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We present a combined theoretical and experimental study of the three diazine isomers pyrazine, pyrimidine, and pyridazine by means
of resonant inelastic X-ray scattering (RIXS) at the Nitrogen K-edge, employing fully time-dependent quantum dynamics simulations to
understand the role of nuclear motion in core-excited states. The RIXS process is simulated by wavepacket propagation in both, the valence
and core excited state manifold, carried out with the (multilayer) multiconfigurational time-dependent Hartree [(ML-)MCTDH] method.
We use linear vibronic coupling Hamiltonians with up to 22 electronic states and compare a full-dimensional (24-mode) and a reduced
six-mode model. We find good agreement between experiment and theory for all three molecules. In particular, our study highlights the
essential role of nuclear motions during the population of short-lived intermediate core-excited states. Specifically, we show that ultrafast
non-adiabatic transitions induce symmetry distortion that lead to additional emission bands, while interstate vibrational dynamics lead to
vibrational progressions in the inelastic scattering spectra. These results establish a dynamical picture of the RIXS process in diazines that
emphasises the importance of including nuclear dynamics in the calculations of resonant Raman processes.

Introduction

Diazines (C4N;Hy) are aromatic heterocyclic compounds containing two nitrogen atoms within a six-membered ring. They represent an
important class of molecules in both fundamental research and applied sciences. The three structural isomers pyrazine, pyrimidine and
pyridazine (see Figure[1) serve as model systems for investigating the influence of heteroatoms on aromaticity and electronic delocalisation
as well as intramolecular relaxation dynamics.2" In addition, diazines are key structural motifs in a wide range of applications, including
pharmaceuticals, 1913 agrochemicals, 18 functional materials, 2729 and flavor and fragrance compounds.2022

The photochemistry of diazines has been extensively investigated with a range of experimental and theoretical methods. Among the
three isomers, pyrimidine and its derivates are the most intensively studied as pyrimidine constitutes the core structural framework of the
nucleobases cytosine, thymine, and uracil and can therefore be regarded as a ‘biological prototype'. 2372 |n contrast, pyridazine derivates
rarely occur naturally and therefore have little biological role.?8 Nevertheless, it is of considerable interest in medicinal chemistry and
drug design due to its distinctive physicochemical properties, including a high dipole moment, weak basicity, and dual hydrogen-bonding
capacity. Diazines are associated with the a-effect, i.e. the enhanced susceptibility to nucleophilic attack arising at atomic sites adjacent
to heteroatoms with lone pairs.223l Pyrazine has become a benchmark system in the field of nonadiabatic dynamics due to its high
symmetry and small molecular size, which make it computationally convenient while still exhibiting rich photophysical behavior. It has
been shown that pyrazine displays efficient internal conversion between low-lying n* and 7™ states but despite extensive investigation
using diverse non-adiabatic dynamics methods,32%2 aspects of its detailed relaxation mechanisms remain under active debate. #3749
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Figure 1 Lewis structures of pyrazine (1,4-diazabenzene), pyrimidine (1,3-diazabenzene) and pyridazine (1,2-diazabenzene).

Molecular spectroscopy provides a window into the electronic and nuclear structure of molecules by probing their interactions with
electromagnetic radiation, yielding insights into chemical reactivity and functional behaviour. Among these techniques, X-ray spectroscopy
is interesting for complex molecular systems because of its element specificity and chemical selectivity. Techniques such as X-ray absorption
spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and resonant inelastic X-ray scattering
(RIXS) offer complementary perspectives on occupied and unoccupied states, valence electronic structure, and electronic excitations. Of
these techniques, RIXS has emerged as a versatile method capable of simultaneously probing core and valence electronic structure thereby
accessing information on, for example, dissociation dynamics,2221 hydrogen-bond interactions,®2722 proton transfer dynamics2270% or the
photochemistry of transition-metal complexes. 01768

Conceptually, RIXS is a coherent Raman scattering process in which the system is resonantly excited into short-lived core-excited
states, followed by spontaneous photon emission, returning the system to its electronic ground or energetically lower excited states.09771
This two-step scattering mechanism enables access to valence-excited states that may be symmetry-forbidden in linear absorptionZ2"4
and allows the investigation of low-energy excitations over a broad spectral range, even in condensed phases, without being limited by
core-hole lifetime broadening.”™ Moreover, by adjusting the excitation energy RIXS allows controlling ultrafast core-excited state dynamics
such as dissociation, 2% yibrational collapse,“8% or symmetry distortion. 8982

