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Vibrational Energy Relaxation and Spectral Diffusion in Water and Deuterated Water

1. Introduction

In this paper we investigate vibrational energy relaxation
(VER) and vibrational spectral diffusion resulting from excita-
tion of stretching transitions of water and deuterated water, using
ultrafast IR-Raman spectroscopy# VER in water is especially
complicated because within the broad water stretching transition,
VER rates are frequency-dependent, and VER and spectral
diffusion compete on the same time scale of a few picoseconds.
The incoherent anti-Stokes Raman technique used here is
especially useful because we simultaneously observe all water
excitations throughout the stretching and bending regions.
Several important processes seen here have never been observe
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In the broad water stretching band (29€8700 cnm'), frequency-dependent vibrational energy relaxation
(VER), and spectral diffusion both occur on the time scale of a few picoseconds. UltrafaRatRan
spectroscopy of water is used to study both processes. VER is also studied in solutions of HRO in D
(HDO/D,0O). The OH stretchifoy) lifetime for water and HDO is~1 ps. The OD stretchvgp) lifetime for

D,0 is ~2 ps. Stretch decay generates substantial excitation of the bending modes. The lifetimes of bending
vibrations ¢) in H,O, HDO, and RO can be estimated to be in the 0.6 psT; < 1.2 ps rangevoy decay

in water producesy,o with a quantum yield 1.& ¢ < 2.0. In HDO/DO solutionsyou(HDO) decay generates
vop(D20), dnpo, anddp,o. The quantum yield for generatingp(D20) is ¢ ~ 0.1. The quantum yield for
generating botldpo anddp,o is ¢ = 0.6. Thus, eachon(HDO) decay generates at minimum 1.2 quanta of
bending excitation. After narrow-band pumping, the distribution of excitations within the stretch band of
water evolves in time. Pumping on the blue edge instantaneously (withys) generates excitations throughout

the band. Pumping on the red edge does not instantaneously generate excitations at the blue edge. Excitations
migrate uphill to the blue edge on the-Q ps time scale. The fast downhill spectral diffusion is attributed to
excitation hopping among water molecules in different structural environments. The slower uphill spectral
diffusion is attributed to evolution of the local liquid structure. Shortly after excitations are generated, an
overall redshift is observed that is attributed to a dynamic vibrational Stokes shift. This dynamic shift slows
down the rate of excitation hopping. Then energy redistribution throughout the band becomes slow enough
that the longer VER lifetimes of stretch excitations on the blue edge can lead to a gradual blue shift of
population over the next few picoseconds.

VER is sensitive to higher order anharmonic terms in the
potential expansioh? providing a critical test of the accuracy
of the potential surface. In addition, VER of water might play
a role in aqueous chemical reaction dynamiésThe principal
significance of the vibrational spectral diffusion measurements
lies in the ability to probe the time evolution of the environment
near a vibrational excitatiol, 2 which addresses the continuum
versus multicomponent environment controversy, and which
helps to understand aqueous chemistry and solvétitrand

in the ability to probe the highly efficient intermolecular
vibrational energy transfer and the exciton-like nature of the
OoH stretch excitation in watéf:”

previously. These include the dynamics of stretching vibrations Almost all recent studies of water vibrational dynamics
in water and heavy water, and the dynamics of bending rélevantto the present work have involved ultrafast mid-IR two-

vibrations in water, heavy water and solutions of HDO 40D color pump-probe experiments (hereafter “pumprobe”) of
We detect the appearance and subsequent decay of oHOH stretch transitions (denot_e?dH) in theT approximate spectral
stretching excitations pumped by ultrashort mid-IR laser pulses, fange 2806:3800 cnt, of dilute solutionsof HDO in DO
and we observe for the first time the appearance and subsequerfereafter HDO/RO). There are almost no data on water itself,
decay of daughter bending vibrations generated by VER of the €xcept for some vibrational saturation measurentératsd a

stretching excitations. very recent repott16 of the time-dependent polarization ani-

The principal significance of the VER measurements lies in SOtropy decay. It is worth emphasizing that HDQMDis in
the opportunity to improve water potential energy surfaces, Many ways totally different from water. Water is the liquid of
which as we shall see do not adequately explain water VER. life; heavily deuterated water is a poison. Water (symmetry
groupCy,)*®and HDO (symmetry grouf;)'® have qualitatively
*To whom correspondence should be addressed. E-mail: diott@ different vibrational spectr#:?° In HDO/D,O, OH and OD
scs.uiuc.edu. stretching vibrations are nearly localized on their respective
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Road. Ross, OH 45061 bonds, whereas the symmetric stretel) @nd antisymmetric

" Present address, National Institute of Standards and Technology, Strétch ¢ag vibrations of water are delocalized over the
Gaithersburg, MD. molecule. In wateryon excitations undergo rapid intermolecular

10.1021/jp994492h CCC: $19.00 © 2000 American Chemical Society
Published on Web 05/03/2000



Energy Relaxation in Water/Deuterated Water

hopping to nearby water sité316 whereas in dilute solutions
of HDO/D,0, von excitations are localized on one molecule.
HDO in D,O has a mixture of hydrogen bonds and deuterium

J. Phys. Chem. A, Vol. 104, No. 21, 2006867

(~45 cnt?l) features in thevoy band, which were claimed to
be spectral holes burnt into the vibrational transition. Spectral
diffusion was observed, which was interpreted as arising from

bonds which are a bit stronger, whereas water has only hydrogerstructural evolution among a small number of local structures,

bonding, and so on.

