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We report a combined experimental and theoretical investigation of the ultrafast internal conversion (IC)
and intersystem crossing (ISC) dynamics of two thiopyridone (TP) isomers in solution. Our study used
ultrafast transient X-ray absorption spectroscopy (XAS) at the sulfur K-edge, in conjunction with
electronic excited state surface hopping molecular dynamics and simulations of the excited state XAS, to
investigate the impact of the functional group substitution pattern and solvent on the dynamics of IC
and ISC. The combination of the localized X-ray probe and the simulation results enables, in part, the
differentiation between nn* and nn* character excited states, as well as singlet and triplet states. Access
to nm* character excitations has particular value since they often prove challenging to assess with optical
spectroscopy. For 2-TP, the photoexcited S, (nn*) state rapidly undergoes IC to the S; (nr*) state below
the instrument response time, followed by ISC to the T; (nn*) state on a timescale of 600 fs in
acetonitrile. For 4-TP, the timescale of S, to S; IC increases to 330 fs and the timescale of ISC increases
to more than 10 ps. The differences between isomers are rationalized by considering the key role of the,
nn* intermediates in mediating the intersystem crossing of these systems. Varying the substitution
pattern of the molecule can stabilize or destabilize these intermediates leading to the increase in ISC
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rate in the ortho isomer as compared to the para isomer, while changing the solvent from acetonitrile to

rsc.li/pccp water had minimal effect on the electronic excited state relaxation mechanism.

1 Introduction

The interplay of internal conversion and intersystem crossing is
crucial in determining the excited state properties and reactiv-
ity of organic molecules. Many organic chromophores undergo
rapid internal conversion to the ground state following photo-
excitation making them photo-stable and non-reactive, impor-
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tant properties for the photoprotection of DNA from ultraviolet
(UV) light."* Intersystem crossing generates population in
triplet and higher lying spin states which have long radiative
lifetimes.? For triplet states with slow non-radiative decay, these
long-lived electronic excited states often prove photochemically
active, making them useful in organic photosensitizers and in
organic photocatalysis.® Understanding the chemical and
environmental factors which determine the relative rates and
efficiency of ISC and IC therefore offers a route towards
optimizing the excited state properties of a molecular system
for a particular application. The rate and efficiency of these
processes ultimately depend on the character of the electronic
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excited states,”” the shape of the corresponding excited state
potential energy surfaces™'® and the dynamics at points where
these surfaces are close in energy or intersect. In organic
heteroaromatic compounds internal conversion and intersys-
tem crossing are often mediated by excited states with nm*
character. These states have low absorption cross section from
the ground state meaning that they are populated indirectly via
internal conversion from bright nrn* character states following
photoexcitation. In a single-electron picture, nn* states corre-
spond to excitation of a lone pair electron which is localized at
the heteroatom and in the plane of the n-conjugated molecule
to an out-of-plane, delocalized n* orbital. The strong localiza-
tion of the n hole and the fact that the orbital is perpendicular
to the © molecular orbital enables efficient intersystem crossing
between states of nn* and nn* character in accordance with
El-Sayed’s rules.'™'* Therefore the relative energetics and cou-
pling between the nn* and nn* character states are important in
determining the rate of intersystem crossing in these systems.
In turn the energetics of these states can be strongly influenced
by both solvent environment and chemical modifications.

The class of thiocarbonyl compounds form a striking exam-
ple of how substitution of an oxygen atom with a sulfur can
dramatically impact the optical properties and excited state
dynamics of a system. Thiocarbonyls typically undergo efficient
intersystem crossing to form long-lived triplet excited states
with rich photochemistry.'® Of particular recent interest are
sulfur substituted nucleobases (thiobases) which absorb in the
UV A-B region and have close to unity triplet yield, leading to
potential applications in photodynamic therapy.*™® This
behavior is unlike that of the canonical nucleobases which
absorb below 250 nm and undergo rapid and efficient IC to
the ground state.’”'® Previous time resolved studies on these
systems'®>' have suggested that the efficient triplet state
population in thiobases is primarily due to the stabilizing effect
of the sulfur atom on the heteroatom-centered nn* and nn*
excited states. This lowers the energy of these states relative to
the conical intersections responsible for the fast non-radiative
decay of canonical nucleobases to the ground state and there-
fore blocks these relaxation channels in thiobases. The efficient
ISC is then due to a combination of the strong localization of
the n and m orbitals on the sulfur atom and the energetic
proximity of the sulfur centered nt* and nn* states.

Directly probing these processes with optical spectroscopy is
challenging due to their ultrafast nature and the fact that nn*
states typically have low optical cross section,>® meaning that
their role is often inferred indirectly. Time resolved X-ray
spectroscopy offers a new tool in this regard due to the distinct
X-ray transitions which, in an orbital picture, depend on the
dipole overlap between core orbitals localized at the heteroa-
tom and the unoccupied valence orbitals of the molecule.”*
This has been utilized in pioneering X-ray absorption studies to
directly probe the role of dark nrt* excitations in the internal
conversion and electronic relaxation of organic chromo-
phores®®° using either high-harmonic generation or X-ray free
electron laser (XFEL) based sources in the soft X-ray range.
Extending time resolved heteroatom K-edge absorption spectroscopy
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to biologically and chemically relevant sulfur containing compounds
requires probing in the tender X-ray range (2-5 keV). Time resolved
studies at synchrotron facilities have demonstrated the chemical
sensitivity of S K-edge X-ray spectroscopy to photochemical reaction
products,**** and more recently developed XFEL sources and
beamlines in the tender X-ray spectral range are opening up time-
resolved S K-edge spectroscopy on femtosecond timescales.**

The focus of this work is thiopyridone (TP), the sulfur
substituted analogue of hydroxypyridine, which in turn is one
of the simplest model systems for the photophysics and tauto-
merization of DNA base-pairs. Photo-excitation of thiopyridone
leads to rapid and efficient intersystem crossing to a long-lived
reactive triplet state.*®?” Previous X-ray and optical studies on
2-thiopyridone*®* have focused on the photochemistry of the
triplet state, in particular the possibility of it undergoing
excited-state proton transfer to form the thiol form 2-mercapto-
pyridine (2-MP). However, the process of triplet state formation
has not been resolved due to the ultrafast timescales involved.
Theoretical calculations for 2-TP**** have predicted rich
intersystem crossing dynamics which proceed via a dark singlet
nn* character state and a triplet excited state of mixed nn*, tn*
character to form the lowest triplet state within 1 ps.

