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Libration induced stretching mode excitation for pump-probe spectroscopy
in pure liquid water

Wafa Amir,2) Guilhem Gallot,”) and Francois Hache
Laboratory for Optics and Biosciences, CNRS UMR 7645, INSERM U451, Ecole polytechnique,
91128 Palaiseau, France

(Received 14 June 2004; accepted 4 August 2004

We developed an experimental approach to study pure liquid water in the infrared and avoid thermal
effects. This technique is based on libration induced stretching excitation of water molecules. A
direct correspondence between frequencies within the libration and OH stretching bands is
demonstrated. Energy diffusion is studied in pure liquid water by measuring wave packet dynamics
of OH stretching vibrator with infrared femtosecond spectroscopy. Wave packet dynamics reveals
ultrafast energy dynamics and reflects 130 fs intermolecular energy transfer between water
vibrators. Energy diffusion is almost two orders of magnitude faster than self diffusion in
water. © 2004 American Institute of Physic§DOI: 10.1063/1.1800952

I. INTRODUCTION A direct excitation in this region implies performing the ex-

Liquid water plays a central role in chemistry and pro- periments on very thin samples and induces problematic
foundly influences all molecular interactions in biological thermal effects. However, the spectrum also shows an inter-

systems. The mechanisms of energy transfer in liquid Wate?_s_ting combination band around 2800 cninvolving tran-

N - 1
are essential for the understanding of a broad range of phé&itions from librationw, to stretching modesoy, .~ Low
nomena such as acid-base reaction, solvatation, ionic chaf€quency modes are dominated by translational mehgs

nels, or protein folding. For a decade,® molecule has dregen bond stretchingbelow 200 cm® and libration
been extensively studied by pump-probe techniques on Fodes(hindered rotationsaround 700 cm. The transition
femtosecond time scale, often as an impurity iBOD  YL— YoH corresponds to a transition from a libration “hot
(HDO/D,0),*7 or in CCl,.% These experiments consist in band” to the stretching band. Therefore it only involves wa-
fo”owing in t|me a Vibrationa”y excited wave packet_ Evo- ter molecules which are in an excited libration mode. The
lution of the amp”tude and frequency of this wave packetprObab”ity to find a molecule in such an excited state de-
yields information on the energy relaxation as well as on thecreases with energy according to Boltzmann distribufion
hydrogen bonding network. Even though the geometricabexp(—E/KT). At room temperature, this probability is a few
properties of wateftranslation, rotationare similar in these ~percent, implying that the, — vo transition is allowed for
various configurations, pure water is nevertheless differena restricted number of water molecules. The idea is to excite
from these systems as it is expected to exhibit resonant irthe stretching OH vibrators by a pump pulse tuned at the
termolecular energy transfer which precludes the local moddifference of frequencies between libration and stretching
description utilized in previous works. These resonant effectsnodes. As a result, the libration mode induced absorption
are essential to fully understand water interaction with sol-‘dilutes” the pump excitation like in HDO/DO systems, but
ute, in particular, with biological molecules such as proteinsconserves the geometrical and resonant characteristics of
However, very few experimental data are available on purg@ure water. The evolution of the excited molecules is then
H,0.%° The main experimental drawback is its very high monitored by probing the ¥o=1—vou=2) transition
infrared absorption, necessitating thin samples and leading t@hose cross section is much stronger than the=(1
heavy thermal effects that confuse the interpretation. Here,. y5,,=1) transition.

we propose a femtosecond pump-probe technique on thick A fundamental issue for studying pure water dynamics is
samples allowing direct observation of resonant dipolar enthe possibility to select a subset of water molecules as this is

ergy transfer in pure water. currently done in HDO/BPO systems. In order to achieve
such a selection, the hot-band transition frequengy
Il. HOT-BAND ABSORPTION — oy Must display a one to one correspondence with the

stretching frequencygy. NoO strong structure is observed

near 2800 cm?! in the linear spectrum of water because the
band is wide and relatively close to the stretching modes.
Then further modelization and analyzation are required to
) . o justify this statement. We want now to address this question
Present address: Colorado School of Mines, 1500 lllinois St., Goldenby investigating more carefully the libration modes of water

The infrared spectrum of 40 (see Fig. 1is dominated
by a very strong absorption between 3000 and 3600'cm
due to symmetric and antisymmetric stretching modgs.