In 1991, the first reports of VER in HDOAD appeared.
Graener, Seifert, and Lauberéaused the pumpprobe method
with 11 ps pulses to obtaimay lifetime of 8 ps. Vodopyand¥

each corresponding to a characteristic Gaussian subband un-
derneath the broadepy transition. The interpretation of narrow
spectral holes was criticized by Woutersényho argued that
these “holes” had nothing to do with population dynamics, but

made intensity-dependent transmission measurements of 110 pinstead were artifacts arising from coherent coupling between

mid-IR pulses through water and HDGQJ/D, to estimate the
saturation intensity and the VER lifetime. They lifetime was
estimated at 0.:30.6 ps for HDO/BO, and for water<3 ps. In
1996, Rey and Hyné%used molecular dynamics to investigate
VER of HDO/D,O. They computed the rates of all possible
transitions and the compute@y lifetime was found to be in
agreement with ref 21. The principal VER pathwaywef; in
HDO/D,O was said to be

Yoy — 0(v=2) — 6 (v=1) — ground

whereo indicates a bending excitation.

Recently measurements have significantly improved due to
advances in laser technology. It is now clear that the 8 ps lifetime
was erroneous. Theoy lifetime varies somewhat across the
von band?® so it is impossible to specify an exact lifetime, but
T1~ 1 ps (0.7 and 1.0 ps have been frequently rep8H&e3-29),

In 1998, Woutersen and Bakker showed that VER of HDO/
D,0 became slightly faster as the temperature was decréhsed.
Nienhuys et af®in 1999 studied oy excitations in HDO/RO

with one-color and two-color pump probe. They found the initial
decay ofroy was somewhat faster than the repopulation of the
ground state. They inferred the existence of a daughter vibration
created byon decay, with a lifetime in the 0:52.0 ps range.

On the basis of temperature and frequency-dependent VER
measurements, they claimed that hydrogen bond excitations were

the dominant product ofon VER, in contrast to the bending
excitations predicted by Rey and Hyrés.

Orientational dynamics of HDOAD have been studied via
the mid-IR polarization anisotropy decay. Woutersen &t a.

the pump-and-probe pulses. WoutefSgmesented calculations
which showed that a complete theoretical treatment of the
coupling between pump-and-probe pulses could reproduce all
of Laenen et al.’s results without sharp spectral holes.

In 1999, Gale et a? used 150 fs pulses to study spectral
diffusion in HDO/D;O. Pumpingvon at either the red or blue
edge generated an initially narrowed population distribution at
each respective edge, which moved toward the band center in
~1 ps. The results were interpreted using the formalism of
Bratos and Leicknar??who asserted that the experiment probes
the kinetics of interconversion among hydrogen bonds of
different lengths. In 1999, Woutersen and Bakker reported the
observation of a fast red shift in the spectrum wof= 1
excitations ofvoy in HDO/D,O, termed a “vibrational dynamic
Stokes shift?® The vou(0) — 1 band was pumped, and the
von(1) — O transition was probed. Over the course~&00 fs,
the emission redshifted by about 70 chiThe observed redshift
of ~70 cnttin HDO/D,O was said to occur because hydrogen
bonding in the excited = 1 state is somewhat stronger than in
the groundv = 0 state. This Stokes shift appeared to contradict
the work of Gale et al?2 who did not see a net red shift.
However Woutersen and BakRempointed out that with the
pump—probe technique used by Gale etlala detailed
mathematical model is needed to extract the Stokes shift of the
excited vibrations against the background of the unshifted
population hole (depletion of the—8 1 transition) and the
overtone (1— 2) transition.

The IR pump, incoherent anti-Stokes Raman probe technique
used here has been discussed extensi¥éRand compared to

1997 saw two components in the anisotropy decay, 0.7 and 13PUMp-probe spectroscop}* In both techniques, a mid-IR

ps, whose relative amplitudes varied acrosstheband. These
observations were attributed to different rates of molecular
rotation in different hydrogen bonding environments. Wouter-
sen’s 1999 Ph.D. thedfsprovides an excellent summary of the
field prior to the present work. Recently new polarization
anisotropy decay measurements were repdé&dlhe polariza-
tion anisotropy decay rate increased with increasing HDO
concentration in HDO/BD solutions, which was attributed to
Forster transfer ofvoy excitations among HDO molecules in
different orientation$® A measurement of &100 fs anisotropy
decay in thevoy band of neat water was attributed to very fast
intra- and intermolecular vibrational energy hopping. Intermo-
lecular vibrational energy transfer is ordinarily thought to be
inefficient in polyatomic liquids and solutions, where VER is
usually faster than hopping between adjacent molecules, al-
though intermolecular transfer can be quite efficient in the long-
lived vibrations of diatomic liquids or solutiorf$28 A few
studies have shown moderately efficient intermolecular transfer
in polyatomic solutions provided there are strong interactions
such as hydrogen bonds between donors and accépt8ihus,
it is a very interesting and possibly unique feature of water that
intermolecular vibrational transfer is so efficient that it can
effectively compete with a-1 ps VER decay rat¥.

Spectral diffusion studies of HDOMD began in 1998, with
Laenen et alt%31 Their pump-probe experiments saw narrow

pump pulse excites the selected vibrational transition. In pump
probe, the probe pulse is sensitiveite= 0 — 1 transitions via
induced saturation, 4 2 transitions via excited-state absorption,
and 1— O transitions via stimulated emissiét!! In IR—
Raman, anti-Stokes probing is an induced emission process
sensitive only to vibrational excited states. When fundamental
excitations alone are present, only= 1 — 0 transitions are
observed. When overtone excitations are present, they are seen
as 2— 1 transitions’3% IR—Raman with parallel pump-and-
probe polarizations is insensitive to orientational relaxation for
strongly polarized Raman transitioh$he depolarization ratios

for OH and OD stretching transitions of water and heavy water
vary somewhat across the band, but are always considerably
below the ratio of 6:7 for a depolarized transiti®nso the
rotational contribution to our IRRaman signals in water is
minimal. There are subtle differences in measuring spectral
diffusion by pump-probe or by IR-Raman, similar to the way
that absorption hole burning spectroscopy differs from fluores-
cence line narrowing’

