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An excitation of the OH-stretchoy of water has unique disruptive effects on the local hydrogen bonding.
The disruption is not an immediate vibrational predissociation, which is frequently the case with hydrogen-
bonded clusters, but instead is a delayed disruption caused by a burst of energy from a vibrationally excited
water molecule. The disruptive effects are the result of a fragile hydrogen-bonding network subjected to a
large amount of vibrational energy released in a short time by the relaxatiep,o$tretching andu,o
bending excitations. The energy of a singlg, vibration distributed over one, two, or three (classical) water
molecules would be enough to raise the local temperature to 1100, 700, or 570 K, respectively. Our
understanding of the properties of the metastable water state having this excess energy in nearby hydrogen
bonds, termed KD*, has emerged as a result of experiments where a femtosecond IR pulse is used to pump
von, Which is probed by either Raman or IR spectroscopy. These experiments show thaDthepctrum

is blue-shifted and narrowed, and the spectrum looks very much like supercritical waté0@tK, which

is consistent with the temperature estimates above. T¥ i$ created within~400 fs aftervon excitation,

and it relaxes with an 0.8 ps lifetime by re-formation of the disrupted hydrogen-bond network. Vibrationally
excited HO* with one quantum of excitation in the stretching mode has the same 0.8 ps lifetime, suggesting
it also relaxes by hydrogen-bond re-formation.

1. Introduction group, who studied OD stretches of alcohol oligomers in

Water is an exceedingly complicated liquid, so it should come CCl® *° and OD-stretch excitations of HOD in,8.1*
as no surprise that vibrational excitations of water exhibit ~ Much of what we know about vibrational excitations in water
complex and unusual properties. Vibrational excitations of water has been discovered in the past few years as a result of pump
are so complicated, in part, because water has just enough atomprobe experiments using ultrashort IR pulses. #heand water
to be a polyatomic molecule, water has more hydrogen bondsbending excitationsn,o each have vibrational relaxation (VR)
(3.59 on average) than atoms (3), the hydrogen bonds are fragilelifetimes of about 0.2 p$1214 so about 0.4 ps afteroy
they exist only fleetingly, and they are continually broken and excitation a sizable amount of energy is pumped into local bath
re-formed on the picosecond time scaié.The energy of a  modes such as water torsions and hydrogen bond stretches. This
vibrational excitation in water is quite sufficient, under the right metastable state of wateno stretching or bending excitations
circumstances, to create a sizable transient disruption of the localbut a great deal of energy in the adjacent hydrogen bends
hydrogen bonding. Staib and Hyrigzroposed that excitation  will henceforth be termed $#D*. As we shall show below, there
to v = 1 of the OH-stretchvor (3000-3700 cnt?) might result  is no single HO* state but rather an inhomogeneous distribution
in a prompt vibrational predissociation process that breaks a of configurations with weakened hydrogen bonding. Unless we
hydrogen bond. Although such predissociation processes arespecifically indicatey = 1, H,0* will refer to molecules with
facile in isolated water clustePsjo evidence for them has been , iy the » = 0 vibrational ground state. The,8* species
found in liquid wate®® However, there is now abundant evidence decays into a thermalized st#té® characterized by a temper-
that von excitation disrupts water’'s hydrogen bonding by a ature jumpAT. Measurements of the @* lifetime range from
delayed process resulting from the energy burst created byg 5508 pg:12-16 The behavior of/on excitations in water is
vibrational relaxation (VR). The idea of vibrational excitation depicted schematically in Figure 1. When IR photons excite
pfa r;ydrog_?_z-brc])nd?d quuid I;aading to htyc(jjrog;nllgond brealTing von to the v = 1 state, VR causes each excited molecule to
obviously leads to a fime-delayed weakening or breaking of S 2 Burst of mechanical energy. Eventually, these energy
. o - bursts thermalize in time and space, resulting in an equilibrium
hydrogen bonds in the equilibrated liguidbut we mean : > .

o ae temperature jJump\T. The energy bursts are intense. Here is a
specifically the nonequilibrium cleavege of hydrogen bonds. The crude but effective way of understanding theH state. If 3400
first direct observation of a delayed nonequilibrium cleavage ~ "=/ Y 9 S .
of hydrogen bonds should be attributed, we believe, to the FayerCm of energy were added to a classical nonlinear triatomic

molecule C, = 6kg), the local temperature would be 1100 K

* Corresponding author. E-mail dlott@scs.uiuc.edu. (Figure 1a). If this energy were spread out over two or three
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Figure 1. Transient disruption of hydrogen bonding by vibrationally
excited water. (a) Water molecules with excited OH-stretel, (b)
Vibrational relaxation ofvon generates an energy burst from each
\ excited molecule that disrupts the local hydrogen bonding to create
' \ H>O* in the vibrational ground state. (c), (d) The®t thermalizes

and the excess energy becomes uniformly distributed in time and space
- to produce an equilibrium state with a temperature jufipand a
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research is focused on vibrational energy transfer in molecular water remains approximately constant.
nanostructures and vibrational energy relaxation of water. Most studies of vibrational energy in water use the IR ptmp

molecules (Figure 1b,c), the local temperatures would be 700 Probe method, but in our lab we have used an IR pump
or 570 K, respectively. Obviously, we could get different combined with a Raman probe. The data we acquired over the
answers using other models for the local heat capacity, for Past several yeas show several effectsspectra with two
instance to include the hydrogen bonding, but the picture of distinct components, long-lived states, and so-that have not
high local temperatures would be unchanged. been seen in IR experiments performed in other faEhe

It takes only elementary thermodynamics to understand the Bakker group has proposed an explanation for this conun-
equilibrium properties of water post thermalization (Figure 1d). drum?:22They note that our 0.8 ps pump pulses are quite a bit

Because picosecond time scale heating is isochaiE,is longer in duration than the 0-10.3 ps pulses used by these
associated with a pressure jumyP. (For small values oAT other groups, and in fact are longer than the 0.2 ps time constants
in water, AP = AT x 18 atm)!” The values of eitheAT or for eithervon or dn,o relaxation or the~0.4 ps time constant

AP (they are not independent) are determined by bulk param- for H,O* formation. So in our experiments we can creai©H

eters such as the laser pulse intensity; in works cited Adre  with the leading edge of the pump pulses, and then re-excite it
ranges from quite smalt21418AT ~ 2 K) to moderate AT ~ to the HO* v = 1 state with the trailing edge of the pulde??

