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We present valence photoelectron emission spectra of liquid water in comparison with gas-phase water,
ice close to the melting point, low temperature amorphous and crystalline ice. All aggregation states have
major electronic structure changes relative to the free molecule, with rehybridization and development
of bonding and anti-bonding states accompanying the hydrogen bond formation. Sensitivity to the local
structural order, most prominent in the shape and splitting of the occupied 3a1 orbital, is understood
from the electronic structure averaging over various geometrical structures, and reflects the local nature
of the orbital interaction.
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1. Introduction

The unique properties of liquid water and ice are connected to
the hydrogen bond (H-bond) which ultimately defines the physical
properties of the condensed phases of water. In order to under-
stand the nature of the hydrogen bond, it is important to derive
a microscopical picture that effectively can describe the molecular
origin of the chemical interaction between the water molecules in
the liquid. Of particular importance is whether the electrostatic
picture of hydrogen bonding [1] including charge redistribution
within the molecule induced by the field of the neighboring mole-
cules [2–5] gives an accurate representation of the chemical inter-
action, as this is the basis for many classical molecular dynamics
force field descriptions of liquid water [5–8]. The contrary view
holds that the H-bond involves significant charge redistribution
in the valence electronic structure that differs from that induced
by the electrostatic field of the surrounding molecules [9–13]. To
this end, quantum mechanical ab initio methods have been used,
in particular to address the cooperativity in hydrogen-bonded
aggregates [9], showing non-pairwise additive effects in disagree-
ment with the simple electrostatic picture [13–16]. To better
understand the fundamental nature of the hydrogen bond in water
it is essential to investigate the liquid experimentally, using tech-
niques such as photoelectron emission (PE) [17–19] and X-ray
emission (XE) [20] that are sensitive to the electronic structure
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and allow an orbital picture interpretation. Besides studies of
gas-phase water [21] and water clusters [22], the comparison of
the electronic structure of liquid water to H-bonded model sys-
tems such as ice [12,23,24], for which the H-bonding network is
relatively well known, is of particular importance.

The valence PE spectra from water vapor and ice were shown
already in the 1960s in the work by Kai Siegbahn and co-workers
[21]. Early PE studies on ice [23,24] showed major electronic struc-
ture changes relative to the gas-phase, including binding energy
shifts and band broadening. Mårtensson et al. [23] reported a
rather unperturbed lone pair orbital in ice and a delocalized 3a1,
associated with strong orbital overlap between neighboring 3a1

orbitals resulting in split bands, corroborating early electronic
structure calculations [25]. The splitting of the 3a1 state in ice
[23,24] and other associated electronic structure effects [25,26],
were further investigated in a recent study, which also discussed
the general electronic and energetic contributions to the hydrogen
bond formation [12]. Using PE and X-ray absorption (XA) spectros-
copy in combination with density functional theory (DFT) [12], it
was shown that the hydrogen bond involves charge donation from
the lone pair to the OH antibonding orbitals on neighboring mole-
cules, which results in a lowering of the repulsion, in line with the
charge transfer picture of hydrogen bonding that is derived from
natural bond orbital analysis [10,11].

The application of PE to aqueous solutions was pioneered by Sieg-
bahn and co-workers who overcame experimental difficulties with
electron detection to measure liquids with modest vapor pressures
[17]. As for other early approaches the application to neat water
was hindered by the exceptionally high vapor pressure (�4.6 Torr
near the melting point). To that end, a very thin liquid jet (microjet)
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was developed by Faubel and coworkers for measuring liquid water
in a vacuum environment [27], used initially with HeI excitation [27]
and later with synchrotron radiation [18]. Valence band PES from li-
quid water microjets [18,19] have reported accurate binding ener-
gies and cross-sections, full widths and experimental gas-to-liquid
energy shifts. An alternative to the microjet technique is to acquire
PE spectra in gas environments at pressures up to several torr using
a differentially pumped electrostatic lens [28], allowing studies of
thin films of liquid water grown and supported on a solid in equilib-
rium with the vapor pressure [29].

