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for interpreting XAS spectra; however, modeling and interpret-
ing the XAS spectra of bulk water remain particularly
challenging. For example, to date, the relationship between
XAS spectra and hydrogen bond (HB) network structures has
not been fully understood. Although the oxygen K-edge XAS
spectra of liquid water are highly sensitive to the local HB
structure,8−12 their complexity has led to a coarse categorization
into three key features: the pre-edge, linked to under-
coordinated hydrogen bonds; the main-edge, reflecting the
dominant HB structure; and the post-edge, providing insights
into the extended HB network. However, a recent study using
many-body perturbation theory (MBPT)13 attributed these
spectral features to distinct excitation characters:

the pre-edge (∼535 eV) corresponds to a confined
intramolecular exciton,
the main-edge (∼538 eV) arises from an exciton localized
within the first coordination shell of the excited water
molecule, and
the post-edge (approximately 540 eV) represents a
delocalized exciton involving water molecules beyond
the first solvation shell.

A cluster model approach is valuable for directly relating
molecular structural information in real space to spectral
features in energy space. A recent study using a multilevel
coupled cluster (CC) framework successfully reproduced the
experimental XAS results for bulk water.14 This further
highlighted the importance of charge transfer (CT), which can
be related to the previous assignments of the main-edge and
post-edge peaks to excitons that are not confined within the
excited water molecule. In contrast to the MBPT study, which
assigned the post-edge peak to long-range excitations extending
beyond the first solvation shell, the CC study suggested that CT
occurs mostly within the first solvation shell. Additionally,
Fransson et al. evaluated the reliability of time-dependent
density functional theory (TDDFT) for modeling of XAS
spectra of water and found that using long-range-corrected
exchange−correlation (xc) functionals was vital,15 indicating the
high significance of the CT contribution. Despite these
advances, the molecular details governing CT characteristics,
such as the relative intermolecular orientations and the number
of molecules involved in CT, have not been fully elucidated.

To address these challenges, we systematically employed
three state-of-the-art molecular dynamics (MD) simulations (ab
initio MD (AIMD), RexPoN, and MB-pol, which are discussed
in detail below) to sample the local structures of liquid water.
For the sampled local water configurations, XAS spectra were
calculated using a highly reliable multiconfigurational wave
function method with a strongly contracted second-order
perturbation correction (SC-NEVPT2). By statistically analyz-
ing the simulated spectra and directly comparing them to
experimental data, we identified three key features: the number
of water molecules involved in the excited states, the CT
character underlying the spectral peaks, and the relationship
between the XAS signals and the HB network of water. These
findings provide valuable insights into the complex relationship
between electronic excitations and local structural motifs in
liquid water.

■ RESULTS AND DISCUSSION
Bulk Water Structure. We compare the trajectories

obtained from three state-of-the-art molecular dynamics
(MD) simulations: (1) AIMD simulation using the SCAN

+rVV10 functional,16,17 (2) classical MD simulation with the
recently developed RexPoN18,19 polarizable force field (FF), and
(3) another classical MD simulation using the latest
implementation of the MB-pol atomistic potential for water,
which is based on the many-body potential energy function
approach.20−23 Notably, the functional used in AIMD includes
an adjustable nonlocal kernel parameter (b), which determines
the strength of the dispersion interaction. As this parameter was
specifically optimized to reproduce the experimental bulk water
structure, we note that even the AIMD method includes a
certain degree of empiricism. A detailed description of these
methodologies is provided in the Computational Methods
section of Supporting Information (SI).

First, we compared the local water structures sampled using
the three approaches. We analyze the oxygen−oxygen radial pair
distribution functions (gO−O) derived from the three trajectories
and compare them with available experimental data (Figure
1a).24 Among the experimental data, neutron diffraction
measurements are considered to be the most reliable owing to
their sensitivity to nuclear positions.18

Focusing on the signal from the first solvation shell, the AIMD
simulations show perfect agreement with the experimental
position of the first solvation shell at 2.86 Å (Table 1). This
result was expected because the kernel parameter b of the
nonlocal functional was empirically fitted to replicate the key
features of the experimental gO−O for bulk water.16,17 By
contrast, RexPoN and MB-pol slightly underestimate the first
peak position, obtaining values of 2.82 and 2.81 Å, respectively.
However, these deviations of only 0.04 and 0.05 Å from the
experimental reference value are marginal.