In the rest of this paper, we briefly discuss some relevant
properties of the water vibrational spectrum and the experimental
method. Then we present and discuss results concerning VER
and vibrational spectral evolution in threy band of water, and
VER resulting fromvoy pumping of HDO/RO and vop
pumping of heavy water.
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H D H D H ‘(D Figure 3. Energy level diagrams for water vibrational energy relaxation
OD stretch OH stretch \ bend librons (VER). Each broad water transition is denoted by a line at the center
Fi 1 N | mod i dh b frequency. 3 denotes the bend first overtone. In water and heavy water,
Figure 1. Normal modes of water and heavy wategDwavenumbers ., ingicates both symmetric and asymmetric stretching vibrations.
in parentheses) and HDO. In water and heavy water, the symmetric

stretch, asymmetric stretch and bending first overtone transitions all . . . .
overlap. In HDO the OH stretch, OD stretch and bend first overtone Similar but overall lower in frequency. The broad stretching

are separated. region in heavy water (23662700 cnt?) includes boths and
vasand the bend first overtone. The bend fundamental frequency
IR 2 stretching ~1210 cnrl.36
o [ stronger transitions - . .
g r H-bonding As shown in Figures 1 and 3, HDO is fundamentally different.
< bend weaker Instead ofvs andvasexcitations delocalized over the molecule,
g St bend ™~ H-bonding o o . .
£ overtone P there arevon andvop excitations principally localized on either
g [ AN . bond that are somewhat narrower than the water and heavy water
1000 1500 2000 2500 3000 3500 4000 stretching transition® Thevon andvop and bend first overtone
- transitions (bend fundamental frequeney450 cnT1)® do not
z Raman bend 2 stretching all overlap, as in water and heavy water, but instead are well
5 bend e transitions separated in HDO. Energy level diagrams foCH D,O, and
= en <10 HDO are shown in Figure 3, where the broad transitions are
g - represented as thin lines at the central vibrational frequency.
& . s

1000 1500 2000 2500 3000 3500 4000

frequency (cm!)

3. Experimental Section

Figure 2. Mid-infrared (mid-IR) and Raman spectra of ambient liquid A. Laser System.In our experiments on liquid water at
water. Hydrogen bonding becomes weaker at higher wavenumber. Theambient temperature, the fwhm of the time response is 1.2 ps
broad transition in the 29663700 cnt* range includes two stretching  and the fwhm of the spectral response is 55 &4 The IR
transitions and the bend first overtone. The approximate location of gnd Raman pulses are generated by a 2-color optical parametric
the bend overtone is indicated. The bend fundamental is at 1640 cm amplifier pumped by a 1.5 ps Ti:sapphire laser systéfThe
o pump pulses (28003650 cnrt, ~0.8 ps, 35 cm! fwhm, ~40
2. Vibrational Spectroscopy of Water ud,~200um diameter) and probe pulses (532 nnf).8 ps, 45
cm~t fwhm, ~10 uJ, ~150 um diameter) were focused on a
jet of flowing water~50 um thick. The anti-Stokes signal was
acquired by a spectrograph and a high quantum efficiency
charge-coupled array detector (CCD). A spectrum is obtained

range involves a mixture ofs, vas and bend first overtone by averaging for~_15 min. Several spectra are obtaine(_j over
character, which varies with wavenumber in a manner not yet S€veral days, which are averaged together. Each displayed

fully understoock® The approximate location of bend overtone SPECtrum is the result of an integration time ranging from 0.5
transitions deduced from gas-phase #4tdenoted in Figure ~ ©© 5 h, where the longer integration times were used for
2. Thews andv,s fundamentals of bare water molecules in the €XPeriments such as water bend detection, where the signal
vapor, where there is no hydrogen bonding, lie at the extreme '8vels were lower.

blue edge of the stretching band (3652 and 3756 'cm B. Geometrical Effects.The sample geometry and the optical
respectively}? It is well-known that the redshift within the =~ geometry® are depicted in Figure 4. The water jetN&0 um
stretching band correlates well to increasing strength of hydrogenthick. The jet is optically thick with respect to the pump pulse,
bonding?’ Excitations near the red edge of the band (e-¢000 but optically thin with respect to the nonresonant Raman probe.
cm™1) have the strongest hydrogen bonding. Excitations near As the pump pulse is tuned in frequency, the absorption length
the blue edge of the band (e.g:3600 cnT?) have the weakest  varies, but the number of vibrational excitations seen by the

Vibrational spectroscopy of water has been reviewed exten-
sively 20 Figure 1 shows the three normal modes of water and
heavy waterys, vas andd. Figure 2 shows the IR and Raman
spectrum of water. A broad transition in the 3600 cnr?

hydrogen bonding. probe remains roughly constant, and about equal to the number
The bend fundamental in water is near 1640 &M The ratio of mid-IR photons in the pump pulse-{ x 10').

of stretch to bend Raman cross sectiangy)/or(0) ~ 40, as In this counterpropagating geometry, a small degradation in

seen in Figure 2 and in ref 39. A feature near 675 tff is temporal response occurs as a result of the finite sample

assigned to librational modes. In the Raman, this libron peak is thickness’® To illustrate, assume a 1.2 ps instrument response
about as intense as the befiddeavy water (not shown) is  due to a mid-IR and a visible pulse each 0.85 ps in duration.
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Figure 4. Sample and collinear optical geometry used ir-RRaman Figure 5. Anti-Stokes Raman transients for water pumped imihe
experiments, adapted from ref 33. band at 3250 crit. The sharp feature near 0 is an artifact caused

by sum frequency generation (SFG). Excitations on the blue edge of

Then the temporal degradation in the worst case (say a samplt%hevc’” band decay slowest. They lifetime is ~1 ps. The specira in

- . : he bending region are offset for clarity. Excitation of the bending
transit time of 250 fs through an50 um thick sample, with vibration is evident near= 0. The bend lifetime is in the 0-61.2 ps

refractive index 1.5), is only~3%. The instrument reésponse  range. The quantum yield for bend generation via stretch decay is
would be lengthened te-1.23 ps. Thus, temporal degradation 1.0< ¢ < 2.0.

due to geometry is negligible.

