOD in ED is half the duration
model, which is a polarizable water model. The SPC-FQ model displayscompared to the OD stretch of HOD in water. Consequently,
considerably better agreement with the experimental dynamics that thehe photoproducts will contribute much earlier in the studies

TIP4P or SPC/E models. Most importantly, the SPC-FQ model has no ; 7,18 i
reached the asymptotic limit by 1.6 ps. The curve through the data is from LnVOIVmg the OH stretc”™In addition, a Iarger quantum

fit to the data obtained by varying the parameters of a triexponential tria®f €Nergy is deposited upon vibrational relaxation, which
FTCF until the dynamical linewidths best fit the data. The experimentalcould result in increased photoproduct generation through

might influence the reported FTCFs.

140:
130:

120}

dynamic linewidth (cm™)

110L

i B. Comparisons of experimental results
be measured in the absence of the photoproduct, can be calhg theoretical models

culated from the measured dynamic line shéhgw,) ac-

cording to the following expression: _ The data presented above reflect the eq_uilibrium dyqam-
. ics of water. They are free of artifacts resulting from excited
Gayn(@,) =(1=A) " [GCn(w,) —AGyw,)]. (4 state(1-2 transition contributions, photoproduct contamina-

Gp(@,) is thew, dependent line shape corresponding to thelion, and finite pulse duration effects. We now compare the
photoproduct and is the fractional contribution to the mea- Water dynamics obtained experimentally with the dynamics
sured signal from the photoproduct. The influence of photothat are predicted by three models of water: TIP4P,
products on the correlation spectra has been discussed $PC/ES" and SPC-FQ® The comparisons provide a context
detail in a recent vibrational echo correlation spectroscopyor discussing the data and rigorously test the accuracy with
study of methanol oligomef8:*86869|t was demonstrated Which these three models predict the dynamics of water.
that the photoproduct line shape along the axis is the The following four step sequentés used to compare
asymptotic line shape when it is formed without fine fre-the theoretically derived dynamics with the experimental re-
quency correlation with the initially excited hydroxyl Sults.
distribution®® When fine frequency correlation exists be- (1) A particular water model simulation is implemented.
tween a photoproduct and its parent molecule that was ini- (2) The FTCF for a given model of water is generated
tially excited, the photoproduct retains a detailed memory ofrom methods that involve electronic structyges) calcula-
the parent frequency within the inhomogeneous hydroxytions and classical molecular dynantD) simulations.
stretch distribution. The dynamical linewidth of the photo-  (3) We calculate the vibrational echo correlation spectra
product is narrow, just like the parent dynamical linewidthfrom the FTCF using time dependent diagrammatic pertur-
was prior to hydrogen bond breaking. This fine frequencybation theory:4!°%6263
correlation, which was observed in methanol oligomers in  (4) We extract theT,, dependence of the dynamical line-
CCl,,%° does not exist in water. Consequently, the dynamiavidth and compare to the experimental data.
linewidth of the photoproduct is the asymptotic linewidth for The mixed ES/MD method used to calculate the normal-
the total hydroxy! distributior(147.3 cm'}). ized FTCF for the OD stretch of HOD inJ® (Refs. 49 and
The contribution of the photoproduct to the vibrational 54) is based orab initio electronic structure calculations of
echo correlation spectrum signal amplitude as a function o€lusters of water molecules. First, configurations of mol-
T, delay was determined independently from ultrafast infra-ecules are generated from a given classical molecular dy-
red transient absorption experimerig8®o, 8%, and 15% at namics simulation of the HODA®D system. Then a repre-
T,=2800, 1200, and 1600 fs, see Fig. 3olving Eq.(4) for  sentative set of HOM,0),, clusters are extracted from the
eachT,, point displayed in Fig. 6, we find that the photo- simulation. For each cluster a seriesadi initio calculations
product produces an increase €6.5 cm ! to the true dy-  (using density functional theoryare performed for different
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TABLE I. TFCF parameterfsee Eq.(5)].

TFCF A, (rad/ps) (%) 7o (PS) A, (rad/ps) (%) 71 (PS) A, (rad/ps) (%) 75 (PS)

Fit 10.1(41) 0.048 3.815 0.4 10.944) 1.4

SPC-FQ 12.044) 0.048 5.520) 0.35 9.436) 1.45
SPCIE 12.1(42) 0.031 9.032) 0.28 7.426) 0.98
TIP4P 15.2(55) 0.032 10.237) 0.34 2.2(9) 0.90

values of the OD stretch coordinate, and in doing so an anfhis assumption allowed us to use the same FTCF to de-
harmonic potential curve that leads to a 0-1 OD transitiorscribe the 0-1 and 1-2 transitions and caused the two peaks to
frequency for the HOD molecule in that cluster is generatedhave the same dynamic linewidths and total widths.

