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ABSTRACT: We report a combined experimental and theoretical
study of bulk water photoionization. Angular distributions of
photoelectrons produced by ionizing the valence bands of neat
water using X-ray radiation (250−750 eV) show a limited (∼20%)
decrease in the β anisotropy parameter compared to the gas phase,
indicating that the electronic structure of the individual water
molecules can be probed. We show that, in the high-energy regime,
photoionization of bulk can be described using an incoherent
superposition of individual molecules, in contrast to a low-energy
regime where photoionization probes delocalized entangled states of
molecular aggregates. The two regimeslow versus high energyare
limiting cases where the de Broglie wavelength of the photoelectron is
larger or smaller than the intermolecular distance between water molecules, respectively. The comparison of measured and
computed anisotropies reveals that the reduction in β at high kinetic energies is mostly due to scattering rather than rehybridization
due to solvation.

Understanding how a solvent affects the electronic
properties of solutes is of paramount importance for

chemistry. Particularly important are the local solvent structure
around solvated molecules and the changes in the shapes and
energies of a solute’s orbitals induced by the interactions with
the solvent.
Photoelectron spectroscopy (PES) is a powerful tool for

probing electronic structure.1 The kinetic energies of ejected
electrons contain the information about their energy levels
within the molecules, whereas the photoelectron angular
distribution (PAD) encodes the information about the shape
of the orbital from which they originate.2,3 Although X-ray and
ultraviolet PES (XPS4 and UPS,5,6 respectively) were originally
developed for gas-phase molecules in high or ultrahigh
vacuum,7 the liquid-microjet technique8 and ambient-pressure
instruments9 have extended PES to the liquid phase, giving rise
to an increasing number of XPS and UPS studies of solutions
and liquids.10

Aqueous-phase XPS and UPS experiments can be used to
probe how water molecules interact with solutes and with each
other. If a solute’s intrinsic electronic structure is only weakly
perturbed by the solvent, the PAD of the solute would
resemble that of the gas-phase species, and the difference
between the two could then be attributed to the solvent-
induced perturbation of the molecular orbitals of the solute
and the elastic scattering of photoelectrons.11−13 In other
words, if the solute maintains its chemical identity, as
imprinted in the respective molecular orbitals, then the PAD

of solvated species should maintain their gas-phase attributes,
even if new features or energetic shifts emerge due to hydrogen
bonding or electrostatic interactions. However, what about a
neat substance like liquid water? The bulk is likely to have a
delocalized valence electronic structure, akin to excitonic bands
in molecular solids.14 Indeed, calculations of water clus-
ters15−18 have shown delocalization of the valence states over
many water molecules, except for valence states at both ends of
the band edge. Should one then expect the PAD of bulk water
to be entirely different from the PAD of water vapor due to
delocalization? Or would water in bulk maintain some
semblance of its individual electronic character?
In this work, we attempt to answer these questions by

measuring the PAD of the valence states of neat water using
high-energy radiation (ranging over several hundreds of
electron-volts) and computing the anisotropy parameter β
from first principles. Although several studies have interrogated
these questions by measuring PADs of neat or doped water
clusters and microjets,11,12,19−23 a complete picture is still
elusive. The main challenge stems from many competing

Received: March 27, 2020
Accepted: June 1, 2020
Published: June 1, 2020

Letterpubs.acs.org/JPCL

© XXXX American Chemical Society
5162

https://dx.doi.org/10.1021/acs.jpclett.0c00968
J. Phys. Chem. Lett. 2020, 11, 5162−5170

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
SO

U
T

H
E

R
N

 C
A

L
IF

O
R

N
IA

 o
n 

Ju
ne

 1
8,

 2
02

0 
at

 1
4:

51
:4

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samer+Gozem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Seidel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uwe+Hergenhahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+Lugovoy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernd+Abel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernd+Winter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+I.+Krylov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+I.+Krylov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+E.+Bradforth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c00968&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00968?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


effects, such as intrinsic changes in the electronic structure,
elastic and inelastic scattering, and surface versus bulk
sensitivity, that might affect the experimental observables and
that are difficult to disentangle theoretically24,25 (in this
context, elastic scattering, for the most part, refers to quasi-
elastic scattering, i.e., including electrons inelastically scattered
by low-energy phonons but still appearing within the same
photoelectron peak). The signatures of these phenomena and
the magnitude of the relevant cross sections are system- and
energy-dependent.
It is still not obvious to what extent changes in the PAD of

bulk water compared to the gas phase are due to intrinsic
changes in the electronic structure of water molecules (i.e.,
changes in orbital shape due to delocalization, rehybridization,
and loss of symmetry) or due to scattering.12,13,19−21,23,25,26