CO 80401. . . . . .
YAuthor to whom correspondence should be addressed. Electronic mai_f:nOIeCUI_eS- L‘?t us first Co_n5|der the Ilb_ratlon m_OdeS and their
Guilhem.Gallot@polytechnique.fr interaction with the environment. This coupling has been
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FIG. 1. The linear absorption spectrum of®in the midinfrared is domi-
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FIG. 3. Mode levels involved in the pump-probe scheme. The pump popu-
lates the first stretching mode from the first exited libration mode=(1

nated by three peaks: the symmetric and antisymmetric stretching modes, ,,,=1). A pump at 2800 cm! (respectively, 2600 ci) excites the

vou around 3300 cm!, the bending modé,,, at 1640 cm* and a com-
bination band between the bending and libration modgg, {- v, ) around
2200 cm'L. Furthermore on the red side of,;, a combination band be-
tweenvgy and libration modes extend from 2300 to 2900 ¢m

studied in detail by Gaiduk and Gaidt&The model is the

following. The libration bands are due to reorientation of the
dipole moment of the water molecule as a whole in the hy-

drogen bonding networkFig. 2(@]. The water molecule
moves in a rectangular potential profile with the depth

and angular width B [Fig. 2(b)]. The reorientation is de-
scribed by the hindered rotation angdewhich accounts for

the interaction with the surrounding molecules and then de
pends on the hydrogen bonding density that hinders the m

lecular rotation. Molecules with enerdgy<U, perform li-
bration, and molecules withki>U, perform free rotation.
The libration frequency, is related toB by*?

1 [3keT
T 4cp |

D

YL

wherec is the light velocity,kg the Boltzmann constant,
the temperature, anid=1.483< 10 %° g cn? the inertial mo-
ment of the molecule. The angj@ relies on the molecular
density by!?

. ‘H\ /Hl

B0 B .

-
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FIG. 2. Libration model for liquid watetfrom (Ref. 12. (a) A water mol-
ecule is linked to four neighbors by hydrogen bondiugted line$ and
oscillates in the hydrogen bonding network with an angular amplitygie 2

first stretching mode at an energy of about 3550 énfrespectively,
3380 cmY). Due to cross section consideration, the probe reads the second
transition (ou=1—voy=2) starting at 3260 cm' (respectively,
3060 cnm?). After excitation, the wave packets evolve in both cases back to
thermodynamical equilibrium at 3250 crh which the probe reads at

2960 cnl.
mH M 1/3
e -

wheremy is the proton masdyl the molecular weightN 4

the Avogadro’s numbel the density, andr=2.9 A the ef-
fective diameter of the molecule. The libration frequengy

is therefore directly correlated to the average nearby hydro-

T

F=g

( M
Nap(T)

Qjen bonding lengtR,...q: a densgloose hydrogen bond-

ing network is then responsible for higlow) frequency li-
bration modes. The density is related to the average
hydrogen bonding distandgo,...c by p= C/R3. At ther-
modynamical equilibriumC=2.035x 10 2% g. Equation(1)

then becomes

136.3
1.135 Roo[A]—2.9°

v[em =

Furthermore, it is well known that the average stretching
vibration frequencyvoy is also correlated tR...q .1* Even
though a dispersion exists in the relationship betwegp
andRq...0,>® the pump induced wave packet can be de-
scribed by the average value of this dispersive relationship.
Therefore, to a given hydrogen bonding network corresponds
an average libration and stretching frequency. In order to
address this point more quantitatively, we have carried out
quantum mechanical calculation of the first and second
stretching mode frequencies by solving a one-dimensional
Schralinger equation for the O-H coordinal, using an
anharmonic Lippincott-Schder potential’ This calculation
ShOWS that bOth l(OHZO_)VOHzl) and (VOH:1—> VOH
=2) transition frequencies increase whigg...q increases.
The structure of the librational and vibrational levels, as de-

(b) The molecule evolves in a rectangular potential profile, with an angulaiPicted in Fig. 3, allows one to understand thg{,,,= von

width 28 and depthU,,.