Figure 1. (a) Comparison of the calculated gO−O (radial pair
distribution function for oxygen−oxygen interactions) obtained from
AIMD, RexPoN, and MB-pol simulations (shown as dashed lines) with
experimental data from neutron scattering experiments (reference 19).
(b) Illustrative snapshot depicting a scenario where a selected water
molecule (represented in gold) serves as a double donor and a double
acceptor by forming two hydrogen bonds while simultaneously
accepting two others. This specific configuration is referred to as
DD:DA, signifying Double Donor/Double Acceptor.
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With regard to the gO−O peak intensity, the RexPoN force field
matches the experimental results best, with an intensity that is
0.10 units lower than the reference value, while AIMD and MB-
pol slightly overestimate the intensity by 0.13 and 0.21 units,
respectively. The average number of water molecules in the first
solvation shell was calculated by integrating the first gO−O peak.
RexPoN exactly matches the experimental value of 4.50, whereas
MB-pol and AIMD slightly underestimate this value, obtaining
values of 4.20 and 3.90, respectively, as listed in Table S1 of the
Supporting Information.

Compared with those of the first shell peak, the position and
intensity of the second solvation shell peak exhibit much greater
variation between the simulation methods. MB-pol shows the
closest agreement with the neutron diffraction experimental
data, as shown in Figure 1, whereas AIMD and RexPoN predict
the second peak at slightly shorter distances (see Table S2).
However, we find that the features of the peak positions of the
second solvation shell vary substantially across different
experimental data sets, indicating the subtle challenges involved
in the accurate experimental measurement of this quantity.

Interestingly, variations in the features of the second solvation
shell among the simulation methods led to differences in the
XAS spectra, specifically in the number of water molecules
within the shell and the associated electrostatic interactions
(discussed in detail in the following section). Thus, going
beyond the conventional use of gO−O, the theory−experiment
comparison of XAS spectra can serve as a key benchmark for the
evaluation of the reliability of MD-sampled local structures. In
this work, however, we focus primarily on the first solvation
shell, whose fingerprints on the pre-edge and main-edge features
are more direct and robust, while acknowledging that the role of
the second shell is important but has not been fully addressed
here, as it is difficult to validate experimentally and assess reliably
from simulations.

To establish the relationship between the HB structure and
the XAS spectral features, we classify each water molecule in the
simulation cell based on the number of HB donors and acceptors
as double donor (DD), single donor (SD), or nondonor (ND)
for donation and as double acceptor (DA), single acceptor (SA),
or nonacceptor (NA) for acceptance. This yields a total of nine
possible categories, with molecules that are double donors and
double acceptors labeled DD:DA (Figure 1b), molecules that
are double donors and single acceptors labeled DD:SA, etc.
Here, we adopt the definition of HB proposed by Nilsson et al.8

Across all three MD trajectories, water molecules are
predominantly found in the DD configuration, with DD
proportions of 59.04% (MB-pol), 52.84% (AIMD), and
48.58% (RexPoN), followed by the SD configuration (MB-
pol: 33.95%, RexPoN: 39.41%, AIMD: 39.61%) and the ND

configuration (MB-pol: 4.33%, RexPoN: 8.76%, AIMD: 5.60%).
Although the overall trend is consistent, the differences across
the trajectories between the different simulation methods are
non-negligible, yielding a notable difference between the final
shapes of the XAS spectra (discussed below).

