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The valence band photoelectron spectra of liquid water (H2O and D2O) are studied in the photon energy
range fromhν ) 60 to 120 eV. The experiments use a 6µm diameter liquid-jet free vacuum surface at the
MBI undulator beamline of the synchrotron radiation facility BESSY. Photoelectron emission from all four
valence molecular orbitals (MOs) is observed. In comparison to those of the gas phase, the peaks are
significantly broadened and shifted to lower binding energies by about 1.5 eV. This is attributed primarily to
the electronic polarization of the solvent molecules around an ionized water molecule. Energy shifts, peak
broadening, and relative peak intensities for the four MOs differ because of their specific participation in the
hydrogen bonding in liquid water. Relative photoionization cross sections for MOs were measured forhν )
60, 80, and 100 eV. The main difference for liquid water, as compared to the gas phase, is the relative
intensity decrease of the 1b2 and 3a1 orbitals, reflecting changes of the MOs due to H-bonding.

I. Introduction

Liquid water, essential for all life processes, and its peculiar
behavior make this molecule subject to intense and continuing
research. The key to many properties of liquid water is hydrogen
bonding (H-bonding). H-bonding in water can influence chemi-
cal processes. For instance, the formation of an
O-H‚‚‚O hydrogen bond weakens the O-H chemical bond,
thereby enabling proton transfer via an exchange of these bonds.1

Despite the importance of H-bonding, there are many un-
answered questions, such as how H-bonding affects the elec-
tronic structure of pure water. At the same time, although
H-bonding governs solvation it is still one of the most poorly
understood interactions in chemical physics.

The present work focuses on the electronic structure of liquid
water inferred from photoelectron emission using synchrotron
light. For a long time, this technique was hardly applicable to
highly volatile liquids because of the difficulty in transferring
photoelectrons originating from the liquid surface through the
vapor phase to an electron detector. This incompatibility of wet
samples and ultrahigh vacuum has imposed serious limitations
on accessing the electronic structure of liquids, although the
ionization threshold energy of liquid water was reported some
20 years ago2 to be 10.06 eV. Most recent experimental
approaches have made use of X-ray absorption spectroscopy
(XAS)3, X-ray Raman scattering (XRS),4 and X-ray emission5

to study the electronic structure of liquid water and water
clusters.6 In the XAS spectrum near the O 1s absorption edge,
the pronounced structure characteristic for the free water
molecule was found to be drastically smoothed and shifted
toward higher energies in the liquid. Supported by ab initio
calculations, this was attributed to a significant fraction of
broken H-bonds with an average number of H bonds below

three.3 The X-ray emission data also show a distinctive shift
and broadening of the spectral features as a fingerprint of
different broken H-bond configurations;5 conclusions were
similar to those found with XAS. Important complementary
information on the structure of liquid water is obtained from
X-ray diffraction (see, for example, refs 7 and 8 and the
corresponding theory9,10), but the electronic structure is not
directly addressed in this type of study.

To date, the only photoelectron emission study from valence
levels in liquid water extending beyond the top of the valence
band was performed with focused HeI radiation using a similar
microjet setup to that in the present work.11,12 With this
laboratory photon source, the outer three valence orbital energies
of liquid water were identified for the first time. However,
because of the large background of secondary electrons in the
spectra and limited statistics, peak positions and widths could
not be determined precisely. In contrast, in the present work
the microjet apparatus was modified for use at a synchrotron
radiation source. When compared to the low-energy HeI
photons, tunable undulator radiation is superior for a number
of reasons: the much broader range of photon energies makes
all valence electrons addressable to photoelectron spectroscopy,
and the high brilliance allows us to accumulate high-resolution
data with sufficient statistics. At the same time, the variation
of the kinetic energy of the emitted electrons allows us in
principle to access different depths below the surface and to
carry out a systematic investigation of potential final-state
effects, and the 100% polarization of the photons adds additional
specificity to the experiment.

In the present work, we present the first full-range valence
photoelectron emission spectra of liquid water obtained for
photon energies up to 120 eV. This energy range enables the
investigation of previously inaccessible electronic structural
details and provides complementary information to recent X-ray
studies.3,5 We also report partial ionization cross sections dσi/
dΩ for all four liquid water molecule valence orbitals. The role
of oriented surface species and the effect of H-bonding in the
liquid on the electronic structure of the H2O molecule will be
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discussed. Finally, we identify inelastic scattering processes of
the photoelectrons with the water molecules in the liquid.

