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Transient absorption of vibrationally excited water
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We study the spectral response of the transition between the first and the second excited state of the
O—H stretch vibration of HDO dissolved in liquid,D with two-color femtosecond mid-infrared
spectroscopy. The spectral response of this transition differs strongly from the fundamental
absorption spectrum of the O—H stretch vibration. In addition, excitation of the O—H stretch
vibration is observed to lead to a change of the hydrogen-bond dynamics of liquid water. We show
that both these observations can be described with a refined quantum-mechanical version of the
Lippincott—Schroeder model for hydrogen-bonded- 68 systems. ©2002 American Institute of
Physics. [DOI: 10.1063/1.1432697

I. INTRODUCTION excited-state absorptiorv §,=1—2) of the O—H stretch
vibration of HDO dissolved in PO with two-color femto-

The hydrogen-bond dynamics of liquid water play ansecond mid-infrared spectroscopy. The time-dependence and
important role in chemical processes occurring in aqueougpectral shape of this excited-state absorption gives new in-
medial”? For instance, the formation and breaking of hydro-formation on the dynamics of hydrogen bonds in liquid wa-
gen bonds between water and reacting molecules cagr, and on the coupling between the O—H stretch vibration
strongly affect the kinetics and energetics of chemical reacand the O—H--O hydrogen bond.
tions. In addition, the hydrogen bonds in liquid water can
influence chemical processes by weakening specific chemiji. EXPERIMENT
cal bonds. A special but very important example of this effect

is the process of proton transfer in liquid water. The forma- 1 n€ dynamics of the O—H stretch vibration of HDO dis-
tion of an O—H--O hydrogen bond weakens the O—H solved in BO are studied with a two-color mid-infrared

chemical bond, thereby enabling proton transfer via an expump—prpbe ex.perlr_’neﬁ‘i. The puls_,es are generated via
change of these bondé. parametric amplification processes in BBO and KTP crystals

A powerful tool for investigating the dynamics of liquid that are pumped by the pulses delivered by a regenerative

water is femtosecond mid-infrared spectroscopy. In most O}J'I:sapphlre ampl|f|e|(10'0 fs, 800 nm, 1 .mJ, ! k.H.|zThere
are two separate chains of parametric amplification pro-

the work using this technique, not pure liquid water, but a .
: . . . . . (=77 Tcesses, in order to produce pump and probe pulses that are
dilute solution of HDO in BO, an isotopic variety of liquid b pump P P

independently tunable between 2.7 ang. The pulse en-

water, was investigated. The molecular dynamics of this Sysérgies are approximately 1@ for the pump and 1J for the

tem were observed to be dominated by three time constant§i e Both pulses have a duration of approximately 150 fs
(i) The population relaxation tim&, of the O-H stretch 54 are polarized in the same direction. The pump and probe
vibration, for which values between 0.7 and 2 ps have beeBuIses are focused into the sample by separate @aises.
reportec®™*?> The value of T; exhibits a pronounced The sample is a solution of 0.5% HDO in,O and is
temperaturé and frequency’ dependence(ii) The solvent  ¢ontained between two infrasil windows, 26n from each
relaxation timer , identical to the O—H frequency-shift cor- other, The absorption spectrum of the O—H stretch vibration
relation time. This time constant was found to be on thegf the HDO molecule has its maximum at 3420 ¢n(2.9
order of 1 picosecond;**in good agreement with the re- ,m) and has a width of 260 cnt. The pump pulse is tuned
sults of molecular dynamics simulatiohs™™ (iii) The orien-  tg a particular frequency in the O—H stretch absorption band,
tational correlation timerg, for which a value of approxi- and the spectral response of this excitation is monitored by
mately 2.5 ps was measur&t:® This value agrees very well measuring the probe transmission as a function of probe fre-
with findings from NMR, laser spectroscopic, and molecularquency. More details on the experimental setup can be found
dynamics studie®’ =23 The orientational and hydrogen-bond in Ref. 24.
dynamics of the water molecules are strongly coupled, be- Figure 1 presents transient absorption spectra of the
cause the energy barrier for molecular reorientation dependS—H stretch vibration at a delay of 300 fs. Each spectrum is
on the length of the hydrogen boA#° obtained with a different central frequency for the pump
In this paper, we report on the investigation of the pulse. For probe frequencies3300 cm'%, the signal is posi-
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FIG. 1. Transient spectra of an aqueous solution of 0.5% HDO dissolved iffIG. 2. Transient spectra of an aqueous solution of 0.5% HDO dissolved in
D,O obtained with three different pump pulses. The spectra are measured BO after excitation with a pulse centered at 3580 &nThe solid and thick

