Physical Chemistry Chemical Physics

&
4

PCCP

Threshold Photoelectron Spectroscopy of Organosulfur
Radicals

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-10-2024-003906.R1

Article Type: | Paper

Date Submitted by the

Author: 31-Oct-2024

Complete List of Authors: | Karaev, Emil; Universitaet Wuerzburg, Institut fuer Physikalische und
Theoretische Chemie Chemie

Gerlach, Marius; Universitat Wirzburg, Institut fir physikalische und
theoretische Chemie

Schaffner, Dorothee; Universitaet Wuerzburg, Institut fuer Physikalische
und Theoretische Chemie Chemie

Hemberger, Patrick; Paul Scherrer Institut, Swiss Light Source
Dutton, Sarah; California Institute of Technology, Chemistry

Phillips, Maggie; Middlebury College,

Vasiliou, AnGayle; MIT, Chemical Engineering; Middlebury College,
Fischer, Ingo; Universitaet Wuerzburg, Institut fuer Physikalische und
Theoretische Chemie Chemie; Universitat Wirzburg,

SCHOLA

RONE™
Manuscripts




Page 1 0of 9

PCCP

ARTICLE TYPE

Physical Chemistry Chemical Physics

Cite this: DOI: 00.0000/XXXXXXXXXX

Radicals

Threshold Photoelectron Spectroscopy of Organosulfur

Emil Karaev,% Marius Gerlach,% Dorothee Schaffner,* Sarah E. Dutton,? Maggie D. Phillips,”
Patrick Hemberger*¢, AnGayle K. Vasiliou,*” and Ingo Fischer*®

Received Date
Accepted Date

We report vibrationally resolved threshold photoelectron spectra of several sulfur-containing reactive
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intermediates. This includes the organosulfur radicals CH,S, CH3S, CH,SH, CH3S5, and SoH, which

are relevant in atmospheric chemistry and in astrochemical settings. Due to the high reactivity, the
radicals were prepared in-situ via pyrolysis of (CH3)2S2. The organosulfur species were character-
ized by photoion mass-selected threshold photoelectron spectroscopy, employing the photoelectron-
photoion coincidence setup (PEPICO) and synchrotron radiation from the Swiss Light Source. We
report improved ionization energies and characterize ionic ground and excited states, both singlet

and triplet. The vibrational structure was simulated based on computed geometries and vibrational

frequencies, giving insight into the geometry change upon ionization.

1 Introduction

In this manuscript we present vibrationally resolved photoelec-
tron spectra of the organosulfur radicals CH3S (methylthio),
CH,SH (mercaptomethyl), CH,S (thioformaldehyde) and CH3S,,
(methylperthiyl) as well as of HS, (thiosulfeno). In addition spec-
tra of CH3SH and S, confirm previous work. The chemistry of
organosulfur radicals is of considerable relevance in astrochem-
istry, atmospheric chemistry and combustion science. In the at-
mosphere, sulfur compounds are linked to phenomena like acid
rain or ozone destruction.” They are partially emitted from natu-
ral sources. Dimethyl sulfide, CH3SCHj is for example produced
by phytoplankton in surface water and released into the atmo-
sphere.2 Volcanic emissions are a further natural source.? How-
ever, the main source of sulfur compounds in the atmosphere are
anthropogenic activities, in particular burning coal.# Compounds
like dimethylsulfide or dimethyldisulfide, CH3SSCH3 have consid-
erable absorption cross sections in the UV and are precursors to
species like the methylthio radical CH3S that is further oxydized
to methylthio peroxy radical, CH3S00.”

Astrochemistry is another field where sulfur chemistry is not
well understood, and a large number of stable as well as re-
active species have been detected.® Sulfur-containing molecules
are much less abundant in dense molecular clouds than expected
from the overall cosmic abundance, so main reservoirs are still
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unknown. Thus improved reaction networks are in demand, aim-
ing at a better description of sulfur chemistry in space and in-
cluding more relevant species. Such a network was just pub-
lished for the mercaptomethyl radical CHySH in the interstellar
medium.” Recently, the James Webb space telescope (JWST) de-
tected SO as an atmospheric component of the exoplanet WASP-
39b,8 which confirms that understanding sulfur chemistry will
be relevant for understanding processes in exoplanetary atmo-
spheres as well.