II. Experimental Section

A liquid, micrometer-sized water jet, 6µm in diameter, was
generated in a high-vacuum environment. The small beam size
results in nearly collisionless evaporation.13

The photoemission measurements were performed at the
MBI-BESSY undulator beamline (U125). It provides photon
energies up to about 180 eV at an energy resolution of better
than 104. For the present experiments, the resolution was reduced
in favor of the photoemission signal to about 100 meV, which
is more than sufficient for the observed features with typical
intrinsic widths of>0.5 eV. At a photon flux of 4× 1012/s per
0.1 A ring current, count rates are on the order of 100 counts/s
at the peak maximum. The synchrotron light intersects the
laminar liquid jet at normal incidence, and electrons are detected
normal to both the jet direction and the light-polarization vector
(Figure 1). With a focal spot size of the synchrotron radiation
of about 250µm along the jet and 120µm in width, the
simultaneous detection of photoelectrons from gas-phase water
surrounding the jet is unavoidable and even beneficial for
calibration purpose, as we shall see.

The jet was thoroughly grounded to avoid charging upon
photoemission, even though charging of the insulated surface
is negligible for a flowing microsized system.11,12,14 Highly
demineralized water (conductivity ca. 0.2µS/cm) was used in
the experiments.

III. Results and Discussion

A. Liquid Photoemission and Reference Energy.Figure 2
displays photoelectron spectra of liquid water obtained for 80,
100, and 120 eV excitation photon energy. The acquisition time
per spectrum was 30-45 min. For clarity, the spectra are
vertically displaced relative to each other, with the intensities
being normalized to the 1b1 (liquid) peak height.

Gas-phase contributions to our photoemission spectra result
from the continuous evaporation of the liquid surface, and are
indicated by the subscript g (e.g., 1b1g). The sharp feature
corresponding to the 1b1g gas-phase H2O orbital with its well-
known binding energy of 12.60 eV15 constitutes a precise energy
reference. Its position and width are found to remain constant
in our spectra as the jet was moved off-sight from the

spectrometer detection axis by about 100µm. Hence, all gas-
phase water is sampled from a potential that is constant between
the jet and the spectrometer skimmer, and binding energies
reported here were calibrated to the 1b1g reference.

The 10-35 eV binding-energy region (Figure 2) is character-
ized by a clearly structured emission spectrum arising from the
four valence orbitals of the H2O molecule. Near 50 eV binding
energy (label 2), broad emission features are observed. We will
assign this structure, as well as some weaker features at lower
binding energy (e.g., features 1 and 1′), to specific electron
energy losses (section IIIE). This part of the spectrum also
contains rather unspecific contributions from secondary elec-
trons, giving rise to the broad background.

B. Water Gas-to-Liquid Binding-Energy Shifts and Peak
Broadening.1. OVerView of Experimental Findings.The liquid-
and gas-phase contributions to the spectra can be separated as
illustrated in Figure 3, which shows the valence band photo-
emission spectra of water athν ) 60 eV.

The top panel displays the measured liquid spectrum char-
acterized by the maximum liquid-to-gas intensity ratio, from
which a Shirley-type background was subtracted.16 The center
panel is the pure gas-phase spectrum. The labels in the figure
denote the four (fully occupied) valence molecular orbitals (MOs
illustrated in Table 1) of the water molecule (C2V symmetry)
corresponding to the (1a1)2(2a1)2(1b2)2(3a1)2(1b1)2 electronic
ground-state configuration.17

The bottom curve in Figure 3 is the difference between the
liquid and the gas-phase spectra (with properly scaled relative
intensities of the 1b1g peak). This difference is our best
experimental approach to the valence photoemission spectrum
of pure liquid water. The most noticeable effect between the
pure liquid and the gas-phase spectra is a binding-energy shift
of all water orbitals to lower values, accompanied by consider-
able liquid peak broadening as summarized in Table 1. Any
effect of the photon energy (60, 80, and 100 eV) on the electron
binding energy and peak width is within the experimental error.

