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We establish a first example of K-shell X-
ray emission spectra with strong break-
down of the molecular orbital picture: a
complete splitting into satellites of the
2a, main peak of water molecule.
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By measuring X-ray emission of the water molecule in liquid phase we establish a first example of K-
shell X-ray emission spectra with strong breakdown of the molecular orbital picture. A complete splitting
of the 2a, peak into satellites is observed. A theoretical model with electronic configurations generated by
coupled excitations/de-excitations, so-called semi-internal configuration interaction, captures the experimen-

tally recorded features well. Differences with respect to the corresponding breakdown effect in ultraviolet
photoelectron spectrum are highlighted. Molecular dynamics calculations indicate that solvent broadening can
only make up for a small fraction of the width of the recorded 2a, derived band.

1. Introduction

The introduction of high-resolution X-ray emission spectroscopy
(XES), almost 50 years ago, made it possible to study X-ray transi-
tions that connect core with valence levels. With this progress one
could analyze X-ray spectra in terms of concepts in chemistry, like
chemical valence, chemical shifts, molecular orbital theory and electro-
vibrational coupling. Over the years a multitude of spectra have been
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analyzed by molecular orbital (MO) theory, which makes a one-to-one
assignment between molecular orbitals and recorded electronic spectral
bands; see for instance [1]. A particularly useful feature coupled to MO
theory for X-ray emission is the one-center model, introduced several
decades ago [2], which has served an operational model both for coarse
and quantitative evaluation of X-ray emission spectra, and, reversely,
for using X-ray spectra to derive local populations of certain symme-
tries. It implements the Laporte selection rules for atomic radiative
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emission with angular momentum change of one unit in a molecular
environment. Applying the molecular orbital picture for X-ray emission
offers a theoretical construct of the full spectrum, where the relative
energetics is guided by the orbital energies (Koopmans theorem) and
the relative intensities by the one-center model.

Outer valence hole states are often well described by MO theory
using the independent electron picture, where the leading dynamic
electron correlation contributions generally act as small corrections
to energy and intensity of the emission bands. The applicability of
MO theory and its associated one-center model for XES is though
not universal — in electron spectroscopies, like X-ray photoelectron
spectroscopy (XPS) and Auger, it is known that inner valence levels
might be, or are, less well described by MO theory as these levels are
prone to static, near-degenerate, electron correlation effects that split
the bands into satellites. A one-to-one assignment of states and MOs is
not possible for these satellites, leading to the so-called “breakdown
of MO theory”. The water molecule has served as a benchmark for
the discovery of this effect in photoelectron spectroscopy [3,4] and for
Auger [5]. In X-ray emission corresponding effects have been observed
for 3s emission in Ly spectra for solid state (powder) compounds
from S to Cr [6], and for Ar [7,8] then termed “semi-Auger” which
thus also is a semi-internal configuration interaction effect. Inspecting
XES spectra on N, [9] and NH; [10] one could suspect that splitting,
respectively, broadening of the inner valence part could be due to such
effects, however, this has not been analyzed. Thus, to the best of our
knowledge an analysis of an observation of the breakdown effect has
never been provided for XES K-emission giving the breakdown of the
molecular orbital picture, for any type of system.

Water has been vigorously studied in XES, both in the gas [11-13]
and in the liquid [14-18] phase. The interpretation of the liquid spec-
tra, and its implications for the hydrogen-bond structure and dynamics
are still being debated. However, the inner-valence region of the spectra
has so far attracted little attention.

That inner valence levels have been less attended in XES, or not
observed at all, probably owes to the fact that (for first row molecules)
the corresponding MOs are atomic 2s like and therefore XES forbidden
by decay of the core hole according to the one-center rule. In this work
we take advantage of the capacity of modern synchrotron facilities and
make a detailed study on how the breakdown effect may influence XES
spectra using the previously benchmark water molecule as example.
Some ramifications of the present finding for studies of XES spectra in
general are discussed.