From looking at a hundred or so clusters, it was determined Having input the experimentally determined anharmo-
that there is a linear correlation between the OD frequencyicity (162 cm %, see above the calculations demonstrated
and the component of the electric field from thegQHmol-  that within the harmonic approximation, the 1-2 peak does
ecules on the D atom in the direction of the OD bond vectomot contribute significantly at 2500 crh Therefore, theT,,
(correlation coefficiernt0.9). Assuming this same linear cor- dependent dynamical linewidths of the 0-1 transition in the
relation holds for the full liquid, the normalized FTCF sim- theoretical correlation spectra are accurately measured by fit-
ply becomes the normalized electric field time correlationting slices at 2500 cm' with Gaussian line shapes. The same
function. The latter can be generated easily from a comanalysis scheme was used for the experimental correlation
pletely classical molecular dynamics simulation. Using thisspectra. Although the harmonic approximation may not be
ES/MD method'** the simulation was actually performed strictly valid for water, the contribution of the 1-2 peak at
on the neat KO system, which provides much better statis-2500 cm* is so small that employing the harmonic approxi-
tics by averaging over all molecules. It was determined thaination should have a negligible influence on the dynamic
this change makes a negligible dif_ferer?éeWith this  jinewidth. In any event, any contribution from the 1-2 tran-
method, it is very easy to examine various models of watefsition is included in both the measurement and the calcula-
In this paper we report comparisons to the data for the OQjgns.

0 51 :
stretch of TIP4F, SPC/E;” and SPC-F HOD in H,0. _ Correlation spectra were calculated for each water model
The FTCFs obtained from the ES/MD simulations are fit5; iy T,, delays coinciding with the experimental daf,(

with exponential functions to obtain an analytical represen-— 109 200 400 800. 1200. and 16004md atT, =5 ps(to
. . . H H 1 1 y W
tation. The numerical FTCFs can be represented exceedingl\q re that the calculation reached the correct asymptotic

well by the sum of three exponentidi€alculations with the limit). Representative theoretical correlation spectra for the

numerical FTCFs generated by the simulations produced inSPC/E model of water have been presented previdusly.
distinguishable correlation spectra from those generated Witglices of the correlation spectra were selected at 2500} cm

the exponential fits. However, considerable calculation timeand fit with Gaussian line shapes to quantify their widths

mzsfc??rxed using the analytical forms. These functions hav?he Gaussian function accurately fit the slice and provided a

measure of the dynamic linewidth.

C(t)y=A3exp—t/7o) + A2 exp(—t/ ;) The dynamic linewidths calculated from the TIP&Bp
5 curve,>® SPC/E (second from top®! and SPC-FQ(third
+Azexp—t/Tp). ) from top® models of water are displayed as a functiogf

While the time constants in Eq5) were obtained directly ~delay in Fig. 6. The dynamic linewidths calculated for the
from the simulations, the magnitudes of the prefactors werd IP4P and SPC/E models were reported previouahd are
multiplied by a constant to reproduce the full width at half included here for comparison. The data are displayed in Fig.
maximum of the experimentally measured linear absorptio® as the filled circles with error bars. The dashed line at
spectrum(170 cni %).5 We will henceforth refer to the triex- 147.3 cmi* represents the asymptotic dynamic linewidth for
ponential fits as the FTCFs. The parameters of the exponeithe 51 fs pulse duratiofsee Sec. IlIA3. The same pulse
tial functions describing the FTCFs for each water model aregluration was used in the diagrammatic perturbation theory
displayed in Table I. Additionally, parameters describing thecalculations. The line through the composite data is a fit,
FTCF obtained from fitting the data are provided in the tablewhich yielded the experimental FTCEee discussion that
The method by which this FTCF was obtained is discussedollows). The dynamic linewidths calculated from the water
below. model FTCFs and the experimental FTCF, all asc@tduf-

We calculated theoretical vibrational echo correlationficiently long T,, delay to the same asymptotic value be-
spectra from the appropriately scaled FTOSgep 3, see cause the FTCFs were scaled to reproduce the linear line-
above using diagrammatic perturbation theory to obtain thewidth (170 cm %).?
third-order nonlinear material response, including finite pulse ~ The dynamic linewidths extracted from the calculated
durations>#+26263The calculations included all contribut- correlation spectra display the same trend as the experimen-
ing pathways to the 0-1 and 1-2 peakd:>2>%283ye approxi-  tal data. The widths are narrow at eafly, and increase
mated the frequency fluctuations of the 1-2 transition as betoward the asymptotic linewidth with increasing, delay
ing the same as the 0-1 transitidmarmonic approximation  because spectral diffusion randomizes the frequencies in the
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hydroxyl stretch peak. The rate of increase in the dynamic 1.0 5 10°F
linewidth for each model is determined by the corresponding < ; R
FTCF. The triexponential fit parameters corresponding to > 0.8 "§101_
each water model are displayed in Table I. The comparison = 056 Z g
in Fig. 6 demonstrates that the TIP4P and SPC/E water mod- é T =02tk
els describe the dynamics of water that are reflected by the S 04\ © . ‘ . :
frequency fluctuations of the hydroxylOD) stretch rela- o . 0 1000 2000 3000
tively poorly® The dynamic linewidths predicted by both S 02f #fs)
models are much too large &f,= 100 fs and increase to the [
asymptotic linewidth by 1600 fs, considerably faster than the 00b. .. T ——
. . 0 1000 2000 3000
composite data. These models overemphasize the fast fluc- 1 (fs)
tuations and do not contain a slow enough component to
account for the slowest fluctuations. FIG. 7. Comparison of the FTCF corresponding to the TIP@®ttom