30 K)8:1516.19.201g |arge enoughAT > 100 K) to cause laser ~ Furthermore, because,8* is the longest-lived species in the
ablation via a phase explosidhln contrast, the size of the thermalization ofon, with longer-duration pump pulses, it tends
energy burst emitted by the excited water molecules dependsto accumulate to a greater extent than eithgror ow,0 Species.
solely on the energl of the IR photons; this energy is largely  Bakker’s proposal is a good start toward explaining many
outside the control of the experimenter who can vary the size differences seen in the IR and Raman measurements. Because
of each burst by only~20%, by tuning the IR pulse from 3000 of the sensitivity of our Raman measurements #®O# our
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Figure 2. IR and Raman spectra of water, showing the OH-stretching Figure 3. (a) Raman spectra of water at the indicated temperatures.
(von) region and bendingdt,o) region. The shaded region indicates Heating water at constant pressure reduces the density and decreases
the approximate location of the bend overtobg,d. Reproduced from the overall strength of hydrogen bonding. (b) Difference spectra with
ref 20. the ambient temperature spectrum subtracted away.

measurements contain new information about the ground andbend occurs in water molecules that instantaneously possess a
excited states of pD*, its lifetime and its VR pathways. larger red shift due to a stronger hydrogen-bonding environment.
This Feature Article will focus on vibrational energy in water. One of the most intellectually compelling features of ultrafast

Two closely related areas in which there is a great deal of vibrational studies of water dynam#s%33 stems from the
activity, vibrational coherence studies of hydrogen bond fluctua- unique relationship between they frequency and the length
tions in water and vibrational energy in HOD present as a dilute and strength of the hydrogen bonds. The greater the frequency
solute in either RO or H,O (HOD/D,O or HOD/H,O), will be red shift away from the-3700 cn1! frequency of the free water
discussed only to the extent needed to understand the watetransition, the stronger the hydrogen bond. Specifically, we mean
results. for the OH group being observed, the donor hydrogen bond
In the rest of this paper we provide a brief discussion of water typically expressed as-€H---O. Brato$? introduced the idea
vibrational spectroscopy and a brief historical review of ultrafast that a water pumpprobe experiment could make it possible to
IR studies that focuses on water, with just a brief mention of watch hydrogen bonds stretch, contract, break, and re-form in
the extensive literature on HODJD. Then we describe real time, at least to the extent that frequency red shift and
experiments performed in our laboratory and others to create hydrogen bondstrengthwas correlated with hydrogen bond

and characterize the J@* state of water created fromoy length In recent years there has been a great deal of activity in

excitation. the theory of pumpprobe and vibrational coherence measure-
ments of water and HOPRP26.28-30,34-43

2. Vibrational Spectroscopy of Water The idea of an approximately linear correlation between the

hydrogen bond length and the frequency red shift is an oldbne.

Figure 2 shows the IR and Raman spectra of widihe Originally, the correlation was developed by looking at the O
isolated HO molecule Witmzv Symmetry has three vibrations, -0 distances of water in solid inorganic hydrates whose
the two stretching vibrationsg,, and v, and the bending  structures were known from X-ray diffraction, and this correla-
vibration dn,0.% In the gas phaseg,, and vy, are located at  tion was frequently applied even in aqueous environments. The
3652 and 3755 cmt.2 Liquid water is an extensively hydrogen-  Skinner group® and the Hynes grodpboth tested the idea of
bonded environment. In this generally locally asymmetric liquid a length-red-shift correlation in liquid water using molecular
environment, it is better to think of the stretching vibrations simulations. During an MD trajectory, a tagged water molecule
von as local excitations of the OH atomic groébsvhose experienced different hydrogen bonding states and its instan-
frequencies are fluctuating on the picosecond time scale in taneous/on frequencies fluctuated. Both groups reported similar
response to time variations in hydrogen bondidey:2” Liquid- findings. There was a reasonably good correlation between
state hydrogen bonding results in an immense broadening andength and red shift, but at a givemy frequency there was
red-shifting of thevoy transition?526:2830 The effects of actually a range of hydrogen bond lengths (alternatively a
hydrogen bonding odw,o are less dramatic. The asymmetric particular length represents a rangevef; frequencies), with
shape of the~100 cnt?! fwhm transitiondn,o results from a the dispersion due to the spread of hydrogen-bonding angles
superposition of water molecules with varying states of hydrogen and variations in the states of the acceptor hydrogen bonding.
bonding3132 The water libron is not shown in Figure 2; it is Increasing the temperature weakens hydrogen bonding in
centered near 700 crhwith a fwhm of ~300 cn71.3132 The water. Figure 3 illustrates the temperature dependence of the
combination band of the bend and libron is seen in the 2000 vy transition of water. This transition makes a reasonably good
2500 cm! range of Figure 2. Hydrogen bond stretching thermometer. In equilibrium, at ambient temperature the average
excitations also not shown in Figure 2 are located in<200 number of HB in water is 3.59. WitAT = 75 K (i.e., at the
cm~! spectral region. boiling point, 100°C) this average decreases to 3*24As

In Figure 2 we have illustraté®la “bend overtone” region,  temperature is increased, the red part ofithgtransition loses
which was computed using the observed bend spectrum andintensity and the blue part gains intensityThe difference
the gas-phase anharmonic red sPiffThis figure suggests a  spectrum shown in Figure 3b exhibits a characteristic derivative
Fermi resonance in liquid water (i.e., a 2:1 resonance betweenshape that we shall see frequently in our data.
stretch and bend overtone) that does not exist in the gas phase The Fayer group has provided a spirited argument to the effect
and also suggests that the greatest coupling between stretch anthat data such as that shown in our Figure 3 and Figure 2 of ref
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11 should not be interpreted as arising from hydrogen bond AP = (aP/IOT) AT = (Blkp) AT @3]
weakening, but rather as arising from a temperature-dependent

change in the concentration of water molecules with a broken whereg is the coefficient of thermal expansion argis the
hydrogen bond. Théy argue that overall weakening would isothermal compressibility. For ambient wate€, = 4.2 MJ
result in a continuous blue shift with increasing temperature, K- m=3 and @P/oT)y = 1.8 MPa K%

whereas the actual spectra seem to consist of two components Most of the experiments reported here uggll = 30 K,
with varying amplitudes that shift very little. Although this is  which could be accomplished, for instance, with IR pulses
an attractive hypothesis and may very well be correct, we urge having E, = 9.5 4J and a Gaussian (Zjebeam radius, =
caution. Historical evidence has shown that vibrational spec- 150 um, tuned to 3310 cmt where the absorption coefficient
troscopy has not been a reliable method for determining water a. = 4660 cnv .46 The corresponding pressure jump would be
structures. In addition, at liquid densities where there is a broad 54 MPa (0.5 kbar). We feel that, to avoid confusion, it is
range of hydrogen-bonding parameters, it requires a certainimportant to refer to thpeakAT, even though it is more usual
arbitrary distinction to determine whether a hydrogen bond is to refer to theaverageAT. For water initially at 25°C, AT =

“present” or “broken”. 40 K peakwill bring the maximum temperature of the water
sample to 65C, but a jump ofAT = 40 K averagewill bring
3. IR—IR and IR —Raman Measurements the water at the beam center to above the boiling point and the

] ) ) ) ) water will explode in a femtosecond ablation process, which
3.1. IR Pumping. A technical issue that arises in water seripusly affects the relaxation and rate constéhts.

measurements results from the large IR absorption coefficient 3 5 Energy LevelsFigure 4a is an energy level diagram of
o in the vou region?® The (1/e) absorption depiti™ is less  \yater vibration$:2° Not shown in the figure are the “bath
than 1um at the water absorption peak, requiring an inconve- excitations” that result from the condensed-phase environment,
niently thin sample cell, especially if the water sample is to be g,ch as the librons and hydrogen bond stretches. The vibrational
flowed across the IR laser beam for thermal management. ThiSgtate of water is specified bynnOwhere n represents the
d|ff|qulty is in part the motivation b'ehlnd the more numerous stretching andY the bending states. In the experiments being
studies of HOD/RO, where by dilution can be tuned by the  giscussed here, an ultrashort IR pulse creates an initial excitation
experimenter. (The other motivation is the attraction of studying i the state|100] Within the voy manifold, probe pulses can
a molecule, HOD, with just one rather than two OH or OD  monitor three different types of transition§round-state
stretching _exutatlons.) Neverthe_less, researchers.have founcbbsorptionrefers to the|000— |100transition, excited-state
novel solutions such as nanofabricated cuvéﬁitﬂs_tunmg the emissiorto the|100— |00Ctransition andexcited-state absorp-
pump pulses to the extreme edge of the absorption speéfrum. +ion to the |100— |200transition.