—y_ displays a one to one correspondence with, and
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therefore allows selective excitation of a stretching mode 008y - T - T - T " T

wave packet. The experimental principle is depicted in Fig. 4 ] ——a
. . _ —1 ’ Pump-probe del -
3. At thermo%nammal qulllbrlum,vL—72_Q cm - and . e o
vou=3250 cm * corresponding to a transition frequency 0-07'_ ok '.o-—-<>- 0-_
v, —von=2530 cm . An intense laser pulse tuned above 3 (s —o— 160 fs /3” i
. . —<— 310 f; A
the latter frequency creates an excited wave packet whicts : o A .
0.05 /7

orpti

will evolve back to the equilibrium position, revealing the ]
dynamics of liquid water, as observed in Fig. 3. For instance,% 0.04 -
a pump pulse tuned at 2800(2600) cthcreates an excited
wave packet 270(70) cnt above the equilibrium fre-
qguency.

The question of probing this excited wave packet must
now be addressed carefully because a four-level quantun
system is implied. From the first excited statg,= 1, three 0.00 e e o o
transitions are available: to the ground stateg(=1
—vou=0, bleaching, to the second excited statedy=1
—vou= 2, induced absorptigror back to the libration state rG. 4. Differential spectra in pure water with a pump tuned at 2800%cm
(vou=1—wv.). The resonance afyy mode is 3250 cmt, and six pump-probe delays. The sample cell is40 thick.
with an anharmonicity of 300 cit toward the lower fre-
guencies. Thus, the effect of bleaching of the transition is
totally negligible compared to induced absorption in thelaser(i.e. 500 H32, in order to obtain successively a probe
2600-3000 cm* range which is covered by our probe. The signal with and without the pump. With this procedure, we
contribution of transition back to the libration state may beachieve signal to noise ratio of 40For a given pump fre-
estimated from thevgy=1— v transition cross section. quency, differential spectra are recorded by tuning the probe
From the linear absorption spectrum and taking into accounfrequency for several pump-probe delays.
the reduced population of the libration modes, this latter is
found to be at least four times weaker than the induced ab-
sorption one in the 2600—3000 cth range. Thevgy=1 V. EXPERIMENTAL DATA
— v transition should therefore scarcely contribute to the
pump-probe signal. In conclusion, one expects the pump:

. S . sor
probe differential signal to be strongly dominated by the
vou= 1l—vou=2 transition, implying an increase of the ab-
sorption of the probe induced by the pump.

0.03

Relative

0.02

0.01

Frequency [cm'1]

We now present differential spectra, that is, probe ab-
ption with the pump minus probe absorption without the
pump. The pump frequency is tuned at 2800 ¢nand the
probe frequencies cover the range 2600—3000%cnThe
frequencies above 3000 crh are experimentally unobserv-
able because of high absorption of water. The differential
spectra are presented in Fig. 4. First, one notices an overall
To perform pump-probe hole burning experiments in theincrease of absorption in presence of the pump, showing that
midinfrared range, energetic laser pulses are required. Thaeduced absorption from first to second stretching excited
central element of the infrared laser sodfds a titanium-  state (/oy=1—2) is the dominant contribution for the dif-
sapphire amplifier, delivering 130 fs pulses at 800 nm with &erential spectra. Second, short delay spectrd@ and 40 fs
repetition rate of 1 kHz. It drives two lines of pulses inde- delayg show no evidence for spectral substructure around
pendently tunable in the midinfrared. The principle of the2800 cm !, indicating thatvg,=1— v, transition is totally
generation is the parametric amplification of a quasiconnegligible. As expected, these differential spectra are the sig-
tinuum in the near infrared, followed by a frequency mixing nature of the wave packet evolution of thg,=1 state,
in the midinfrared. The features of the sources are as followgprobed throughvoy=1—2 transition, because other transi-
The more energetic linghe pump has a duration of 150 fs tions (vou=1—v, and vgyu=1—2) are negligible. The
and a spectral width of 65 cnt. It delivers more than 1@J  time evolution of the spectrum shape is related to energetic
between 2800 and 3800 crh The independently tunable reorganization of the wave packet under the influence of
weaker line(the probg has similar characteristics but with a other water molecules and hydrogen bonding network. More
maximum energy ten times less. The delay between thprecisely, in Fig. 4, for short delays, the spectra exhibit a
pump and the probe is precisely controlled by a computemaximum beyond 3000 cht which will be clarified further.
The sample cell is 4qum thick and contains pure water at This maximum clearly moves toward lower frequencies and
room temperature. The sample is circulated to avoid heatingtabilizes around 2900 cm after a delay of 200 fs. Simul-
problems. The pump and the probe beams are focused in thaneously, the energy integral of the spectra decreases very
sample by two 25 mm-focal length calcium fluoride lensesrapidly with a dynamics of less than 200 fs. The energy is
The angle between the pump and the probe beams is 15°. maximum for a delay of about 100 fs, and has almost com-
order to reduce the noise perturbation, the probe signal ipletely relaxed 200 fs later. This shows a very fast dynamics
normalized by the signal issued from a small part of theof the energy stored in the excited wave packet, as well as
probe beam reflected before the cell. Furthermore, the pumiie energetic reorganization of the wave packet. Both exhibit
beam is chopped at half the repetition rate of thecharacteristic times less than 200 fs.

