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ABSTRACT

The chemistry of sulfur-containing molecules is of significant interest to fields ranging from the combustion of petrochemicals to astro-
chemistry (with multiple S-containing species unambiguously detected in the interstellar medium or circumstellar shells). Here, infrared
predissociation action spectroscopy and mass-analyzed ion kinetic energy spectroscopy measurements of the m/z 58 fragment from the dis-
sociative ionization of thiophene are presented. Comparison is made between these experimental results and ab initio calculations (of both the
spectral features and the fragmentation potential energy surface), which allows the fragment to be identified as the H,CCS®" radical cation.
This conclusive identification addresses long-standing questions about the dissociative ionization of thiophene. The findings will enable fur-
ther spectroscopic measurements and reactivity studies to be conducted, allowing H,CCS®* to be incorporated into models of astrochemical
environments.

© 2025 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/10.1063/5.0260839

I. INTRODUCTION Thiophenes and their derivatives are also the major aromatic

sulfur heterocyclic contaminants found in fuels and petroleum prod-
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Thiophene (c-C4H4S), a five-membered heterocyclic aromatic
compound, represents a fundamental unit found in a diverse range
of chemical species and environments. Thiophene derivatives occur
naturally in biologically active molecules such as plant metabolites'
as well as being important precursors for the pharmaceutical and
agrochemical industries” ' and ubiquitous building blocks in pho-
tonic materials such as organic photovoltaics and non-linear optical
devices.” The physicochemical properties and UV photoabsorp-
tion and photoionization behavior are therefore a matter of great
interest.”

ucts’” and, as atmospheric and aqueous pollutants, can be released
in urban and industrial areas by the incomplete combustion of
fossil fuels, biomass burning, and marine oil spills. When emit-
ted into the atmosphere, they are a major cause of acid rain and
impact ozone, smog, and aerosol formation. While the removal
of sulfur-containing molecules from fuels is necessary to improve
combustion quality, conventional hydrodesulfurization methods
are not effective at eliminating thiophenes from petroleum prod-
ucts due to the stability of the heteroaromatic ring. To facili-
tate effective purification methods, a more detailed understanding
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of the chemical decomposition mechanisms of thiophene is
required.”’

Mass spectrometry-based techniques, usually coupled with sep-
aration methods such as gas chromatography or liquid chromatog-
raphy, have become increasingly important in identifying heteroaro-
matic hydrocarbons and organosulfur components in complex mix-
tures.'’ Many of these techniques exploit the fragmentation behavior
of molecular ions (e.g., by tandem mass spectrometry) to pro-
vide clues for the structures of the sulfur-containing compounds.
A detailed understanding of decomposition mechanisms and the
structures of the decomposing and fragment ions is therefore essen-
tial for the accurate interpretation of such data. In the case of
thiophene, previous studies on the generation and fragmentation of
the thiophene radical cation by collisions of thiophene with ener-
getic particles, surfaces, and photons have been carried out both
experimentally and theoretically.”'" '’ However, no spectroscopic
study has yet been performed to elucidate the structure of the ionic
fragments.

Beyond their terrestrial implications, sulfur-containing
molecules are relevant to the chemistry of the interstellar medium
(ISM), where a plethora of S-containing species have been detected.
Thiophene has not yet been observed in the ISM, as its detection
via rotational spectroscopy is predicted to be challenging due to
its small dipole moment (0.55 D), but the presence of thiophene
and methylthiophenes has been reported on the surface of Mars
by the NASA Curiosity rover.”"”” Alternatively, some protonated
and substituted cyanothiophene derivatives possessing large dipole
moments (e.g., 2- and 3-cyanothiophenes) might spontaneously
form in the ISM and could be detected in the microwave range, as
proposed by a recent quantum chemical investigation.”