The water jet can be replaced by a B thick crystal of water .
KTP (potassium titanyl phosphate). Since KTP is noncentro- weaker hydrogen bonding  ———
symmetric, coherent sum-frequency generation (SFG) is dipole- 3250 cm!
allowed. Some of the SFG signal is scattered into the detector. 2850 e § 43400 cm'! t=0ps

Monitoring the SFG signal as a function of relative delay
provides information about the apparatus time and spectral
response, a type of FROG (frequency-resolved optical gating)
measuremerfg

C. Coherent Coupling Artifacts. Coherent coupling artifacts,
which appear only when the pump and probe pulses overlap in
time, are well-known in ultrafast spectroscofiyhut have not
been discussed much in the case of-Raman experimertts
until recently?® The most important artifact in our experiments
occurs at the sum frequency, near the location where we observe
the vibration being pumped. Whe is the (mid-IR) frequency
of the vibration being pumped anal is the frequency of the wavenumber
Raman probe pulse, the pumped vibration is detected near theFigure 6. Anti-Stokes transients for water pumped at four different
sum-frequencys, + w,. Sum-frequency generation (SFG) due mid-IR freqyencies in theon band, normalized to match the intensities
to coherent interactions between the pump and probe pulse ma t 3100 cm. These transients reflect the distributiorvef; excitations

. . - - umped by narrow band-@5 cnt!) mid-IR pulses plus any spectral
be either incoherent (nonphase matched and nondirectional) orgiffusion occurring during the-1.2 ps pulse. Higher energy pumping

.Coher.ent (phase-matched and Qirectional). The.incoherent Pariyenerates excitations throughout the band. Lower energy pumping
in an isotropic medium is sometimes called elastic second-orderproduces a narrowed distribution with fewer excitations at higher

nonlinear light scatterinéf4In our experimental geometry, we  energy. The sharp feature is an artifact caused by sum frequency
avoid the possibility of directly detecting coherent SFG signals, generation (SFG).
but it is possible that a small part of a coherent signal is scattered
into our detector by the sample. In the dipole approximation, concern for observingon excitations would be processes that
coherent SFG is forbidden in bulk water, but coherent SFG at generated light ab_ + oy & wiibr, Wherewyi,, is a water libron
the water-air interface is allowed® However in the present  (typically wiir is in the 308-800 cnt? range). The effects of
experimental geometry with both pulses polarized in the inelastic second-order scattering turn out not to be a problem
interface plane, that surface signal will vanish. Higher order in the present experiments. Terhune, Maker, and Sdvagee
terms in the multipole expansion, principally the quadrupole shown that the inelastic second-order scattering due to water
term, do permit both bulk and surface SFG. We cannot at presentlibrons is at most-3% of the elastic scattering. Our experiments
experimentally distinguish between incoherent SFG and scat-show that the SFG artifact is comparable in intensity to the
tered coherent SFG. Both processes will produce an SFG artifactdesired incoherent anti-Stokes signal, so the inelastic second-
that can distort the spectrum and obscure the dynamics of theorder scattering ought to be inconsequential. That is demon-
build-up and decay of the parent vibrat#éf®> near the pump strated in the present work by referring to Figure 6, where water
wavenumber. is pumped at 3670 cm, where the SFGdf, + w,) has been
Inelastic second-order nonlinear light scatterfg” might moved to the blue edge of the transition. Looking past the blue
produce artifacts near zero time delay at frequencies other thanedge, we see no significant inelastic scattering ¢+ wy +
the sum frequency, that could distort the spectrum at locations wii,r). The same is true with red edge pumping looking to the
other than the location of the pumped vibration. Of specific red of the red edge for inelastic scatteringat ¢+ wy — wjipr).

3670 cm!

M
I
[ ]
I
[ )
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Y

Py

anti-Stokes intensity (arb)

3000 3500 4000



4870 J. Phys. Chem. A, Vol. 104, No. 21, 2000 De et al.

4. Results @ =z water
A. Water. Vibrational Energy RelaxationTransient water §
spectra withvoy pumping at 3250 cmt are shown in Figure 5. 2
The sharp feature at 3250 cfnis an SFG artifact. The excited €
vibrations in thevoy region vanish in a few picoseconds. The @ I —
intensity decline, ignoring the artifact, gives a lifetime el 2500 3000 3500 4000

ps forvon of water, the same as that reported fgf; in HDO/ Stokes wavenumber
D,0.10-13.23-26 Ag time increases, the center of the vibrational ) ‘
population distribution shifts toward the blue, so at longer times

(e.g., 3 ps), most of the excitations that remain are near the

blue edge of the transition, where hydrogen bonding is the
weakest.

Figure 5 also shows the water bend transient. In this figure, e
which took many hours of signal averaging, the thermal 2500 2000 Ty 2000
background anti-Stokes signal has been removed by baseline anti-Stokes wavenumber
subtraction. Transient bend excitation is seen only heal. Figure 7. (a) Stokes Raman spectrum of water. (b) An anti-Stokes
The bend decay appears to be limited by the apparatus timetransient at = 0 with 3250 cm! pumping. The anti-Stokes transient
response, so it is problematic to determine the bend lifetime by (v = 1 — 0) is redshifted by~120 cnt* from the Stokes spectrum
direct time resolution of the signal. Similarly, it is problematic (¢ =07 1) due to a dynamic vibrational Stokes shift. The transient's
to determine the bend-to-stretch quantum yigldy the usual shape is characterized by_flttlng it to four Gaussian subbands plus one