IIl. EXPERIMENTAL SETUP
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FIG. 6. Evolution of the central position of excited wave packets in pure
FIG. 5. Energy relaxation of the wave packet. The hollow squares are exyater. The pump creates an excited wave packet, the position of which
perimental data and the lines stand for theoretical cuies. 19 for three  quickly evolves toward the equilibrium position, with a characteristic time
relaxation times: solid110 f9, dashed200 fg, and dotted40 fs. The solid  of 110 fs. Solid squaregespectively, hollow circlésare experimental po-
circles are extrapolated energy values for a relaxation time of 110 fs. sitions corresponding to a pump frequency of 28@@spectively, 2600
cm™ 1. Solid lines are theoretical curves from Ref. 19.

More precise information may be extracted from the

: ; . ears, the wave packet evolves surprisingly quickly, bein
data. Due to incomplete knowledge of the differential spectr%ack to an equilibFr)ium position in Iesg thar? :)3/0((1) fs. 1¥he ori-g
at short delays, Gaussian fit is not directly applicable. In-

deed. a f d i ket will h hi thgin around 3180 cm' is associated with the probing of the
ced, a lar and energetic wave packet will have roughly the, |H=1—>2 transition, corresponding to@&yy=0—1 tran-
on

same truncated spectral shape as a less energetic but clog of 3495 cmil. It should be noted that error bars are

wave packet. However, at longer delays, the shape of thFelatively large at short delays. It comes from the uncertainty

wave .packet allows us to extract energy'and po§|t|on Wlthof the fitting procedure due to incomplete spectral bands.
precision. From the knowledge of energetic evolution at de;

I | than 100 fs. deducti ¢ short del q ._However, it does not question the observation of spectral
'ays fonger than S, deguction ot short defays dynamiCycy gion jn pure water because the fits are based on precise
is then possible. Evolution of the wave packet energy ha

been calculated and our data yields a dynamics of 110 §V|ng shapes and energy knowledge. An other set of experi-

. ) - h f ith th f
+20fs, from which short time dynamics is deduceste ments have been performed with the pump frequency tuned

Fi This d T fast horter than th at 2600 cm'!, that is, to say closer from thermodynamical

'9:' 5. 'dtk|1$ Hynam|cs.t|§ ver)I/I ast ’bf.vﬁndsthor er ban | eequilibrium position. As expected, one obserysse Fig. 6
puise widih. However It 1S well establisned than Sub-puises, spectral displacement similar to the one obtained with the
width temporal resolution can be achieved providing a ver

. Y ump at 2800 cm?. The starting point of the wave packet is
precise knowledge of the pump-probe delay and the study qf, o 315und 3060 crit and the amplitude is less impor-

the signa! s_hape. The first point is made possible by prec_ise%nt: 100 cm!. The equilibrium position is once again at
synchronizing the pump and the probe in a GaSe noql|nea£920 cml  Excitaion at 2800cm! (respectively
crystal for each couple of pump and probe frequencies t%GOO cml) provides a wave packet centered around

avoid small fluctuation of delays during the probe tuning.3180 e (respectively 3060 cm), in good agreement
From the pump-probe correlation measurement, one can ea— '

. - ith our model, and shows the nature of the libration-
timate the delay precision to be less than 20 fs. The secon

S o . retching coupling. A pump at higher frequency selects a
point 'S C'e"’?”y demonstrat_ed.ln Fig. 5 by fits of the ENCTYYsubset of water molecules with larger average hydrogen bond
dynamics with characteristic times shorté0 fs) and longer