Here, we directly probe the role of the intermediate dark nn*
states in the IC and ISC of thiopyridone with time resolved
sulfur K-edge X-ray absorption spectroscopy, electronic excited
state molecular dynamics with surface hopping to describe
non-adiabatic changes in electronic state, and quantum chemical
simulations of the sulfur K-edge X-ray absorption spectra.
To understand the impact of chemical structure and solvent
environment on the excited state dynamics, we compare 2-TP
(ortho isomer) with 4-TP (para isomer) dissolved in acetonitrile
and water. This combination of experimental and theoretical
methods provides a firm foundation for interpreting the isomer
dependence of the electronic excited state dynamics of solution
phase thiopyridone.

1.1 Methods

1.1.1 Experimental methods. Time resolved sulfur K-edge
X-ray absorption (XA) experiments were performed at the Alvra
Prime instrument at swissFEL (proposal no. 20221944). XA
spectra were measured in total fluorescence yield using an
avalanche photodiode placed 1.5 cm from the sample and a
Si(111) crystal monochromator to select the photon energy. The
resolution of the monochromator was sufficient to resolve
the 0.7 eV lifetime broadening of the XA features at the sulfur
K-edge. Thiopyridone isomers 2-mercaptopyridine and 4-mercapto-
pyridine were purchased from TCI chemical and used without
further purification. When dissolved in acetonitrile or water,
both 2- and 4-mercaptopyridine convert to the 2- and 4-thio-
pyridone structures. The photon energy axis of the monochro-
mator was calibrated to align the S; — n* resonance position of
2-TP in acetonitrile with the spectra reported in ref. 38, which are
in turn calibrated to the sulfur K edge XA spectrum of sodium
thiosulfate. 2-TP was dissolved in water or acetonitrile at 43 mM
concentration and 4-TP was dissolved at 11 mM concentra-
tion also in water and acetonitrile. The samples dissolved in
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acetonitrile were stored over molecular sieves and argon was
bubbled through the solvent prior to use to remove dissolved
H,0. Samples were delivered to the interaction point as a
cylindrical jet with 50 micron diameter. The experiments were
performed under a helium atmosphere at a pressure of 1 bar to
maximize the X-ray flux at the sample.

We pumped 2-TP/4-TP in acetonitrile and 2-TP in water at a
wavelength of 357 nm (3.47 eV) at a fluence of 5.9 mJ cm >
giving an excitation fraction of approximately 8% for 2-TP and
30% for 4-TP. The pulse intensity was chosen so that the pulse
energy dependence of the transient bleach signal at 5 ps was in
the linear regime (see Fig. S4, ESIT). We recorded the majority
of the data with the pump polarization parallel to the X-ray
polarization. For 2-TP in acetonitrile, we also recorded a full
dataset of kinetic and spectral traces with perpendicular pump
and probe polarization in order to resolve the polarization
anisotropy of the XA signal. For all samples, we recorded energy
scans for a series of quasi-logarithmically spaced time delays
between 0.2 and 200 ps and time delay scans to ~100 ps
(sample dependent) were recorded at the main absorption
features. The temporal instrument response function was esti-
mated to be 90 fs from fits to the kinetic traces. To account for
temporal drifts in the laser X-ray arrival time, reference kinetic
traces at the bleach feature were recorded regularly and the
time axis of subsequent or prior scans were aligned to the
nearest reference scan. Note that this means that there is a
systematic uncertainty in the exact position of time zero in the
experimental kinetic traces. We also subtracted the below-edge
absorption from the static spectra and normalized the differ-
ence spectra to the static absorption above the edge.

1.1.2 Theoretical methods. We used density functional
theory (DFT) and multi-configurational quantum chemical
calculations to accurately describe chemical bonding and elec-
tronic excitations in the 2-TP and 4-TP isomers. The calcula-
tions of electronic excitations, excited state molecular dynamics
(ESMD) simulations, and computation of XA spectra were per-
formed on different gas phase and solution models. Geometry
optimizations for both ground states and various valence
excited states were performed with the Gaussian 16 software
package®® using DFT and linear-response time-dependent DFT
(TDDFT)** with the ®B97XD** exchange-correlation functional
and the def2-TZVP***” basis set. For additional details on the
theoretical methods, please see Section S5 in the ESL.{ In 4-TP,
geometry optimizations resulted in ground and excited state
structures with C,, symmetries. However, in 2-TP, due to
unsuccessful attempts to optimize all structures in C; symmetry,
geometry optimizations were also performed in Cs symmetry, and
used to derive sulfur K-edge XA spectra. Nevertheless, the 2-TP
ground and excited state structures in C; and Cg symmetries,
exhibit only negligible differences in geometries (please see
Table S10, ESIT). Structural analysis also revealed an alternative
geometry featuring an out-of-plane C-S bond in the S, excited
state of 4-TP. This structure was found to be 0.2 eV more stable
than the planar C,, configuration and was thus included in
subsequent spectral comparisons. However, this geometry was
obtained only for the S, state of 4-TP on imposing no symmetry
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constraint; similar optimization for the ground and excited
states of 2-TP and 4-TP (other than S,) did not provide such
non-planar structures. The primary conclusions are derived
from the results within an implicit acetonitrile solvation
model®® for the two isomers, 2-TPjsf and 4-TPjsy. Informa-
tion on additional gas phase and explicit solvation models
considered in the analysis are collected in the ESI,¥ under
Section S5.1, Fig. S12 and Tables S8-S11. Electronic valence
excitations for the ground state geometries were calculated in
the ORCA-5.0.3 program package®’ using the def2-TZVP basis
set and exchange-correlation functional ®B97X>° together with
D4 dispersion correction.”® This provides reference to the
valence excitation energies at the same level of theory prior to
the dynamical simulations.

ESMD simulations of the two constitutional isomers were
executed using the surface hopping®* approach, as implemen-
ted in the SHARC-3.0 code.>*® Simulations were performed
on the 2-TP{55f and 4-TPj5f models, with forces, energies, and
wavefunction overlaps from TDDFT calculations in ORCA using
the same settings as in the static calculations. Initial conditions
with geometries and associated velocities were generated
from a discrete sampling of the Wigner distribution of vibra-
tional normal modes. From analysis of the corresponding
UV-visible spectra, we concluded that photoexcitations asso-
ciated with S, (rm’f) excitations are deemed essential for the
current study. Accordingly, out of the 300 initial conditions in
the Wigner sampling, we simulated 150 trajectories from
the ESMD-S, set for the 2-TP and 4-TP models. The default
parameters in SHARC were used for determining the non-
adiabatic coupling and spin-orbit coupling (SOC) in the ESMD
simulations.>®¢?