The work by Thürmer et al.19 helps to disentangle these two
effects by measuring the PAD for ionization of the 1sO orbital
of water. Because this core orbital should not be significantly
perturbed by the other water molecules and should, therefore,
retain its shape, any difference between the measured PAD in a
microjet and the ideal PAD of β = 2 (at high energies) for an
isolated water molecule27 can be attributed to scattering from
neighboring waters. Thürmer et al. have shown19 that the
anisotropy parameter is reduced by about 20% at photo-
electron kinetic energies above 100 eV, reaching the
asymptotic value of β ∼1.6. The reduction of β was found to
be more pronounced at low energies, in agreement with
shorter electron attenuation lengths of slow photoelectrons.12

We note that the surface sensitivity of the experiments may
affect the interpretation of this result in terms of elastic and
inelastic mean free paths.26

Similar observations were made by Ahmed and cow-
orkers,28,29 who studied PADs from the 1s core orbitals in a
variety of nanoparticles. They found that while β is
substantially reduced at low kinetic energies, the elastic mean
free path increases considerably at high electron energies,
resulting in β ≈ 2 expected for ionization of 1s orbitals in the
absence of scattering.
The results of these earlier studies12,19 provide an important

stepping stone for the present work: it is reasonable to expect
that the extent of scattering should be the same for the
ionization of the valence bands of water, with a similar electron
kinetic energy as for the 1sO core orbital, so any further
reduction in the magnitude of β for the valence orbitals beyond
that seen for 1sO can be ascribed to the changes of the
molecular orbitals upon solvation.
Recently, Signorell and coworkers investigated valence PADs

in water clusters and microjets,11,21,23 with the goal of
disentangling different phenomena affecting PADs and
determining the convergence of the anisotropy to the bulk
limit. They observed that, at low energy, β rapidly decreases
with the cluster size and concluded that essentially bulk-like
electronic structure is attained in clusters of 5−6 water
molecules. Consistent with their cluster results and modeling
of scattering, their extrapolation to bulk yielded a substantially
reduced β.21,23 The crucial difference between the present
paper and the work of Signorell and coworkers is the energy
range: the latter study employed low-energy radiation, giving
rise to photoelectrons much below 100 eV. As discussed in this
Letter, this detail leads to strikingly different results.
Figure 1B shows total valence PES of neat water using a

microjet at a photon energy of 265 eV. Figure S1 in the
Supporting Information shows an example of the spectrum as a

function of θ, which represents the angle between the
polarization axis of the incoming light and the orientation of
the electron analyzer. Experimental details of our setups can be
found in the Supporting Information.
The spectral bands (Figure 1 and Figures S1 and S2 in the

Supporting Information) can be assigned to the ionization
from the three highest-energy molecular orbitals of isolated
(gas-phase) water molecules and of liquid water. The analysis
of the PADs confirms that, as in the core-ionization study,19

the standard equation (eq S1 in the Supporting Information)
derived for randomly oriented molecules is valid and that the
PAD is determined entirely by the dipole anisotropy parameter
β. β values associated with each peak are extracted from fitting
the gas-phase features in our spectra.
β values corresponding to the gas-phase peaks are shown in

Figure 2 along with the wealth of literature values that
correspond to electron kinetic energies up to ∼100 eV.30,31

Our HHG result at low photon energy, shown by a green dot
in Figure 2, agrees well with the previous measurements; these
HHG β values refine the earlier published values by Faubel et
al.,32 which were measured in the same lab but lacked a
complete set of polarization angles and a proper error analysis.
The experimental data from this work are summarized in
Tables S1−S3 in the Supporting Information.
The PAD of the valence photoelectrons in gas-phase

water30,31 can be explained by the shapes of the respective
molecular orbitals. The 1b2, 3a1, and 1b1 orbitals of water have
p-like character: the 1b1 orbital is a pure p-like lone pair orbital
whereas 1b2 and 3a1, which have σOH character, are slightly
distorted by the hybridization and contributions of the 1sH
orbitals. Consequently, for all 3 transitions we expect
predominantly an s-wave (β = 0) at low electron kinetic