. S : length (see Fig. 3 due to both the increase of the stretching
(230 fts)h’ Wh'fh c?n bfe dtlrslcr]:'rtr:.mated frprn bﬁ_sht f'lt’ a;nd .prto'- frequency and decrease of hot libration frequency with re-
vides the estimation for the Titing precision. The 1ast pointiSg, o toRo...o. This also explains why moving the pump

the absence of optical coherent effects in the experiment, g equency 200 cm® only moves the wave packet 120 ¢
pointed out by several other experiments on watékVith in agreement with the model :
d .

the calculated energy of the wave packet at short delays,
Gaussian _m provides the posmqn of Fhe wave packet wm‘\/_ MODEL AND DISCUSSION

good precision. The result is depicted in Fig. 6. As expected,

the central position of the wave packet evolves from higher  To extract quantitative information from the experimen-
to lower frequencies. The amplitude of the displacement idal data, we computed the behavior of the wave packet in
important: about 220 cm'. Indeed, the wave packet moves spectral diffusion regint€ which requires the spectral diffu-

on more than half of the width of the OH vibrator. At short sion characteristic time;;s as only dynamical parameter
delays, the wave packet position moves slightly from thebesides the pump and probe pulse duration. The best agree-
starting point around 3180 cm, because the pump is still ment, shown in Fig. 6, has been obtained with a characteris-
generating the excited wave packet. Once the pump disapic time 74;;; equal to 116 15 fs. It should be noted that the



7912 J. Chem. Phys., Vol. 121, No. 16, 22 October 2004 Amir, Gallot, and Hache

parameters used to fit the wave packet displacements for thpure water. It depends on the number of hops required to

two pump frequencies at 2800 and 2600 ¢nare the same, investigate the whole geometrical conformations and is di-

except of course for the amplitude of the displacement. Theectly linked to the loss of geometrical correlation between

dynamics of the wave packet is once again shorter than theater molecules. Radial distributiogg in watef® shows

pulse duration. However the high precision obtained comethat correlation is lost after the second shell surrounding the

from the taking into account of the whole spectrum. Thusreference molecule. From that we estimate the hopping dis-

small spectral displacement and fast dynamics are easily ditance to be the mean OO distance between water molecules

cernible. =0.285 nm, with a hopping time equivalent to the mea-
The physical origin of this spectral displacement maysured diffusion time,7=100 fs. Einstein’s relationshijp

now be discussed. By analogy with solvatochromism found= 1%/67 gives a diffusion constanD=1.410 2 cné/s,

in HDO/D,0, the first hypothesis would be to attribute this which is 60 times faster than self-diffusion coefficient in

displacement to hydrogen bonding reorganization. The assavater?®

ciated dynamics implies two time scal®svith approxima-

tively the same amplitude: a long time of about 70GR&f.  VI. CONCLUSION

1, 3 for hydrogen bonding network reorganization, and a

short time of less than 100 fs related to the coherence loss %fn

the \{|bratohr tthrougE atsmgle hydrogegﬁl@r}ﬁmd which q ergy transfer, with a characteristic time of about 100 fs.
requires photon-echo type measurem - '€ Measured pasonant intermolecular energy transfer between water mol-

time scale of 110 fs is far too short to support this hypothe5|%CuIeS seems to be the dominating process, even though in-

as hydrogen bonding network reorganization in pure water i?ramolecular energy transfer between symmetric and asym-
very similar to the one in HDO/BD.?* Furthermore, our

) ) o i metric stretching modes could play a role. Resonant energy
experiment is very S|m|Iar tq Previous ones on HDEM _transfer in pure water needs to be taken into account in nu-
except _of course the ex0|tat|on_ principle. If thIS hypOthes'Smerical simulations, such as proton tran&téf and water-
\(ljvt?es t\:)alr:(i:[v\\l/vgrlfr:(e)g:g;rﬁ\z/:lti%br:?/:/?\?ght?senl(())?tghtem(l:\scgn;?lg?r?é}émtem interactiorf® Further theoretical models and numeri-

o : ) o al simulations of pure water are required to get a precise
Fvsgz:wb:z r;'r?dht2§?ﬂfcljztse.dﬁgv\'/gtveérgzsﬁﬁredxﬁnear?;:g%tge'picture of the multiple modes found in pure water.
showed no evidence at all for such a transfer, and the SpeCtrgk‘,KNOWLEDGMENTS
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This study shows that the response of pure water to an
vironmental change is strongly influenced by ultrafast en-
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