An IR pump pulse heats the sample volume nonuniformly. 3.3, vibrational Relaxation (VR). VR pathways are usually
Femtosecond IR pulses usually have a nominal Gaussian radiakpecified in terms of the water vibratiomsy and dp,o.3435:39

intensity distribution. IR absorption causes the pulse intensity Thus for vo excitations, there are two competing VR path-
to be attenuated exponentially with increasing distance below ways349 shown in Figure 4a,
the irradiated surface. The hottest region of the sample is located

at the irradiated surface, at the center of the IR beam. The Vou — Op.o T (~1760 Crﬁl)
temperature jump at the hottest point will be denot&d. z
Because picosecond time scale heating is adiabatic and isochoric, Voy — ground stater (~3400 cm?)

a spatially nonuniform temperature jump creates a similar

nonuniform pressure jumfiP.>” The pressure jJumpP relaxes The former type of process is “stretch-to-bend” characterized

much faster than the temperature juip. The internal pressure by rate constanksg. A recent experimental estimate of the

causes a rapid volume expansion, primarily along the direction quantum yield for stretch-to-bend generation by Lindner &t al.

perpendicular to the irradiated surfécd=or a pumped volume  suggests that each quantum of stretch creates almost two bending

~1 um thick and an expansion at about the speed of sound quanta, in which case the-(760 cnt?) of excess energy in

(~1 km/s or 1umi/ns), AP should relax in about 1 ns. The the scheme above would appear mainly in the form of a second

temperature jump\T relaxes by thermal conduction into the bend quantum. The latter type of process is “stretch-to-ground

part of the liquid not pumped by IR, or into the windows of the  state” withksg. The voy lifetime Ty = (ksg + kso)~2. For the

sample cell. This cooling process typically occurs on the 100 bending vibration there is only one VR pathwi&y?!

us time scale, far slower than the picosecond time scale

measurements but faster than the 1 ms interval between laser 4100 — ground statet (~1640 cm )

pulses. For extra care in eliminating heating effects, many

researchers (including us) flow the water to refresh the sampleand thedp,o lifetime T: = (kgg) . Note that each pathway

between pulses. may represent a myriad of specific processes which differ in
With a Gaussian profile IR pulse of energy, theaverage the detailed distribution of excess energy in the bath. For

fluencedag = Ey/(ro?), but thepeakfluence at the beam center  instance, with bend-to-ground-state relaxation, #1640 cnmt

is twice thisvalue, J. = 2Ey/(nre?). The peak energy density — of excess energy might be distributed in a number of ways

E, in the water is given byg, = J.o.. Values ofa for pure among librons and hydrogen-bond excitations.
water are tabulated in ref 46. The peak temperature and pressure Regardless of the detailed mechanisms of water VR, itis clear
jumps aré8 that the time constant for a water molecule to lose its vibrational
energy to the surroundings, i.e., the time constant for generation
Jo 2Ep(x of the vibrational energy burst, is0.4 ps/-13this number being
AT = cC -2 1) an approximate time constant for decay of both the parent stretch
Pv argpC, and the daughter bend excitations.

One question that we feel needs additional investigation
and regards the number of intermediate states lying between
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Figure 4. (a) Energy level diagram for vibrational relaxation in terms  1ggp 2000 3000 [ l4000 1000 : 2000 300?/ ‘4000
of the water vibrationson anddn,o. The notatiorinn Cmeans quanta |/ wavenumber (cm-)
of stretch andn’ quanta of bend. (b) Phenomenological model to

; Figure 5. IR pump pulse creates an excitation iy that can be
describe ultrafast spectroscopy measurements on water.JO%estite onitored by either a Raman or an IR probe. Both probe methods can
is a metastable state with a local hydrogen-bond network that is

8 h . see a depletion of the ground-state absorption (Gs-D), an excited-state
disrupted by the burst of energy created by the relaxation@fT. is emission (Ex-E) and an excited-state absorption (Ex-A). (a) With Raman
a time constant for vibrational energy loss, anglis a time constant

> " . spectroscopy there is a Stokes and an anti-Stokes branch; at ambient
for thermalization of the bD* to produce a water ground state with  temperature the anti-Stokes signal is far weaker. (b), (c) The excited-
an equilibrium temperature jumAT.

state emission is observed in the anti-Stokes region and the excited-
. . . . state absorption and ground-state depletion in the Stokes region. In
V|brf_':1_t|onally EXCItedVQH water and the final state of_hf_eate_d the harmonic approximation (b) the excited-state absorption is partially
equilibrated water, or indeed, whether there are true distinguish- offset by the ground-state depletion. When anharmonicity is introduced

able intermediate states or rather a complex potential energy(c), the excited-state absorption is red-shifted from the ground-state
landscapé? A single-intermediate model with two phenom- depletion in the Stokes spectrum and the spectrum becomes bipolar.
enological time constants was originally proposed by Lock, (d) |.I’l the IR, in th_e h_armonic app_roximation, the gr(_)und-state depletion,_
Woutersen, and BakkafIn this model theroy state decayed B e EONR B0 200 B Re R e B e e ek ate.
with time constant’ FO gn intermediate st.ate denoted 0%, The absorpti%n is red-shifted and a bipolgr IR signal wilil be observed.
decay of voy was indicated by the disappearance of its

characteristic red-shifted excited-state absorgtief. Figures

5 and 9 below). The 0* state could in principle be probed via
transitions to its excited stretching state 1*. Subsequently, 0*
thermalized with time constantes to an equilibrium state

consistent with the temperature jurd@. The thermalization In a two-color IR pump-probe experiment, the signal is the
process was indicated by the rise of a blue-shifted spectral PUMP-induced change in the transmitted probe pulse inteffsity.

component denoting the creation of water with weakened In earlier water experiments the probe pulses were detected with
hydrogen bondingt The spectrum of this thermalized ground Single-channel photodetectd¥s but in more recent experi-

state should be the same as the spectrum of water heated in &'€NtS the probe was spectrally resolved by a spectrograph and
constant-volume thermostat. Measurements from the BakkerMultichannel photodetector arréy 4% Pump-induced changes

group wherevo only was probed gavé; = 0.26 ps andeq= in the probe intensity are small effects against a large back-
0.55 pst>16 Because the pD* state also lies along the path

ground, but excellent signal-to-noise ratios are achievable
betweenvon and the thermalized ground state, as shown in provided the laser pulses have good intensity stability. IR probe
Figure 4b, it is unclear how successfully we can employ a single

pulse signals are more difficult to interpret than either Stokes
intermediate model such as that shown in Figure 4b or whether ©F @nti-Stokes Raman signals, because the probe pulse transmis-
one or more additional intermediates such as Bakker’s 0* plus

sion is simultaneously sensitive to three processes, excited-state
H,O* are needed.