Harnessing the full capabilities of experimental techniques necessitates robust theoretical and computational modelling. Considerable
efforts have therefore focused on the development of quantum chemical approaches based on both, wavefunction theory®3%93 and density
functional theory, 290 to accurately describe core-excited states and simulate X-ray spectra. Both frameworks have demonstrated strong
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performance in modeling linear and nonlinear X-ray spectroscopy.298 An important aspect in simulations of nonlinear techriques as

well as RIXS and AES is the treatment of nuclear motion and its impact on spectral observables. 22104 Various strategies have been
proposed to incorporate dynamical effects, ranging from frequency-domain formulations that account for interference effects via electronic-
state superpositions,72105H107! 6 semiclassical methods suitable for larger systems, 198 and fully or partially time-dependent treatments
within22109AIL 3nd beyond the Born—Oppenheimer approximation. 112113/ Nevertheless, the multidimensional nature of excited-state
potential energy surfaces (PESs) and the coupling among vibrational modes render X-ray—induced nuclear wavepacket dynamics highly
complex, making the selection of the dominant driving modes not always straightforward.

In this work, we discuss different theoretical approaches for simulating X-ray spectroscopy and compare experimental RIXS spectra of
all three diazine isomers recorded at the nitrogen K-edge with fully time-dependent simulations of both the X-ray absorption and RIXS
spectra. The theoretical description is based on a full quantum-mechanical treatment of the electronic and nuclear degrees of freedom
under symmetry-selective excitation conditions.23 The simulations are performed within a diabatic representation of the Hamiltonian
using the multiconfiguration time-dependent Hartree (MCTDH)114 framework. We observe very good agreement between experimental
measurements and theoretical predictions for all three molecules. The combined analysis highlights the impact of nuclear motion within
the short-lived manifold of intermediate core-excited states. In particular, we demonstrate that ultrafast nonadiabatic transitions drive
symmetry breaking in all three isomers, which gives rise to additional emission features in the RIXS spectra. Furthermore, interstate
vibrational dynamics generate vibrational progressions in the inelastic scattering channels. By comparing reduced with full-dimensional
models, we identify the dominant vibrational modes governing the RIXS process. This analysis describes the vibrational fine structure
around the elastic peak with high precision and provides mechanistic insight into the interplay between electronic excitation and nuclear
wavepacket dynamics.

Theoretical Framework

Quantum Mechanical Formulations of X-ray Spectroscopy

Under weak-field conditions, where time-dependent perturbation theory is applicable, spectroscopic observables can be generally formulated
in two mathematically equivalent quantum-mechanical descriptions. In the energy-domain formulation, spectra are expressed through
sums over stationary eigenstates of the system, while the time-domain representation uses appropriate time correlation functions. Spectral
decomposition is the tool that allows to transform both representations into each other.

Assuming an intrinsic core-hole lifetime I'; for each element, which is reasonable for light elements where the lifetime is predominantly
governed by Auger decay, 11116 the linear X-ray absorption spectrum can be obtained byll?

. r./2
Ixas (@) o ;\<¢j|ul¢o>|2 : (w—w,)—é+r2/4

(1)
commonly known as Fermi's golden rule. Here, [I denotes the transition dipole moment operator, ¢; are excited state eigenstates with
eigenenergy @; and @ = Ep + ® with Ey being the eigenenergy of the initial eigenstate ¢y. Alternatively, the spectrum can be calculated
in the time domain via the Fourier transform of the wavepacket autocorrelation function

Ixas(@) e [ dr (0T (2)

where C(t) = (®g|®y(z)) is determined by |®¢) = ft|@) and |Py(t)) = e~ Hmoi? |dy) with the molecular Hamiltonian Ay

In particular, the energy-domain formulation corresponds to a boundary-value problem which, for a single excitation energy, can
be computationally advantageous compared to the time-dependent initial-value problem where the time ¢ appears as an additional
variable. Nevertheless, the time-domain approach provides the entire absorption spectrum within a single calculation, since the time-
dependent wavepacket encompasses all energies by ansatz. An additional advantage of the time-domain formulation, particularly in
X-ray spectroscopy, arises from the presence of the phenomenological lifetime broadening. Owing to the finite core-hole lifetime, the
propagation time required to obtain a numerically converged spectrum is typically limited to only a few femtoseconds and no additional
convolution is required to smooth the spectrum, in contrast to in silico optical spectroscopy where artificial broadening is often introduced.
However, since both formulations are formally equivalent, the question of which approach is more advantageous for numerical simulations
and interpretation depends on the specific characteristics of the system under investigation and cannot be determined in a universally
applicable manner.118

