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In the liquid phase, water molecules form a disordered fluctuating network of intermolecular hydrogen bonds.
Using both inter- and intramolecular vibrations as structural probes in ultrafast infrared spectroscopy, we
demonstrate a two-stage structural response of this network to energy disposal: vibrational energy from
individually excited water molecules is transferred to intermolecular modes, resulting in a sub-100 fs nuclear
rearrangement that leaves the local hydrogen bonds weakened but unbroken. Subsequent energy delocalization
over many molecules occurs on &l ps time scale and is connected with the breaking of hydrogen bonds,
resulting in a macroscopically heated liquid.

Introduction

V=t 1
1=200fs

The fluctuating equilibrium structure of the hydrogen bond
network of liquid water is characterized by multiple molecular
rearrangements as well as breaking and reformation of hydrogen
bonds! Extensive theoretical work based on molecular dynamics
simulations suggests that the fastest of such events occur in the librations  OHbend  OH stretch
femto- to picosecond time domain and determine fundamental
processes such as proton transfer and energy transport which
play a key role in (bio)chemical reactions in agueous envion-
ments?—8 Experimental probes of water structure such as neutron

diffraction® X-ray scattering® and absorptiol-12average over OH stretch
these fluctuations in time and space, making an analysis of the
elementary structural dynamics difficult. In contrast, nonlinear . M\ . /';\
vibrational spectroscopy with femtosecond time resolution has 1000 2000 ' 3000 ' 4000
the potential to monitor nuclear motions and structural dynamics
in real time and thus provide a detailed picture of transient
structure and molecular interactiotfs2° In particular, femto- I _
o . . . . (black solid line). Lower panel: spectra of the femtosecond pump pulses

second excitation of |ntramqlecglar water vibrations and their exciting (a) high-frequency librations (center frequerigy = 1350
subsequent ultrafast relaxation induce local structure changessm1), (b) the OH bending modeEg, = 1650 cnr?), and (c) the OH
which modify the transition frequencies and absorption strength stretching modeHe, = 3150 cn1l). Inset: vibrational level scheme of
of both intra- and intermolecular vibrations. Such vibrations also the OH stretching, OH bending, and librational degrees of freedom
allow Subsequent structural rearrangements due to energyincluding the pop_ulation IlfetlmesI of the OH stretching and bending
dissipation and spreading to be followed. modes. A Fermi resonance exists between ¢he 1 state of the

. . L symmetric OH stretching mode and the= 2 state of the OH bending

The infrared absorption spectrum of liquig®l between 550 ode.

and 4000 cm?! (Figure 1) displays the prominent librational

L2 band with a maximum at 670 cmh broad librational Both the librations that give rise to the L2 band and the OH
absorption extending up to 1750 cathe fundamental transi- bending mode are highly sensitive probes of water structure.
tion of the intramolecular OH bending mode with @ maximum | 5 jiprations are rotational motions of water molecules hindered
at 1650 cm*, and the OH stretching band between 2900 and 1y, hydrogen bondat24 Their potential energy surface and, in
3700 cm*. A schematic of the vibrational states is shown in particular, their force constants are determined by intermolecular
the inset of Figure 1, including the measured decay timps ( geometries and interactions. As a result of fluctuating motions
of the v = 1 OH stretching and bending stafés®!? in the hydrogen bond network, the microscopic mode character,
that is, the molecular elongations of librations contributing to
L 485_ OFV;Q:"&‘;O;B‘EZ%%”Z"EQSSSé‘f’mugj”P%g‘;ﬂ;ﬁg%ggﬁeﬁ@%@% the L2 absorption display fluctuations and the steady-state L2
" Max Born Institut fir Nichtlineare Optik und Kurzzeitspektroskopie. ~ Pand reflects such behavior averaged both in space and in
*University of Tokyo. time#~6 Nevertheless, a reduction of hydrogen bond strength
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Figure 1. Steady-state vibrational spectrum of liquid®at T = 298 K
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results in a shift of the L2 band to lower frequencies, as is 600 800 1000 1200 1400 1600
evident from vibrational spectra and molecular dynamics — = ¥ - & - T = T * 7
simulations for a wide range of temperatures and pres$dfes.
The line shape of librational absorption is determined by the
collective dipole-dipole correlation function to which interfer-
ences between permanent and induced dipoles contribute
significantly?5:26 0

The OH bending absorption displays an asymmetric spectral 06Fp E =1350cm’
envelope with an extended wing toward small frequen€ids. 03 =
has been decomposed into two components reflecting different :
hydrogen-bonded structures: (i) Water molecules forming four 0.0
intermolecular hydrogen bonds give rise to a 2300 cnr? 03
broad component which is similar to the weak OH bending -
absorption of tetrahedral i@ (ii) Water molecules in a distorted 8 -0.6
local environment with less than four hydrogen bonds cause a £
sharper (100 cm* broad) absorption feature. This component <
increases with an increasing fraction of broken hydrogen bonds ¢ 0.5
(induced, e.g., by a temperature rise), causing a narrowing and &

a shift of OH bending absorption to lower frequency.

