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ABSTRACT

We present a comprehensive, combined experimental and theoretical study of the core-level photoelectron and near-edge x-ray absorption
fine structure (NEXAFS) spectra of 2-thiouracil, 4-thiouracil, and 2,4-dithiouracil at the oxygen 1s, nitrogen 1s, carbon 1s, and the sulfur
2s and 2p edges. X-ray photoelectron spectra were calculated using equation-of-motion coupled-cluster theory (EOM-CCSD), and NEXAFS
spectra were calculated using algebraic diagrammatic construction and EOM-CCSD. For the main peaks at O and N 1s as well as the S 2s
edge, we find a single photoline. The S 2p spectra show a spin–orbit splitting of 1.2 eV with an asymmetric vibrational line shape. We also
resolve the correlation satellites of these photolines. For the carbon 1s photoelectrons, we observe a splitting on the eV scale, which we can
unanimously attribute to specific sites. In the NEXAFS spectra, we see very isolated pre-edge features at the oxygen 1s edge; the nitrogen edge,
however, is very complex, in contrast to the XPS findings. The C 1s edge NEXAFS spectrum shows site-specific splitting. The sulfur 2s and 2p
spectra are dominated by two strong pre-edge transitions. The S 2p spectra show again the spin–orbit splitting of 1.2 eV.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0226983

INTRODUCTION

Thiouracils are analogs of the naturally occurring nucleobase
uracil, obtained by replacing one or both oxygen atoms with sulfur.1

Thionucleobases, in general, have a long-standing history in medical
treatment and research being used in cancer therapy, immunosup-
pression, hyperthyroidism treatment, or UV cross-linking.2,3 The
substitution of oxygen by sulfur leads to significant photophysi-
cal and photochemical changes in the molecules. These include a
strong red shift of the UV absorption and a fast relaxation into
triplet states.2,3 The latter contrasts the photodynamical behav-
ior of their canonical counterparts, which relax quickly into their

ground state after photoexcitation, a feature that contributes to their
photostability.4

The different photophysics of thionated nucleobases has drawn
attention in recent years, and many studies have been conducted to
develop a good understanding of the relaxationmechanisms of these
molecules (see Refs. 2 and 3 and references therein). Among these,
thiouracils (see Scheme 1) are the most thoroughly studied samples
right now. The literature contains a variety of spectroscopic experi-
ments performed with visible and UV light for both static and time-
resolved spectroscopy;5–21 hence, the valence electronic ground-state
structure is well established.9,16,18,22–26 With the availability of x-ray
free-electron lasers (FELs), the pool of experimental studies on
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SCHEME 1. Structural formula of (a) 2-thiouracil, (b) 4-thiouracil, and (c)
2,4-dithiouracil. The atom numbering in (a) is used for all three molecules.

nucleobases has been recently enhanced by means of time-resolved
x-ray photoelectron, Auger–Meitner, and x-ray absorption spectro-
scopies, shifting the focus from probing the dynamics via valence
electron transitions (in transient absorption or valence photoelec-
tron spectroscopy) toward highly localized inner-shell electrons.27–31

These experiments utilize the site- and element selectivity of x rays in
order to obtain a more direct insight into charge flows and geomet-
rical changes that are directly correlated to the transient electronic
states.

However, the literature on the core-level spectroscopy of
thiouracil is still sparse. To our knowledge, only one study of
synchrotron measurements has been published thus far.32 These
measurements have been conducted at the Elettra synchrotron in
Trieste and cover only the x-ray photoelectron spectroscopy (XPS)
of 2-thiouracil (2-tUra). Measurements performed by the authors at
the free-electron laser FLASH also include parts of the static x-ray
spectroscopy of 2-tUra,27,28,33 but these measurements are strongly
limited in spectral resolution due to the large bandwidth of the x-ray
pulses used for these experiments.34 This means, for example, that
the measurement of the S 2p photoline appears as a single feature
in FEL experiments due to the broad spectral width of the pulses,
whereas synchrotron measurements show spin–orbit splitting of
1.2 eV.32,34 Furthermore, 4-thiouracil (4-tUra) and 2,4-dithiouracil
(2,4-dtUra) have not been studied with x-ray spectroscopic meth-
ods so far, to the best of our knowledge. Only a computational study
on the time-resolved x-ray absorption spectra of 4-tUra has recently
been published.35 Here, we report a combined experimental and the-
oretical study on the x-ray photoelectron spectroscopy (XPS) and
near edge x-ray absorption fine structure (NEXAFS) spectra of the
three thionated nucleobases 2-tUra, 4-tUra, and 2,4-dtUra to fill
the gap in spectroscopic data on the three thiouracils. Spectra are
reported for the sulfur L edges and the carbon, nitrogen, and oxygen
K edges.

METHODS

Experiment

The experiments were performed at the PLEIADES beamline
of the synchrotron SOLEIL.36 Thiouracil was evaporated at temper-
atures of ∼120 ○C using a heatable cartridge inside the main vacuum
chamber. At these temperatures, the vapor pressure of thiouracils
is in the order of 1 ⋅ 10−4 mbar.37 The pressure in the main cham-
ber was around 1 ⋅ 10−7 mbar during the experiments. The pressure
in the gas cell could not be measured but had to be somewhere
between the vapor pressure of the sample and the main chamber
pressure. The x-ray beam was produced by an Apple II HU 80 per-
manent magnet undulator, and the exact photon energy was selected
using a 600 lines/mm grating. The beam could enter and exit the car-
tridge via pinholes. The focal size of the beam inside the gas cell is

ca. 100 μm wide in the horizontal dimension. In the vertical dimen-
sion, the beam is an image of the monochromator exit slit and, thus,
ca. 100 μm. The flux of the beam depends on themonochromator slit
size and photon energy used. For the used photon energies, the flux
is typically in the order of 5 ⋅ 1012 photons/s. Electrons generated by
the interaction of the x-ray beam with the sample vapor could exit
the cartridge perpendicular to the beam path via a slit that faced the
entrance of a hemispherical electron kinetic energy analyzer (Sci-
enta R4000). Photoelectron spectra were taken at the sulfur L edges
and carbon, nitrogen, and oxygen K edges using photon energies of
250 eV (S 2p), 330 eV (S 2s), 382 eV (C 1s), 495 eV (N 1s), and
628 eV (O 1s) with the overall estimated resolutions of 100, 200,
140, 300, and 470 meV, respectively. A complete set of the para-
meters of the monochromator and the hemispherical analyzer can
be found in Table VIII in the Appendix. The NEXAFS spectra for
the same edges were obtained by measuring and integrating reso-
nant Auger–Meitner (or Coster–Kronig) electron spectra with the
hemispherical analyzer while scanning the photon energy around
the respective ionization edge in steps of 0.25 eV. The monochro-
mator exit slit size was chosen for each edge so that it matches the
0.25 eV step size. The numbers for the energy resolution for each
molecule and edge can be found in Table IX in the Appendix.