A similar correspondence exists for RIXS. The conventional way to calculate the RIXS cross section is given by

Irixs (ws: @;) o< Y |ao (@) PA(Eg — Ef + oy — wg,T'y) (3)
f
where the scattering polarisabilty tensor ot is defined by the well-known Kramers-Heisenberg-Dirac (KHD) formula L19HI21
(O] fis| i) (il s do)
oro(wy) = 4
ro(@r) Xl: @ —Ei+iT/2 (4)

with |¢o), |¢;) and |¢s) being the initial, intermediate and final vibronic eigenstates involved in the resonance Raman process with energies
Ey, E; and Ey, respectively, and with a phenomenological Lorentzian line shape broadening

r
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with full width at half maximum (fwhm) T'. In particular, for RIXS the phenomenological broadening is R\%léé%rll%%%/tD%F $e re-hole

lifetime. Moreover, @; and @s denote the incoming and outgoing photon frequencies, respectively, and I'; is the lifetime of the final
excited states. The KHD equation involves a summation over all intermediate vibronic states of the molecule offering a static perspective
of the Raman scattering event.

As for XAS, an equivalent time domain approach can be derived for RIXS where the spectrum is determined by12L

Irxs (@s:01) > [ dr e T2 (G )| o1.0) ®)

—oo

where |%(ay,1)) := e~ Hmil |G (w;)) with | % (wy)) = s
scattering event and

Z(wy)) is a wavepacket evolving in the final excited state manifold reached by the

() = [ de e im0 g). ™
0

is the so-called Raman wavefunction, serving as an intermediate state that contains all dynamical information prior to the emission event.

To obtain an accurate description of the RIXS spectrum, the time-independent formulation based on the KHD expression requires
knowledge of a large number of eigenstates on several PESs, as well as the proper treatment of interference effects. This approach becomes
very quickly computationally demanding even for small molecular systems, and many practical implementations introduce approximations,
e.g. neglecting interference terms, to remain tractable. Conversely, the time-dependent approach can exploit the limited probing of only
a small region of the PESs and thus necessitates propagation over a brief time interval only while providing a high level of accuracy. Due
to this reduced propagation time, the method can in principle yield numerically exact spectra. Moreover, the time-dependent approach
provides a direct connection between the spectroscopic observables and the underlying nuclear dynamics. Since the present work is
particularly concerned with the manifestation of ultrafast nuclear motion in the RIXS spectra of diazines, we employ the time-dependent
formulations and @ to compute all spectral observables throughout this study unless otherwise explicitly stated.

Nuclear Quantum Dynamics and the Molecular Hamiltonian

To obtain the temporal evolution of the system, we perform nuclear quantum dynamics simulations using the MCTDH method 1141221123

and its multilayer (ML-MCTDH) extension.2244127 These approaches constitute grid-based, variational schemes for solving the time-
dependent Schrédinger equation. Within the MCTDH framework, the high-dimensional nuclear wavefunction is represented as a sum of
direct products of low-dimensional, time-dependent basis functions, which enables an efficient description of the system’s time evolution.
The ML-MCTDH formulation introduces a hierarchical tensor structure, providing a more efficient representation and enabling fully
quantum-mechanical simulations of systems with up to several hundred degrees of freedom. Further methodological details can be found
in the literature, 114112311281129

A fully time-dependent description within the (ML-)MCTDH framework requires precomputed model Hamiltonians that accurately
describe nuclear motion on both valence- and core-excited states. To construct such Hamiltonians, we adopt the strategy employed in
earlier theoretical X-ray spectroscopic studies by some of the present authors. 13130131 | this approach, the full Hamiltonian is represented
in a diabatic electronic basis and parametrised by a linear vibronic coupling (LVC) model for both the valence and core-excited states.
The LVC model corresponds to a Taylor expansion of the electronic Hamiltonian around the ground-state equilibrium geometry and is
conveniently expressed in terms of dimensionless, ground-state mass and frequency-scaled normal coordinates. Anharmonic effects can be
incorporated by extending the LVC model with higher-order terms or additional diabatic functions. For a detailed account of the general
theoretical framework, we again refer to the literature. 1327134 The specific Hamiltonian models employed in the present study are described
in the Electronic Supporting Information (ESI).