It is thus not surprising that considerable efforts have been
dedicated to the spectroscopic characterization of isolated S-
containing reactive molecules, in particular CH3S. Microwave
and infrared19 spectra of this radical have been reported in the
gas phase. The kinetics of R + O, reactions has been studied
(R=CH38,...) and the photochemistry and photodissociation dy-
namics of CH3S has been reported using photofragment transla-
tional energy spectroscopy X and high-n Rydberg H-atom time-
of-flight spectroscopy. 12/ Negative ion photoelectron spectra re-
vealed the ground state structure and an electron affinity (EA) of
1.861 V.13 The photodissociation of CH3S, was found to yield
CH; + S, as well as CH3S + S.14 photoion efficiency curves
and photoelectron spectra of CH3S, CHZS,M CH3SHB
and CH;3S,™ using He(I) lamps as a light source have been re-
ported and yielded ionization energies (IE), but the instrument
resolution did not allow to fully resolve the vibrational structure.
For the thiosulfeno radical SoH, a number of computational stud-
ies2021 a5 well as a microwave spectrum2 have been reported,
but data on the ion is not available. The available IE values
are summarized in Table |1} However, the determination of ther-
mochemical quantities like dissociation energies or heats of for-
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mation requires accurate IEs. Furthermore, photoionization and
photoelectron spectroscopy using tunable VUV radiation is now
developing into a tool to detect and identify reaction products.%3
Therefore, there is increasing demand for vibrationally resolved
photoelectron spectra. As such quantitative information is lack-
ing for many relevant sulfur species, we initated a study aimed at
investigating organosulfur radicals and biradicals using tunable
synchrotron radiation at the Swiss Light Source (SLS). Thresh-
old photoelectron-photoion coincidence spectroscopy (TPEPICO)
is employed,2# which permits to record ion mass-selected thresh-
old photoelectron (ms TPE-) spectra. This approach has been
demonstrated to be well-suited for studies on reactive intermedi-
ates.22 It is also relevant for identification of reactive species in
interstellar space, as recently shown for CH3.26%27 S far, vibra-
tionally resolved TPE-spectra have only been reported for a few
sulfur containing species, including S,.28

2  Methods

2.1 Experimental

All experiments were carried out at the VUV beamline of
the Swiss Light Source (SLS) at the Paul-Scherrer Institute,
Villigen/CH. The double imaging photoelectron photoion coinci-
dence setup CRF-PEPICO was employed. A detailed description
of the setup was already published,22%32 therefore only a brief
description is given here. Synchrotron radiation was provided
by a bending magnet, collimated by a mirror and then vertically
dispersed by a 150 I/mm plane grating. The light is then guided
through a Ne/Ar/Kr gas mixture to filter out higher harmonics
of the radiation. The photon energy was calibrated on the
11 s'-13 s’ autoionization lines of argon in both the first and
second order of the grating. It shows that a spectral resolution of
5 meV has been achieved at 7.882 eV.

The precursor dimethyldisulfide S,(CH3), was purchased from
ABCR. The reactive species were generated in a Chen type
pyrolysis reactor3 by passing the vapor of the precursor diluted
in Argon through a resistively heated SiC tube. The pyrolysis
products then enter the experimental chamber through a 2 mm
skimmer. There, the molecular beam crosses the synchrotron
radiation and the species are ionized. The resulting photoelec-
trons and photoions were extracted in opposite directions in a
constant electric field of 218 V/cm. The photoelectrons were
imaged on a Roentdek DLD40 delay line anode detector, while
the cations were collected in a Wiley-McLaren type Time of Flight
(TOF) spectrometer. Threshold photoelectron were selected by
subtracting the contribution of hot electrons from the center
of the 2D newton sphere.2# Photoions and threshold electrons
were detected in coincidence, using a multiple-start/multiple-
stop scheme.2 Hemberger et al. previously showed that the
contributions from re-thermalized ions can be distinguished from
effusive beam contributions by velocity map imaging (VMI).=
We followed this approach and only selected ions that were
re-thermalized by wall collisions. As a result, the TPE spectra
presented below correspond to room temperature, show only
minor contributions from hot bands and yield an improved
resolution. All IEs were corrected for the Stark shift.
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2.2 Theory

