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Electron spectroscopy for chemical analysis (ESCA) is a powerful tool for the

quantitative analysis of the composition and the chemical environment of

molecular systems. Due to the lack of compatibility of liquids and vacuum,

liquid-phase ESCA is much less well established. The chemical shift in the static

ESCA approach is a particularly powerful observable quantity for probing

electron orbital energies in molecules in different molecular environments.

Employing high harmonics of 800 nm (40 eV), near-infrared femtosecond pulses,

and liquid-water microbeams in vacuum we were able to add the dimension of

time to the liquid interface ESCA technique. Tracing time-dependent chemical

shifts and energies of valence electrons in liquid interfacial water in time, we have

investigated the timescale and molecular signatures of laser-induced liquid–gas

phase transitions on a picosecond timescale.
1 Introduction

Liquid–gas phase transitions in water are an everyday occurrence. Beyond equilib-
rium thermodynamics extreme states of matter, i.e. the dynamics of superheated
metastable water are of fundamental as well of technical interest but the molecular
picture in general is not well resolved.1,2

Liquid water has many unusual properties when compared with simple organic
liquids and bulk water as well as single water molecules play a decisive role in
many chemical3 and biological systems.4 The dynamical structure of water and the
molecular picture of its important role in chemical and biological systems, often
associated with a distinctive local structure of hydrogen bonds,5,6 has been studied
with powerful spectroscopic techniques in the past;7–10 however, this yielded a degree
of understanding which is often insufficient. Water at extreme conditions (e.g.
temperature and pressure) is also a field of continuous strong interest.11–13 In partic-
ular, water in systems at very high temperatures and pressures was investigated
without providing general conclusive molecular pictures. Its hydrogen-bond struc-
ture has been investigated theoretically and experimentally.14 If water is heated
aInstitut f€ur Physikalische Chemie der Universität G€ottingen, Tammannstrasse 6, 37077
G€ottingen, Germany. E-mail: babel@gwdg.de; Fax: +49 (0)551 393150; Tel: +49 (0)551
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above its critical point it forms a supercritical (sc) phase. Sc water plays an important
role in many areas such as high-temperature chemistry,15 hazardous-waste treatment
and possibly even the origin of life.16 The dynamics of water and solutes have been
studied mostly in static cells with spectroscopic techniques in the time17 and
frequency domains.15 Although the liquid–gas phase transition in water appears
to be a trivial process in terms of thermodynamics, it is anything but trivial if one
asks about the timescale of such a process, especially for superheated water, i.e.
water heated significantly above its boiling point.

If short infrared pulses resonant on the water absorption of the OH-stretch
vibration at around 3 mm are employed, it is possible to heat the water at a rate faster
than the thermal expansion rate and to prepare extreme states of water, well above
the boiling point and even significantly above the critical point.7 We will refer to
these states as metastable, superheated and in the case of T > Tcritical ¼ 373.9 �C
as supercritical.2 If water is prepared at these extreme states, the question is how
the phase and the hydrogen-bonding network evolve in time. For water heated
above its boiling point and below the critical point the system is expected to display
a fast first-order phase transition (correlated with an enthalpy of transformation).2

The question to ask here is: how fast? Is it possible to observe a spectral signature
in an ultrafast experiment that provides the timescale and the spectral signatures
of such fast phase transitions, as well as information about the evolving
hydrogen-bonding network? In addition, what is the dynamics of a system heated
above the critical point? At the critical point the system should display a continuous
phase transition, also called a second-order phase transition. Such a transition is not
correlated with latent heat.1

In this contribution we report investigations of the molecular photoemission
signature of the evolution of the phase and the hydrogen-bonding network of super-
heated water below and above the critical point, as well as its timescales. The
Fig. 1 Scheme illustrating the principle of photoelectron spectroscopy (high-energy photon
produces an electron with a kinetic energy determined by the difference of the photon energy
and the binding energy of the electron).
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combination of several powerful technologies, i.e. photoelectron spectroscopy near
volatile liquid interfaces in vacuum,18 ultrafast pump–probe spectroscopy, and table-
top high-harmonics generation of soft X-ray radiation19 enabled us to add the
dimension of time to the liquid interface ESCA (electronic spectroscopy for chemical
analysis)20 or liquid-phase photoelectron emission spectroscopy (cf. Fig. 1).