We simulated sulfur K-edge XA spectra for 2-TP and 4-TP with
a multi reference approach to assign features in the transient
spectra. Initially, we compared the valence excitation results from
TDDFT with those obtained using multistate complete active
space perturbation theory (MS-CASPT2)**™*® with a CAS(12, 10)
active space in OpenMolcas v.23.06.®° To accommodate the core
excitations, the active space was expanded using restricted active
space perturbation theory (RASPT2).°>’® The sulfur 1s core
orbital (with two electrons) was incorporated into the active space
alongside at most one hole in the core orbital. The resulting
RAS(14,1,0;1,10,0) active space, combined with the highly excited
state scheme,”>”* allowed us to determine the core excited states
and derive XA spectra for ground and valence excited states. The
transition dipole moments of the valence and core excitations
were calculated in the integrated restricted active space state
interaction (RASSI) framework’>”* in OpenMolcas.

2 Results

2.1 Valence electronic excited states

To understand the character of the valence electronic excited
state structure, we first examine the energy and orbital char-
acter of the excited states of 2-TP and 4-TP at the optimized
geometry of the ground state (Franck-Condon point).

Phys. Chem. Chem. Phys., 2025, 27,16371-16382 | 16373
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Fig. 1 (A) Qualitative depiction of the singlet (S,) and triplet (T,) excited

state energies of 2-TP at the Franck—Condon point calculated at the
TDDFT level (energies summarized in Tables S12 and S13 in the ESIf).
The dominant expected IC and ISC pathway is depicted on the diagram.
(B) Equivalent diagram for 4-TP, ISC from S; to T in this isomer is expected
to be less efficient due to the same orbital character of these states at
the Franck-Condon point as illustrated with the dashed orange line.
(C) Experimental UV-vis spectra of 2-TP and 4-TP in water and acetonitrile.
The inset in the top right shows a zoom-in on the 2.2 eV to 3.5 eV region of
2-TP and 4-TP in acetonitrile. (D) Frontier molecular orbitals which
describe the low lying singlet and triplet states of 2-TP and 4-TP.

Fig. 1A and B presents the vertical excitation energies and
energetic ordering of the low lying singlet and triplet states in
2-TP and 4-TP calculated via TDDFT in an implicit acetonitrile
solvent medium. The full datasets at the TDDFT and CASPT2
levels of theory are tabulated in Tables S12, S15 (2-TP) and S13,
S16 (4-TP) in the ESI.f The frontier molecular orbitals contri-
buting to the low-lying singlet and triplet states are shown in
Fig. 1D. The complete active space implemented in the multi
reference approach is illustrated in Fig. S13 in the ESL¥
As noted in previous studies, the n and n orbitals both have
significant sulfur 3p character and are distinguished by the
orientation of the orbital with respect to the plane of the
molecule. The n orbitals are in the molecular plane and the =
orbitals are out of plane. Transient S K-edge X-ray absorption
spectroscopy (XAS) directly probes the S 3p character of the
unoccupied molecular orbitals and provides a powerful means
of characterizing the orbital character of electronic excited
states.

Experimentally measured UV-visible spectra for both iso-
mers in acetonitrile and water are shown in Fig. 1C. The UV-
visible spectrum of 2-TP shows two absorption bands at
approximately 3.4 and 4.2 eV in acetonitrile. This finding is
in qualitative agreement with the computed UV-vis spectra in
Fig. S14 (ESIT). Based on the TDDFT and CASPT2 calculations,
and consistent with previous studies,”>’® we assign the lower
lying absorption band to the S,(nn}) state, while the higher
lying band is assigned to Si(nm3) and higher singlet state
excitations. The UV-visible spectrum of 4-TP is dominated by
a single absorption at around 3.55 eV which is assigned
primarily to the S;(nn}) state. Higher lying singlet states in
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this isomer absorb above 5 eV. For both isomers, photo-
excitation at 3.5 eV populates the S, (nr}) state.

The TDDFT calculations suggest that the S; state of 2-TP
has nnj character and is very close in energy to the S;(nn})
state (separated by less than 200 meV). Indeed, the CASPT2
calculation in this study of 2-TP gives an inverted energetic
ordering nm} and nrn} character singlet states but also place
them very close in energy. The lowest lying triplet state of 2-TP
has nn} character and is separated by more than 1 eV from
Si(nn}), indicating that direct intersystem crossing from
Si(nm}) to Ty (nn;) is unlikely to be efficient. However, in
between these states are two higher lying triplet states of nm}
and nn} characters which are not only close in energy to each
other but also to the S; (nn’{) state at the Franck-Condon point.
The small energy separation between these states gives a
potential ISC pathway from S; (nn}) to Ty (nnj) through these
states.

For 4-TP, TDDFT calculations at the electronic ground state
geometry give the same energetic ordering of the singlet and
triplet states as 2-TP but predict a stabilization of the S, (nnj),
T>(nnj) and Ty (nn}) states relative to the bright S, (nn}) state
and the higher lying Ts(nn}) state. We see evidence for the
stabilization of the S;(nr}) state of 4-TP in the UV-vis spectra,
which has a very weak low energy shoulder on the 3.5 eV
absorption band in acetonitrile due to the S (nn}) state (see
Fig. S5, ESIT). The strength of this absorption feature is approxi-
mately 0.5% of the main nr* band. The equivalent lowest energy
band in 2-TP does not exhibit a low energy shoulder, consistent
with the weak absorption of the S, state overlapping in energy
with the bright state transitions at the Franck-Condon point.
Therefore, the energy separation between the S; state and the
bright S, state calculated to be larger in 4-TP than in 2-TP
appears consistent with the experimental spectra.

2.2 ESMD calculations

Fig. 2 summarizes the results from the excited state molecular
dynamics simulations performed for 2-TP and 4-TP in an
implicit acetonitrile solvent. Panels A and B show the time-
dependent adiabatic state populations over the 1 ps simulation
time for 2-TP and 4-TP respectively. For additional details, see
Section S5.2.2 of the ESL.{ In general and consistent with the
qualitative interpretation of the excited state ordering in the
ground state geometry, we see a much faster build-up of the T,
state population in 2-TP than in 4-TP. For 2-TP, T, exhibits a
dominant state population among all the adiabatic states
within 1 ps. In contrast, in 4-TP only a minimal triplet state
population appears within the first picosecond, with a signifi-
cant population accumulating in the S; state.

