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Abstract

The absolute photoabsorption cross-sections for 2(5H)-thiophenone in the 3.7-10.7 eV energy
range were measured using synchrotron radiation. New quantum chemical calculations
performed at the equation of motion coupled cluster singles and doubles (EOM-CCSD) level
were used to qualitatively interpret the photoabsorption spectrum. The electronic state
spectroscopy of C4H4OS reveals the valence and Rydberg character of the lowest-lying excited
states, with relevant C = O, C = C and C — C stretching vibrations across the entire absorption
spectrum. Photolysis lifetimes in the Earth’s atmosphere have been estimated from the absolute
photoabsorption cross-sections, indicating that solar photolysis is expected to be a strong sink

mechanism.
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1 Introduction

In this contribution we continue investigating the electronic state spectroscopy of five-
membered ring sulphur containing compounds and derivatives, with special attention to 2(5H)-
thiophenone, C4H40S. We have recently considered the lowest-lying valence, mixed valence-
Rydberg and Rydberg states of thiophene (C4H4S) [1], due to its role in materials science and
in the synthesis of conjugated m-systems, while the two isomeric chlorinated derivatives 2-
chlorothiophene and 3-chlorothiophene, C4HsCIS [2], have encountered relevance as key
selected elements for new optoelectronic materials [3,4]. The role of 2(5H)-thiophenone,
C4H40S, has been recognized relevant in biological and pharmaceutical applications (e.g.,
treatment of common heart and cancer diseases) [5] (and references therein), yet its main role
has been closely related to the production of synthetic targets and intermediates [6].

Within the relevance of the current work, we note valence shell photoelectron studies
on the lowest-lying ionic states [7] and Fourier transform infrared spectroscopy in low-
temperature inert matrix [8]. Experiments on photoinduced ring-opening reaction with internal
conversion and intersystem crossing [9] and with ultrafast transient infrared spectroscopy [10]
have been reported. Additionally, 2(5H)-thiophenone has also been investigated by theoretical
methods on the geometrical and electronic structure of the neutral molecule [9-12].

A thorough literature survey reveals no previous detailed information on the low-lying
electronic states of C4H4OS in the 3.7-10.7 eV energy range, so we provide for the first time a
comprehensive assessment of 2(5H)-thiophenone electronic state spectroscopy (the lowest-
lying neutral and ionic states) by combining high-resolution vacuum ultraviolet (VUV)
photoabsorption measurements with state-of-the art theoretical calculations at the equation of
motion coupled cluster singles and doubles (EOM-CCSD) level of theory. The experimental
absolute photoabsorption cross-section values are used for modelling such chemical compound
in terrestrial atmosphere (see Section 4.5). In the next section we present a summary of the
structure and properties of 2(5H)-thiophenone. A brief discussion of the experimental details
and the computational methods employed in the calculations are given in Section 3. Section 4
is devoted to the results and discussion, and the absolute photoabsorption cross sections are
used to calculate photolysis rates from 0-50 km altitude in the Earth’s atmosphere. Finally,

some conclusions that can be drawn from this study are given in Section 5.

2 Structure and properties of 2(5H)-thiophenone
The 2(5H)-thiophenone molecule, (CsH40S), has Cs symmetry (A’ and A") in its

electronic ground-state with calculated valence electronic configuration of the X.2A’ state as:
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... (10a")? (11a)2 (12a')? (13a")? (14a')? (15a')? (16a")? (2a")* (17a')? (18a')? (19a")? (3a")* (20a')?
(21a’)? (4a")? (5a")%, while the ordering of (4a") and (21a') are reversed in Chin et al. [7]. The
character of the ground-state MOs (see Supplementary Material (SM)) shows that the highest
occupied molecular orbital (HOMO), 53", is the S 3p lone pair (ng) out of the molecular plane,
while (HOMO-1), 4a", is mainly n(C=C). The third highest occupied molecular orbital
(HOMO-2), 21a', is the O 2p lone pair orbital (n,) in the molecular plane with some o(C-S)
bonding character. The photoabsorption features (Figs. 1-5) have been mainly assigned to
electronic excitations, due to promotion of an electron from those MOs to valence and Rydberg
character orbitals (see Table 1 for the calculated dominant excitation energies and oscillator
strengths).

The 2(5H)-thiophenone photoabsorption spectrum shows features assigned to vibronic
transitions, where the fine structure has been assigned to the main fundamental vibrational
modes available from the infrared absorption data [8]. Assignments were performed from the
existing energies (and wavenumbers) in the ground electronic state to 0.213 eV (1713.9 cm™)
for C,=0¢ stretching, v;(a’), 0.200 eV (1615.4 cm 1) for C3=C4 stretching, vi(a’) and 0.078
eV (629.8 cm™) for S1—C; stretching/C2=0s in-plane bending/Cs—S; stretching, v;,(a’)(see
atoms numbering in Fig. 1); note that the vibrational modes numbering has been performed
based on the decreasing energy from the data of Breda et al. [8]. The notation X7}, with m and
n denoting the initial and final vibrational states for the assignments of the vibronic structure
(X) is adopted. However, when the 09 transition is not discernible, we use the notation X™
instead.

The four lowest experimental vertical (v)/adiabatic (ad) ionisation energies, needed to
calculate the quantum defects associated with transitions to Rydberg orbitals, are taken from
the photoelectron work of Chin and co-workers [7] to be 9.63 eV (5a”)71, 10.58 eV (4a") 1,
9.76 eV (21a")~ ! and 12.25 eV (20a’) 71, respectively.

