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The interpretation of x-ray emission spectroscopy (XES) spectra in terms of their sensitivity to the
hydrogen bonding and the consequent microheterogeneity in liquid water has been debated over a decade.
To shed a light on this problem, we report the theoretical reproduction of the debated 15, peaks observed in
the XES spectra of liquid water using semiclassical Kramers-Heisenberg formula. The essence of the
temperature and isotope dependence of the 1b; double peaks is explained by molecular dynamics
simulations including full vibrational (O—H stretching, bending, and) modes, rotational combined with the
density functional theory and core-hole induced dynamics. Some inconsistencies exist with the
experimental XES profile, which illustrates the need to employ a more precise theoretical calculations
for both geometry sampling and electronic structure using a more sophisticated procedure.
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Water is ubiquitous on earth and is one of the most
important compounds in our lives. Despite its abundance,
water exhibits many unusual physical properties [1].
Scientists have studied water using various techniques
for over a century and proposed several interpretations
of its structure. One of them is based on a two-structure
model proposed by Rontgen [2], revisited by Wernet et al.
[3], and followed by others [1,4,5]. Another is a uniform,
continuous liquid model proposed by Bernal and Fowler
[6] and followed by researchers in a wide range of fields [7—
10]. X-ray spectroscopy is one of the various tools used to
observe inhomogeneous features in both the solid and
liquid phases. The interpretation of x-ray spectroscopy in
terms of their sensitivity to the hydrogen-bond (H-bond)
structure of liquid water has been debated, although
comparable experimental data have been reported by
different groups [11-13]. Several interpretations have been
proposed for the double peak structures observed around
525-526 eV in x-ray emission spectroscopy (XES); these
peak structures are designated as 1b,-derived structures
[14] by adopting the symmetry symbol of orbitals used for
the gas phase of water. Tokushima et al. [11] reported that
the double peaks possess the same symmetry and inter-
preted them as representing two different local H-bond
structures, and Yamazoe et al. [13] updated it later.
According to Fuchs et al. [12], the double peak structure
can be reproduced by using a uniform, continuous liquid
model and considering ultrafast O—H bond dissociation
dynamics during the lifetime of the O 1s core hole.
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Notably, both interpretations emphasize the importance
of the H-bond feature in the liquid phase. The interpre-
tation based on the two-structure model is now connected
with the concept of low- and high-density amorphous
liquids (LDL and HDL) at low temperatures [4]. Under
ambient conditions, they correspond to different distri-
butions of tetrahedrally coordinated water and water
clusters with highly distorted or broken H bonds.
Recently, Zhovtobriukh et al. [15] succeeded in theoreti-
cally reproducing the double 1b; peaks in the XES
spectra of liquid water by applying arbitrary sampling
to molecular dynamics (MD) simulations.

Recent reports have discussed the dynamic effects on the
resonantly excited state in liquid water using the resonant
inelastic x-ray scattering technique [16,17]. Recently, Shi
and Tanaka [18] reported the existence of two local
structures in liquid water using x-ray scattering experi-
ments and MD simulations. Cruzeiro et al. [19] theoreti-
cally analyzed the 1b; peaks in the XES spectrum of liquid
water, although core-hole-induced dynamics were absent in
their simulations. They suggested that it is impossible to
unambiguously attribute the split of the 15, peak to only
two specific structural arrangements of the underlying
H-bond network. Piskulich and Thompson [20] studied
the temperature dependence of the oxygen-oxygen radial
distribution function (RDF) of liquid water using MD
simulations.

In the present Letter, we report the theoretical repro-
duction of the double 15, peak feature of XES in liquid
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water. Several effects, such as geometry and dynamics,
were discussed to determine the shape of the XES spectra.

To construct the structure of water in the liquid phase,
classical MD simulations were adopted in the isothermal-
isobaric ensemble from 270 to 360 K at intervals of 30 K
and 1 bar using the GROMACSS5.1.4 program package [21]
with a TIP4Pew force field [22]. In a cubic simulation box,
1000 water molecules were included. The Verlet integrator
was applied with a time step of 0.2 fs and run for 4 ns for
each temperature point. The bond length and water mol-
ecule angles were fixed during the above simulations.
However, they were relaxed to obtain power spectra, which
were obtained by MD simulations in the microcanonical
ensemble for 10 ps. To confirm the validity of our
simulations, the oxygen-oxygen RDF between water mol-
ecules, density of water, and local structure index defined
by Shiratani et al. [23,24] are included in Supplemental
Material [25]. These results are consistent with those
reported earlier [28-30].