The energies given in Table 1 result from a Gaussian peak
fitting averaged over a number of spectra. Figure 4 shows a
representative example forhν ) 60 eV. As will be explained

Figure 1. Schematic of the experimental setup. Polarization vector of
the synchrotron light is perpendicular to the direction of the electron
detection. Photoelectrons pass through the spectrometer skimmer, which
acts as a differential pumping stage.Θ is the emission angle with respect
to the light polarization.

Figure 2. Full-range photoemission spectra from a 6µm diameter
liquid water microjet obtained for 80, 100, and 120 eV photon energies,
respectively. Peaks labeled 1b1, 3a1, 1b2, and 2a1 correspond to the
emission of the four water valence orbitals. Features 1, 1′, and 2 are
assigned to secondary processes involving electron energy losses due
to quasi-optical excitation. Intensities are normalized to the 1b1 (liquid)
orbital energy. Electron binding energies are relative to vacuum.
Transitions by optical absorptions, known for liquid water, are indicated
by horizontal arrows.
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in section IIIE, the background underneath the 2a1 signal was
subtracted by fitting it to two energy-loss peaks. In contrast, as
discussed in section IIID, the 3a1 signal itself was assumed to
be split, the respective peak position given in Table 1 being an
average of two single peaks and the width giving the overall
energy spread of the two components. The statistical errors are
indicated in Table 1.

The differential gas-liquid peak shifts for the four valence
MOs given in Table 1 place the binding energy of the HOMO,
1b1, of liquid water at 11.16 eV (vertical transition energy),
and the photoionization threshold of 9.9 eV is derived from
extrapolating the slope of the 1b1 signal (inset in Figure 3),
which is slightly lower than that reported in the first threshold
experiment.2 It is interesting that recent photoelectron studies
of water clusters6 yield values for the shift and broadening
between the free water molecule and the liquid. Note that the
presently determined peak shifts are distinctively different from
the values obtained earlier using HeI line radiation,11 where 1.70,
1.35, and 1.59 eV for the 1b1, 3a1, and 1b2 orbitals, respectively,
were reported. The differences are attributed to the considerably
improved counting statistics and reduced secondary-electron
background in the present experiment. Also, the earlier experi-
ment was not capable of determining the peak widths, and the
2a1 orbital was not accessible at all in these studies.

2. Origin of Gas-to-Liquid Binding-Energy Shift.The ob-
served gas-liquid peak shifts of water are the net result of at
least three different contributions: electronic polarization,
surface dipoles, and changes in the orbitals due to H-bonding
in the water network. We expect the first two contributions to
be dominant and identical for all orbitals. The polarization term

accounts for the fact that the molecular electrons can be
considered to move in an electric field that is screened by the
polarization of the (liquid) environment around the molecular
core. This is given by the relative permittivityε of the solvent.
Because the emission process itself is very fast (femtosecond
time scale), any reorientation of the solvent water molecules
can be neglected, and the binding energy of the electrons is
directly reflected in their kinetic energy after photoemission.17

The observed shift on the order of 1-2 eV is common in the
photoemission of condensed (molecular) systems. For liquids,
this “polarization screening” may be estimated from the Gibbs
free energy of solvation given by the Born equation17,25,26

whereEaq and Eg denote the respective aqueous and gaseous
binding energies. For photoemission, it is the optical macro-
scopic relative permittivity of water,ε ) εopt = 1.8,27 that
describes the screening of the solvent, andR is identified with
the first maximum of the oxygen-oxygen radial distribution
function28 or with an effective (theoretical) solute cavity radius,
Reff. UsingReff ) 2.24 Å,29 one obtains-∆G ) 1.4 eV, which
is in surprisingly good agreement with the shifts observed
experimentally (Table 1). This is attributed to the small size of
the water molecule because it allows for the assignment of a
well-defined cavity radius.17

Clearly, a simple continuum model cannot reproduce struc-
tural details and completely neglects individual interactions
between different water molecules. Also, as mentioned above,
the mere existence of a surface is a potential source of orienting
molecules. Thus, in principle surface dipoles have to be taken
into account. A layer of oriented molecules at the water surface
would lead to a spectral shift of all emission features due to a
change in the work function. The magnitude of this surface
potential for liquid water is, however, not well known, but it is
likely to be some ten mV,30 consistent with the permanent
dipoles of water molecules nearly lying in the surface plane.31

Electrochemical studies report a value of about 25 mV.32 The
case of water molecules on solid surfaces will be discussed in
section IIID.