a delay of 300 femtoseconds after excitation by the pump pulse. The solidashed curves represent transient spectra that are calculated with the modi-
curves represent transient spectra that are calculated with the modifidiied quantum-mechanical Lippincott—Schroeder model described in Sec. lll.
quantum-mechanical Lippincott—Schroeder model described in Sec. Ill. Thdhe thin dashed curve represents the experimental linear absorption spec-
dashed curves represent calculated thermal equilibrigg=0—1 and  trum of the O—H stretch vibration.

von=1—2 absorption spectra.

liquid D,O has been studied theoretically by several authors,
either with a correlation function approath® or with a
Brownian oscillator model*?%2° In this latter model, the
%ﬁects of hydrogen bonding on the O—H stretch absorption
spectrum are described with displaced harmonic hydrogen-

tive and results from the bleaching of thg,=0—1 tran-
sition. For frequencies<3300 cm'?, the signal is negative
and results from the inducat,y=1—2 absorption. For all
three pump frequencies, the bleaching is narrower than th

=0—1 (li i hich hat th
vor=0 (linean absorption band, which means that t ebond potentials corresponding to the ground staigy(

excitation leads to the formation of a spectral hole in an_ o dth ited state (.— 1) This description vield
inhomogeneously broadened absorption band. Because the ), and the excited state &;;=1). This description yields

O—H stretch frequency is strongly correlated to the ©O-®l a Gaussian-shaped linear ab_sorption spectrum, in quite g_ood
hydrogen-bond length2 the excitation of a spectral hole agreement with the experimentally observed absorption

implies that a subset of the thermal distribution in hydrogen—SDp‘(a)leim of It:he OIH s;reztcht\/_|bra}t|on ?J ';”tDO dfslolvgd In
bond lengths is excited. 20. From Figs. 1 and 2, it is clear that the,=1—

Interestingly, the shape of they=1—2 induced ab- absorption spectrum has a strongly non-Gaussian shape that

sorption spectrum strongly differs from the nearly Gaussiarfl_";‘]nngt be_at(_:cour}t?g for _byl thg BLownlz?n oscnla:or model.
shape of the linearu(;y,=0—1) absorption spectrum. The € description of th&oy=1—2 absorption spectrum re-

induced absorption is much broader and strongly asymmefl'!'¢s & more advanc;ed model that, in contrast to Fhe Brown-
fic, being much steeper on the high-frequency side than off" oscillator model, includes strong anharmonicities for the

the low-frequency side. The steep high-frequency side Caﬂotentials of the O-H stretch and the O~ hydrogen-

partly be explained from the cancellation of the bleaching onicoor(:ln?tes. —_p q o fth h .
and the induced absorption in this frequency region. How- S @ starting point for a description ot thé anharmonic
coupling between the O-H stretch vibration and the

ever, even after correction for this effect, the induced absorp-
tion remains strongly asymmetric. O—H--O hydrogen-bond mode, we use the so-called

Figure 2 shows experimental spectra at four different]‘ippinCOtt._SChroedeﬂ‘S) model?" This mode_I is based on
delays after excitation with a pump pulse centered at 358 e experimentally observed strong correlation between the
cm . This excitation is in the blue wing of the absorption requency of the O—H stretch vibration and the length of the

. 5,26 . . . . .
spectrum of the O—H stretch vibration. With increasing de-o_H O hydrogen bond>*This correlation is surprisingly

lay, the spectral hole and the induced absorption show jimilar for systems that differ in the strength of local electric
’ |

broadening and a shift to lower frequencies. For the spectr elds and in the presence of hydrogen-pond_ interactions
hole this shift has been observed befdfe. other than the O—H-O hydrogen bond. This universal be-

havior can be explained from the fact that most interactions

1. QUANTUM-MECHANICAL MODEL affect the O—H stretch mode of an O~HD hydrogen-

FOR THE TRANSIENT SPECTRAL RESPONSE bonded system mainly by changing the length of the polar-

OF LIQUID WATER izable O—H--O hydrogen bond. These interactions thus have
o very little effect on the relation between the O—H stretch

A. Spectral response of the O—H stretch vibration vibration and the O—H-O hydrogen bond, and mainly ex-

inan O-H- O system press themselves in a change of the length of this bond.

