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Abstract A time-resolved X-ray absorption study of the
structural dynamics of liquid water on a picosecond time-
scale is presented. We apply femtosecond midinfrared
pulses to resonantly excite the intramolecular O-H stretch-
ing band of liquid water and monitor the transient response
in the oxygen K-edge absorption spectrum with picosecond
X-ray pulses. In this way, structural changes in the hydrogen
bond network of liquid water upon an ultrafast temperature
jump of approximately 20 K are investigated. The changes
of the X-ray absorption as induced by such a temperature
jump are about 3.2%. This demonstrates that our method
serves as a sensitive probe of transient structural changes in
liquid water and that combined infrared-laser—synchrotron
experiments with substantially shorter X-ray pulses, such as
generated with a femtosecond slicing scheme, are possible.

PACS 61.05.Cj - 78.47.Jc - 61.25.Em - 82.30.Rs

1 Introduction

For structure determination of matter, X-ray techniques have
been the most commonly used and the most accurate. Until
recently they have primarily been performed under station-
ary or quasistationary conditions addressing time-averaged
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equilibrium structures. An extension of X-ray methods into
the ultrafast time domain is highly desirable since it en-
ables unprecedented insight into transiently evolving matter
by allowing direct probing of rapidly changing structures.
The dynamic properties of liquids and solids are coupled to
atomic motions and the relevant timescale is that of a vi-
brational period (<100 fs = 10713 ). This is the timescale
on which molecular dynamics, the making and breaking of
chemical bonds, the rearrangements of atoms, and phase
transitions occur. One case where the understanding of real-
time nuclear dynamics has attracted much attention is that
of liquid water.

Ordinary, yet unique, liquid water is probably the most
important substance on Earth. It possesses a number of pe-
culiar properties that are assumed to be essential for life in
any form known today, and its complex molecular structure
determines these properties [1]. Liquid water consists of an
extended molecular network with highly polar water mole-
cules that are coupled via intermolecular hydrogen bonds.
The time-averaged equilibrium structure is most commonly
probed with neutron and X-ray diffraction in terms of radial
distribution functions [2, 3] and with infrared spectroscopy
[4-8]. Recently, X-ray spectroscopy has been applied to lig-
uid water [9-22] and in particular X-ray absorption spec-
troscopy (XAS) studies have initiated a debate about the lo-
cal structure of liquid water [9, 17-26]. These investigations
also addressed time-averaged equilibrium structures, such as
average local configurations of hydrogen bonds. However,
the hydrogen-bonded network in liquid water is continu-
ously changing and a more profound understanding of liquid
water may be obtained by following its hydrogen-bonded
dynamical structure in real-time.

The structural dynamics of liquid water including the
breaking and making of hydrogen bonds occur on femto-
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to picosecond timescales set by the strength of intermole-
cular interactions and the different vibrational and transla-
tional motions [27, 28]. Ultrafast vibrational spectroscopies
have provided detailed information on the coupling between
inter- and intramolecular vibrations and resulting ultrafast
processes [4—8]. However, these transient vibrational spectra
only give indirect insight into time-dependent water struc-
ture. A combination of ultrafast vibrational and X-ray spec-
troscopies therefore promises to give unprecedented insight
into the structure of liquid water.

Ultrafast time-resolved X-ray science [29-48] is an
emerging field that is now undergoing rapid expansion ow-
ing to technological advances in the generation of ultrashort
X-ray pulses. Ultrafast X-ray science is currently performed
with short-pulse X-ray sources falling into two main cate-
gories: accelerator-based [29-38] and laser-driven table-top
sources [39-47]. In combination with femtosecond lasers
these have been applied for time-resolved X-ray diffraction,
scattering, and spectroscopy. For the study of molecular dy-
namics picosecond XAS has successfully been used in par-
ticular to probe transient structures of electronically excited
molecules [29, 31, 34, 38].