2. Measurements

X-ray emission measurements were performed using a slitless emis-
sion spectrometer [19] at SPring-8 BL17SU [20]. Pure liquid water
purified by a water purifier, Millipore Direct-Q UV, was used as a
sample. The sample was flowing through a liquid flow cell that uses
an Au-coated 150 nm thick silicon nitride (SiN) membrane (NTT-AT
Co. Japan) as a window for soft X-rays. The SiN window was used
for separating the flowing liquid under atmospheric pressure from the
high vacuum. The incoming probe photons and going-out photons
emitted from the sample are transmitted through this window [21].
Excitation energy was tuned to 550 eV and circular polarization was
used to avoid unnecessary polarization effects. For evaluation of the
natural oxides on the window, acetonitrile, purely >99.5%, Sigma-
Aldrich, which does not contain oxygen in the molecular structure, was
used. The collected spectra are presented in Fig. 1. The emission signal
around 390 eV is coming from N1s emission of the SiN window. For
the pure acetonitrile sample, the spectra also contain the contribution
of nitrogen in acetonitrile in addition to the SiN window. The peak at
550 eV is the elastic scattering peak. The peaks around 525 eV belong
to O 1s emissions of water. The contribution of the natural oxides on
the window appears around 525 eV but the intensity is around 10 times
weaker than O 1s emission from water. For the energy region from 420
eV to 520 eV, the spectrum is almost flat and the contribution of the
natural oxides is negligible. Therefore, the clear peak structure around
505 eV is assignable to the emission from water.
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3. Calculations

Theoretical calculations for a single water molecule, at the exper-
imental geometry, were carried out in order to present a character-
ization of the emission structures associated with the satellite peaks.
The investigation was performed at the restricted active space second-
order perturbation theory (RASPT2) level of theory, together with the
ANO-RCC-VTZP basis set. Relativistic effects were included using the
Douglas-Kroll transformation of the relativistic Hamiltonian, together
with spin-orbit interactions. The active space comprises the oxygen
1s core orbital (1a;) in RAS1 subspace, (2a,)(1b,)(3a,)(1b,) orbitals
in RAS2 subspace and (4a;)(5a,)(2b,)(1a,)(2b,) orbitals in RAS3 sub-
space, totalizing 9 electrons in 10 orbitals in which two electrons in
RAS3 were allowed. The primary ionized state of the water molecule
was described imposing the restriction of one electron in RAS1. Sixteen
lowest states for each of the four symmetry components belonging to
the C,, point group were considered for the state-averaged conver-
gence of the molecular orbitals and for the configuration interaction
procedure. The transition intensities were calculated based on both first
(electric dipole) and second order (electric quadrupole and magnetic
dipole) transition moments. The calculations were performed with the
Molcas package [22].

In order to estimate a possible effect of the condensed phase on
the XES spectrum in the considered energy region the spectrum was
simulated also for the central molecule in a number of small water
clusters (26 water molecules) suggested by short molecular dynamics
(MD) calculations. The dynamics of 4166 water molecules in a cubic
box of dimension 50 Angstrom, with periodic boundary conditions in
%, y and z directions, was simulated using the GROMACS code version
5.1.4 [23,24] and the TIP4P water model [25]. Starting from a random
distribution of the molecules, a standard minimization - heating -
equilibration protocol was adopted, followed by a production run of
5 ns with a time step of 1 fs. The dynamics for the canonical ensemble
(NVT), apart from the heating-equilibration steps, were conducted at
T = 300 K fixed with a velocity rescaling thermostat. The trajectory
was analyzed by sampling the last 2 ns of the simulation in order to
identify some representative cluster structures in the liquid phase. The
hydrogen bond analysis showed that the clusters with average radius
of 6 Angstrom had 5, 4, 3 and 2 hydrogen bonds in a percentage of
5, 41, 35 and 15 respectively. Six clusters were considered: 3 clusters
with the first solvation shell formed by 4 waters and 3 clusters with
the first solvation shell formed by 3 waters, in order to get insight of
the spectrum dependence from the cluster geometry. An explicit core-
hole-induced effect on the initial solvent structure has been considered
negligible. At most comparable to the structural variability of the
environment here investigated by considering six different clusters. We
expected that in the case of the 2a; orbital which, being internal, has
a small interaction with the solvent, the effect of the environment
structure was minor.