Computational details

The vertical core ionization and excitation energies for 2-tUra,
4-tUra, and 2,4-dtUra were calculated at the ground-state minima
of the molecules. These structures were obtained by geometry opti-
mizations performed using coupled-cluster theory with singles and
doubles (CCSD) and the 6-31++G∗∗ basis set.38,39 Geometry opti-
mizations were performed using the program Q-Chem 4.4.40 The
minimawere found to be planar for all the thionucleobases, and their
stability was checked by frequency calculations at the same level of
theory.

XPS spectra

The core ionization energies at the different edges were com-
puted using the equation-of-motion coupled-cluster theory for
ionization potential, adopting the core–valence separation scheme
with frozen core to make the calculations numerically stable
(fc-CVS-EOM-IP-CCSD).41 Following Ref. 42, the 6-311+G(3df)
basis set was used, with uncontracted core functions on the carbon,
nitrogen, oxygen, or sulfur atoms, depending on the edge of inter-
est. Only the energies of the dominant ionization channels, with
the valence configuration unchanged, were computed. The ioniza-
tion intensity was approximated using Dyson norms. For the S 2p
edge, the XPS peaks are split due to core-hole spin–orbit coupling.
Therefore, the full spin–orbit coupling matrix was evaluated using a
procedure based on the Wigner–Eckart theorem,43 and the full elec-
tronic Hamiltonian was then diagonalized to get the relativistically
corrected ionization potentials. The calculations were performed
using the Q-Chem 5.3 package.44

The computed XPS peaks were further shifted to facilitate the
comparison with the experimental spectra. Each shift is edge-specific
and given by the average of the best match for each molecule at
the respective edge. The extent of each shift is typically dependent
on the chosen basis set, and it is difficult to find a basis that deliv-
ers the same shift for all edges.40 Furthermore, edge-specific scalar
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relativistic effects, not accounted for in the present simulations,
might lead to an additional shift.41

NEXAFS spectra

The core absorption energies at the C 1s, N 1s, O 1s, and
S 2s edges were computed using the extended variant of the
second-order algebraic diagrammatic construction theory with the
6-311++G∗∗ basis set45,46 and adopting the core–valence separa-
tion [CVS-ADC(2)-x].47 For these calculations, the program Q-
Chem 4.4 was used. The ADC(2)-x scheme has been shown to
improve the treatment of doubly excited states (“shake-up” transi-
tions), which are typically predicted too high in energy by the strict
“ADC(2)-s” variant.48 For the S 2p edge, the NEXAFS peaks are
split due to the core-hole spin–orbit coupling (SOC). Because the
calculation of the SOC at the ADC(2) level is not available in Q-
Chem, the S 2p NEXAFS energies and intensities were computed
using the equation-of-motion formalism of coupled-cluster theory
(EOM-CCSD) with core–valence separation and the 6-311+G(3df)
basis with uncontracted core on the sulfur atoms, as detailed in
Ref. 42. Spin–orbit coupling was evaluated by augmenting the
Hamiltonian with the Breit–Pauli spin–orbit coupling operator,
adopting a mean field approximation for the two-electron part,
as described in Ref. 49. Using Q-Chem 5.3 for these calcula-
tions, the augmented Hamiltonian was diagonalized in the basis
of non-relativistic wave functions to obtain spin–orbit-corrected
core-excited states. The assignment of the most intense NEXAFS
transitions is detailed in the Appendix.

RESULTS AND DISCUSSION

X-ray photoelectron spectra

Oxygen 1s

We begin with the presentation and discussion of the photo-
electron spectra of the three thiouracils. In Fig. 1(a), the O 1s XPS
spectra of 2-tUra and 4-tUra are shown. We find a binding energy
of 537.6 eV for 2-tUra, which agrees with the current literature
value,32 and 537.5 eV for 4-tUra. The width of the main photolines is
400meV for 2-tUra and 550meV for 4-tUra, which are broader than
the natural linewidth for oxygen (∼170 meV)50 but in the order for
the chosen resolution for this edge. A slight asymmetry in the spec-
tra might originate from vibrational broadening. The results of the
CCSD calculations are shown as gray sticks in Fig. 1(a) and are sum-
marized in Table I. The results were shifted by −1.53 eV to match
the experimental values and give a binding energy of 537.52 eV for
2-tUra and 537.58 eV for 4-tUra, respectively, after shift.

At higher binding energies, smaller peaks are observed in both
experimental O 1s spectra. For 2-tUra, there is a maximum at
543 eV, and for 4-tUra, there are two small maxima at 540 and
543.5 eV. The satellite peak for 2-tUra has been observed in a pre-
vious study and was attributed to a shake-up process.32 The second
satellite at 543.5 eV in the 4-tUra spectrum falls also into the range
of possible valence excitations, and it is hence reasonable to assume
that this peak can be attributed to a shake-up process.9 The first
peak, however, is only 2.5 eV away from the main photoline, which

FIG. 1. X-ray photoelectron spectra of thionated uracils at the O, N, and C K edges (a), (b), and (d) and S L edges (c) and (e). The solid lines are experimental data. The sticks
indicate the calculated binding energies for the core-level electrons shifted by −1.53, −0.90, −0.81, −0.46, and +0.18 eV for O 1s, N 1s, C 1s, S 2s, and S 2p, respectively.
Each shift is the average of the best match for each molecule at the respective edge. The order/color code of the molecules stated in (e) applies for all panels (blue—2-tUra,
orange—4-tUra, and green—2,4-dtUra).
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TABLE I. Summary of the experimental and calculated binding energies of 2-thiouracil, 4-thiouracil, and 2,4-dithiouracil.
Values are given in eV.

2-Thiouracil 4-Thiouracil 2,4-Dithiouracil

Core-level Theorya Exp.b Theorya Exp.b Theorya Exp.b Assign.