In addition to S-containing heterocycles, there are several
unsaturated linear S-containing species that have the potential to
either form or be formed by S-containing heterocycles. Among
them are polycarbon sulfides, a class of carbon chains that includes
both neutral and charged species with the general formula H<C,S
(x = 0-2 and n = 1-5). Non-hydrogenated neutral chains have been
observed as large as n=5,"" "’ with mono-hydrogenated neutrals
observed up to 1 = 4,"°"* and di-hydrogenated neutrals observed
up to n = 3.>” While ion observations are hindered by their typ-
ically low number densities and high reaction rates (resulting in
shorter lifetimes) with respect to neutrals, mono-hydrogenated ions
have been observed up to n = 3,”*"” though no di-hydrogenated ions
have yet been observed. Despite a lack of observation, the thioketene
radical cation (H,CCS*®™) is a species of notable astrochemical inter-
est following the recent observation of neutral thioketene (H,CCS),
the organosulfur equivalent of ketene (H,CCO),”® in a cold dark
cloud.”® In addition to the ionization of neutral thioketene [which
has a vertical ionization energy (IE) of 8.89 eV]”’ " by Lyman-
alpha photons, the protonation of recently detected HCCS* and
the reactions of OCS™ with C,H, and of C;H,* with OCS**** have
been suggested as likely formation mechanisms under ISM condi-
tions. Following the demonstration of synthetic pathways leading
to thiophene and thioketene via the gas-phase reaction of S atoms
with dienes such as 1,3-butadiene and isoprene, 4% the interconver-
sion between these species also has significant implications for the
build-up of organosulfur chemical complexity in the ISM.

In this work, we focus on the intense m/z 58 fragment ion
formed by the dissociative ionization of thiophene.'”'*"” The m/z
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58 mass channel corresponds to the formation of one or more
[C2H,S]** radical cation isomers via the elimination of C;H,. In
addition to thioketene (H,C=C=S""), both thiirene (c-CHCHS®")
and ethynethiol (HCCSH®*) are known to be stable***”** and could
contribute to this signal. Here, we seek to elucidate the fragmen-
tation dynamics of thiophene for applications in analytical mass
spectrometry and to demonstrate the selective generation of the
H,CCS** isomer for use in both high-resolution rotational spec-
troscopy and reactivity studies, contributing to ongoing astronom-
ical observation and modeling efforts. To the best of our knowl-
edge, information on the electronic states of the thioketene radical
cation has only been inferred from the photoelectron spectrum of
thioketene neutral H,CCS.””

A multi-pronged approach is employed to examine both the
fragmentation process itself and the structure of the resultant frag-
ments. For the former, computational calculations on the frag-
mentation potential energy surface (PES) are combined with mass-
analyzed ion kinetic energy (MIKE) spectroscopy, providing experi-
mental verification of the calculated PES. For the latter, experimental
infrared predissociation (IR-PD) spectra of the m/z 58 ions are
recorded and compared with calculated line positions and intensi-
ties for the different isomers. While earlier studies have investigated
HCsS™ ions using action spectroscopy,”’ the spectroscopic features
of H,CCS** have not previously been reported (to the best of our
knowledge). Through the combination of spectroscopic measure-
ments and detailed calculations set out in this work, the observed
m/z 58 fragment is identified as H,CCS**.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Experimental
1. Action spectroscopy

Experiments were performed using the FELion cryogenic ion
trap apparatus at the Free Electron Lasers for Infrared eXperiments
(FELIX)* Laboratory, which has been described in detail previ-
ously.”® As such, only a brief description relating to the specific
details of the current study is given here.

Thiophene, c-CHCHCHCHS, was introduced into the appara-
tus via evaporation of a pure liquid sample (Sigma-Aldrich, >99%).
[C2H,S]*" ions were produced from electron ionization (EI) of thio-
phene using both a standard EI source and a Storage Ion Source
(SIS).” For the standard EI source, pressures used were on the order
of 2 x10™° mbar, with electron energies in the ~30-40 eV range. For
the SIS, a typical ion source pressure of 4 x10™> mbar was used,
with electron energies also in the ~30-40 eV range. A mass spec-
trum of the ions generated using the EI source is shown in Fig. 1,
with an equivalent spectrum for the SIS source given in Fig. S2
in the supplementary material. In both cases, an intense m/z 58
ion fragment is observed, indicative of an efficient fragmentation
process.