3 Methodology
3.1 Experimental arrangement

The experimental arrangement to obtain high-resolution VUV photoabsorption spectra
of 2(5H)-thiophenone (Fig. 1), has been reported before [13,14]. Briefly, synchrotron radiation
produced by the ASTRID?2 storage ring, Aarhus University, Denmark, was delivered at the AU-
UV beam line to perform the experiments. The monochromatized light with a resolution of

better than 0.08 nm passes through an absorption gas cell that is filled with vapour of the



molecular compound under investigation. The transmission windows (MgF2) used to enclose
the absorption cell set the lower wavelength limit of detection (115 nm), and the transmitted
UV light detected by a photomultiplier tube (PMT). A capacitance manometer (Chell
CDG100D) was used to monitor the sample’s absolute pressure in the absorption gas cell and
to avoid any saturation effects in the data recorded, the absorption cross-sections were carefully
measured using a pressure within the range 0.04-0.30 mbar which was appropriate for the local
cross-section, to have attenuations of 50% or less. Absolute photoabsorption cross-section
values, o, in units of megabarn (1IMb = 1078 ¢cm?), were obtained using the Beer-Lambert
attenuation law: I, = I,e =N where I is the light intensity transmitted through the gas sample,
lo is that through the evacuated cell, N the molecular number density of C4H40S, and | the
absorption path length (15.5 cm).

The synchrotron beam ring current was monitored throughout the collection of each
spectrum, and background scans were recorded with the cell evacuated. Accurate cross-section
values are obtained by recording the VUV spectrum in small (5 or 10 nm) sections, allowing
an overlap of at least 10 points between the adjoining sections. To compensate for beam decay
in the storage ring, ASTRID2 operates in a “top-up” mode allowing the light intensity to be
kept quasi-constant. The small variations (~2—-3%) of the incident flux are normalized to the
beam current in the storage ring. This methodology allows us to determine the accuracy of the
photoabsorption cross-sections to within = 5%. The proposed assignments of the recorded
absorption features are listed in Tables 2-5.

The liquid sample of 2(5H)-thiophenone was purchased from Sigma-Aldrich, with a

stated purity of 98%. The sample was degassed through repeated freeze-pump-thaw cycles.

3.2 Theoretical methods

The quantum chemical calculations were performed in the optimized geometry of
2(5H)-thiphenone (Supplementary Information (SI) Fig. S1), at the CCSD level of calculation
with the aug-cc-pVTZ basis set from Dunning [15,16] for H, C and O. For the S atom, the
modified aug-cc-p(V+d)Z from Dunning et al. [15] was employed. For the description of
Rydberg excited states, the basis set was augmented at the mass centre of the molecule by a set
(6s6p4d) of diffuse orbitals, taken from [9,16]. The excited electronic states were obtained for
the ground-state optimized molecular geometry, employing the EOM-CCSD method [17] and
the aug-cc-pV(T+d)Z+R basis set (Tables 1 and S1), using the MOLPRO 2019.1 code [18,19].
The nature of each excitation was assessed by visual inspection of the natural orbitals for each

transition and the average value <r?> of the electronic cloud. The calculated vertical excitation
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energies of the lowest singlet states (S1-S7) at different levels of theory have also been obtained
and compared to previous results too (see Table S2). Similarly, the calculated vertical ionisation
energies (CCSD geometry with the aug-cc-pV(T+d)Z basis set) using several methods are

compared with the available experimental values are shown in Table S3.

4 Results and discussion

The VUV photoabsorption spectrum of 2(5H)-thiophenone measured at room
temperature is shown in Fig. 1 in the photon energy range 3.7-10.7 eV, while expanded views
are shown in Figs. 2-5. To help interpreting the spectrum, our EOM-CCSD calculations are
summarized in Table 1, while complete calculated vertical excitation energies are in Table S1,
Supplementary Material. The spectroscopic assignments for the different bands are detailed in
Tables 2-5 together with the calculated vertical excitation energies of the singlet states (S1-S7)
and the lowest-lying ionic states (Tables S2 and S3). The major absorption bands can be
classified as originating from valence and Rydberg excitations (see Section 4.4) converging to
Table 1 compares the EOM-CCSD results with the experimental data, where a reasonably good
level of agreement is obtained (a few tenths of 1 eV). The different spectral sections exhibit
fine structures, which have been assigned to C>=0s stretching, C3=Cs stretching and S1—C»
stretching/C>=0¢ in-plane bending/Cs—S; stretching modes, already dominant above 3.7 eV
(Fig. 2). The broadness of the photoabsorption bands above 7.0 eV, albeit the fine structure
superimposed on these, are mostly due to the overlap of different Rydberg electronic states. As
a consequence of such contributions (vibronic excitations in valence and Rydberg states) the
spectrum is quite congested and most of the assignments are not depicted on Figs. 2-5 but rather
listed in Tables 2-5. The normal mode description of vibrations is relevant throughout the entire
photoabsorption spectrum with special attention to the lowest-lying excitations, with the
possibility of Fermi resonances.

The main electronic transitions of the photoabsorption bands are assigned to the
promotion of an electron from the ng (HOMO), ncc (HOMO-1) and in-plane oxygen lone pair
no (HOMO-2) to lowest unoccupied molecular orbitals (Tables 1 and S1, Fig. S2). The
following sections present a detailed description of the photoabsorption features in the different
photon energy ranges, together with the help of quantum chemical calculations.