. . : L Gaussian for the SFG artifact.
method of comparing anti-Stokes intensities and Raman cross
sections$4950pecause bend excitations are decaying during the
pulse. Any determination of the quantum yield which relies on
the instantaneous bend and stretch intensities will be an
underestimatef the total bend population generated by stretch our time resolution. It is well-known that the water stretching

VER. For water, Figure 2 shows the ratio of stretch-to-bend . . e .
spectrum can be fit to a function consisting of four Gaussian

Raman cross sections is about 40, and is about the same as fo |, - 120 2s shown in Fiqure 7a where the fit is indistin-
D,03 At t = 0 in Figure 5, the amplitude of the stretch ’ 9 '

transition (in relative units, disregarding the SFG artifact) is guishable from the data. We fit all our transient data to four
~7000, and the amplitude of the bend transition-is80, so subbands solely to quantify the spectral evolution; our available

' ) ) not resolve the i f whether th nds represen
the ratio of stretch to bend amplitudes is 39. Therefore, at data do notresolve the issue o ether these subbands represent

o . well-defined local structures with characteristic spectra, as
minimum 1.0 bend quantum is generated by each stretch decay5uggested previoushp:it
Energy conservation precludes the possipil!ty (.)f creating more Figure 7b shows a fit to a typical transient anti-Stokes
thantwo bend; per strefch, so an upper limitdas 2.0. Thus, spectrum (= 0 with 3250 cnt! pumping). All transient spectra
the quantum yield for bend generation by stretch VER is<1.0 were accurately fit with the same four subbands plus an
¢ < 2.0. If the bend lifetime were<0.6 ps, then more than

ne-half of the bending excitations would have d d durin additional Gaussian near= 0 to represent the SFG artifact.
one-haft ot the be g excitalions would have decayed during 1, major subbands were centered at 3250 and 3400; ¢he
the laser pulse. The quantum yield would be more than twice

what is determined using the instantaneous intensity ratio, andmlnor subbands at 3500 and 3040cirFigure 8 shows results

the quantum yield would exceed 2.0. Thus, we can provide a of the Gaussian subband analysis for water pumped at 3250

i - and 3400 cm'. With 3400 cnm! pumping (Figure 8a), the
Iower limit of 0.6 ps for the bend lifetime, and therefore an spectrum hardly evolves with timeoy excitations instanta-
estimate of 0.6 T; < 1.2 ps.

neously populate the two major subbands, which decay in
Spectral DiffusionFigure 6 shows the effects of tuning the  concert to approximately maintain the band’s shape as time
pump pulses. Theseon water spectra are scaled to match the increases (Figure 8a). There is a small build up at early time of
intensities at 3100 cd. Thet =0 Spectra are due to excitations the minor 3500 le band. This band decays a bit more s|ow|y
produced by the spectrally narrow-85 cnt* fwhm) pump than the others, resulting in the gradual shift toward the blue
pulses plus any spectral diffusion occurring during the ps seen in Figure 5, caused not by spectral diffusion but by the
pump pulse. As the pump pulse is tuned, the SFG artifact in sjower VER of 3500 cm! excitations.
Figure 6 follows, and it always has the same spectral width  \yhen water is pumped at 3250 ci(Figure 8b), the major
(~55 cnT?) as the apparatus spectral response. 3400 and minor 3500 cm subbands are not filled instanta-
When water is pumped in the higher frequency part of the neously. Figure 8b shows a net uphill movement of population
band (e.g., 3670 cn), excitations are instantaneously (i.e., onthe 6-2.0 ps time scale, principally due to transfer from the
within ~1 ps) generated throughout the band. But when water major 3250 cm?® subband to the major 3400 cthsubband.
is pumped at lower frequencies, excitations are not instanta- The gradual blue shift discussed above, due to frequency-
neously generated at the blue edge. For example, with 2850dependent VER, is seen here as well.
cm ! pumping, excitations are generated in the red edge and in  Dynamic Stokes Shifbur transient anti-Stokes spectra (e.g.,
the middle of the band (i.e., in the 2968200 cn?! range), Figure 7b) are noticeably redshifted from static Stokes spectra
but the population distribution tails off toward the blue so that (Figure 7a), when both are plotted against wavenumber. This
few excitations are generated above 3300 trhen water is redshift is attributed to the dynamic vibrational Stokes shift, as
pumped at 3250 or 3400 crh excitations are generated at the discussed in ref 25. The vibrational Stokes shift is the frequency
red edge and in the middle of the band, but few excitations are red shift between the ©- 1 transition probed by Stokes Raman
generated above 3500 cin(Figure 6). These results demon- and the 1 0 transition probed by transient anti-Stokes Raman.
strate that thevoy transition of water is inhomogeneously The red shift in water is 120430) cnt?, determined by

=0
artifact

anti-Stokes intensity

broadened, and that downhill (toward the red) spectral diffusion
is faster than uphill (toward the blue) spectral diffusion.
Some uphill spectral diffusion is demonstrably slower than
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HDO/D,0O from Figure 9, with equilibrium Stokes spectra of HDO and
D,0 (offset by~100 cnt* to account for the dynamic Stokes shift).

HDO and DO are readily distinguishable. The transient is an excellent
fit to the DO spectrum, showing that,(HDO) generatesop(D20)
but little vop(HDO).

Figure 8. Time-dependent amplitudes of Gaussian subbands for water
anti-Stokes transients with two pump frequencies. (a) With 3400 cm
pumping, the two major subbands at 3250 and 3400'@re populated
together and decay nearly in concert, so the shape of the bulk of the . . .
band changes little with time. Some energy transfer to the minor 3500 D20 (4.4 M HDO). This concentration was chosen to give

cmr! subband is observed. The minor 3500-¢momponent decays ~ samples that are 90% pure. There is 8% HDO, 0.7%0 kind
more slowly than the others, so the band shape at longer times is91.3% DO in the sample. Thus, they transition is 91% pure
blueshifted due to frequency-dependent VER. (b) With 3250'cm HDO (9% H0), and thevop transition is 91% RO (9% HDO).
pumping, there is significant spectral diffusion as shown by a substantial \w/gtersen’s daf&16 shows there is a bit of intermolecular
transfer of energy from 3250 to 3400 cin vibrational energy transfer at this concentration, which is totally

150 absent at the typical 0.5% concentration®(3 M HDO) used
HDO/D,0 Vor(HDO) in the cited®12.23-26 pump—probe experiments.