The effect of the change in the dipole moment between the
gas and condensed phases has been addressed explicitly in refs
9, 10, and 32. In fact, band-energy positions of liquid water are
still the subject of continuing debate,35 with the only consensus
being the assignment of 10.06 eV below the vacuum level for
the top of the valence band,35,36 in good agreement with early
reports2 of about 10 eV and our present value of 9.9 eV. The
photoionization threshold energy of liquid water has been
discussed intensively,36-39 often in the context of solvated
electron formation (involving photolysis, single- and multipho-
ton processes). Autoionization and photoionization vs optical
charge transfer or electron transfer is discussed in ref 38, and a
thermodynamic consideration can be found in ref 36.

Finally, we expect a truly intrinsic orbital-energy shift due
to H-bonding, which will be orbital-specific. The first detailed
theoretical discussion of H2O molecular orbitals in the liquid
phase has been reported in refs 9,10, and 34, and direct
experimental observations were published only very recently.3,5

The X-ray absorption spectroscopy (XAS) studies revealed the
presence of a considerable fraction of asymmetric configurations
of the water molecules, for which the H-bond is strongly
distorted or broken on the H-donating site of the molecule.3,4

Likewise, electronic structural changes due to broken H-bonding

Figure 3. Photoemission spectra (hν ) 60 eV) from gas-phase water
sampled for the maximum liquid signal (top), from the pure gas-phase
0.5 mm aside from the liquid microjet (center), and the difference
spectrum (bottom). Labels refer to the four valence MOs of liquid 1b1,
3a1, 1b2, 2a1. Also indicated is the prominent 1b1g gas-phase contribu-
tion. The gas-to-liquid binding-energy shift between 1b1g and 1b1 is
marked. Binding energies are with respect to vacuum. The inset shows
the onset of the photoemission signal on an enlarged energy scale.

∆GBorn ) - z2e2

8πε0R(1 - 1
ε) ) Eg - Eaq (1)
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have been inferred from X-ray emission studies.5 The main result
is a peak broadening associated with an energy-level splitting,
in particular, for the 3a1 orbital, which is attributed to an increase
in the dipole moment of liquid water9,10 and subsequent
polarization and hybridization of the orbital. As shown by ab
initio molecular dynamics studies, the average O-H bond length
in the liquid phase is significantly larger than in the isolated
molecule.9,10 The peak shifts observed in the present photo-
emission experiment reflect the various contributions mentioned,
but it appears plausible that the most strongly bound 2a1 orbital
experiences this O-H stretch and charge redistribution most
strongly, and shows the largest gas-liquid shift, as documented
in Table 1. Clearly, photoemission has a high potential for
probing, in principle, the binding energy of individual orbitals
directly and is complementary to the X-ray techniques that are
sensitive to differences in orbital energies. However, a detailed
interpretation requires corresponding ab initio calculations that
are currently underway in our group.

3. Discussion of Liquid Peak Broadening.The peak widths
for all valence orbitals are substantially increased in comparison
to those of the gas phase, as shown in Table 1. For comparison,
the table also contains the respective widths for the gas-phase
peaks as derived from the present spectra.24 The liquid peak
widths are about 4.0, 2.1, 1.3, and 1.2 times those in the gas
phase for 1b1, 3a1, 1b2, and 2a1, respectively. These widths
reflect the statistical distribution of different configurations

around an individual H2O molecule (i.e., broken or unbroken
hydrogen bonds, and the orientation of next neighbors). Also,
local geometry differences of surface versus near-surface water
molecules, located within the first few layers, may be important.
It is interesting to note that surface water would closely resemble
the D-ASYM broken, asymmetric H-bond structure proposed
in ref 3.

The different peak widths show that H-bonding and configu-
rational fluctuations have different effects on different H2O
orbitals, in agreement with ref 5. It appears plausible that the
1b1 orbital, which is most weakly bound, would be particularly
sensitive to such changes (from 0.3 to 1.45 eV) even though its
absolute width is the smallest. A very similar value, 1.5 eV,
for the width of the 1b1 band in liquid water was observed by
X-ray emission.5 The small width is associated with the
nonbonding character of this orbital. Apparently, the 3a1 orbital
is also very strongly affected; this was also observed in X-ray
emission, attributed there to the influence of H-bonding on the
character of the 3a1 state showing the strongest energy-level
splitting.5 The broadening for 1b2 and 2a1 is considerably
smaller. However, a pronounced influence of H-bonding on the
1b2 orbital is derived from the respective cross sections discussed
in the next section.