The electronic structure of liquid water and ice has also been
studied at many different levels of theory, in both periodic and
cluster calculations [25,26,30–33]. In early tight-binding calcula-
tions of ice [25], the energy dispersion in the Bloch orbitals and
density of states were calculated and splittings in the valence
states arising from molecular states of a1 symmetry were ob-
served. In particular, a 1 eV splitting in the 3a1 state was pre-
dicted, in contrast to the small dispersion of the b1 and b2

states. More recently, density functional theory in combination
with molecular dynamics simulations, which enable studies at fi-
nite temperature, has been employed to study also liquid water
[32,33]. The width of the bands in the liquid is reported to have
significant contributions (�0.5 eV) from thermal broadening,
although, in particular for the broad 3a1 state, the electronic inter-
action is dominating [32]. Moreover, the electronic structure of li-
quid water is relatively insensitive to the long-range structural
order/disorder [33].

Here we present valence PE spectra of liquid water, which we
compare to those of amorphous ice, crystalline ice at two different
temperatures, and gas-phase water. By using different excitation
energies (100 eV and 530 eV), the relative cross-section between
oxygen 2s- and 2p-like orbitals is varied experimentally, in analogy
to Ref. [12]. The high 3a1 cross-section at 530 eV allows a direct
comparison of the 3a1 spectral shape between the aggregation
states, unattainable in previous studies of liquid water [18,20].
The major electronic structure changes relative to the free mole-
cule are similar in liquid water and all ice samples, showing that
rehybridization and formation of bonding and anti-bonding states
are integral parts of the hydrogen bond. The experimental spectra
display non-specific sensitivity to the local structural order, most
prominently in the shape and splitting of the occupied 3a1 orbital
between the different aggregation states. This finding is supported
by theoretical calculations of various structural motifs, using DFT
to represent the valence photoelectron cross-section at high pho-
ton energy in an atomistic way by projecting the valence states
onto the oxygen core orbital.
2. Methods

The experiments on liquid water and ice close to the melting
point were performed using the ambient pressure photoemission
endstation at the undulator beamline 11.0.2 at the Advanced Light
Source in Berkeley, CA [34]. A liquid water droplet (volume
�5 mm3) is condensed onto an Au substrate which is held at a tem-
perature of �1 �C (controlled by a Peltier element). The water drop
is in thermodynamical equilibrium with its vapor, i.e. the back-
ground vapor pressure in the analysis chamber is �5 Torr. Ice sam-
ples are prepared by condensing water onto the Au substrate at
temperatures below the freezing point. The ice temperature in
our measurements was kept at about �23 �C (with pvapor �
0.58 Torr), in order to avoid the presence of a liquid-like layer at
the ice surface [35]. The endstation is equipped with a differen-
tially pumped electrostatic lens system that transfers the electrons
from the sample surface (at �Torr pressure) to the entrance slit of a
Specs Phoibos 150 hemispherical electron spectrometer that is
kept in high vacuum [28]. Both the photon resolution and the ana-
lyzer resolution were kept below 150 meV, resulting in a total res-
olution of about 200 meV. By using a positive bias (150 V) on the
sample, the gas-phase signal was experimentally shifted to lower
kinetic energies and smeared out [36]. This low kinetic energy
background, along with the inelastically scattered liquid water sig-
nal due to the elevated gas-phase pressure, was removed by sub-
tracting a Shirley-type background prior to the area
normalization. Using a Gaussian function, the 1s direct photoemis-
sion channel resulting from 2nd order radiation from the grating in
the 530 eV measurements was subtracted from all spectra. For the
gas-phase water experiments the pressure was kept at 0.7 Torr.