2 Experimental approach

In the present experiments a commercial Ti : sapphire laser system (Hurricane,
Spectra Physics) was employed, delivering short pulses with a pulse length of 100 fs
and a pulse energy of 1.3 mJ at a repetition rate of 1 kHz. The laser system employs
the chirped pulse amplification (CPA) technique which incorporates typically four
components, namely a Ti : sapphire oscillator, a grating stretcher, a regenerative
amplifier and a grating compressor (Fig. 2). The internal laser setup was slightly
modified by exchanging a mirror with a beamsplitter in front of the internal
compressor. Three thirds of the internally amplified radiation were reflected by the
beamsplitter and temporally compressed by the internal compressor to give 780 mW
Fig. 2 (a) Schematic drawing of the vacuum apparatus consisting of four chambers and the
TOF photoelectron spectrometer. In the inset the overlap of the IR-pump and the extreme
ultraviolet or soft X-ray (EUV or XUV) probe pulse on the water filament is depicted. (b)
Scheme of the optical setup, providing the IR-pump pulse (2.6–3.0 mm) and the EUV-probe
pulse (39 eV).
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of the standard 100 fs Hurricane output. The remaining 380 mW of the amplified but
uncompressed pulses were transmitted and coupled out towards an external multi-
pass amplifier. There an amplification up to 1.8 W takes place during three passes
through an additional Ti : sapphire crystal (pumped by 10 W of an ORC 1000,
Clark). Subsequent compression in an external grating compressor led to pulses of
1.2 mJ energy at 107 fs pulse duration. The pulses are slightly longer than the stan-
dard Hurricane pulses due to gain-narrowing taking place in the multipass amplifier.

The 780 mW of the regular Hurricane output were directed to an optical para-
metric amplifier (TOPAS, Light Conversion) for photon conversion into the near
infrared (Fig 2). As the standard model of the TOPAS only supports IR generation
until 2.5 mm due to the materials used, for extension of the wavelength region the
TOPAS output was employed as the input for a second nonlinear process. In a subse-
quent KTP-crystal placed 15 cm behind the TOPAS exit an additional wave mixing
process of the generated near IR around 1.1 mm and the remaining fundamental
radiation at 800 nm took place.21 Difference frequency generation and parametric
amplification lead to radiation in the desired wavelength region at 2.6–3.0 mm. By
optimizing the TOPAS settings pulse energies larger than 10 mJ could be obtained
(up to 30 mJ at 2.7 mm). Finally a quartz prism (Infrasil) was used to separate the
IR from the fundamental radiation and from other wavelengths resulting from the
different wave-mixing processes.

The externally amplified 1.5 mJ pulses coming from the multipass amplifier are
used for the generation of high harmonics.22,23 The essential peak power of >1014

W cm�2 is obtained by focusing the short pulses with a 150 mm lens into an
argon-filled capillary with a 2.3 mm inner diameter resulting in peak intensities of
8 � 1014 W cm�2. The argon pressure inside the capillary is about 50–200 mbar.
The radiation enters and leaves the capillary through laser-drilled holes which
have a diameter of 100 mm. In order to optimize the high harmonic output the phase
mismatch between the fundamental and the harmonic radiation in the interaction
region must be minimized.24 This can be achieved by adapting the argon pressure
and by tuning the parameters of the incident light in front of the focusing lens.

The vacuum chamber is pumped by a roots pump (350 m3 h�1) to remove the
argon gas load from the chamber and keeping the background pressure at a level
of 10�2 mbar in order to minimize the reabsorption of the XUV-radiation, which
is less than 10% under the present conditions.

In the high-harmonics generation process several harmonics of the fundamental
radiation are generated such that a dispersive element is necessary to separate
a particular harmonic frequency. Therefore a spherical diffraction grating (700 lines
per mm) is illuminated at a deviation angle of 161.8� exploiting the total external
reflection. The grating has a radius of 17 100 mm and is therefore not focusing
but collimating the high-energy radiation. To protect the grating from thermal
damage by the fundamental radiation a 150 nm aluminum filter can be introduced
in the optical path in front of the grating. In this experiment the 25th harmonic of
the 800 nm radiation was used which corresponds to a wavelength of 32.1 nm and
to a photon energy of 38.6 eV.