The third water model simulated in this work SPC- , curve SPC/E,(second from bottomSPC-FQ(third from botton) models
bett d ib the d . f t d ktb thand the experimental FTCfop curve. The inset displays the same FTCFs
etier describes the dynamics o Wa e': compare 0 NGy 4 semi-long plot with the curves in the same order as in the main portion
TIP4P and SPC/E models. The dynamic linewidth calculatedt the figure. The SPC-FQ model gives an FTCF that is remarkably close to
from the SPC-FQ model af,=100fs deviates only-8 the experimental FTCF, and it is far superior to the other two.
cm™ ! from the experimental dynamic linewidth measured at
the sameT,, delay. In contrast, the dynamic linewidth calcu-

lated from the TIPAP and SPC/E models deviateZD and  |inewidths that are closest to the data. Therefotgs 48 fs

~14 cm', respectively, afl,,=100fs. Of greater signifi- \yas fixed and only, was varied. Three pulse photon echo
cance is the fact that the dynamic linewidth calculated frompeak shift measurements were made on the intermediate time
the SPC-FQ model increases more slowly towards and do&gale and gave, =400 fs® This measurement provided the
not reach the asymptotic limit b, = 1600fs, in contrast o jntermediate time constant because once the FTCF has de-
the TIP4P and SPC/E models. These differences indicate th@hyed Sufﬁciently' the vibrational echo peak shift as a func-
the SPC-FQ model more accurately describes the frequengion of T,, gives the time dependence of the FTEF?
fluctuations of water. Therefore, in the fitting procedure, three parameters were
Based on the results from the water model calculategyjiowed to vary independently; the preexponential factors of

FTCFs, a triexponential form for the FTCF was used to fittwo of the components and the time constant of the slowest
the experimental data. We begin by entering a triexponentiadomponent.

function as the FTCF into the full third-order material re- The line through the data points in Fig. 6 is the result of
sponse calculation**%*%As output, simulated correlation  the fitting procedure. Because the error bars on the measured
spectra are generated. A slice at 2500 ¢iis used to obtain  points are small, the fit is highly constrained. In contrast to
the time dependent dynamic linewidths for eath. This  the dynamical linewidths produced from the water models,
output is compared with the experimental data. The procesgie dynamic linewidth obtained from the experimental FTCF
is iteratively repeated, and the parameters in the FTCF argas the correct value &t,=100fs. The calculated widths
varied until the dynamical linewidths obtained from the pass through the data points within experimental error. The
simulated correlation spectra produce the best least squarggnamical linewidth atT,=1600fs has not reached the

fit to the experimental data. asymptotic value and approaches it relatively slowly.