The experiments on amorphous and crystalline ice were per-
formed at the elliptically polarized undulator beamline 5–1 at
the Stanford Synchrotron Radiation Laboratory (SSRL). The UHV
surface science endstation (base pressure < 1 � 10�10 Torr) is
equipped with a Scienta SES-100 hemispherical electron analyzer,
a Hiden HAL-201-RC quadrupole mass spectrometer and a Bruker
IR-Cube FT-IR system. The ice films were grown on a Pt(111) single
crystal, mounted on a liquid nitrogen cooled rod with 6� grazing
incidence relative to the incoming photons. Cycles of Ne ion sput-
tering, electron bombardment heating (900 K) and O2 treatment
were repeated until a clean Pt(111) surface was obtained (checked
by PES and LEED). An �80 layers (bilayers) thick (�225 Å) amor-
phous ice film was grown at �100 K on the clean Pt(111) surface
at a deposition rate of �0.08 layers/s. Crystalline ice was obtained
by isothermal heating of the amorphous ice at 150 K, monitored by
temperature programmed desorption and confirmed by IR absorp-
tion spectroscopy in the O–H stretch region (for more details on
the crystalline ice preparation, see Ref. [37]). In all experiments,
impurities in the distilled water were removed by repeated cycles
of freezing, pumping and melting prior to leaking into the experi-
mental chamber.

Spectrum calculations were performed for different liquid
water structural motifs sampled over ground state Car-Parrinello
MD (CPMD) simulations [38] using the CPMD 3.3 program [39].
The simulations were performed in periodic boundary conditions
using norm-conserving pseudopotentials in the Kleinman–Byland-
er form [40] with cutoff radii set to 1.05 a.u. for both the s and p
channels as in our previous work (see e.g. Refs. [41,42] and refer-
ences therein). The pseudopotential for oxygen was of Troullier–
Martin type [43], nonlocal in the l = 0 channel. For hydrogen, a local
pseudopotential was parameterized with one Gaussian function
(Giannozzi, unpublished). The gradient-corrected B-LYP functional
[44,45] was used together with a plane-wave expansion of the
Kohn–Sham orbitals with an energy cutoff of 70 Ry; only the Gam-
ma-point was considered [33].

The ice and liquid water models were from our previous work
[41,42,46], with exception of the configuration from the 128 mol-
ecule CPMD simulation of liquid water, which was kindly supplied
by the authors of Ref. [47]. In analogy with Ref. [41], MD simula-
tions were not only used for spectral averaging, but also to obtain
ensembles of representative structures within a local structure
motif. Using these structural ensembles, single PE spectra and
averages representative of the different motifs were calculated
using the technique outlined in Ref. [41].

The PE spectra were decomposed into individual atomic con-
tributions by projecting the local valence 2p character (in a tran-
sition similar to X-ray emission) and the local valence 2s
character (via a simple r2 operator calibrated to the 2s content
in free oxygen, 2e�) onto the spatially well-localized core orbital.
This technique has the advantage of a direct measure of atomic
populations, and is justified by the fact that for valence band
PES at high photon energies, the ionization event occurs deep in-
side the atom and thereby orbitals from which the excitation oc-
curs become atomic-like [12].
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3. Results and discussion

Fig. 1 shows valence PE spectra of gas-phase water, liquid water
and crystalline ice using 100 eV and 530 eV excitation energy,
where the peaks are denoted according to the molecular orbitals
(MO) of gas-phase water; the 1b1 peak corresponds to the non-
bonding out-of-plane lone pair orbital, the 3a1 peak corresponds
to the slightly bonding mixed O2p/O2s/H1s orbital, while the 1b2

peak is due to an O–H bonding 2p-like orbital. All spectra are en-
ergy normalized to the lone pair of the crystalline ice spectrum
and plotted on a binding energy scale relative to the Pt(111) Fermi
level. The insert shows the atomic oxygen 2s and 2p photoioniza-
tion cross-section as a function of incident photon energy (repro-
duced from Ref. [48]), showing a strong relative variation that is
exploited in this study; a high O2p cross-section is obtained at
100 eV, whereas 530 eV excitation energy gives a high O2s cross-
section. As the mean free path of the photoelectron varies from
�13 Å to �20 Å at the higher excitation energy (CJ Powell, A Jab-
lonski, NIST Electron Inelastic-Mean-Free-Path Database. NIST,
Gaithersburg, MD, 2000), the fraction from the topmost surface
layer (taken to be 3.5 Å) varies from about 24% to 16%. In light of
the relatively small spectral contrast between different local H-
bonding structures in the PE spectra (i.e. between ice and water
in Fig. 1. and for different H-bond configurations in Fig. 4), the ef-
fect of the surface contribution in terms of peak position and peak
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Fig. 1. Valence PE spectra of gas-phase water, liquid water and crystalline ice, m-
easured at photon energy of 100 eV (dashed) and 530 eV (solid). Spectra are energy
normalized to the lone pair of the crystalline ice and plotted relative to the Fermi
level of the Pt(111) substrate. The insert shows the atomic oxygen photo-ionization
cross-section as a function of excitation energy (note the logarithmic scale), extr-
acted from NIST Electron Inelastic-Mean-Free-Path Database (NIST, Gaithersburg,
MD, 2000).
broadening in the analysis is not so significant (e.g. imagine the ex-
treme case, mixing in 16% of the ice spectrum in liquid water or
vice versa). Also, along the same lines, the significance of the addi-
tional surface contribution (about 8%) in the 100 eV excitation
spectra when comparing to the 530 eV excitation spectra is only
minor if not negligible. If anything, the 530 eV spectra are slightly
more bulk sensitive than the 100 eV spectra.