As shown in Figure 9, theoy stretching transition of HDO
decays in~1 ps, as expecteld.The time-dependent blue shift
due to frequency-dependent VER is not as noticeable as in water
(Figure 5), which is consistent with the report by Nienhuys et
al 28 that the VER lifetime in HDO/RO increases only a bit at
the highest energies.

Several striking new features are seen in this isotopic mixture
not seen in pure water (Figure 5). Even though the laser pumps
von, WE See some excitation efp, a significant and unexpected
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5 820 Supo result. At thevop signal peak, therop signal is about 10% of
Lps thevoy signal. Since these transitions have about the same cross
11 MU L, U S section, the quantum yield forop generation byoy is ¢ ~
0 . . . L 0.1. We also see excitation of the two bending modgso
1000 1200 00 16 1800 (~1450 cnT?) anddpzo (~1210 cntl), but only in the 6-1 ps

Figure 9. Anti-Stokes Raman transients for HDO in® (8% HDO) time range. In rel.atlve m_tensny units, the instantaneous maxi-
with von pumping. About 10% of theoy decays generateon(D:0) mum ann-Stokeg intensities 0bH, 5HPO andopzo are 100, 1.5,
excitations. The spectra in the bending region are offset for clarity. @nd 1.5, respectively. Using the ratio of stretch-to-bend Raman
About equal amounts of bending excitations of HDO angDlare cross sectionsr(v)/or(0) ~ 40, the quantum yield fodnpo
observed. The quantum yield for generation of bending excitations via generation fromvoy is ¢ = 0.6. The quantum yield fodpzo
stretch decay is 1.Z2 ¢ < 2.0. generation fromvoy is alsog > 0.6, so the total quantum yield
for generatingany bending excitatiofrom avoy decay is 1.2
superimposing the spectra in Figures 7a and 7b and redshifting< ¢ < 2.0, where the upper limit af < 2.0 again is established
7a for the best overall fit. The error bar is an estimate based onpy energy conservation.
the range of redshifts that adequately fits the data. The value In Figure ]_0’ we compare an anti_StokQﬁD transient from
for water is def|n|te|y greater than the 70 ChTeported for Figure 9 to the equi”brium Stokes Raman Spectra wand
HDO/DZ().Z5 We do not see the-0.5 ps dynamiC Stokes shift HDO in theVOD region. The HDO Spectrum was obtained by
in real timg as in ref 25, where 0.2 ps pulses were used. adding a small amount of O to H,0, so that HDO would
However the redshift is easier to see with anti-Stokes Raman dominate DRO. The equ”ibrium Stokes Spectra are offsgt00
scattering than with pumpprobe. Raman sees only the red- c¢m1to account for the vibrational dynamic Stokes shift. Figure
shifted 1— O transition, whereas pumyprobe signals require 10 shows that, in theop region, HDO and BO are clearly
mathematical analysis to separate the redshifted + 0 distinguishable. The HDO spectra are characteristically nar-
transition from the unshifted population hole (depletion of the rower36 Comparison to the transient spectrum shows that the
0 — 1 transition) and the overtone (% 2) transition*? vop excitations seen in the transients are overwhelmingly due
B. HDO and Heavy Water. Figure 9 shows data on HDO/  to D,O. If there is any excited HDO in Figure 9, it is buried
D,0O. Owing to the low sensitivity of Raman measurements, under the RO signal. Since in Figure 9 we see bot(D,0)
we must use higher concentrations of HDO than is typical in and 6(D,O) excitations aftervoy pumping, there must be
pump-probe experiments:16 Our sample is 8 mol % kD in intermolecular energy transférom HDO solute to RO solvent.
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HDO/D,0 incoherent SFG generation in water by second-order elastic light
[ — Ops scattering® or from coherent SFG generation due to coupling
between the fields and the water quadrupoles that is scattered
into our detector. When tuned just off resonance, the decrease
—--20ps in mid-IR cross-section would be offset by an increase in the
interaction length. (2) If we purposely increase the surface area
of our sample by making the water jet spray some tiny droplets,
the sharp feature increases immensely in intensity, showing that
surface SFG signals can be efficiently generated and detected
in water. (3) Elastic second-order light scattering and coherent
SFG processes are well-known to exist and have been widely
studied, whereas the existence of sharp vibrational holes in water
is based solely on an analy¥i$! which did not consider the

.......... 1.0 ps

anti-Stokes intensity (arb)

Vou(HDO)

2000 2200 30'00 35'00 40'00 possibility!3 of artifacts. Occam’s razor requires us to disprove
wavenumbers the existence of SFG artifacts before we can believe we are
Figure 11. Anti-Stokes Raman transients for HDO in® (8% HDO) seeing narrow vibrational holes.
pumped at a wavelength on the red edge ofuhetransition and the B. Time-Dependent Line Shape of Water Stretching

blue edge of thevop transition. The sharp feature between the two Vibrations. These are the first spectral diffusion experiments
transitions is an SFG artifact. They excitations are almost entirely i, \yater, which appear somewhat different from earlier mea-
i'_S'DNOl %nsdgz(?’?ﬁ;:?ﬁ?gt?;fe&i‘;ewazlrgglst entirely,0. Thevoy lifetime surements in HDO/BED. A notable difference between dilute
solutions of HDO/BRO and neat water is thatn excitations
are localized on HDO in the former, whereasy excitations
in water should be viewed as either delocalized excitations of
red edge andop of D,O on its blue edge. (In theoy region a disordered mediu?hor as excitations that hop rapidly among
there is no RO and in thevop region there is only 10% HDO). ~ hearby sites in<100 fs!*1°In a recent study of spectral
The result is shown in Figure 11. The SFG artifact is now in diffusion in dilute solutions of HDO/BD,? which had better
the region between the two stretching transitions, demonstratingtime resolution than available here (0.15 ps vs 1 ps), pumping
that it cannot possibly represent a population transient. At 2 ps Yo at either the red edge or the blue edge instantaneously
when thevoy excitations are almost gone, some excite®D  9enerated a narrowed pqpulatlon dl;trlbutlon at each respective
vop excitations still remain. Using Figure 11, we can estimate €dge. Theseoy populations then diffused toward the band
the lifetime of DO stretching excitations,;F 2 ps, to be about ~ center in~1 pst?

