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ABSTRACT: Tautomerism is one of the most important forms of isomerism, owing to the

facile interconversion between species and the large differences in chemical properties incoming ‘ ‘
introduced by the proton transfer connecting the tautomers. Spectroscopic techniques are ™ photon energy (V)

often used for the characterization of tautomers. In this context, separating the overlapping §
spectral response of coexisting tautomers is a long-standing challenge in chemistry. Here, we o

demonstrate that by using resonant inelastic X-ray scattering tuned to the core excited states —_

at the site of proton exchange between tautomers one is able to experimentally disentangle ‘@ m‘ R0 &%

the manifold of valence excited states of each tautomer in a mixture. The technique is

XAS

scattered

applied to the prototypical keto—enol equilibrium of 3-hydroxypyridine in aqueous solution.  xrays
We detect transitions from the occupied orbitals into the LUMO for each tautomer in enol  keto
solution, which report on intrinsic and hydrogen-bond-induced orbital polarization within

the 7 and ¢ manifolds at the proton-transfer site. Tautomer-Specific Spectra
T automerism constitutes a form of isomerization involving mixtures or manipulating the pH so as to detect variations in
species that readily interconvert. The most prevalent the spectra, which in turn need to be decomposed by assuming
manifestation of tautomerism is caused by a change in the band shapes and using statistical methods.”’
position of a proton within a molecule, denoted prototropic Here, we propose resonant inelastic X-ray scalttering8
tautomerism. Although a seemingly subtle change, it imparts (RIXS) as an elegant solution to this problem. In the RIXS
decisive modifications in chemical bonding and polarity, process, the valence electronic excited states of a molecule are
consequently defining molecular properties and functionality. reached indirectly, following decay from a resonantly excited
Tautomerization plays decisive roles in many chemical intermediate state, in close analogy to resonant Raman
processes, such as determining the mechanisms of chemical spectroscopy. In RIXS, however, the intermediate states are
reactions." Its biological importance is reflected in the core excited states which are element-specific and highly
tautomerism of amino acids”’ that affects the folding of sensitive to the local chemical environment of individual atoms
proteins® as well as their pocket-binding properties.® in a molecule. These attributes have led to insight into the

bonding in transition-metal complexes,” proton-transfer
dynamics in organics,'’ and hydrogen bonding in liquid
water.'!

We demonstrate the unique capability of RIXS to investigate
tautomeric equilibria using the prototypical keto—enol
equilibrium of 3-hydroxypyridine (3HP) as a show case. In
aqueous solution, 3HP exists as a 1:1 mixture of the enol form
and the zwitterionic keto form (Kp = 1.17'%). Using RIXS, we
are able to disentangle the excited-state manifold of each
individual tautomer, detecting excited states into the XUV
region associated with deep-lying bonding orbitals which shed

Molecules exhibiting tautomerism readily interconvert,
coexisting at a ratio dictated by the tautomeric constant Kr,
which depends on a number of parameters, e.g.,, environment
polarity and intra- and intermolecular hydrogen bonding. Apt
manipulation of these chemical parameters enables biasing the
equilibrium in favor of a given tautomer and hence learning
about the properties of each individual species. However,
tautomers can also be inseparable or can exist only as short-
lived intermediates, which preclude isolation and a detailed
investigation of their properties.

Accessing the electronic structure of individual tautomers in
equilibrium has been a long-standing challenge in chemical

spectroscopy. Considering traditional UV—vis absorption Received:  October 21, 2021
spectroscopy, one is often faced with the problem that the Accepted:  February 1, 2022
lowest 7 — #* absorption bands of individual tautomers Published: March 10, 2022

overlap strongly, meaning that obtaining their individual
spectra experimentally is unfeasible as a rule. In this context,
the equilibrium has to be perturbed by creating solvent
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light on the bonding differences between the species as well as
on the interactions with the solvent, and address the origin of
tautomerism at the molecular orbital level.