For 2-TP, the simulations initially show a very rapid IC from
the bright S, state into the dark S, state, followed by a
subsequent rise of triplet states population. A transient T,
population builds up over the first 200 fs, which eventually
decays into T;. To identify the ISC pathway, we follow the
transition matrix shown in Table 1, which collects the number

This journal is © the Owner Societies 2025
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Fig. 2 Dynamical simulations of 2-TP and 4-TP molecules in acetonitrile
solution (implicit solvation model). The population is presented in the
adiabatic representation. Panels (A) and (B) show population dynamics of
the ESMD-S; set of trajectories for 2-TP and 4-TP respectively.

Table 1 The difference transition matrices determined from dynamical

simulations of 2-TP and 4-TP. In each case, the positive values define the
column

overall (net) number of transitions from state — state™", while the
negative values define the same, but from state™" — statecoum"

So S S, S S, S5 T, T, T,
2-TP
So 0 0 0 0 0 0 0 0 0
S1 0 0 140 0 —1 0 0 —83 —30
S, 0 —140 0 0 1 0 0 8 —17
S;3 0 0 0 0 0 0 0 0 0
Sa 0 1 -1 0 0 0 0 0 0
Ss 0 0 0 0 0 o0 0 0 0
T; 0 0 0 0 0 0 0 102 —11
T, 0 83 —8 0 0 0 —102 0 53
T3 0 30 17 0 0 0 11 —53 0
4-TP
So 0 0 0 0 0 0 0 0 0
S, 0 0 134 —4 0 0 1 —20 -2
S, 0 —134 0 3 1 0 0 -1 —1
Ss3 0 4 -3 0 -1 0 0 0 0
S4 0 0 -1 1 0 0 0 0 0
Ss 0 0 0 0 0 0 0 0 0
Ty 0 -1 0 0 0 0 0 18 0
T, 0 20 1 0 0 0 —18 0 2
T, 0 2 1 0 0 o 0 -2 0

of hops between states in the dynamical simulation. This shows
a large number of S, — S; transitions consistent with the fast
initial IC to S;. The dominant ISC transition occurs through
S; — T,, followed by the S; — T; channel, corresponding to
triplet (nn) and (nmj) electronic state configurations in the
Franck-Condon region, respectively. The S; — T; pathway does
not lead to significant T; population within the state dynamics,
largely due to a fast T; — T, internal conversion. Subsequently,
an efficient IC from T, to T; results in a considerable T,
population within 1 ps. The ESMD simulation thus suggests
that the dominant photorelaxation pathway to T; in 2-TP is
as follows: S (nnj) — S(nnj) — [T(nn}) — T(nn3)] — T(nrn}).
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Excitations to higher lying singlet states are insignificant and
do not affect the ISC dynamics due to rapid internal conversion
to the S, state within the first 50 fs.

For 4-TP, the ESMD simulations show a much slower rate of
internal conversion from S, to S; with population transfer
between these states taking place over a time scale of
~200 fs. This is consistent with an increased energy separation
between the S; state and the higher lying singlet states in 4-TP
as compared to 2-TP. ISC from S, is also much slower in this
isomer and primarily proceeds via S; — T, ISC followed by
T, — T, IC, as shown in Table 1. Therefore despite the S; — T,
pathway being the predominant route for singlet-to-triplet
transitions in both isomers, the rate of intersystem crossing
is significantly faster in the ortho than in the para isomer. This
can be explained by considering the underlying electronic
characters of these states. While the S; state is (nn}) in both
2-TP and 4-TP, the character of the T, state is (nn}) in 2-TP and
(nm}) in 4-TP. Consequently, the dominant ISC pathway is El-
Sayed'"'>”” allowed in 2-TP, but El-Sayed forbidden in 4-TP.
For 4-TP, the corresponding El-Sayed allowed pathway is an
S; — T; transition, which is inefficient due to the large energy
gap between the S; and T; states.

We also note oscillatory population dynamics along the S;,
S,, T,, and Tj; states of 2-TP in the ESMD. These oscillations are
due to minimal energy separation between the two singlet
states, which leads to frequent re-ordering of nn* and nn*
states. The same is true for the two triplet states. This results
in recurrent state transitions between the electronic states.
However, the oscillatory behavior vanishes when the population
dynamics is followed along the character of these states, instead of
the adiabatic state representation. Such oscillatory behavior is
absent in the T; population of 2-TP and all electronic states in 4-
TP, suggesting that the states are energetically distinct. Addition-
ally, photo-induced stretching vibrations have been observed in
the dynamical simulation. These vibrations tend to induce motion
in the aromatic ring, which is governed by the geometrical
differences between the relaxed geometries of S; and S,. Thus,
the recurrent surface crossings along these modes can give rise to
the oscillatory population transfer between S; and S,. An analysis
was performed on the evolution of the vibrational normal modes
of the ground state in the simulation, which allowed for the
identification of some of the associated vibrations. We present a
detailed discussion of these vibrational dynamics in Section S5.2.3
of the ESI,} including Fig. S17-519, and Table S18.

The theoretical predictions point towards the key impor-
tance of the energy and character of the triplet intermediates in
the intersystem crossing dynamics of thiopyridone. The simula-
tions show a slower ISC rate in 4-TP than in 2-TP, in agreement
with picosecond optical transient absorption measurements by
Alam et al.,*® which reported a delayed rise time of 144 ps of the
triplet-triplet absorption band in 4-TP and an instrument response
limited, sub 100 ps ISC timescale in 2-TP. However, optical
spectroscopy is not strongly sensitive to nm* character states and
the time resolution of these measurements was not sufficient to
resolve the formation of the T, state in 2-TP.
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2.3 Time-resolved X-ray absorption spectroscopy

To probe the IC and ISC dynamics of these isomers, we employ
time resolved X-ray absorption spectroscopy at the sulfur
K-edge. This method probes the sulfur 3p character of the
unoccupied valence orbitals of the molecule and is therefore
expected to be sensitive to both nn* and nr* excited states due
to the significant sulfur 3p character of the n and m orbitals
holes created by the valence excited states.