The low energy excitation spectra (100 eV) are already reported
in the literature [12,18] and are shown here only for comparison
since it is measured under similar conditions as the 530 eV spectra.
Since all relative peak positions (e.g. 1b1 relative to 1b2) and peak
broadening (fwhm) are comparable within 0.1 eV of previously
published data (see e.g. Table 2 in Ref. [18]), for a thorough discus-
sion of absolute binding energies, relative peak intensities as well
as peak broadening and energy shifts between gas-phase and
liquid water, we refer to the state-of-the-art PES study of liquid
water reported by Winter et al. [18], which also discusses earlier
ice and liquid water results. As reported in Ref. [18] and observed
in earlier studies of both ice and liquid water [12,18,19,23,24,27],
hydrogen bonding leads to a broadening of all spectral features
resulting from final state effects and orbital overlap and e.g. the
overall 3a1 intensity is shifted to higher binding energy.

We shall in the following focus on the novel aspects in the
experiments, namely the 530 eV excitation energy spectra of liquid
water and various ice preparations with enhanced 3a1 cross-sec-
tion. In crystalline ice, the 3a1–3a1 spatial and energetic overlap
between neighboring molecules leads to a major energy splitting
that is clearly resolved in the 530 eV spectrum [12]. Unconstrained
fitting of the 3a1 intensity by two Gaussian peaks yields a split of
about 1.55 eV. A similar splitting of the 3a1 state of liquid water
has previously been suggested based on peak fitting of PES [18]
and XES [20] data. Following Winter et al. (see Fig. 4 in Ref.
[18]), we can also fit the 3a1 state of the 100 eV liquid water spec-
trum using two peaks with reasonably low chi square, but the con-
fidence interval of these fitted peaks is very large and the extracted
information is only meaningful with strong constraints. The real
information content in the experimental low energy excitation
spectra regarding 3a1 is thus very limited (we also note that the
gas-phase subtraction in Ref. [18] might impose further limitations
on the accuracy of the curve fitting). The information content
regarding the 3a1 state in the XES data [20] suffers from spectral
changes associated with core-hole dynamics discussed elsewhere
[41]. In the high O2s cross-section data presented here, the
enhanced 3a1 state (and the suppression of the gas-phase signal,
see methods) allows for a direct comparison of the 3a1 spectral
shape, unattainable in previous PES [18] and XES [20] data on
liquid water. In contrast to previously assumed, we observe no
3a1 splitting in the 530 eV spectra of liquid water, but the 3a1 peak
is exceptionally broad, indicating a similarly strong electronic
structure change as in ice. Since the 1b1 and 1b2 retain the same
width as for the 100 eV excitation (fitted values within 0.1 eV of
Table 2, Ref. [18]), we can attribute the novel information to the
enhancement of the 3a1 state through the strong O2s cross-sec-
tion. For example, the slightly narrower overall 3a1 width in Ref.
[18] (Table 2) is based on two fitted Gaussians and is not experi-
mentally well defined. Is the splitting of the 3a1 orbital specific
to the tetrahedral structure in crystalline ice, or is it an integral
part of the hydrogen bonding but not resolved in the liquid water
spectrum?