S 2p3/2

167.95
168.2

168.02

168.0
S7168.05 168.12

167.91
167.9

168.04
S8168.00 168.13

S 2p1/2
169.19 169.4 169.27

169.2
S7

169.15 169.1 169.28 S8

S 2s
232.91 232.5 232.98

232.5
S7

232.86 232.6 232.99 S8

C 1s

290.96 291.0 290.85 291.2 291.00 291.2 C5

292.98 292.9 292.79 292.7 292.87 292.7 C6

294.36
294.3

293.20 293.3 293.27 293.2 C2
c/C4

d

294.61 295.58 295.6 294.37 294.3 C4
c/C2

d

N 1s
406.75

407.0
406.73

407.1
406.93

406.9
N3

407.22 407.08 407.27 N1

O 1s 537.52 537.6 537.58 537.5 O8
c/O7

d

aThe values have been shifted by −1.53, −0.90, −0.81, −0.46, and +0.18 eV for O 1s, N 1s, C 1s, S 2s, and S 2p edges, respectively.
Each shift is the average of the best match for each molecule at the respective edge.
bValues represent centers of (multi-)Gaussian fit of the experimental spectra.
cApplies for 2-thiouracil.
dApplies for 4-thiouracil and 2,4-dithiouracil.

is outside the expected range for valence excitations of the molecule.
Referring to the literature, a small water contamination could lead
to a feature at 540 eV.51

Nitrogen 1s

The N 1s photoelectron spectra for the three molecules are
shown in Fig. 1(b). Only one feature is observed for all molecules.
The binding energy is measured to be 407.0 eV for 2-tUra in agree-
ment with the literature,32 407.1 eV for 4-tUra and 406.9 eV for
2,4-dtUra. The width of the peaks is 400, 350, and 360 meV for
2-tUra, 4-tUra, and 2,4-dtUra, respectively, and thus broader than
the expected lifetime broadening of 130 meV50 but again compa-
rable to the chosen resolution for this edge. The calculations [gray
sticks in Fig. 1(b)] exhibit two well-separated features, one for each
N atom, at 406.75 and 407.22 eV for 2-tUra, 406.73 and 407.08 eV
for 4-tUra, and 406.92 and 407.27 eV for 2,4-dtUra. All values have
been shifted by −0.90 eV tomatch the experimental ones. In all three
thiouracils, the 1s electron of the N3 atom is slightly weaker bound
than that of the N1 atom. The difference between the nitrogen atoms
is slightly larger in 2-tUra (∼0.5 eV) than in the other two thiouracils
(∼0.35 eV). The broader split in 2-tUra might be the reason for the
slightly broader peak in the experiment. Considering the signifi-
cant theoretical splitting between the two nitrogen atoms and the

capabilities of modern synchrotron beamlines, it can be reasonable
to investigate N 1s edge with a better resolution in the future again
to see whether it is possible to identify the individual contributions
of the nitrogen atoms.

Carbon 1s

The C 1s spectra are shown in Fig. 1(d). 2-Thiouracil shows
three peaks at 291, 292.9, and 294.3 eV, carrying about double the
strength compared to the other peaks. The binding energy and
strength agree with previous results.32 Four peaks are visible for the
other two molecules. In the case of 4-tUra, these are located at 291.2,
292.7, 293.3, and 295.6 eV. For 2,4-dtUra, they are at 291.2, 292.7,
293.2, and 294.3 eV. The theoretical results agree fairly well with
the experiment. For 2-tUra, the CCSD calculations (gray sticks) give
290.96, 292.98, 294.36, and 294.61 eV. Apparently, the experimen-
tal peak with the largest binding energy appears to be a combination
of two close lying ionization channels. However, the splitting is not
resolved experimentally. The reason for this might be a combina-
tion of a slightly to coarse resolution of the experimental system
as the lifetime broadening can be expected to be on the order of
100 meV50 and, additional vibrational broadening or post-collision
interaction (PCI) effects considering the asymmetry of the maxima
in the spectrum. With the given photon energy of 382 eV, however,
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the photoelectrons are too fast (∼100 eV kinetic energy) to be sig-
nificantly affected by the Auger electrons (∼250 eV) and, thus, PCI
should be negligible. For 4-tUra, the calculations give again four sep-
arated features at 290.85, 292.79, 293.20, and 295.58 eV. Apart from
the maximum with the lowest binding energy, the energies agree
well with the experiment. The four peaks for 2,4-dtUra are at 291.00,
292.87, 293.27, and 294.37 eV. In all three cases, the given values
have been shifted by −0.81 eV to match the experiment better.

The assignment to specific atoms follows from the simulations.
However, due to its educational value, we also estimate this on a
qualitative level.52,53 The pyrimidine ring of the thiouracils exhibits
four carbon atoms (see Scheme 1). All the carbons have a different
chemical environment and face atoms with different electronegativ-
ities than carbon (e.g., the Pauling electronegativity values of the
involved atoms are C: 2.55, N: 3.04, O: 3.44, and S: 2.58).54 By
evaluating the surrounding of the C atoms, one can make the fol-
lowing attribution. The peak at the lowest binding energy in all
three molecules belongs to the C5 atom as it is only surrounded by
other C atoms with the same electronegativity, thus leaving bonds
unpolarized. The second lowest peak belongs to the C6 atom as
the neighboring N atom slightly draws charge away from the C
because of its higher electronegativity. The third peak in 4-tUra and
2,4-dtUra can be attributed to the C4 atom because sulfur and nitro-
gen are both more electronegative than carbon. Finally, the fourth
peak in the two molecules belongs to the C2 atom, which is sur-
rounded by two N atoms and either an O or an S atom, all of which
have a higher electronegativity than C. The same four-peak struc-
ture and assignment can also be found in the canonical counterpart
uracil.55 For 2-tUra, the third peak is a combination of C4 and C2

as oxygen has a much stronger impact on the valence charge distri-
bution due to its significantly higher electronegativity. For this peak,
the CCSD calculation adds to this more heuristic assignment as it
suggests that C4 is slightly stronger bound than C2, but the difference
is too small to be resolved in the experiment.

Sulfur 2s

We continue with the sulfur L edges. The S 2s spectra are shown
in Fig. 1(c). All three molecules show a single broad feature, which
is located at 232.5, 232.6, and 232.5 eV for 2-tUra, 4-tUra, and
2,4-dtUra, respectively. The spectra have a full width at half maxi-
mum of about 1.6 eV, which is comparable to the natural linewidth
of the S 2s level in other sulfur containing molecules.56 The CCSD
calculations (gray sticks) give 232.52, 232.48, and 232.61 eV for the
three molecules after shifting by −0.46 eV to match the experiment.

