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Vibrational Relaxation of the Bending Mode of HDO in Liquid D ;O
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The vibrational relaxation of the bending mode of HDO in liquiglbhas been studied using time-resolved
mid-infrared pump-probe spectroscopy. At short delays, the transient spectrum clearly shows-=tlie—

2 induced absorption and= 1 — 0 bleaching and stimulated emission, whereas at long delays, the transient
spectrum is dominated by the spectral changes caused by the temperature increase in the sample after vibrational
relaxation. From the decay of the= 1 — 2 induced absorption, we obtain an estimate of 3980 fs for

the vibrational lifetime, in surprisingly good agreement with recent theoretical predictions. In=the@ —

1 frequency region, the decay of the absorption change involves a second, slower component, which suggests
that after vibrational relaxation the system is not yet in thermal equilibrium.

I. Introduction energy transfer to modes of the surrounding bath. This renders
the bending-mode relaxation an interesting probe of the

Vibrational energy relaxation plays an important role in . . . L
9y piay P intermolecular interactions in liquid water.

condensed-phase chemistry, and this holds in particular for liquid
water. Many experiment&i® and theoreticd?~2° studies have Il. Experimental Section
therefore been devoted to the vibrational relaxation of liquid
water. For practical reasons, most of these studies were
concerned with the HDO molecule in dilute,©® or H,O
solution. Compared to liquid #D, such dilute isotopic solutions
have the important advantage that the HDO molecules are
sufficiently far apart for their interaction to be negligible.
Experimental work has focused mainly on the OH- and OD-
stretching modes of HDO, which are relatively easily accessible
to time-resolved nonlinear spectroscopic investigations becaus requency generation of signal and idler in AgGassults in
of their high absorption cross sections and frequencies. The first i fraraq pulses, which at 1450 chhave a duration of
experimgntal estimates of the OH-stretch vibrational lifetime ~200 fs, an energy’ of 1J, and a bandwidth of-150 cnrt
of H2D_O in DO were obtained by Vodopyanb@nd Graener (fwhm). A small fraction of the mid-infrared pulses is split off
etalzin 1_991. In sgbsgquent years, these studies weree followed, ity 4 wedged BaFwindow to obtain probe and reference
by experiments with improved tgmporal reSO'UW and pulses, the remainder is used as the pump pulse. The pump and
.measurgelr;l?glts of the OD-stretching mode relaxation of HDO 1 5pe nyises are focused and overlapped in the sample by means
in H20.> . . of a 100 mm off-axis parabolic mirror (focal diameters~af00
Whereas theory and experiment progressed more or Iess iny 4250 ,m for pump and probe, respectively) and transient
parallel for the stretching modes of HDO inD, the situation  5pq6rhtion changes are measured by frequency-dispersed detec-
is different for Fhe bendlng_mo_de. Several_theorencal predictions i of the probe and reference pulses using»a 22 HgCdTe
for the bending-mode lifetime HDO in & have been array detector. The polarizations of the pump and probe pulses
reporteck® 23 the most recent and accurate value being 388 fs, ,ie at the magic angle (arctd@) to eliminate effects of
but as yet it has not been determined experimentally. Here, We g jentational relaxation and/or resonant energy transfer. Isotopic
study the vibrational relaxation of the bending mode of HDO  55.p,0 solutions are prepared by mixing appropriate amounts
in D2_O using infrared pumppro_be spectroscopy, extendln_g Our  of H,0 (HPLC grade, Sigma-Aldrich) and,D (>99.9%D,
previous work on the kD bending modé? The HDO bending  Apolio Scientific). The experiments are carried out at room
mode has a frequency of 1460 cht’ by far the lowest of the o herature, on samples kept between two 2 mm thick, CaF

three intramolec_ular vibrations of th_e HDO molecule, thle OH windows separated by a %0n Teflon spacer. The contribution
and OD-stretching frequencies being 3395 and 2510°CM ¢ the solvent and the windows to the transient signals is

Consequently, vibrational relaxation of the bending mode cannot yetermined by replacing the HDO;O sample by pure FD.

involve intramolelcﬁuzligfnergy transfer, like it does for the OH- ¢ fing that this contribution is negligible for all delays outside
stretching modé;®2-2% and must occur completely through  yhe region where pump and probe have temporal overlap.