In this case the spectrum was computed by DFT calculations with
the PD86 density functional [26] and the StoBe version of the deMon
code [27]. Such choice allows to include the effect of electron correla-
tion maintaining a single band for the decay from the 2a; Kohn-Sham
(KS) MO of the single molecule and then mimic only the effect of the
environment in the liquid phase.

4. Discussion

In Fig. 1 the full experimental spectrum of liquid water is shown
with its characteristic distribution of outer valence 1b,, 3a,, 1b, emis-
sions, the latter consisting in a split band. The 2a; derived emission
band has, instead, an onset around 490 eV with a slow increasing of the
intensity up to 508 eV, followed by a steep decreasing. The presently
computed XES spectrum of the water molecule is presented in Fig. 2;
Fig. 3 shows a blow up of the region 495-515 eV. The theoretical
bands are here assigned an arbitrary broadening factor given by a
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Fig. 1. XES spectra of liquid water (blue lines) and acetonitrile (red lines). The upper panel shows a 100 times magnified version of the spectra in the lower panel.
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Fig. 2. Computed full XES spectrum of water molecule; upper left panel: magnification
of the 2a, energy region.

Gaussian function with FWHM = 3 eV. This is done with the purpose
of presenting the theoretical results, obtained in the vertical transition
approximation, i.e. for the rigid water molecule at its ground state
geometry, in a way that makes it easier a comparison with the poorly
resolved experimental band. The broadening is in fact the same for
every single theoretical intensity and each gaussian is centered at the
computed photon energy. The arbitrary broadening intends to simulate
both the effect of the nuclear motion (see below) and that of the
average on the local structures of the environment.

Although Fig. 3 shows the computed XES spectrum for a single
water molecule, there is a remarkable agreement in the appearance of
the 2a; deriving intensity distribution between 495 and 510 eV with
the experimental liquid spectrum. Thus the low energy slope of the
structure is composed of a number of satellites, the peaky feature at
508 is assigned to the main 2a1‘1 configuration, while the descending
slope towards higher energies is due to a single weak satellite state (see
Table 1). Each such state can be assigned through the semi-internal
excitation pattern which leads to a mixing of single-hole plus excitation
satellite states. For example, the rather strong satellite at 500.34 eV
can be explained by a leading (1b,)~!(1b,)~1(1a,)! configuration. The
(atomic) dipole selection rule is overcome by the symmetry breaking
for the 2a, orbital and by the presence of satellite states but the
integrated intensity of the 490-510 eV features is much smaller than
that of the outer valence bands.
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Fig. 3. 2a, inner valence part of XES spectrum of liquid water. Computed transitions,

see Table 1, are inserted beneath as Gaussian bands shifted by —1 eV. The threshold
photoelectron spectrum (UPS) of water in the 2a, region, measured by Truong
et al. [28] is inserted below for comparison.

Table 1

Main electronic configurations corresponding to the four most intense satellite states
in the theoretical spectrum. The intensities are given relatively to the intensity of the
strongest 15, peak at 529.07 eV.

Final state Symmetry Emission energy (eV) Intensity
(1by)~'(1by) " (1ay)! A, 500.34 0.0085
(1by)~'(1b))~"(2b,)! B, 503.24 0.0066
(1b,)"'(3a;)'(2b,)! A, 504.61 0.0086
(3a))”'(1b))~" (4a))" B, 506.26 0.0077

The MO breakdown effect has been well-known in ultraviolet pho-
toelectron spectroscopy for a long time, where water has served as
a benchmark example, both experimentally e.g. [28,29] and theoret-
ically [30,31]. The threshold photoelectron spectra of water in the 2a,
region, measured by Truong et al. is given in Fig. 6 of Ref. [28] and
reproduced in the lower panel of Fig. 3. One can there note two main
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Fig. 4. Theoretical XES spectra of a single water molecule (black bars) and of the central water molecule in different water clusters (blue, red and green bars) computed by DFT
(ground state approximation and PD86 functional). Each cluster includes a central water molecule where the core ionization occurs, surrounded by 25 water molecules; the 3
clusters corresponding to the spectra in the middle (bottom) window have 4 (3) waters in the first solvation shell.

very broad bands at 27.6 and 32.3 eV. The latter was assigned to a state
with a dominating 2211‘1 configuration, the former to a satellite [29,30].