Figure 1. Photoelectron spectrum of liquid water. Panel A:
Theoretical PES computed with EOM-IP-CCSD using pentamers
extracted from equilibrium MD simulations of liquid water. The 1b1
band (gray) is defined as any state in the 9.5−12.5 eV ionization
energy range, the 3a1 band (yellow) is defined as any state in the
12.5−15 eV range, and the 1b2 band (red) is defined as any state in
the 16.5−18.5 eV range. Panel B: Deconvolution fit of the
experimental PES (symbols) obtained at hν = 265 eV and θ = 0.
The fit gives peaks corresponding to ionization from the 1b1, 3a1, and
1b2 orbitals of water for gas phase (green peaks) and liquid (blue
peaks).
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energies and interfering s- and d-waves (β > 1) at higher
energies. This is exactly what is observed here and in the
previous experiments,30,31 as well as in the calculations using
correlated Dyson orbitals and simple photoelectron description
(similar trends were reported in an earlier study using density
functional theory27). Thus, PADs of gas-phase water clearly
show the atomic provenance of the molecular orbitals, while
reporting on the variable extent of their hybridization in a
molecular environment (e.g., out of the 3 orbitals, the shape of
the 1b2 orbital is most deformed, leading to the largest
deviations of β from those expected from a pure p-orbital).
The theoretical β values in Figure 2 were computed using

correlated Dyson orbitals, which encode the information about
electronic structure before and after ionization, with the
ejected photoelectron wave function treated either as a free
particle (plane wave) or as a particle perturbed by the
Coulomb potential of the water cation (Coulomb wave). The
theoretical framework is described in detail in refs 33 and 34
and in the Supporting Information. Although the outgoing
electron experiences asymptotically a +1 charge, the Coulomb
potential in the vicinity of the target is different due to the
screening of the polyatomic nuclear potential by the remaining
electrons. The effect of the screening can be accounted for by
using effective charges33,35,36 and a multicenter expan-
sion.35,37−39 Figure 2 shows the results computed with a
plane-wave approach (Z = 0) and with physically motivated
effective charges, Zeff computed by Belkic’́s rule,36 based on the
generalization of the Rydberg formula for the energy levels of a
hydrogen-like atom (Figure S9 in the Supporting Information
shows the results with other values of Zeff).
In the low-energy regime, where slow outgoing electrons

interact with the perturbing molecular potential for a longer
time, such a simple treatment of photoelectrons leads to large
errors and large differences between the plane-wave and
Coulomb-wave treatments. However, at large energies, fast
photoelectrons are less sensitive to the shape of the perturbing
cationic potential, such that one can anticipate smaller errors
due to the approximate treatment of the free-electron state.
Indeed, the difference between the two computational models
is reduced above kinetic energies of ∼100 eV. While neither
the plane- nor the Coulomb-wave calculations quantitatively
reproduce the experimental data, the plane-wave model
reproduces the sharp rise in β at low kinetic energies, while
the Coulomb wave with Belkic’́s charges gives the best
agreement at high kinetic energies (mean absolute deviation in
β of 0.28, 0.07, and 0.10 for 1b1, 3a1, and 1b2, respectively).
This indicates that the simple single-center expansion model
employed here captures the variations of the angular
distribution of the different ionized states of water using the
corresponding Dyson orbitals, which describe deformation of
atomic orbitals within a molecular environment. Because the
errors appear to be systematic (theory, on average, consistently
overestimates β values for all 3 bands), we anticipate that this
trend will propagate to the bulk calculations and that the
magnitude of the reduction in β could be captured, despite the
discrepancy in absolute values. We employ Coulomb waves
with Belkic’́s charges (Zeff = 1.93, 2.06, and 2.30 for 1b1, 3a1,
and 1b2, respectively) for the rest of the calculations in this
work.
How should we modify this simple picture for a water dimer,

larger clusters, and eventually bulk? The measurements by
Signorell and coworkers21,23 on water valence bands suggest
that angular anisotropies in the bulk are quickly washed out,