4.1 Electronic excitation in the energy range 3.7 - 7.0 eV



Fig. 2a depicts a broad spectral feature with weak vibrational features that have been
assigned in Table 2. The photoabsorption cross-section in this region peaks at 4.787 eV with a

value of 5.94 Mb, and the calculations suggest this transition to be due to . + 5y (6a”) «

less intense electronic transition at 4.028 eV, fL = 0.0004, (Fig. 2b) is due to promotion of an
electron from the HOMO-2 (21a") to the LUMO (62"), mic + mip(6a”) «

between the in-plane ny(21a’)and the out-of-plane LUMO (6a"). Alelectronic-ground-state

on-to-the A afe bher-eale ala afe \Wh N Bola aVaMalaldaals o-the-Hahne--o a¥a

moleewle—Note that similar behaviour has been recently noted in formic acid lowest-lying
absorption band [20]. The calculations in Table 1 reveal that the electronic transitions from the

relevant aspect of the spectroscopy of such absorption band pertains to the photoinduced
processes investigated at 257 nm (4.644 eV) [9,10]. These authors have reported prompt ring-
opening (< 1 ps) from the characteristic antisymmetric ketene stretching mode, yet ~ 60% of
the photoexcited molecules find their way back to the parent So state vibrationally excited [10].
This seems to be in line with the experiment evidence of the present absorption band. Interesting
to note that cuts along the Rc_s ring opening coordinate, involving the ground and the first A’
and A" states, strong vibrational coupling between the states can be promoted by normal modes
of a” symmetry, allowing the excited system to return to the ground-state [10]. Although from
the assignments no a” vibrational modes have been noted, we cannot discard the possibility of
their relevance to the absorption band.

The 2(5H)-thiophenone absorption band in the photon energy range 3.7-4.5 eV shows
extensive vibrational pattern, which is reminiscent of such characters. A careful inspection of
Fig. 2b shows contributions of the C2=0s stretching, v,(a"), C3=Cs stretching, vs(a") S1—Co
stretching/C>=0s in-plane bending/Cs-S; stretching, vi,(a’) modes, with the average
vibrational spacing being of 0.210, 0.190 and 0.072 eV, respectively (Table 2), although the
origin of the band is not discernible. A detailed analysis of Fig. 2b also reveals a change in the
slope of the band at ~ 4.1 eV. This can suggest the presence of another underlying state
contributing to the spectrum. Xie et al. [9] calculated vertical excitation energies of the three
lowest triplet states (T1-T3) at different levels of theory, with T1 at ~ 4.12 eV (95 kcal mol™).
While such forbidden transition is indiscernible in experimental photoabsorption spectrum, the

low intensity of the band (< 0.2 Mb) may be related in some way to a contribution of this nature.



The next electronic transition has its 03 origin at 5.75(6) eV (Table 3) and the maximum
of the absorption band peaks at 6.344 eV with a cross-section of 23.21 Mb. The calculations in

Table 1 assign the electronic transition to promotion of an electron from the HOMO-1 (4a") to

of 0.14547. Although the major transitions predicted in the calculations for this energy region
are valence in character, two Rydberg states are also tentatively assigned in Table 5, at 6.344
eV (4soc « 5a”) and 6.37(1) eV (4so « 21a’), which will be discussed in Section 4.4.
Nevertheless, analysis of 5.5-7.0 eV energy region shows that the C>=0s stretching, v,(a’),
C3=C4 stretching, ve(a’) and Si1—C stretching/C>=0s in-plane bending/Cs—S: stretching,
v14(a") modes are active, with the average vibrational spacing of 0.209, 0.183 and 0.065 eV,
respectively (Table 3). On the higher energy side of the band (above 6.5 eV, see Fig. 3), at

6.93(0) eV a broad feature with a cross-section value of 14.73 Mb, is assigned to m;. +

Table S2 shows the calculated vertical excitation energies at different levels of theory
compared with previous work and the present experimental data. The level of agreement
between the experimental data for S1 (4.028 eV) and S2 (4.787 eV) is very good with MS-
CASPT2/cc-pVDZ [9] and ADC(2)/aug-cc-pV(T+d)Z+R, while S3 (6.344 eV) is better
described by CASPT2/SA3-CAS(10,8)/6-31G*/MM [11]. Due to the closeness between the
calculated S4 and S5 states, from the experiment we can only discern the latter (6.930 eV)
which is reasonably obtained at the RS2C/SA-CAS(6,15)/aug-cc-pV(T+d)Z+R level of theory
from multi-reference calculations. Table S2 emphasises the fact that the calculated lowest lying

vertical transition energies are very method and basis set dependent.

4.2 Electronic excitation in the energy range 7.0 - 8.5 eV
The next electronic transition has its 03 origin at 7.315 eV, a maximum intensity of

52.46 Mb at 7.827 eV, is assigned to a transition from the electronic ground-state to Rydberg

electronic radial spatial extent (144) indicative of such character (Table 1). The transition is
mainly accompanied by excitation of C>=0s stretching, v,(a") (spacing 0.244 eV) with a few
quanta of C3=Cs stretching, vs(a’) (spacing 0.195 eV) and S1—C> stretching/C2=0s in-plane
bending/Cs—S: stretching, vi,(a") (spacing 0.061 eV) modes. Other Rydberg state excitation at
7.827 eV is assigned to (4pc < 4a”"), yet this is thoroughly discussed in Section 4.4. This

absorption band is shown in detail in Fig. 4 with the assignments of the spectral features in



Table 3. The structural features observed above the transitions, are also broad and originate
from the contribution of the mixing character with other Rydberg (5a”)~! and (21a")~? series,
also displaying a significant vibrational structure which are discussed in more detail below (see
also Table 4).