depletion and excited-state absorption, and both effects are
observed as small changes against a much larger background
signal®

emission, ground-state absorption depletion, and excited-state

£ .60
3.4. Raman and IR Probing. With a Raman probe, as ~ 2psorptiorf _ _

depicted in Figure Sa, a laser pu|5eaa!: is incident on the It is useful to consider what Raman and IR eXperlmentS would

sample and the inelastically scattered light is collected, spectrally Se€ in a baseline approximation where all vibrations were

resolved, and detected with a multichannel affawith no harmonic, and also in the more germane framework of weakly

pump pulses the Stokes signal is much more intense than thednharmonic excitations. The diagonal anharmonicity in water
anti-Stokes becaudw/kgT > 1 for water stretch and bend at IS ~250 cnm (~7% of the transition frequency) faroy and
ambient temperature. In our original experiméht&5457 we ~40 cnt! for dm,0 (~2.4% of the transition frequencyj.
investigated only the anti-Stokes (blue-shifted) emission, but ~ With the Raman experiment in the harmonic approximation
now we simultaneously monitor both Stokes (red-shifted) and (Figure 5b), excited states created by the pump would create a
anti-Stokes emissiohA Raman transienis the pump-induced  sudden intensity jump in the anti-Stokes redfiéAln the Stokes
change in the Raman intensity relative to a signal obtained with region the combination of ground-state depletion and excited-
a probe pulse thaprecedeghe pump pulse. The anti-Stokes state absorption lead to another sudden intensity jump of the
transients have proven especially useful. Anti-Stokes signals same amplitudé.The Stokes intensity jump results from a
arise from a single source, excited-state emission, and the exciteccombination of two partially offsetting factors. In the harmonic
states are detected against a nearly dark backgrddhe approximation the cross-section for excited-state absorption is
Stokes transients are more difficult to interpret. The Stokes twice that of ground-state absorption, so the ground-state
transients arise from two sources, ground-state absorptiondepletion leads to a signal reduction whereas the excited-state
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absorption leads to a signal increase that is twice as great. Wheris transparent to the visible (green) light used for Raman probing.

anharmonicity is introduced, as depicted in Figure 5c, the anti-

Measurements by Dlott’s grolihof the voy lifetime of HOD/

Stokes transients are not affected but in the Stokes spectrumD,0 were in good agreement with other groups. Tbg water
the excited-state absorption becomes red-shifted away from thelifetime was estimated at1 ps.

ground-state absorption. The Stokes transient in this case
becomes bipolar, with a negative-going part from the ground-
state depletion and a positive-going part of approximately twice
the amplitude due to the excited-state absorptitvhen the
anharmonic shift is smaller than the vibrational line width, which
is the case with water, clearly separating these two contributions
to the Stokes transient becomes difficult.

With IR probing, an interesting and well-known re$&fCis
obtained in the harmonic approximation (Figure 5d). In the
harmonic approximation there is no signal in an IR probe

transmission measurement. The ground-state depletion increases

the transmitted probe. The excited-state emission further
increases the probe by the same amount. But the excited-stat
absorption decreases the probe enough to exactly offset the oth
two effects. In the anharmonic IR case (Figure 5e), the IR signal
become bipolar, with a negative-going part due to excited-state
absorption and a positive-going part due to the combination of
ground-state depletion and excited-state emis%ion.

4. Brief History of Water VR Measurements

In the former Soviet Union in 1982, Vodopyanov and co-
workers$8 studied the IR saturation of wategy using a mode-
locked solid-state laser operating at 3406-énproducing an

One important feature of the RRaman method is the ability
to probe all water vibrations simultaneously, so the 2000 Dlott
papet® was notable in that it measured both the decay®f
excitations and the buildup and subsequent decay,@f The
Jn,0 bending vibrations were observed to build up with the
ps von lifetime and subsequently decay with a lifetime in the
range 0.6 ps T; < 1.2 ps. The quantum yielglfor the stretch-
to-bend relaxation pathwayon — on,0 was given as 1.& ¢
< 2.01°

In the 2002-2004 period, the Bakker grothp®and the Dlott

group:20:49.5457.76,77 continued their studies of water VR. The

éBakker group used an IR probe and a very thin liquid cell and

e}he Dlott group used Raman probing that does not require a
thin cell. The picture developed by the Bakker gr8upegins
with a rapid spectral diffusion proce¥sso that even though
the von excitations were generated by a narrow-band pump
pulse, they spread out if100 fs to fill the entirevoy band
shown in Figure 2. Theoy lifetime wasT; = 0.26 (more recent
experiments with greater time resolutidf318give a value
closer to 0.2 ps). As discussed in section 3.3, there was a single
intermediate called 0* on the pathway back to the ground state,
and the decay of 0* via thermalization to heated water occurred
with a time constanteq= 0.55 ps. This picture proved consistent

~100 ps pulse. In a 2-level system pumped in steady state, thewith subsequent results obtained by the Wiersma gféugo

intensity needed to saturate an optical transitign= hv/ot
whereo is the absorption cross section ani a time constant
for ground-state absorption recovéfyExceedingly high in-
tensities were needed to saturate thg transition, indicating
that 7 was much shorter than 100 ps. This time constant was
estimated to bea = 3 ps. Vodopyanov found that theoy
absorption of water began to saturate when the absorbed energ
densityJo. was about 1 kJ/cfpcorresponding to a temperature
rise of AT = 235 K. The saturation effect was attributed to a
massive blue shift of the absorption away from 3406 &m
caused by rapid isochoric heating accompanied by hydrogen
bond breaking?®

In 1991 the first pump probe measurements were made on
von of HOD/D,O by the Laubereau grou,but their 11 ps
pulse duration was too long to adequately resolve the HOD VR.
Beginning in 1997, several groups used two-color subpicosecond
IR techniques to studyopy of HOD/D;O; notable early
contributors include the Bakker groGh%7071the Laubereau
grouf2%3 and the Gale Bratos collaboratio372-74 In these
measurements, the pump and probe pulses were independent!
tunable and narrow-band (here “narrow-band” means signifi-
cantly narrower than the-400 cnt! fwhm of thevon absorp-
tion). Although there is some variance in reported values, most
recent measuremeftg?7’>give thevoy lifetime of HOD/D,O
asT; = 0.9 ps. The HOD/BO system has also been extensively
studied by pump-probe and multidimensional coherence meth-
ods.

The first pump-probe measurements on water were per-
formed in Bakker's group in 199%. Bakker's group was
studying the polarization anisotropy decay of HOBRZDwith

used the same two-color pumprobe techniques as in the
Bakker group, but who studied water in reverse micelles. When
the water-to-surfactant ratio becomes large enough, the behavior
of the water inside the micellé approached the behavior of
bulk water previously reported by Bakk&r16.21

More recently, the Elsaesser grédpi418and the Wiersma

Yroup? studied water using pulses that could be tuned into the

stretch, bend and in Elsaesser’'s experiments even the libron
regions. These studies provided a more comprehensive picture
of events subsequent i@ Or On,0 excitation. The thermal-
ization process is seen to be quite complicated and the induced
absorption changes associated with thermalization have a
complicated wavelength dependengsp fitting methods used
by different groups lead to slightly different time constants. But,
in general, the Wiersma and Elsaesser results agreed quite well.
The VR of voy appeared to originate from a single species,
which is indicative of ultrafast spectral diffusidf.The vou
lifetime was given as either 0.19 8sor 0.24 ps'® the dp,0
ifetime was given as 0.17 p5or 0.26 psi® and the time
onstant for thermalization was given &g = 0.8 ps by both
groupst213Note that thisteq= 0.8 ps value appears consistent
with Bakker’s 0.55 ps time constant because it includes Bakker’s
thermalization process plus the 0.2 ps bend decay process.