Figure 2. Experimental (symbols) and computed (solid lines) β
values for ionization of the 1b1 (panel A), 3a1 (panel B), and 1b2
(panel C) orbitals of vapor-phase water over a range of 700 eV.
Experimental data are from Truesdale et al.30 (gray triangles), Banna
et al.31 (brown squares), Nishitani et al.22 (cyan circles), Hergenhahn
and coworkers20 (yellow circles), and this work (HHG data in green;
BESSY data in red). Computed anisotropies are shown as solid lines
using a plane wave (red) and Coulomb wave with Belkic’́s charges
(blue) for the description of the photoelectron. The corresponding
EOM-IP-CCSD Dyson orbitals are shown for each transition.
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giving rise to strongly reduced β, whereas our PADs (presented
below) show a persistent anisotropy consistent with a p-like
character of the respective Dyson orbitals. To understand these
seemingly contradictory findings for bulk water PADs, we start
by discussing the theoretical framework for treating photo-
ionization in molecular aggregates (dimers, trimers, etc.).
Conceptually, should we think about photoionization of the
dimer as a sum of independent waves coming from each
monomer or a single wave corresponding to ionization of an
entangled dimer state? Do the coherences between the waves
coming from the monomers survive, or can we treat the dimer
photoionization as a sum of two incoherent waves?
The difference between the two frameworks is illustrated in

Figure 3. Figure 3A shows β computed for the state derived
from the 1b1 monomer states of two noninteracting water
molecules. For symmetry-identical monomers, the dimer states
are two degenerate states corresponding to in-phase and out-
of-phase linear combinations of monomer states. The PAD
computed using each of these delocalized states and a single-
center expansion placed in the centroid of the Dyson orbital
(i.e., in between the two fragments) gives β ∼−0.5 (red curves
in Figure 3A). However, for degenerate states, any linear
combination can be used, so instead of the delocalized states
one can consider two localized Dyson orbitals as equally
legitimate solution. The respective PADs derived from the
localized states (black curve in Figure 3A) are identical to

those of the monomer (Figure 2A), giving rise to β ∼1.5. For
the two infinitely separated waters, the localized description
must be the correct one, but at short distances, one may expect
the delocalized picture to be more appropriate. The key
question is then which model applies better to the photo-
ionization of bulk water. Are molecules in the liquid far enough
apart to justify a monomer-based treatment of photoionization,
or should one use delocalized orbitals?
This exact question has been posed and discussed by Sanov

and coworkers40 using photodetachment from dissociating I2
−,

which the authors described as a “molecular interferometer”.
They have shown that at large I−I distances, the PAD
corresponds to the atomic-like signal (detachment from a p-
orbital), whereas at short distances the PAD reflects a
delocalized π* molecular orbital (which has the same
symmetry as a d-orbital placed at the bond midpoint). The
latter situation can also be described as the interference of the
two coherent waves coming from each atom. The transition
between the two regimes depends on the photoelectron
energy, which determines de Broglie’s wavelength (λ) of the
photoelectron: if the distance between the two centers (R) is
larger than λ, then one can treat the photodetachment as two
independent noninterfering waves, whereas for λ ∼ R, the two
waves interfere, and the photodetachment signal reveals an
entangled state. One can arrive to this intuitive result formally
by analyzing the effect of coherences between the two centers
using the multicenter treatment of photoionization35,37 (the
derivation is given in the Supporting Information). The
mathematical reason that the coherences are diminished at
high energy is rooted in the oscillatory behavior of the phase
between the two waves: the frequency of the oscillations equals

π
E R2

2
, where E is the energy of the photoelectrons. When this

frequency is large, the coherences are washed out by small
variations of R (due to molecular vibrations or thermal
motions in the bulk). However, for small frequencies (when de
Broglie’s wavelength is shorter than R), the coherences
between the waves coming off the two centers cannot be
ignored. To reconcile this multicenter treatment with a single-
center delocalized picture, it is instructive to think about the
coherences in the energy domain. At short distances, the
energy gap between the two delocalized states of the dimer is
large, and one can ignore the coherences between the two
waves corresponding to photoionization of each state; this
justifies the use of a single-center delocalized treatment.
However, at large distances, the two delocalized states are
degenerate and cannot be treated independently (in other
words, the coherences between them cannot be ignored). This
is why the delocalized single-center expansion is physically
incorrect when the energy gap between the delocalized states is
small relative to the bandwidth of the ionizing pulse. Put
differently, if the coherences between the photoelectrons
produced from the two states are incorporated into the
calculations, the correct behavior would be obtained, following
the single-center result at low energies and the multicenter
result at high energies. Therefore, the magnitude of coherences
depends on the representation. In the spatial domain (localized
multicenter representation), coherences can be ignored when
the two centers are far apart relative to de Broglie’s wavelength
of the photoelectron. In the energy domain (delocalized single-
center expansion), coherences can be ignored when the two
centers are close and the energy gap between the delocalized
states is large.