Standard electronic structure calculations typically yield adiabatic electronic states that respect molecular symmetry and may therefore
appear delocalised over equivalent atomic sites. However, core-excited states can be generally described in either a delocalised or a localised
representation. In the delocalised picture core orbitals of symmetry-equivalent atoms form symmetry-adapted linear combinations that
preserve the molecular point-group symmetry while the localised representation associates the core orbitals and corresponding excitations
with individual atomic centres, providing a more intuitive description of site-specific excitation processes and local chemical environ-
ments. 2321138l Hence, core-excited states as obtained from electronic structure calculations can appear artificially distributed over several
atoms, which may obscure the intrinsically local character of core excitations and complicate the interpretation of site-specific spectral
features. For this reason, it is often advantageous in X-ray spectroscopy simulations to transform the symmetry-adapted adiabatic states
into a localised diabatic representation, in which the core hole is associated with a specific atomic centre. This representation facilitates the
interpretation of site-selective excitations and can simplify the treatment of vibronic coupling and symmetry breaking induced by nuclear
motion.®2 However, it should be noted that, in general, localisation/delocalisation and diabatic/adiabatic describe different concepts: the
former refers to the spatial distribution of electronic states, whereas the latter concerns the representation of the electronic Hamiltonian
with respect to nuclear motion. While both pairs of representations are related by unitary transformations and thus formally equivalent,
localised states are not generally identical to diabatic states and vice versa.

For all three diazine isomers, there are two energetically degenerate N 1s core orbitals that combine to form symmetry-adapted orbitals
o1s and of,, giving rise to two energetically degenerate N 1s — 7" core-excited electronic states. These states may interact through
non-symmetrical vibrational normal modes, leading to vibronic coupling.82113 |n 3 purely localised representation, both core-excited states
are populated equally upon excitation, such that the effects of vibronic coupling are effectively incorporated implicitly. In the present work,
we employ a diabatic Hamiltonian constructed from delocalised adiabatic electronic energies to explicitly describe vibronic coupling upon
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core-excitation in these highly symmetric systems and to investigate its role in driving dynamical core-hold 16 ¢SliSation and associated

symmetry breaking. In this representation, only one of the two core-excitations is dipole-allowed from the ground state due to symmetry
requirements, while the second excitation is dipole-forbidden. Vibronic coupling dynamically mixes the two core-excited states, allowing
population transfer into the initially dark state and thereby enabling dynamical localisation of the core hole.136

Methodology

Experimental Details

The aqueous diazine solutions were prepared at a concentration of 0.5M. The pH was adjusted to ~10 using sodium-hyroxide. The samples
were injected into the sample-chamber of the EDAX-instrument at the beamline UE49_SGM139 of the BESSY Il electron storage ring,
operated by the Helmholtz-Zentrum Berlin fiir Materialien und Energie, using a liquid jet with a diameter of 20 to 30um. Details of the
instrument can be found elsewhere.14% |n short, the solution was excited using horizontally polarized radiation at photon energies at the
nitrogen K-edge of around 400eV and a bandwidth of ~200meV. The emitted radiation was detected in a 90° scattering geometry using
the 1200 I/mm grating and a position sensitive MCP detector of a modified Scienta XES 350 spectrometer. The presented absorption
spectra are partial fluorescence yield measurements integrating the nitrogen K-edge emission signal in the RIXS spectra as a function of
the exciting photon energy. Supporting measurements were performed at the instrument NEXAFS@UE52 SGM. 141

Computational Details

The diabatic molecular Hamiltonian of pyrazine was adopted from previous studies®L. To parametrise the Hamiltonians of pyrimidine and
pyridazine, ground-state geometry optimisations and harmonic frequency calculations were performed using the second order Mgller-Plesset
(MP2) theory142 with the Dunning correlation consistent basis set cc-pVDZ, 143 as implemented in the Gaussian 16 software package. 144
Valence-excited-state properties were computed using the equation-of-motion coupled cluster singles and doubles (EOM-CCSD) method, 14
while core-excited-state properties were obtained employing the frozen-core core-valence-separation (fc-CVS-) EOM-CCSD approach.20
In all cases, Dunning's correlation consistent basis set aug-cc-pvDZ were employed, consistent with those used in our previous studies on
pyrazine 113310 Al excited-state electronic-structure calculations were carried out using the Q-Chem quantum chemistry package 140

The coupling parameters entering the linear vibronic coupling Hamiltonian were determined by minimising the root-mean-square
deviation between the model energies and ab initio single-point energies computed at multiple nuclear configurations. To account for
anharmonicity, selected vibrational modes were fitted using Morse or quartic potentials. The complete fitting procedure was performed
using the VCHam programs as implemented in the Heidelberg MCTDH package. 1% A complete list of parameters for the full molecular
Hamiltonian of pyrazine is provided in refs. 113 and13L while the corresponding data for pyrimidine and pyridazine are given in the ESI.

