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ABSTRACT: Symmetry and its breaking crucially define the chemical properties of
molecules and their functionality. Resonant inelastic X-ray scattering is a local electronic
structure probe reporting on molecular symmetry and its dynamical breaking within the
femtosecond scattering duration. Here, we study pyrimidine, a system from the C,, point
group, in an aqueous solution environment, using scattering though its 2a, resonance.
Despite the absence of clean parity selection rules for decay transitions from in-plane
orbitals, scattering channels including decay from the 7b, and 11a, orbitals with nitrogen
lone pair character are a direct probe for molecular symmetry. Computed spectra of
explicitly solvated molecules sampled from a molecular dynamics simulation are combined
with the results of a quantum dynamical description of the X-ray scattering process. We
observe dominant signatures of core-excited Jahn—Teller induced symmetry breaking for
resonant excitation. Solvent contributions are separable by shortening of the effective

scattering duration through excitation energy detuning,

According to the Jahn—Teller theorem, degeneracy of
electronic states of a molecule is lifted through symmetry
reductions, yielding a total energy minimization. This
symmetry breaking is mediated by vibronic coupling between
the electronic states via antisymmetric vibrational modes." This
effect is of particular importance for core-excited electronic
states, as a multitude of near-degenerate core-levels are present
for identical atoms in symmetric molecules.” The initially
delocalized core-orbitals dynamically localize in the symmetry-
broken configurations within the core-hole lifetime.*~°
Resonant inelastic X-ray scattering (RIXS), also called resonant
X-ray Raman scattering, is capable of addressing this dynamical
localization problem via the excitation energy dependence of
the spectral profile, based on the concept of the effective
scattering duration.” Violations of quadrupole selection rules in
soft X-ray RIXS, ie, resonant enhancement of symmetry
forbidden transitions, have proven to sensibly detect Jahn—
Teller induced symmetry breaking in core-excited states for
linear triatomic molecules in the gas phase™ and for larger
organic systems.”'® Recently, RIXS has evolved as a powerful
tool to access the electronic structure of molecules in solution,
for studies of, e.g., proton dynamics''~'* and transition metal
complexes."*™'® These fluctuating environments'” can induce
geometric distortions in the electronic ground state independ-
ent of the X-ray excitation. Therefore, the competition of
solvent-induced symmetry breaking and Jahn—Teller distor-
tions in the core-excited state needs to be considered for
quantitative understanding of RIXS measurements of sym-
metric systems.
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Many recent studies utilizing RIXS have targeted nitrogen-
conjugated heterocycles as fundamental building blocks of
larger biomolecules'®™*” and as ligands in metal-complexes”'
used for catalysis and energy harvesting.”” In this context, we
report on a quantitative combined experimental and theoretical
investigation of the RIXS spectra of aqueous pyrimidine, as a
prime example of the interplay between the two symmetry
breaking mechanisms. Pyrimidine belongs to the C,, point
group, containing two identical nitrogens, which are acceptors
of strong solute—solvent hydrogen bonds,”*™*° via their in
plane lone-pair orbitals. These hydrogen bonding orbitals are
directly probed in nitrogen K-edge RIXS through their local 2p
character.

RIXS is a coherent scattering process, where the investigated
system is promoted to a set of core-excited states, followed by
decay onto the manifold of valence excited states.” Here, we
focus on resonant scattering via the lowest unoccupied
molecular orbital (LUMO) of pyrimidine, namely through a
transition from the N 1s orbitals to the antibonding orbital 2a,,
with N—C 7* character changing sign across the reflection
plane 6,(xz), between the nitrogen atoms of pyrimidine. The
intense absorption line corresponding to this transition, which
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Figure 1. RIXS at the nitrogen K-edge n*-resonance of aqueous pyrimidine. The two energetically lowest inelastic emission channels in the
experimental spectra (a) exhibit a strongly detuning-dependent intensity. Theoretical simulations of the electronic structure an the transition
amplitudes (b) of pyrimidine in a fully symmetric geometry allow for an assignment of the detuning dependent emission lines to decay from the 7b,
and 11a; orbitals, subsequent to excitation into the 2a, orbital. The experimental spectra are shown in gray.