The transient spectral response of thg;=0—1 tran-  Hence, the interactions between the O—H stretch mode of the
sition of the O—H stretch vibration of HDO dissolved in HDO molecule and its surroundings can be well-described
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with a single well-defined relation between the vibrational 3800
potential of the O—H stretch mode and the length of the
O—H--O. Such a relation is provided by the LS model. Of 3400
course, this description is not absolutely perfect, which -
means that at each O~HO hydrogen-bond length there will g 3000
be a narrow distribution of corresponding O—H stretch fre- 2 ¢
quencies. §

The potential energy in the LS model is the sum of a J 2200
potential-energy terriv, that depends both on the lengtlof =
the O—H bond and the oxygen—oxygen distaftef the T 1800
O-H--O hydrogen bond, and a potential-energy tevin © 1400
that only depends oR. The potentiaV, is®!

1000

24 26 28 3 32 34 36

Vl(raR):Dla[l_ein“{rfro)zlzr] (10710 m)
R0 m

+le[l_e—nlb(R—r—rO)z/Z(R—r)]_ (1)
FIG. 3. Calculated frequencies of thgy=0—1 and thevoy=1—2 tran-

The parameters 0!|(r R) follow from various experimental sitions as a function of the oxygen—oxygen distaficef the O—H--O

. ' Is th bindi hydrogen bond. These curves are calculated with the modified quantum-
observations. The enﬂ@lla equalst e O-H "? INg €Nergy  mechanical Lippincott—Schroeder model described in the text.
of water of 38 750 cm" (4.8 eV), n,, is determined by the
frequency of the O—H stretch vibration and equals 9.8
x10*m™1, rq represents the O—H bond length in the gasback to thev =0 state with a time constant that is deter-
phase(absence of a hydrogen bondand has a value of mined by the amount of nonadiabatic mixing. For this popu-
0.97x10 °m, andD,, is determined by the relations be- lation relaxation process, time constants ranging from 0.7—2
tween the O—H bond length the O—H stretch vibrational picoseconds have been reportetf

frequency and the oxygen—oxygen distafteAn excellent We can now construct hydrogen-bond potential-energy
description of these relations is obtained with,/D;, functionsW,(R) by addingE,(R) to the potential-energy
~1.53! Here we usé,=25000cm*. termV,,(R). The hydrogen-bond potentia¥, (R) are used

In the past, the LS model has mostly been used classto calculate the transient spectral shapes ofugg=0—1
cally. Only in a recent study by Staib and Hyriéshe model  and von=1—2 transitions. The comparison of the experi-
was used quantum-mechanically to calculate the vibrationahental spectra shown in Figs. 1 and 2 with calculated tran-
lifetime of the O—H stretch vibration. In the original classical sient spectra enables an accurate determination,,ofthe
treatment, the frequency of the O—H stretch vibration wasonly yet unknown parameter in the potenth)), and the
calculated from the second derivative of the energy in theshape of the additional potential-energy tekm(R). The
minimum of the potential-energy curve. Clearly, this proce-latter potential represents the electrostatic attraction of two
dure gives a rather poor account of the anharmonic characterater molecules at large distances and their repulsion at
of the potential at energies corresponding todhg=1 and  short distances. The experimental transient spectra can be
von= 2 vibrational states. Therefore, we perform a quantumwell-fitted using a Morse potential for, (R):
mechanical calculation by solving the one-dimensional (R
Schralinger equation for the O—H coordinateising the LS V(R)=D[1—e M(R"Fo}2, 2
potentialV,(r,R). We use an adiabatic approximation wikh  The calculated transient spectra are not very sensitive to the
as a parameter, which implies that the first and second deralues ofD, andR,. Therefore these parameters are chosen
rivative of the vibrational wave functions of the O—H stretch such that the hydrogen-bond potenti#/,(R) [ =Ey(R)
vibration with respect tdR are neglected. This type of adia- +V,(R)] of the vibrational ground state of the O—H stretch
batic approach is commonly used in describing the couplingibration has the correct average dissociation energy and the
between a high-frequency O—H stretch vibration and a low<€orrect average equilibrium hydrogen-bond length. We use
frequency O—H-O hydrogen bond®=3 The calculation is D, =2000 cm* and R,=2.88x 10" m. This results in a
performed using the numerical Numerov meti®@nd re-  potential Wo(R) with a dissociation energy of 1900 ¢rh
sults in vibrational eigenfunctions and vibrational energiesand an equilibrium hydrogen-bond length of 2.85
E, as a function oR for all statesvoy. x10 m, in good agreement with the experimental