Nuclear dynamics simulations were carried out using the (ML-)MCTDH method as implemented in the Heidelberg MCTDH package.
For pyrazine, the mode-combination scheme, number of single-particle functions (SPFs), and grid parameters were adopted directly from
ref 113 without modification. The corresponding computational details for pyrimidine and pyridazine are reported in the ESI. Quantum
dynamical propagations on the core-excited states were performed for at least 40 fs, covering more than 99 % of the decay associated
with the 8 fs core-hole lifetime, which corresponds to a Lorentzian line width of 110 meV.148 Propagations in the valence-excited states
were carried out for 120 fs, with wavefunction data recorded every 0.25 fs, ensuring sufficient temporal resolution and frequency range for
subsequent Fourier transform analyses.

Results and Discussion

X-ray Absorption Spectroscopy

In the present work, we focus on RIXS after excitations of core electrons from the N 1s orbitals to the lowest ©* resonance of diazines.
For each isomer, the corresponding experimental and calculated absorption band is shown in Figure [2] together with the core excited state
population dynamics following an instantaneous vertical excitation at time t =0 fs and using a full dimensional model, i.e. including all 24
vibrational normal modes. In all cases, this absorption band is energetically well separated from the onset of the continuum absorption,
as shown in the ESI. Notably, the absorption band associated with the lowest ©* resonance exhibits a systematic shift to higher energies,
appearing at 398.4 eV, 398.6 eV and 399.0 eV for pyrazine, pyrimidine and pyridazine, respectively. We attribute this trend to the increasing
interaction of the two nitrogen atoms’ lone-pair charge densities, from the largest separation in pyrazine to direct neighbours in pyridazine.
These lone-pair charge densities enhance the susceptibility of diazines to nucleophilic addition (a-effect)14?, and their direct proximity is
advantageous for molecular recognition by the formation of two hydrogen bonds.31

For all three diazines, the simulated absorption band obtained by including only the intrinsic core-hole lifetime broadening (solid red
line) is significantly narrower than the experimental spectrum (black line). However, after applying an additional Gaussian broadening
(dashed red line) with Gaussian width parameter ¢ of 0.25 eV, 0.27 €V and 0.27 eV for pyrazine, pyrimidine and pyridazine, respectively,
the overall shape of the lowest X-ray absorption band is reproduced well. Several factors may contribute to this additional broadening
required to reconcile theory and experiment. Firstly, the simulated spectra are computed for isolated molecules at zero temperature,
whereas the experiments were performed in aqueous solution at ambient temperature. Consequently, solvent-induced inhomogeneous
broadening, arising from hydrogen bonding and other solute—solvent interactions, leads to increased spectral inhomogeneity. However,
a previous study on pyrimidine by some of the present authors demonstrated that while the solvent environment indeed contributes to
additional inhomogeneous broadening of the 7* absorption resonance, it does not fully account for the observed line width.82 Secondly,
the experimental absorption profiles are also broadened by thermal conformational distributions and the instrumental response function
with an incident energy bandwidth of 200 meV fwhm.

For each isomer, a second, less intense X-ray absorption band is observed in the experimental spectrum, which can be attributed to
higher-lying core-excited states. These states are not included in the present study, as they are not expected to induce significant changes
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Figure 2 Top row: Normalised population dynamics of the core-excited diabatic states X; (orange) and X, (blue), following excitation to X, at the
Franck—Condon point for (a) pyrazine, (b) pyrimidine, and (c) pyridazine. Bottom row: Experimental (black) and computed (red) static nitrogen
K-edge X-ray absorption spectra of (d) pyrazine, (e) pyrimidine and (f) pyridazine. The solid red curves correspond to spectra obtained from quantum
dynamical simulations including a core-hole lifetime of 8 fs without additional broadening. The dashed red curves show spectra with an additional
Gaussian broadening applied. To align with the experimental spectra, rigid energy shifts of 3.82 eV, 3.95 eV, and 3.70 eV were applied to the calculated
spectra of pyrazine, pyrimidine, and pyridazine, respectively. The vertical gray line indicates the excitation energy corresponding to zero detuning.

in the RIXS spectra because their transition dipole moments are considerably weaker than that of the lowest-lying n* resonance. The
following discussion therefore refers only to the respective lowest, significantly more intense absorption band.