In the experimental chamber the IR-pump and the XUV-probe beam are overlap-
ped in space and time on the liquid target (Fig. 2). The target is a liquid microjet
which was introduced by Faubel and coworkers25–27 (Fig. 3). A flux of 0.3–0.4 ml
min�1 of the solvent (i.e. water) is pressed through a micronozzle with a high-pres-
sure liquid chromatography (HPLC)-pump (Economy 2/ED, Techlab Instruments).
The nozzle diameter is in the range of 10 mm giving a liquid filament in the experi-
mental chamber of more or less the same diameter (Fig. 3). At velocities of 20–
50 m s�1 the water filament remains continuous for about 2–3 mm until it breaks
up into a stream of droplets (Fig. 3b) which is frozen out in a cooling trap with liquid
nitrogen. A second cooling trap inside the chamber acts as a strong pump for
gaseous water and allows in combination with a turbopump (1600 l s�1) to keep
the background pressure in the working apparatus at a level of 10�4 mbar.
70 | Faraday Discuss., 2009, 141, 67–79 This journal is ª The Royal Society of Chemistry 2009



Fig. 3 (a) The quartz micronozzle producing a small water filament of z10 mm diameter.
(b) The stable filament and its decomposition into a stream of droplets after a certain length.
(c) The micro water beam in front of the spectrometer entrance where a skimmer of 100 mm
diameter is mounted.
The IR-pump pulse is coupled into the experimental chamber via a CaF2-window
and focused onto the liquid filament with a 60�-off-axis parabolic mirror. The mirror
has an aluminum surface and a focal length of 34 mm focusing the IR beam down to
70 mm (somewhat larger than the filament’s diameter). The nearly collimated XUV-
probe beam is directed in vacuum, under grazing incidence, onto a toroidal mirror
which has an imaging length of 2f ¼ 360 mm (f being the focal length).28 The mirror
is covered with gold, has a size of 20 � 100 mm, and radii of curvature of 24.1 and
5375.3 mm respectively. The focus dimensions and quality depend strongly on the
incident angle and thus on precise pre-alignment. The focal point is slightly
asymmetric with a focal diameter in the spectrometer plane of 100–120 mm. The
XUV-radiation can be monitored with a XUV-sensitive CCD camera (OD2562Z,
Proxitronic) which is installed on the optical axis on the backside of the liquid
beam chamber (Fig. 2). Thus it is possible to see the filament’s shadow in the
XUV-image which is useful for alignment purposes.

For detection of the emitted photoelectrons a time-of-flight electron spectrometer
(Kaesdorf) is mounted to the side (perpendicular to the beam and the optical axis) of
the experimental chamber (Fig. 2). A skimmer of 100 mm diameter separates the
experimental chamber from the spectrometer and is part of a differential pumping
stage towards a second inner aperture of 2 mm diameter. A vacuum better than
10�7 mbar can be maintained in the spectrometer under operation. The photoelec-
trons are ejected from the irradiated side of the liquid filament pointing towards
the micro skimmer. Field-free conditions are maintained by a 3D Helmholtz coil
construction to compensate for the earth magnetic field and other disturbing
magnetic fields.

Under these conditions photoelectrons are sampled by the micro skimmer and
propagate through the entrance of the spectrometer over a 60 cm long free-flight
distance until they are finally accelerated (6.9 cm, 280 V) for higher detection effi-
ciency towards the final MCP-detector. The 40 mm diameter MCP accepts a solid
angle of 1.74 msr of the initial electron emission. The resolution of the spectrometer
in this liquid-beam photoemission configuration has been determined to be 0.2 eV.