The triexponential function describing the experimental ~ The normalized FTCF that provided the best fit to the
FTCF was constrained to be consistent with other compleexperimental dynamical linewidths is displayed in Figtap
mentary experiments and calculations to obtain the greatesurve in addition to the FTCFs for the TIP4@®ottom), the
confidence in the parameters. Constraint of the initial magSPC/E (second from bottom and the SPC-FQ@third from
nitude of the FTCF was achieved by fitting the linear absorpbottom water models. The triexponential parameters for
tion line shape calculated from the FTCF to the absorptioreach FTCF are displayed in Table I. The fit through the ex-
spectrun®. The FTCF reproduces the long time asymptoticperimental data has a 1.4 ps time constant for the slowest
value of the dynamic line width 147.3 ¢rh which results component that comprises 44% of the decay. We estimate
when 51 fs pulses are used. This procedure also causes thpper and lower bounds of0.2 ps based on a factor of 2
pre-exponential factczfsi2 of one the exponential components increase in the sum of the squares of the residuals.
to be dependent on the other two. As a result, only two of the  The inset in Fig. 7 displays the FTCFs in the same order
threeA’s were varied independently in the fitting procedure.as the main portion of the figure but on a semilog scale to
The amplitudes of thé's in Table | reflect the appropriate emphasize the behavior at long time. It is clear from both the
initial magnitude to reproduce the linear line shape. In allmain portion of the figure and the inset that the SPC-FQ
three simulations of the FTCF, the fastest component is momodel comes much closer to reproducing the data than the
tionally narrowed, that isAg7o<<1. In this case, this compo- other two models. In fact, it is remarkable how close the
nent contributes an exponential decay in the time domain texperimentally derived FTCF and the SPC-FQ FTCFs are.
the total time domain vibrational echo decay with decay ratelhe fast components of the theoretical FTCFs comprise ap-
A(Z)TO. Therefore, 7 and A, are not independent. The proximately half of the total decay amplitude. This feature is
SPC-FQ provided the FTCF that produced Thedependent reproduced by the experimentally derived FTCF, even
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though this amplitude was allowed to vary independently in ~ The slower portion of the FTCF calculated for the
the fit. The long time behavior of the TIP4P and SPC/E modHOD/D,0 system has been assigned to the influence of hy-
els compared to the experimental FTCF are consistent witdrogen bond breaking and formation. This assignment was
their behavior reported previousiythe TIP4P model essen- based on the similarity in the time constants between the
tially misses the slow component completely. The SPC/Eslow component of the FTCF and that of the hydrogen bond
model does better but overestimates the magnitude of theopulation correlation function and from examining the fre-
intermediate and underestimates the magnitude of the sloguency distributions for hydrogen bonded and nonhydrogen
components. In addition, the SPC/E model underestimatégonded oscillatord*>"®This correlation function depends
the time scale of the slow component. Comparing the experion the rate of hydrogen bond formatiand breaking. In the
mental and SPC-FQFTCFs demonstrates that this modeimulations, the definition of the existence of a hydrogen
more accurately describes the fluctuations of water than theond is in terms of the oxygen-oxygen distance, the oxygen-
TIP4P or SPC/E models. In fact, the time scale of SPC-FQ&ydrogen distance, and the angles involVedgain, this
slow component1.45 p3 is identical, within experimental identification of the slow component with hydrogen bond
error, to the measured vali#.4 ps, see above discussion equilibration should also hold for the HOD in,B system.
The only difference between the experimentally derivedThe experimental results demonstrate the time scales ob-
FTCF and the SPC-FQFTCF are relatively small differencegained from the TIP4P and SPC/E water models are too fast
in the amplitudes of the componeritee Table)l Itis inter-  and contain too little amplitude to describe the dynamics that
esting to note that we scaled the FTCFs derived from thave observe in water. However, the SPC-FQ model provides a
three water models and from the experiment to fit the ODMuch more accurate description of the dynamics of hydrogen
stretch linear absorption spectrum so that the dynamic linebond equilibration{imaking and breaking Recent broadband
widths (see Fig. 6 would ascend to the same asymptotic transient absorption experiments that examine hydrogen
value. However, the FTCF generated from the SPC-F@ond equilibration, which is observed to be complete in 5
model accurately predicted the linear linewidth within a fewPS:> support the assignment of the slowest component of the
percent without scaling, which further supports the concluFTCF as the hydrogen bond equilibration time.
sion that the SPC-FQ model more accurately describes the It seems likely that the SPC-FQ model more accurately
dynamics of water. captures the structural fluctuations of water because it con-
The time dependent structural evolution that is obtained@ins a method for including water polarizability through the
from simulations, enables us to correlate specific motions offluence of water molecules on each otfietnlike the
water with components of the FTCF. The decay component$!P4P and SPC/E models, the partial charges in the SPC-FQ
of the TIP4P FTCF have been assigned for the OH stretch ghodel are not fixed but rather change position in response to
the HOD/D,O systen? *7475The fast component was as- thg electric f@elds prodpced by the other water molecules.
signed to hindered translational motion of the hydrogenThis feature is absent in the TIP4P and SPC/E matéfs.
bonds(stretching of the hydrogen bond length coordipate The polarizability t'erm mtrqduces coIIectlve' effect; into the
There is also a small contribution from hydrogen bondintermolecular pair. potential between nelghbo_rlng water
bending?~*7¢This assignment was based on the observatiofnolecules. The partial charges assigned to a particular pair of
of a shallow oscillation of about one cycle in the FTCF with water molecules are influenced by the collective electric field
a period that corresponds to the estimated period of hinderdd@t results from the water molecules surrounding the pair.
translational motiori. The oscillation is also present with 1he partial charges in part determine the intermolecular pair

varying amplitudes in the FTCFs obtained from simulationsPoténtial that governs the behavior of the water pair. The
for the HOD/H,O system(see Fig. 7%° The SPC-FQFTCF intermolecular distance and bond angles are affected by the

does not display the oscillation but exhibits inflections at theNtermolecular pair potential. This collective effect produces
period of the hindered translational motion. It is safe to asth€ ~50% slower dynamics in the7§PC'FQ model compared
sume that the same physical interpretation holds for th&ith thé non-polarizable modefé.”® The collective effect
HOD/H,O system. Therefore, the fast component of thedlso enhances the magnitude of the slower quctuz_;\tlc_)ns in the
FTCFs mainly reflects the time scale of fluctuations in thespc":Q mod_e[see Table)l The improved d_escr|p_t|0n of
hydrogen bond length coordinate. The fact that the oscillal'® dynamics in water that resulted from the inclusion of the
tion is damped nearly to zero in the SPC-FQ FTCF indicategolanzablllty term suggest.s that collective e.ffects. dominate
that it is essentially overdamped in this model while it is justthe slowe_r tlme scale mot|_ons of water. It will be important
barely underdamped in the other two models. It should b0 d_ete_rmlne if other p_)olarlzable Wa_lter models also do a su-
noted that we simulated vibrational echo correlation specperlor job of reproducing the experimental data.

troscopy and vibrational echo peak shift experiments with 53

fs pulse durations using the TIP4P FTCF, which shows th V. CONCLUDING REMARKS

most prominent indication of an oscillation and determined  Water dynamics were studied using ultrafast heterodyne
that the oscillation cannot be observed experimentally. Theletected multidimensional stimulated vibrational echo corre-
shallowness of the oscillation and the convolution with thelation spectroscopy with full phase information. Five com-
pulses eliminate any trace of the oscillation in the data. Uspletely independent sets of experiments were performed over
ing the actual TIP4P FTCF or the triexponential fit that doesa period of several months to establish the reproducibility
not have an oscillation produces identical calculated correlaand reduce the error bars in the measurement of the water
tion spectra. dynamics. A procedure was described for accounting for the
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influence of finite pulse durations on the vibrational echo0332692. C.P.L. and J.L.S. would like to thank N§G&rant

correlation spectra. Additional experiments were performedNos. CHE-9816235 and CHE-013253®r support of this

to provide highly accurate measurement of the vibrationatesearch. S.A.C. acknowledges the support of a Ruth L. Kir-

anharmonicity(162 cm 1) and excited state lifetime for the schstein National Research Service Award administered

OD hydroxyl stretch(1.45 p3. Following excited state relax- through NIH.

ation, hydrogen bonds break in water and photoproducts

form. Infrared pump-probe experiments were employed t

determine the buildup time for the photoprodu¢ts2 ps.