In another experiment, our HDOZD sample (4.4 M HDO)
was pumped at 2850 criy which excitesvoy of HDO on its

twice as long ason excitations of HDO or HO. This is the The uphill spectral diffusion seen here after red edge pumping
first determination of the stretch lifetime of.D. is quite similar to that seen in HDO#D in ref 12 if we realize

that due to our longer pulse duration, at the earliest times in
5. Discussion our experiments we already see the results~df ps of the

] spectral diffusion process. However, the downhill spectral

A. Coherent Artifact. Is the sharp feature near the pump gitfusion in water after blue edge pumping is clearly faster than
number a coherent artifact or a narrow spectral hole burned into,hat is seen in HDO/ED. For this reason, we attribute the fast
thevoy transition? The presence of a coherent artifact does not yoynhill spectral diffusion to intermolecular excitation transfer

preclude the possibility of a narrow vibrational hole, since the ¢ regions of higher energy (weaker hydrogen bonding) to

Iattgr may be buried under the fo!rmer. Laenen éfalclaim regions of lower energy (stronger hydrogen bonding). The
their HDO/D,O pump-probe experiments show narrow spectral  qjo\yer yphill spectral diffusion might occur either as a result

holes. They seem to have never considered the possibility ofof thermally activated hopping from regions with stronger

coh_ert_ent (\:/(\)/upltlng égru;acts,dvmu;h str|k$sllus IIafh a serllct)us hydrogen bonding to regions with weaker hydrogen bonding,
o][nls?log.o og irls sldovk\)/e a Otlasse(;l Ia‘t%/ at the resudst or by structural evolution of these regions due to liquid-state
ot rets an cou € reproduced without he need 1o dynamics. We attribute the uphill process to structural evolution,

\F/)v?l?éﬁlifrrggl e;fggﬂg; gr ré?)rhrg;/;nstpcirjrﬁln ho'll'ehsa’lt ?élgulr;ggslbecause we see essentially the same uphill spectral diffusion as
y ping. in HDO/D,O where hopping is not possible.

is straightforward given the known mid-IR absorption cross i ;
sections, but a similar calculation is quite difficult for +R The intermolecular hopping rate ought to be affected by the

Raman experiments since we do not accurately know the dynamic Stokes shift. The initial state produced by the laser is
hyperpolarizabilities and quadrupolar contributions to the po- the bare vibron. Over the next0.5 ps, dressirfg of the bare
larizabilities at the pump and probe frequencies and since it is ViPron occurs as the local structure becomes distorted in
difficult to assess the contribution of coherent SFG light 'esponse to the stronger hydrogen bonding inutie 1 state.
scattered into the detector. The ~100 cn1! shift associated with dressing is smaller than
We attribute the sharp feature in Figuresand 9-10 to the width of thevoy band, so the dressing process probably
an SFG artifad85for the following reasons. (1) When the mid- doe_s not entirely localize the vibron. I_nstead it just slows down
IR pump is tuned to the edge of the water absorption (e.g., 2850the intermolecular transférafter the first~0.5 ps.
cm ! in Figures 6 and 11), the sharp feature becomes much At longer times (2-3 ps), all thevon excitations that remain
larger than the anti-Stokes signal from excited vibrations, which are near the blue edge of the band. Presumably the VER lifetime
is opposite from what is expected for a vibrational hole. For on the blue edge is the longest. How can this be reconciled
hole burning, the depth of the hole ought to be increase with with the very fast downhill spectral diffusion observed in Figure
increasing IR cross secti#hnear the center of the band. The 6? The most likely explanation is that downhill spectral diffusion
SFG signal in Figures 6 and 11 could result instead from due to vibrational energy migration slows down after the first
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~0.5 ps in response to the structural distortion resulting from  Process 3 alone makes only 1.0 quanta of bend excitation
the dynamic Stokes shift. In the presence of this slower spectralper stretch decay. Process 4 involves intermolecular vibrational
diffusion, it becomes possible for frequency-dependent VER energy transfer of energy. Although intermolecular transfer is
to produce a nonuniform blue-shifted population distribution usually regarded as inefficient, hydrogen bonding facilitates
within the band. intermolecular transfer. For example, intermolecular transfer is
C. Pathways of Vibrational Energy Relaxation in Water. particularly efficient in hydrogen bonded complexes of nitro-
We should consider the possibility that bend excitation we see methane and methan¥l.Thus, one of either process 2 or 4
are produced bydirect laser pumpingof the bend first must occur invoy relaxation. If these processes are dominant,
overtoné349 occurring while exciting stretch fundamentals. If exactly 2.0 bend quanta would be produced pes decay.
it turns out the bends are daughter excitations generated by VERAIlternatively there might be a competition with process 3 which
of the parent stretch excitations, then there are quite a few produces 1.0 bend quanta, and the quantum yield for bend
plausible VER mechanisms that could account for thk0 production would be less than 2.0 but more than 1.0.
quanta of bend produced per stretch decay. These break down D. Pathways of Vibrational Energy Relaxation in HDO/
into two categories: (1) processes which generate exactly 2.0D,0. An energy level diagram foron decay in HDO is shown
bend quanta, either as bend first overtones or pairs of bendin Figure 3a. Rey and Hyné&sclaimed that process 2a
fundamentals on adjacent molecules, or (2) processes wheralominates, with the bend lifetime being somewhat shorter than
some pathways generate two bend quanta while others generatéhe stretch lifetime. The relative rates computed for process 2a,

just a single-bend quantum. process 2lvoy — vop, andvoy — ground, were 1, 0.006, 0.022,
Gas-phase data shows the wadér=0—2) first overtone and 0.004, respectiveff.