If the pump and probe pulses are temporally overlapped, the spatial overlap
on the beam can be detected (in the photoelectron spectrum) by an appearance
of electrons with high kinetic energy generated and accelerated by a mixed
This journal is ª The Royal Society of Chemistry 2009 Faraday Discuss., 2009, 141, 67–79 | 71



IR–XUV-multiphoton absorption process. This effect (signal) can also be employed
for cross-correlation measurements (z500 fs for the present case) to estimate the
pulse length of the XUV-probe pulse and the overall time resolution.29

3 Computational methods

Molecular dynamics simulation

All the simulations were carried out with the GROMACS software package.30,31

Thereby Newton’s equations of motion were propagated with a time-step of 1 fs
using the SETTLE algorithm30 to constrain bond lengths and angles. The water
model used in the present MD calculations was the SPC model.32 Test simulations
employing other models (e.g. TIP4P)33 gave comparable results. The water box
system with dimensions of 30 � 4 � 4 nm consisted of 16 184 water molecules. It
was equilibrated with a Berendsen thermostat and barostat at 300 K and 1 bar
for 1 ns. Afterwards the system was heated up to the required temperature and
post-equilibrated for 200 ps at constant volume. To allow an expansion of the dense
phase into vacuum, the water box was translated by 300 nm in the direction of the
long edge and the total length of the box was elongated to 500 nm. The phase tran-
sitions were simulated in a micro-canonical ensemble with the same time step for 100
ps. The short-range Coulomb interactions were calculated explicitly up to a distance
of 1.2 nm, and for the long-range interactions the particle mesh Ewald (PME)
method was used.30

Lifetimes of hot water aggregates

The starting structure of the different water aggregates were taken from ab initio
geometry optimization34 and minimized in the classical force field with the steepest
descent algorithm to a convergence of 0.1 kJ mol�1. After minimization, each atom
was assigned a random velocity from a Maxwell–Boltzmann distribution at 775K.
Therefore, each atom was given a random velocity from a one-dimensional Maxwell
distribution in each direction (x,y,z) and the total kinetic energy of all atoms was
calculated. This total kinetic energy with the number of degrees of freedom in the
system was used to calculate the achieved temperature. The ratio of the achieved
and the desired temperature T served as scale factor for all velocities.

For the simulations a time step of 0.1 fs for integration of Newton’s equation was
used and 101 trajectories with a total length of 100 ps each were simulated. The posi-
tion of the atoms were recorded every 2 fs. The lifetime of an aggregate was defined
as the time after which one of the O–O distances was longer than 4 Å during at least
200 fs.

4 Results & discussion

In the present experiments we used an ultrafast femtosecond near IR laser pulse
(2.5–3 mm) to excite water resonantly via its OH-stretch vibration inducing subse-
quent ultrafast heating to internal energies between about 10 and 45 kJ mol�1

corresponding to hot transient phases between 450 and 1100 K. The evolution of
the superheated metastable water phase is probed with pulsed ultrafast photoelec-
tron emission spectroscopy, employing EUV radiation produced via high-harmonics
generation (HHG) and a liquid water jet in vacuum.25,35 The temperature as well as
thermodynamic properties of the beam in vacuum can be characterized and
controlled very well, as has been shown by us and others.25,27 In the present exper-
iment only liquid water has been investigated. For the ultrafast liquid interface
ESCA technique to work the infrared pump (near 3 mm) and the EUV (high
harmonics) ‘‘laser-like’’ probe beam (near 40 eV photon energy) have to be overlap-
ped nearly collinearly in space and time on the microjet. The EUV probe beam alone
in the present case ionizes water and produces photoelectrons from the 1b1, 3a1, 1b2,
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and 2a1 (cf. Fig. 4, at negative delays) valence electrons of liquid water and some
gas-phase water around the liquid microbeam.25,36 Photoelectrons near the liquid
interface (about 3 monolayers of water) can escape into vacuum nearly unper-
turbed37 and can be sampled with a 100 mm (micro) skimmer at a distance close
to the microbeam (100–500 mm) and their kinetic energy can be measured in
a time-of-flight electron spectrometer. The electron spectrometer, differentially
pumped between skimmer and spectrometer, enables us to record the entire photo-
electron spectra (multiplex advantage) and a reference spectrum at negative delay
times in single shots at 1 kHz repetition rate that are averaged for predefined
time-steps of the delay of the two femtosecond (fs) pulses. The time-of-flight data
are converted into kinetic energies of the photoelectrons and in turn into binding
energies of the valence electrons depending upon local intramolecular electron densi-
ties and the molecular environment (e.g. hydrogen bonding). With this technology,
time-dependent photoelectron spectra as a function of delay time between the
IR-pump and the EUV probe pulses have been recorded. A time-series of spectra
(with perpendicular polarization of pump and probe beams) is displayed in Fig. 4.
Fig. 4 Time-resolved photoelectron spectra of liquid and metastable water (2700 nm: left and
2900 nm: right).
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The broad features of the 1b1, 3a1, 1b2 and 1b1,liq. photoelectrons can be resolved.
Prominent features of a photoelectron spectrum of water for the valence electrons
are known and easily assignable to the 1b1, 3a1 and 1b2 orbitals of isolated water
in the gas phase.25,36 In the present case a superposition of spectra from the liquid
and the gas phase of water is observed. While somewhat narrower photoemission
lines of the 1b1, 3a1 and 1b2 electrons in the gas phase are overlapped with shifted
(towards lower binding energies) and broader 1b1,liq.,