Comparison of Simulated XAS Spectra. For each
method, we randomly tagged 50 water molecules in the
simulation cell and sampled 20 different solvation shell
structures for each tagged molecule along the equilibrium MD
trajectory, yielding a total of 1000 water clusters per simulation.
The first solvation shells include all molecules within the cutoff
radius of the central water molecule and contain varying
numbers of water molecules. The cutoff radii for the first
solvation shell are 3.47 Å (MB-pol), 3.49 Å (RexPoN), and 3.44
Å (AIMD), as determined by the first minimum of the gO−O first
peak. We confirm that the sampling of 1000 water clusters
provides a good representation of the simulated water systems
by showing that their average first coordination numbers and the
fractions of DD, SD, and ND water clusters (DD:SD:ND)
closely match the values averaged over the full trajectories
(Tables S1, S3, and S4).

Using the sampled water clusters, we predicted the XAS
spectra using SC-NEVPT2 (hereafter referred to as NEVPT2 for
notational brevity), as detailed in the Computational Methods
section of the SI. Gas-phase XAS calculations were used as
benchmarks to validate our methodology, ensure accuracy, and
guide the selection of the optimal basis set and active space
(Table S5). Building on this validation, we applied the same
method to 1000 sampled water clusters, averaged the results to
obtain the simulated XAS spectra of liquid water (Figure 2), and

compared them with the experimental spectrum obtained from
ref 12 For a consistent comparison with the experiment, all
calculated spectra were rigidly shifted such that the pre-edge
onset coincided with the experimental spectrum. This alignment
allows us to use the pre-edge as a common reference point so
that the relative positions of the subsequent main-edge and post-

Table 1. Comparison of the O−O Radial Distance (Å) and
Intensity (gO−O) for the First Solvation Shell Obtained from
Bulk Water Dynamics Using Different MD Methodsa

First solvation shell R (Å) gO−O

Exp. (Neutron diffraction) 2.86 2.50
AIMD 2.86 2.63
RexPoN 2.82 2.40
MB-pol 2.81 2.71

aThe computed O−O radial distance (R) in Å and the corresponding
gO−O values derived from the AIMD, RexPon, and MB-pol
simulations, together with the experimental neutron diffraction data
(exp.).

Figure 2. X-ray absorption spectra (XAS) of liquid water. Spectra
calculated from snapshots sampled from the AIMD (blue), RexPoN
(red), and MB-pol (green) trajectories are shown together with the
experimental spectrum (black). The vertical dotted lines mark the
characteristic features of the experimental spectrum. Each calculated
spectrum was generated by convoluting vertical transitions with
Gaussian functions using a full-width at half-maximum (FWHM) of
0.20 eV. The comparison shown here is restricted to the 533.0−542.0
eV range in order to emphasize the pre-edge, main-edge, and post-edge
regions; the full spectra over the broader energy range are provided in
Figure S2.
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edge features are directly comparable across methods. In this
convention, we identify the main-edge as the first intense peak
following the pre-edge, even though the absolute maximum
intensity appears at slightly higher energies.

First, we discuss the contribution of the NEVPT2 correction
to the complete active space self-consistent field (CASSCF)
energies in determining the simulated XAS spectra. Although
the CASSCF spectrum (no perturbative correction) displays
two peaks, it underestimates the separation between the pre- and
main-edge peaks relative to the experimental spectrum and fails
to accurately reproduce the peak intensities (Figure S1). By
contrast, the inclusion of the NEVPT2 correction helps to
capture the spectral shape more accurately and yields a broader
spectrum in the energy domain. This underscores the critical
importance of accurately accounting for the dynamic
correlations in describing the core-to-valence excitations.
Importantly, the CASSCF spectrum was shifted by 12 eV for
the comparison shown in Figure S1, whereas the NEVPT2
spectrum required a shift of only 6 eV. Although these shifts may
appear large, they are commonly required in XAS calculations,
and even highly accurate methods for calculating the XAS
spectrum of water often necessitate significant shifts of several
eV to enable meaningful comparison with experimental data
(see ref. 13).13−15 While the use of finite clusters is likely the
main source of such systematic energy shifts in our case, both
theoretical and experimental evidence consistently indicate that
the intrinsic character of the pre-edge and main-edge features is
dominated by the first solvation shell and is therefore reliably
captured within the chosen cluster size. Nevertheless, achieving
a more accurate absolute energy scale and intensity balance will
ultimately require explicit treatment of additional solvent layers
and mutual polarization effects, which remains an important
direction for future methodological developments.