From the calculated vertical excitation energies in Table S2 for the singlet excited state
S7, RS2C/SA-CAS(6,15)/aug-cc-pV(T+d)Z+R level of theory from multi-reference
calculations gives a better agreement with the experiment (to within 0.2 eV) while EOM-
CCSD/aug-cc-pV(T+d)Z+R (7.022 eV) and ADC(2)/aug-cc-pV(T+d)Z+R (7.064 eV)
underestimate it by 10%.

4.3 Electronic excitation in the energy range 8.5 — 10.7 eV

This band of the photoabsorption spectrum is dominated by a large number of spectral
features that are assigned to members of the different Rydberg transitions converging to the
(52"t X2A", (4a")yt A2A", (21a))t BAA' and (20a’yt C.2A’ ionic states of 2(5H)-
thiophenone (discussed in detail below). The features are mainly due to the overlap of the many
different Rydberg electronic states and the superposition of the different vibrational modes
contributing to the absorption spectrum (Table 4), thus contributing to the broadening of the
absorption features as well as to augment others which otherwise would not manifest as so
intense (Fig. 5). The calculations in Table 1 (and Table S1) do not predict any valence
excitations in this photon energy region, despite the background contribution to the absorption
spectrum. Note that in this region, and specially above 9.5 eV, photoionisation to the (5a"),
(42"t and (21a’)? states may contribute to the spectrum and so reducing the observable

features within this region.

4.4 Rydberg series

The photoabsorption spectrum of 2(5H)-thiophenone exhibits a relevant Rydberg
character (Figs. 3-5) across the majority of the bands, with the experimental energies, tentative
assignments and quantum defects in Table 5. Table S3 lists the calculated valence and outer
valence vertical ionisation energies (IEs) for 2(5H)-thiophenone at the EOM-CCSD/aug-cc-
pV(T+d)Z, together with other different levels of theory, and compares with the experimental
photoelectron data [7]. A close inspection of those tabulated values reveals that all the
theoretical methods agree reasonably well with each other to within 0.1-0.3 eV, even though
P3+ seems to be the more accurate, while those provided by the Koopmans’ theorem are larger,

which is due to neglection of electron correlations and relaxation. The P3+ and EOMIP-CCSD
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[21] results are very close to each other while the EOMIP-CC3 method [22] tends to
overestimate by as much as 6% the experimental data. The geometry of the 2(5H)-thiophenone
was kept at Cs symmetry, in the optimized ground state geometry, as indicated in Fig. S1.

The assignment of each absorption feature position in the 2(5H)-thiophenone spectrum

has been tested with the Rydberg formula: E,, = IE — (nf;&z’ where IE is the ionisation energy,

n is the principal quantum number of the Rydberg orbital of energy En, R is the Rydberg
constant (13.61 eV), and ¢ is the quantum defect resulting from the penetration of the Rydberg
orbital into the core. For sulphur: 1.9 <9 < 2.0 forns, 1.4 < ¢ < 1.8 for np, and 0.1 < ¢ < 0.5 for
nd [23]. As far as the authors are aware, no previous Rydberg features have been reported in
the literature.

The lowest-lying Rydberg transition is assigned to the (450 « (Sa”)) excitation, with
the first member (n = 4) at 6.344 eV and having a quantum defect 6 = 1.96 (Table 5). Note that
the shape of the absorption band, where the 4sc member is assigned, is mostly of a valence
character rather than Rydberg (see Fig. 3). Other transitions to the higher-order Rydberg
members up to n = 10, of the nso series, are also reported, while the features at 8.14(6), 9.100,
9.253 and 9.350 eV (n = 5so, 7so, 8sc and 9sc) have also been assigned to other Rydberg
members 3do’(21a")L, 6pm(21a’)L, 6do’(5a")Y5po(4a”) L, and 7do(5a") 2, respectively. The
rather high value of the quantum defects for the 9s and 10s members are attributed to the
influence of the other closest-lying Rydberg states.

The first members of the two np (hpo <— 5a") and (npz <— 5a") series are associated
with absorption features at 6.93(0) and 7.54(2) eV (6 = 1.75 and 1.45, respectively) (Table 5).
The relatively high values of the present quantum defects, with special attention to the lowest
absorption features can be attributed to a mixed valence character of these transitions, as
discussed in Section 4.2. The 6pc and 7pn features at 8.847 and 9.18(4) eV can also be assigned
to 3do(4a”) ! and 5dc’(21a’) L. Our assignments also report the presence of two nd (ndo < 5a")
and (ndo’' < 5a") series, with the n = 3 features at 7.90(2) and 8.06(7) eV (6 = 0.19 and 0.05)
(Table 5). The features at 8.698 (4dc) and 9.05(7) eV (5do) are also assigned to Spm(21a’)* and
5so(4a”) 1. Note also that transitions to higher members of the nd Rydberg series, up ton =7,
are also discernible. No attempt was made to assign the higher members of the Rydberg series
(n>7), due to their low intensity in the absorption spectrum.

The Rydberg series converging to the ionic electronic first excited state are listed in
Table 5 and have been assigned to the (nso, npo, npm, ndo, nda' < 4a") transitions. The first

members of the nso, npa, npm, ndo and ndo’ series are associated with features at 7.50(0) eV



(0=1.89), 7.827 eV (0 = 1.78), 8.51(8) eV (0 = 1.43), 8.84(7) eV (0 = 0.20) and 8.98(4) eV (6
= 0.08) (Table 5). Absorption features at 7.51(0) and 9.96(3) eV can also contribute to
4pm(21a’)* and 5do(4a”) .