Table 1. Transition Dipole Moments (in Atomic Units e X a,) between the RSA-TD-DFT States Involved in the RIXS Process
Assigned According to the Largest One-Electron Transition Character

delocalized/adiabatic picture

localized/diabatic picture

transition w W W
la; — 2a, 0.0000 0.0000 0.0000
1b, — 2a, 0.0000 0.0000 —0.0828
7b, = 1la; 0.0000 0.0505 0.0000
7b, — 1b, 0.0179 0.0000 0.0000
11a; — 1la; —0.0405 0.0000 0.0000
11a; — 1b, 0.0000 —0.0279 0.0000

transition A w W
Isy, — 2a, 0.0000 0.0000 —0.0586
Isy, = 2a, 0.0000 0.0000 0.0586
7b, = Lsy, 0.0125 0.0354 0.0000
7b, — sy, —0.0125 0.0354 0.0000
1la; — lsy, —0.0283 —0.0196 0.0000
1la; — lsy, —0.0283 0.0196 0.0000

is energetically well separated from the onset of the continuum
absorption, is shown in Figure la. In the delocalized picture,
due to C,, symmetry, the antisymmetric 1b, and the symmetric
la; core-orbitals exist as linear combinations of the degenerate
nitrogen 1s orbitals. In this framework the transition to the
I1a,""2a,') is symmetry forbidden, as the contributions to the
transition dipole at the two nitrogen sites are inversely oriented
and thus cancel, as expected by the C,, dipole selection rules
(see Table 1). Thus, in the symmetric ground-state
configuration only transitions from the symmetry adapted
1b, core-orbital contribute to the absorption intensity. Note
that the minor CI admixture of the |1a,7'3b,') excitation to the
m*-resonance will be neglected in our discussion.

In the coupled emission step, decay from the occupied
bonding orbitals with large N 2p character are observed in the
range of 0—20 eV. The most prominent signatures at resonant
excitation are the two intense and narrow emission lines at
approximately S and 6 eV energy loss. To assess the origin of
the different emission features, we focus on the electronic
structure and RSA-TD-DFT*’ spectrum simulations (based on
the Kramers—Heisenberg formalism) of the fully symmetric
isolated pyrimidine molecule in Figure 1b. Thereby, we relate
the emission lines to decay from the symmetric and
antisymmetric combination of occupied lone-pair orbitals,
the 11a; and 7b, orbitals (see Figure 1b), these orbitals are
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split by ~1 eV due to overlap with the ring o orbitals. The
calculated spectrum does not reproduce the experimental
spectrum for resonant excitation € = 0 eV, where Q is the
detuning defined as Q = @ — w,,, where @ and @,
incoming photon energy and the energy of resonant
absorption, respectively. The low predicted intensity can be
understood by examining the lone-pair orbitals. Despite the
absence of clean selection rules for the 7b, and 11a; orbitals,
they point at a wide angle with respect to the symmetry axis,
leading to a substantial cancellation of the largest component
of the transition dipole moments for emission and resulting in

are the

an effective quenching of the intensity, even-though these
orbitals are largely concentrated on the nitrogen atoms (see
Table 1). The experimental data shows a gradual decrease of
the lone pair scattering intensity with the detuning €2, yielding
an improved agreement with the computed spectrum at
Q = —0.5 eV, as shown in direct comparison in Figure Ib.
The underestimation of the peak intensities for the 7b, and
11a, emission lines in the simulations indicates the presence of
symmetry-broken molecular configurations under the exper-
imental conditions. Deviation from the fully symmetric
chemical environment of the two nitrogen sites lifts the
degeneracy of the nitrogen 1s orbitals, causing a localization of
the core-holes. The localized scattering picture is generally
equivalent to the delocalized one when interference between

https://doi.org/10.1021/acs.jpclett.1c01865
J. Phys. Chem. Lett. 2021, 12, 8637—8643
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the degenerate channels is considered.®> However, the
interference term can be quenched in solution due to the
fluctuation of the environment. The same term can also be
affected by nuclear dynamics, via the Jahn—Teller effect. In this
case, the two localized states couple via an antisymmetric
vibration within the short nitrogen core-hole lifetime. Both
mechanisms induce a loss of coherence between the emission
from the two nitrogen sites, leading to an amplification of the
scattering intensity. Pyrimidine has both, two near-degenerate
core-excited states as well as the ability to form hydrogen
bonds with the solvent. Thus, both mechanisms must be
investigated as the source of the observed drastic intensity
enhancement upon resonant excitation.