Work originating in the Dlott group appeared to be incon-
sistent with the Bakker resuls(and with future results that
would be obtained by the Wiersma and Elsaesser groups). In
work that followed the 2000 papét,the pulse duration was
improved from 1.2 to 0.8 ps, and 0.3 and 0.6 ps time constants
were observed in anti-Stokes transietits contrast to Bakker's

~0.3 ps duration pulses, as a function of deuteration, and theymodel, the 0.3 ps time constant was attributed to spectral
obtained a data point at zero deuteration (i.e., in pure water) diffusion and the 0.6 ps time constant was interpreted as the
using a 3000 cm® probe pulse on the red edge of they von lifetime 205456 An interesting result of the Dlott group
absorption. Shortly afterward, in 2000, the Dlott group studied experiments was the observation of two interconverting water
water using IR-Raman, with 1.2 ps duration puls&sThe large species, one characterized by a broad spectrum and the other
absorption of water in the IR was not a problem because waterby a narrower blue-shifted spectri#£456 The Dlott group
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Figure 8. Raman spectrum of water (dashed curve) compared to Stokes
and anti-Stokes transients obtained with 3140 pump pulses, at a

green probe pulses. The transient Stokes and anti-Stokes Raman spectdelayt = 0, with a final temperature increagel = 30 K. The anti-
of water are observed with a spectrograph and CCD detector. AdaptedStokes transient arises from excited-state emission (Ex-E) frem

from ref 53.
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Figure 7. Block diagram of the laser system. Key: SH&second-
harmonic generator; OPA= optical parametric amplifier; KTA=
potassium titanyl arsenate mixer crystal for mid-IR generation; DBS
= dichroic beamsplitter; PB- photodiode; Ge= germanium filter; IF

= 25 cntt fwhm interference filter at 532 nm; HNF holographic
notch filter, CCD= charge-coupled device optical detector. OPA1 is
tuned from 1.0 to 1.17@&m to produce IR in the 25604000 cnt?
range, and OPA2 is fixed at 532 nm. Reproduced from ref 20.

Ge

HNF

results will be discussed in detail below in the context of
Bakker's model.

5. Experimental Section

The conceptual layout of our experiment is shown in Figure
6.53 The sample was a flowing jet of water50 um thick. This
jet was optically thick in theroy absorption region. When the

IR pump pulses were tuned from the peak to the edges of the
von transition, the pulses penetrated more or less deeply into

the jet, but the number o excited states (equal to the number
of IR photons) remained approximately const&ithe liquid
jet was transparent to the visible Raman probe pulses.

A laser system schemadftis shown in Figure 7. Pulses of

and a narrower blue-shifted band attributedvtes 1 states of HO*.
Excited states of bD* are created by a two-step process: excitation
of vou followed by relaxation to HO* v = 0 and subsequent IR
pumping of HO* to the v = 1 state.

pulses are combined to generate IR, tunable throughout the
2000-4000 cnt? range. A typical IR pump pulse at 3310 cin

had a duration of 0.8 ps, a bandwidth 85 cnt! and an
approximately Gaussian spatial profile with @/beam radius

ro = 150um at the sample. The maximum IR pulse enefgy
was 43uJ. The 1QuJ, 532 nm green probe pulses had a duration
of 0.8 ps, a bandwidth of 25 cmh, and a beam diametes =

120 um. The smaller diameter Raman probe beam selectively
interrogated water at the center of the pump beam.

The 532 nm Raman detection system was designed for
simultaneous wide-aperturl.4) collection in both Stokes and
anti-Stokes regions—3800 cnt! to +3800 cntl) with a
spectral resolution of 25 cm. The emission from the sample
originates from an~100um diameter region, which is imaged
at unit magnification onto the 10@m spectrograph entrance
slit with a pair off/1.4 Nikon camera lenses. Between these
lenses is a pair of holographic notch filters (Kaiser Optical) to
remove elastically scattered light. An imaging spectrograph is
used that consists of twf1.4 Nikon camera lenses and a
holographic volume grating (Kaiser Optical). The spectrograph
images the spectral region 44867 nm onto a detector array
(Princeton Instruments) 1320 pixels in width. Each pixel is 22
um wide, giving a dispersion of 5.8 crifpixel. The system
resolution with a 10Q«m slit is 25-30 cnt2.

6. Results

In the results discussed here, unless otherwise noted the pump
pulse intensities were adjusted to gisd = 30 K. Figure 8
shows a typical pair of anti-Stokes and Stokes transients obtained
at the time delayt = 0. A coherent artifact due to nonlinear
light scattering (NLS) that appears near= 0 has been

1.2 ps duration at 800 nm were generated by a Ti:sapphire subtracted awadf,8182as described previougif3and discussed
oscillator. These pulses were amplified at 1 kHz to a final energy below. The narrow-band pump pulse was centered at 3148,cm

of 3.0 mJ at 800 nri A custom-built mask in the pulse stretcher

on the red edge of the wategy transition ¢lashed lineén Figure

narrows the frequency bandwidth to produce pulses with a 8). The transient Stokes signal is bipolar. It has two peaks and

temporal fwhm of 1.2 ps. The output pulses are split into two

one dip. The dip is caused by ground-state depletion. The red-

roughly equal parts. One part is frequency doubled to 400 nm shifted peak is caused by excited-state absorptidiX— |200).

and used to pump two optical parametric amplifiers (OPAs,
Light Conversion TOPAS 400/ps). One OPA is fixed at 532

The blue-shifted peak is caused by®+ absorption § = 0 —
1). Keep in mind that the laser pulse duration of 0.8 ps is longer

nm for the Raman probe. The other OPA is tuned from 0.952 than the~0.4 ps time to generate @* from vou. The anti-

to 1.176um. In a potassium titanyl arsenate (KTA) crystal,
the second part of the 800 nm pulses plus the 0:95276um

Stokes transient is entirely due to excited-state emisgidil(
— ]000). The anti-Stokes spectrum has a double-peak structure.
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The red-shifted peak is due to excited-state emission of water,

and the blue-shifted peak to emission ofQ4 in the v = 1
state.
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Figure 11. Transient anti-Stokes spectra in thgy region of water

with red-edge 3115 cmt pumping andAT = 30 K. The spectra were

fit using two Gaussian subbands plus a narrower Gaussian to represent
the nonlinear light scattering (NLS) artifact. Reproduced from ref 20.

correlation timer.. Whent, is a short time, molecules quickly
lose memory of their original transition frequency, so narrow
ground-state depletion features would not be observed. Because
our IR pump pulse duration is 0.8 ps, the narrowed ground-
state depletion feature in Figure 8 indicates thatannot be
very much shorter than the 0.8 ps duration of the IR pump pulse,
which is in good agreement with the cited classical simula-
ti0n5_25,26,28,30

Although the ground-state depletion is narrow, Figure4@
show that the excited-state emission is much broader. The
excited-state emission has a two-peak structure. As discussed
below, the blue-shifted peak is due to excited states &*H
The red-shifted peak has about the same width as the water IR
absorption in theroy region? This indicates that in theoy
excited staterc < 0.8 ps, in other words the frequency
correlation function decays faster in the excited state. There are
two reasons for this faster decay. First, the decay in the ground
state observed via the ground-state depletion occurs via equi-
librium fluctuations, but in the excited-state driven processes

Figures 9 and 10 show time-dependent Stokes and anti-Stokesnay also play a role. In the= 1 state ofvon, hydrogen bonds

transients obtained with either red-edge or blue-edge pumping.