The Rydberg series converging to the ionic electronic second excited state have been
assigned to the (nso,npo,npm,ndo,ndo’ « 21a’) transitions. The first members of the
nso, npo, npm,ndo and ndo’ series are associated with features at 6.37(1) eV (6 = 2.00),
7.42(4) eV (0 = 1.59), 7.51(0) eV (0 = 1.54), 7.99(9) eV (6 = 0.22) and 8.14(6) eV (6 = 0.10)
(Table 5). The feature at 9.54(8) eV assigned to n = 10sc is also due to a Rydberg transition to
4po(20a’) .

Finally, the Rydberg series converging to the ionic electronic third excited state have
been assigned to the (nso,npo, npm,ndo < 20a’) transitions. The first members of the
nsa, npa, npr and ndo series are associated with features at 8.89(1) eV (0 = 1.99), 9.45(8) eV
(0 =1.76), 10.19(6) eV (0 = 1.43) and 10.50(7) eV (0 = 0.21) (Table 5). Tentative assignments
of these series have only been made up to n = 4, because higher members lie outside the photon
energy range investigated.

Vibrational excitation involving some of the Rydberg series converging to the (5a") 1,
(4a")71, (21a’)~t and (20a") ! states have been assigned in Tables 3 and 4, and not included
in Fig. 5 to avoid congestion. The fine structure has been assigned to the C,=0s stretching,
v,(a"), the C3=Cy stretching, vi(a') and the S1—C: stretching/C2=0s in-plane bending/Cs—S:1

stretching, v1,(a") modes. Combination bands of these modes have also been assigned.

4.5 Absolute photoabsorption cross sections and atmospheric photolysis

The absolute cross-section values listed in Table 1 are related to the most representative
electronic transitions. A comprehensive literature survey reveals no previous studies to compare
with the ultraviolet photoabsorption data in the wavelength region 116 — 330 nm (3.7-10.7 eV)
covered in the present work. The combination of high-resolution VUV absolute
photoabsorption cross-sections and solar actinic flux measurements [24], can be used to
calculate photolysis rates of 2(5H)-thiophenone in the Earth’s atmosphere, from sea-level up to
50 km (the limit of the stratopause). To obtain such information and thus the local lifetime of a
given molecular compound emitted to the atmosphere and subject to the interaction of solar
ultraviolet radiation [25], we use a well-established methodology with details being found from
the work of Limao-Vieira and co-workers [26]. The quantum yield for dissociation is assumed
to be unity due to lack of any information in the literature. Computed photolysis lifetimes of

10



less than 1 sunlit day were calculated at altitudes above ground level, thus indicating that 2(5H)-
thiophenone can be efficiently broken up by UV absorption at those altitudes. We are not aware
of any complete study of the gas-phase kinetics for 2(5H)-thiophenone reactions with *OH
radicals or any other radical relevant within the Earth’s atmosphere (e.g., Cl, NOz and Os) to

assess the role of such processes as the main sink mechanism.

5 Conclusions

We have reported for the first time a comprehensive study of the electronic state
spectroscopy of 2(5H)-thiophenone in the 3.7-10.7 eV photon energy range. The absolute
values of the present measured high-resolution cross sections have been assigned to valence
and Rydberg transitions, with the aid of quantum chemical calculations, on the vertical
excitation energies and oscillator strengths. The joint experimental and theoretical methodology
has allowed the assignment of the fine structure in the spectrum which is due to the
contributions of C,=0s stretching, v,(a’) , Cs=Cs stretching, vi(a’) , and Si-C>
stretching/C>=0s in-plane bending/Cs—S: stretching, v;1,(a") modes. The photolysis lifetimes
of 2(5H)-thiophenone were also obtained for the Earth’s atmosphere, from 0 km up to 50 km
(the limit of the stratopause), indicating that solar photolysis is expected to be a strong sink if
no other relevant gas-phase reactions with *OH and other radicals present in the Earth’s
atmosphere (e.g., Cl, NO3) prevail.
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Figure captions
Fig. 1 The VUV photoabsorption cross-section in the 3.7-10.7 eV photon energy range for

2(5H)-thiophenone. Inset shows the structure of the molecule.

Fig. 2 The VUV photoabsorption cross-section of 2(5H)-thiophenone in the: (a) 3.7-6.0 eV and
(b) 3.7-4.5 eV photon energy ranges.

Fig. 3 The VUV photoabsorption cross-section in the 5.5-7.0 eV photon energy range for
2(5H)-thiophenone.

Fig. 4 The VUV photoabsorption cross-section in the 7.0-8.5 eV photon energy range for
2(5H)-thiophenone.

Fig. 5 The VUV photoabsorption cross-section in the 8.5-10.7 eV photon energy range for
2(5H)-thiophenone.

Table captions

Table 1 Calculated vertical excitation energies (EOM-CCSD/aug-cc-pV(T+d)Z+R basis set)
and oscillator strengths (singlet states) of 2(5H)-thiophenone (C4HsOS), compared with results
from the present experimental data (all energies in eV). For a complete table see Supplementary
Material Table S1. See details in text.

Table 2 Proposed vibrational assignments of 2(5H)-thiophenone absorption band in the photon

energy range 3.7—4.5 eV?. Energies in eV. See text for details

Table 3 Proposed vibrational assignments of 2(5H)-thiophenone absorption bands in the photon
energy range 5.5-8.5 eV?. Energies in eV. See text for details.

Table 4 Proposed vibrational assignments of 2(5H)-thiophenone absorption bands in the photon

energy range 8.2-10.7 eV2, Energies in eV. See text for details.