We then compared the XAS spectra calculated, including the
NEVPT2 correction, using the three different MD methods in
three regions: the pre-edge feature (∼535 eV), the main-edge
feature (∼538 eV), and the post-edge feature (∼540 eV)
(highlighted in Figure 2 with dotted lines). The relative
intensities of the pre-edge and main-edge peaks are well

reproduced in the spectra obtained from RexPoN and MB-pol
simulations, whereas the pre-edge peak is suppressed in the
AIMD-based spectrum. Furthermore, although the RexPoN
spectrum, which shows broader peaks (Figure S2), demon-
strates a slightly better agreement with the experimental
spectrum in the region beyond the post-edge peak, all methods
exhibit limitations in accurately describing the high-energy
region. This shortcoming is ascribed to the absence of water
molecules from the second solvation shell in our clusters, which
results in a loss of intensity at higher energies. This confirms that
models incorporating a larger number of water molecules are
necessary to accurately describe the spectra beyond the post-
edge peak, which involves orbitals from molecules far from the
excited molecules. Extending our high-level calculations to such
larger models involves a formidable computational cost and is
also beyond the scope of this study. We also note that
consistently across all approaches, the pre-edge feature exhibits a
narrower width than the main-edge, suggesting a reduced
sensitivity to thermal fluctuations and a more localized
character. As summarized in Table S6, differences in broadening
between methods may be linked to variations in the hydrogen-
bond network since the FWHM analysis can be naturally
interpreted in connection with Debye−Waller-type effects.25

With the exception of the energy region above ∼541 eV, the
spectrum based on the MB-pol trajectory reproduces the relative
intensities of the experimental spectrum more accurately than
the spectra based on the other two MD simulation methods,
suggesting that the water clusters sampled from the MB-pol
method provide an accurate representation of the experimental
water system. To assess the robustness of this conclusion, we
quantified the statistical uncertainty of the averaged MB-pol
spectrum by bootstrap resampling of the underlying excitations
(Figure S4), and we verified that the relative intensities and
bandwidths are stable with respect to the choice of broadening
function (Gaussian, Lorentzian, or Voigt). A comparison of peak
positions, widths, and intensity ratios across all methods is
reported in Tables S6−S8. Overall, the MB-pol trajectory
appears to reproduce a larger number of spectral features with
closer agreement to the experiment than AIMD or RexPoN;

Figure 3. (a) Representative water cluster structure illustrating the DD:DA configuration, where the CASSCF orbitals for 4a1, 2b2, 2b1, and 5a1 are
overlaid. (b) XAS spectra decomposed based on the character of each transition contributing to the spectrum. Transitions involving orbitals primarily
localized on the surrounding water molecules in the first solvation shell are grouped under “others.” The decomposition was performed by calculating
the product of the oscillator strength and the coefficients of the determinants corresponding to the analyzed character for each transition used in the
spectra computation.
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however, this should not be taken as unequivocal evidence of
overall superiority, and further analyses will be required to
substantiate such a conclusion. For the purposes of this work, we
therefore base our subsequent spectral analysis primarily on the
MB-pol results.

Spectral Decomposition Analyses Based on Excitation
Characters. We decompose the XAS spectrum according to the
excitation characteristics. By considering the multiconfigura-
tional nature of the excited state, we quantify the contribution of
each single-reference core-to-valence transition to the spectrum
using the square of the configuration interaction (CI)
coefficient, which is weighted by the oscillator strength of the
corresponding excited state.