IEs, geometries and vibrational frequencies were computed with
the ORCARZ or Gaussian 168 program packages. Computational
details as well as the calculated geometries and vibrations for all
molecule in their relevant electronic state are given in the ESI.
Generally, ground states were calculated with the G4 composite
method of Gaussian 16, while excited states were calculated on
the TD-DFT level with a @B97X-D3 functional and a cc-pVTZ ba-
sis set. IEs were obtained by subtracting the energy of the neu-
tral molecule from the one of the cation, both in their vibrational
ground state. Thus zero point energy has been included. The
IEs obtained by different composite methods are compared in
Table S1. Based on the computed geometries and frequencies,
Franck-Condon (FC) factors were simulated with ezSpectrum at
300 K.2% A Gaussian function was then convolved with the com-
puted stick spectra to obtain the simulated spectra displayed be-
low. The combined error bars for photon (5 meV) and electron
resolution (10 meV) is around 11 meV and typically smaller than
the band width of the vibrational transitions. The band envelope
is well described by a Gaussian function. Hence we use the half
width at half maximum (FWHM/2) of the origin transition as the
error bar for the ionization energy (IE). Typically, an envelope
with a FWHM of 25 meV provided good fit results, which leads to
error bars of + 0.013 eV for all IEs.

3 Results and Discussion

Table 1 Experimental and calculated ionization energies of the observed
molecules in the TOF. The experimental |Es determined in the present
work are accurate to within + 0.013 eV, with the exception of the b+
state of CH3S (+0.06 eV).
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species  transition IEexp.  IEcac. lit.
/ eV / eV
CH;S, XV IA < X2A" 861 8.60¢ 8.6240.05,40
8.6340.02,12
8.6740.0341
at 3A” « X2A" 917 9.21¢ 9.36112
AT TA” « X2A" 965  9.80° 9.9412
SoH Xt IA X277 9.22 9.22@ -
at 3A” « X2A"  9.60 9.61¢ -
AT 1A « X2A"  10.17 10330 -
CH3SH X' 2A" « XTA" 944  9.44%  9.46,4219.44 /43 9 4044
CHsS Xt 3Ay + X2A"  9.25 9.26¢% 9.26+0.0051>
9.225+0.01416
at 1A/« X2A - 9.952 10.1245 10.1346
bt 1A; + X2A” 1022 10.26° 10.2840/(11A7)
CHySH X* 1A'+ X2A” 755  7.52¢  8.04%
CH,S Xt 2By« X1A;  9.37 9.38¢ 9.37640.003,17 9.38/18

4 Calculated by G4
b Calculated by (TD-)DFT/®wB97X-D3
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3.1 Mass spectra

Although pyrolysis can produce radicals rather selectively, a mix-
ture of species is often obtained, in particular in a continuous
expansion. Mass spectra recorded at 9.5 eV that show the distri-
bution of reaction products at three different pyrolysis tempera-
tures are presented in Figure[1} To rationalize the mass spectra,
dissociative photoionization (DPI) of the precursor CH3SSCHj to
smaller fragments has to be understood, because it can obscure
the detection of pyrolysis products. The lowest appearance en-
ergy to CH3SCH,t+ HS an Eg = 10.41 eV has already been
determined in previous work.4Z A breakdown diagram from the
present work, which agrees with literature is given in Figure S2 in
the ESI. Figure S3 shows mass-selected ion images, which prove
that even at a photon energy of 11.5 eV kinetic energy release is
almost negligible and the contribution from DPI is small. Hence
the mass spectra are not significantly affected by DPIL. The pres-
ence and amount of sulfur isotopes can be derived from the nat-
ural sulfur isotope distribution 32S (95.02 %) and 34S (4.21 %).
Thus the pair of peaks at m/z 94 and 96 is readily assigned to the
CH3SSCH3 precursor. The further isotopes 33S (0.75 %) and 36§
(0.02 %) are of minor importance here.

Hence, at a photon energy of 9.5 €V and using a room tem-
perature sample only the ionized precursor is visible in the TOF
(pyrolysis off, top trace). At a temperature of 650 K in the reactor
(center trace), the precursor starts to thermally decompose, lose
a methyl group and form m/z 79, CH3S, ™.

A small amount of m/z 64, i.e. Sy is also formed, correspond-
ing to loss of both methyl groups. At even higher reactor tem-
peratures of 800 K the precursor is almost completely pyrolysed,
mainly to Sy and CH3S, ", In addition, m/z 46, 47, 48 (CH,S™,
CH3S™, CH3SH™) are formed. A small amount of dimethyl sul-
fide (m/z 62) is also produced. The change in the distribution
pattern indicates the onset of bimolecular chemistry in the reac-
tor, which will be subject of a future publication. A detailed look
at the peak at m/z 65 reveals an unusually high intensity that
cannot be explained by the natural abundance of 33S, which is
only 0.75 %. Hence we conclude that SoH* does also contribute
to the mass signal.