The scheme of calculations of the XES spectra follows
previous studies [31-33]. In brief, using the obtained final
snapshot of the MD simulations, seventeen water clusters
were extracted randomly. Two hundred clusters were
sampled at 300 K, and one hundred clusters were sampled
at temperature range used for sampling and for D,O. We
confirmed that the number of samplings was sufficient
statistically to describe the XES spectra. XES spectra can
be computed by the semiclassical Kramers-Heisenberg
(SCKH) formula developed by Ljungberg et al [34]
Two O—H bonds of the central water molecule in a sampled
cluster were geometry optimized, and six positive vibra-
tional frequencies of three rotations, H—O—H bending, and
two O—H stretching modes were used in the analysis. To
construct the total XES spectra, the contribution of the three
translational modes can be neglected because the eigen-
values of these vibrational modes are lower than the thermal
energy. Further, these effects are implicitly included by
sampling other modes, consistent with the lower contribu-
tion of the translational mode in the power spectra analysis
described later. At this step, it is necessary to construct a
correct quantum mechanical distribution in the field of the
surrounding water molecules. The multidimensional wave
packet motions are modeled using classical MD simula-
tions of the core-hole state with the initial conditions of
quantum mechanical vibrational probability distribution
along with a vibrational mode. Each trajectory runs
20 fs in steps of 0.25 fs. This MD simulation run is the
minimum requirement to describe the effect of the dynam-
ics on the core-hole state correctly. The spectra were
calculated for each geometry along the MD trajectory.
The final calculated spectra are shifted by —2.8 eV to
match the experimental spectra. The lifetime of the O 1s
core hole is considered as 4.1 fs [35]. The basis sets and
functionals are the same as those used earlier for methanol
[31] and ethanol [32]. To correct entanglement of the

potential energy curve and discontinuous of the transition
moment, a new scheme with the genetic algorithm devel-
oped by Pettersson et al. [33] is applied. Density functional
theory calculations were performed using the deMon2k
program package [36].

Figure 1(a) shows the calculated XES spectra of liquid
water from 270 to 360 K. The calculated spectra repro-
duced several experimentally observed features. We suc-
ceeded in reproducing the double peak features of the 15,
state, which was observed in the experimental XES spectra
[11-13]. And calculated XES spectra at low temperature is
more resemblance to amorphous ice [11]. The calculated
double 1b; peaks are separated by approximately 0.8—
1.5 eV depending on the temperature, which the exper-
imental ones are reported as 0.7-0.9 eV [11] and 0.8 eV at
the room temperature [13]. These values are slightly larger
than the experimental values especially at the high temper-
ature region, probably because of the procedure used for the
initial geometries and the electronic structure calculations
[37]. The relative intensity of the 15, state to the 1b; and
3a, states increased with temperature. Focusing on the 15,
peak profiles, the lower side peak (15)) was observed to be
stable against increasing temperature, while the higher peak
(1b") shifted to a higher energy, as shown in Fig. 1(b). The
10| peak intensity increased with increasing temperature.
These features, which cannot be explained only by a simple
two-state model, require other mechanisms such as density
variation with temperature, which has already been dis-
cussed by Tokushima et al. [11]. Furthermore, the isotope
dependence of the XES spectra of water at 300 K is shown
in Fig. 1(c). The relative intensity of the 1 peak to the 15/
peak is lower for D,0O, whereas it is higher for H,O,
suggesting that these differences call for a dynamical effect
on the core-hole state. To extract the XES profile without
core-hole induced dynamics, the XES spectra for the
sampled initial structure of liquid water without time
evolution are shown in Fig. 1(d). The electronic states
examined are single valence hole states, corresponding to
those probed by ultraviolet photoelectron spectroscopy
(UPS). We theoretically obtained a single 15, peak whose
energy position corresponds to the XES 15/ peak in
Fig. 1(a) but with a narrower profile than the XES 15}
peak. The simulated spectra are consistent with the exper-
imental UPS spectra obtained by Winter et al. [38], and the
spectral profile was stable against temperature. Therefore,
the specific structure observed by XES may be indistin-
guishable by UPS. The second peak, assigned as 10/, was
reproduced by considering core-hole induced dynamics.
However, the interpretation of the temperature dependence
of XES is not straightforward.