In Figure 1a, the keto—enol equilibrium of 3HP is displayed.
Although in the gas phase the enolic form is greatly favored, in
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Figure 1. Tautomeric equilibrium in 3-hydroxypyridine and the
overlapping spectral response problem. (a) Chemical structure of the
species involved in the tautomeric equilibrium of 3-hydroxypyridine
(3HP) in aqueous solution (Ky = 1.17'%). (b) UV—vis absorption
spectrum of aqueous 3HP (solid line) and the respective band
decomposition scheme'” shown by shaded areas for the keto (green)
and enol (red) forms. (c) Diagram of electronic transitions underlying
the UV—vis absorption and RIXS spectra of 3HP. While the 7 — 7z*
levels energetically overlap, the 1sy — 7 levels are shifted by about
1.5 eV, allowing the species to separate through resonant excitation.

aqueous solution the zwitterionic keto form is highly stabilized
by hydrogen bonds'*~'® to the point where both structures
coexist in nearly equal proportions.'” Figure 1b displays the
UV—vis absorption spectrum of the 3HP tautomeric mixture.
It can be clearly seen that we have strong overlap between the
bands of each species. Underneath the experimental spectra,
we display a decomposition of the spectrum into components,
as proposed in the seminal work of Metzler and Snell."?

This decomposition relied on the comparison of the spectra
in different solvents, allowing the assignment of the first and
third peaks to the keto form and the second peak to the enol
form. Although the analysis of the lowest absorption bands
allowed for the determination of the equilibrium constant, it
provides only limited information on the full electronic
structure of the individual tautomeric species. Moreover, the
energy range of a typical UV—vis spectrum is limited both by
experimental constraints and by the strong solvent absorption
background for higher photon energies.

The limitations outlined above may be overcome by utilizing
the core excited states of the system. We shall focus on the N
K-edge, specifically, on excitations from the N 1s orbital into
the LUMO 7#* orbital. Such highly excited states, with a hole
localized on the nitrogen atom, show a high sensitivity to the
chemical environment. Hence, the presence or absence of a
proton bound to the nitrogen atom introduces a large chemical
shift between the core excited states of the tautomers."
Indeed, the literature abounds with examples discussing the
protonation shift of X-ray absorption resonances between
species in solution.'”"*™"*

Figure lc shows how we use RIXS to exploit the chemical
shift of the 7* resonance upon proton transfer between
tautomers to yield an experimentally pure spectrum for each
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species. As shown in the diagram, by tuning the X-ray
excitation to each of the well-separated core excited resonances
we can detect the emitted photons upon decay to the manifold
of final states, which in turn are states with valence excitation
character. In this specific case, the RIXS spectrum of each
tautomer will contain transitions from the occupied orbital
manifold into the LUMO, provided the states have significant
N 2p character. Thus, we can also observe the electronic
changes in the bonding orbitals of the system and are not
limited to only the frontier orbitals. Therefore, we expect to
map the local electronic structure of each tautomer at the
nitrogen atom, which is one of the proton-transfer sites in the
heterocycle.

The basic experimental framework is depicted in Figure 2a.
The tautomeric mixture in a liquid jet is exposed to an X-ray
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Figure 2. Experimental framework and 2D RIXS map of the
tautomeric mixture. (a) Schematic of the experimental framework.
(b) Measured RIXS map of aqueous 3-hydroxypyridine. On top, the
X-ray absorption spectrum showing the separated resonances of each
tautomer is shown. The individual spectrum of the enol is shown
vertically on the left (399.0 eV excitation energy), and the individual

spectrum of the keto (400.6 eV excitation energy) is shown vertically
on the right.

beam with a narrow energy bandwidth as well as a well-defined
polarization vector. The intensity and energy of the respective
scattered photons are subsequently detected. Scanning the
incident photon energy across the 7* resonances of each
tautomer leads to the two-dimensional map presented in
Figure 2b.
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Figure 3. Scattering anisotropy and state assignment of the RIXS spectra of individual tautomers. Experimental and theoretical RIXS spectra of the
(a) keto and (c) enol forms of 3-hydroxypyridine for both vertically and horizontally polarized excitation. (b) Kohn—Sham orbital-energy diagram
highlighting significant orbitals. Relevant orbitals, grouped according to 7 and ¢ symmetry, used for assigning the RIXS spectra of the (d) keto and

(e) enol forms.

From the 2D RIXS map, it can be clearly seen that we have
well-defined regions associated with each tautomer. On the top
axis of the map, we see the X-ray absorption spectrum showing
the two 7 resonances, where the energetically lower one is
associated with the enol species and the higher one is
associated with the keto species. Since the absorption and
emission steps are coupled in RIXS, the same selectivity holds
for the scattered photons. It should be noted that such
differentiation between species would be absent for other core-
level methods, e.g, nonresonant X-ray emission or photo-
electron spectroscopy. The resonant emission spectra for each
of the tautomers are vertically plotted on the sides of the 2D
map in Figure 2b. These spectra contain information on
transitions between occupied molecular orbitals and the
LUMO in the energy range up to 20 eV.