Sulfur 2p

Figure 1(e) shows the x-ray photoelectron spectra at the
S 2p edge. We observe a spin–orbit (SO) split photoline in all
three molecules. The value of the SO-splitting is in all three cases
1.2 eV. For 2-tUra, the photolines are located at 168.2 eV (2p3/2) and
169.4 eV (2p1/2) in agreement with the previous literature.32 With
about −0.3 eV, the photoline in 4-tUra is slightly shifted against that
of 2-tUra giving values at 167.9 and 169.1 eV. The shift is slightly less
in 2,4-dtUra, and the two S 2p peaks are found at 168.0 and 169.2 eV.
The width of the lines is about 230 meV in all molecules, which is
broader than the expected natural linewidth of ∼100 meV.50 The
asymmetry of the maxima indicates that vibrational excitation or

PCI further broaden the spectrum. Post-collision interaction, how-
ever, should be negligible due to very similar excess energies of the
photoelectrons (∼80 eV) and Auger electrons (100–140 eV).

Furthermore, we observe for all three molecules much smaller
peaks at higher binding energies, which we attribute to shake-up
satellites during the ionization process.57,58 In the case of 2-tUra, we
identify an enhanced signal at 174.5 and 175.7 eV, which is about
10 times weaker than the actual photoline. These satellites have also
been observed in a previous FEL study, however, without the 1.2 eV
SO-splitting due to a lack of resolution.27 In 4-tUra, three somewhat
distinct peaks are observed at 171.4, 173.4, and 174.6 eV, and in
2,4-dtUra, additional maxima are located at 172.9 and 174.0 eV. It
is not excluded that more satellites can be observed at higher bind-
ing energy values, but a thorough investigation of these features was
beyond the scope of the study.

The CCSD calculations (gray sticks) for the S 2p levels do not
account for shake-up processes; hence, the satellites are not repro-
duced. However, they include the SO-coupling and, after shifting
by +0.175 eV, they result in a good match with the experiment.
Note that the peak is contributed by two transitions of slightly
different ionization potential due to the so-called “molecular field
splitting.”59,60 For 2-tUra, the two S 2p3/2 levels are found at 168.01
and 168.13 eV and the S 2p1/2 level is found at 169.27 eV. In the case
of 4-tUra, the values are 167.98 and 168.09 for S 2p3/2 and 169.24 eV
for 2p1/2. The S 2p3/2 levels for 2,4-dtUra are found at 168.11 and
168.23 eV for the S8 atom and 168.14 and 168.26 eV for the S7
atom. The 2p1/2 levels are found at 169.37 and 169.40 eV for S8 and
S7, respectively. Correlation satellites have not been included in the
calculations. However, the offset of the measured maxima toward
the main photoline falls in the range of valence excitations in these
molecules9 and shake-up satellites have also been observed in other
sulfur containing molecules at this edge.56,58

A summary of the ionization energies of all edges for both
experiment and calculations is given in Table I.

Near edge x-ray absorption fine structure

Oxygen 1s

The O 1s NEXAFS spectra of 2-tUra and 4-tUra are shown
in Fig. 2. In both cases, a main resonant absorption is observed.
For 2-tUra, this maximum is located at 531.3 eV, and for 4-tUra,
it is located at 532.3 eV. The main feature is followed by a grad-
ual increase of the signal. 4-tUra exhibits a shoulder-like feature
at ∼535.5 eV, and 2-tUra seems to show a more pronounced peak
at similar energies. The theoretical calculations are in good agree-
ment with the experiment after shifting them by 0.55 eV. The main
absorption appears at 531.35 eV for 2-tUra and at 532.26 eV for
4-tUra. Additional resonances into Rydberg states are predicted at
∼536 and 537.5 eV.

Considering the almost identical ionization energy for both
molecules, the shift of the main excitation channel somewhat con-
trasts the valence spectra of these molecules where the first optical
excitation in 4-tUra is redshifted to that of 2-tUra.9 It appears that
the lowest π∗ orbital in 4-tUra shows no electron localization at the
oxygen atom, which makes the transition dipole moment vanish.
Hence, the electron is promoted into higher lying π∗ orbitals. In con-
trast, the lowest π∗ orbital in 2-tUra shows electron localization at
the O atom and, thus, the resonant excitation can involve that orbital
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FIG. 2. Experimental (solid line) and theoretical (dashed line) NEXAFS spectra
at the O 1s edge for (a) 2-tUra and (b) 4-tUra. The calculated core-to-valence
transitions (sticks) have been broadened using a Gaussian line shape with
σ = 0.35 eV in order to derive the theoretical spectrum (dashed line). The calcu-
lated spectra were shifted by 0.55 eV to match the main experimental absorption
line. The values of the main transition are given in Tables II and IV.

leading to a lower excitation energy compared to its isomer. In the
canonical nucleobases uracil and thymine, something similar can be
observed.61,62 There, the NEXAFS spectra at the O 1s edge show a
strong double-peak pre-edge feature with a split of about 1 eV. Each
of the peaks can be assigned to a transition from one of the O atoms
to a π∗ orbital with strong localization at the respective O atom.

Nitrogen 1s

Figure 3 shows theN 1sNEXAFS spectra of the threemolecules.
In the experiment, 2-tUra shows a first broad absorption at ∼402 eV.
This feature has a shoulder at about 401 eV, a peak at ∼402 eV, and

FIG. 3. Experimental (solid line) and theoretical (dashed line) NEXAFS spectra
at N 1s edge for (a) 2-tUra, (b) 4-tUra, and (c) 2,4-dtUra. The calculated core-
to-valence transitions (sticks) were broadened using a Gaussian line shape with
σ = 0.35 eV in order to derive the theoretical spectrum (dashed line). The calcu-
lated spectra were shifted by −0.2 eV to match the first experimental absorption
feature. The values for main transitions are given in Tables II, IV, and VI.

another peak at 403 eV. It is followed by a gradual increase in absorp-
tion with a shoulder at 404.5 eV and a peak at ∼405.5 eV. 4-tUra
shows a first resonance at 401 eV, followed by twomore peaks at 403
and 405 eV. The first resonance for 2,4-dtUra is slightly shifted com-
pared to that of 4-tUra and is located at ∼401.5 eV. A second feature
is observed at 403 eV and a broader band between 404 and 405.5 eV.