Figure 3. Panel A: β values computed for two noninteracting water
molecules using localized monomer states (black) and delocalized
dimer states (red). Yellow dots indicate the center of the expansion
for the free electron state, which are placed at the centroids of the
corresponding Dyson orbitals. Panels B−D extend these two
frameworks to a water pentamer. One-hundred pentamer geometries
were extracted from a molecular dynamics simulation of liquid water
(panel B). For each pentamer, β values were computed using a single-
center expansion (shown by a yellow dot) placed at the centroid of
the delocalized Dyson orbital (panel C) or a multicenter expansion
(yellow dots mark the centroids of the localized Dyson orbitals) in
which the total PAD is given by the sum of the PADs from each water
(panel D). The delocalized approach (panel C) yields more isotropic
PADs, while the localized approach (panel D) yields more anisotropic
PADs consistent with the p-like character of the Dyson orbitals.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00968
J. Phys. Chem. Lett. 2020, 11, 5162−5170

5165

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00968/suppl_file/jz0c00968_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00968?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00968?ref=pdf


Below, we discuss the implications of these two distinct
regimes in photoionization of bulk water. To simulate the
photoionization of bulk, we consider a model system, a water
pentamer cut out from an equilibrium molecular dynamics
simulation of liquid water (Figure 3B). To account for thermal
motions, we average the results over 100 random snapshots.
To model the photoelectron spectra, we compute the EOM-
IP-CCSD ionization energies and Dyson orbitals for all valence
states for each of the 100 pentamer structures. The computed
valence photoelectron spectrum is shown in Figure 1A. For
comparison, Figure 1B shows a measured valence photo-
electron spectrum. The features in the experimental spectrum
are broken into the contributions from the liquid and gas-
phase water molecules and clearly show distinct bands
corresponding to the 3 valence molecular orbitals of water in
each phase. The computed spectrum also shows the features of
both liquid- and gas-phase peaks. Three of the peaks have
similar energies and shapes as the experimental spectra of bulk
water and are shown in gray (1b1), yellow (3a1), and red (1b2).
Additional peaks (marked by green) in the computed spectrum
have energies and shapes that are more similar to the
experimental spectra for gas-phase water. These peaks originate
from the orbitals localized on surface molecules, which
resemble gas-phase water more than bulk water. Overall,
Figure 1A illustrates inhomogeneous broadening of 2−4 eV of
the individual bands, leading to their partial overlap.
To simulate the PAD, we computed PADs for each

pentamer structure using two different approaches illustrated
in Figure 3. In the first approach, we used delocalized Dyson
orbitals and a single-center plane-wave expansion (Figure 3C);
in this approach, orbital deformation and interference between
the immediate neighbors are accounted for, but the coherences
between the nearly degenerate electronic states are ignored. In
the second approach, we split the Dyson orbital into the
fragments’ contributions, each localized on a single water
molecule (hereafter referred to as the multicenter or localized
model). We compute the differential cross section for each of
the fragment orbitals in the pentamer using a Coulomb-wave
expansion with Belkic’́s charges placed on the respective
fragment, and then sum up the contributions of the five water
molecules to the total PAD (Figure 3D); in this approach,
orbital deformation is included, but the interference between
neighboring water molecules is ignored. The scattering from
nearby waters (i.e., the perturbation of the outgoing electron
by the potential of the cluster) is neglected in both models.
Figure 4 shows the computed and experimental β values as a

function of kinetic energy for the liquid peaks in the
photoelectron spectrum. Also shown are the HHG data from
this work (35.6 eV photons) and the data by Nishitani et al.22

(29.5 eV photons) for the 3 valence states of liquid water. The
experimental β values are derived by fitting the peak areas for
the individual water valence bands as a function of the angle
between the electron analyzer and the polarization direction.
The data shown include 4 independent runs with 12 different
photon energies from the synchrotron and a lower photon
energy data set recorded with HHG radiation. The error bars
reflect the fluctuations of the liquid jet position, the fitting
errors, and the deviations from the ideal polarization provided
by the UE52-SGM-1 beamline. Due to a large peak-overlap
and fit constraints, the error bars for the 3a1 and 1b2 orbitals
are larger than that for the 1b1 orbital. Details about the data
acquisition, data analysis, fitting routine, and the error bar
determination are given in the Supporting Information.