Therefore, the dynamic linewidths were collected for times

shorter than 2 ps to avoid significant contamination from the  Finite-duration laser pulses influence the data collected

photoproduct. Careful measurement of the photoproduct corin a vibrational echo experiment through a time domain

tribution at allT,,s proved that the photoproduct contribution (time ordered convolution between the ideal signahich

was insignificant at all,, delays that were reported. There- would be observed with infinitely short pulseand the

fore, the vibrational echo correlation spectra provide infor-pulses’ temporal envelopes. Vibrational echo correlation

mation free from the influence of photoproducts and withoutspectroscopy is a time-domain experiment. The two fre-

complication from the dynamics of the 1-2 transition. Fromquency axes in the correlation spectra, denoted as

these data, an accurate picture of water dynamics emerge®yec®,,Tw,®n), result from Fourier transformation of
The dynamic linewidth, measured as a horizontal cut athe  and 75 time dimensions, respectively,

2500 cm ! across the two-dimensional 0-1 peak of the cor- "

relation spectrdsee Fig. 3, displays the time evolving fre- S .., Ty, 0 =2 Ref drexpiow,7)

guency distribution sampled by water molecules as a func- —

tion of T, delay. Analysis of the dynamic linewidths o

demonstrates that the frequency fluctuations of water are not Xf drsexpliwn ) P (7, Ty, 7o)

complete by 2 ps. Fitting th&,, dependent dynamic line- -

widths using time dependent diagrammatic perturbation o

theory provided the experimental FTCF. Xf drsexplionts) Efo(7s).  (Al)
Electronic structure calculations and molecular dynam- o

ics simulations gave the FTCF for the polarizable SPC-FQrhe product of Fourier transforms along the dimension

water model as well as two nonpolarizable mod@#P4P  results from the hererodyne amplified sigiq. (1)] and

and SPC/E These FTCFs were used to calculate the experioccurs experimentally in the monochromator. Thdimen-

mental observables, which were compared to the data in Figion is Fourier transformed numerically after the data are

6. In Fig. 7, the calculated FTCFs and the experimentatollected.P®)(r,T,,, 7 is the third-order polarization in the

FTCF are compared. The SPC-FQ FTCF is very close to theample that emits the vibrational echo, which is induced by

experimental FTCHsee Fig. 7 and Table,lwhile the other interaction with the three laser pulsesis the time separa-

two calculated FTCFs have substantial deviations from extion between the first and second laser pulses, and the

periment. The SPC-FQ water model is “polarizable” while time following the third laser pulse, during which the echo is

TIP4P and SPC/E models are not. The polarizability aspeatmitted. By resolving the phase of the vibrational echo, we

of the SPC-FQ model may be responsible for its accuracy. selectively measure the absorptiveal) part of the polariza-
The simulations provide qualitative insights into the tion. E{o(7s) is the electric field of the local oscillator,

physical meaning of the dynamics measured on different e 252

time scales. The very short time dynamics are associated FELo(t)=e"o1¢Lo%se 7=, (A2)

with hydrogen bond Iength fluctuations. The Iongest tlmewmch determines the frequency range a|ong dﬂﬁ axis

scale observed in the measurements is associated with hydrgger which the heterodyne cross term can be detected. The

gen bond equilibration, the making and breaking of hydrogennfluence of finite laser pulse duration on the polarization in

bonds. The experimental FTCFs slow component comprizethe sample is described by the following time ordered
~44% of the decay with a time constant of 1.4 ps. The slowintegra|>41:52:62.63

component of the FTCF derived from the SPC-FQ model
contained a 1.45 ps time constant that comprise5% of PO(7,T,, 7= JmeJWZ Ri(ts,ty,t)
the decay. The accurate description of hydrogen bond equili- 0JoJo

bration is most important for describing water as a chemical
and biological agent because it is on this time scale that the

0APPENDIX: INFLUENCE OF FINITE PULSE
DURATIONS AND COMBINING DATA SETS

X E;(TSJF T+ Tw_t3_t2_t1)

complex hydrogen bond network structure undergoes global X Eo(1s+ Ty—taz—ty)
evolution.

XE3(7'S_t3)dtldt2dt3, (AS)
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Because the correlation spectra are displayed in the fras reduced to a two-dimensional Gaussian line shape depend-
guency domain, we re-express EquatioAd) through(A4) ing only onw, and w,,,. Following the above assumption,
purely in the frequency domain as the dependence on pulse spectrum of the signal in the corre-
lation spectra can be described by the expression

Svecsd @-, Ty, 0m)

=exd — (w,— wg)?/20?7]

S(wrvawiwm)

= IRF*(wT,wTW,wm)Z Flifr(wr,wTW,wm)

+IRF (0;,07,,0m > R (0,,07,0n).  (A5) xextl — (o= wo) 2071 2 R (0, Tw,0n), (AB)

The instrument response function, whereg; is the standard deviation of the intensity level laser
spectrum. Therefore, dividing the correlation spectra by the
intensity level laser spectrum along both frequency axes de-

p( (0.t 0?2 (—o+or - wg)? convolves the correlation spectra from the laser pulses and
=exp — -

|RF+(wT,wTW,wm)

> 5 produces the correlation spectrum that would be measured
” o, with infinite bandwidth(delta function pulses.