The ADC calculations again show similar features in the simu-
lated spectrum. For 2-tUra, the first strong resonance is predicted
to be at 401.1 eV and corresponds to a 1s (N3) → π∗ transition.
This is followed by 1s (N1) → π∗ transition at 402.08 eV. At higher
energies, the absorption bands are dominated by transitions into
Rydberg states. The theoretical spectrum for 4-tUra shows two broad
peaks at 401.2 and 402.5 eV, matching the experimental spectra.
The first peak consists of two transitions from the 1s (N1/N3) to
π∗/Rydberg-like states. Further resonance peaks occur at 404, 406,
and 407 eV, which are described by transitions into Rydberg states.
The spectrum for 2,4-dtUra shows a large absorption at 401.3 eV.
This peak consists of different transitions from 1s (N1/N3) into the
π∗ orbital. Another resonance at 402.7 eV consists of transitions into
σ∗/Rydberg-like states. At higher energies, the absorption is domi-
nated by transitions into Rydberg states. In general, the NEXAFS
spectra at the N 1s edge are fairly complex, including a large num-
ber of different transitions compared to the O 1s spectra, which
showed a prominent pre-edge feature. The canonical nucleobases
uracil and thymine also show a high density of transitions for the
N 1s edge so that no pronounced pre-edge feature can be observed
there either.61,62

Indeed, the agreement between the experimental and computed
NEXAFS spectra worsens at photon energies higher than 406 eV.
This is mainly due to the limited number of core-to-valence transi-
tions explicitly accounted for in the ADC(2) calculations (including
more states wouldmake the computations unfeasible). Furthermore,
at these energies, transitions to unbound electronic states (EXAFS),
neglected by ADC(2), cannot be excluded.

Carbon 1s

The C 1s NEXAFS spectra are shown in Fig. 4. In contrast to
the N 1s edge, the spectra show again well-defined pre-edge features.
The first two absorption peaks observed are almost identical for all
three molecules. They are located at ∼284.8 and 286.2 eV. The third
peak is located at ∼287.7 eV for 2-tUra and 2,4-dtUra and at 288.8 eV
for 4-tUra. However, the peak intensities vary. While the first peak
is weakest in all three molecules, the highest peak for 2-tUra is the
third one at 287.7 eV and, for 4-tUra, it is the second at 286.2 eV.
In the case of 2,4-dtUra, the experiment does not show a significant
difference between the second and third peaks.

The ADC calculations, again, resemble the experimental spec-
tra very well after shifting the spectra by −0.4 eV. Three main
absorptions are predicted for all three molecules. For 2-tUra, they
are at 284.4, 286.1, and 288 eV, respectively. The first peak is a tran-
sition from the 1s orbital of C5 to the π∗ orbital, and the second is a
transition from C6 to the π∗ orbital. The third peak combines tran-
sitions from C4 and C2 into π

∗. For 4-tUra, the first peak is identical
to 2-tUra. The second peak at 286.2 eV includes transitions from
C4, C5, and C6 to π∗. The last peak at 289.7 eV belongs to a transi-
tion from C2 into π∗. For 2,4-dtUra, the first peak is also identical
to that for 2-tUra. The second peak consists of different transitions
from C4, C5, and C6 into π

∗. For the third peak, the main transition
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FIG. 4. Experimental (solid line) and theoretical (dashed line) NEXAFS spectra
at C 1s edge for (a) 2-tUra, (b) 4-tUra, and (c) 2,4-dtUra. The calculated core-
to-valence transitions (sticks) were broadened using a Gaussian line shape with
σ = 0.35 eV in order to derive the theoretical spectrum (dashed line). The cal-
culated spectra were shifted by −0.4 eV to match the second experimental
absorption feature. The values for main transitions are given in Tables II, IV,
and VI.

originates from C2 into π∗. For all three molecules, the order of the
resonances follows the order of ionization energies for the individual
carbon atoms.

Since only a limited number of core excited states are included
in the ADC(2) calculations, the agreement between experimen-
tal and theoretical spectra worsens at photon energies higher than
291 eV, similarly to the case of the N 1s spectra.

In general, the spectra of the thionated uracils are very similar
to the spectra of canonical pyrimidine-based nucleobases.61,62 Both
uracil and thymine also show very distinct absorption features at
the C 1s that are attributed to excitations from one of the carbon
atoms into the π∗ orbital. The peaks of C5 and C6 are almost iden-
tical in position, which, however, might be expected as the oxygen
substitution mostly affects C2 and C4.

Sulfur 2s

The sulfur 2s NEXAFS spectra are shown in Fig. 5. Above a
stronger background, two main peaks are observable for all three
molecules. The first peak is at 226.5 eV for 2-tUra, 225.7 eV for
4-tUra, and 226.1 eV for 2,4-dtUra. The second peak appears to
be at almost the same position for all three molecules, i.e., 229 eV.
The background may be due to a strong difference in signal between
S 2s and S 2p features. The Coster–Kronig channels contributing to
the enhancement of the electron yield signal overlap with the S 2p
photoline and its satellites over the scanned energy range.

Two main absorption bands also appear in the ADC spectra.
The first band is matched with experiment and, hence, located at
226.6 eV for 2-tUra, 225.8 eV for 4-tUra, and 225.8 eV for 2,4-dtUra
with a shoulder at around 226.2 eV. The second band consists of
multiple absorptions with a first peak at 229.5 eV. A shoulder occurs
for all three molecules on the second band, which is located at
around 231 eV for 2-tUra and 4-tUra and 231.5 eV for 2,4-dtUra.

FIG. 5. Experimental (solid line) and theoretical (dashed line) NEXAFS spectra at S
2s edge for (a) 2-tUra, (b) 4-tUra, and (c) 2,4-dtUra. The calculated core-to-valence
transitions (sticks) were broadened using a Gaussian line shape with σ = 0.35 eV
in order to derive the theoretical spectrum (dashed line). The calculated spectra
were shifted by 0.175 eV to match the first experimental absorption feature. The
values for main transitions are shown in Tables II, IV, and VI.

The first observed peak at around 226.5 eV belongs to excita-
tion(s) from the sulfur 2s orbital(s) to orbitals involving the lowest
π∗-orbital. These usually exhibit significant electron density at the
respective sulfur atoms. In the case of 2,4-dtUra, the first excita-
tion, originating—with equal oscillator strength—from both sulfur
atoms, is a combination of the two lowest π∗ orbitals, which results
in electron density at both sulfur atoms. The second observed peak

FIG. 6. Experimental (solid line) and theoretical (dashed line) NEXAFS spectra at
the S 2p edge for (a) 2-tUra, (b) 4-tUra, and (c) 2,4-dtUra. The calculated core-
to-valence transitions (sticks) were broadened using a Gaussian line shape with
σ = 0.35 eV in order to derive the theoretical spectrum (dashed line). The cal-
culated spectra were shifted by 0.125 eV to match the strongest experimental
absorption feature. The values for main transitions are given in Tables III, V,
and VII.
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in the experimental spectrum at ∼229 eV is dominated by transitions
to σ∗/Rydberg orbitals in all three molecules.