The static S K-edge XA spectra of 2-TP and 4-TP in water and
acetonitrile (Fig. 3) show three main absorption features
around the absorption edge. The lowest peak at around
2471 eV corresponds to a S;; — m* transition associated with
the C=S bond and the two higher lying peaks at 2473.3 eV and
2475 €V correspond to S;; — o* transitions. The energy of the
Sis — m* peak is 0.4 eV lower in energy in 4-TP compared to
2-TP and shows a solvatochromic shift in going from acetoni-
trile to water. Comparison with the calculated ground state XA
spectra shown in Fig. 5 indicates that this peak has contribu-
tions from transitions to the n] and n} orbitals in 2-TP, while in
4-TP it corresponds to a transition to the n] orbital, reflecting
the lack of amplitude on the sulfur atom in the r; orbital in this
isomer (see Fig. 1D). The peak at 2475 eV, visible in the
acetonitrile spectra of both isomers, also shows a strong
sensitivity to hydrogen bonding and is significantly broadened
and shifted to higher energy in water.

For the time resolved measurements, we first focus on a
comparison between 2-TP and 4-TP in acetonitrile. The key
spectral changes observed in 2-TP and 4-TP over the first 4 ps
following photo-excitation are depicted in Fig. 4. The difference
XA spectra of 2-TP (Fig. 4A) show a strong below-edge transient
absorption at positive time delays corresponding to a transition
into the vacant n or m orbital. At short time delays this
absorption feature is accompanied by an increase in absorption
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Fig. 3 (A) Static XA spectra of 2-TP and 4-TP in acetonitrile and water.

(B) lllustration of the sulfur K-edge X-ray transient absorption spectro-
scopy methodology, where the UV pulse in orange opens a new channel
for the subsequent X-ray pulse in blue. The plot shows static and pumped
XA spectra recorded for 2-TP in acetonitrile at 2 ps. The orbital character
of the XA features are labeled on the plot. The inset shows a qualitative
illustration of the time resolved X-ray absorption methodology. An optical
pump pulse photo-excites the system and the ensuing dynamics are
probed with a time delayed X-ray pulse at the sulfur K-edge. The strong
new feature below the edge in the pumped spectrum is due to a transition
into the vacancy in the © or n orbital.
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Fig. 4 Summary of the experimental transient XA spectra of 2-TP and 4-
TP in acetonitrile. (A) Full transient XA spectra of 2-TP recorded at 0.2, 0.5
and 2 ps time delay. The inset shows a zoom in to the below edge transient
absorption feature. (B) Kinetic traces of 2-TP at select photon energies
over the first 4 ps. The energetic positions of the traces correspond to the
color coded lines in panel (A). The data points show the raw data and
associated uncertainty while the solid lines show the result of a global fit to
the traces detailed in the text. (C) and (D) Equivalent plots for 4-TP in
acetonitrile.

at around 2475 eV. Within the first picosecond, the below-edge
transient absorption peak blue-shifts in energy by (0.37 + 0.01) eV
from (2467.78 + 0.01) eV to (2468.15 £ 0.01) eV with a time
constant of (0.58 =+ 0.04) ps. The fit of the spectral data
indicates that this shift in energy is best described by a change
in amplitude of two discrete peaks, corresponding to distinct
electronic states, rather than a continuous energy shift of a
single peak. A detailed discussion of this analysis can be found
in Section S4 of the ESIL.{ The shift in the below-edge absorption
is accompanied by the decay of the 2475 eV feature, also on a
sub-picosecond timescale. After this point in time, the energy of
the spectral features remains constant, but the relative ampli-
tudes of the peaks continue to evolve on a timescale of 5 ps,
with the magnitude of the below-edge transient absorption and
Si1s = m* bleach increasing with time and the magnitude of the
Sis — o* bleach decreasing with time.

This spectral evolution is reflected in the kinetic traces and
corresponding fits, as shown in Fig. 4B. We fit the kinetics with
a global sequential kinetic model described in detail in Section
S2.2 of the ESI,f where the final species in the model is
assumed to be long-lived on the timescale of the experimental
data and corresponds to a triplet electronic excited state. The
number of kinetic species required was determined by compar-
ing the reduced y* of the fit for 2, 3 and 4 species models as
discussed in the ESI,{ Section S3. For 2-TP, three kinetic species
gave the best description of the data. The time constants
obtained from the model using three kinetic species are
collected in Table 2 and the result of the fit can be found in
Fig. 4B. The first kinetic species, which decays with a (0.58 +
0.04) ps time constant describes the spectral shift in the below-
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Table 2 Energies of the below-edge induced absorption feature and time
constants describing the sequential kinetic model fit to the data recorded
for 2-TP and 4-TP in acetonitrile. The energies are obtained by fitting two
(2-TP) or three (4-TP) Lorentzian peaks with fixed energies and widths and
variable amplitude to the spectra recorded between 0.2 ps and 20 ps. The
fit optimizes the energy and width of the peaks as described in detail in
Section S4 (ESI). The decay constants are obtained from a global fit of a
three or four component kinetic model to the traces shown in Fig. 4 and
described in detail in the ESI, Section S2.2

Parameter 2-TP acetonitrile 4-TP acetonitrile

E, (eV) (2467.78 £ 0.01) eV (2467.2 + 0.2) eV
E, (eV) (2468.15 + 0.01) eV (2467.7 + 0.1) eV
E; (eV) N/A (2467.93 + 0.07) eV
7, (ps) (0.58 £ 0.04) ps (0.33 £ 0.03) ps

7, (ps) (4.8 £0.5) ps (15 + 6) ps

73 (ps) N/A (46 £ 1) ps

edge feature and the decay of the 2475 eV absorption, while the
second spectral evolution associated with a (4.8 £ 0.5) ps time
constant describes changes in peak amplitudes associated with
a decay in the anisotropy of the transient XA signal as discussed
in the ESL{ Section S3.1.3. Therefore, we assign the first time
constant to ISC to the long-lived triplet state, while we assign
the slower time constant to rotational diffusion effects. Our
analysis indicates our measurement lacks the time resolution
to resolve the S, — S; IC consistent with the sub-50 fs IC
dynamics seen in the ESMD for 2-TP.