3a1,liq. and 1b2,liq lines of liquid
water, the 1b1,liq. photoemission line is resolved best because it is the line with the
largest liquid–gas shift of all valence orbitals and observable in a region of least over-
lap.25,38 The upper limit of the energy resolution in the photoelectron spectra has
been measured for the narrowest lines to be 0.2 eV at present.

For clarity, the time-resolved spectra in Fig. 4 (solid lines, colored in blue) have
been plotted with a color code displaying the differences to the reference spectrum
at negative delays. Red displays a decrease and blue an increase in intensity relative
to the reference spectrum. All spectra are normalized on a shot-to-shot basis to the
corresponding reference spectra at negative delays and averaged until a satisfactorily
signal-to-noise ratio is obtained. Usually, 100 000 shots are averaged for one time
point. This procedure enabled us to eliminate shot-to-shot variations and energy
drifts of the high harmonic radiation and the pump pulses. Tracing time-dependent
chemical shifts and binding energies of valence electrons in superheated water in
time, we have investigated the timescale and molecular signatures of the evolution
of superheated water (with energy contents varied via the known absorption coeffi-
cient of water and the wavelength of the tunable IR-laser, see ref. 13 and references
cited there) on a picosecond timescale with a time-resolution of about 500 fs (to be
improved soon via multilayer mirrors39 or a second grating40). If intensities at
a particular chemical shift (i.e. binding energy) are monitored, time-profiles can
also obtained instead of time-dependent spectra.

The positions (binding energies) of particular interest in the spectrum belong to:
the low-energy wing of the (static) liquid 1b1,liq. photoemission line (10.5 eV), its
maximum (11.16 eV),38 a position between the 1b1 and the 1b1,liq. emission maximum
(11.6 eV) and the 1b1 gas-phase emission maximum (12.6 eV). While the energy
windows at 10.5 eV and at 11.16 eV both monitor the decay of the liquid phase,
the 11.6 eV energy monitors the appearance of the supercritical phase and the pres-
ence of clusters and water aggregates at later times. The chemical shift at 12.6 eV
monitors the increase of gas-phase water. As we watch the spectra as a function of
time (e.g. in Fig. 4, left panel), the initial shift towards higher binding energy and
a decay of the liquid 1b1,liq. peak at 11.16 eV is obvious (red). At the same time an
increase of the 1b1 gas-phase peak at 12.6 eV occurs (blue). Beyond these changes
also intensity at 14.5 and 18 eV builds up which belongs to the gas-phase photoemis-
sion peak of the 3a1 and 1b2 electrons of water. At 17 eV intensity of the 1b2,liq. orbital
vanishes as a function of time. These overall features (initial shift and decay of the
liquid-phase photoemission) is a clear signature for a fast evaporation of the liquid
after excitation with an IR-femtosecond pulse resonant with the OH-stretch of water
in the liquid phase. The internal energies of the excited water phase have been esti-
mated from the known absorption coefficients of water13 and the penetration depth
and have been determined to be z10 and z45 kJ mol�1 corresponding to z450 and
z750 K respectively. While the first traces of Fig. 4 (left panel) correspond to
temperatures of 450 K (superheated but below the critical temperature Tcrit.) the right
panel displays experiments for 750 K corresponding to a supercritical fluid. Beyond
the overall features discussed above a new feature is transient intensity in a range of
the chemical shift (i.e. at 11.6 eV) between the liquid-phase 1b1,liq. peak at 11.16 eV
and the gas-phase peak at 12.6 eV. It is known that in this energy range photoemis-
sion of clusters occurs (1b1).41,42 These features and trends are easily observed in the
time-resolved traces of the chemical shift as a function of time (Fig. 4). For excitation
at 2700 nm the intensity at 10.5, 11.16 and 11.6 eV is decreasing with a fast compo-
nent within 5–10 ps and a slower component on a 500 ps timescale. At the same time
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the gas-phase photoemission of the 1b1 at 12.6 eV corresponding to gas-phase water
increases. For excitation at 2900 nm near the maximum of the liquid-water absorp-
tion the intensity at 10.5 and 11.16 eV decreases on a faster (5–10 ps) and then appar-
ently slower (but overall still fast) timescale of 100–150 ps. Contrary to the previous
case, intensity increases again in the intermediate range of 11.6 eV for longer times
while the gas-phase intensity at 12.6 eV (1b1) first increases and then decreases again
(cf. Fig. 4, right panel). We attribute this feature tentatively to the appearance of new
species, namely hot water aggregates or hot clusters, between the liquid and gas
phases from a dispersion of the liquid and/or an ultrafast re-condensation of hot
gas-phase molecules.