We formulate the described problem in a more quantitative
manner. Assuming the localized picture, the two core-excited
states are defined as Ik) = |1sy,~'2a,") with k € {1, 2}. In this

picture, the RIXS cross-section Jf(a)’, ®) is proportional to the
square of the scattering amplitude F;, written as a sum of the

two channels

— )

)
Ff,l’f - fﬂ/j F

+ frl/f

(1)
Due to the symmetry breaking in the intermediate state we
must consider the nuclear degrees of freedom to correctly
describe the problem. Assuming the Born—Oppenheimer and
Franck—Condon approximations, we introduce the electronic
transition dipole moments y,,, = (nltlm) between the mth and
nth electronic states. Within these assumptions, we write the
Kramers—Heisenberg scattering amplitude

O —

Ty = —i(e Hy ) (epy) X (Y1 ()

)
where e and e’ are the incoming and outgoing photon
polarization vectors, respectively. The core-excited wave
packet'””® |¥ (@)) describes vibrational interference effects
and the nontrivial dependence on the incoming photon energy

(@) =i ),

b

ly) (i)
0 —wy = (e, —¢,) +il

()

To assess the impact of the fluctuating solvent network on
the symmetry of the two nitrogen sites in pyrimidine, we
carried out molecular dynamics (MD) simulations. In this case,
we momentarily ignore the role of quantum vibrations, by
making the following replacements F;, — Fy and (¥ (@)
— i/(® — wy + i) in the equations above.

We analyze the results of the MD simulation with respect to
geometric distortions induced by coordination with the
surrounding water molecules. Pyrimidine accepts one hydro-
gen bond (HB) per nitrogen atom, the donated hydrogen
atoms from water point inward and are distributed symmetri-
cally across the ring plane. This result is in agreement with
earlier studies.”””” The effect of the HBs is shown by the
solvent densities in Figure 2a. At the same time, the distortions
induced by the thermal motion as well as solvent fluctuations
can be estimated by the overlay of 10* geometry snapshots. It
reveals that the ring structure experiences only small
fluctuations. The main effect of solvation on the C—N bonds
of the ring is to elongate them, with respect to the optimized
geometry, as shown by the 2D histogram in Figure 2b.
Otherwise, a fully symmetric histogram of the bond lengths
between the nitrogen sites and the connecting carbon dc_y, , is

observed as a result of the rigidity and planarity of pyrimidine’s
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Figure 2. Solvent-induced symmetry breaking from MD-sampling.
The overlay of 10* structures with solvent densities (a) as well as the
histogram of the N—C bond lengths (b) reflect the rigidity of the
pyrimidine ring in aqueous solutions. The bond lengths for the
optimized structures in the electronic ground and nitrogen 1s core-
excited states are shown. Solvent induced broadening and shift of the
7* absorption resonance (c) with respect to the simulation in the
optimized molecular geometry. The intensity of the 7b, and 1la,
transitions in the resonant MD-sampled RIXS spectrum agree well
with the intensity detected in the detuned experimental spectrum (d).

aromatic ring.””** To understand the impact of the solvent

environment on the X-ray spectra, 200 uncorrelated snapshots
have been sampled to compute an averaged absorption
spectrum in Figure 2¢ and the RIXS spectrum in Figure 2d.
To account for covalent intermolecular interactions, all water
molecules within the first solvation shell around the nitrogen
atoms of pyrimidine were explicitly included in the spectrum
simulations.

The shape of the X-ray absorption spectrum is well captured.
Comparison to the simulation for the optimized molecular
structure shows that the solvent environment merely induces a
broadening of the #* absorption resonance. Additionally, a
shift on the order of 0.1 eV toward higher photon energies,
which is a general trend for deprotonated nitrogen atoms in
conjugated heterocycles.’*” In contrast, the effect of the
sampling on the RIXS spectrum is significant, as the previously
discussed interference between nitrogen sites is suppressed,
enhancing the intensity for decay from the 1la, and 7b,
orbitals in the nonsymmetric solvent environment. Even
though only minor deviations from the C,, symmetry occur,
a significant increase of the two lone-pair transitions compared
to the optimized symmetric molecular structure is observed.
The strong impact of the solvent on these transitions directly
reflects the hydrogen bonding character of the involved
orbitals.

The simulated RIXS spectrum including solvent interactions,
however, does not reproduce the experimental intensities of
the lone-pair peaks for resonant excitation. In spite of that, the
detuned experimental spectrum and the resonant theoretical
sampled spectrum are in excellent agreement. At a detuning of
Q = —0.5 eV the effects of core-excited state dynamics are
diminished as scattering can be regarded as instantaneous
under largely detuned conditions.” Hence, only the spectral

https://doi.org/10.1021/acs.jpclett.1c01865
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signatures of solvent fluctuations remain, which are not
quenched by excitation energy detuning.