Due to the presence of the two equivalent nitrogen atoms in the equilibrium ground-state structures, two energetically degenerate
core excited states, denoted X; and X, arise for each isomer that correspond to transitions from the nitrogen 1s core orbitals into
m* valence orbitals. In the delocalised representation, the two degenerate nitrogen 1s orbitals combine linearly yielding symmetric and
antisymmetric core orbitals, o5 and o}, respectively. Under these symmetry constraints, there is only one dipole-allowed transition,
namely, to the X, state, while the X| state remains dark. However, the two core-excited states are vibronically coupled through non-
totally symmetric vibrational modes of by, symmetry in pyrazine and b, symmetry in pyrimidine and pyridazine. This coupling enables
non-radiative population transfer between these two states and is responsible for symmetry breaking of the systems.®2113 This coupling
is reflected in the evolution of the normalised core-excited state populations shown in Figure For each isomer, only the bright X
state is initially excited. Subsequently, a rapid population transfer to the dark X; state is observed, leading to a nearly equal population
distribution within approximately 10 fs. The population dynamics exhibit oscillatory behaviour, with periods of about 30 fs, 20 fs, and
30 fs for pyrazine, pyrimidine, and pyridazine, respectively. These oscillations reflect the vibrational frequencies of the dominant coupling
modes that mediate the interaction between the core-excited states. Detailed information on coupling parameters, vibrational frequencies,
state characterisations, and molecular orbitals is provided in the ESI.

Resonant Inelastic X-ray Scattering

While the different broadening mechanisms in solution-phase XAS mask vibrational progressions and vibronic side-bands which reflect
the system’'s dynamics, the RIXS spectra are known to be sensitive to the evolution of the nuclear wave packet in the core-excited state
manifold. The sensitivity to nuclear motion mainly depends on the topology of the PESs involved and the coupling between them.
However, the nuclear core-excited state dynamics can be limited by controlling the effective scattering duration©2120

T = 1 (8)
Q2+ T2
through variation of the amount of detuning Q from the resonant excitation energy. In particular, excitations far from resonance allow to
almost completely suppress dynamics during population of intermediate core-excited states. Importantly, the core-hole lifetime I'; controls
the effective scattering time T but it does not fundamentally limit the final spectral resolution of RIXS measurements.
Figure [3] shows the RIXS spectra in an energy loss range up to 9 eV of the three diazines for different values of the detuning Q. Here,
Q =0 eV denotes excitation energies of 398.4 eV for pyrazine, 398.6 eV for pyrimidine, and 399.0 eV for pyridazine, as marked by the
vertical grey line in the XAS spectra in Figure[2] Both experimental (black line) and theoretical (red line) spectra were normalised to the
elastic peak at zero energy loss. To better match the experiment, the theoretical elastic peaks were scaled to 40 %, 50 % and 50 % for
pyrazine, pyrimidine, and pyridazine, respectively. This reduction of the experimentally measured elastic peak intensity can be attributed
to the optical transfer function of the emission spectrometer and to self-absorption of the sample. Both aspects are not included in our
theoretical models.
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As described above, the dynamics involves two nearly degenerate core-excited states, namely a bright s(gate, % and 3545k state,

Xj, that are vibronically coupled, thereby enabling non-adiabatic population transfer between each other. To differentiate emission bands
associated with either X| or X, as the intermediate state, the theoretical spectra are separated into two contributions where blue denotes
transitions originating from the initially excited bright X, state while yellow indicates transitions originating from the dark X; state, which
is exclusively populated via population transfer from X,.

For each isomer the RIXS spectra obtained under off-resonant excitation conditions, e.g. with Q = —0.6 eV, exhibit no significant
contribution from the dipole-forbidden X; state as an intermediate state. In this regime, the effective scattering duration, T, is already too
short to allow non-adiabatic transitions to occur. Consistent with this interpretation, the elastic peak exhibits a clear Lorentzian profile
and no resolved vibrational progression in any of the loss spectra, further demonstrating that the nuclear wavepacket does not evolve
significantly off resonance.

In the inelastic region of the RIXS spectra with Q = —0.6 €V or lower, pyrazine exhibits a distinct emission band, whereas pyrimidine and
pyridazine show rather broad features with two maxima, arising from a total of six and five emission channels, respectively. Moreover, the
overall spectral profile remains essentially unchanged at larger negative detuning, further indicating that the effective scattering duration
is negligible on the timescale of nuclear dynamics.