To experimentally address this question, we compare the liquid
water PE spectrum at high O2s cross-section with ice samples rep-
resenting various local structural orders in the H-bonded network,
shown in Fig. 2. Amorphous ice is assumed to have more structural
disorder than ice close to the melting point due to defects in the
H-bond network. We note that the sensitivity of the electronic
structure to the change in local order and the smearing of 3a1 in
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Pt(111) substrate.
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particular supports a short-range character of the hydrogen bond
involving orbital rehybridization as outlined previously for crystal-
line ice [12]. As the disorder increases, the spectra represent a sum
of increasingly varying local structures. Going from crystalline ice
to liquid water, the split in the 3a1 peak is no longer seen while
the total width is retained or even becoming somewhat broader
for liquid water. This is contrary to the narrowing distribution of
energies that would be expected from a reduced splitting alone
(we can assume that the intrinsic width of the individual 3a1 orbi-
tals in the liquid remains similar to that in ice based on the width
of the other valence orbitals, matching the 100 eV spectra in Fig. 1.
and those reported in Ref. [18] (Table 2)). Instead, assuming a man-
ifold of slightly shifted energies and intensities, a similar 3a1 split-
ting for individual contributions to the total spectrum can be
assumed, resulting in an increasingly smeared average as disorder
increases, retaining or increasing its total energy width. Based on
the gradual smearing of the 3a1 split and the retained total energy
width, we thus interpret the liquid water to possess – on average –
similar electronic structure effects as those in crystalline ice. What
is then the information content in the observed photoemission
spectra in terms of local hydrogen bonding configurations?

To address the information content in the experiments, we
investigate theoretically the sensitivity of the electronic structure
to variations around different local hydrogen bond motifs. Fig. 3
shows the local electronic structure for individual water mole-
cules in the hydrogen-bonded network. The local electronic struc-
ture is theoretically represented by computing the individual 2p
component (solid) and the 2s component (dashed) of the PE spec-
tra with the orbitals labeled according to the orbital symmetry of
the free water molecule. Fig. 3B shows the contribution from one
molecule in the MD snapshot, displaying a typical splitting of
the 3a1 states into bonding (3a1) and antibonding ð3a�1Þ combina-
tions. In Fig. 3A, orbital plots corresponding to the different orbi-
tals are displayed. We note the relatively local character of the b1

orbitals where the overlap between neighboring molecules is
small, in contrast to the strong delocalization of the 3a1 state into
bonding and antibonding bands. Fig. 3C displays a collection of
spectra for eight independently selected water molecules in a sin-
gle CPMD snapshot conforming to the same local H-bond topol-
ogy (D1A1 H-bond motif, see Fig. 4), with the sum plotted in
Fig. 3D.

As indicated by the displayed spectra, we find that most config-
urations show strong electronic structure changes compared to the
free molecule. Most prominent is the splitting of the 3a1 orbital
due to the strong 3a1–3a1 orbital interaction and the shift of spec-
tral features relative to each other. However, the magnitude of the
split and absolute position of the center-of-energy varies strongly
with the local geometry, as expected from the different orbital
overlaps for each local structure. From this we conclude that,
although the summed spectrum (representing a certain hydrogen
bonding motif) does not show a split of the 3a1 orbital, the under-
lying individual configurations are still subject to the same orbital-
orbital overlap which gives rise to the well defined split in ice [12].

In Fig. 4 we show summed spectra representing four different
H-bond motifs in the CPMD snapshot with H-bond definition as
in Ref. [46]. Similar to Fig. 3C and D, spectra for eight water mole-
cules from a single CPMD snapshot are summed for each motif. As
exemplified in Fig. 3C, most individual configurations show split-
ting of the 3a1 orbital and shifting of spectral features relative to
each other. The smearing of features in the sum, in particular for
the 3a1 state, results in rather featureless spectra that are similar
for all motifs. This emphasizes the effect of the structural averaging
and the lack of features, indicating any particular structural motif.
The observed differences, e.g., in the D1A2 1b1 peak position, are
within the statistical uncertainty of the sampling.