(i.e., O--O distances) are expected to be a bit shorter than in

The NLS coherent artifact has been subtracted away. In the= 0, so upon excitation there is a driven reorganization of
Stokes spectra, the excited-state absorption (on the red edgehydrogen bonding that both the@py628.30.33.728%nd experi-
decays within 1 ps. As time increases, the ground-state depletionment.74.848%gree occurs on the 5@00 fs time scale. Second,
(the dip at the pump wavenumber) broadens. The absorptionin the excited-state vibrational excitations can quickly hop from
on the blue edge grows in and broadens. At shorter times thisone site to anoth&f so as to rapidly experience different

feature is due to pD*. At longer times, after~1.5 ps this feature

hydrogen-bonded environments without the need for oxygen

in the Stokes spectrum is caused by the weakened hydrogeror hydrogen atoms to move appreciably.

bonding associated with the temperature increA3e The

It is difficult to individually extract the excited-state absorp-

Stokes spectrum in this case closely resembles what is expectedion, ground-state depletion,,B* absorption and thermalized

for AT = 30 K, shown in Figure 3b.

absorption changes with high accuracy from the Stokes spectra,

We now discuss the physical basis behind the features seerbecause they are broad and overlapping features, so henceforth
in Figures 8-10. The ground-state depletion feature in Figure we will concentrate on the anti-Stokes spectra that are entirely
8 is broader than the spectral width of the IR pump pulse but due to excited-state emission. The anti-Stokes spectra clearly
narrower than the IR absorption or Stokes Raman spectrum.show a two-component structure, with the component on the
This is a hole burning effect that is a reflection of inhomoge- blue edge having the longer lifetime. This is true at all delay
neous broadeniin§® of the vou transition. Theorists using  times and for all pump frequenciésAfter 2 ps, only the longer-
classical molecular dynamics simulations can simulate equilib- lived blue-shifted component of the excited-state spectrum
rium fluctuations of the local hydrogen-bonding environment remains. These longer-lived excited states are attributed=to
of a tagged water molecut®262830As |ocal structures fluctuate, 1 of H,O*, which is produced bwoy created at the leading
the vou transition frequency also fluctuates. When a molecule edge of the IR pump pulse and then subsequently driven into
experiences stronger hydrogen bonding, the absorption is red-thev = 1 state by IR photons at the trailing edge of the pélgé.
shifted; weaker hydrogen bonding leads to a blue shift. The Figures 11 and 12 show how theoy spectrum can be
frequency fluctuations can be characterized by a frequency time-decomposed into two components (plus a NLS artifact), each
correlation functio®® [2(0) Q(t)[Jwhose decay although clearly  having a Gaussian line shapeThis NLS artifact is spectrally
nonexponential in tinfé can be approximately described by a much narrower than the water signal and it accurately tracks
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Figure 14. Time dependence of the peak locations and fwhm of the
with blue-edge 3500 cm pumping andAT = 30 K. The spectra were two Gauselan subbands seen in the antl-Stokes transients of water and
fit using two Gaussian subbands plus a narrower Gaussian to represenf!OP/D20: vor (Squares) and #0* (or HOD*, circles). Filled symbols

the nonlinear light scattering (NLS) artifact. Reproduced from ref 20. represent water data; open symbols represent HOD data. The pump
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Figure 12. Transient anti-Stokes spectra in they region of water
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are needed to describe thep region)?° To describe the blue-
edge pumping measurements with high fidelity, it is also
/ necessary to include a small subband on the blue edge, but this
[/ subband has the same time dependence as the dominant blue-
0 /! g shifted subbarid associated with the nonthermalized species
2000 2300 3000 3500 4000 2000 2500 3000 3500 4000 HOD*. The HOD data shows that the generation of HOD* is
400 not associated witlAT but is instead associated with single-
f=3ps molecule excitations. Additional evidence for HOD* can be
found in recent work from the Fayer laboratbryvho termed
the species denoted here as HOD*, resulting from OD-stretch
A A ‘ pumping, asa “transier_n phot_oproduct”. The Fayer experiments
G a0 3000 3800 00 S e e mvolv.ed much lower intensity energy burs’gs than 1|n water
wavenumber (om") experiments, beeau'se the OD-stretch energy2500 cntt and
Figure 13. Transient anti-Stokes spectra in they region of HOD/ the OD-stretch lifetime is 1.45 ps.Fayer -et al. repo_rte_d that
D,0 (10% HOD) with blue-edge 3550 crhpumping andAT = 3 K. hydrogen bonds broke more slowly than in water (witki®00
A narrowed blue-shifted, longer-lived component is observed and fS compared t0~400 fs for water) and the HOD* decay to a
attributed to HOD*. This observation shows that the generation of the thermalized ground state was also slower than in watdr§
metastable HOD* species depends on single-molecule behavior, notps compared te~0.6 ps in water). It can be noted that the
the value of AT. The broad band at~2500 cnt is due towvop spectroscopic changes associated with this “transient photo-
excitations created byon — vop relaxation. Reproduced from ref 20. product” are subtle and were not observed in a 2005 study from
the IR—visible pulse cross-correlation, so we can easily subtract Bakker's laboratory’
it from the spectra as shown in these figures. In earlier works ~ Figure 14 shows the peak frequencies and fwhm of the two
the broader red-shifted and narrower blue-shifted componentséXcited-state’ = 1 subbands of water and of HOD/O created
were termedvf,, and v8,,205456.79.83|n light of the picture with red-edge pumping, mid-band pumping and blue-edge
established by the works from all laboratories mentioned above, PUMPping. The HOD* band in HOD/RD is red-shifted by-~100
R, is now attributed to water = 1 excitations and2,, to cm™ and is~50% broader than in water. As time progresses,
H,O*. Figures 11 and 12 shdW that blue edge pumping the s_ubben_ds typ_|cally un_dergo a blue shift, although the blue
produces a greater proportion ob®¥, indicating that HO* shift is minimal with the higher frequency pump pul2éghe
has a blue-shifted absorption as well as a blue-shifted emission /@t that time and excitation frequency affects theOH
Figure 13 shows anti-Stokes spectra obtained using a solutionSPECtrum clearly indicates that the®t species should not be
of 10% HOD/D:O2 In these experiments the excitation and ViEWed as a single state but rather as an inhomogeneous
pump conditions are the same as in the water experiments, pudistribution of states.
due to the reduced concentration of OH absorbers the temper- Figure 15 provides information about the VR pathways of
ature jump is reduced quite a BT < 8 K.20 Another significant ~ water and HO*. With red-edge pumping (Figure 15a) that
difference is that, unlike the water measurements where the 0.2Produces little of thes = 1 excited state of bD*, excited states
ps von lifetime was much shorter than the 0.8 ps laser pulse Of dn,0 are observed. These excited bending vibrations are
duration, here theoy lifetime of HOD is 0.9 ps. Figure 13  created by theron — dn,0 stretch-to-bend relaxation channel.
shows a new feature not seen in water, intermolecular vibrational However, with blue-edge pumping (Figure 15b) that creates
energy transfer between isotopically distinct species. Whgn ~ much more HO*, there is little or nodw,o observed.
excitations decay, they generatgp excitations of the BO Generally speaking, there are two ways to extract time-
solvent!® dependent information from data such as that in Figure 15. The
As shown in Figure 13, thepoy region of HOD also can be  more conventional method, which we term “single-wavenumber
described well with two Gaussian subbands (additional subbandstransients2° involves measuring the signal intensity versus time
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Figure 15. Transient anti-Stokes spectra of water with red-edge denotes the nonlinear light-scattering coherence artifact that gives the
pumping at 3200 cmt and blue-edge pumping at 3600 chand AT apparatus time response. (a) With red-edge pumpingdhsubband

= 30 K. The narrower peak at the pump wavenumber is an artifact builds up instantaneously and the®t subband and thé,o bending

due to nonlinear light scattering (NLS)+,0 is observed with red- excitation have a delayed buildup. (b) With blue-edge pumping both
edge pumping but not with blue-edge pumping. Reproduced from ref subbands build up instantaneously; at longer delay times both subbands
20. decay with the HO* lifetime. Adapted from ref 20.