We elucidate the electronic differences introduced by the
proton transfer connecting both species based on the recorded
spectra of each tautomer. The first step is to assign the
detected transitions in the spectra to electronic final states
reached in the RIXS process. We do so on the basis of two
tools: the scattering anisotropy of the RIXS process and time-
dependent density functional theory calculations within the
restricted subspace approximation'’ (RSA-TD-DFT). The
inherent anisotropy of RIXS® allows the determination of
the symmetry of the states present in the spectrum.
Considering our experiment, excitation from a 1s orbital into
an orbital of 7 symmetry with a vertically polarized photon
leads to enhanced emission intensity from occupied 7 orbitals.
The opposite is true for horizontally polarized excitation,
where emission from o orbitals is enhanced. This allows to
assign regions of the RIXS spectrum associated with the 7 and
o bonding manifolds in a robust way. The experimental and
theoretical RIXS spectra for horizontally and vertically
polarized X-ray excitation are shown in Figure 3a,c for each
tautomer.

2461

The most prominent difference seen at the N K-edge RIXS
spectra of the tautomers is the presence of the intense nitrogen
lone-pair (216) peak at around S eV energy loss for the enol
tautomer as seen in Figure 3c. This feature is absent in the
spectrum of the keto species (Figure 3a) because in this case
the corresponding orbital rehybridizes and binds covalently to
the hydrogen 1s orbital to form the NH bond, which leads to a
stabilization of the o orbitals. This stabilization is consistent
with the fact that 3HP is a weak acid (pK, = 8.3*') with a
strong N—H bond. Such an unambiguous signature of the
lone-pair orbital has also been observed for deprotonated
heterocycles.'***~**

The position of the proton induces additional effects on the
electronic structure of each tautomer, beyond the replacement
of a lone pair by a N—H bond. More precisely, strong
polarization of the occupied orbitals of each tautomer takes
place. In general terms, the molecular orbitals in the keto form
are polarized toward the nitrogen site, and in the enol form the
orbitals are biased toward the oxygen atom. This is a reflection
of the intuitive notion that the protonation of a given atom
increases its ability to accommodate electron density.

Such polarization effects are very evident considering the 7
manifold of each system, in the energy loss range of 6—10 eV.
Specifically, the fully bonding 17 orbital of each system (Figure
3d,e) shows a clear inversion of polarity between the nitrogen
to oxygen atoms. This polarization is directly seen in the RIXS
spectra (Figure 3a,c), where the keto species displays an
intense peak associated with the 17 orbital and the intensity of
the same orbital is much smaller in the enolic form, in which
the 27 orbital carries the most intensity in the z manifold
detected in the spectrum.

By analyzing the energy loss features beyond 10 eV, we
identify transitions associated with the o-bonding manifold, as
also evidenced by the scattering anisotropy in both experiment
and theory. For the keto form, four features that are associated
with the delocalized ring orbitals, with a significant

https://doi.org/10.1021/acs.jpclett.1c03453
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contribution from the N—H moiety, can be distinguished in
this region: orbitals 140, 130, and 120 in the region below 15
eV loss (Figure 3a,d). In the range between 15 and 20 eV, a
weaker feature associated with the deep-lying 11¢ orbital can
be identified. Focusing now on the enol, we observe a
considerably weaker intensity associated with the bonding o
peaks. This is a further indication of the polarization of these
orbitals toward the O—H moiety and away from the nitrogen
atom. Here, transitions from the 160 and 130 orbitals are
detected in the 10—15 eV range (Figure 3c,e). Analogous to
the spectrum of the keto, a weaker feature associated with the
110 orbital is seen in the 15—20 eV energy loss range.

Finally, the role of the solvent in the equilibrium constant
and in the electronic structure of each tautomer remains to be
addressed. The general class of hydroxypyridines exhibits an
inversion of the tautomeric equilibrium when substituting an
apolar solvent for a polar one."”***® To further elucidate the
role of the solvent, we performed QM/MM molecular
dynamics simulations. Each tautomeric form of 3HP interacts
strongly with the water molecules of the solvent via hydrogen
bonds, leading to manifold configurations explored by each
tautomer within its potential energy basin. Vibrational motion,
both thermal- and X-ray-induced,”” also plays a role in the
formation of the spectrum. These aspects are not easily
separable in the experimental data, so we need to investigate
how each mechanism affects the peak positions, line shapes,
and intensity ratios in the spectra.