C. Relative Photoionization Cross Sections.Photoionization
cross sections of liquid water, reported in the present work for
the first time, may provide additional information about changes
in the character of the MOs. The measured relative differential
photoionization cross sections, dσi/dΩ, are presented in Table
2 (top). Peak integrals (normalized to the 1b1 peak height) at
hν ) 60, 80, and 100 eV are given for both liquid- and gas-
phase water. (Presently, no attempt has been made to determine
absolute photoionization cross sections.) The results were
obtained by fitting each pure-liquid photoemission spectrum to
Gaussians, as illustrated in Figure 4. No significant dependence
on the photon energy is observed, indicating that final-state
effects play, if any, only a minor role.

The errors indicated in Table 2 were inferred by comparing
different fitting procedures. Comparatively large errors for the
3a1 orbital arise from the strong spectral overlap with the 1b1

peak. The value is determined with the largest uncertainty
because of the substantial, unknown background arising from
inelastic electron collisional processes (section III E). For
reference, the corresponding gas-phase integrals are also
displayed in the table. They can be determined more accurately

TABLE 1: Experimental Electron Binding Energies, Full Widths, and Experimental Gas-to-Liquid Energy Shifts, Eg - Eaq, for
the Four H2O (Liquid and Gas) Valence Orbitalsa

binding energy/eV peak width fwhm/eV shift/eV
orbital gas liquid ice gas liquid ice gas-liquid

1b1 12.6015 11.16(4) ∼12.318,19 0.30(1) 1.45(8) ∼1.323 1.45(5)
∼11.821 ∼1.2822

3a1 14.84(2) 13.50(10) ∼14.218,19 1.18(2) 2.42(10) ∼2.5-3.0 1.34(12)
14.8015 22,23

split

1b2 18.78(2) 17.34(4) ∼17.618,19 1.75(5) 2.28(8) ∼2.023 1.46(6)
18.6015,24 ∼18.020 1.8222

2a1 32.62(10) 30.90(6) ∼31.021 2.82(14) 3.30(6) ∼3.321 1.72(16)
32.6015

a The energy calibration is with respect to the 1b1g gas-phase binding energy. The analysis is based on the Gaussian peak fitting of the respective
difference spectra (liquid minus gas) obtained for 60, 80, and 100 eV photon energies, respectively. Data refer to the present work unless indicated
otherwise. For comparison, we also report binding energies and peak widths for ice from the literature (fwhm being estimated also from literature
data),

Figure 4. Representative Gaussian peak fitting shown for a photo-
emission spectrum of liquid water (difference spectrum;hν ) 60 eV).
The extra peaks required for fitting the 2a1 peak account for secondary
processes of photoelectrons from other orbitals. A double-peak structure
has been assumed for the 3a1 feature for reasons explained in the text.
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because of both the strongly reduced background and the fact
that the peaks do not overlap.

In Figure 5a, we present the relative photoemission intensities
graphically. Cross-section changes with respect to the gas phase
are particularly noticeable for the 1b2 orbital (reduction of
∼50%), but the 3a1 peak decreases only by∼10-20% and the
2a1 signal is unchanged within the error limits. Apparently, the
1b2 water orbital is most strongly influenced by its (liquid)
environment, a behavior that in view of its geometry (Table 1)
is most likely connected to its participation in H-bonding.

However, we now have to address the effect of molecular
alignment on the photoelectron angular distribution. Photo-
ionization cross-section measurements in the gas phase (statisti-
cally oriented molecules) are preferentially performed at the
magic angle40 because this allows to determine cross sections
that are independent of the experimental geometry. However,
from the measured quantity dσi/dΩ obtained for a given
geometry, the integrated cross sections (relative partial photo-
ionization cross sections)σi may be calculated if the so-called
(energy-dependent) anisotropy parameterâi is known. For linear
polarization, we have40,41

with 2 g âi g -1 and Θ being the angle between the
momentum vector of the ejected electron and the polarization
vector of the incident photon beam.Pl is its degree of linear
polarization. For the present experiment,P1 ) 1 (synchrotron
light is 100% horizontally polarized), andΘ ) 90° so that