0.9- 3115 vt pump von builds up instantaneously (as determined by the NLS signal)
and then decays with a time constant= 0.55 &0.05) ps.

0.8 The HO* has a delayed builduff. The HO* lifetime is T, =

0.7 0.75 &0.08) ps. Thedn,o bending vibration buildup mirrors
g ' thevon decay, and thén,o lifetime is T, = 1.4 ps. With blue-
w 061 edge pumping bothoy and HO* subbands appear to build up
-.E 051 instantaneously, and both decay witifa= 0.75 ps lifetime.
g O
% 04 7. Discussion

=]
0.3 7.1. Brief Summary of Experimental Results.Let us begin

by summarizing our most significant results:
1. We see two kinds of water. This is most evident in the
anti-Stokes spectra that arise frem 1 excitations (see Figures

) . ) 11-13). There is a red-shifted subband associated wjthof
Flgure 16. Anti-Stokes dat_a for water with 3115 _cﬁn red-edge water and a blue-shifted subband associated wiB*H
pumping, analyzeq by the smgle-wavenumper transient methad. h N ies h blue-shifted and d L
effective exponential decay time constant is extracted at each probe 2. The HO™ species has a blue-shifte and narrowed emission
wavenumber interval (10 cr) by fitting the time-dependent intensities ~ SPectrum compared teon. The HO* emission can be fitted
with the convolution of the laser apparatus time response obtained from using a Gaussian line shape peaked 3500 cnt* with a fwhm
nonlinear light scattering along with a single-exponential function. The of ~200 cnt?.
time constant on the red edge represestsdecay and the time constant 3. The HO* species has a longer excited-state lifetime than
on the blue edge reflects.8* decay. Adapted from ref 20. von, and its VR occurs by a characteristically different mech-
at a fixed wavenumber. Pumiprobe experiments using narrow-  anism that appears to produce much Iésg excitation.
band probe pulses automatically measure these single-wave- 7.2. Nature of H,O*. We can understand a great deal about
number transients. As an example, we extracted single- H,O* by looking at equilibrium water spectra as a function of
wavenumber transients from data obtained with red-edge 3115temperature and pressure. Even a brief inspection of water
cm~1 pumping. An exponential decay was convolved with the Raman spectra under extreme conditféfidmakes a very strong
apparatus response determined using NLS and then the decagase that HO* looks a great deal like supercritical watefor
constant was varied to obtain the best fit to the data. As showninstance, the Raman spectrifmat P = 40 MPa, T = 300°C
in Figure 16, this decay time constant ranged from 0.35 ps on quite closely resembles our,8* spectra, with a peak at 3550
the red edge to 0.7 ps on the blue edge. The single-wavenumbecm~! and a fwhm of 200 cmt.
approach for water has been criticized by more than one author Now some caveats are in order, because tf@*tstate we
because the single-wavenumber decay constant can reflect botlsee is metastable and cannot be replicated in an equilibrium
population dynamics and spectral evolutfB§371.75Spectral experiment. The local conditions due to the energy burst from
evolution away from the probed wavenumber increases the thevoy relaxation approximate a state of high pressure and high
decay rate, and spectral evolution toward the probed wavenum-temperature, but the density is fixed by inertial confinement at
ber decreases the decay rate regardless of the populatiorl000 kg/n3.
dynamics. An alternative procedure developed by Laubereau’s A 1998 study on Raman spectroscopy of supercritical ater
groug?® involves plotting the time-dependent amplitudes of concluded that the strength of hydrogen bonding does not vary
Gaussian subbands that might be frequency-shifting as themuch with temperature up to 50 at constant density. In
amplitude decays, which is clearly the case here as shown inother words, the blue-shifting and narrowing of the water
Figure 14. The results of this Gaussian subband analysis areequilibrium voy spectrum with increasing temperature is at-
shown in Figure 17. The NLS signal represents the apparatustributed mainly to a density decrease. Very close to the critical
time response function. With red-edge pumping (Figure 17a), point (P = 22.1 MPa, T, = 374°C, p. = 322 kg/n¥), thevoy

0.2 T T T T r !
2600 2800 3000 3200 3400 3600 3800
wavenumber (enr)
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spectrum is peaked at 3620 chwith a fwhm of only 60 cr?. H,O* H,O
Conditions where a spectrum very much like@%* is ob- 20
served®89 (P = 40 MPa,T = 300°C) correspond to a greater o B 20)

densityp ~ 600 kg/n®. So we think it is fair to conclude that
H,O* is characterized by a local environment with the strength
of hydrogen bonding similar to that of water at a density of 0.6
glc.

As discussed above, the spectrum we associate wi@®r H
clearly represents an inhomogeneous distribution of structures,
but we have to wonder why all our results seem to be consistent
with mainly two, rather than a multitude of water spe@&ghe
most satisfying resolution of this question is to think of04
as being water with a single broken donor hydrogen bond, as
suggested by the Fayer grotimlong with a broad distribution  Figure 18. Level diagram for the relaxation of #* in the ground
of other structural parameters. For us it is difficult to understand and vibrationally excited state. The notatipm'Umeansn quanta of
why there would be a sharp distinction between “intact” and stretch andn’ quanta of bend. In its _vibrational ground stateOH
“broken” hydrogen bonds in the dense liquid state. However, it relaxes to water by re-forming the disrupted hydrogen-bond network

: with rate constaritygs. Vibrationally excited HO* could relax to create
should be noted that models that posit a sharp cut off for vibrationally excited water, by hydrogen-bond re-formation with rate

hydrogen bonding, when used to calculate the spectrum of waterconstanti,,g, or by stretch-to-bend or stretch-to-ground-state relax-
with a single broken donor hydrogen botie®do output results  ation with rate constanteg or K,

that closely resemble our anti-Stokes spettra.

7.3. Interpretation of Time Constants Seen in IR-Raman
Measurements.In our anti-Stokes spectra, thgy and HO*
species have broad overlapping spectra. But at longer delay
times on the blue edge of the spectrum;O# is totally
dominant, so we regard our lifetime measurements 4*hs
reliable. The buildup of KHD* occurs with an apparent 0.55 ps
time constant® which is associated with the loss of vibrational
energy, both stretching and bending, from vibrationally excite
water. Measurements by other groups using shorter pulses giv:
a more accurate value for this time constant of 0.44 Pke
decay of vibrationally excited = 1 H,O* occurs with a lifetime
of 0.75 ps?° As discussed below, it is interesting that this time
constant is very close to the thermalization time constant
(ranging from 0.6 to 0.8 ps) seen in numerous IR experi-
ments?-1213.1516which represents the decay of ground-state
H,O* back to ordinary water.