While mass spectrometry only provides information about
the elemental composition of the pyrolysis products, TPE spec-
troscopy permits to derive the structure as well as the electronic
states of the species involved. The photoelectron spectrum of the
precursor m/z 94 has been discussed before, its ms-TPES is thus
only presented in the ESL.48">L In the next sections, we will dis-
cuss the TPE spectra of the various intermediates mostly in the
order of decending m/z.

3.2 CH3S,

Figure [2| shows the TPE spectrum of m/z 79, which corresponds
to the loss of one CH3 group in the reactor, resulting in CH3S, ™.
Three major bands are observed. While the two higher energy
bands starting at around 9.1 and 9.6 eV show resolved vibrational
structure, the lowest one between 8.5 eV and 8.9 eV displays only
little structure. Simulations based on computed geometries and
IEs can provide further insight. Neutral CH3S, in its electronic
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Fig. 1 TOF mass spectra at 9.5 eV photon energy, recorded at reactor
temperatures of 303 K, 650 K and 803 K. At room temperature only
the precursor CH3SSCHj3 is present. At higher pyrolysis temperature the
precursor dissociates and different sulfur species are formed.

ground state has C; symmetry with one unpaired electron sitting
in an a” molecular orbital (MO), which resembles a w* orbital.
According to the computations, the IE for the X* 1A’ « X 2A”
transition to the electronic ground state of the cation is 8.60 eV,
as found by G4, which matches the shape of the lowest energy
band. The red line represents a simulation based on computed
Franck-Condon factors, which fits the TPE spectrum quite well.
An IE of 8.61 + 0.013 €V is derived, in agreement with values re-
ported before. 124041 The broad and only partially resolved band
is indicative of a large geometry change upon ionization. Compu-
tations show that the S-S bond length shortens by 0.09 A@ %),
from 1.95 A to 1.86 A while the S—C bond length shortens only
by 0.02 A (1 %). In contrast, the S-S-C bond angle increases by
5° (5 %). As a consequence, combination bands and overtones of
vot = 730 em™! (C-S-S stretching mode), vio* = 630 cm™! (C-
S stretching mode) and vi;+ = 280 em™! (C-S-S bending mode)
are excited. Note that in the simulations, the internal rotation of
the methyl group has been neglected, which introduces further
broadening.

The second band from 9.0 — 9.4 €V is assigned to the transi-
tion into the first triplet excited state a* 3a” « X 2A”. In this
transition, the electron is removed from the HOMO-1 (second
highest occupied molecular orbital). This nominally nonbonding
orbital also has some ressemblance with a S-S or S-C n* MO, but
in this case with a’ symmetry. In contrast to the 'A’ state, the S-S
bond length changes in this state only slightly by 0.01 A (0.5 %),
which results in negligible excitation of the S-S stretching mode.
Thus, the geometry change upon ionization is small, leading to a
well defined origin transition, which is followed by excitations of
viot = 620 em™! (C-S stretching mode), v, = 980 cm™! (CH3
wagging mode) and v¢™ = 1350 cm™! (CH3 umbrella mode) fun-
damentals. The experimental IE of 9.17 £+ 0.013 €V is in agree-
ment with the one of 9.21 eV calculated by G4. In comparison
with previous data the IE differs by 0.19 eV.12 However, only the
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—— ms-TPES m/z 79 (CH,S,")

IE=9.17 eV
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XTIAT < X2A" AYIAT C X 2A"

84 86 88 90 92 94 96 98 100 10.2
photon energy / eV

Fig. 2 ms-TPE spectrum of m/z 79, which corresponds to the molecule
CH3S,*. From the neutral 2A” ground state transitions into the cationic
ground state X* YA’ (red FC simulation), the lowest cationic triplet state
at 3A” (purple FC simulation) and the A* *A” (blue FC simulation) are
observed. Note that the baseline of the two latter transitions is higher
due background signals.

band maximum was reported in this earlier work.