To assign the spectral features, we compare the experi-
mental spectra with RASPT2 calculations of the S K-edge XA
spectra for 2-TP in its low lying singlet and triplet excited states
shown in Fig. 5A. Note that the state associated with a parti-
cular character may vary with molecular geometry and com-
putation method. Moreover, in the ESMD simulation, the
dynamics primarily involves singlet or triplet states associated
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Fig. 5 S K-edge XA spectra of (A) 2-TPinsi® and (B) 4-TPins® models for
the Sy, S, T1 and T, states. Spectra are calculated at the optimized
geometry of the respective valence excited state. The experimental
spectra at 0.2 ps, 2 ps are shown for comparison. The dashed lines on
the experimental spectra show the peak position obtained from a multi-
peak fit to the spectra summarized in Table 2. The energy axis of the
theoretical spectra is shifted by 4.45 eV to align the ground state n*
resonance with the experiment. Ground state experimental and RASPT2-
computed spectra are compared in the top panel (black and gray curves

respectively).
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with 7} character orbital. Therefore, we focus on states exhibit-
ing the desired characteristics (nn} and nn}) and spin multi-
plicity in the X-ray spectral calculations, rather than their
precise excited state ordering. When referring specifically to
the calculated XA spectra we therefore drop the subscript
denoting the adiabatic ordering of the state and label them
S(rnn}), S(nn}), T(rnn}) and T(nm}). We reintroduce the sub-
script when making assignments of spectra to adiabatic states
in the ESMD calculations. Sulfur K-edge XA spectra were
calculated for the ground state geometry and for the relaxed
geometries of the excited states to investigate the effect of
vibrational relaxation. The calculated spectra shown in Fig. 5
correspond to the excited state geometry. Additional discussion
of the computed spectral features can be found in Section
S5.3.1 of the ESL including Fig. S20 and Tables S19 and S20.
Consistent with the experimental data, the calculated XA spec-
tra for all the excited states considered show a strong absorp-
tion feature below the edge and an additional absorption
feature above the S;; — o* transition. An analysis of the
features based on the natural transition orbitals (NTO) and
transition dipole moments is shown in Fig. S8 and discussed in
Section S5.3.2 of the ESL{ In essence, the below-edge feature
corresponds to a transition into the vacant n orbital in the case
of S(nnj) and T(nmj) states or the vacant  orbital for the
S(nn}) and T(nn}) states while the higher lying feature is due
to a change in energy of the S;; — o* transition in the
excited state.

While the singlet and triplet states with nnj character have
essentially identical XA spectra at their relaxed geometries,
there are clear differences between these and the calculated
XA spectra of the nn* character states S(nnj) and T(nn}). The
spectral position of the below-edge transient absorption feature
is within 10 meV for the S(rr}), S(nn}) and T(nn}) states, but
is significantly blue-shifted in the T(nn}) state, consistent with
differences between the experimental spectra at 0.2 ps and 2 ps,
as shown in Fig. 5. The calculated energies of the below-edge
peak for each state are summarized in Table S21 of the ESL{
The absolute energetics and magnitude of the predicted shift of
the T(nnj) state relative to S(nn}) is in excellent agreement
with the experimentally measured value of (0.37 £+ 0.01) eV.
Furthermore, the experimentally measured timescale for the
shift in the energy of the transient absorption of (0.58 + 0.04) ps
shows excellent agreement with the ESMD prediction of the time-
scale of the T, (nn}) state formation in 2-TP.

We also considered the effect of vibrational relaxation on the
excited state sulfur K-edge spectra by calculating the spectra for
both the ground and excited state geometries. As discussed in
the ESI,{ Section S5.3.1, structural relaxation blue-shifts the
energy of the below-edge feature in the singlet states by 400 meV to
500 meV but does not significantly affect the triplet spectra.
However, the energy of the below-edge XA feature in the ground
state geometry in either the S(nn}) or S(n7}) state is calculated
to be much lower than what is observed experimentally at 200 fs
and therefore ISC to T (nn}) from a higher lying state gives a
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better description of the measured data than vibrational relaxa-
tion of the Sl(nn’{) state. In addition, vibrational relaxation
would lead to a continuous shift in energy of the below-edge
feature with time delay. Fitting to the available experimental
spectra (Fig. S10 described in Section S4 of the ESIt) shows that
a transition between two discrete peaks better represents the
experimental observations than a single shifting peak.

Based on the below-edge absorption feature alone, the time-
resolved experimental difference spectra of 2-TP are consistent
with an electronic transition from either S(rr}), S(nmj), or
T(nn}) to the long-lived T(nn}) state. We also considered the
high-lying absorption feature at ~2475 eV which shows differ-
ences in energy and amplitude between the calculated S(nr}),
S(nn}), T(nm}), and T(mn}) XA spectra. The feature is predicted
to be strongest and at highest energy in the nmn* character
states, S(nxj), T(nx}). It is somewhat red shifted and reduced
in amplitude in T(nn}) and further red shifted and reduced in
amplitude for S(nr}). Therefore the experimental data, which
shows a decay of the feature to a small residual shoulder of the
Sis — o* transition with the same time constant as the blue-
shift of the lower energy excited state absorption, is in better
agreement with an nn* to nn* transition (either S(nn}), or
T(nr}) to T(nnj)) rather than a direct S(nnj) to T(rn}) transi-
tion, which would give an increase in the magnitude of this
feature with time. The assignment of the photo-induced
absorption at 2475 eV based on the calculated spectra is less
robust than the analysis of the excited-state absorption at
2468 eV because of the limitations for higher energy transitions
in the active space used for the RASPT2 calculations.

2.4 4-TP

Fig. 4C and D summarizes the measured S K-edge time-resolved
XA spectra of 4-TP in acetonitrile. We see similar features in
this isomer as in 2-TP, including a strong below-edge transient
absorption feature and a weaker increase in absorption above
the S;s — o* transition accompanied by bleaching of the static
XA features. However, there are some notable differences with
respect to the 2-TP spectra. Focusing on the kinetic traces
shown in Fig. 4D, there is a faster decay (0.33 + 0.03 ps time
constant) in the lowest energy trace recorded at 2467.19 eV (red
kinetic trace in Fig. 4D). Secondly, the amplitude of the
difference signal at very early time delays is reduced relative
to the signal strength at 2467.89 eV after 1 ps (purple kinetic
trace). This is reflected in the full spectra shown in Fig. 4 panel
C, which shows only a weak shoulder on the low energy side of
the below-edge peak at 200 fs. Then, between 200 and 500 fs,
there is an increase in the amplitude of the below-edge peak.
The kinetic traces and the evolution associated spectra
obtained from a global fit to these traces shown in Fig. S6 of
the ESI} indicate that this shoulder is due to a reduced
amplitude feature which has mostly decayed by 200 fs. Note
that we did not record spectra at shorter time delays due to
uncertainty in the position of time zero. As detailed in Section
S4 of the ESIf we fit the below-edge absorption feature
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recorded at select time delays with three Lorentzian peaks.
In this fit, we constrain the energy of the peaks to be constant
with time delay and the width of the peaks to be the same. The
energy of the fitted peaks is summarized in Table 2. The lowest
energy fitted peak at (2467.2 + 0.2) eV only has amplitude
in the earliest time delay spectrum, indicating that it corre-
sponds to the fast decay component seen in the 2467.19 eV
kinetic trace.