The adiabatic approximation will be valid if the motion observations.The transient spectra are very sensitive to the
in Ris much slower than that in The characteristic frequen- values ofn,, andn,, . The asymmetry of theg,=0—1 and
cies of the hydrogen-bond vibration of 200 chi’ and of  vou=1—2 absorption bands is strongly determinedrhy,
the O—H stretch vibration of 3400 cmh indicate that the and the width of these bands dependsngn From a simul-
adiabatic approach is a quite good approximation. Of courséaneous fit ofn, and n, to the transient spectra, we find
the approximation is not perfect, and there will be a smalin,=16.5(1.0x10°m™? and n;=2.9(0.2)x 10" m™ 1.
mixing of the hydrogen-bond levels associated with theThe value ofn,, implies thatD,;n,,~D,n,, as was the case
vou=1 state with high-energy hydrogen-bond levels associin the original classical version of the LS mod&l.
ated with thev o= 0 state. As a result, the population that is Figure 3 shows the frequencies of thgu=0—1 and
excited by the pump pulse to the),=1 state, is transferred voy=1—2 transitions as a function of the oxygen—oxygen
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FIG. 4. Hydrogen-bond potentials for the,=0, 1, 2 states. These func- FIG. 5. Vibrational potential/, for three different oxygen—oxygen distances
tions are obtained by fitting the parameters of the modified quantumR of the O—H--O hydrogen bond as a function of the O—H bond length

mechanical Lippincott—Schroeder model to the transient spectra of Figs. Also shown are the vibrational wave functions of thg,=0, 1, 2 states for
and 2. Also shown is a schematic picture of the burning of a spectral hole ifg= 2 g5x 10-1° m.

the thermal hydrogen-bond distribution M, and the generation of a non-
equilibrium distribution inW, .

distanceR. The calculated o4=0—1 transition frequency R=3.8x1071°m. In the same 400 points, the transition di-
shows a strongly nonlinear dependenceRpin good agree-  pole matrix element between the wave functions belonging
ment with experimental observatioffs:® Figure 4 shows the g .,,=0,1,2 are calculated:uoy(R) =(1(r:R)|r| b0
hydrogen-bond potential®/o(R), W;(R) andW5(R) (cor-  x(r;R)), w1 R)=(o(r;R)|r|#1(r;R)). The excitation-
responding t@on=0,1,2 states induced holeAny(R) in the thermal population distribution
The origin of the large width and asymmetric shape ofof W, (R), and the excited population distributidm,(r) in
thevoy=1—2 absorption spectrum can be understood fromyy, (R) are proportional to the spectral intensity of the pump
the change of the distribution iR upon excitation of the  and the linear absorption cross section, both at the frequency
O-H stretch vibration. We find that the hydrogen bond short-,(Ry=[w,(R) —W,(R)]/h, with h Planck’s constant.
ens from Req¢=2.85<107"m in vou=0 10 Req1=2.80  |n calculating Ano(R) and An,(R), we also consider
X107m in vou=1 and Req=2.65<107'°m in voy  the homogeneous contribution to the absorption line-
=2. Figure 3 shows that theoy=0—1 andvoy=1—2  wjdth. The homogeneous broadening smoothens the
transition frequencies change more rapidly wRhat small  correlation betweerR and the transition frequency(R),
values ofR than at large values dR. Hence, for a given and thus broadensAny(R) and An;(R). To account
distribution of R, the SpeCtral response of the transition be'for the effects of homogeneous broadening in the excita-
tween two neighboring states of the O—H vibration will tion process, the pump—pulse spectrum is convoluted
broaden with increasing vibrational quantum number. Theyjth a Lorentzian with a width of 90 ciit before calculating
von=1—2 transition frequency changes very rapidly in theAno(R) and An,;(R). This homogeneous width of
interval 2.6<107 ! m<R<2.9x10 *°m that corresponds g0 cmi ! is in good agreement with the result of a recent

to the thermal distribution oR in the vou=1 state. The femtosecond mid-infrared photon-echo study of HDO dis-
rapid change of the o4=1—2 transition frequency in this solved in 0.3