The third band from 9.5 — 9.9 eV results from ionization of
an electron from the same 7*-like a’ orbital but terminating in
an excited singlet state of the ion. The IE of this AT 1A’ « X
2A" transition was calculated to be 9.80 €V. The experimental
IE is determined to be 9.65 + 0.013 eV. The value is thus 0.19
eV lower than the previously reported band maximum.1? The
FC simulation mainly shows activity in the vip™ = 590 cm™!
(C-S stretching mode), v+t = 660 cm™ (S-S stretching mode)
and vg* = 1350 cm™ (CH;3 umbrella mode).

The calculated and experimental IEs of CH3S, as well as of
all other investigated species are summarised and compared with
available literature values in Table[1|and Table S1 (ESI).

3.3 S;H

From CH3S,, an abstraction of the remaining methyl group leads
to Sy, which yields the most intense signal in the TOF at m/z 64
and 66. Its slow photoelectron spectrum has already been an-
alyzed in detail by Hrodmarsson et al.,“8 which is in excellent
agreement with the TPES shown in the black trace of figure [3p).
We therefore refrain from a detailed discussion, but note that our
value of 9.35 eV for the transition into the X*I1, /2 ground state of
the ion compares well with the previous value of 9.371 eV. In the
TOF spectrum, an additional signal is present at m/z 65, which
is not only due to the 33S isotopologue of S,, but also contains
contributions from the thiosulfeno radical SyH. The blue trace
shows the TPES recorded for m/z 65. It is evident that several
bands are identical to bands observed for m/z 64 and thus have
to be assigned to 32833S | but additional bands are visible that
are due to SpH. By normalizing the spectra at m/z 64 and 65
to the a*Tly state of S, (not shown) and subtracting them, the
spectrum in figure |3| b) is obtained. An additional progression
around 9.6 eV becomes apparent, as well as some smaller fea-
tures around 9.3 eV. These features are assigned to the S,H rad-
ical. S,H has only recently been observed in the horsehead neb-
ula,?? and thus attracts astrochemical interest. G4 calculations

4] Journal Name, [year], [vol.], 1

88 90 92 94 96 98 10.0 10.2 104 10.6 10.8 11.0

a) — ms-TPES m/z 64 (S,")

| ms-TPES m/z 65 (S," + HS,")

b) 760 cm?t @) —— Substraction TPES

va(a m/z 65 - 64

-1
Vi) 680 cm
X IAT o X 2A" at3A" « X2A"
IE = 9.60 eV
IE=9.22¢eV | AFIAT X 27
IE =10.17 eV

88 9.0 92 94 96 98 10.0 10.2 104 10.6 10.8 11.0
photon energy / eV

Fig. 3 a) ms-TPES of m/z 64 (ST, black) and of m/z 65
(S2 + S2HT, blue) b) subtraction spectrum m/z 65 — m/z 64. The
spectra were normalized on the a* *#II, band of S,* (not shown). The
FC simulations of the Xt 1A/, at 3A” and AT 1A” states are shown in
red, purple and blue, respectively.

of SoH support the assignment of the bands. No information on
its cation is yet available. SoH in its neutral ground state, as well
as in its three lowest lying cationic states is bent and exhibits C
symmetry. Ionization from the a” (S-S n*-like) SOMO requires
9.22 + 0.013 eV and is associated with a reduction of the S-S
bond by 0.09 A (5 %). Therefore a progression in the S-S stretch-
ing mode v3™ is expected and visible in the spectrum with several
overtones. A wavenumber of 680 cm™! is obtained from the data.
The simulated spectrum of the Xt 1A’ « X 2A” transition (red
trace in Figure [3p) represents the experimental one quite well.
Ionization from the lower lying a’ (also w*-like) orbital forms
two cationic states, with the a®™ 3A” triplet state being lower
in energy. The light blue line represents a simulation of the
at3A” « X 2A’ transition. The experimentally derived IE of
9.60 + 0.013 €V is in excellent agreement with the value of 9.61
obtained from G4 calculations. The a* 3A” state is characterized
by a S-S-H bond angle reduction of 6° (6 %), hence the S-S—
H bending mode v,* = 760 cm™ is excited and dominates the
spectrum.
Finally, the transition into the AT 1A” state (purple line) requires
10.17 €V. This transition exhibits a much lower intensity com-
pared to those terminating in the Xt and a™ states and only the
origin transition is observed. In the simulations, excitations to the
fundamental of the S-S stretching mode v3* = 660 cm™! and the
S—S-H bending mode v, = 800 cm™! appear, but they are close
to noise level in the experiment.
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Fig. 4 a) ms-TPE spectra of m/z 48 (CH3SH™). The FC simulation in
red describes the Xt 2A” + X 2A’ transition. b) ms-TPE spectra of m/z
46 (CH,S™). The blue curve represents the FC simulation of the X* 2B,
+ X LA; transition.