Table 5 Energy values (eV), quantum defects (6) and assignments of the Rydberg series
converging to (5a") ! X.24", (4a"yt A2A’, (21a’y? B2A" and (20a’)t C .24’ ionic states of

2(5H)-thiophenone. See text for details.
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Fig. 1 The VUV photoabsorption cross-section in the 3.7-10.7 eV photon energy range for
2(5H)-thiophenone. Inset shows the structure of the molecule with atoms numbering.
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Fig. 2 The VUV photoabsorption cross-section of 2(5H)-thiophenone in the: (a) 3.7-6.0 eV and
(b) 3.7-4.5 eV photon energy ranges.
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Fig. 3 The VUV photoabsorption cross-section in the 5.5-7.0 eV photon energy range for
2(5H)-thiophenone.
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Fig. 4 The VUV photoabsorption cross-section in the 7.0-8.5 eV photon energy range for
2(5H)-thiophenone.
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Fig. 5 The VUV photoabsorption cross-section in the 8.5-10.7 eV photon energy range for
2(5H)-thiophenone.
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Table 1 Calculated vertical excitation energies (EOM-CCSD/aug-cc-pV(T+d)Z+R basis set) and oscillator strengths (singlet states) of 2(5H)-

thiophenone (C4H40S), compared with results from the present experimental data (all energies in eV). For a complete table see Supplementary
Material Table S1. See details in text.

State

E (eV)

fL

<r2> a

HOMO

HOMO-1

HOMO-2

Mixed Character

Exp. (eV)°

Cross-section

(Mb)
ng (5a") miec (4a”) no(21a)

XA - - 95

1'A" 4420  0.00039 94 i + oo (62" 4.028 0.19
21A 5340  0.05785 96 Mo + i (62" 4.787 5.94
3IA 6.689  0.14547 99 The + o (627) 6.344 23.21
4IA 6.943  0.07573 110 The + Tl (222) 6.93(0) 14.73
4'A" 7193 001023 138  4po (a) 6.93(0) 14.73
6IA' 7260 001126 144  4pr(a") 7.54(2) 46.15
7IA 7592 0.04367 145 4po (a) 7.42(4)(s) 35.94
9IA! 7.873  0.09247 144 ng (5a") — 3dr (") + Ny (212) — 3do (@) 7.827 52.46
10'A' 8056  0.07646 170 3do' (a) 7.99(9)(s) 42.68
18'A" 8742  0.03732 369 5po (@) 8.850 48.88
23'A' 8924  0.02137 346 miec (4a") - 3dnm (a") + ng (5a") — 4dn’ (") 9.160 57.07
28'A" 8965  0.01778 190 550 (@) 9.05(7)(s) 48.97

3 Mean value of r? (electronic radial spatial extents)

b the last decimal on the energy value is given in brackets for these less-resolved features
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Table 2 Proposed vibrational assignments of 2(5H)-thiophenone absorption band in the photon
energy range 3.7-4.5 eV?. Energies in eV. See text for details.

assignment energy AE (v4) AE (vs)  AE (vi4)

4n 3.766 - - -
4n 3.77(5)(b) - - -
4m  3.787 - - —
4n 3.794 - - —
4n 3.806 - - -
4" 3.82(2)(b) — - -
4n 3.827 - - -
4" + 145 /4™ 3.83(9)(s) - - 0.073
4" + 145 /4™ 3.846 - - 0.071
4™ + 145 /4™ 3.860 - - 0.073
4" + 145 /4™ 3.870 - - 0.076
4" + 145 /4™ 3.87(7)(b) - - 0.071
4™ + 145 /4™ 3.88(9)(b) - - 0.077
4" + 145 /4™ 3.899 - - 0.072
4" + 142 /4™ + 145 /4™ 3.90(6)(b) - - 0.067
4™ + 142 /4™ + 145 /4 3.916 - - 0.070
4™ + 142 /4™ + 145 /4™ 3.926 - - 0.066
4" + 142 /4™ + 145 /4™ 3.938 - - 0.068
4™ + 142 /4™ + 145 /4™ 3.94(8)(s) - - 0.071
4™ + 142 /4™ + 145 /4™ /4™ + 5} 3.95(8)(s) - 0.192 0.069
4™ 4+ 142 /4™ 4+ 145 /4" /4™ + 55 3.96(6)(b) - 0.191 0.067
4+l /4m 4 51 3.976 0.210  0.189 -
471 /4m 4+ 145 /4™ + 5} 3.984 0.209  0.190 0.068
471 /4m 4 145 /4™ 4+ 55 4.00(0)(w) 0213  0.194 0.074
4nHL/4m 4 148 /4™ + 5% 4.007 0213  0.185 0.069
471 /47 4+ 145 /4™ + 5} 4.018 0212  0.191 0.070
4nH/4m 4 145 /4™ 4+ 55 4.028 0.206  0.189 0.080
4nFL/4m 4 148 /4™ + 5 4,039 0212  0.193 0.081
4nijgn 4 5l 4.046 0.207  0.186 -
4L /At 4 148 /4™ + 145 /4™ + 55 4.057 0.211 0.187 0.073
gn+ljantl 4 4% /4n + 142 /4™ + 51 4.068 0.208 0.191 0.068
4nHL/4ntl 4 143 /47 + 142 /4™ + 5} 4.07(8)(b) 0.208  0.189 0.071
4nHl4ntt 4 14174 + 142 4.086 0.209 - 0.068
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4L /4t 4 140 /4™ + 143
4L /4t 4 148 /4™ + 143
4n+1
AL At 141 74mF 4 142747 + 143
AL At 4 14T 740 4 142747 + 143
AnFL At 4 14T /47 4 142 /4T + 143 /4™ + 53
4L /AnFL 4 148 /47 + 142 /4" + 143 /4™ + 53
4L antl 4 148 /4™ + 142 /4 + 143 /4™ + 53
4L /AnFL 4 148 /47 + 142 /4™ + 143 /4™ + 53
472 4™ + 55
472 /4" + 53
ANF2 /4T 4 143 /4" 4 52
42 /41 4 148 /4™ 4 52
4MFZ /41 4 148 /4™ + 52
4MFZ /41 4 148 /4™ 4 53
42 /41 4 148 /4™ 4+ 5]
47F2 4" + 55
47*2 /4" + 53
472 4 143 /4™ + 143