interval can be explained from the shape of thdependent The distributions Ang(R) and An;(R) are delay-
potential-energy contributiol,(r,R). In Fig. 5, the poten- gependent, because the pump is a Gaussian pulse
tial V(r,R) is shown as a function of the O—H bond length \ith a pulse duration of approximately 150 femtoseconds,
for three values of the oxygen—oxygen distarRe At and becauseR changes in time(these dynamics are
oxygen—oxygen distancébelow 2.7< 10" ' m, the poten-  described in the following subsectiorThe transient spec-
tial V(r,R) becomes very broad at energies that corresponglym at a particular delay after the pump is calculated
to the energy of theoy=2 state. This broadening of the py multiplying Any(R) and An,(R) with the R-depen-
potential leads to a strong decreaseEsf. Hence, in this  gent transition probabilities of theq,y=0—1, vop=1—0,
region ofR, a small variation irR leads to a large change of and y,,=1—2 transitions, to determine the bleaching
E>. As aresult, the transition frequency of thgy=1—2  contribution, the stimulated emission contribution and
transition varies strongly over the thermal distributionRf  the excited-state absorption contribution to the transient tran-
(with a width of ~3.6x 10" ** m at 300 K, which leads to a  sjent spectrum, respectively. To obtain the final calculated
strong broadening of theoy=1—2 transition. transient spectrum, the three contributions are added and
convoluted with the probe spectrum and a Lorentzian
with a full width at half maximum of 90 cm, that repre-

To calculate the transient spectra, the potental¢R) sents the homogeneous contribution to the absorption spec-
are calculated in 400 points betweB2.2<10 °m and  trum.

B. Calculation of transient spectra
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C. Hydrogen-bond dynamics in different O—H stretch For a system with harmonic potentials and Gaussian-
vibrational states shaped spectra, the spectral diffusion can be described with
sthe following autocorrelation function for the detuning

the adiabatic hydrogen-bond potentisi(R) could be cal- (‘Sw(t)l 2%f an oscillator from the center of the absorption
culated by solving the one-dimensional Salinger equation band™

in R with W,(R) as the potential. This type of description (5w(t)5w(0)>=D2e‘“m, (4)
would be appropriate for gas-phase hydrogen-bonded clus- . . .

ters in which the hydrogen-bond vibration is underdamped‘.’vhere D is the half-width at ¥ of the maximum of the

For these systems, the coupling between the O—H Stretcﬁaussmn spectrum. The value®f can be determined from

vibration and the hydrogen-bond mode leads to a hydrogent—he time dependence_ of the .ﬁrSt r_noment of the transient
bond vibrational (Franck—Condon progression of the ab- spectrunt. For harmonic potentials,, is exactly the same as

sorption spectrum of the O—H stretch vibratitSrHowever, "D that enters Eq(3).*" For the nonparabolic hydrogen-bond

in the liquid phase, the linear and transient absorption spectr%memialswv that follow frqm the LS model, this is no
of HDO:D,O do not contain sidebands and are very broad!onger, true. However, we find t_hat for the hydr_ogen-bond
This indicates that the hydrogen-bond vibrations of liquidPOtentialsW, the value ofrg , as it can be determined from
water are strongly overdamped, which implies that the Wavé;he c.je'lay dependence of the calculated first spectr'al mgment,
functions inR are strongly coupled to each other and to othe|negllglbly differs from the hydrogen-_bond dlffpsmn time
low-frequency liquid modes. The dynamics fare there- constantry. Therefore, in the following we will usep

fore not determined by the level spacing of the unperturbed 79" ) .

vibrational levels of the hydrogen-bond mode, but rather re- The model given above describes the hydrogen-bond dy-

sult from a stochastic modulation of the valueRPofiue to the ~ "aMICS Ihn e?fthf th_e !nd|V|duaI pOteﬂt'aNUI.(dR)’ V]th']Ch di
frictional interactions with the surrounding liquid. This type means that this description presumes the validity of the adia-

of dynamics can best be described as a diffusion process patic approximation. It should be noted that for oscillators
the potentiaW, (R) that show a nonadiabatic transition from,(R) to Wy(R),

If the hydrogen-bond potentials were harmonic, the dif_the hydrogen-bond dynamics will likely be different, since a

fusive hydrogen-bond dynamics could be desCribecponadiabatic transition leads to a strong increase of the ki-
analytically'*23However, for the strongly anharmonic po- netic energy of the hydrogen-bond motion. However, a nona-

tentialsW,, W;, andW, that result from the LS model, the d'?bat'%ttranti't'onbalip |m|pI|es thdat ;chte O_hH r(]) §C|Ilz;1_tor thhast
hydrogen-bond dynamics must be calculated numericall)f.e urnea 1o the vibrational ground state, which implies tha
he oscillator is no longer observed in thgy=0—1