Here we present our approach for unravelling structural
dynamics in liquid water by applying a time-resolved X-ray
probe technique in combination with an ultrafast infrared
pump. We use femtosecond (fs) infrared excitation via the
O-H stretching band to transfer energy into the vibrational
system which after the relaxation and redistribution can ef-
fectively be described as a temperature jump on a timescale
of a few picoseconds. The concomitant changes in the hy-
drogen bond network are probed with transient XAS at the
oxygen (O) K edge with X-ray pulses from a storage ring
source to probe these changes. In the first publication we re-
ported a picosecond midinfrared-pump—X-ray-probe study
with relative changes of the X-ray absorption of less than
0.2% [49]. This has demonstrated high sensitivity to de-
tect the weakening or breaking of hydrogen bonds as due to

the ultrafast temperature jump with time-resolved XAS and
the stability of our pump-probe experiment. It also repre-
sented the first midinfrared-pump—X-ray-probe study of ul-
trafast structural fluctuations in the electronic ground state
of a molecular liquid.

In this paper, we report on our recent progress using this
approach where we now probe relative changes of the X-ray
absorption as large as ~3.2% hence demonstrating the feasi-
bility of such combined mid-infrared-laser—synchrotron ex-
periments using substantially shorter X-ray pulses, such as
generated with a femtosecond slicing scheme.

2 Experiment

Applying XAS to liquid water has been a long-standing
challenge due to the incompatibility of the high vapour pres-
sure of the liquid and the high-vacuum conditions required
for XAS in the soft X-ray energy range. Typical approaches
include measurements of the total fluorescence yield at a
pressure of 1 bar of He [16], the electron yield on a liquid jet
in vacuum [50], and X-ray absorption in transmission mode
on thin films in X-ray transparent cells [51]. We measure
the O K-edge absorption of water in transmission mode with
liquid water confined in a cell (Fig. 1). Using the transmis-
sion mode proved to be the most reliable way of measuring
this spectrum with soft X-rays since it was shown to agree
with the reference spectrum from hard X-ray Raman scat-
tering [51, 52]. However, due to the short penetration depth
of soft X-rays in water, the sample thickness needs to be
limited to a few hundred nanometers to allow sufficiently
high output signals for appropriate data interpretation. This
also ensures maximum efficiency for midinfrared pump and
soft X-ray probe spectroscopy of water since virtually the
whole excited volume in the sample is also probed with
X-ray absorption spectroscopy at the O K-edge. The absorp-
tion lengths (reduction of the incident intensity by 1/e) in

Fig. 1 (a) Experimental setup.
(b) The nanostructured SizNyg
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water of both midinfrared radiation in the center of the O-
stretch vibrational band (3400 cm ™) and of soft X-rays at
the O K-edge (550 eV) match very well (800 nm in the O-H
stretch band and 600 nm at the O K-edge).

The cells used to prepare the nanometer-thin liquid water
films are based on X-ray transparent SizN4 membranes sup-
ported by Si wafers. Membranes of various thicknesses (100
to 300 nm) and sizes were developed and tested at the Ap-
plication Center for Micro-engineering at BESSY. Metallic
spacers are used to keep the membranes at a defined dis-
tance and to control the water film thickness (Fig. 1b). The
data shown here were taken with Si3zN4 membranes with
a thickness of 300 nm and a size of 800 x 800 um?. The
metallic spacers had a height of 250 nm. Cells were filled
by sandwiching a droplet of deionized water between two
membranes. After carefully squeezing the excess water out
of the cell through the channels in the spacer (Fig. 1b) the
edges of the Si wafers were sealed using either proper adhe-
sive technology or by using viton O-ring gaskets together in
a mechanical mount. The water film thickness in our cell
for the transient X-ray absorption measurements (Fig. 5)
was determined to be approximately 600 nm by compari-
son of the measured with the calculated X-ray transmission
as demonstrated in Fig. 2a.

Amorphous ice was prepared by condensing in ultrahigh
vacuum deionized water onto a Si3N4 membrane that was
cooled to liquid Nitrogen temperature. The crystalline ice
sample was made by slowly heating the amorphous sample
to about 150 K [13, 53]. Crystallization was observed to be
complete after approximately 30 min. The ice samples were
200 nm thick.