In our experiments, we resonantly excite the HDO bending
mode, and monitor the subsequent vibrational relaxation process
by measuring the frequency-dependent absorption change as a
function of delay time. Our optical setup is based on the design
reported by Hamm et &8 The output of a commercial amplified
Ti:sapphire laser system (1 mJ, 100 fs) is used to pump an
optical parametric amplifier based on BBO, resulting in
signat-idler energies of typically 10@8J. Subsequent difference-

*To whom correspondence should be addressed. E-mail: Ill. Results and Discussion
s.woutersen@amolf.nl. . . .
T FOM Institute for Atomic and Molecular Physics. Figure 1 shows the infrared absorption spectruina & M
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Figure 3. Points: transient absorption change 8 ps after excitation of
the HDO bending modefa 6 M solution of HDO in BO. Curve:
difference between the steady-state absorption spectra at 310 and 299
K, multiplied by 0.0095.
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Figure 1. Infrared absorption spectruni a 6 M solution of HDO in

D;0O. The arrows indicate the frequencies of th®xnd HDO bending

modes, and of the bending libration combination mode of fD. 0.2
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1420 1440 1460 1 1480 Figure 4. Transient absorption change as a function of ptipmpbe
probe frequency v (cm ™) delay, for several probing frequencies. The solid curves are the result
Figure 2. Connected points: transient absorption change after excita- Of & Simultaneous least-squares fit of eq 1 to the decays at all probing
tion of the HDO bending modef@ 6 M solution of HDO in O, for frequencies. The inset shows the same data the same x-scale and full
several values of the purmprobe delay. Dashed curve: absorption Y-Scale.
spectrum of the sample (scaled).

mode frequency increases with hydrogen-bond strength, since
hydrogen bonding steepens the potential-energy curve of the
bending modé?

D,O have been indicated by arrows. The shoulder&600
cmLis due to the bend- libration (v, + v) combination mode
of D,O? and the hardly visible peak at1650 cnt! to the Comparison of the temperature-difference spectrum with the
bending mode absorption of;B (present in a concentration of  transient absorption change at 8 ps (shown as the points in
0.2 M). Figure 2 shows the transient absorption change observedrigure 3) confirms that the long-term absorption change is
for a 6 M solution of HDO in BO, for several delays with  caused by the temperature increase following the vibrational
respect to the pump pulse. The dotted line represents therelaxation. Comparing the transient spectrum at 8 ps with the
absorption spectrum of the sample. At short delays, the transientdifference spectrumziok — 0200k, We find that a scaling factor
absorption change is negative around #tve 0 — 1 transition of 0.0095 is needed (see Figure 3). From steady-state absorption
frequency (from 1440 to 1490 cr¥) due to bleaching of = spectra recorded at several temperatures, we find that only the
0 — 1 transition and 1~ 0 stimulated emission and positive at amplitude (and not the shape) of the temperature-difference
lower frequencies (from 1405 to 1435 cH) due to 1— 2 spectrum changes with the magnitude of the temperature
excited-state absorption. Within a few picoseconds, vibrational increase. Hence, we can derive a temperature increase of (310
relaxation causes both the excited-state absorption and the299) x 0.0095= 0.1 K from the transient spectrum. From the
stimulated emission/bleaching features to vanish. It may be experimental parameters (focal diametef00um, energy~1
pointed out that, since the power spectrum of the pump pulseuxJ, sample thickness 50m), one can obtain an order-of-
is much broader than the absorption band of the bending mode magnitude estimate for the temperature increase by assuming
no hole burning occurs, and spectral diffusion is not observable that the energy is homogeneously distributed over a cylinder
in our experiments. The residual signal remains essentially with a height equal to the sample thickness and a diameter equal
constant for delay times after5 ps and can be explained by to that of the pump focus. This results in an estimate of 0.03
the increase in temperature that occurs after vibrational relax- K, which is of the same order of magnitude as the temperature
ation (the subsequent diffusion of heat out of the focus takes increase of 0.1 K observed in the transient spectrum at long
place on aus time scale). delays. Taking into account the Gaussian beam shapes of the
We have confirmed this by measuring the steady-state pump pulse (and hence of the temperature distribution) and of
absorption spectrum of the sample at 299 and 310 K. Figure 3the probing pulse, one obtains a more accurate estimate of 0.05
shows the difference spectrumiox — agok. This difference K. The discrepancy between this estimate and the observed value
spectrum agrees well with previous measurements of the steady€an well be accounted for by the uncertainties in the experi-
state infrared spectrum of HDO;D, which have shown that, = mental parameters.
with increasing temperature, the absorption band of the bending The pump-probe delay dependence of the absorption change
mode shifts to lower frequend&).The lowering of the center  is shown in Figure 4 for several probing frequencies. The decay
frequency of the bending mode with increasing temperature is of the v = 1 — 2 induced absorption can be described by a
due to the decrease of the average hydrogen-bond strength wittsingle-exponential decay, see Figure 5. We find that in the data
temperature: in contrast to the stretching modes, the bending-at frequencies in the = 0 — 1 region, in addition to a rapidly
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Figure 6. Amplitudesda.(v), dax(v), anddar(v) (see eq 1) obtained
o1 2 3 4 5 6 7 8 from the least-squares fit procedure described in the text.
delay 7 (ps)