Fig. 5B shows the calculated sulfur K-edge spectra of 4-TP for
the two lowest lying singlet and triplet excited states. The states
with nr* character, S(nn;) and T(nr}), are again predicted to
have identical below-edge absorption in 4-TP. The T(nn}) state
is also predicted to give a very similar below-edge feature with
slightly reduced amplitude and shifted energy. Therefore tran-
sitions between these states do not explain the reduced ampli-
tude of the below-edge feature at early time delays observed in
the experiment. This means that intersystem crossing from
S(nm}) to T (nm) or T(nn}) would not explain the experimental
observations in 4-TP on sub-picosecond timescale. In contrast,
the calculated S(nr}) state spectrum shows reduced below-edge
absorption cross section and is red shifted with respect to the
other states. The calculated energy of this feature in the S(nry})
state of 2467.28 eV shows good agreement with the experi-
mental value of (2467.2 + 0.2) eV obtained from the fit. There-
fore, we conclude the experimental spectra are most consistent
with the (0.33 £+ 0.03) ps time constant describing the relaxa-
tion of the S(mn}) state. In principle, this could be due to
either internal conversion to S (nm}) or ISC to one of the triplet
states. However, the measured time constant is also in excellent
agreement with the predicted timescale of S, (nr}) — S (nm})
internal conversion from the ESMD calculations. Therefore,
while we cannot rule out alternative ISC or IC channels in 4-TP
on the basis of the experimental spectra alone, the good
theoretical agreement between both the XA spectra and the
observed timescales indicates S, (nn*) — S; (nm*) internal
conversion with a time constant of (0.33 + 0.03) ps provides
the best description of the data recorded at short time delays.

Unlike 2-TP, which does not show significant spectral evolu-
tion beyond the first picosecond, we observe subtle changes in
the spectral position of the below-edge absorption feature on
longer timescales in 4-TP. Between 0.2 ps and 20 ps there is a
small shift in the central energy of the below-edge absorption
feature as well as a decay of the low energy shoulder assigned
to the S(mr}) state. Within the three peak spectral model
described above, this corresponds to a transition between a
peak centered at (2467.7 £ 0.1) eV, which has dominant
amplitude at 0.2 ps to a peak centered at (2467.93 + 0.07) eV
which grows in amplitude and dominates the spectrum at 20 ps
(see Fig. S4 in Section S4 of the ESIt). Further, in the para
isomer, the ESMD simulations and previous optical studies
by Alam et al.®® suggest that the triplet state will be formed
on longer timescales. The calculated spectra show a small
difference in the energy of the below-edge absorption feature
between the singlet and triplet nn* states at around 2467.66 eV
and the T(nn}) state at 2467.83 eV. These energies are in good
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agreement with the experimentally fitted values indicating that
intersystem crossing from S; (nn}) to Ty (nn}) may play a role in
the spectral changes observed on a ~10 ps timescale. With this
in mind, we fit the kinetic traces in 4-TP to a 4 component
sequential kinetic model, which gives two time constants
describing the longer timescale evolution summarized in
Table 2. We tentatively assign the faster (15 + 6) ps component
to rotational diffusion, and the (46 + 1) ps component to the
formation of the triplet state (see Section S4 of the ESIT for
detailed discussion). However, due to the limited number of
kinetic traces recorded and the lack of distinct spectral
changes, it is difficult to definitively distinguish rotational
dynamics from potential electronic state changes in this iso-
mer. We also note that Alam et al. concluded ISC occurred with
a significantly longer time constant of 144 ps.

2.4.1 Solvent dependence. Experimental data recorded for
2-TP and 4-TP in water are presented in the ESI, Section S1.1.
We observe very similar dynamics and spectral features as in
acetonitrile and therefore apply the same fitting procedures to
these datasets. Time constants obtained from a global fit to the
kinetic traces and the energetic positions of spectral features
are summarized in Table S1 in the ESI.{ The static XA spectra of
2-TP show a strong solvent dependence in the energy of the
Sis — m* transition and in the shape of the spectrum in the
vicinity of the S;; — o* transitions. In contrast, the energy of
the pre-edge absorption at early times and the magnitude of the
energetic shift in the feature over the first picosecond do not
show a solvent dependence and are the same as in acetonitrile.
The main solvent induced difference in the excited state
dynamics is the increase in the ISC time constant from (0.58 +
0.04) ps in acetonitrile to (0.68 £ 0.04) ps in water. The timescale of
rotational diffusion is also increased to (12 £ 2) ps in water,
consistent with the increased solvent viscosity. The calculated XA
spectra and the absorption energies for the gas phase and explicit
water solvation model are collected in Fig. S21, S22, and Table S21
(ESIt), with additional discussion in Section S5.3.4 of the ESLt It
should be noted that while the various solvation models provide
excellent agreement with each other, the gas model exhibits the
largest discrepancy in computed spectral shifts. The experimental
data-set recorded for 4-TP in water is limited with lower signal to
noise than the other measurements. As shown in Fig. S1D (ESIt),
we nonetheless obtain a (0.30 & 0.08) ps IC timescale from a fit to
the kinetic traces, which is the same within the uncertainty as in
acetonitrile. We also see an evolution in the kinetic traces on a
similar timescale to 4-TP in acetonitrile (see Fig. 3). However, the
reduced data quality precludes quantitative characterization of
these dynamics for 4-TP in water.