The preliminary conclusion from the experiment is that a superhot sub-critical or
supercritical phase is formed with a characteristic spectral signature, i.e. an early
shift towards higher binding energies. The origin of this chemical shift may be attrib-
uted to a weakening of the hydrogen-bonding network and the interaction being
correlated with fewer hydrogen bonds per water molecule. Depending upon the
energy content of the hot water phase, (i) the liquid disappears in a process that
may be called fast evaporation or (ii) the liquid is dispersed. In the former case
the loss of the liquid phase and the gain of the gas phase is irreversible. In the super-
critical case the liquid-phase photoemission vanishes and the gas phase builds up
temporarily. On a timescale of a few hundred picoseconds the gas phase vanishes
again and photoemission in the 11.6 eV energy range monitors more or less large
clusters41 formed either from the disintegrating liquid or through re-condensation
of the gas phase or both, when aggregates from the disintegrating liquid serve as
nucleation seeds. The disappearance of the gas phase may suggest the latter scenario
at later times. The experiment shows unambiguously that a superheated sub-critical
and supercritical water phase have a finite lifetime and that the spectral features and
its timescales can be observed with time-resolved ESCA. While the evolution of the
sub-critical phase reresembles fast (normal) evaporation, the evolution of the super-
critical phase results in a very fast dispersion of the fluid into a distribution of mono-
mers and hot aggregates. This effect is gradually observed when changing the energy
content of the water through changing the excitation wavelength of the IR laser from
2650 to 2900 nm (maximum of absorption). It must be kept in mind that in the
present experiment mixed spectra of gas phase and liquid phase are always observed.
It is also important to note that we observe approximately the same near-interface
molecules (initially in the first three monolayers37 of the liquid and then in the dense,
evolving gas phase) throughout the evaporation process, i.e. the escape depth of elec-
trons observed in our experiment depends upon the number density perpendicular to
the water surface.

In order to obtain more insight into the processes the time-resolved data have
been compared with molecular dynamics simulations of the process (evolution of
a hot near-interface water phase for different internal energies).