Steady-state X-ray absorption spectra were taken by de-
tecting the transmitted X-ray flux with a GaAs diode both in
hybrid- and single-bunch mode of the electron storage ring
BESSYII (Fig. 1c). The hybrid-bunch mode at BESSYII
consists of 350 consecutive electron bunches spaced by 2 ns
and a single bunch placed in a gap of 100 ns. For tran-
sient X-ray absorption X-ray pulses were detected with a
fast avalanche photodiode (APD) (Fig. 1c). Time-resolved
detection with box car integrators allowed us to record the
transmitted X-ray signal both in single- and hybrid-bunch
mode with and without infrared excitation with consecutive
X-ray pulses from the single bunches 800 ns apart from
each other and, hence, each at a repetition rate of 1 kHz
(Fig. 1a). The duration of the X-ray pulses was typically
80 ps. Transient X-ray absorption was measured by detect-
ing the transmitted X-ray flux at fixed photon energy with
variable pump-probe delays or at a fixed delay and by vary-
ing the X-ray photon energy across the O K-edge. All spec-
tra shown here are taken with photon energy bandwidth of
between 0.1 and 0.2 eV. The X-ray pulses were generated in
the soft X-ray undulator beamline UE56-b at BESSYII.

The infrared pulses were generated in an optical para-
metric amplifier using an amplified femtosecond Ti:sapphire
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Fig.2 (a) X-ray transmission spectrum of liquid water with calculated
transmission for a water film thickness of 600 nm [54]. (b) Infrared
(pulse power) and (c) horizontal X-ray beam spot sizes (diode current).
Data from profiling measurements are shown as markers and Gaussian
fits are shown as solid lines

laser system (1 kHz repetition rate, 0.8 mJ/pulse, 60 fs pulse
duration). The midinfrared radiation was tuned to the cen-
ter of the O—H stretching band at 3400 cm~'. Taking into
account losses due to reflection on the vacuum window and
on the Si3N4 membrane the infrared pulse energy was mea-
sured to be 2.25 pJ at the water film. The infrared pulse du-
ration was estimated to 120 fs. The pump beam entered the
vacuum chamber at an angle of 30° with respect to the X-ray
beam propagation axis and was focused with a f =17 cm
lens onto the sample.

The measured sizes of the pump and probe beams are
shown in Figs. 2b and 2c. A quadratic pinhole (300 x
300 um?) was scanned at the sample location through both
the infrared and the X-ray beams and the transmitted inten-
sity was measured with a powermeter and a GaAs photodi-
ode, respectively. The data had to be slit deconvoluted be-
cause the pinhole size was similar to the spot sizes. We as-
sume a round pump beam spot and Gaussian intensity distri-
butions for both the pump and the probe beams. The X-ray
beam spot is rectangular. According to the fit in Fig. 2b the
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pump beam has a full width at half maximum (FWHM) of
132 um. For the commonly used definition of beam width
(the width at which the beam intensity has decreased to 1/e?
or 13.5% of its peak value) the diameter is 210 um.

3 Results and discussion

O K-edge absorption spectra of crystalline ice, liquid water,
and gas-phase water are displayed in Fig. 3. We focus here
on the near-edge region of the X-ray absorption spectrum
(near edge X-ray absorption fine structure, NEXAFS [57]).
While the extended high-energy region of the spectrum (ex-
tended X-ray absorption fine structure, EXAFS) can be used
to extract O—O radial distribution functions [56, 57], the
near-edge region reflects how the local electronic structure
of the absorbing molecules is affected by hydrogen bond-
ing. It hence gives indirect access to the local structure of
water. The O K-edge absorption spectrum arises from tran-
sitions of O 1s electrons into empty molecular orbitals of the
probed water molecules. Transitions to these empty states
are particularly sensitive to hydrogen bonding with the near-
est neighbors and the spectrum reflects the superposition
of spectral contributions from water molecules in various
configurations [11, 13, 14, 58]. This is demonstrated with
the O K-edge spectra of ice, liquid, and gas-phase water in

Intensity (a.u.)