3 Discussion and closing remarks

We have used time resolved X-ray absorption spectroscopy at
the sulfur K-edge to access the IC and ISC dynamics of 2-TP and
4-TP in acetonitrile and water. The experimental measurements
are in excellent agreement with key predictions from ESMD
simulations of the excited state dynamics and calculated
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excited-state S K-edge spectra. For 2-TP, the sulfur K-edge
time-resolved XAS primarily probes the timescale of triplet state
formation which is measured to be (0.58 &+ 0.04) ps in aceto-
nitrile and (0.68 & 0.04) ps in water. This observed timescale is
in good agreement with the overall triplet formation time from
the ESMD calculations. The energetic shift in the below-edge
absorption feature of (0.37 £+ 0.01) eV is also in excellent
agreement with the calculated energy difference between this
feature for the T(nn}) state and the higher lying excited states.
However, the definitive assignment of the short timescale
experimental spectra based on the RASPT2 calculations of the
XA spectra is precluded by the small predicted energy shift
between the S(nn}), S(nn}), and T(nn}) states. The similarity of
the XA spectra of these states in part reflects the theoretical
prediction that they are very close in energy and mixed in
character in 2-TP. Despite this limitation, a comparison of
the calculated ESMD and the S K-edge XAS for the electronic
excited state difference spectra with the experimental spectral
dynamics leads us to conclude that the population dynamics
are dominated by the decay of the S (nn}) excited state and the
formation of the long-lived T, (nn}) character excited state. The
simulation of 2-TP dynamics indicates the experiment lacks the
necessary time-resolution to observe the S, — S; IC.

In contrast both IC and ISC are much slower in 4-TP. We
assign the sub-ps population dynamics in the experiment to the
S, — S; internal conversion on a (0.33 + 0.03) ps timescale in
acetonitrile and (0.30 + 0.08) ps in water. This adds evidence in
support of the hypothesis that a stabilization of the S; (nn*)
state in 4-TP is responsible for the increased IC timescale in
this isomer. We also observe subtle spectral changes on a
timescale of (46 + 1) ps in 4-TP which we tentatively assign to
ISC to the T, triplet state. This is again consistent with the
theoretical prediction that ISC is less efficient in this isomer
due to the energetically favored pathway (S;(nn})) —
(T>(nm})) being nominally El-Sayed forbidden and the EI-
Sayed allowed pathway through T;(nn}) being inefficient due
to the higher energy of the T;(nn}) state relative to S;. We note
that the determination of the ISC pathway proves less experi-
mentally conclusive for 4-TP than 2-TP, due to challenges in
separating ISC on >10 ps timescale from rotational effects.
Therefore, the conclusions drawn for 4-TP regarding the time-
scale ISC relies on the good agreement between the fast time
constant extracted from the experimental data and timescale of
IC predicted in the ESMD calculations, as well as the good
agreement between the calculated XA spectra and the peak
positions extracted from the available experimental spectra.

Due to the large contribution of sulfur 3p character in the &
and n frontier orbitals occupied in the electronic ground state
and depopulated in the lowest energy valence electronic excited
states of 2-TP and 4-TP, time-resolved sulfur K-edge absorption
proves to be sensitive to both nn* and nrn* character excited
states with either singlet and triplet spin multiplicities. While
time resolved S K-edge XAS provides a universal probe of the
low lying electronic excited states in these systems, distinguish-
ing nm* and nr* states, which are close in energy, is challenging
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due to the ~0.7 eV lifetime broadening of the absorption
features and the similar S;; — © and S;3 — n cross-sections.
We have augmented our measurements with electronic excited
state molecular dynamics simulations and RASPT2 simulations
of the S K-edge difference spectra for distinct electronic excited
state configurations. These theoretical findings prove essential
to extract robust mechanistic information from the experi-
mental results. Future studies targeting time resolved S K-
edge RIXS could improve the spectral resolution beyond the
1s core hole lifetime broadening and potentially distinguish
singlet from triplet excitations based on the anti-Stokes scatter-
ing signal.”® In general, polarization-dependent ultrafast XAS
will assist in identifying the character of the electronic excited
states. Unfortunately for 2-TP and 4-TP, excitation of the S-1s
electron into the n or the n vacancy created in nn* and nn*
character valence excited states have polarizations nearly ortho-
gonal to the S, (n*) valence excited state and, consequently,
exhibit the same polarization dependence. Also combining S
K-edge spectroscopy with either X-ray measurements at a
complimentary absorption edge or optical spectroscopy could
further disentangle nm* and nn* states which are close in
energy. For example in thiopyridone, the nr* states are pre-
dicted to have reduced electron density on the nitrogen atom
meaning that nitrogen or carbon K-edge spectroscopy could
selectively probe the role of nn* states in the photophysics of
these molecules.

In the theoretical investigations, we assessed the accuracy
of the implicit solution models in comparison with other
gas phase and micro-solvated models, referred to as 2-TP%,
2-TPoG", 4-TP#, and 4-TPeqi’. To summarize briefly, the
results indicate consistency between the overall non-adiabatic
dynamics of the explicit aqueous (micro-solvated) solvation
models and those observed in the implicit acetonitrile solvation
models. These similarities are primarily noticed in the evolu-
tion of electronic states, while structural variations exist
between the two solvent models. In contrast, simulations of
gas phase models at the TDDFT and CASSCF levels, including
the previously published investigation,*" suggest large varia-
tions in the electronic structure of the gas phase and the
solvated thiopyridone systems. Such alterations are attributed
to the difference in the valence excited states and their under-
lying characteristics, which may modify the nature of the
dynamics. Similar observations are also made in the computed
sulfur K-edge absorption spectra of 2-TP. For instance, as
presented in Table S21 (ESIt), while the computed spectral
shifts of the transient absorption features of 2-TP are consistent
among the solvated models, the largest deviations are noted for
the gas phase calculations. Nevertheless, these intricate details
of the theoretical aspects are outside the scope of the present
paper and will be the subject of an independent study.”®

Finally, previous studies have suggested that 2-TP may
undergo excited-state proton transfer on ultrafast timescales’®
prior to triplet state formation. We did not see evidence for
this process in the isomers and solvents addressed here. Our
results are consistent with previous studies which found
that the photochemistry of thiopyridones originates from the
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long-lived triplet state rather than the singlets which are rapidly
depopulated in <1 ps in the case of 2-TP. We also performed
comparative measurements on the triplet state photochemistry
between the isomers and solvents discussed in this work. These
measurements indicate that the formation of excimers is the
dominant deactivation mechanism of the triplet state. The
dynamics of excimer formation will be discussed in a future
publication.®
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