We describe the hydrogen-bond dynamics with classical . . N i .
wave packets of which the dynamics are allowed to be dia_bleachmg signal and theoy,=1-2 induced absorption.

ferent on theWy(R) and W,;(R) hydrogen-bond potentials. This means that the hydrogen—bqnd d_ynamlcs pbsgrved n

In related previous microscopic semiclassical treatments, th € trap5|ent spectra fgrm the adiabatic dynamics, i.e., t'he

dynamics on the potential-energy surfaces of the ground an namics 9f those oscillators that do not undergo nonadia-

excited state were calculated using molecular dynamicg’atIC transitions.

simulations’®=*?Here, we describe the dynamics of the hy-

drogen bonds as a diffusion process in a potential wellV- PISCUSSION

W, (R). As a result of this diffusion, the excited distribution The modeling of the hydrogen-bond dynamics with a

An,(R,t) of hydrogen bond lengths equilibrates to a thermalsingle diffusive process does not provide a good description

distribution in the potentialV,(R). of the transient spectra of Figs. 1 and 2, especially in the
The time dependence afny(R,t) and Any(R,t) that  region of thev oy=1—2 transition. This is illustrated in Fig.

results from the stochastic modulation of the oxygen—oxyges, in which the frequency at which the induced absorption

In principle, the hydrogen-bond dynamics within each o

distance, is calculated with a diffusion equatfGn: changes into a bleaching is presented as a function of delay
for a pump frequency of 3580 cm (corresponding to the
dAn, Lﬁ d%An, *W, dAn, dW, data of Fig. 2. The experimentally observed frequencies are
ot 27 (;T+/3A”v JIR? B JR IR |’ compared with the results of two calculations in which the

(3  hydrogen-bond dynamics is purely diffusive. At short delay
times (<500 fg, the experimentally observed zero-crossings

where g is the Boltzmann factor k5T, L, is the half-width  can be well-fitted with a fast diffusion process with a time
at 1k of the maximum of the equilibrium distribution in the constantro=600 fs, but for longer delay times>1 p9, this
potential W,(R), and rp is the characteristic time scale for gives a poor description of the experimental observations. At
the diffusion process. Fory we used a value of 700 femto- these longer delay times, a much better description is ob-
seconds, equal to the measured autocorrelation time constamined with a slow diffusion process with a time constant
of R® We solve Eq(3) numerically by discretizing thRand  7,=950 fs. Hence, we observe that in the first 500 fs after
tin steps6R=0.4x 10" > m andét=2 fs, respectively. The excitation, the transient spectra show a rapid shift to lower
time constantr for the transfer of population between two frequencies. This rapid shift is followed by a much slower
bins is related torp via 7s=27p(SR/L,)? in the case of a evolution to the final thermal distribution.
hop downhill in potential energydW,<0). For a hop uphill During the first 500 femtoseconds, the transient spec-
(6W,>0), 7= 275(SRIL,)? exp(BW,). trum changes more rapidly at frequencie8450 cm * than
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3440 Al ‘ ' ‘ ‘ g pulse to thevoy=1 state leads to a rapid changeWf to
S Pump =3580 em™ | W,, and thereby to a change of the local potential. This
change of the local potential induces a rapid adaptation of

P 3400 the hydrogen-bond length. For the hole that is burnt i
& 3380 =0, the local potential does not change, and therefore the
%" dynamics of the hole only result from the diffusive reorgani-
§ 3360 zation of the local liquid structure. The presence of a signifi-
S 3340 cant fast component in the hydrogen-bond dynamics of lig-
% 3320 uid water implies that water molecules can adapt to changes
N in charge distribution or molecular orientati¢for instance
3300 as a result of chemical reactioren a time scale that is much
3280 , , , , , shorter than that of the spontaneous reorganization of the
05 0 05 1 1.5 2 25 3 liquid.
Delay (ps) The time constant;,=170+40 fs of the contraction of