In the analysis of the correlation spectra presented in the
main body, we selected cross sectional cuts of the 0-1 peaks
in the correlation spectra at,,=2500 cm ! to describe the
- dynamic line shapes as a functionf delay. Looking at a
applies to the rephasing quantum pathw&/s that result ~ single ,, value, the effect on the data of the instrument
when pulse 1 precedes pulses 2 and 3. The converse instrtesponse function along the,, axis reduces to an amplitude
ment response function, factor that does not impact the analysis. Consequently, we
can neglect thew,, dependence of the instrument response
function in the following discussion. By fitting the cross sec-

o

2
(- o7, wn—wg) B (— 0m— wg)?
o? o ’

w [0

(AB)

IRF_(wT,wTW,wm)

(0407 —00)2 (— g — w2 tional cuts of the correlation spectra with Gaussian line
=exp( _ @ en,m @) (Zo.—wo) shapes, the vibrational echo signalsegt=2500cm * are
o2 o2 described by the expression
(o7, ton—00)° (- w,—wp)? A7) Svecs @-, Tw) =exf — (0,~ 0)?205(Ty)],  (A9)
ffi ‘75) where 2.35,(T,,) are the FWHM of the Gaussian fits to the

applies to the nonrephasing quantum pathvxfaysthat resylt dynamic line shapes that are measured as a function,of

when pulse 2 precedes pulses 1 and 3. Here, the frequencif€lay(see Fi_g. 4 Conlblining Eqgs(A8) and(A9) and evalu-
., o1, and w,, are Fourier conjugates of the time vari- ating at w,,=2500cm -, f[he fpllowmg expression relates

w . o the FWHM of the Gaussian fits to the instrument response
ablesr, T,,, and r5. o, is the standard deviation of the

Gaussian fit to the electric field level spectrum of the IaserfunCtion and vibrational echo respongy.y(w;,Tu),

ulses, andw, is the center frequency of the laser pulses. 2
'Flj'he instrumeont response functi(z)n in )';he frequency %omair?xq_(wT_ ©0)205Tu)] B
[Egs. (A6) and (A7)] contains the influence of the time- =exf] —(w,— wO)Z/ZUiz]ROi-l(wrva)- (A10)
ordered integration ever the pulses expressed in &)
and (A3). The vibrational echo response in the frequencyApproximating the vibrational echo response as a Gaussian
domain, expressed a&R;"(w,,wr ,0), is the three- and taking the natural logarithm of EGA10) produces the
dimensional Fourier transform of its time domain equivalentequality (assuming the laser is centered on the 0-1 transition

SiRi(tg tp ty) 41526268 1262(T,) = 1202+ 120%(T,) (A1)
From Eq.(A5), the influence of finite pulse duration can Top! Tw 7i IR\ Tw)s

simply be divided out of the vibrational echo signal ex-\yhere 2.354(T,,) are the FWHM of the Gaussian fits to the
pressed in the frequency domain. However, the vibrational;p ational echo response that would be observed in the limit
echo signal represented in H&5) represents th&,, period ¢ infinite bandwidth laser pulsesa(—=). Solving Eq.

in the freqL_Jency domain, yvhich ig counter i_ntuitive. We want(a11) for or(T,), We obtain an expression for the width of
the T, period expressed in the time domain. Unfortunately,ihe vibrational echo response as a functiorTgf delay in

the simplicity of the influence of finite pulse duration is 10st oy ms of the experimentally observed widtls,(T,,), and
when theT,, period is expressed in the time domain. For theine width of the intensity level laser spectrum v

purpose of correcting the experimental correlation spectra,

we address this problem with the assumption that the dynam- (T, )= o; Uob(-rw)/m_ (A12)
ics in theT,, period are slow compared to the pulse duration.

This assumption removes the dependence of the instrumeBguation(A12) removes the effect of finite pulse bandwidth
response function ol . The instrument response function on the dynamic linewidth measured fromy,=2500 cm !



J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Vibrational echo correlation spectroscopy of water 12445

slices that were selected from the correlation spectra. To b&H. J. Bakker, S. Woutersen, and H. K. Nienhuys, Chem. P2§8, 233

consistent with the data presented in Fig. 4, we solve Eq, (2000.
(A11) for oop(Tw), 5S. Woutersen and H. J. Bakker, Phys. Rev. L&8.2077(1999.

273, Bratos, G. M. Gale, G. Gallot, F. Hache, N. Lascoux, and J. C. Leick-
T.)= T 2 T)+ 2_ Al nam, Phys. Rev. B1, 5211(2000.