Ions were extracted from the source in a 15 ms pulse and
mass selected at m/z 58, corresponding to [C>H,S]** ions, using a
quadrupole mass filter. Following mass selection, ions were guided
into a cryogenic 22-pole ion trap,”® which was maintained at a nom-
inal temperature of ~12 K. Upon entering the trap, ions were cooled
to the trap temperature through collisions with a 97:3 mixture of
He:H,, which was inserted into the trap via a pulsed piezo valve at
a number density of ~10" — 10" molecules cm™. Each pulse was
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FIG. 1. Mass spectrum of the ions formed from thiophene using the ~30-40 eV
El source (black), compared to the background spectrum for this source (red,
reflected below the axis) recorded prior to admission of thiophene.

triggered 15 ms before ions entered the trap and lasted for the dura-
tion of the ion pulse, allowing a high proportion (~15%) of the
primary ions to form weakly bound complexes with H,.

Comparison of the optimized mass spectrum recorded upon
mass-selection of the m/z 58 ion fragments with that obtained fol-
lowing H,-tagging is given in Fig. 2. The composition of the He:H,
mixture was modified to optimize the proportion of singly-tagged
ions, resulting in only a small proportion of multiply-tagged ions at
successive 58 + 2n masses (where 7 is the number of attached H,).
Further details on the optimization of the tagging conditions are
given in the supplementary material.
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FIG. 2. Normalized mass spectra of mass-selected m/z 58 ions generated via the
dissociative ionization of thiophene (c-CHCHCHCHS) using the El source both
before (black) and after H,-tagging of these same ions (red).
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The small adjacent m/z 57 peak to the main m/z 58 peak can be
explained by a combination of two different effects. First, the drift of
the quadrupole resolution as a function of time can lead to the trans-
mission of ions at adjacent masses to the target ion. Second, a small
level of dissociation of the target ion may result from the collision of
the ions entering the trap with the tagging pulse. As the m/z 58 signal
is recorded as a depletion of the Hy-tagged m/z 60 channel, neither
of these contributions to the adjacent m/z 57 channel are expected
to influence the recorded spectra.

IR-PD spectra are measured as a depletion of the singly-H,-
tagged (m/z 60) ion mass signal as a function of laser frequency,
with the absorption of resonant photons leading to the dissociation
of the complex ions. The spectra presented here are given in terms
of the measured depletion intensity on a per-photon basis, which
allows for normalization of differences in laser power at different
wavenumbers. Normalization of signal intensity I is performed fol-
lowing Eq. (1), where S is the observed ion counts, B is the baseline
counts, hv is the photon energy, E is the laser pulse energy of a single
shot (in mJ), and N is the number of shots:

- _In (S/B)hv. (1)
E-N

IR radiation was provided by the FEL2 free-electron laser (FEL)
present at the FELIX Laboratory operated at 10 Hz.’’ Different
electron energy settings of the FEL were used to cover the appro-
priate wavelength range: for the low wavenumber (320-400 cm™")
settings, macropulse energies of up to 3 mJ at the ion trap loca-
tion were used; for the intermediate (400-1800 cm™') and high
(2700-3500 cm™') wavenumber regions, energies of up to 8.4 and
4.1 m] were utilized, respectively. Details of the laser full width at
half maximum (FWHM) as a function of wavenumber are given in

the supplementary material.
Saturation depletion measurements, an example of which is
given in Fig. 3, were performed at different wavelengths (using both

T T T
0 004 0.08 012 0.16 0.2 0.24 0.28 0.32
Energy (J)
FIG. 3. Saturation depletion measurements of the tagged complexes as a function

of the absorbed energy. Here, data are given off-resonance at 1624 cm~" (red)
and on-resonance at 1558 cm~" (black).
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the EI and SIS sources) to quantify the isomeric composition, as
has been described in detail elsewhere.””* This involves irradia-
tion of the tagged ions with a series of laser pulses resonant with
an isomer-specific vibrational band, thereby leading to the com-
plete dissociation of all H,-tagged complexes of this isomer. The
fractional abundance of the relevant isomer, A, is then determined
by fitting the tagged mass ion signal as a function of the deposited
energy using the following equation:

D:1—%:A~(1—e”"E'N), )

where D is the depletion percentage and k is the efficiency of the
IR-PD process for the band being probed. For all depletion values
presented in this work, the given error is the sum of the fitting error
and a systematic 5% uncertainty arising from an unknown combina-
tion of dark counts/noise from the detection systems and insufficient
overlap between the irradiation and trapping regions that can pre-
vent a small fraction of the trapped complexes being depleted while
on-resonance.