4.097
4.108
4.116
4.127
4.136
4.147
4.15(8)(s)
4.16(9)(s)
4.177
4.186
4.19(4)(b)
4.20(6)(s)
4.21(4)(s)
4.22(6)(s)
4.23(7)(s)
4.24(9)(s)
4.25(8)(s)
4.26(7)(s)
4.27(5)(s)

0.208
0.209
0.210
0.211
0.210
0.209
0.210
0.211
0.211
0.210
0.210
0.206
0.207
0.208
0.209
0.210
0.212
0.210
0.207

0.189
0.192
0.193
0.193
0.186
0.187
0.188
0.186
0.187
0.191
0.192
0.190
0.189

0.069
0.069

0.070
0.068
0.069
0.072
0.072
0.069

0.079
0.078
0.079
0.079
0.080

0.069

2(b) broad structure; (s) shoulder structure; (w) weak feature (the last decimal of the energy value is

given in brackets for these less-resolved features);
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Table 3 Proposed vibrational assignments of 2(5H)-thiophenone absorption bands in the photon

energy range 5.5-8.5 eV2. Energies in eV. See text for details.

assignment energy AE (v4) AE (vs) AE (vi4)
Tee + Mo (6a") « mec(4a”), (354" « XAA')

02 5.75(6)(s) - - =
141 5.82(1)(s) - - 0.065
142 5.88(7)(s) - - 0.066
53 5.94(7)(s) - 0.191 -
51 + 143 6.01(0)(s) = = 0.063
51 + 142 6.07(5)(s) = = 0.065
52 6.13(5)(s) - 0.188 -
52 + 14} 6.20(2)(b) - - 0.067
58+ 142 + 4% 6.281 0.206 - =
53 6.311 - 0.176 =
4sg(5a")71 6.344 - — -
53 + 143 /4s0(21a’)™? 6.37(1)(b) - - 0.060
4sg(5a")t + 143 6.406 - - 0.062
53 + 142 /4s0(21a’)™ + 14} 6.43(4)(s) - - 0.063
4so(5a") "1 + 142 6.46(8)(s) = = 0.062
54 /42 6.49(5)(s) 0214  0.184 -
4s6(5a")"1 + 5% 6.52(2)(s) — 0.178 -
5¢ + 14} 6.55(7)(s,w) - - 0.062
5¢ + 143 6.63(0)(s,w) - - 0.073
5% 4 143 /43 6.70(2)(bw)  0.207 - 0.072
5& + 144 6.76(8)(b,w) - - 0.066
3do(a’) « fp(21a’) + 3dr(a”) < ng(5a"), (954" « X:3A")

09 7.315 - - —
4po(21a’)? 7.42(4)(s) - - -
58 /4pm(21a’)~t 7.51(0)(b) - 0.195 -
4po(21a’)~t + 4} 7.66(8)(b) 0.244 - -
5% + 43 /4pm(21a’)t + 43 7.75(4)(s) 0.244 - -
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4po(4a™)~1 7.827 - - -

51+ 42/4pm(21a’)~! + 42/3do(21a)"  7.99(9)(s) 0.245 - -
5s0(5a")"1/3do’(21a’)7? 8.14(6)(s) - - -
4po(4a”)~t + 4% /3do’ 8.06(7)(s) 0.240 - -
4po(4a”)"t + 4% /3do’ + 4} 8.30(4)(b) 0.237 - -
4po(4a”)t + 4% + 14} /3do’ + 4% + 14  8.366 - - 0.062
5s0(5a")" + 41 /3da’ (21a’)"" + 4} 8.39(7)(s) 0.251 - -
4po(4a’")~t + 4% + 143/3do’ + 45 + 143 8.42(6)(b) - - 0.060

2(s) shoulder structure; (b) broad structure; (w) weak feature (the last decimal of the energy value

is given in brackets for these less-resolved features);
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Table 4 Proposed vibrational assignments of 2(5H)-thiophenone absorption bands in the photon energy range 8.2-10.7 eV2. Energies in eV. See

text for details.