Figure 4. Experimental (symbols) and computed (lines) β values as a
function of kinetic energy for valence ionization of liquid water. Gray,
yellow, and red denote the values for the 1b1, 3a1, and 1b2 bands.
Theoretical β values are assigned based on the energy of the binding
energies (see Figure 1 and associate caption) and are computed using
both the delocalized model with plane waves (dashed lines) and the
localized model using physically motivated Belkic’́s charges (solid
lines), as shown in Figures 3C and 3D, respectively. Experimental data
are from Nishitani et al.22 (liquid microjet, magenta squares),
Hergenhahn and coworkers20 (water cluster, green squares), and this
work (HHG indicated by blue circles, BESSY data with circles, color
coded depending on the orbital).
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The experimental β values reveal considerable similarity
between the bulk (Figure 4) and gas phase (Figure 2). At high
kinetic energies (i.e., above 250 eV), β for bulk ionization
ranges around 1−1.25, to be compared with the 1.25−1.5
range for the gas-phase ionization. In both cases, the largest β
values are observed for the 3a1 band.
The theoretical β values computed using a single delocalized

Dyson orbital (dashed line) are strikingly different from those
computed by using fragment orbitals and the multicenter
expansion (solid lines). The multicenter approach gives β
values that are in much better agreement with the experiment
for electron kinetic energies above 40 eV, while the single-
center expansion model is qualitatively incorrect. β values
computed using the multicenter model systematically over-
estimate, by at least ∼20%, the experimental bulk values. We
attribute this discrepancy to scattering effects, which are not
included in the theoretical treatment.
To understand the implications of the results shown in

Figure 4, let us revisit the analysis of the two limiting regimes
of the dimer photoionization (Figure 3A). A qualitatively
incorrect β obtained for delocalized Dyson orbitals indicates
that in the present experimental regime, bulk water ionization
can be described as incoherent superposition of the photo-
ionization of individual water molecules rather than photo-
ionization of delocalized entangled states. We can understand
this in the context of Sanov’s molecular interferometer,40

where the short-time evolution of time-resolved photoelectron
images from dissociating I2

− are discussed in terms of the
interference between the two waves coming from the
individual atoms. This interference can be described as
ionization of a single entangled state spanning both iodine
atoms at a short I2

− bond length. However, at longer times (i.e.,
at large separations between the atoms), the variation in β
ceases and it approaches the asymptotic value corresponding to
the PAD of I−. The distance at which the atoms become
independent and the coherences die off is related to the energy
of the ionizing radiation, which in turn determines the energy
of the photoelectrons. In Sanov’s study the distance at which
the iodine atoms are no longer coherently ionized (or, said
another way, at which the photoelectrons no longer interfere)
was found to be 35 Å, which was in excellent agreement with
de Broglie’s wavelength of the ejected photoelectrons (0.12 eV
in their study).
In bulk water, the typical distance between the nearby

molecules is on the order of 3 Å. This corresponds to an
electron kinetic energy of ∼17 eV (see Figure S7). At this
energy or lower, the photoionization would likely probe a
coherent delocalized state of water (or, using alternative
language, reflect the interference between the photoelectrons
ejected from the individual fragments). This is consistent with
the data reported at low kinetic energies by Signorell and
coworkers23 that show a significant reduction in the β of
valence bands from large water clusters. Therefore, at low
energies, the single-center expansion of the photoelectron wave
function is justified. In contrast, at high energies (e.g., above
150 eV where the photoelectron wavelength is 1 Å), it is more
appropriate to describe photoionization using localized
orbitals. The observed persistent anisotropy of photoelectrons
confirms that water’s valence orbitals retain their identity,
despite being slightly distorted (polarized and hybridized) by
their environment. This implies that PES and photoelectron
imaging can probe the local electronic structure of a molecule
even in bulk, as long as the ejected photoelectron has a de