Similar observations of two pre-edge resonances have been
made in the sulfur containing ring-molecules thiolane and thio-
phene as well.63 Here, the maxima correspond to a mixture of π∗

and σ∗ excitation as well as to Rydberg states.

Sulfur 2p

In Fig. 6, the NEXAFS spectra of the S 2p edge are shown.
Again, some similarities between the experimental spectra of the
three thiouracils are observed. In particular, all show a double-peak
structure around a photon energy of 166 eV. The peaks are located
at 165.1 and 166.4 eV for 2-tUra, 165.3 and 166.5 eV for 4-tUra, and
165.2 and 166.5 eV for 2,4-dtUra. Interestingly, the splitting of the
two peaks matches the SO-splitting observed in the photoelectron
spectra. Two smaller peaks are also observed at lower photon ener-
gies. For 2-tUra, these are at 162.5 and 163.6 eV; for 4-tUra, at 161.6
and 162.7 eV; and for 2,4-dtUra, at 161.6 and 162.5 eV.

The CCSD calculations match the experimental data fairly well.
The double peak structure at around 166 eV is reproduced for all

TABLE II. Calculated main transitions for 2-tUra NEXAFS spectra (C 1s, N 1s, O
1s, and S 2s). Shifts of 0.55, −0.2, −0.4, and 0.175 eV have been applied to the
transitions at O 1s, N 1s, C 1s, and S 2s, respectively.

Energy (eV) Oscillator strength Main component Exp. (eV)

226.56 0.008 2s (S7)→ π∗ 226.5

228.88 0.003 2s (S7)→ σ∗/Ryd
229.0

229.51 0.007 2s (S7)→ σ∗/Ryd

284.46 0.025 1s (C5)→ π∗ 284.8
286.14 0.048 1s (C6)→ π∗ 286.2

287.93 0.063 1s (C2)→ π∗
287.7

288.08 0.056 1s (C4)→ π∗

401.10 0.015 1s (N3)→ π∗ 401.2
402.08 0.020 1s (N1)→ π∗ 401.9
402.60 0.008 1s (N1)→ σ∗/Ryd 402.9
407.44 0.012 1s (N1)→ Ryd
531.35 0.029 1s (O8)→ π∗ 531.3

TABLE III. Calculated S 2p transitions for the 2-tUra NEXAFS spectrum shifted by 0.13. The transition energies account for
spin–orbit coupling, and for each transition, the main components in the singlet and triplet manifolds are reported when their
weight is larger than 0.1. The experimental peak maxima are also reported in the last column, in correspondence with the
calculated transitions that most likely contribute to each peak.

Energy
(eV)

Oscillator
strength

Main singlet
component

(weight, transition)

Main triplet
component

(weight, transition,
multiplicity) Exp. (eV)

162.73 0.000 18 (0.56, 2px → π∗) (0.36, 2py → π∗, MS = 0) 162.5
162.80 0.000 14 (0.51, 2pz → π∗) (0.48, 2px → π∗, MS = ±1)

163.86 0.000 11 (0.41, 2px → π∗) (0.32, 2py → π∗, MS = 0) 163.6
163.94 0.000 09 (0.36, 2pz → π∗)

164.75 0.000 34 (0.64, 2py → σ∗) (0.21, 2px → σ∗, MS = 0)

165.1

164.77 0.000 49 (0.60, 2pz → σ∗)
164.95 0.000 41 (0.48, 2px → σ∗)
165.05 0.000 38 (0.21, 2pz → π∗) (0.70, 2py → Ryd, MS = ±1)
165.07 0.000 70 (0.29, 2pz → π∗) (0.64, 2py → Ryd, MS = ±1)
165.16 0.000 89 (0.33, 2pz → π∗) (0.56, 2px → Ryd, MS = 0)
165.17 0.000 64 (0.41, 2py → π∗) (0.54, 2px → Ryd, MS = ±1)
165.22 0.000 15 (0.42, 2py → σ∗)
165.91 0.000 28 (0.19, 2pz → σ∗)

166.08 0.000 35 (0.36, 2px → σ∗)

166.4
166.31 0.000 78 (0.30, 2pz → π∗) (0.36, 2px → Ryd, MS = 0)
166.31 0.000 53 (0.33, 2pz → π∗)
166.35 0.000 11 (0.41, 2py → σ∗) (0.21, 2py → Ryd, MS = 0)
167.25 0.000 20 (0.43, 2px → Ryd)
167.76 0.000 10 (0.27, 2py → σ∗)
167.87 0.000 18 (0.54, 2px → σ∗)

168.37 0.000 12 (0.29, 2px → σ∗) (0.27, 2py → Ryd, MS = 0)
168.62 0.000 40 (0.86, 2pz → Ryd)
169.02 0.000 14 (0.39, 2px → σ∗) (0.28, 2pyx → Ryd, MS = 0)
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TABLE IV. Calculated main transitions for 4-tUra NEXAFS spectra (C 1s, N 1s, O
1s, and S 2s). Shifts of 0.55, −0.2, −0.4, and 0.175 eV have been applied to the
transitions at O 1s, N 1s, C 1s, and S 2s, respectively.

Energy (eV) Oscillator strength Main component Exp. (eV)

225.78 0.010 2s (S8)→ π∗ 225.7

229.08 0.003 2s (S8)→ σ∗/Ryd
229.0

229.70 0.005 2s (S8)→ σ∗/Ryd

284.39 0.016 1s (C5)→ π∗ 284.4

286.02 0.046 1s (C6)→ π∗
286.2

286.39 0.051 1s (C4)→ π∗

286.71 0.021 1s (C5)→ π∗ 288.8

289.69 0.070 1s (C2)→ π∗

400.80 0.011 1s (N3)→ π∗/Ryd
401.1

401.42 0.010 1s (N1)→ π∗/Ryd

402.42 0.008 1s (N1)→ σ∗/Ryd

402.8
402.46 0.005 1s (N3)→ π∗/Ryd
402.81 0.006 1s (N1)→ π∗/Ryd
402.93 0.006 1s (N3)→ σ∗/Ryd
403.72 0.006 1s (N3)→ σ∗/Ryd

405.50 0.005 1s (N3)→ π∗
405.0

405.82 0.007 1s (N1)→ π∗

406.49 0.006 1s (N1)→ σ∗/Ryd
407.03 0.012 1s (N1)→ σ∗/Ryd

532.26 0.028 1s (O7)→ π∗ 532.3

TABLE VI. Calculated main transitions for 2,4-dtUra NEXAFS spectra (C 1s, N 1s,
and S 2s). Shifts of −0.2, −0.4, and 0.175 eV have been applied to the transitions at
N 1s, C 1s, and S 2s, respectively.