This allows us, in principle, to derive the relative photoionization

cross sections for the different orbitals. Unfortunately,âi

parameters are known for gas-phase water only15 (Table 2), and
the present setup is not suited to determineâi for the liquid
phase. Consequently,σi can be calculated for the gas-phase
spectra only. Our thus-derived gas-phase dataσi agree well with
those reported in ref 15. For comparison, Table 2 and Figure
5b also displayσi for liquid water derived from eq 3 assuming
âi for the liquid and gas phases to be identical, which obviously
leads to identical ratios between liquid- and gas-phase cross
sections. However, in not knowingâi for the liquid, one might
also argue that the changes in the differential cross sections
observed in the experiment (eq 2) are due to a decrease of the
respectiveâi parameters for the 3a1 and the 1b2 orbitals. One
may even argue that the influence of theâi parameter on the
photoelectron signal could be more important becauseâi

TABLE 2: Relative Experimental Liquid- and Gas-Phase
Intensitiesa for the Four H 2O Valence MOs,b,c Gas-Phase
Anisotropy Parameters â15 Used in Equation 3, and Derived
Relative Partial Photoionization Cross Sections,σi

Measured Relativedσ/dΩ

liquid gas phase

orbital 60 eV 80 eV 100 eV 60 eV 80 eV 100 eV

1b1 1.00 1.00 1.00 1.00 1.00 1.00
3a1 0.96(6) 0.99(6) 1.06(6) 1.16(3) 1.23(3) 1.12(3)
1b2 0.79(3) 0.65(3) 0.72(3) 1.68(4) 1.67(4) 1.50(4)
2a1 0.39(8) 0.35(8) 0.33(8) 0.41(10) 0.40(10) 0.36(10)

â (Anisotropy Parameter)d

gas phase

60 eV 80 eV 100 eV

1b1 1.53 1.58 1.59
3a1 1.35 1.50 1.55
1b2 1.00 1.12 1.21
2a1 1.56 1.66 1.71

derivedσ

liquid gas phase

60 eV 80 eV 100 eV 60 eV 80 eV 100 eV

1b1 1.00 1.00 1.00 1.00 1.00 1.00
3a1 0.69 0.84 0.96 0.84 1.03 1.02
1b2 0.39 0.36 0.41 0.79 0.80 0.78
2a1 0.46 0.47 0.51 0.44 0.50 0.51

a dσi/dΩ as measured.b At hν ) 60, 80, and 100 eV.c Data are
normalized to the 1b1 intensity.d From Banna et al.15Values for 60 eV
have been extrapolated.

dσi

dΩ
)

σi

4π(1 + (âi

4)(1 + 3P1 cos 2Θ)) (2)

σi ) 4π
dσi

dΩ(1 -
âi

2)-1

(3)

Figure 5. (a) Measured differential partial photoionization cross
sections, dσi/dΩ (Table 2), of the four H2O valence orbitals in the liquid
and gas phases obtained forhν ) 60, 80, and 100 eV. (b) Relative
partial cross sectionsσi as derived from eq 3. Also shown is a
comparison of gas-phase data from ref 15 (inset). All data are
normalized to 1b1 peak intensity.
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depends not only on the amplitude but also on the phase shift
of the outgoing partial electron waves. It was suggested that
the reason for the comparatively small values ofâ1b2 in the gas
phase is related to the strong bonding character of this orbital.15

H-bonding to neighboring molecules would strongly affect this
behavior. However, in either case, a decrease ofσi or âi

parameters, the behavior of the 1b2 orbital (and, to a lesser
extent, that of the 3a1 orbital) is significantly different from
that of the other MOs, and 1b2 experiences the influence of the
environment and H-bonding most strongly, unless we consider
the unlikely case that all of the other orbitals change and the
1b2 orbital is unaffected. This conclusion intuitively matches
the orbital structures shown in Table 1. In contrast, the X-ray
studies tend to indicate only a particular role of the 3a1 orbital
in the H-bonding.

Finally, we mention that we have also performed identical
studies with deuterated water. Within the limits of the present
experiment, the electronic structures of liquid H2O and D2O
are indistinguishable. Neither the energetic positions nor the
width and the relative cross sections of the two isotopomers
show any measurable differences. This demonstrates, not
completely unexpectedly, that no significant influence of zero-
point vibrations can be observed under the present experimental
conditions.