Figure 5. Transient absorption change as a function of ptipmbe
delay, at a probing frequency of 1406 chiThe solid curve is a single-
exponential decay with a time constant of 390 fs. The inset shows the
same data, with the long-term background subtracted.

constants. The amplitudés.;(v), dax(v), anddor(v) obtained
from the fit are shown in Figure 6.

The second relaxation process cannot involve an intramo-
lecular mode, since the bending mode has the lowest frequency

decaying component a small, more slowly decaying componentof the three intramolecular modes of the HDO molecule.
is present. We assign the fast initial decay of the positive and Interestingly, the 1.2 ps value found here is similar to the time
negative transient absorption changes to the vibrational relax-scale of the hydrogen-bond equilibration process observed in
ation of they = 1 state of the HDO bending mode. The presence MD simulations® and in time-resolved measurements of the
of a small-amplitude, slower component in the decay suggestsOH-stretchin§3 and OD-stretching mod&s*® of HDO in
that after the vibrational relaxation of the bending mode, the D20. In these studies, time constants-ef.5 and~1 ps were
system is not yet in thermal equilibrium, and that a second found for the equilibration of the hydrogen-bond network after
relaxation process takes place. Since the amplitude of the slowvibrational relaxation of the OD- and OH-stretching modes,
component is small, its time constant cannot be determined veryrespectively’:'® The similarity of these time scales to the 1.2
accurately from our data. If the equilibration process after the Ps found here suggests the possibility that the bending-mode
T, relaxation is described by an exponential decay (with a time "elaxation leads to a disturbance of the hydrogen-bond network
constantreg), then the delay- and frequency-dependent absorp- (involving stretchmg, rather than dlss_ouatlon of hydrogen bonds,
tion change can be calculated using a simple rate-equation@s the HDO bending-mode energy is well below the hydrogen-
model?2 If we denote the equilibrium absorption spectrum by bond dissociation energy) which equilibrates in the same way
ao(v), thev = 1 — 2 spectrum by, (v), the spectrum of the as the disturbance created after relaxation of the OD-stretching
system in the nonequilibrium state directly after vibrational and OH-stretching modes.
relaxation byox(v), and the spectrum in the final thermal In a recent experiment on the vibrational relaxation of the
equilibrium (at a higher temperature) byr(v), then the bending mode of liquid KD, a vibrational lifetime of 170 fs
absorption change is given by was found for this modé® This fast vibrational relaxation was
explained by a strong coupling to the librations ofd{ which

Ckr k, I have a significant spectral density at theCHbending fre-
Aa(v,r) = oay(v)e ™ + 5(1*(1’)'( — (et —e ™)+ quency?’ The fact that the vibrational relaxation of the bending
1_ker a e mode of HDO in liquid BO is slower is probably due to the
K(l—e ™) —kfl—e™) fact that the spectral density of the® librations at the HDO
Oor(v) k, — keq @) bending frequency is very smafl.This small spectral density

at the HDO bending frequency also explains why, in contrast
to liquid H,03% no direct excitation of BO librations is
observed in our experiment.