The simulations are carried out with the GROMACS software package and the
details are given in the computational methods section. For different times the
evolution of the (extremely) heated water phase is displayed in Fig. 5. The water
molecules are color-coded in such a way that the color corresponds to the thermo-
dynamic state in the schematic phase diagram of water (shown in the inset) if ther-
modynamic equilibrium is assumed. Under this assumption the local density and the
kinetic energy of each molecule was calculated and averaged over 2 ps. With the
temperature calculated from the kinetic energy of the molecules (rigid SCP model
for water), the pressure was calculated from the local density employing an extended
equation of state for liquid water.43 According to the pressure and temperature the
assignment according to the phase diagram was made. From the simulation we see
that the evolution of the superheated phase is mainly an expansion of a supercritical
phase for quite some time. However, the density is quickly changing and the phase is
obviously heterogeneous, which manifests itself in the presence of various transient
aggregates, which form and partially dissociate again on a picosecond timescale.
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Fig. 5 Snaphots of the left side of the simulation box (total dimension 12 � 12 � 500 nm:
shown 12 � 12 � 130 nm) with approx. 140 000 water molecules for different times. The snap-
shot at t ¼ �1 ps represents the equilibrated box at 300 K and the one at t ¼ 0 ps after the
instantaneous heating-up process. The other snapshots are taken out of the simulation at
constant energy and volume (NVE).
In order to shed light on the lifetimes of aggregates in the expanding overheated
phase and the question whether such aggregates live long enough to be detected via
ultrafast ESCA, we have calculated lifetimes of highly excited (high temperature)
dimers, trimers and tetramers. Fig. 6 shows the distribution of lifetimes of dimers,
trimers and tetramers for trajectories (775 K) for which dissociation could be
observed (non- reactive trajectories were omitted). For the dimer (Fig. 6, upper
panel) half of the dissociated aggregates have a lifetime smaller than 2 ps. The trimer
and tetramer (Fig. 6, middle and lower panels) show lifetime distributions which are
shifted to longer lifetimes. Only 20% of the dissociated trimer has a lifetime smaller
than 2 ps and only 10% in the case of the tetramer. The remaining trajectories of the
trimer and the tetramer are distributed over a wide range compared to the dimer and
in the case of the tetramer even 30% of the trajectories exhibit an aggregate lifetime
larger than 24 ps. In addition, the fraction of nondissociating trajectories increases
for increasing aggregate size.

These results show that aggregates at supercritical conditions (starting initially in
their minimum-energy configurations) have predicted lifetimes on the order of a few
to tens of picoseconds, depending critically on the size of the aggregates. Furthermore,
it is expected that larger aggregates consisting of 5–20 molecules exhibit even larger
lifetimes and there should be no problems in detecting them in the present type of
experiment. Because the initial conditions of the simulation may not necessarily reflect
the real conditions in the experiment (in terms of aggregate formation) the lifetimes
obtained may be regarded as rough estimates rather than precise predictions.

The current results strongly suggest that the phase evolution of superheated water is
not necessarily a trivial process starting from the hot water phase and leading rapidly
to isolated molecules in the gas phase. Depending upon the initial temperature a fast
‘‘normal evaporation’’ or a dispersion-like evolution of the phase may be observed in
real-time with partial large heterogeneities in the aggregate size. In the future we aim
to shed more light onto this phenomenon of transient heterogeneity in an expanding
supercritical (hydrogen-bonded) phase which may be special for water and which may
change for other systems depending upon the hydrogen-bonding interactions.

5 Conclusions and outlook

In summary, we have demonstrated that ultrafast electronic spectroscopy for chem-
ical analysis (ESCA) near liquid interfaces (being conceptually an ultrafast extreme
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Fig. 6 Distribution of lifetimes of the dissociated aggregates (starting at minimum energy
configuration). Upper panel: dimer (number (#) of dissociated aggregates: 70 out of 101).
Middle panel: trimer (number of dissociated aggregates: 88 out of 101). Lower panel: tetramer
(number of dissociated aggregates: 64 out of 101).
ultraviolet photoelectron spectroscopy) is a powerful new two-dimensional spectro-
scopic tool that can monitor electron orbital energies and chemical shifts in time in
the condensed phase near liquid interfaces, and that it enables a new avenue for moni-
toring ultrafast processes in chemistry and biologic model systems near water and
other liquid interfaces. In a first application of the technique, we have shed light
onto the dynamics and evolution of superheated and supercritical water phases and
related phase transitions which are interesting both from a fundamental point of
view and for certain analytical applications.44 With regard to the evolution of super-
heated phases we found that the ultrafast process is not necessarily a trivial one start-
ing from the metastable phase and leading directly to isolated molecules. The features
of the evolution appear to be governed by hydrogen-bond dynamics and energetics.

Together with theory, the main future goal of our group will be to develop the
current technique into an ultrafast photoemission spectroscopy (in the spirit of
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liquid interface ESCA, but going much beyond), namely to trace molecular orbitals
(and their autocorrelation functions) during molecular transformations near liquid
interfaces. One of the main challenges will be the clear distinction of liquid surface
phenomena and processes in the bulk (below the first mono layer), which could in
principle be addressed in EUV wavelength-dependent experiments (due to different
probing and electron escape depths).
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