Starting with the XAS, Figure 4 compares the effect of the
core—hole lifetime broadening, the vibronic substructure, and

[ (b) Gas |
| NG
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[ —— keto ) r/\1 1

C 1 L | B L L 1 -
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Figure 4. Effect of vibrational motion and solvation on the XAS
spectral line shape. (a) Experimental XAS spectrum. (b) Calculated
Franck—Condon profiles, in the gas phase, for each tautomer. The
dashed lines show the absorption resonances including only the core—
hole lifetime broadening (I'y = 0.12 eV, fwhm). (c) Calculated
histograms of transition energies, weighted by their respective
absorption intensities, sampled from the QM/MM MD simulations.
From this analysis, we extract a tautomeric constant of K = 1.08.

the impact of solvation and thermal vibrations on the peak
width and position. As can be seen, the width of the XAS
resonances is dominated by the Franck—Condon progression
of the modes active upon core excitation. However, no fine
structure is seen in the experimental data because of the effect
of solvation, which induces an additional broadening of the
lines. We determined the solvation broadenings to be 0.21 eV
(enol) and 0.31 eV (keto) from the histograms of transition
energies, weighted by the absorption intensities, as shown in
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Figure 4c. In contrast, the vibrational broadenings (including
the core—hole lifetime broadening) are estimated to be 0.96
eV (enol) and 1.10 eV (keto). Broadenings are given as full-
width at half-maximum values. Using the computed line
shapes, we extracted the tautomerization constant of 3HP from
the ratio of the XAS peaks to be K; = 1.08 + 0.02 (Supporting
Information), which is in good agreement with the values of
Metzler and Snell'” (K; = 1.17), Sanchez-Ruiz et al.”> (K =
1.10), and Llor and Asensio*® (K = 1.06).

In our case, the tautomers are in chemical equilibrium.
Hence, we observe a signal arising from the statistical
distribution of proton positions around the potential energy
basin minimum of each system as a consequence of the
fluctuations of the hydrogen bond network around the
nitrogen and oxygen sites. In cases of photoinduced
tautomerism, the molecular vibrations can be mapped in real
time through the oscillation of the position of the X-ray
absorption lines, as demonstrated by Loe et al.*®

Although the XAS lines are only modestly broadened by
solvation, they are substantially shifted from the gas-phase
resonance positions.”> The shift is inverse for the two
tautomers; namely, a blue shift is seen for the enol form, and
a red shift is seen for the keto form. This indicates that
hydrogen bonding reduces the electron density at the nitrogen
site for the enol and increases it for the keto form. However,
XAS is only an indirect measure of this effect since we probe
unoccupied states. Hence, by turning to the RIXS transitions
we may disentangle the origins of the changes in electron
density distribution induced by solute—solvent interactions
with molecular orbital specificity.

We can begin to uncover the detailed effects of hydrogen
bonding by looking at the solvent distribution density plots in
Figure Sab. As expected, an inversion of polarity in the
solvation shell of each tautomer at the nitrogen site takes place.
Moreover, it can be seen that solvation at the oxo site of the
keto form is largely enhanced when compared to the hydroxyl
group in the enol tautomer. This helps to explain the drastic
stabilization of the keto form of the pyridones in aqueous
solution." "

To clearly identify the effect of hydrogen bonding on the
spectral observables, we calculated average RIXS spectra for
each tautomer based on sampled configurations from the QM/
MM MD trajectory. The spectra are shown in Figure 5c,d,
where they are also compared to calculations in the gas phase.
To link the observed changes in peak positions and intensity
ratios seen in the theoretical simulations to the experimental
RIXS spectra, we analyzed the charge density difference plots
considering an idealized solvated cluster for each tautomer
based on the microsolvation structures derived from the MD.
The plots are shown in Figure Sef.