Fig. 5 shows the full sum of all 128 configurations in a single
snapshot of CPMD water and ice, representing the local p character
and local s character of the electronic structure. The fractional con-
tribution of the different motifs (see e.g. Fig. 4) in the liquid water
snapshot are 41% D2A2, 21% D1A2, 21% D2A1, and 11% D1A1,
respectively, and 6% for other H-bond motifs, which is representa-
tive for the H-bond statistics in CPMD simulations of liquid water.
Also shown in the figure (Fig. 5B) are the b1/b2 and a1 components,
extracted from the normalized experimental data in Fig. 2 by sub-
tracting a fit of Gaussian peaks to the 3a1 (or 1b1 and 1b2)
intensities.

The pronounced split of the 3a1 orbital in ice is seen in the sim-
ulations in agreement with experiment (this study and Refs.
[12,23,24]) and other theoretical approaches [25,26,30,31]. As ex-
pected from the structural averaging, the b1/b2 orbitals are broad-
ened in the CPMD liquid simulations relative to ice (elaborated in
more detail by Hunt et al. [32]). The main difference in experimen-
tal PE spectra of ice and liquid water, namely the loss of observable
splitting in the 3a1 peak, is also captured by the simulations. How-
ever, while the experimental liquid water spectrum shows an over-
all broadening of the 3a1 state similar to ice, the CPMD water has a
markedly more narrow distribution. As was previously indicated,
the change in shape and splitting of the occupied 3a1 orbital be-
tween the different aggregation states can be rationalized by the
averaging of the electronic structure over geometrical configura-
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tions with various degrees of distortions (see e.g. Fig. 3), which in
the liquid results in a smearing of the 3a1 state. In terms of uncer-
tainties in the calculations, k-point sampling over the Brillouin
zone has been investigated previously for the occupied states and
found to be unimportant; it was concluded that the C-point was
sufficient for supercells of 32 molecules [33]. All theoretical PE
spectra in the present work are computed using the full 128 mol-
ecule CPMD simulation model for ice and liquid water, which
should thus be sufficient for a converged occupied band structure.
The narrower 3a1 peak in the simulations could indicate that CPMD
generates structures with less pronounced orbital interaction com-
pared to the experiment, although the individual spectra in Fig. 3C
span the full width of the experimental 3a1 peak. A more narrow
range of structures in the CPMD simulation compared to the real
liquid as suggested in Ref. [46] is another possible explanation. A
proper evaluation of the detailed shape and width of these peaks
would, however, require a better sampling, possibly on models
from path-integral simulations, as well as a more strict calculation
of the ionization cross-sections in the PE spectrum.

As seen in Figs. 3 and 4, PES does not lend itself particularly well
to extracting information on the local geometric structure of liquid
water, in sharp contrast to X-ray absorption spectroscopy
[46,49,50] where the difference between water and ice is much lar-
ger. This difference in sensitivity between the two techniques re-
flects the difference in spatial extent and thereby orbital overlap
of the occupied (PES) and unoccupied (XAS) MOs. Our analysis of
PES, however, indicates that the local orbital interaction involved
in hydrogen bonding in liquid water is similar to that previously
reported for crystalline ice [12].

4. Conclusions

In conclusion we have shown that experimental valence photo-
electron emission spectra of liquid water show major electronic
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structure changes relative to the free molecule, in agreement with
earlier studies. By comparing the liquid water spectrum to ice close
to the melting point, amorphous ice and crystalline ice, the sensi-
tivity to the local structural order can be observed. This is reflected
in the experiment at high O2s cross-section in which 3a1 shows
sensitivity to the local structural order. This sensitivity is support-
ive of the local orbital interaction picture of hydrogen bonding in
liquid water, previously reported for crystalline ice [12] and sug-
gested for liquid water (see e.g. [11]). The change in shape and
splitting of the occupied 3a1 orbital between the different aggrega-
tion states is due to the averaging of the electronic structure over
geometrical structures that represent various H-bond distortions.
This leads to a smearing of the 3a1 splitting in, e.g., liquid water,
while maintaining the same overall broadening. Electronic struc-
ture calculations using orbital projections onto the O1s core orbital
further demonstrate the effect of the structural averaging but also
show a lack of spectral features that can be used to identify specific
local H-bonding structures.
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