D. Liquid Water versus the Ice Surface.A direct com-
parison between the gas- and liquid-phase cross sections is, of
course, justified only if there is no extra aligning mechanism
for the latter case. Clearly, as mentioned above, a surface would
exhibit some orientational order, and thus there is the possibility
of surface-specific contributions to the cross-sectional behavior.
This aspect is particularly important for the present photoemis-
sion experiment, which is highly surface-sensitive for photo-
electron kinetic energies on the order of 20-120 eV as obtained
here. Assuming that the electron mean-free pathλe is similar
for the solid and liquid phases, the information depth accessed
for pure liquid water is about 2-4 water layers, which
corresponds to aboutλe ) 1 nm assuming that the size of a
water molecule is ca. 0.3 nm.26 Experimental mean-free paths
from liquid water have been reported for considerably lower
kinetic energies only. The value obtained for 0.1-2.0 eV
electrons, injected into water, isλe ) 3-4 nm (or 10-15
monolayers of water),42 and theory predicts values of about 3.5
nm for 1-20 eV in low-density amorphous ice.43

The liquid-water surface is assumed to be hydrogen-
terminated with one free OH projecting into the vapor.31 Also
for adsorbed water, for instance, on a ruthenium single crystal,
water molecules are thought to arrange in a bilayer.44 Here, the
higher-lying H2O molecules, which are not directly bound to
the substrate, have one O-H bond oriented along the surface
normal and contribute one H atom to the hydrogen-bonding
network. In addition to this buckled icelike structure, a nearly
flat first layer is obtained for Pt(111), where water molecules
are adsorbed through alternating metal-oxygen and metal-
hydrogen bonds.45 Notice that for liquid water the OH axis
pointing into the vacuum is likely to be more inclined toward
the surface in order to stabilize the dipoles within the water-
surface plane. Relative photoemission intensity differences of
the outer valence band orbitals (i.e., 1b1, 3a1, and 1b2) have
indeed been observed for monolayer versus multilayer water
adsorption.22,23,46,47This implies that the overall orientation of
water molecules in the monolayer is different from that in the
multilayer, consistent with the influence of surfaces in orienting
water monolayers. A quantitative explanation of these intensity
variations has not yet been reported.

A striking common feature to all multilayer studies but also
to results reported for solid ice is the relative intensity decrease
of the 3a1 orbital.19,23,46,47Generally, the multilayer spectra are
almost identical irrespective of the surface used;18,46moreover,
the multilayer spectra yield similar photoemission spectra to
those found for liquid water in the present study.

This is illustrated in Figure 6, where we compare photoemis-
sion spectra from 10-bilayer hexagonal ice grown on Pt(111),22

obtained for 75 eV excitation energy, with a photoelectron
spectrum of liquid water measured at 80 eV. The spectra are
normalized to the 1b1 (liquid) peak height, and the binding
energy axis of the ice spectrum was fixed with respect to the
1b1 (liquid) binding energy. Clearly, whereas the overall shapes
of the spectra are similar, the relative intensities of the
photoemission from the different orbitals vary, with the ice
showing even smaller intensities for the 1b2 and 3a1 orbitals,
which is possibly an indication of more broken H bonds and/or
differences in the surface structure. It should be noted at this
point that the influence of surface species on the present
photoemission results is not yet clear. Because the jet surface
is curved, the radius being much smaller than both the
synchrotron radiation focal size and the detector entrance of
the spectrometer, the effective orientation of surface-water
molecules varies, and any orientation-specific effect will almost
average out. In addition, surface-orientation effects may be
masked by the high mobility of the water molecules.

How similar are liquid water and solid ice with respect to
their geometric and electronic structures? Both are governed
by hydrogen bonding, and indeed the differences appear to be
small (Table 1). Electron binding energies tend to be slightly
larger in ice, by about 0.1-1.0 eV where the corresponding
values obtained for adsorbed H2O multilayers on single-crystal
surfaces19,22,23,46,47or for crystalline ice20,21 are reported, and
the widths for ice are based on a rather crude analysis of
published spectra and do not show a significant difference to
the liquid phase. The substantial band overlap of the 3a1 and
1b1 peaks and the 3a1 peak splitting21,23further complicate such
comparison. In a theoretical study of the electronic band
structure of cubic ice, the splitting of the 3a1 orbital was
interpreted to arise from the Davydov interaction between two
molecules of different orientation in the unit cell.3,47 Electronic
structural changes of the 3a1 orbital, following the formation