The T, value of 390 fs for HDO in RO found here agrees
surprisingly well with the most recent theoretical prediction of
380 fs by Lawrence and Skinn&trIn view of the substantially
bigger discrepancy between their theoretical value for OH-
stretching T, and the experimental value (2.3 anel ps,
respectively), the extremely good agreement between theory and
) ) _ experiment for the bending mode could to some extent be
Equation 1 shows that the decay of the absorption change iScoincidental. In this respect, it is also interesting to point out
given by a biexponential function, with the amplitudes of the that the bending-mod&; of H,O in an isotopic HO:HDO:
two exponentials depending on the probing frequencyve D,O mixture?® is the same (within experimental error) as that
performed a simultaneous least-squares fit of eq 1 to the 4f HDO:D,0, whereas the calculated spectral density of the
transients at all 32 probing frequencies, using the same values;yctuating coupling causing the vibrational relaxation decreases

for the two time constant$; andreq at every frequency. From by a factor of roughly 2 going from the HDO to the,®
the fit, we find time constants df; = 390+ 50 fs andreq = bending frequenc{?

1.2+ 0.4 ps. The result of the fit is shown for several probing

frequencies as the solid lines in Figure 4. Only data points for |\, Conclusion

delay values larger than 0.4 ps were used in the fit, to ensure

that artifacts around zero delay (coherent cougfiagd/or Kerr In summary, we have determined the lifetime of the HDO
effec) do not influence the result. To confirm this, we also bending mode in liquid BO using mid-infrared pumpprobe
performed a fit using only delay values larger than 0.5 ps and spectroscopy. We foundT value of 390 fs, which agrees well
found no significant differences in the values for the two time with recent theoretical predictions. We also found evidence for

wherek; = 1/T1 andkeq = llteq, and the amplitudes are
00y (v) = ay(v) — ag(v)
0. (v) = au(v) — ay(v)

oo (v) = ar(v) — og(v)
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a thermalization process after the vibrational relaxation, which (1r?) Stenger, J.; Madsen, D.; Hamm, P.; Nibbering, E. T. J.; Elsaesser,
: ; : T. Phys. Re. Lett. 2001, 87, 027401.
takes plalqe WItE a time .ConStam of apperImately 1'& PS. (11) Fecko, C. J.; Eaves, J. D.; Loparo, J. J.; Tokmakoff, A.; Geissler,
We believe t e eXperlmentS reported ere open the Way top . Science2003 301, 1698.
new spectroscopic experiments investigating the dynamics of (12) Pakoulev, A.; Wang, Z.; Pang, Y.; Dlott, D. Bhem. Phys. Lett.
liquid water. A particular advantage of the bending mode as 2003 380, 404.

; ; (13) Yeremenko, S.; Pshenichnikov, M. S.; Wiersma, DCAem. Phys.
compared to the stretching modes of the water molecule is that, .~ 2003 369, 107,

the bending absorption bands ok® HDO, and RO are (14) Cringus, D.; Yeremenko, S.; Pshenichnikov, M. S.; Wiersma, D.
cleanly separated. As a consequence, each of these moleculak. J. Phys. Chem. 2004 108 10376.
species can be separately excited and probed in isotojic H (15) Nibbering, E. T. J.; Elsaesser, Chem. Re. 2004 104 1887.

(16) Wang, Z. H.; Pakoulev, A.; Pang, Y.; Dlott, D. D. Phys. Chem.
A 2004 108 9054.
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