535 540 545
Photon energy (eV)

Fig.3 Oxygen K-edge absorption spectra of (a) crystalline ice, (b) lig-
uid water, and (c) gas-phase water. The ice and liquid water spectra
were measured in transmission mode (for details on the sample prepa-
ration see text). The gas-phase spectrum (total fluorescence mode) is
taken from [16]
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Fig. 3. Hydrogen bonding can obviously be probed effec-
tively with the O K-edge absorption spectrum. Note that our
ice spectrum agrees well with formerly reported crystalline
ice spectra [15, 59-61].

It is apparent that increasing the structural disorder, or the
weakening and/or breaking of hydrogen bonds, in the con-
densed phases of water is indicated by increasing absorption
in the so-called pre- and main-edge regions of the spectra at
535 and 537-538 eV, respectively, and decreasing absorp-
tion in the post-edge region (541-542 eV). The pre-edge
and main-edge features are related to states localized around
the species that are highly asymmetric with only one well-
defined hydrogen bond on the donor side. The post-edge
feature, on the other hand, originates from more symmet-
ric configurations with two strong donor hydrogen bonds.
These three spectral features have been used before to char-
acterize different hydrogen bonding configurations in water
[9, 11, 13, 60].

A more detailed analysis of the liquid water X-ray ab-
sorption spectrum showed that varying the contribution of
two structurally different configurations can explain these
spectral changes [9, 11, 52]: The increase of the relative
amount of locally asymmetric configurations and the con-
comitant decrease of the relative amount of locally symmet-
ric configurations is consistent with increasing absorption
in the pre- and main-edge and with a decreasing absorp-
tion in the post-edge. This model was also used to explain
the changes in the O K-edge X-ray absorption spectra upon
steady-state heating and cooling of liquid water [25] and the
differences between liquid H,O and D, O [52]. It has also
been used to interpret the steady-state temperature changes
in the X-ray emission spectrum of liquid water [21]. In the
H>0-D,0 comparison a quantum effect was found in addi-
tion to a change of populations of structurally different con-
figurations as it occurs when changing the temperature. It
was suggested that for a certain fraction of the molecules the
asymmetry of their bonding configuration increases: One of
the donor hydrogen bonds weakens while the other donor
bond on the same molecule gets stronger. This increasing
asymmetry in the hydrogen-bonded network was recently
confirmed in a neutron diffraction study [62].

The infrared and X-ray absorption spectra of liquid water
are displayed in Fig. 4. The infrared spectrum was recorded
with a commercial FTIR spectrometer. In all our time-
resolved experiments the pump laser wavelength was tuned
to the O—H stretching band centered at 3400 cm ™.

In Fig. 5 the steady state O K-edge transmission, Tp,
and the relative change of X-ray transmission AT /Ty with
AT = (T — Tp) at two different photon energies near the
pre-edge photon energy of 535 eV are shown as a function of
pump-probe delay time. The sample transmission decreases
in a step-like fashion by approximately 3.2% at 534.6 eV
and 2.8% at 534.8 eV and remains constant up to the longest
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Fig. 4 (a) The infrared
vibrational absorption spectrum
of liquid water; (b) X-ray
absorption spectrum at the O
K-edge of liquid water. Both
spectra were taken on thin water
films confined between two
Si3N4 membranes. Data are
taken from [47]
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Fig. 5 (a) Steady-state transmission near the pre-edge photon en-
ergy (535 eV). Inset: O K edge X-ray transmission spectrum. (b) and
(c¢) change of X-ray transmission AT /Ty with AT = (T — Tp) as a
function of pump-probe delay time at the photon energies of 534.6 and
534.8 eV, respectively. Measured data are shown as markers and the fit
using a Gaussian (FWHM = 80 ps) broadened step function is shown
as solid line

delay time of 280 ps. The time evolution of the transmission
decrease follows the time-integrated cross-correlation func-
tion of the femtosecond pump and the ~80 ps X-ray probe
pulse (solid line), i.e., the width of the measured transmis-
sion step is determined by the duration of the probe pulses.
We do not observe any long-lived transmission changes sug-
gesting a negligible accumulation of excess energy over a
period of 1 ms, the time interval between successive laser
pulses.