3.4 CH3SH

Figure [4] shows the TPE spectra of organosulfur species with
m/z 48, and 46 (CH3SH and CH,S). For the TPES of m/z 48, con-
tributions from heavier isotopologues of lower masses have been
subtracted. Both compounds show similar ionization energies,
which impeded assignments in a previous photoelectron study
without mass information.>3 Due to the ion mass selection in the
present experiments, more information is derived that permits
a solid analysis of the TPE-spectra. The top trace of Figure [4h)
shows the ms-TPES of methyl mercaptan, CH3SH. It is a stable
molecule with a 'A’ electronic ground state and is likely formed
in a bimolecular reaction in the thermal reactor, for example
CH3S + H. A dispersive PES has previously been recorded with a
He(I) lamp,44 and revealed an IE of 9.42 eV. IEs of 9.44 eV and
9.46 eV were derived in other studies and are all in agreement
with our experimental IE of 9.44 + 0.013 eV.4243 According to
the computations, the S-C bond changes by only 0.04 A upon
ionization of the a” m*-like HOMO. Hence, the vibronic structure
in the TPES is dominated by a pronounced 0-0 transition,
followed by low-intensity excitations of the CHj3 scissoring and
umbrella modes vs* = 1440 cm™! and v;* = 1330 cm™. An IE
of 9.44 €V is obtained from the origin transition.

3.5 CH;S
Figure[dp) shows the TPES of thioformaldehyde CH,S. CH,S has
Coy symmetry and a by HOMO of n*-like appearance. Ioniza-

Physical Chemistry Chemical Physics

tion from the HOMO thus leads to an increase of bond order, but
the C-S bond length decreases only slightly by 0.02 A (1 %) and
the H-C-H angle increases by 2 ° (2 %). The spectrum is dom-
inated by the origin band of the Xt 2B, «+ X 'A; and an IE of
9.37 £ 0.013 eV is derived and is in agreement with the calcu-
lated IE of 9.38 eV. The IE is in line with the previous values of
9.376 +0.003 eV derived from a PIE curve” and 9.38 eV derived
from a He(I) PES.18

Due to the small geometry change upon ionzation, only a short
vibrational progression is visible in the simulation (blue line). The
C-S stretching mode v4* = 1100 cm™! and the symmetric CH,
bending mode v3* = 1380 cm™! appear, but cannot be separated
in the spectrum. In addition, the symmetric H-C-H stretching
mode appears at vo* = 3060 cm™! with very low intensity.

3.6 CH38 and CstH

Finally, the ms-TPES for m/z 47 is given in Figure Two iso-
mers potentially contribute to the spectrum, the thiomethyl radi-
cal CH3S or the mercaptomethyl radical, CH,SH. On the potential
energy surface of the neutral, CH3S represents the global mini-
mum. From a thermochemical cycle it was derived to be more
stable by 6.3 + 2 kcal/mol (0.27 €V), while our computations
with G4 place it 0.36 €V lower in energy. It is therefore pref-
erentially formed in a thermal reactor. The neutral molecule is
Csy-symmetric with three electrons in the 7* orbitals, i.e. ()3
occupancy, a 2E ground state and thus subject to both spin-orbit
coupling and Jahn-Teller distortion. The latter induces a symme-
try reduction to Cs and splits the 2E state into a lower energy 2A’
and a higher energy 2A” component, as outlined in previous stud-
ies.>4 It was found that the Jahn-Teller stabilisation is larger than
the spin-orbit splitting (44 meV vs 12 meV).2>

Experimentally, values of —255.5 cm™! (32 meV) and —221 cm™!
(27 meV) have been determined for the spin-orbit splitting from
laser-induced fluorescence and microwave spectroscopy.2=° For
the interpretation of the TPE spectrum we assume only transitions
from the X 2A’ state of the thiomethyl radical, although small con-
tributions from thermally populated vibrationally excited states
are certainly present.