2. MIKE spectroscopy

MIKE spectra have been recorded using a ZAB2-SEQ tan-
dem mass spectrometer of reverse double-focusing geometry, in
which the magnetic sector precedes the electrostatic sector. Precur-
sor ions (c-CHCHCHCHS®*) were prepared by EI (70 eV, 150 °C)
of neutral c-CHCHCHCHS (Merck, >99%). Following acceleration
of 8 keV, precursor ions were mass-selected by the magnetic sec-
tor and allowed to dissociate spontaneously in the second field-free
region of the instrument. The resultant ions were then analyzed by
scanning the electrostatic sector. For peak profile measurements, the
main beam width was reduced to 4 eV, corresponding to an energy
resolution of 2000. For the m/z 58 ions ([C2H2S]*"), the metastable
time window for ion fragmentation under these conditions
was 9.7-18.8 us.

B. Computational

Electronic structure calculations used to identify reaction inter-
mediates and transition states relevant to the fragmentation of
thiophene into [C,H,S]** isomers were performed with the Gaus-
sian 16 suite of programs.”> An initial mapping was performed
at the B3LYP/cc-pVTZ level of theory, with the G4 level then
used to obtain more accurate energies for the structures presented
in this work. In all cases, open-shell species have been treated
using unrestricted formalism (UB3LYP), with the closed-shell C,H,
molecule treated using restricted formalism (RB3LYP). The elec-
tronic structure calculations have been benchmarked by comparing
the calculated IEs with those provided in the NIST WebBook’ "%
for a number of relevant structures, with the results shown
in Table I.

Geometry optimization and subsequent harmonic and anhar-
monic vibrational frequency calculations for the open-shell
H,CCS** (Cay, 2By), HCCSH®" (Cs, 2A”), and c-CHCHS®" (Cyy,
*B,) isomers were again performed using the Gaussian 16 suite of
programs.”™ All calculations were performed at the UB3LYP level
of theory, using Dunning’s cc-pVQZ"*" basis set, with a scaling
factor of 0.969 applied®” for comparison with the experimental spec-
tra. The geometry of the H,CCS*"-H, complex was calculated
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TABLE 1. Comparison of IEs of thiophene (c-CHCHCHCHS), thioketene (CH,CS),
methylsulphide (CH3SH), and dimethylsulphide (CH3SCH3) calculated at the
B3LYP/cc-pVTZ and G4 levels of theory (at 0 K) with the reference |Es from the NIST
WebBook.*"*%6

Tonization energy (eV)

Species NIST B3LYP/cc-pVTZ G4
Thiophene 8.86 + 0.02° 8.67 8.95
Thioketene 8.77" 8.84 8.89
Methylsulphide 9.439 + 0.005° 9.32 9.44
Dimethylsulphide ~ 8.69 + 0.02° 8.53 8.68

*A recent determination (not reported in NIST) gives an adiabatic IE of 8.8742
+0.0002 eV.”

°In NIST, Refs. 37 and 38 are provided as a source for this IE, though no adiabatic value
is reported in either paper. The value is expected to have been assigned using the onset
of the PE band in the spectrum shown in Ref. 37.