Broglie wavelength smaller than the proximity of nearby
solvent molecules.
To quantitatively analyze the reduction of anisotropies in

bulk relative to the gas phase, we consider the reduced β
defined as

β
β
β

≡ −1red
l

g (1)

where βl and βg denote liquid- and gas-phase anisotropies. If
the anisotropy in the liquid phase is the same as in the gas
phase, then βred = 0. Conversely, βred ≈ 1 signifies a complete
loss of anisotropy in liquid. The water core-ionization study19

showed that βred decreases as a function of photoelectron
kinetic energy and at high kinetic energies (above 200 eV) βred
≈ 0.2. Ahmed and coworkers28 observed a similar trend in β
for the 1sC ionization in squalene nanoparticles (at their
highest kinetic energy of ∼40 eV, β ≈ 1, corresponding to βred
≈ 0.5).
The reduction of the anisotropy for core ionization at high

energies has been attributed entirely to elastic scattering,
because the shape of the compact 1sO orbital is not perturbed
by the interactions with neighboring waters.19 Our calculations
of the anisotropy for 1sO ionization of water pentamers (Figure
S13) yield β = 2 at electron kinetic energies above 20 eV, thus
providing computational support to this conjecture. Our model
does not capture the slow rise at low energies (observed both
in the gas phase and in bulk), which can be attributed to
scattering of photoelectrons from the hydrogens. As evident
from the experimental result19 and from the calculations by
Decleva and coworkers for the isolated water molecule,27 the
intramolecular scattering becomes irrelevant at ∼100 eV,
considerably below the estimate based on the de Broglie
equation (164 eV, corresponding to the OH distance).
Figure 5 shows the experimental and theoretical βred values

for core and valence ionization. As in the core-ionization
study,19 the experimental β values for liquid water show a
systematic reduction for valence photoionization. Within the
experimental error bars, βred ≈ 0.2 at high energies for both the
1sO and valence orbitals (compare the β values for the data
from BESSY in this work with the light-blue curve derived
from Thürmer et al.). This is surprising because one might
expect that the valence orbitals would undergo a further
reduction in β upon solvation compared to the core 1sO orbital
due to delocalization or distortion of the orbital shape.
However, the theoretical βred from the localized model is zero
for all three bands, meaning that the interactions with bulk
have a rather small effect on the shapes of orbitals of the
individual waters, despite significant energetic perturbation, as
manifested by the large shifts in the binding energies (by about
1.5 eV, with small variations depending on the band41) and by
inhomogeneous broadening of all three valence bands due to
solvation (Figure 1). Thus, despite the participation of the
valence orbitals in hydrogen bonding, their shapes remain
similar to the shapes of the orbitals in isolated water molecules,
and the reduction of β at high kinetic energies can be
attributed solely to scattering, as in the case of core
photoionization.
As expected, the results for the single-center expansion show

almost a complete loss of anisotropy (βred ≈ 0.8−0.9 at high
energies). While this treatment is inappropriate for the high
kinetic energy regime, at lower energies it captures interference
effects ignored in the multicenter (localized) treatment. We
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note that for the lower-energy data points from Nishitani et
al.22 and for the HHG data points, the delocalized model is in
very good agreement with the experiment for all three bands.
To include the effect of scattering in the model, we use the

1sO data from Thürmer et al. Attributing all loss of anisotropy
in the 1sO ionization to scattering, we use the ratio of β(1sO)g/
β(1sO)l (fitted using a sigmoidal function) to scale the
theoretical values from the localized model. The resulting
curves (shown as black solid lines in Figure 5) agree very well
with the experimental data, further confirming our interpreta-
tion.
In conclusion, we presented a combined experimental and

theoretical study of valence photoionization of liquid water
using X-ray radiation. The results show that using sufficiently
high photon energy enables probing the electronic structure of
individual water molecules within the bulk. The decrease in
anisotropy values in bulk relative to gas-phase water, which can
be attributed to the deformation of valence orbitals due to
rehybridization, loss of symmetry, and scattering, is remarkably
small. The high-level ab initio calculations show that, despite
the large energetic perturbation, solvation and hydrogen
bonding interactions have a negligible effect on the shape of
molecular orbitals. Thus, the reduction of anisotropies can be
attributed mostly to scattering. The comparison with the core-
level study further confirms this conclusion.
These results provide an important contribution toward

developing a comprehensive picture of photoionization in the
condensed phase and highlight the need for developing a
unifying theoretical framework seamlessly connecting the low-
and high-energy regimes. On the experimental side, more data
at intermediate photoelectron energies will help to clarify
whether effects of hydrogen bonding and electronic delocaliza-
tion would be more pronounced at lower energies. To better
assess possible effects due to the surface waters and
backscattering of the photoelectrons emanating from gas-
phase molecules, experiments with different geometries of the
jet (e.g., flat jets) are desirable. Such experiments are currently
under way.
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