In our study, femtosecond changes of librational and OH
bending absorption serve as probes of structural dynamics<
induced by ultrafast energy deposition. We demonstrate forthe's 1.0}, . | | |
first time the two-stage and ultrafast nature of the structural &,
response of water upon energy dissipation, namely, a sub-100 fsg
weakening of hydrogen bonds around excited water molecules
and a slower 1 ps delocalization of energy into the liquid
connected with hydrogen bond breaking.
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T : T ] T
2Fd E_=3150cm’

Experimental Methods

Water layers of 37 um thickness were held between the
0.8 um thick SgN4 windows of a nanofluidic cell or prepared 5
as a free-standing water film flowing between two stainless steel Frequency (cm’)
wires of 1 cm separation. To ensure film stability at a few Figure 2. (a) Linear absorption spectrum of,® between 560 and
micrometer thickness for several hours, 0.9 wt % sulfo-amber 1750 cn* normalized to the peak absorbance of the librational L2
acid-bi-(2ethylexylester) sodium salt (hereafter called soap) was bgnd at 670 cmt. Arrow: spectral posi_tion at whi_ch the transients in
added. The addition of soap had no measurable effect on theF|gure 3 were measured. {fl) Transient vibrational spectra after

femtosecond excitation of (b) high-frequency librations, (c) the OH

experimental results, as was checked by comparing stationarypenging mode, and (d) the OH stretching moBig:( center frequency

and transient spectra measured with the two types of samplesof the respective pump pulse, cf. Figure 1). The change of absorbance,
In order to monitor the ultrafast librational response, we AA = —log(T/To) (T, To: sample transmission with and without
extended the spectral range of femtosecond vibrational spec-excitation), is plotted for delay times of 0 fs (magenta), 100 fs (red),
troscopy down to 560 crit. Transient spectra of the librational ~ 200 fs (orange), 300 fs (yellow), 500 fs (green), 800 fs (cyan), and 3
and OH bending absorption were measured in spectrally andPS (PIu€). The data display a pronounced shift of the L2 band to lower
. . L frequencies and a reshaping of the OH bending absorption around 1650
temporally resolved pumpprobe experiments with excitation . =1
of (a) high-frequency librational modes, (b) the OH bending
vibration, and (c) the OH stretching vibration. The lower panel eq,ency range is shown in Figure 2a. Upon librational
of Figure 1 gives the spectral profiles of the 1(?0 fs pump pulses o, citation (Figure 2b), a broadband enhancement of librational
of 1-2uJ energy that excite a fraction of 6:3% of the water  ,pqqmtion is observed from 950 up to 1500énin the spectral
molecules. In this way, local excitations surrounded by a much range of the pump pulse (cf. spectrum a in Figure 1), such

larger volume of unexcited liquid are generated. The resulting opq6rption change decays within the 100 fs time resolution of
change of vibrational absorption is measured by mdependentlyour experiments, showing the very fast relaxation of directly
tunable 106-170 fs probe pulses that are spectrally dispersed o, ita Jibrational states. The decrease of absorption between
after interaction with the sample. and detected by a Hg(;dTe 600 and 950 cmi corresponds to a pronounced shift of the
array detector. Measurements with parallel and perpendicular iy ational L2 band to lower frequency and increases with time.
linear polarizations of pump and probe pulses give the same i ational excitation also leads to a narrowing and a slight shift
transient behavior. of the OH bending absorption from 1650 tinto lower
frequency with the OH bending oscillator remaining inuits

0 ground state.

In Figure 2, we present transient vibrational spectra gdH A similar shift of the librational L2 band to lower frequency
between 560 and 1750 crhmeasured at different delay times  occurs after OH bending and OH stretching excitation (Figure
after excitation of (b) high-frequency librational modes, (c) the 2c,d), displaying, however, a different time evolution. For such
OH bending vibration, and (d) the OH stretching vibration. The excitation conditions, the changes of OH bending absorption
change of vibrational absorbanckA) is plotted as a function  observed at early delay times are governed by the population
of probe frequency for different delay times between pump and kinetics of thev = 0, v = 1, andv = 2 states of the OH bending
probe. For comparison, the steady-state spectrum in thisoscillatorl’1® After the decay of thev = 2 andv = 1

600 800 1000 1200 1400 1600

Results and Discussion
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Figure 3. Change of librational absorbance at 840-érms a function A :D;g
of pump—probe delay after excitation of (a) high-frequency librations, Q ¢ v

(b) the OH bending mode, and (c) the OH stretching mode (solid
circles). The kinetics of the initially excited modes determine the rise
of AA as illustrated by the level schemes (insets) and reproduced by
numerical calculations (solid lines) with the lifetimes of the OH
stretching mode (200 fs), OH bending mode (170 fs), high-frequency
librations (<100 fs), and a 0.9 ps energy delocalization kinetics. (d)
Initial rise after OH bending excitation [data (diamonds), time-integrated
cross-correlation of pump and probe pulses (open circles)] and after
OH stretching excitation [data (solid circles), cross-correlation (dash
dotted line)]. Solid lines: numerical fits (Figure 3b,c). Short dash
dotted line: kinetics calculated for a decay of the OH stretching mode
into two OH bend quanta followed by OH bend relaxation.