To better understand the appearing features, our calcu-
lated spectra were classified into different types of H bonds.
The H-bond criteria by Wernet et al. [3] were applied to
examine the formation of H bonds. In the present study,
the XES spectra were simply classified by the number of
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(a) Temperature dependence of XES spectra of water from 270 to 360 K including the effect of core-hole induced dynamics.

Inset of this figure set magnified around peak top of 1b; states. (b) Peak position of 15 and 15/ states (solid lines) and these energy
difference (dashed line) from 270 to 360 K. (c) Isotope dependence of XES spectra of water at 300 K including the effect of core-hole
induced dynamics. (d) Temperature dependence of XES spectra of water from 270 to 360 K without core-hole induced dynamics.

H bonds, i.e., Hm, where m is the sum of the number of
H-bond donors and acceptors. Distinct spectra based on the
number of H-bond donors and acceptors are included in
Supplemental Material [25]. In the present study, we did
not distinguish H-bond donors and acceptors to extract a
simple picture related to the induced dynamics with a core
hole. Figure 2(a) shows the XES spectra of water for
several H-bond types at 300 K. The double peak features
can be observed for all types of H bonds, but it is clear that
the 15} peak is more seen for the H4 and H3 structures. In
the case of fewer H bonds, on the other hand, the intensity
of the 15/ peak is higher than that of the 15} peak. The 12}
peak is more related to tetrahedral structures but not being a
simple peak but also a shoulder toward higher energy.
Therefore, the 15 profile is determined by the contribution
of both core-induced dynamics and H-bonded structures.
Figure 2(b) shows the H-bond type distribution obtained by
analyzing the geometries of the MD simulations. H4 and
H2 correspond to a tetrahedrally coordinated cluster for a
central water molecule and a distorted cluster, respectively.
LDL and HDL include these local structures at different
ratios. The main contribution is H3, which corresponds to
the intermediate H-bond types between H2 and H4. For H1
and H2, the population increases monotonically with
temperature. H3 and H4 display the opposite trend, while
H5 has a minor contribution because the maximum
coordination number of water by the H bond should be
four. Our result is consistent with that of Miguel et al. [39]
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FIG. 2. (a) XES spectra of H,O depending the type of H bonds

at 300 K. Hn means that numbers of hydrogen bonds are n.
(b) Distribution depending on the type of H bond from 270 to
360 K. (c) Lifetime of H bonds from 270 to 360 K depending of
the number of H bonds using intermittent models.
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in terms of the H-bond distribution. It should be noted that
the H-bond distribution is directly reflected in the relative
intensities of the 15| and 15} peaks in the XES spectra.
And these discussions are also related to the XES spectra of
amorphous ice [11]. Note that the closest oxygen-oxygen
distance in ice Th (hexagonal ice crystal) is 2.76 A [40] and
is shorter than that for liquid water of 2.8 A [41]. Contrary
to liquid water, most water molecules in amorphous ice
may bind each other by a strong H bonding due to the short
distance, which makes the dynamics faster than in the case
of liquid water. Following the above discussion, the
intensity of 1| peak in amorphous ice would be enhanced
than that of 1] peak. The same MD simulation also
enabled us to estimate the H-bond lifetime following the
method of Rapaport [42]. The H-bond lifetime was
evaluated using the relaxation time constant z, estimated
from the exponential decay of the autocorrelation function,
in the form of

C(t) = Zsij(fo)sij(lo + t)/zsij(t())ﬂ (1)

where s;;(¢) is unity if molecules i and j are bonded at time
t and zero if there is no bond. The results of applying the
intermittent model in the present study are shown in
Fig. 2(c). The values obtained were comparable to those
reported by Antipova et al. [43]. The lifetimes of H1 and
H2 increased with increasing temperature, whereas H3 and
H4 exhibited the opposite trend. At low temperatures,
highly coordinated configurations, such as H4, were
dominant and possessed a longer lifetime. In contrast,
H2 was important at high temperatures. The relative
intensities of the 15} and 15} peaks in the XES spectra
[Fig. 2(a)] reflect this situation. The time propagation of
XES was examined to analyze the effect of the core-hole
induced dynamics on the spectra. Figure 3(a) shows the
20 fs propagation of the XES spectra for H4 at 300 K. The
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FIG. 3. (a) Time propagation of XES spectra at 300 K for the

case of four H bonds during 20 fs. (b) Rate of highest peak
position (blue circle) and the intensity (red square) over time as a
function of the number of H bonds.