G, 6. F hich the bleaching in th _ o the hydrogen-bond length in theqgy=1 state is much
. 6. Frequency at which the bleaching in the transient spectrum chang : _ )
into an induced absorption as a function of delay. The points are obtained t??horter than the j[lme_ constany . QSO—_F 10_0 fs of the spon
exciting the O—H stretch vibration of a solution of 0.5% HDO ip(at aneous reorganization of the liquid. This suggests that the
3580 cnmil. The dashed curves represent calculations in which thefast initial response is a local effect, involving only a few
hydrogen-bond length is stochastically modulatédiffusion) in the water molecules. Neverthele9$,, is still much Ionger than a

hydrogen-bond potentiad/, and W, . The solid curve represents a calcu- Nt . .
lation in which the hydrogen bond is stochastically modulated and in addi-quqqer of the oscillation period of approximately 160280 .
tion experiences a fast shift with a time constapt= 170+ 40 fs towards  CM ) of the undamped O—H-O hydrogen-bond stretch vi-

the minimum of thew, potential. bration. Hence, the fast adaptation of the hydrogen-bond
length is still an overdamped motion. The time constgnt
=170+40 fs is very similar to that of the fast component of

. _1 . . .
at frequencies>3550 cm”, which indicates that the fast the dielectric relaxation of liquid water that was recently ob-

process has a much stronger effect on #lag=1—-2 - o004 with THz reflection spectroscdfyf®This fast dielec-

QUce_d absorptmn spectr_um than on thg,=0—1 bleach- tric component was also assigned to a local reorganization
ing signal. This observation shows that the fast component is

only active in thevgy=1 state. The solid curves in Figs. 1, fvolving only one or a few water molecules.
2, and 6 represent the results of a calculation in which the

hydrogen-bond length is stochastically modulated in the

vou=0 and voy=1 state with a time constant of 950
+100 fs, and in which the excited distributiofR,t) on the
von=1 potential has an additional rapid shift over a limited

distance, directly following its excitation. This shift, which In conclusion, we investigated the spectral response of

dep_ends on the _elapse(_j tim_e S"?CG excitaﬁon, cann_ot eaSiiMe excited-state absorption4,=1—2) of HDO dissolved
be incorporated in the tlme-ln\{a_lr|ant.d|ffu3|on equatlop Eq'in D,O on a femtosecond time scale. We found that this
.(3)' Thereforg, we model .the mmal ‘?‘h'ft phenomenologmally response is strongly asymmetric and much broader than the
n th? numerlcz_al calculation, W|th-t|me steps and excita- linear (voy=0—1) absorption spectrum. The spectral shape
tion time te,, with the transformation of the voy=1—2 transition can be explained from the
Any(R,t+ 8t)=An(R+Abt,t), (5) strong anharmonic interactions between the O—H stretch vi-
bration and the O—H-O hydrogen-bond. These anharmonic
A= (8 7in) XA (tex— 1)/ 7in) ® interactions are quantitatively described with a refined
In the description of this shift we incorporated the nonzerogquantum-mechanical version of the Lippincott—Schroeder
pulse duration of the pump and probe pulses. From a fitnodel. This model also provides an accurate description of
to the transient spectra of Fig. 2 that were obtainedhe relations between the hydrogen-bond length, the O—H
with a pump—pulse of 3580 cml, we find S=(5.6+1.2)  bond length and the O—H stretch frequency.
X 10~ 12 m for the total distance over which this shift occurs, From a detailed study of the transient spectral responses
and 7,,=170+40fs. This value ofS corresponds to 45 at different delays, we find that the dynamics of the
+10% of the distance between the center of the initiallyhydrogen-bond length in both theoy=0 and thevoy=1
excited hydrogen-bond length distribution and the minimumstate of the O—H stretch vibration are diffusive process with
of the W;(R) potential. a time constanto =950+ 100 fs. These diffusive dynamics
The presence of a fast initial component in theresult from the spontaneous reorganizations of liquid water.
hydrogen-bond dynamics of theg,=1 state can be ex- For thevpy=1 state, the hydrogen-bond dynamics contain
plained as follows. The oscillation in the hydrogen-bond co-an additional fast component with a time constapte 170
ordinate is overdamped, which means that each individuat-40 fs. This fast component is observed directly after exci-
oscillator will have a local hydrogen-bond potential that istation of thev oy=1 state out ob o,=0, and results from the
determined both by the potentis¥, and by the local con- rapid contraction of the hydrogen bond towards its new equi-
figuration of the liquid. The excitation with a short pump— libribrium position in this state.

V. CONCLUSIONS
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