©A recent determination (not reported in NIST) gives an IE of 9.454 58 + 0.000 36 eV.**
9A recent determination (not reported in NIST) gives an adiabatic IE of 8.6903
+0.0009 eV.””

using the MOLPRO quantum chemistry software package, ver-
sion 2015.1,°"* and optimized using the aug-cc-pVTZ*"*"*" basis
set, which includes diffuse functions to model long-range disper-
sive interactions. The obtained binding energy was counterpoise
corrected to account for the basis set superposition error.

lll. RESULTS
A. Fragmentation potential energy surface (PES)

The fragmentation of the thiophene ion (c-CHCHCHCHS®"),
hereafter referred to as Al, into [C;H,S]** and C,H, has been
explored at both the B3LYP and G4 levels of theory, with the results
of the higher-level (G4) calculations provided in this section (com-
parison of the two levels of theory is given in the Computational
Methods section). Energies for each structure are given, in paren-
theses, in kJ mol~! relative to the energy of Al. The PES is shown
graphically in Fig. 4, with the structures of all relevant identified
intermediates and transition states provided in the supplementary
material (in Figs. S11-S31, with geometries in A given in Tables
$8-528).

The lowest energy pathway leading to the formation of the
most stable isomer, the thioketene radical cation [H,CCS]**, pro-
ceeds from Al via an initial [1,2] H-shift to give c-CCH,CHCHS"*
(186), hereafter referred to as A2, via A1-2 (239). A2 can then ring
open through cleavage of the S—-CH bond via A2-3 (275) to give
CHCHCH,CS** (243), hereafter referred to as A3. Further cleav-
age of the CH,-CH bond via A3-4 (300) yields A4 (284), a van der
Waals cluster of HCCS®** and C,H, that can fragment into the sep-
arated products (307) without a barrier. This pathway is shown with
pink lines in Fig. 4.

The next lowest energy pathway (blue lines in Fig. 4) involves
the direct ring opening of Al through the cleavage of one of the
S—CH bonds via A1-5 (356) to give CHCHCHCHS®" (334), here-
after referred to as A5. Further cleavage of the central CH-CH
bond via A5-6 (392) gives A6 (336), a van der Waals cluster
of c-CHCHS®' and C,H, that can fragment into the separated
products (366) without a barrier.
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c-CHCHS® plus C,H,

H,CCS" plus C,H,

FIG. 4. Intermediate structures and transition states, calculated at the G4 level of theory, relevant to the fragmentation of the thiophene radical cation (c-CHCHCHCHS®™,

A1) into the H,CCS®**, c-CHCHS®**, and HCCSH®* isomers of [CoH,S]**.

The final isomer of [C,H,S]** for which a pathway has been
identified is HCCSH®*, which is shown with orange lines in Fig. 4.
The lowest energy pathway involves a series of [1,2] H-shifts from
A2, beginning with a shift to give c—-CCHCH,CHS*" (189), here-
after referred to as A7, via A2-7 (262). A7 can then undergo a
further shift via A7-8 (236) to give ccCCHCHCH,S** (146), here-
after referred to as A8. A8 can then undergo a final [1,2] shift to
give c— CCHCHCHSH®* (238), hereafter referred to as A9, via A8-9
(298).

A9 can also be reached directly from Al through a [1,2] H-
shift via A1-9 (301). Though this second pathway is slightly higher
in energy (by 3 kJ mol™!), the far fewer interconversions required
may mean this is a more feasible pathway for the formation of A9
from A1. However, a detailed investigation of the relative contribu-
tions of these two pathways to the potential formation of HCCSH®*
from thiophene is beyond the scope of this work. From A9, cleavage
of the S-CH bond via A9-10 (371) gives CHCHCHCSH®** (321),
hereafter referred to as A10. No transition state has been found for
the cleavage of the central CH-CH bond, but a subsequent van der
Waals complex of HCCSH*" and C,H, (388), hereafter referred
to as All, has been identified. This can then dissociate into the
separated products (423) without a barrier.

The fragmentation PES of the thiophene cation has been
studied previously at both the B3LYP/6-3»11+G(3»df,3pd)'“3 and
G4 levels of theory.! In the former studies,'”'” only the frag-
mentation pathway yielding H,CCS*" was considered, while Ref.
11 also identified a pathway leading to HCCSH®*, but neither
previous study identified a pathway leading to the formation of
c-CHCHS®". An earlier study'* also identified A2 as the initial
intermediate, with previously calculated energies of 248 and 187
kJ mol™" (for A1-2 and A2, respectively), in good agreement with
the values presented here. From A2, calculations'* predicted a sec-
ond ring-opened intermediate (H,CCSCHCH"®") formed by rupture
of a C-C bond, which requires overcoming a TS at high energy
(343 kJ mol™!) before leading to products. However, this calcu-
lated prediction was inconsistent with experimental molecular ion
breakdown curves. Hence, they concluded that the most plausi-
ble mechanism is not stepwise C-C bond cleavage followed by
C,H; elimination but a concerted breaking of both a C-C and C-S
bond, leading directly to products from the A2 intermediate, even
though the details of such a concerted process were not specifically
identified."