Tob Tw) = oR(Tw) i /VoR(Tw) 01 (AL3) 28], C. Deak, S. T. Rhea, L. K. Iwaki, and D. D. Dlott, J. Phys. Cherh0A
Substitution of the solutions farg(T,,) from Eq.(A12) into 294866(2000-
Eq. (A13) enables the data to be recast with the average ﬁdfé%"o“;"' Z. Wang, Y. Pang, and D. D. Diott, Chem. Phys. 1380
pulse duration used in the experimdptl fs). It shoulc_j be  wA pakoulev, Z. Wang, and D. D. Dlott, Chem. Phys. L&T1 594
noted that the correction scheme presented above is generaboos.
for all w,, frequency slices, not just the 2500 chrslice. ziT Wang, D. Du, and F. Gai, Chem. Phys. L&T0, 842(2003.

We note that we used full third-order diagrammatic per-_Z- Wang, Y. Pang, and D. D. Dlott, J. Chem. Phy20, 8345(2004).

. LS . . 3M. F. Kropman, H.-K. Nienhuys, S. Woutersen, and H. J. Bakker, J. Phys.
turbation theory to calculate the dynamic linewidths dis- . A105, 4622 (2001.

played in Fig. %a), which rigorously calculated the effect of 3G Galiot, N. Lascoux, G. M. Gale, J. C. Leicknam, S. Bratos, and S.
finite-bandwidth pulses. The calculations did not use the sim- Pommeret, Chem. Phys. Le&41, 535(2002.
plifying assumption that the dynamics during ffig period ~ *R. Laenen, K. Simeonidis, and A. Laubereau, J. Phys. Chei063408

; ; i~ (2002.
are slow compared to the pulse duration, which we made Ilé,‘S(D. Zi?ndars A. Tokmakoff, S. Chen, S. R. Greenfield, M. D. Fayer, T. I.

the development of Eq$A12) and (A13). The fact thatthe  gpith and H. A. Schwettman, Phys. Rev. L@®, 2718(1993.

three sets of dynamic line widths displayed in Figb)5su-  3A. Tokmakoff and M. D. Fayer, J. Chem. Phyl93 2810(1995.
perimpose exactly onto each other demonstrates that oélzK- D. Rector and M. D. Fayer, Laser Cheftd, 19 (1999.

treatment precisely corrected the effects of finite-bandwidth Pl-g';amm' M. Lim, and R. M. Hochstrasser, Phys. Rev. L&l. 5326
pulses and validates the assumption of slow dynamics comog_ B.?&sbury, T. Steinel, and M. D. Fayer, J. Lumk07, 271 (2004).
pared to the pulse duration during tfig period. If consid- 45, mukamel, Annu. Rev. Phys. Chefil, 691 (2000.

erably longer pulses were used, the assumption would n$D. M. Jonas, Annu. Rev. Phys. CheB#, 425 (2003.

longer be valid and the dynamic line widths would report the“g/lzégr(?(l)“éal\j' Demirdoven, and A. Tokmakoff, J. Phys. Chem.1A7,
convolutlop between the spectral.dlffusmn dynamics during,, Khalil, N. Demirdoven, and A. Tokmakoff, Phys. Rev. Le0,
the T,, period and the pulse duration. 0474014) (2003.

48], B. Asbury, T. Steinel, C. Stromberg, K. J. Gaffney, I. R. Piletic, A.
Goun, and M. D. Fayer, Chem. Phys. L&%4 362 (2003.
1p, Schuster, G. Zundel, and C. Sandofifge Hydrogen Bond Recent de- 463 p. Hybl, A. A. Ferro, and D. M. Jonas, J. Chem. Phys5 6606

velopments in theory and experime(i®orth-Holland, Amsterdam, 1976 (2009).
ic- P. Lawrence and J. L. Skinner, J. Chem. PHys, 8847(2002. 4’R. R. Emst, G. Bodenhausen, and A. WokaMiuclear Magnetic Reso-

C. P. Lawrence and J. L. Skinner, J. Chem. Py 264 (2003. nance in One and Two Dimensioi®xford University Press, Oxford,
“R. Rey, K. B. Mgller, and J. T. Hynes, J. Phys. Chem1@6, 11993 1987.
5(2003- ) ) 48], B. Asbury, T. Steinel, C. Stromberg, K. J. Gaffney, I. R. Piletic, and M.
J. B. Asbury, T. Steinel, C. Stromberg, S. A. Corcelli, C. P. Lawrence, J. L. Fayer, J. Chem. Phy&19, 12981(2003.
GSkmner, and M. D. Fayer, J. Phys. Chem188 1107(2004. 493, Corcelli, C. P. Lawrence, and J. L. Skinner, J. Chem. P138.8107

V. Daggett and A. Fersht, Nat. Rev. Mol. Cell Bidl, 497 (2003. (2004
7 . .

A. Aimond and J. K. Sheehan, Glycobiolog$, 329 (2000. S0w. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.

8D. Spangberg, R. Rey, J. T. Hynes, and K. Hermansson, J. Phys. Chem. BKIein, J. Chem. Phys79, 926 (1983.

107, 4470(2003. 51 ;

: ) H.J.C. B dsen, J. R. G ,and T. P. Straat: , J. Phys. .
9G. D. Smith, D. Bedrov, and O. Borodin, Phys. Rev. L88,5583(2000. 6269 198eren sen rigera, an raatsma ys. @hem
10G. C. Pimentel and A. L. McClellaiThe Hydrogen BondFreeman, San s, (1987. - . . .