Several weaker satellite states can underlie the broad features;
Wood [31] predicted by means of configuration interaction calculations
not less than 11 states in the energy region 17.6-29.7 eV. The broadness
of the bands can be understood from the work of Tan et al. [32]
who used an electron-impact coincidence technique to measure the
cross-sections for photo-fragmentation in H,O, including the 2a, band
system. Their spectra showed that H,O" in that region dissociates com-
pletely, something that well explains the broad structure-less features
of the two bands in the UPS spectrum, and the lack of any sign of
vibrational structure in the XES spectrum, in contrast to the outer
valence levels. The diminishing slope below 497 eV may receive contri-
butions from higher external excitations, eventually reaching beyond a
continuum, in which case the features would correspond to ICD (Intra-
or Inter-molecular Coulombic Decay) measured for 2a; holes in water
[33].

Subtracting the core ionization potential energy of water from
the XES vertical energies one gets “UPS” vertical energies that well
reproduce the spectral region of the real UPS spectrum in Fig. 3.
As seen the form of the XES and UPS spectra are different, which
evidently can be understood by the fact that different initial states
and different transition processes are involved. The XES spectrum is
predicted with more evenly strong transitions of different symmetry.
We note that generally non-resonant X-ray emission spectra contain
satellites originating from initial shake-up and shake-off states. As the
first shake-up state of water is about 18 eV up from the single core hole
state, these initial states cannot be reached by the excitation energy
employed for the XES spectrum shown in Fig. 1, which thus is satellite
free.

It is well known that the XES spectrum of liquid water is charac-
terized, when compared to that measured in gas phase, by a peculiar
splitting, also observable in Fig. 1, of the higher energy narrow band. A
question arises, then, about the possible role of the liquid environment
also regarding the structures observed in the 2a, region of the XES
spectrum. We can expect that the effect of the condensed phase environ-
ment on the XES spectrum is limited and cannot explain the large width
observed for the 2a; band. In fact, such effect has been invoked, but
not definitively proven, for the splitting of the 1b, band which is well
below one eV. Furthermore, the influence of the environment, or by a

dynamical H-bond effect, on an inner-valence orbital can be expected
to be less than that on a lone-pair orbital.

The results obtained by DFT calculations with the StoBe-deMon
code [27], the Perdew-86 density functional [26] and the ground
state approximation [34], for a single water molecule and the central
molecule in six 26-water clusters, are given in Fig. 4. As expected,
also in the DFT approximation the decay from the almost spherical
inner valence orbital provides a very weak intensity for a single water
molecule; about two orders of magnitude lower than that of the valence
shell. In the condensed phase (clusters) the “symmetry breakdown”
of the 2a, orbital is accentuated by the presence of hydrogen bonds.
However an increase in the total intensity in the 2a, region is not
predicted, while there is a distribution of the intensity in a range of
about 1-2 eV. This is essentially due to the mixing of the 2a; orbital of
the central water molecule with a number of molecular orbitals mostly
localized on the surrounding water molecules. Such “environmental
breakdown” is then predicted to produce a relatively small spreading
of the 2a; intensity, confirming that it is the MO breakdown effect
explored above that gives rise to the strong intensity spread that is
experimentally observed.

5. Conclusion

By a combined experimental and theoretical study of the low energy
region, 490 to 510 eV, of the liquid water X-ray emission spectrum,
we could establish a breakdown of the MO picture in X-ray emission
spectroscopy in that the O 2s derived 2a1“ state is split into a multitude
of satellite states, which, to our knowledge, is the first analysis of
the kind for K-shell emission of molecules. A computational model
based on semi-internal configuration interaction could well capture the
measured intensities. A dynamical study using water clusters indicated
that the solvent effect gives rise to a distribution that is much narrower
than the recorded one, so indirectly supporting the breakdown effect.
It is shown that the appearance of the breakdown effect is different
compared to the UPS spectrum of water, which has served as the
standard spectrum showing this effect in photoelectron spectroscopy.
However, in accordance with UPS/XPS it can be argued that the MO
breakdown is a common phenomenon for inner valence states and that
it readily can lead to new studies of molecular physics and many-
body phenomena along with the development of modern synchrotron
technology supported by quantum mechanical methods.
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