Figure 3a shows representative virtual orbitals involved in the
core-to-valence excitations at the centered water molecule,
namely, the 1a1 → 4a1, 1a1 → 2b2, 1a1 → 1b1, and 1a1 → 5a1
transitions. Other transitions primarily involve excitations from
the central water molecule to the surrounding water molecules
or exhibit multiexcitation character; these are collectively
grouped and labeled as “Others.” Figure 3b shows the spectral
decomposition based on these transition characters, which is
summarized as follows:

1a1 → 4a1transition: this transition primarily defines the
pre-edge peak, reaches even greater intensity at the main-
edge peak, and then gradually decreases starting from
∼537 eV, approaching near-zero intensity approximately
at 544 eV.
1a1 → 2b2 and 1a1 → 1b1transitions: for both of these
transitions, the intensity is negligible at the pre-edge peak,
shows a linear increase across the main-edge peak, and
reaches a maximum value in the post-edge region before
sharply dropping at approximately 541 eV and approach-
ing zero near 544 eV.
1a1 → 5a1transition: this transition follows a similar
trend to that of the 1a1→2b2 and 1a1→1b1 transitions,
albeit with lower intensity at the pre-edge and main-edge
peaks while showing comparable intensity at the post-
edge peak.

Thus, the 1a1 → 4a1, 1a1 → 2b2/1a1 → 1b1, and 1a1 → 5a1
transitions can be linked to the pre-edge, main-edge, and post-
edge peaks, respectively. However, the contributions from these
transitions show non-negligible intensities across all three
spectral regions, and no part of the spectrum is predominantly
shaped by local excitations alone. More importantly, the overall
spectral shape is strongly influenced by the transitions labeled
“Others,” which involve charge transfer (CT) excitations from
the centered water molecule to the surrounding water
molecules.

Therefore, we quantified the CT character across the X-ray
absorption spectrum (XAS) using the one-particle density
matrix (1DM) derived from the multiconfigurational complete
active space configuration interaction (CASCI) wave functions.
By analyzing the differential density matrix, calculated as the
difference between the excited-state and ground-state electron
densities on the orthogonal atomic orbital (OAO) basis, we
assessed the extent and direction of CT across different spectral
regions.

We find that the calculated CT values range from −1 to 1,
where the sign denotes the CT direction, indicating negligible
contributions from double or triple excitations. Notably, the CT
value remains nonzero throughout the spectrum, again under-
scoring the importance of nonlocal excitations in shaping the
XAS spectrum.

Figure 4 presents the calculated CT values averaged over a
0.5 eV window. The CT value is lowest at the pre-edge peak,
averaging approximately 0.3, which reflects the predominantly
localized nature of the transitions in this region. As the energy
increases, the CT character steadily increases, reaching an
average value of 0.37 in the main-edge region. Beyond the main-
edge, in the post-edge region, the CT value further increases to
an average of 0.4, highlighting the growing contribution of the
transitions involving orbitals from the surrounding water
molecules.

This increasing trend continues with the further increase in
energy, peaking at a CT value of 0.46 at 545 eV. Despite minor
deviations in the 543−545 eV range, the overall relationship
between CT character and energy remains linear, consistent

Figure 4. Extent of charge transfer (CT) character across the XAS spectrum. The CT values in the XAS spectrum were determined by analyzing the
density difference between the excited and ground states derived from the CASCI wave functions and transformed into the orthogonal atomic orbitals
(OAO) basis. A detailed explanation of this analysis is provided in the Computational Methods of SI.
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with the results obtained in a previous study.14 To ensure that
this trend is not an artifact of the chosen energy window or of
sampling variability, we repeated the analysis using different bin
widths (Figures S5−S7). The results confirm that the increase of
CT with excitation energy is robust with respect to both the
sampling procedure and the binning choice.

CT Character and HB Structure. To resolve the molecular
structural origin of the CT character, we performed a spectral
decomposition analysis based on three possible HB donor states
(DD, SD, and ND) and three possible HB acceptor states (DA,
SA, and NA), as shown in Figure 5a,b, respectively.

The higher-energy region of the XAS spectrum predom-
inantly corresponds to water molecules that donate more HBs to
neighbors while accepting fewer HBs. This trend is quantified in
Figure 5c, which presents a heatmap of the first moment of the
HB state-dependent decomposition spectra, that is, the average
spectral energy. The heatmap indicates that the average spectral
energy is the lowest for the ND:DA state and the highest for the
DD:NA state.