Forvop relaxation, it is unlikely that we can get an accurate
value with our longer-duration pulses. Still it seems that the
most reliable values should be obtained with pumping and
probing at the red edge. In this case Figure 16 gives a decay
time constant of 0.35 ps. This time constant appears to
correspond to the 0.2 ps lifetime seen in measurements usin
shorter duration puls€si213.15.16.18

There are some features seen in our kinetics that are difficult
to understand. These are the time constant/éprdecay in
Figure 17a,b and fod,o decay in Figure 17a. In Figure 17a, H,O*(v=1) 0.8 ps ” 0.2ps 0.2
the von decay is best fitted using a 0.55 ps time constant, and 2 K OH keg MO kg
om0 evidences an unreasonably long tail out to several
picoseconds, which is inconsistent with its known 0.2 ps With the pulse durations used in our experiments igi¢and
lifetime. In Figure 17b where b|ue_edge pumpmg is used' the 6H20 SpECieS will be low-concentration short-lived intermediates

apparentroy lifetime asymptotically approaches the 0.75 ps in the steady state and will appear to contribute very little to
H,O* lifetime. our observed spectra.

7.4. Mechanism of HO* Relaxation. The relaxation of
H,O* into water has previously been described as a “thermal-

hydrogen-bond re-formation occurs in about 118%,%3 which
is suggestive that re-formation, rather than energy dissipation
is the rate-limiting step in bD* relaxation.

The relaxation of vibrationally excited @* is illustrated in
Figure 18. The relaxation could occur either by hydrogen-bond
re-formation, to create vibrationally exciteg®l (i.e.,von) with
rate constankyg, or by stretch-to-bend or stretch-to-ground-
d state relaxation with rate constarkg, or ks We believe we
eshould rule out the possibility that= 1 H,O* relaxes into the
vibrational ground state of #0; this would involve making new

hydrogen bonds while simultaneously releasing a large packet
of energy.

The major features in our data could be explainedJDH v
= 1 relaxes by either one of two mechanisms, stretch-to-ground-
state or hydrogen-bond re-formation. However, we tend to favor
the latter explanation for two reasons. First, the fact that the
measured lifetimes of ground-state®¥ (0.8 ps) and vibra-
tionally excited HO* (0.75 ps) are identical is suggestive that
both relax by the hydrogen-bond re-formation mechanism. In
other words in Figure 18,5 ~ kug. Second, there are two
minor features of our data, the long tail in thge,o decay in
Figure 17a and the convergence of thg; and HO* decays
%n Figure 17b, which seem more consistent with hydrogen-bond
re-formation. In this view the low-amplitude long-time tails of
von anddn,o are generated by the process

:S ground state

8. Summary and Conclusion

ization” procesg>1%1n light of our discussion of the hydrogen- The 1982 work by Vodopyanov and co-work&rsvas
bond disruption associated with,®&*, we should refine this remarkably insightful. They deduced that vibrational absorption
interpretation to include hydrogen-bond re-formatiéis the of von in water, using intense 100 ps IR pulses, was strongly

burst of energy created byon relaxation dissipates, the affected by weakened hydrogen bonding resulting from multiple
disrupted hydrogen-bond network will re-form into an equilib- successive excitations combined with adiabatic isochoric heating
rium state consistent with a new temperature elevatedy occurring during the pump pulse. Using a measured energy
We could view this as a two-step process, energy dissipation density of 1 kJ/cr¥y they deduced a temperature rise of 235 K
followed by hydrogen-bond re-formation, leading to the mea- at the end of the pulse which, assuming eq 2 holds, corresponds
sured lifetime of 0.8 ps. Molecular simulations show that to a pressure of 420 MPa. They then displayed temperature-
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dependent IR spectra from 20 to 580 of HOD/D,O, obtained bath, which can induce transitions between the excited and
in studies of supercritical water at 25 MPa, showing a strong ground states. These forces are characterized by a-ftwoee
blue shift and narrowing effect similar to what we see feO# correlation function averaged over all bath degrees of freedom
However, because the Vodopyanov experiments were not time-Q, [ (t) IE(O)@. In the Landau-Teller method, the inverse
resolved, the effects that were observed could not be attributedvibrational lifetime {Ty)~* is proportional to the Fourier trans-

to metastable states such ag¥, but rather to laser-generated form of this force-force correlation function at the oscillator

thermalized supercritical water. frequency. It is exceedingly difficult to calculate the full
Ultrafast IR pump-probe experiments have done a good job quantum mechanical correlation function, so ordinarily a clas-
of measuring time constants associated witj@Hformation sical molecular dynamics (MD) simulation is used to calculate

and decay, but so far IR probe methods have not done a goocR classical analogk(t) F(O)L] yielding an expression for the
job obtaining reliable spectra of,B* or its cousin HOD*. We Vibrational lifetime,
believe this is a consequence of the nature of these probe

methods. At longer delay times when vibrationally excited water -1_ Qe oo o oring

has disappeared and only the longer-livegDHis present, the (T) = 2uhw f—oo dt & (1) F(O)Q) ®3)

IR spectrum is dominated by the derivative spectra (e.g., Figure

3) associated witlAT, so reliably extracting the smaller,8* whereQc is a quantum correction fact6®andu is the reduced
contribution is difficult’* We can suggest an intriguing method mass.

to study HO*, a pump-pump—probe method where a first In deriving eq 3, an important assumption of linear response

pump pulse is used to generateQ¥ from voy relaxation. At (weak coupling) is made. It is assumed that excitation or VR
a time of about 500 fs when alby anddn,0 excitations have of the oscillator does not strongly perturb the bath, and this
decayed, a subsequent pump pulse would preparel states assumption is what makes it possible to calculBteising an
of H,O*, which could then be probed by the usual methods. equilibrium MD simulation to determine the relaxation of
The ability to more accurately characterized4 in our IR— oscillators driven away from equilibrium. Although this as-
Raman experiments stems from two factors, the longer-durationsumption is probably excellent for many molecular liquids, in
pump pulses that in effect function like the double pump pulses Water the fast burst of energy and the fragility of the local
mentioned above, to create a sizable population=sfl H,0*, hydrogen-bonding network result in a large disruption of the
and the unique ability of anti-Stokes Raman to selectively probe Path, which casts doubt on this central assumption. It may well
excited states only. In our experiments we are able to extract abe that Landatt Teller is adequate to calculate the lifetimes of
clean, unambiguous spectrum of®*,2° showing a peak at  von and dn,0 observed in pumpprobe experiments, but it
~3500 cnr! and a fwhm of 200 cmt. Comparison with seems doubtful that equilibrium methods would be useful to
equilibrium spectra then suggests that® looks a great deal ~ understand subsequent events such as VR of the dauihter
like supercritical water at~300 °C (~600 K), which is excitations created by eon parent, the behavior of #0* and
consistent with our admittedly simplistic estimates of the SO on. Nonequilibrium simulations such as those used by Dong
effective temperatures obtained by redistributing the energy of and Wheelé? to investigate water VR or by Kabadi and Rize
a singlevoy excitation on a single water molecul& £ 1100 to investigate VR of nitromethat® might be needed.
K), two molecules T = 700 K), three moleculesl(= 570 K),
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What are the implications of this uniqgue metastable state of
water created byon excitation? The first is simply a sense of
wonder that vibrational energy in water is weirder and more
interesting than we had imagined. It is not that; excitation
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