Not only the intensity increase of the lone-pair emission
lines for resonant excitation (Q 0 eV), but also the
pronounced asymmetry of the elastic line (due to the
vibrational progression extending from 0 to 2 eV energy
loss) are strong indications for symmetry breaking through
ultrafast dynamics within the scattering duration. The
comparison to the detuned spectrum in Figure 2d shows,
that the neglect of core-excited state dynamics in the MD-
sampled spectrum simulation results in a poor agreement for
the relative intensities of the electronically elastic and inelastic
scattering channels. The extent of core-excitation induced
symmetry breaking can be estimated from the optimized
geometries in the Ilsy ~'2a,') states. The position of the

minima for the C—N bonds are marked in Figure 2b. As
expected by the Jahn—Teller effect, the two near degenerate
core-excited states are split into two opposite minima, along a
mostly antisymmetric reaction coordinate.

Now, we turn to the full vibronic Kramers—Heisenberg
treatment of eq 3. We do so by constructing a reduced
dynamical model, including a normal-mode analysis combined
with core-excited potential energy scans, considering only
implicit solvation (see Supporting Information). We deter-
mined that the 8a (a;) and 8b (b,) pair of near-degenerate
stretching modes®® of pyrimidine are the most active in the
RIXS process. We construct the total vibrational wave function
for electronic state k as lv) = I{)lL) and energies as €, =

€,0 + €,. In the equations above, we label 8b as (a) and 8a as

(s). Note that only antisymmetric stretching modes can
mediate the symmetry breaking. Still, the inclusion of the
symmetric stretching mode in the spectrum simulations is
essential for a correct description of the vibrational profile of
the absorption spectrum and the resulting detuning dependent
RIXS spectra. The core-excited state potential energy surfaces
along the 8b mode, presented in Figure 3a, show the expected
Jahn—Teller effect, lifting the degeneracy of the I1b, '2a,')
and I1a,7'2a,") states. This imposes forces on the core-excited
molecule at the vertical point, which drives the nuclear wave-
packets of the two states in opposite directions for = 0.0 eV.
The further the wave packets move apart, the larger the
symmetry breaking effect. Strictly, the degree of electronic
interference in the scattering is directly proportional to the
overlap between the two core-excited wave packets (see
Supporting Information for a mathematical proof). Indeed, we
can define a symmetry breaking parameter as

(UM @)
(H(0)H(@)) (*

for which symmetry breaking is maximum for { = 1, while
being absent for { = 0. Next, we analyze the effect of detuning.
For resonant excitation, scattering occurs from largely distorted
geometries along Q, yielding a small overlap between the wave
packets (¥ |¥,) < (¥,I¥,) = ¢ = 1. In this limit, the core-
holes are effectively localized and the enhancement of the lone-
pair emission results mainly from the reduction of the
scattering cross-section to the incoherent sum of scattering
through the individual core-states. In contrast, for a detuning
of Q = —0.6 eV the spectral signatures of symmetry breaking
are suppressed, because (¥,|¥,) ~ (¥,|¥,) = ¢ =~ 0 (see
Figure 3a) yielding the ground-state electronic RIXS spectrum,
dressed by vibrational fine-structure. In this limit, we recover

{(w) =1
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Figure 3. Symmetry breaking induced by core-excitation. Core (a)
and valence excited state potentials together with the ground state
potential (c) along the antisymmetric stretching coordinate (Q,). The
detuning dependent degree of symmetry breaking in the core-excited
state is reflected in the respective wavepackets in part a. This
drastically affects the intensity ratio between the 111a,7'2a,') and the
electronically elastic scattering channel (b) and induces different
vibrational substructures of the individual spectral lines (d, colored).
In part d the sum of the individual electronic channels (gray, 0.4 eV
fwhm Gaussian broadening) is compared to the experimental data

(black).

the previously discussed partial cancellation of the transition
dipole moments and closing of the 1a, scattering channel. The
electronically elastic scattering channel exhibits opposite
behavior, namely an intensity quenching for resonant
excitation.