Energy (eV) Oscillator strength Main component Exp. (eV)

225.75 0.011 2s (S8)→ π∗
226.1

226.51 0.008 2s (S7)→ π∗

228.91 0.003 2s (S7)→ σ∗/Ryd

229.0
229.13 0.003 2s (S8)→ σ∗/Ryd
229.53 0.008 2s (S7)→ σ∗/Ryd
229.75 0.005 2s (S8)→ σ∗/Ryd

284.40 0.018 1s (C5)→ π∗ 284.8

285.98 0.045 1s (C6)→ π∗

286.2286.22 0.018 1s (C5)→ π∗

286.35 0.050 1s (C4)→ π∗

287.88 0.063 1s (C2)→ π∗ 287.7

400.93 0.014 1s (N3)→ π∗

401.2401.54 0.012 1s (N1)→ π∗

401.71 0.007 1s (N1)→ π∗

402.65 0.008 1s (N1)→ σ∗/Ryd
403.0

403.13 0.007 1s (N3)→ σ∗/Ryd

403.96 0.007 1s (N3)→ σ∗/Ryd
404.8405.41 0.005 1s (N3)→ π∗/Ryd

405.75 0.006 1s (N1)→ π∗/Ryd

407.27 0.005 1s (N1)→ σ∗/Ryd
407.51 0.011 1s (N1)→ σ∗/Ryd

TABLE V. Calculated S 2p transitions for the 4-tUra NEXAFS spectrum shifted by 0.13 eV. The transition energies account
for spin–orbit coupling, and for each transition, the main components in the singlet and triplet manifolds are reported when
their weight is larger than 0.1. The experimental peak maxima are also reported in the last column, in correspondence with
the calculated transitions that most likely contribute to each peak.

Energy
(eV)

Oscillator
strength

Main singlet
component

(weight, transition)

Main triplet component
(weight, transition,

multiplicity) Exp. (eV)

161.92 0.000 13 (0.55, 2px → π∗) (0.37, 2py → π∗, MS = 0) 161.6
162.02 0.000 11 (0.54, 2pz → π∗) (0.44, 2px → π∗, MS = ±1)

163.05 0.000 10 (0.43, 2px → π∗) (0.31, 2py → π∗, MS = 0) 162.7
163.15 0.000 08 (0.39, 2pz → π∗)

165.10 0.000 37 (0.65, 2py → σ∗)

165.3

165.13 0.000 44 (0.59, 2pz → σ∗)
165.29 0.001 06 (0.48, 2py → Ryd)
165.33 0.000 35 (0.70, 2py → Ryd, MS = ±1)
165.35 0.000 33 (0.62, 2pz → Ryd, MS = ±1)
165.44 0.000 31 (0.58, 2px → σ∗, MS = 0)
165.45 0.000 73 (0.44, 2pz → σ∗) (0.52, 2px → Ryd, MS = ±1)

166.28 0.000 31 (0.21, 2pz → σ∗)

166.5
166.40 0.000 53 (0.38, 2px → Ryd) (0.12, 2py → σ∗, MS = 0)
166.45 0.000 29 (0.36, 2px → Ryd)
166.59 0.000 26 (0.30, 2py → π∗, MS = 0)
166.59 0.000 53 (0.29, 2pz → σ∗)

168.64 0.000 37 (0.96, 2pz → σ∗/Ryd)
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TABLE VII. Calculated S 2p transitions for the 2,4-dtUra NEXAFS spectrum shifted by 0.13 eV. The transition energies account for spin–orbit coupling, and for each transition,
the main components in the singlet and triplet manifolds are reported when their weight is larger than 0.1. The experimental peak maxima are also reported in the last column,
in correspondence with the calculated transitions that most likely contribute to each peak.

Energy
(eV)

Oscillator
strength

Main singlet
component

(weight, transition)

Main triplet component
(weight, transition,

multiplicity) Exp. (eV)

161.89 0.000 13 [0.55, 2px (S8)→ π∗] [0.37, 2py (S8)→ π∗, MS = 0] 161.6
162.00 0.000 10 [0.54, 2pz (S8)→ π∗] [0.44, 2px (S8)→ π∗, MS = ±1]

162.68 0.000 17 [0.56, 2px (S7)→ π∗] [0.37, 2py (S7)→ π∗, MS = 0]
162.4162.75 0.000 13 [0.52, 2pz (S7)→ π∗] [0.48, 2px (S7)→ π∗, MS = ±1]

163.02 0.000 10 [0.43, 2px (S8)→ π∗] [0.31, 2py (S8)→ π∗, MS = 0]

163.13 0.000 08 [0.40, 2pz (S8)→ π∗]
163.5163.81 0.000 12 [0.41, 2px (S7)→ π∗] [0.32, 2py (S7)→ π∗, MS = 0]

163.89 0.000 10 [0.37, 2pz (S7)→ π∗]

164.77 0.000 40 [0.64, 2py (S7)→ σ∗]

165.2

164.98 0.000 49 [0.46, 2px (S7)→ σ∗]
165.09 0.000 49 [0.22, 2pz (S7)→ σ∗] [0.70, 2py (S7)→ Ryd, MS = ±1]
165.11 0.000 61 [0.30, 2py (S7)→ Ryd] [0.64, 2pz (S7)→ Ryd, MS = ±1]
165.13 0.000 62 [0.65, 2py (S8)→ σ∗]
165.20 0.000 75 [0.32, 2py (S7)→ Ryd] [0.56, 2px (S7)→ Ryd, MS = 0]
165.21 0.000 99 [0.40, 2pz (S7)→ σ∗/Ryd] [0.54, 2px (S7)→ Ryd, MS = ±1]
165.43 0.000 66 [0.32, 2py (S8)→ Ryd] [0.60, 2pz (S8)→ Ryd, MS = ±1]
165.54 0.001 02 [0.43, 2pz (S8)→ σ∗/Ryd] [0.54, 2px (S8)→ Ryd, MS = ±1]

166.12 0.000 47 [0.34, 2px (S7)→ σ∗]