For the keto, o density increases at the nitrogen while it
decreases at the hydrogen. This is caused by the donated
hydrogen bond to the water molecule, which increases the
polarity of the N—H bond by decreasing the electron density at
the hydrogen. In contrast, 7-electron density is lost at the
nitrogen site while it is accumulated at the C=0 bond (Figure
Se). This solvent-induced orbital polarization is nicely reflected
in the spectral simulations, which show that the relative
intensity between the peaks of the sz manifold and the ¢
manifold is reduced when comparing the gas phase and the
explicitly solvated spectra in Figure Sc. The intensity difference
is also accompanied by a 0.38 eV red shift of the 7 peak with
respect to the gas phase.

https://doi.org/10.1021/acs.jpclett.1c03453
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Figure S. Hydrogen bonding effects on orbital polarization seen in the
RIXS spectra. Solvent oxygen (red) and hydrogen (gray) mass-density
distributions along with solute geometric distortions sampled from
the QM/MM MD simulatons for the (a) keto and (b) enol
tautomers. (c, d) Comparison between experiment and theoretical
RIXS spectra, for vertically polarized excitation, computed from
sampled snapshots from the MD as well as for the molecules in the
gas phase. Electron density difference (Ap) for an idealized solvated
cluster with respect to the molecule in vacuum for the (e) keto and
(f) enol tautomers.

For the enol, we observe opposite trends. Specifically, a
decrease in o density at the nitrogen takes place as a result of
the accepted hydrogen bond from a water molecule (Figure
Sf). Synergetically, an increase in the 7z density occurs.
Moreover, the solvation at the oxygen site creates a much
less pronounced electron density reorganization in the enol
tautomer than in the keto form. The shifts in electron density
in the 7 and ¢ manifolds are also well captured in the RIXS
spectra in Figure 5d, where we see an increase in the 7 peak
with respect to the nitrogen lone-pair peak. We also see a 0.30
eV blue shift of the lone-pair peak with respect to the gas
phase.

Molecular polarity and tautomerism are inextricably linked,
as pointed out very early on by Lewis.”” Polar chemical bonds
result from the imbalance in the capacity of different atoms to
attract the electrons in the molecule to their vicinity. The very
fundamental reason for the existence of multiple tautomeric
species of a given chemical compound stems from the shifts in
polarity in the molecule, directly affecting their relative
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thermodynamic stability. This is further evidenced by the
extreme influence of solvent polarity on tautomeric equilibria.
Hence, the ability to experimentally dissect molecular polarity
in terms of the concept of molecular orbitals is extremely
powerful.

The example case of 3HP demonstrates how a technique
capable of separating the overlapping spectral response of the
tautomers yields new insights into electronic structure changes
and orbital rehybridization introduced by the change in proton
position. The association of RIXS intensities with the
amplitude of bonding orbitals at a given elemental site is an
inherent feature of X-ray spectroscopy in which a projected
density of states is probed. Such a projection of molecular
orbitals on atomic sites, by element-specific X-ray excitation,
has been used, for instance, to quantify covalent interactions in
transition-metal complexes.””*" In the specific case discussed
here (the projection of the orbitals on the nitrogen site, which
is one of the proton center sites), we are able to experimentally
derive the change in electron density upon tautomerization
and solvation.

The ability to assess the nitrogen 2p character of the
bonding orbitals combined with the symmetry assignment
provided by the scattering anisotropy enabled several
interesting insights to be extracted. Notably, the lowest
bonding 7 orbital is fully delocalized in both tautomers and
is heavily biased to the nitrogen in the keto form and biased
toward the oxygen in the enol form. A similar trend is seen for
the o-bonding orbitals, and the RIXS intensity of such states is
higher for the keto form, indicating large amplitude at the
nitrogen. They are, however, weaker in the enol form,
indicating polarity toward the oxygen. Such an observation is
consistent with the fact that the enol form is dominant in the
gas phase because electron density accumulates at the more
electronegative oxygen atom. This inherent picture is distorted
once hydrogen bonding is accounted for. In this case, the
considerably stronger interactions with the keto form lead to
significant rehybridization at the nitrogen site, whereas the
enol form is only modestly affected.

The effects discussed above have been only indirectly
derived' or theoretically discussed.”” ** The comprehensive
review of Raczynska et al.' extensively highlights the link
between electron delocalization and polarization and the
position of the tautomeric equilibrium. Notably, Sato et al.**
discussed the concept of “electronic structure distortion” by
solvation to explain the inversion of the tautomeric equilibrium
in 2-pyridone when going from the gas phase to an aqueous
solution. In that study, it was found by energy decomposition
that the stabilization of the ketone is due to strong
rehybridization of the orbitals at the hydrogen bonding sites.
Our analysis for the 3HP isomer supports their notion with the
added sensitivity of being able to experimentally disentangle
the o- and 7z-bonding manifolds of each system. Here, it
becomes clear that future studies focusing on an experimental
comparison of the same equilibrium in gas-phase apolar
solvents and polar solvents will be able to track the electronic
changes induced by the medium.