In water, a femtosecond excitation around 2.94 um
(3400 cm ™) populates the v = 1 state of the O—H stretch-
ing mode which displays a population decay with a time
constant of 200 fs [6-8]. The O-H stretching population
decays via the O—H bending mode and the excess energy

is transferred into low-frequency intermolecular vibrations
of the hydrogen bond network [7]. These ultrafast infrared
spectroscopic studies demonstrate that the sample is fully
equilibrated and macroscopically heated on a timescale of
a few picoseconds with a larger fraction of intermolecular
hydrogen bonds broken. We adopt the notion of tempera-
ture here even though we have not absolutely established
that the population of vibrational and translational degrees
of freedom below 400 cm™! can be described by a thermal
distribution.

The pre-edge transmission decrease observed around
535 eV is the result of such transient heating and clearly
indicates that the number of molecules in locally asymmet-
ric configurations with one weak/broken hydrogen bond in-
creases. As the duration of the X-ray probe pulses of 80 ps
is substantially longer than the intrinsic build-up time of the
temperature jump, the time-resolved change of X-ray ab-
sorption follows the time integral of the cross correlation of
pump and probe pulses.

The associated structural changes in liquid water upon
midinfrared excitation are characterized in more detail by
means of transient XAS over the whole O K-edge at a fixed
delay of 280 ps as shown in Fig. 6a. The transmission at the
pre- and main-edge decreases while it increases at the post
edge. We find in addition that the maximum relative change
of X-ray transmission is at photon energy of ~0.6 eV below
the water pre-edge absorption maximum. This corroborates
the pump-probe measurements shown in Fig. 5 where the
relative change of X-ray transmission decreases when ap-
proaching the pre-edge maximum absorption energy.

In order to understand these effects in more detail, we
compare the transient spectral difference in Fig. 6a with a
steady-state temperature difference (Fig. 6b) and with the
difference between H,O and D,O (Fig. 6¢). Earlier studies
[63, 64] showed that H,O at room temperature is similar to
D, O if the temperature of the latter is raised by ~5 K and
the density increased by ~0.5%. However, the H/D substitu-
tion does not simply have an effect on the thermodynamical
properties, there also exist geometrical differences between
the structures of HyO and D, O. Very recent results [62] have
pinpointed that the intramolecular O-H bond is longer by
~3% than the corresponding O—D bond. In conjunction with
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Fig. 6 (a) Transient changes of the X-ray transmission at a
pump-probe delay time of 280 ps as a function of photon energy across
the oxygen K edge. AT = (T — Tp), with Tp and T transmission be-
fore and after excitation. The spectrum is taken from [49]. (b) Changes
of the X-ray Raman spectrum (energy resolution is 1 eV) for heating
liquid water from 299 to 332 K (spectrum at 332 K minus spectrum at
299 K). Measured raw data are shown as markers and smoothed data
are shown as solid line. Data taken from [25]. Note that negative (pos-
itive) values are plotted to the top (bottom). (¢) Changes of the X-ray
Raman spectrum when comparing liquid DO at 22°C and liquid H,O
at 22°C (D,0-H,0). Data taken from [52]

the longer intramolecular O—H bond in H,O, the intermole-
cular H bond is shorter and more asymmetric than in D,O
[52, 62]. Based on this H>,O appears to have species where
the strong donating H bonds are shorter as compared with
D,0.