166.5

166.31 0.000 47 [0.28, 2py (S8)→ σ∗] [0.26, 2px (S8)→ σ∗, MS = 0]
166.35 0.000 64 (0.30, 2py (S7)→ Ryd) [0.36, 2px (S7)→ Ryd, MS = 0]
166.35 0.000 76 [0.33, 2pz (S7)→ σ∗/Ryd]
166.67 0.000 54 [0.27, 2py (S8)→ Ryd] [0.35, 2px (S8)→ Ryd, MS = 0]
166.67 0.000 77 [0.33, 2pz (S8)→ σ∗/Ryd]

168.18 0.009 85 [0.49, 2py (S7)→ σ∗/Ryd] [0.25, 2pz (S7)→ σ∗/Ryd, MS = 0]
168.97 0.009 11 [0.45, 2py (S7)→ σ∗/Ryd] [0.42, 2pz (S7)→ σ∗/Ryd, MS = ±1]
169.01 0.001 13 [0.26, 2pz (S7)→ Ryd] [0.34, 2px (S7)→ Ryd, MS = ±1]

TABLE VIII. Monochromator and hemisphere parameters for the XPS measurements.

Monochromator Hemispherical analyzer

Edge Ephot (eV) Slit size (μm)
Resolution
(meV) Epass (ev) Slit

Resolution
(meV)

Total
res. (meV)

2-tUra

S 2p 250 50 57 50 500 62.5 84.6
S 2s 330 100 172 100 500 236 212.6
C 1s 382 100 212 20 500 25 213.5
N 1s 495 100 306 50 500 62.5 312.3
O 1s 628 100 435 100 500 236 494.9

4-tUra

S 2p 250 100 110 50 500 62.5 126.5
S 2s 330 100 172 100 500 125 21.6
C 1s 382 50 110 50 500 62.5 126.5
N 1s 495 50 158 100 500 125 201.5
O 1s 628 100 435 50 500 62.5 439.5

2,4-dtUra

S 2p 250 50 57 50 500 62.5 84.6
S 2s 330 50 110 100 500 125 166.5
C 1s 382 20 53 50 500 62.5 81.9
N 1s 495 100 306 200 500 250 395.1

J. Chem. Phys. 161, 134301 (2024); doi: 10.1063/5.0226983 161, 134301-10

© Author(s) 2024

 01 O
ctober 2024 10:34:17



The Journal

of Chemical Physics
ARTICLE pubs.aip.org/aip/jcp

TABLE IX. Monochromator parameters for the NEXAFS measurements.

Edge Slit size (μm) Resolution (meV)

2-tUra

S 2p 200 120
S 2s 250 248
C 1s 175 250
N 1s 100 225
O 1s 75 256

4-tUra

S 2p 220 125
S 2s 250 248
C 1s 200 268
N 1s 100 230
O 1s 75 256

2,4-dtUra

S 2p 100 70
S 2s 250 250
C 1s 200 266
N 1s 100 233

three molecules and is found to be due to the 1/2–3/2 spin–orbit
splitting (it is absent in non-relativistic calculations). The transitions
contributing to the intensity in this energy range involve virtual σ∗

orbitals mainly localized on the C=S bonds, diffuse Rydberg orbitals
(only for 4-tUra and 2,4-dtUra), and a π∗ orbital localized on the
C=C bond (only for 2-tUra and 4-tUra). The small peaks between
162 and 164 eV are reproduced as well and can be attributed to
transitions into π∗ orbitals with a large lobe on the C=S bonds. For
2,4-dtUra, the calculations give two very strong lines around the ion-
ization edge, which do not occur in the other two molecules, and are
due to transitions to diffuse Rydberg orbitals.

Similarly to other edges, the density of states increases con-
siderably for photon energies higher than 167 eV. Therefore, the
calculated spectra, which include only a limited number of transi-
tions, fail in reproducing the full intensity observed experimentally.
Notably, the calculation for 2,4-dtUra predict two strong transitions
at around 169 eV, which involve a virtual Rydberg orbital and the
2p electrons near the S7 atom, and are not visible in the experiment.
This discrepancy is possibly due to a shorter lifetime of these states
(expected by the high density of states) that leads to broader bands
or due to an overestimation of the intensity by the EOM-CCSD
calculations.

Other sulfur containing ring-like molecules, such as thio-
phene, also show distinct pre-edge features in the NEXAFS spec-
trum that are dominated by the spin–orbit split character of the
S 2p orbitals.63,64 Similar to thiouracils, the main features are also
described by a mixture of transitions into σ∗, π∗, and diffuse Ryd-
berg orbitals.64 Interestingly, the weaker features dominated by π∗

transitions have not been observed in these studies.

CONCLUSION

We reported the x-ray photoelectron and NEXAFS spectra
of 2-thiouracil, 4-thiouracil, and 2,4-dithiouracil in the gas phase.
While core-level electron spectra and some absorption spectra
of 2-thiouracil have been reported previously,27,28,32,33 to the best
of our knowledge, no spectra of the other two thiouracils have

been reported before. Hence, this study provides the first overview
of the ground-state core-level spectroscopy of these molecules.
Furthermore, it may serve as a prerequisite for more advanced,
time-resolved x-ray studies to investigate the photodynamics of
thiobases.

Coupled-cluster and ADC(2) calculations were performed to
identify the excitation channels. The calculated spectra, in good
agreement with experimental data, extend the literature dataset
of theoretical core level spectra computed via coupled-cluster or
ADC(2), confirm the validity of these methods for medium-sized
molecules, and provide benchmark results to validate computation-
ally cheaper approaches (e.g., linear response or transition potential
density functional theory) applicable to larger molecular systems.
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APPENDIX: ASSIGNMENTS OF NEXAFS TRANSITIONS

Here, we report the assignment of the most intense NEXAFS
transitions, together with the experimental energies of the peak
maxima. For the transitions at the highest photon energies, clear
experimental peaks cannot be neatly discerned, due to the high
density of states.

For ADC(2) calculations (C 1s, N 1s, O 1s, and S 2s edges), the
assignment is based on the largest coefficient in the ADC(2) wave
function for the (singlet) core-excited states, with respect to the basis
of canonical Hartree–Fock orbitals, as usual.

At the S 2p edge, the core-excited states have a mixed singlet-
triplet character; therefore, the assignment follows a different proce-
dure. First, for each state, the dominant singlet and triplet transitions
are identified, with the latter included only when its weight is higher
than 0.1. Then, for each spin-pure transition, the dominant pair of
natural transition orbitals65 is used for the assignment. The weights
reported in Tables S2, S4, and S6 indicate the degree of singlet–triplet
mixing.
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