time propagations for other types of H bonds are available
in Supplemental Material [25]. The main features are
similar, suggesting that the effect of the core-hole induced
dynamics is similar among all the types of H bonds. We
focused on the peak shift and intensity modulation of the
1b, peak, which is stable for the first few femtoseconds
after core excitation. It then starts to move toward lower
energy, gradually decreasing in intensity. The rate of the
highest peak position and intensity over time, as a function
of the number of H bonds, are plotted in Fig. 3(b). Except
for the intensity decay of HI, increasing the number of
H bonds decreases both the rates, indicating that the
increase in the number of H bonds accelerates the core-
hole induced dynamics, probably owing to the electrostatic
field of the surrounding molecules. As shown in Figs. 1(c)
and 1(d), the isotope effect and the absence of temperature
effect without core-hole induced dynamics show the
influence of core-hole induced hydrogen atom dynamics
on the XES spectra. The peak shift of the 1b; state is
suppressed by increasing the mass from hydrogen to
deuterium, causing an increase in the 15/ peak, as observed
in previous studies [11,12].

Next, we examined the effect of thermally excited
vibrational modes on the XES spectra. In a previous study,
Zhovtobriukh et al. included thermal effects to simulate the
XES spectra of liquid water by incorporating two O—H
stretch modes [15]. These two vibrational modes should be
sufficient for describing the effect of H-bond dynamics
because they have a much deeper potential energy surface
than the other modes. In the present Letter, we considered
the effects of the other modes on the XES spectra. For a
water molecule in a liquid, more than three internal modes
can be obtained: antisymmetric and symmetric O—H
stretching, bending, three rotational, and three translational
modes. The latter six modes were assigned as intermo-
lecular modes. By optimizing the geometry of the central
water molecule, we obtained nine independent vibrational
modes and examined their effects on the XES spectra using
the SCKH scheme [34]. The results at 300 K are summa-
rized in Fig. 4. As discussed above, the effects of core-hole
induced dynamics are similar. Instead, the difference is
whether excited vibrational modes are along the H-bond
direction. Since motion along the direction of the H bonds
is expected to accelerate the peak shift, the deviation from
the O—H bond direction, including the core-excited oxygen
atom, should influence the spectra more effectively. When
the O—H stretching modes are excited, core-hole induced
hydrogen atom dynamics along the O—H bond line are
accelerated, which increases the lb’l peak. However,
exciting the vibrational modes that move the hydrogen
atom perpendicular to the line of the O—H bond suppresses
the core-hole induced dynamics, decreasing the 15/ peak.
This mode sensitivity to the XES 1b; profile may depend
on the depth of the potential energy surface of the O—H
stretching mode.
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The key parameters determining the XES 15, profile are
the density of water and the orientation of water molecules
surrounding the core-excited water molecule as a function
of the temperature. In liquid water, the decrease in the
density of water, arising from an increase in its temperature
from 4 °C at maximum density, may produce less effective
core-hole induced dynamics, as discussed in Fig. 3(b), and
contributes to the increase of the 1] peak at higher
temperatures. However, when the temperature is decreased
from 4°C, the influence of the density of water is
dominated by other effect, namely, the alignment of
hydrogen bonds along the O—H bond axis direction, as
evident from the increase in the four-coordinate H bonds,
shown in Fig. 2(b). This effect accelerates the core-hole
induced dynamics, and the 15} peak should dominate.
Therefore, the relative intensity between the 15| and 15}
peaks may be sensitive to various physical properties, such
as the local density around the excited water molecule,
number of H bonds, and the H -bond orientational
distribution.

We successfully reproduced the XES spectra of liquid
water by incorporating the effect of full vibrational modes,
O—H stretching, bending, and rotational modes of liquid
water. Both temperature and isotope dependence were
explained by considering the H-bond configuration around
the excited water molecule and core-hole induced dynam-
ics. The present procedure is generalized and may be
applied to future studies on aqueous conditions. Several
issues remain, especially the reproducibility of the splitting

energy of the 15} and 15/ peaks, which is consistent with
the experiment at room temperature, but not at high
temperature. These may be refined further by precise
theoretical calculations for both geometry sampling and
electronic structure using a more sophisticated procedure. It
should be noted that our analyses are consistent with those
conducted by Tokushima et al. [11] and Fuchs et al. [12].
We hope that our research resolves the debates on the
interpretation of the structure of liquid water.
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