In contrast, for increasingly resonant excitation conditions (Q > —0.4 eV), the overall shape of the RIXS spectra changes significantly
for the three diazines. In particular, emissive contributions from the initially dark X; state can be observed. Because the non-adiabatic
coupling between core-excited states is mediated by non-totally symmetric normal modes which break the symmetry, the equivalence of
the two nitrogen atoms is lifted. The resulting distinction between the two sets of scattering pathways therefore provides clear evidence
of nuclear motion in the core-excited manifold and the associated dynamical localisation of the core hole. Since X; and X, possess
different electronic state symmetries, the conventional quadrupole selection rules for Raman excitation are no longer strictly applicable,

Pyrazine Pyrimidine Pyridazine
Q = -1000 meV - exp
1 — 24D
X1
f\ . X
o
0 = -800 meV
1
0 A—&m
0 = -600 meV
1
o
Q = -400 meV
1
—
=
5 JL M—t
3 0
-E Q= -200 meV
‘l_u. 1
o
Q= 0meV
1
o
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1 J\ h ﬁ%
o
O = 400 meV
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o

0 2 4 6 8 0 2 4 6 8 [ 2 4 6 8
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Figure 3 Experimental (black) and simulated (red) RIXS spectra for various amounts of detuning where Q =0 eV is based on the experimental XAS
as indicated by the vertical gray line in Figure 2] For a higher synergy between experiment and theory the theoretical incoming excitation energies
were consistently shifted by 0.1 €V for pyrazine and 0.2 eV for pyrimidine and pyridazine. All spectra are independently normalised to their respective
elastic peak height before rescaling the low energy loss region. The contributions of the transitions from X; and X, are highlighted in yellow and blue,
respectively. When performing the Fourier transform a damping time of 80 fs was assumed and an additional Gaussian broadening was applied to
match the experimental broadening of the elastic peak for far off resonant excitations.
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Figure 4 Schematic diagram of electronic transitions involved in the RIXS process of pyrazine, pyrimidine and pyridazine within this study. For each
transition, the corresponding natural transition orbitals are shown in order to characterise the nature of the electronic excitation. The associated vertical
excitation energies with respect to the Sy energy at the ground-state equilibrium geometry and averaged transition dipole moments are reported in the
ESI.

and electronic transitions that would remain forbidden for the symmetric molecule become allowed upon resonant excitation.

This effect is particularly pronounced in pyrazine where additional side bands appear in the inelastic region for (quasi-)resonant
excitations. These spectral features can be assigned to four additional electronic excitations that originate from X; populations and
are spectrally well separated from the inelastic emission band at approximately 6 eV energy loss that is associated with X, excitations.
In contrast, for pyrimidine and pyridazine the contributions from X; and X, scattering pathways strongly overlap, making them much
less distinguishable. The reason for the well separated energy loss bands in pyrazine compared to the other two diazines lies in its higher
molecular symmetry. In the equilibrium ground-state structure, pyrazine belongs to the D, point group, whereas pyrimidine and pyridazine
are characterised by C, symmetry. Pyrazine therefore obeys additional parity selection rules that do not apply to the other two diazines
because they lack inversion symmetry. In particular, X; and X, in pyrazine have different parity imposed by the symmetry of the core
orbitals, and transitions from these states into the same valence-excited final states are dipole forbidden, resulting in a stronger separation
of emission features. In pyrimidine and pyridazine, by contrast, the absence of parity selection rules permits transitions from X; and X,
into the same valence-excited states, resulting in significant spectral overlap of emission signals.

Figure [4] presents a schematic diagram of the RIXS process, highlighting the electronic character of each transition. While Figure
only includes the electronic states directly involved in the RIXS process, additional electronic states may become populated through non-
adiabatic transitions and therefore also need to be included in the Hamiltonian. As a result, the Hamiltonians include the ground state
and two core-excited states for each isomer, as well as the lowest 19 valence-excited states for pyrazine and the lowest 8 valence-excited
states for pyrimidine and pyridazine covering the low-energy-loss region of the RIXS spectra, which display the most strongly influence
by dynamical effects. Further details such as the averaged values of the corresponding transition dipole moments and vertical excitation
energies can be found in the ESI.

Further motional effects are observed at the elastic peak for all three diazines. For resonant excitations, a pronounced shoulder
emerges that can be attributed to vibrational progressions stemming from the inter- and intrastate core-excited state coupling. The loss
spectra of valence excitations depend on dynamics in the core-excited and valence-excited states, making the selection of an appropriate
reduced-mode model very challenging. However, the vibrational structure at the elastic peaks can be modelled well by considering only
the dynamics in the core-excited states (omitting coupling among vibrational modes).