Figure 4. (a) Transient OH bending absorption after excitation of high-
frequency librations by pulses centeredegt= 1350 cnt. The change

of absorbance is plotted versus the purppobe delay for a probe
energy ofE,, = 1630 cn1?, that is, in the range of the frequency shifted
OH bending absorption (cf. Figure 2b). The kinetics (solid line:
monoexponential rise with a 0.7 ps time constant) reflects the fast energy
delocalization in the molecular network and the concomitant breaking
of hydrogen bonds. (bd) Schematic of local water configurations (b)
before excitation, (c) after local rearrangement around an excited
molecule, and (d) after breaking a hydrogen bond somewhere in the
hydrogen bond network.

populations, the OH bending absorption shifts in frequency and all probe frequencies between 800 and 900 tnthat is, the
its spectral envelope narrows, similar to Figure 2b. high-energy tail of the L2 band shifts in frequency without
In Figure 3, we summarize kinetic data on the transient L2 significant reshaping. In all cases, the decrease of absorption
absorption measured at 840 ch{cf. arrow in Figure 2a) after ~ remains practically constant for delay times fresB up to 500
(a) librational, (b) OH bending, and (c) OH stretching excitation ps. Upon librational excitation, the= 0—1 absorption of the
(solid circles). Figure 3d shows the initial rise of the signals OH bending oscillator at 1630 crh (Figure 4a) rises with a
after OH bending (diamonds) and OH stretching excitation (solid time constant of0.7 ps, whereas a fast rise comparable to the
circles) together with the time-integrated cross-correlation of L2 frequency shift (Figure 3a) is absent.
pump and probe pulses (open circles and eakitted line)2° We now discuss our findings in terms of vibrational and
The transients were analyzed by a rate-equation model considerstructural dynamics. Upon librational excitation (Figures 2b and
ing the particular excitation condition and fitting a sequence of 3a), one finds the sub-100 fs decay of enhanced librational
monoexponential kinetics (solid lines) to the data. For this, the absorption at high frequencies and a simultaneous shift of the
measured lifetimes of 200 fs of the OH stretching mode, 170 L2 band to lower frequency. A decrease of librational absorption
fs of the OH bending mode, and sub-100 fs of high-frequency due to ground-state bleaching and stimulated emission from
librations were useéf17 The time-resolved absorption decrease excited states as well as changes of the L2 envelope other than
at 840 cn1! is caused by the shift of the L2 absorption tail to the frequency shift are absent. This demonstrates a sub-100 fs
lower frequency with the kinetics changing markedly with the decay of any excited librational state in this frequency range
excitation conditions: Librational excitation (Figure 3a) results and may be rationalized by considering librations a broad
in a decrease of absorption within less than 100 fs, followed manifold of strongly coupled and fluctuating quantum states in
by a weak 0.9 ps component. For OH bending excitation, time which population and excess energy are redistributed.
constants of 170 fs and 0.9 ps are found (Figure 3b). Upon OH  The shift of the L2 band (and of the high-frequency librational
stretching excitation (Figure 3c), the absorption decrease absorptiod’) to lower frequencies corresponds to a decrease of
displays kinetic components with time constants of 200 and 170 the v = 0—1 transition frequencies which originates from the
fs and identical amplitudes, followed by the 0.9 ps component. ultrafast energy transfer from the initially excited vibrations into
For each excitation condition, identical kinetics are found for degrees of freedom of the hydrogen bond network. The shift to
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lower frequencies gives evidence for a weakening of intermo- spreading of energy over many molecules connected with
lecular hydrogen bonds, connected with a softening of the breaking of hydrogen bonds. Our findings emphasize the key
intermolecular librational potential and a corresponding decreaserole of librational motions for both ultrafast energy dissipation
of the librational force constants. The weakening of intermo- and the loss of local structural correlations. The scenario of
lecular hydrogen bonds is equivalent to increasing their length structural response found here should be highly relevant for local
and/or bond angles (Figure 4b,c). The time scale of this sub- energy disposal during and after (bio)chemical reactions and
100 fs response is set by librational periods and occurs well gyyctural changes in ageous environments.
within the average lifetime of hydrogen bonds el ps, the
latter being determined by a concerted rotational reorientation .
and change of hydrogen bond lengtihus, the sub-100 fs Acknowledgment. This wprk has been supported by _the
structural response leaves the local hydrogen bond environmen@utsche Forschungsgemeinschaft (SFB 450), the Mizuho
around the initially excited molecule(s) weakened but intact. Foundation for the Promotion of Science (S.A.), and the
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