Further information can be extracted from analyzing the
spectral profile of the individual electronic final states. In
Figure 3d, we compare simulated and experimental RIXS
spectra as a function of detuning. Overall both peak shapes and
relative intensities resulting from the dynamical simulations are
in excellent agreement with the experimental detuning
dependent spectra. As can be seen directly from the scattering
intensity of the electronically elastic transitions (Figure 3d,
blue), population of high-lying vibrational levels as RIXS final
states directly reflect the detuning-dependent amplitude of the
core-excited state wave packet projected onto the comparably
steep ground state potential energy curve.”* In contrast to the
electronically elastic transitions, the shallowness of the valence
excited state potentials in Figure 3c results in a reduced
separation of the vibrational levels as well as wider expansion
of vibrational wave functions. The low spacing of the levels
results in very narrow vibrational profiles for the |11a,7'2a,")
(red) and 17b,7'2a,") (green) presented in Figure 3d.

The effects described are nicely summarized in the detuning
dependent ratio between the integral RIXS cross sections for
scattering into the 7b,7'2a,') and the electronic ground-state
(decay from the same excited 2a, orbital) in Figure 3b. The
presented ratios result from the integrals of the vibrationally
resolved cross sections for the individual final states presented
in Figure 3d. The experimental values result from areas of
Gaussian line profiles fitted to the spectra. The simulated ratios

https://doi.org/10.1021/acs.jpclett.1c01865
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model the detected drastic increase of the lone-pair emission
with respect to the elastic scattering. The simulations
underestimate the total amplitude of the ratio by roughly a
factor of 1.25. This can result from effects of hydrogen bonding
and solvent induced symmetry breaking, discussed in the
context of Figure 2, which are neglected in the presented
quantum dynamical model.

In summary, the pyrimidine molecule, belonging to the C,,
point group, serves as a showcase for transition dipole moment
cancellation in resonant inelastic X-ray scattering. The
drastically reduced intensity for radiative decay channels
from nitrogen-centered lone pair orbitals 7b, and 11a; within
their symmetric ground state geometry underscores the
importance of symmetrized orbitals that underlie these
cancellation mechanisms. This propensity is violated for
resonant excitation where very intense emission lines are
restored due to Jahn—Teller-induced nuclear dynamics in the
excited state that lead to a reduction in molecular symmetry.
Shortening the scattering time by detuning from resonance
suppresses the nuclear dynamics but does not lead to a full
reduction of the 7b, and 11a; emission intensities. We link this
remaining intensity to scattering in symmetry broken
configurations that can arise from fluctuations in the chemical
environment. The degree of solute—solvent interaction
induced symmetry breaking in an aqueous environment is
assessed through a comparison between the experimental RIXS
data and results of molecular dynamics simulations. Fur-
thermore, we show that the Jahn—Teller effect, splitting the
degenerate nitrogen 1s core-excited states, induces a large
antisymmetric distortion in the RIXS intermediate state which
suppresses the partial cancellation of transition dipole
moments for the lone-pair emission. Using a vibronic
Kramers—Heisenberg formalism we are able to capture the
drastic dependence on the excitation energy observed in the
experimental spectra and predict details on the vibrational
substructure of individual electronic transitions that could be
assessed in future high-resolution RIXS measurements. We
directly quantify the degree of core-induced symmetry
breaking within the scattering process as well as the structural
distortions induced by intermolecular interactions in solution.
These findings address an underexplored aspect of chemical
RIXS studies and have direct impact on the interpretation of
spectra of symmetric molecules in solution. We demonstrate
that detuning dependent RIXS spectra allow to disentangle
core-excited Jahn—Teller induced- from solvent-induced
distortions. We therefore expect even stronger RIXS signatures
for molecules of higher symmetry and could foresee drastic
differences for isomeric systems. In this context, also the role of
more weakly interacting nonpolar and aprotic solvents
inducing geometry fluctuations through instantaneous solvent
polarization requires investigation.

B EXPERIMENTAL DETAILS

The sample was prepared as a 0.3 M aqueous solution of
pyrimidine at pH 12.4 to guarantee a deprotonation of both N
atoms of the system. The pH was adjusted using sodium
hydroxide. The RIXS measurements were performed in the
liquid flexRIXS experiment at the U49—2_PGM-1 beamline of
the synchrotron BESSY IL*> Complementary measurements
have been performed at the EDAX experiment at the
UE49 _SGM beamline. The sample was injected into the
experimental vacuum chamber as a liquid jet with a 20 ym
diameter and excited with horizontally polarized radiation with
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a photon energy at the nitrogen 1s absorption edge and 250
meV bandwidth. The emitted radiation was detected in a 90°
scattering geometry using a modified Scienta XES 350
spectrometer.
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