Figure 6. Photoemission spectra from 10-bilayer hexagonal ice grown
on Pt(111) obtained for 75 eV photon energy (reproduced from
Nordlund et al.22) and liquid water obtained for 80 eV. The ice spectrum
was aligned by matching the 1b1 peak position at the respective peak
position of the liquid feature, which is 11.6 eV.
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of a surface, were also reported in a theoretical study of the
surface properties of ice.49

E. Electron Energy Losses in Liquid Water.The presence
of a pronounced and structured photoemission background in
the liquid water photoelectron spectra that has no counterpart
in the gas phase is a fingerprint of secondary interaction
processes of the photoelectrons intrinsic to liquid water. High-
energy (photo)electrons passing through the liquid medium
excite the water molecules by inelastic collisions in a manner
similar to photoexcitation.38,39 For high-energy electrons, the
selection rules are the same as for optical excitation (with
forbidden transitions occurring at lower impact energies), and
in the high-energy limit, the excitation probability is proportional
to the optical dipole oscillator strength, which in turn is closely
related to the energy-loss function, Im(-1/ε(q, E)).39,50Hence,
fast photoelectrons have a tendency to excite essentially the same
states as white light and lose the corresponding energy. This is
indeed what we observe in Figure 2. As compared to those of
water vapor, the optical absorption bands are notably broadened,
and the peak maxima are shifted to the blue.50-53 In the
absorption spectrum of liquid water,50,51 maxima appear near
8, 10, 14, and 18 eV. Then, the loss structure near 50 eV (Figure
2, label 2) is interpreted to originate from 2a1 photoelectrons
exciting the 18 eV optical channel. One can attribute the wings
(Figure 2, labels 1 and 1′) of the native 2a1 peak as well as the
large width of the 50 eV feature to the respective energy losses
associated with the lower-energy water orbitals. Specifically,
the 1b2, 3a1, and 1b1 photoelectrons would make up for the
shoulders in the 2a1 region. Likewise, the 14 eV losses from
initial 2a1 photoelectrons are assumed to contribute to the low-
binding-energy side of the 50 eV feature, extending up to ca.
54 eV. In ref 49, a strong maximum is found near 20 eV and
a weaker maximum is found near 30 eV energy losses. Values
for losses of<10 eV are smaller, by a factor of five and more,
as compared to values at higher energies.49 Qualitatively, the
first loss maximum in Im(-1/ε) would coincide with the
occurrence of the 50 eV binding-energy feature in the present
data (Figure 2), and possibly the second maximum with the
weak feature near 82 eV.

IV. Conclusions and Summary

The valence photoemission peaks of liquid water, 1b1, 3a1,
1b2, and 2a1, are red-shifted and broadened as compared to those
of gas-phase H2O. The energy shifts are attributed to the
electronic polarization by the surrounding water molecules
during the photoemission process. Differences in binding-energy
shifts are assigned to changes in the water molecular orbital
structure associated with H-bonding. The peak broadening
largely reflects different local environments of water molecules
in the liquid. In addition, a particularly strong reduction of the
relative photoemission signal from 1b2 in liquid water as
compared to that from the gas phase indicates the specific
sensitivity of this orbital to its environment, and most likely to
changes in H-bonding. The observed peak shifts, broadening,
and relative intensities of the H2O features were found to be
independent ofhν in the present range of photon energies (60
to 120 eV). Binding energies and widths presented in this study
are significantly more precise than those obtained previously
by excitation with HeI radiation.11,12

The photoemission spectra from liquid water were found to
be similar to those of ice, with the 3a1 peak being particularly
broadened but even smaller intensities for the 3a1 and 1b1 peaks,
either due to a different extent of broken H-bonds in the two
phases3 or to different surface structures. Finally, secondary

processes were identified where energy from fast photoelectrons
is absorbed into the liquid, leading to the excitation of electronic
states known from optical absorption spectroscopy.

In summary, photoelectron emission from a liquid microjet
studied with synchrotron radiation has been shown to be possible
and potentially a very sensitive tool for a detailed analysis of
the electronic structure. Further studies and in particular ab initio
model calculations are necessary to bring this to full fruition.
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