transition at 3151 cmt and the 6(»=0—1) fundamental The new features of our data, which have not been predicted,

transition at 1595 cmt.® The anharmonic redshift for the first ~ are the generation afop(D20) with a quantum yield) ~ 0.1,

overtone is thus~40 cnt?. First overtone excitations in IR and the generation af(D,O) with a quantum yield) > 0.6.

Raman experiments are observed viauthe 2 — 1 transition3® These products must be the result of intermolecutdo-v

The bend overtone transition should be redshifted-#9 cnr? energy transfer. Intermolecular transfer was not regarded as

relative to the bend fundamental transition, and it should have significant by Rey and Hyné®. However intermolecular

a Raman cross section twice as lafgén the present case, a  processes are helped by each HDO molecule having several
combination of poor spectral resolution (her&5 cntl) and D.O neighbor$? In addition, hydrogen bonding appears to
broad line widths (here-100 cnt) makes it impossible to  facilitate intermolecular transféf.The intermolecular excitation
spectroscopically distinguish the bending overtone from the bendof vop(D20O) may occur via several routes,

fundamental. In this case bend overtones appear simply as

fundamental excitations with twice the amplitdde Vor(HDO) = vop(D,0) — (5a)
Following Rey and Hyne% the “bath” is defined as
consisting of water librations, excitation of hydrogen bonds, and Vou(HDO) — v5p(HDO) — vop(D,0) —~  (5h)

lower frequency collective motions. The excess energy not . P .
explicitly listed here is dissipated into the bath. Energy level Vor(HDO) = o (v=2) = vop(D20) (5¢)

diagrams are shown in Figure 3c. Processes wherdater Vou(HDO) = 8,150(v=2) — vp(HDO) — v55(D,0) (5d)
itself creates the bend excitation are

Vou = 0(v = 2)— (v = 1) — ground (1a) If processes 5b and 5d are significant, thg(HDO) must be
a short-lived intermediate because we seevgg(HDO) in
Vou < 0(v = 2)— ground (1b) Figure 9.

In HDO/D,O measurements (Figure 9), the instantaneous
In eq 1, the double-headed arrow is used to signify that the number ofdp,o excitations is at least 6 times greater than the
initial state is an admixture of stretch fundamental and bend number ofvgp excitations. That meank,o cannot be generated
overtone character. Although direct laser pumping of coupled solely by vop(D20) — §(D20). We need to consider more
stretch and bend overtone states has been recently observed iefficient way of generatingp,o from vop, for example, the
acetonitril€® and nitromethan&*°we regard this as unlikely  intermolecular bend-to-bend transfer,
to account for the observed bending excitations because we see

the wrong dependence on pump wavelength. We still observe Vor(HDO) = Oypo(v=2) = 0p o(v=2) —~  (6a)
bend excitation when we pumgpy at 3650 and 2850 cm,
far away from the 32063400 cn! range of bend overtone Vor(HDO) — vop(HDO) — Oipo — 0p0 —  (6D)

energies indicated in Figure 2

VER processes which generate bend overtones are Our observation of significant stretch-to-bend transfer con-

(2a) trasts sharply with the propodaby Nienhuys et al., who state
von decay in HDO/BRO occurs by excitation of hydrogen bonds,

Vop — 0(v=2) — ground (2b) at a level that may be sufficient to cause vibrational predisso-

ciation. The hydrogen bond mechanism was proposed primarily

Processes which generate bend fundamental excitations onlyon the basis of two observatio#(1) the time delay between

Vou — 0(v=2) — 6(v=1) — ground

are v = 1 disappearance and= 0 appearance implied the existence
of a daughter excitation with a lifetime in the 6-3.0 ps range.
Vou — 0(v=1) — ground 3) However, this daughter was not observed directly. (2) VER has
an unusual temperature dependence, becoming slower as the
and temperature is increased. The slowing with increased temper-

ature is associated with the weakening of hydrogen bonds with
Von — 20(v=1) — 6(v=1) — ground (4) increasing temperature.
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Neither observation is inconsistent with the stretch-to-bend remains to be done, including more detailed studies of the
transfer directly observed here. The first observation is com- dependence on pump wavelength, isotopic composition and
pletely consistent with our results, because we find the bend temperature, and the possibility of anti-Stokes detection of water
lifetime to be in the 0.6-1.2 ps range. The unusual temperature librational excitations produced by VER.
dependence would also be expected for stretch-to-bend coupling.

The magnitudes of the anharmonic matrix elements which  Acknowledgment. This material is based on work supported
couple stretch, bend, and bathould decrease with decreasing by the National Science Foundation under award number DMR-
hydrogen bond strength in a similar way as matrix elements 9714843, and by the Air Force Office of Scientific Research
which couple stretch and hydrogen bonds. Notice that our resultsunder contract F49620-97-1-0056. L.K.I. acknowledges support

do not rule out the possibility that up to 20% of thgy decay
could occur by exciting hydrogen bonds.

E. Decay ofvop Excitations. The ~2 ps lifetime forvop-
(D20) is about twice the lifetime foron. Energy level diagrams
for vop decay of HDO and BD are shown in Figures 3b,d. In
heavy water as in water, the bend first overtone lies within the

from an AASERT fellowship, DAAG55-98-1-0191, from the
Army Research Office. We thank the referee for insightful
suggestions.
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