Generally, the large chemical shift of the XAS associated
with proton transfer provides great selectivity in the RIXS
spectra of prototropic tautomeric mixtures. Hence, we expect
applicability to a wide range of systems, beyond the showcase
of 3HP. Nevertheless, it should be noted that difficulties can
arise on a system-specific basis, such as in the case where XAS
resonances overlap, either completely or partially. In the less
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likely case of complete overlap, happening when the different
tautomers exhibit chemically equivalent sites, selectivity would
be drastically reduced. Here, the RIXS signal of the individual
species would also overlap, requiring decomposition schemes
to be applied. In the more probable case of only partial overlap,
the concept of excitation energy detuning can be used to alter
the relative contribution of the underlying species to the total
signal by exciting on the blue or red flanks of the absorption
resonances, thereby enabling at least partial recovery of the
selectivity. Alternatively, even if the resonances overlap at a
given elemental edge, the use of complementary elemental
edges™® provides further options to target the individual
tautomeric forms.

In conclusion, we have established resonant inelastic X-ray
scattering as a technique to separate the overlapping electronic
structure of tautomers in equilibrium. The large protonation
shift associated with the proton transfer at the isomerization
site leads to well-separated resonances that can be excited
selectively. The resulting spectra on the energy loss scale
contain information on excitations from the occupied manifold
to the LUMO of each system, and the intensities of each band
report on the atomic character of a given occupied orbital, in
the case presented here, at the nitrogen site. The symmetry of
the states could be experimentally determined via the
scattering anisotropy. Combining the experimental results
with QM/MM MD simulations and RSA-TD-DFT spectral
calculations, we were able to asses the intrinsic orbital
polarization of the occupied manifold of each tautomer as
well as the additional polarization induced by hydrogen
bonding. The experimental scheme described here can be
expected to be applicable to a wide range of systems and could
lead to deeper insights into how the orbital polarization
introduced by the proton transfer and the interactions with the
solvent determine the position of the equilibrium between
tautomers.

B EXPERIMENTAL METHODS

The experiments were carried out at the BESSY II synchrotron
facility. The X-ray absorption measurements were carried out
using the nmTransmission NEXAFS endstation®® at the UES2-
SGM,*” and the X-ray absor})tion spectra have been originally
published by Biichner et al."> The RIXS measurements were
performed at the UE49-SGM™® beamline using the EDAX’’
endstation. The 3-hydroxypyridine (3HP) sample was
purchased from Sigma-Aldrich with a minimum purity of
95% and dissolved in deionized water to yield a 75 mM
solution. The experimental RIXS endstation is discussed in
detail by Kunnus et al.*” In short, the sample was delivered to
the experimental vacuum chamber using a round liquid jet
system of 20—30 pm diameter. The solution was refreshed at a
rate of 1.3 mL/min. It was excited using horizontally and
vertically polarized synchrotron radiation at the nitrogen 1s
absorption resonances of the two tautomers with a bandwidth
of 0.2 eV. The scattered photons were dispersed with respect
to their energy and detected at a 90° angle using a modified
Scienta XES 350 Rowland-type spectrometer.

B COMPUTATIONAL METHODS

All electronic structure calculations were carried out with the
ORCA package.” The RIXS scattering amplitudes were
computed within the RSA-TD-DFT method described by
Vaz da Cruz et al.'’ Transition moments were computed on

the basis of the linear response amplitudes’' using the
Multiwfn®* program. Spectral calculations used the PBE
exchange and correlation functional and the def2-TZVP(-f)
basis set.*’

To model the microsolvation of each tautomer, quantum
mechanics/molecular mechanics molecular dynamics (QM/
MM MD) simulations were performed. The simulations used
the NAMD/ORCA interface™* in which ORCA*® was used to
compute the quantum mechanical forces of the solute
molecules and NAMD***® was used for the time propagation
of the classical water molecules. The quantum-mechanical
region was composed of only the solute molecule, treated at
the B3LYP/def2-TZVP(-f) level using the RIJCOSX approx-
imation,*” while the solvent molecules were modeled via the
classical TIP3P force field. From the simulations, uncorrelated
snapshots were taken for the analysis of the solvation via radial
distribution functions and to compute the XAS and RIXS
spectra. Further details are available in the Supporting
Information.
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