The average CT values for the nine distinct HB states (Figure
5d) follow the same trend as that of the average spectral energy
(Figure 5c). These findings elucidate the relationship between
the water HB network and its XAS features; water molecules that
donate more HBs while accepting fewer HBs exhibit higher CT
character and shorter-wavelength transitions.

This trend is attributed to the stabilization of the virtual
orbitals involved in the core-to-valence excitations. When a

water molecule accepts more HBs from neighboring waters, it is
surrounded by partial positive charges from neighboring H
atoms, which stabilize the virtual orbital by delocalizing it toward
neighboring water molecules, resulting in a lower excitation
energy. Conversely, when it donates more HBs, it is surrounded
by partial negative charges from neighboring O atoms, which
destabilize the virtual orbital by squeezing it toward the centered
water molecule, leading to a higher excitation energy. Hence, CT
is effectively mediated by the HBs of the excited molecule, which
serve as a conduit for charge transfer to neighboring molecules.

To confirm this concept, we investigate core-to-valence
excitations using water cluster models with highly ordered HB
configurations derived from the hexagonal ice (Ih) structure.
Because each water molecule in the Ih structure forms four
HBs�two as a donor and two as an acceptor�we construct two
different water trimer clusters: one in which the central water
molecule donates HBs to two neighboring molecules and does
not accept any HBs (ND:DA) and another in which the central
water molecule accepts HBs from two neighbors and does not
donate any HBs (DD:NA), as shown in Figure S9.

We find that for the ND:DA model, the excitation energy is,
on average, approximately 0.6 eV lower, and the CT value of the
model is reduced by approximately 0.3 units compared with the
DD:NA model (Table S9). Additionally, the virtual orbitals of
the ND:DA model are more delocalized toward neighboring
water molecules than those of the DD:NA model (Figure 5e),

Figure 5. (a) XAS spectra decomposed based on the hydrogen-bond (HB) donor status: Double Donor (DD), Single Donor (SD), and Non-Donor
(ND). (b) XAS spectra decomposed based on the HB acceptor status: Double Acceptor (DA), Single Acceptor (SA), and Non-Acceptor (NA). (c)
First moments of the spectra decomposed based on the nine possible donor−acceptor HB states. (d) Averaged charge transfer (CT) values for nine
possible donor−acceptor HB states. (e) Representative snapshots of water clusters in the DD:NA and ND:DA configurations, with the overlaid
CASSCF orbitals (4a1, 2b2, and 2b1) displayed for both samples. All orbitals are visualized at the same isovalue of 0.025.
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supporting our earlier discussion regarding the relationship
between the CT character and HB structures.

■ CONCLUSIONS
In this study, we employed three state-of-the-art methodologies,
namely, ab initio molecular dynamics (AIMD), classical MD
with the RexPoN force field, and the MB-pol many-body
potential, to model bulk water structures and predict XAS
spectra using highly accurate multiconfiguration wave function
methods. Notable differences emerged in the ability of these
methods to reproduce key bulk water structures and the
resulting XAS spectra. Although all three methods captured the
pre-edge and main-edge regions, MB-pol delivered the most
accurate overall performance. We also demonstrated the
importance of dynamic correlations for accurate prediction of
XAS spectra. Our spectral analysis further revealed an energy-
dependent increase in the CT intensity from the pre-edge to the
post-edge regions, suggesting that CT, rather than local
excitation, governs the spectrum. By correlating the CT values
with the HB state of excited water molecules, we found that
water clusters with more donating and fewer accepting HBs are
more strongly associated with increased CT character in the
core-to-valence excitations than clusters with fewer accepting
and donating HBs. These findings provide new insights into the
nature of excited states in bulk water systems, particularly
regarding HB structures, and suggest that comparison of
theoretical and experimental XAS spectra can serve as a sensitive
and reliable benchmark for the evaluation of the accuracy of
different MD methods in the sampling of liquid HB structures.
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