assignment energy AE (v4) AE (vs)  AE (v14)
5s0(21a’)7? 8.25(5)(s,w) - - =
5sa(21a’)™! + 43 8.48(3)(s) 0.228 - -
Spm(5a")~* 8.562 = = -
49 8.607 - - -
S5prm(5a”)"t + 14} 8.637 - - 0.075
5sa(21a’)"! + 4% + 51 8.667 = 0.184 -
s5pr(5a”)~! + 53 8.73(7)(s) = 0.175 -
S5pr(5a”)"! + 4} /4da(21a’) 1 8.78(7)(s) 0.225 - =
41 /65 (5a")"1 8.82(8)(s) 0.221 - -
550(21a’)™ + 4} + 52 /4do’'(21a’) 71 8.86(3)(s) - 0.196 -
S5pm(5a”)t + 53 /4s0(20a’) ! 8.891 = 0.154 -
6pm(5a”)71 8.952 — - -
5do’ (5a")1 9.08(6)(s) - - -
6pm(5a”)"t + 4} 9.157 0.205 - -
5do’(5a")™1 + 53 /8s0(5a")"t/6da’(5a") " /5pa(5a") L 9.253 - 0.167 -
8sa(5a")"t + 4} /6dd’(5a")"1 + 4} /5pa(5a”)"t + 4L /7da(21a’) "1 + 4 9.461 0.208 - -
8sa(5a")"t + 43/6do’(5a")"1 + 43 /5po(5a”)"1 + 43 /4da’ (4a") ™t + 43 9.69(0)(s) 0.229 - -

26



6po(4a”)~? 9.81(7)(s,w) - - -

8sa(5a")"t + 43 /6dd’(5a")"1 + 43 /5po(5a”)" + 43 9.90(3)(s,w) 0.213 - -
5" 9.844 - - -
57+ /5dg" (4a") " 10.01(5)(s,W) _ 0.171 -
6po(4a”) 1 + 4} /7so(4a")~1 10.03(5)(w) 0.218 - -
57+1 4 141 /540" (4a") ! + 141 10.08(4)(b) - - 0.069
57+1 4 142 /54" (4a") "1 + 142 /6do (4a”) " 10.150 - - -
6pa(4a”)~! + 42750 (4a") "1 + 4} 10.251 0.216 - -
7do’(4a")71 10.293 - - -
5do(20a’)~" + 41 10.50(7)(w) 0.214 - -

4(s) shoulder structure; (w) weak feature; (b) broad structure (the last decimal of the energy value is given in brackets for these less-resolved features);
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Table 5 Energy values (eV), quantum defects (d) and assignments of the Rydberg series converging to (5a”)* X.2A", (4a") * A:2A", (21a’) L B.2A’

En 0 Assignment | En 0 Assignment | En 0 Assignment | En 0 Assignment
(IE1)v = 9.63 eV (5a”)1 (IE2)ad = 10.58 eV (4a") 1 (IE3)ad = 9.76 6V (21a’) 1 (IE4)y = 12.25 eV (20a’) 1

(nsc <« 5a") (nsc «— 4a") (nsc < 21a") (nsc < 20a’)

6.344 1.96 4sc 7.51(0)(b) 1.89 456 6.37(1)(b) 2.00 450 8.891 1.99 456
8.14(6)(s)  1.97 550 9.05(7)(s) 2.01 550 8.25(5)(s,w)  1.99 550 (npo «— 20a’}

8.82(8)(s)  1.88 650 9.72(8)(w) 2.00 656 8.923 1.97 656 9.548)(b,w)  1.76 4po
9.100 1.93 7sc 10.03(5)(w) 2.00 7s6 9.20(8)(s) 2.03 7so (nprt « 20a)

9.253 1.99 8so 10.21(7)(w) 1.88 8so 9.382 2.00 8so 10.19(6)(s,w)  1.43 4pn
9.350 2.03 9sc (npo « 4a") 9.48(6)(s) 1.95 9so (ndo « 20a%)

9.407 2.19 10sc 7.827 178 4pc 9.54(8)(b,w)  1.99 10sc 10.50(7)(w)  0.21 3do
(npc « 5a") 9.253 1.80 5po 9.585 2.18 11so

6.93(0)(b)  1.75 4po 9.81(7)(s,w) 1.78 6pc (npo — 21a’)

8.33(5)(b)  1.76 5pc (npr — 4a") 7.42(4)(s) 1.59 4pc

8.847 1.83 6pc 8.51(8)(S) 1.43 4pn 8.46(3)(s) 1.76 5pc

9.137 1.75 7pc 9.537 1.39 Spr 9.017 1.72 6po

(npm — 5a") 9.96(3)(b) 1.30 6pn 9.27(0)(s) 1.73 7po

7.54(2)(s,w) 1.45 4pn (ndo «— 4a") (npmt — 21a’)

8.562 1.43 5pn 8.847 0.20 3do 7.51(0)(b) 1.54 4pn
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8.952
9.18(4)(s)
9.319

(ndo < 5a")
7.90(2)(s,w)
8.698
9.05(7)(s)
(ndo’ < 5a")
8.06(7)(s)
8.765
9.08(6)(s)
9.253

9.350

1.52
1.48
1.39

0.19
0.18
0.13

0.05
0.03
0.00
0.00
0.03

6pn
Tpm
8pm

3do
4do
5do

3do’
4do’
5do’
6do’
7do’

9.645
9.96(3)(b)
10.150

(ndo’ < 4a")
8.98(4)(s)
9.69(0)(s)
10.01(5)(s,w)
10.19(6)(s,w)
10.293

0.18
0.30
0.37

0.08
0.09
0.09
0.05
0.11

4do
5do
6doc

3do’
4dc’
5do’
6dc’
7do’

8.698

9.100
9.31(2)(s)
(ndo < 21a")
7.99(9)(s)
8.78(7)(s)
9.154

9.461

(ndo «— 21a")
8.14(6)(s)
8.86(3)(s)
9.18(4)(s)

1.42
1.46
1.49

0.22
0.26
0.26

0.25

0.10
0.10
0.14

Sprn
6pm
Tpm

3do
4do
5dc

7do

3do’
4dc’
5do’

(s) shoulder structure; (b) broad feature; (w) weak structure (the last decimal on the energy value is given in brackets for these less-resolved features).
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