T T ' S. Mukamel,Principles of Nonlinear Optical Spectroscof®xford Uni-

Francisco, 1960 versity Press, New York, 1995
11 H H ’ 3
123\/' Wl?g;:dJEMzi Z‘ircl'fcetrl 4S7pi°(t£g‘ggm' Ada8, 70 (1957 533, W. Rick, S. J. Stuart, and B. J. Berne, J. Chem. PLy%.6141(1994).
. 3 I . ’ . 54 H i
13 - : ; . " S. Corcelli, C. P. Lawrence, J. B. Asbury, T. Steinel, M. D. Fayer, and J. L.
A. Novak, in Structure and Bondingedited by J. D. DunitZSpringer, Skinner, J. Chem. Phy&21 8897(2004).

Berlin, 1974, Vol. 18, p. 177. 55 ; )
4E. T. J. Nibbering and T. Elsaesser, Chem. R&vVashington, D.Q.104, T. Steinel, J. B. Asbury, and M. D. Fayer, J. Phys. ChenfinBoress.

1887(2004) %H.-K. Nienhuys, S. Woutersen, R. A. van Santen, and H. J. Bakker, J.
15]. Stenger, D. Madsen, P. Hamm, E. T. J. Nibbering, and T. Elsaesser, 97Chem_. Phys111, 1494(1999. L )

Phys. Chem. ALO6, 2341(2002. D. Cringus, S. Yeremenko, M. S. Pshenichnikov, and D. A. Wiersma, J.
18], Stenger, D. Madsen, P. Hamm, E. T. J. Nibbering, and T. Elsaessegsphys' Chem. BLO8 10376(2004.

Phys. Rev. Lett87, 027401(2001). K. J. Gaffney, I. R. Piletic, and M. D. Fayer, J. Chem. Phis8 2270
17C. J. Fecko, J. D. Eaves, J. J. Loparo, A. Tokmakoff, and P. L. Geisslersg(zooa;

Science301, 1698(2003. T. Steinel, J. B. Asbury, and M. D. Fayer, presented at the 51th Annual
183, Yeremenko, M. S. Pshenichnikov, and D. A. Wiersma, Chem. Phys. Western Spectroscopy Association Conference, Asilomar, California,

Lett. 369 107 (2003. GOUSA, 2004(unpublishegi _
197 Steinel, J. B. Asbury, S. A. Corcelli, C. P. Lawrence, J. L. Skinner, and__ I- Steinel, J. B. Asbury, and M. D. Fay@mnpublishedl

M. D. Fayer, Chem. Phys. Let886, 295 (2004). 61J. B. Asbury, T. Steinel, and M. D. Fayer, iemtosecond Laser Spectros-
204, Graener, G. Seifert, and A. Laubereau, Phys. Rev. l686t.2092 copy: Progress in Lasersedited by P. HannafordKluwer, Brussels,

(1992). 2009.
21, Woutersen, U. Emmerichs, and H. J. Bakker, Sci@8: 658 (1997. S2W. M. Zhang, V. Chernyak, and S. Mukamel, J. Chem. Phj€ 5011
22R. Laenen, C. Rausch, and A. Laubereau, J. Phys. Chefr0289304 (1999.

(1998. 633, Mukamel and R. F. Loring, J. Opt. Soc. Am.38595 (1986.
2R, Laenen, C. Rausch, and A. Laubereau, Phys. Rev. Boit2622  %D. Kroh and A. Ron, Chem. Phys. Le86, 527 (1975.

(1998. %M. R. J. Healy,Matrices for StatisticiangClarendon, Oxford, 1986

2G. M. Gale, G. Gallot, F. Hache, N. Lascoux, S. Bratos, and J. C. Leick-°A. Tokmakoff, J. Phys. Chem. A04, 4247 (2000).
nam, Phys. Rev. LetB2, 1068(1999. 67J. D. Hybl, Y. Christophe, and D. M. Jonas, Chem. PI&§, 295(2001).



12446  J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Asbury et al.

683. B. Asbury, T. Steinel, C. Stromberg, K. J. Gaffney, I. R. Piletic, A. "?K. F. Everitt, E. Geva, and J. L. Skinner, J. Chem. Phiyg, 1326(2001).

Goun, and M. D. Fayer, Phys. Rev. Ledtl, 237402(2003. 3A. Piryatinski and J. L. Skinner, J. Phys. Chem1@6, 8055(2002.
%9J. B. Asbury, T. Steinel, and M. D. Fayer, J. Phys. Chenl(B 6544  74C. p. Lawrence and J. L. Skinner, J. Chem. PHys, 5827 (2002.
(2004. K. B. Maller, R. Rey, and J. T. Hynes, J. Phys. Chenl08 1275(2004).

o ) . .
‘2"é ;‘;;‘E‘g ('3\" S. Pshenichnikov, and D. A. Wiersma, Chem. Phys. Lett.7e p | awrence and J. L. Skinner, Chem. Phys. 1288, 472 (2003.

77 : )
"IT. H. Joo, Y. W. Jia, J. Y. Yu, D. M. Jonas, and G. R. Fleming, J. Chem.78M' Mezei and D. L. Beveridge, J. Chem. Phy, 622(1981).
Phys.104, 6089(1996. H. Xu, H. A. Stern, and B. J. Berne, J. Phys. Chenil@, 2054(2002.