To better understand the contributions to the loss spectra around the elastic peak, we also employed a reduced model that includes only
six vibrational normal modes, which primarily drive the core-excited state dynamics. The calculated elastic peak and the corresponding
energy eigenstates, obtained by a Lanczos diagonalisation of the Hamiltonian, are shown in Figure For the three molecules, the
pronounced shoulder of the elastic peak that emerges under resonant excitation can be attributed to combined contributions of several
vibrational normal modes. These modes generate vibrational progressions with different energy spacings, collectively giving rise to the
broad-shouldered feature. Our calculations indicate that identification of these progressions even at RIXS spectrometers with very high-
resolution (<20 meV) may be difficult due to the dense overlap of multiple vibrational progressions. At zero detuning, however, distinct
vibrational features remain identifiable such as the prominent lines at 0.2 eV for pyrazine and for pyrimidine, and the two lines at 0.18
eV and 0.20 eV for pyridazine. These energies are consistent with the harmonic frequencies of totally symmetric normal modes in the
respective molecules, namely vy for pyrazine, Vg9 for pyrimidine, and vig and vjg for pyridazine. A table with all harmonic frequencies
can be found in the ESI. These results demonstrate that an accurate description of RIXS requires accounting not only for non-adiabatic
interstate coupling, which induces symmetry breaking, but also for intrastate vibronic coupling within the same core-excited electronic
state that drives vibrational relaxation and is manifested primarily in the vibrational progression of the elastic peak.
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Figure 5 Experimental (black) and calculated (blue) elastic peak of the three diazines for the indicated energy detuning. These calculations were
performed with reduced model Hamiltonians which include the six vibrational normal modes that mainly drive the core-excited state dynamics. The
stick spectra were obtained from direct Lanczos diagonalisation in 2000 steps. The shape of the elastic peak and the vibrational progressions is
obtained by a convolution of the sticks with a Voigt line-shape (Gaussian width parameter 6 = 0.2 eV, Lorentzian width parameter ot =0.1 eV.). For
a better visibility, the stick intensities are rescaled by a factor of 2.

In summary, Figures ][5 show very good agreement between experiment and theory, with all experimentally measured features repro-
duced and assigned to specific dynamical effects. Nevertheless, some discrepancies remain, which we attribute primarily to the essential
difference between experiment and model, namely the treatment of an isolated molecule in the gas phase at 0 K in the calculations versus
measurements performed in solution just below room temperature. Additional deviations may also arise from limitations of the theoretical
model, including the chosen level of electronic structure theory, the basis set size, and the restriction to linear coupling terms in the
Hamiltonian. Moreover, we find that the substantial broadening of the XAS spectrum arises from several contributions like instrumental
limitations or solvent interactions which include hydrogen bonding that result in conformational effects. However, incorporating inhomo-
geneous broadening into the calculations of RIXS spectra is not straightforward. Specifically, the calculated RIXS spectra are based on a
model Hamiltonian that includes only the intrinsic core-hole lifetime broadening and no additional broadening mechanisms. Consequently,
a narrower absorption line-shape is modelled which is plotted as the solid line in Figure [2] which implies that discrepancies are already
present for the excitation energies. For instance, significant absorption is still observed experimentally at -0.5 €V detuning for each isomer,
but the calculations predict ten-fold less absorption at this energy detuning. This difference may also be the reason why an additional
small excitation energy shift of 0.1 eV for pyrazine and 0.2 €V for pyrimidine and pyridazine is required for best agreement between theory
and experiment.

Conclusions

In this work, we developed full- and reduced-dimensional model Hamiltonians comprising up to 22 electronic states for a more detailed
understanding of the dynamical aspects in experimental RIXS at the nitrogen K-edge of diazines. All spectral properties were calcu-
lated within the time-dependent framework using the fully quantum-mechanical MCTDH approach. The good agreement between the
experimental spectra and the quantum-dynamical simulations following vibronic excitation supports the validity of the simplified model
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Hamiltonians. In particular, the simulations allow us to identify dynamical effects driven by several vibrational normal mo es, including

both interstate and intrastate coupling effects. These results underscore the importance of including a sufficiently large number of nuclear
degrees of freedom for an accurate description of the RIXS process in these systems. Furthermore, the lower-dimensional models enable
a vibrationally resolved description of the elastic peak for the studied cases.
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