The features in the time-resolved transient spectral dif-
ference shown in Fig. 6a could arise from a combination
of the effects observed in steady-state heating and in iso-
topic substitution. The main-edge decreases less than the
pre- and post-edge when compared to steady-state heating
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but its change appears to be stronger than in the H,O-D,0O
difference. This could indicate that ultrafast heating of liquid
water entails two structurally distinct changes in the hydro-
gen bond network on a timescale of several hundreds of pi-
coseconds: (1) A change in the population of locally asym-
metric and symmetric configurations and hence the weak-
ening/breaking of hydrogen bonds. (2) An increase of the
asymmetry of a certain fraction of molecules in asymmet-
ric configurations by shortening of the strong donor hydro-
gen bond and elongation of the weak/broken donor hydro-
gen bond of the same molecule. However, for an average
temperature increase of the excited volume of 16 K, as de-
rived from the absorbed infrared flux [49], a density change
of ~0.5% is expected. On a timescale of a few hundred
picoseconds after excitation, where we probe the transient
X-ray absorption spectrum the density has not changed yet.
Therefore, when comparing the transient differences with
the steady-state heating and isotopic substitution one has to
consider that in the later two cases the density change as
due to temperature is included. In addition, because on pi-
cosecond timescale heating is taking place without change
in volume the temperature change is associated with a pres-
sure change. Only a few attempts have been made so far
to investigate the effect of elevated pressures on the struc-
ture of liquid water [65] and on the near K-edge structure of
oxygen [66]. However, these studies are not significant ex-
amples to allow for a quantitative estimation of the pressure-
induced changes in the O K-edge spectrum. Systematic in-
vestigations of the changes in the O K-edge spectrum on
timescale out to several nanoseconds are planned in forth-
coming experiments.

The long-term overall temperature rise in our experiment
is determined by the energy supplied via the infrared pump
pulse. A quantitative analysis of the temperature jump can
be made on the basis of the experimental parameters used
for the transient data in Fig. 5: The measured pump pulse
energy at the water film (~2.25 pJ), the measured diameter
of the pump beam on the sample (210 pm), the measured wa-
ter film thickness (600 nm), the tabulated absorption of the
infrared radiation in water (OD ~ 0.366), and the tabulated
heat capacity of liquid water (C, =4.2 J/g=' K~1). We also
have to account for the different spot sizes of infrared pump
and X-ray probe beams.

Lateral heat diffusion leads to a spreading of excess en-
ergy and this has to be taken into account when estimating
the size of the induced temperature jumps since it could lead
to a temporal broadening of the temperature profile. Calcu-
lations show, however, that the lateral energy spreading in
the water film occurs on a millisecond timescale [49], much
longer than the timescale of our pump-probe study. Thus,
the temperature profile as generated by the pump pulse is
probed in the time-resolved experiments. It should be noted
that the lateral energy spreading in SizNy is substantially



Time-resolved X-ray absorption spectroscopy of infrared-laser-induced temperature jumps in liquid water 17

faster than in water (approximately by a factor of three) due
to the higher heat diffusivity of 1.7 x 10~2 cm?/s [67]. This
fact indicates that most of the heat is, once transferred from
the water film, dissipated through the Si3N4 membranes be-
fore the next pump pulse impinges on the sample after 1 ms.

From our experimental parameters we estimate a tem-
perature increase of approximately 20 K averaged over the
excited volume. However, the X-ray probe-beam size is
115 um (horizontal) x 285 um (vertical) (Fig. 2¢) and this
averages the size of the temperature jump over the excited
volume and neighboring unpumped regions of the water
film. Taking this into account, one again derives a temper-
ature jump of 18 to 20 K averaged over the probed volume.

In our recently reported results [47] we showed that a
measured transmission change of 0.15% in the pump-probe
experiment corresponds to a temperature jump of 1 K. Given
this, one can independently estimate the temperature jump
reported here: The 3.2% absorption change gives a temper-
ature jump of ~21 K, in a very good agreement with the
temperature jump estimated from our experimental parame-
ters.

4 Summary and conclusions

We have presented a time-resolved X-ray absorption study
of the structural dynamics in liquid water on a picosecond
timescale. We report measured changes of X-ray absorption
after an infrared induced temperature jump as large as 3.2%.
This corresponds to a temperature jump of approximately
20 K. Associated structural changes are characterized by
comparing a transient X-ray absorption spectrum with spec-
tral differences for steady-state heating and isotopic substi-
tution in liquid water. Our results demonstrate the potential
for combined infrared-laser—synchrotron experiments with
substantially shorter X-ray pulses, such as generated with a
femtosecond slicing scheme.
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