After ionization of a valence electron, a (7*)? occupancy re-
mains, giving rise to three electronic states, 3A,, 1E and !A;.
Hund’s rules dictate a triplet ground state for CH3S*, but there
has been some confusion whether this state is of 3A;,4257058 o
3A, symmetry.2? The LE state is prone to strong Jahn-Teller dis-
tortion since one e orbital is doubly occupied while the other
is not.42 This leads to a strong symmetry reduction to Cs and
two new minima arise on the singlet surface, the global X*
1A’ mercaptomethyl geometry minimum and a small local min-
imum with a non-classical bridged hydrogen atom between the
sulfur and the CH, fragment.*> In this work, the mercaptomethyl
and thiomethyl radical are considered as isomers with separate
ground states.

The TPES exhibits a low-intensity vibrational structure around
7.5 eV, which is attributed to the mercaptomethyl radical cation.
The calculated IE of 7.52 eV (G4) aligns well with the experi-
mentally observed IE of 7.55 + 0.013 eV. Notably, the intensity of

Journal Name, [year], [vol.],

1fg |5



Physical Chemistry Chemical Physics

I I I I I I I I
CH,SH" scaled x2 |CH,S* —— TPES m/z 47
780 cm™ i1 250
XA o X 2A" W\}g " b" *A; « XA
IE = 7.55 eV IE =10.22 eV
1
1070cm*
v (XY)
il ey | . R
P I NI L by e e e
75 78 81 90 93 96 99 102 105 108

photon energy / eV

Fig. 5 ms-TPE spectra of m/z 47 (CH3S* and CHySH*). The red
FC simulation describes the X+ 2A’ < X 2A” transition of the CH,SH
isomer. The blue and and purple simulation are both from the CH3S iso-
mer. The blue shows the transition into the triplet state X+ 3A, « X 2A/,
the purple one into the excited singlet state b* 11; « X+ 2A/

this signal is significantly lower when compared to the signal at
9.2 eV, which is attributed to the CH3S species. Assuming a Boltz-
mann distribution and no activation barrier for isomerization at
800 K, the CH,SH radical would be expected to constitute approx-
imately 2 % of the population (thermochemical cycle). However,
since 17 % is observed in the TPES (assuming similar ionization
cross sections), we infer that the predominant mechanism for the
generation of this radical likely involves a bimolecular reaction
between CH,S and a hydrogen radical. The vibrational progres-
sion in the TPES arises through the ionization of an electron in
a n*-like orbital. This increases the bond order between sulfur
and carbon, hence leading to a shortening between carbon and
sulfur from 1.71 A in the neutral to 1.61 A in the cation. This
results in an excitation of the S—C stretching mode v, which has
a wavenumber of 1070 cm™!. This progression is accompanied by
smaller excitations of vg* and vg*, which are both modes that
involve an out of plane hydrogen movement with 1080 cm™! and
880 cm™!, respectively.

As just mentioned, the signal at 9.25 €V is attributed to the
Xt 3A, « X 2A’ transition in the isomer CH3S™. The observed
IE of 9.25 + 0.013 €V agrees well with the calculated IE of
9.21 eV and with the value of 9.225 eV and 9.262 eV obtained
in previous photoionization efficiency (PIE) studies.1516 Com-
pared to the neutral radical, the X* 3A, state has a shorter S—
C bond length. This geometry change leads to excitation of the
S—C stretch vg™ = 780 cm™! and the methyl deformation mode
v;+ = 830 ecm™!. The simulation is shown in light blue. From
steps in a PIE curve, a vibrational wavenumber of 700 cm™! was
deduced,’> somewhat smaller, but in reasonable agreement with
the present values. Transitions from the spin-orbit excited state
of the neutral radical have not been included in the simulation.
They might contribute to the width of the vibrational bands that
is not fully reflected in the simulations.

A second band with discernible vibrational structure sets in
above 10 €V. A previous He(I)-photoelectron study of CH3S re-
ported bands at 9.91 €V and 10.32 eV and assigned them to a
transition into the excited 'E and 1A; states of the ion.°% These

6 | Journal Name, [year], [vol.], 1

assignments have to be contested. In our data, the band observed
at 9.91 eV is absent and probably has to be assigned to a different
species. The third band reported at 10.32 €V might match our
second band above 10 eV, although the intensities are quite dif-
ferent. The assignment is less than obvious, though. The excited
a* 1E state of CH3S" is subject to Jahn-Teller distortion and will
experience a symmetry reduction to C;. The e (7*) orbitals split
into their a’ and a” components, leading to two A’ states since in
both cases the orbitals are doubly occupied.

A potential energy surface of the [Hs, C, S]* system was com-
puted using the B3LYP functional, followed by CCSD(T) calcu-
lations at the stationary points.42 It was found that the mini-
mum energy geometry on the singlet surface corresponds to the
CH,SH™ isomer in its 1A’ state, confirming prior theoretical stud-
ies. In contrast, no minimum for the CH3S™ structure was found
on the cationic singlet potential energy surface of the 1A’ state.
However, a transition into the b+ 1A; is possible at this photon
energy according to our relaxed potential energy surface scans
(figure S4 in the ESI). The calculated ionization energy of the b*
1A; 10.26 eV (TD-DFT) is in agreement with the experimentally
observed one of 10.22 + 0.06 eV. A progression with a spacing
of 810 cm™! (100 meV) is observed, which is assigned to the S—C
stretching mode vo™ = 810 cm™! of the b* state. The FC simula-
tion is shown in purple. Note that apart from the intensity of the
signal, the simulation of the X* 3A, and the b* 1A; are very sim-
ilar. Reason for that are similar electronic structures. Both species
have the same electron configurations except for the flipped spin
within the 7 orbital, which should have a negligible effect on the
geometry.

As noted before, a non-classical minimum was found on the po-
tential energy surface of the 'A’ by Aschi et al. 2l Our calcula-
tions also indicate such a structure. However, since the geometry
changes significantly compared to the 2A’ of CH3S, the Franck-
Condon factors are three orders of magnitude smaller compared
to the transition into the b* 1A; state. Also, the non-classical
structure leads to the global minimum CH,SH barrierless through
excitations of vg* and vo™, as can be seen in figure S5 in the ESI.
Small contributions within the noise remain possible, though.

3.7 Comparison with oxygen congeners

It is worth comparing the adiabatic IEs (AIE) of the organosulfur
radicals to their oxygenated analogs. The AIEs of CH3S, SyH,
CH3S, are more than 1.4 eV lower, when compared to CH30,%1
HO,,92 CH50,,3 respectively, which can be rationalized by the
higher stabilization of the positive charge in the larger sulfur
orbitals, where the electrons are ejected from. In contrast the AIE
of CH,OH®Y and CH,SH are almost identical as the radical site is
mostly located at the CHy group. Understanding the spectroscopy
and the electronic structure of the cation as well as determining
IEs of organosulfur radicals and cations is crucial as it enables
isomer-selective and sensitive detection using mass-spectrometric
methods in laboratory experiments. This data can help to develop
new approaches to unveil novel formation channels relevant
for answering questions in an astro- and atmospheric chemistry
context. The experimental and simulated ms-TPE spectra of
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the organosulfur species are summarized in the PhotoElectron
Photolon Spectral COmpendium (PEPISCO) database. %%

Conclusion

Threshold photoelectron spectra of small organo-sulfur com-
pounds have been recorded using synchrotron radiation. All
species were generated by pyrolysis of dimethyldisulfide. Ac-
curate ionization energies were derived for transitions into the
ground state of CHyS* (9.37 eV), CH3S™ (9.25 eV), CHySH™
(7.55 V), CH3SH™ (9.44 eV), SoH' (9.22 eV) and CH3S,™
(8.61 eV). In addition, excited electronic states of the cations were
characterized for several of the species. The experiments were
supported by calculations, which helped to assign the vibrational
structure in the spectra.

For CH,S*, CH3SH™ and CH3S,* the spectra improve the ac-
curacy of IEs reported in previous work and derived either from
band maxima in He(I) photoelectron spectra or from PIE curves.
In addition, the hitherto unresolved vibrational structure is re-
solved. In some cases deviations can be traced back to the dif-
ference between adiabatic IEs and band maxima. In the case of
CH3S, however, the ion mass selectivity employed in the present
work provides a reliable assignment of bands that is not possi-
ble in the He(I) photoelectron spectra. In contrast, S,OH™ has
not been studied previously. We obtained its photoelectron spec-
trum by a subtraction procedure, thus distinguishing it from the
328333 isotopologue of S,. For the the X* 1A” « X 2A’ transi-
tion, an IE=9.22 eV and a wavenumber of 680 cm™ for the S-S
stretching mode were determined. Transitions into the first ex-
cited triplet and singlet states were also observed at 9.60 eV and
10.17 eV, respectively.
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