A more recent theoretical study,'! performed at the same level
of theory as this work, also identified a fragmentation channel
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proceeding to HyCCS** plus C;H, via A2 and A3, but found no bar-
rier to interconversion between A2 and A3, or from A3 to product
formation. Similarly, while this previous study identified a pathway
to form HCCSH®" via A9 and A10, this was again found to be with-
out barriers to interconversion following the formation of A9. While
the calculated energies of the common structures show a good level
of agreement (within 6-8 kJ mol™!) with the work presented here,
several reaction pathways identified in this work (e.g., the formation
of c-CHCHS®* and the lower-energy pathway to form HCCSH®*
via A7 and A8) were not reported.

B. MIKE spectroscopy

To probe the metastable decomposition pathways detailed in
Fig. 4, MIKE spectra have been recorded for c-CHCHCHCHS®*
ions generated via dissociative ionization of neutral thiophene
(c-CHCHCHCHS), with the results shown in Fig. 5. The full kinetic
energy release (KER) distribution of the m/z 58 fragment ion has
been determined from the metastable peak shapes using the META
algorithm described in Szilagyi and Vékey.®® The m/z 58 peak, cor-
responding to the loss of C;H», has a sharp profile, characteristic
of a process that involves a small KER and exhibits a narrow KER
distribution, consistent with previous MIKE spectroscopy measure-
ments.'” The obtained KER distribution of the m/z 58 fragment

ion is given in Fig. 6. A discussion of these results in light of the
calculated PES is given in Sec. I'V.

C. Spectroscopy of [C,H,S]**

The experimental IR-PD spectrum of the m/z 58 fragment in
the explored wavelength ranges (320-1800 and 2700-3500 cm™)
is shown in Fig. 7, where it is compared to the computed spec-
tral features for the H,CCS®*, c-CHCHS®*, and HCCSH®*" iso-
mers. Line positions and intensities have been calculated at the
UB3LYP/cc-pVQZ level of theory. Assignment and isomeric ver-
ification are discussed below and made on the basis of direct
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FIG. 5. Mass-analyzed ion kinetic energy (MIKE) spectrum of the m/z 58 ion
formed via dissociative ionization of thiophene. The inset shows an enlarged view
of the shape of the m/z 58 peak.
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FIG. 6. Kinetic energy release distribution of m/z 58 ion fragments ([C2H2S]**)
from the dissociative ionization of thiophene (c-CHCHCHCHS®*).

comparison of the experimental band positions with the calcu-
lated frequencies and intensities. The experimental spectral features
(line positions, FHWM, and relative intensities), obtained by fit-
ting the observed features with Gaussian functions, are summarized
in Table II along with the calculated line positions and intensities
for the H,CCS®* isomer. The relative intensities have been normal-
ized to the calculated numerical values with respect to the C-C-S
stretching mode (v;). Calculated line positions and intensities for
the c-CHCHS®** and HCCSH®" isomers are given in Tables S2
and S3 of the supplementary material. Overall, we note a high level
of agreement between the experimental spectrum and the calcu-
lated H,CCS®" transitions; there are no clear experimental features
corresponding to the HCCSH®* or c-CHCHS®** isomers, indicative
of largely selective formation processes.
The only features observed in the low (<400 cm™!) wavenum-
ber region comprise the double-peaked band at 331(3) and 340(2)
cm™', in good agreement with the computed line positions for the
in- and out-of-plane C-C-S bending modes of H,CCS** at 336.6
and 341.3 cm™! (vo and vg), respectively. While the two contribu-
tions to the experimental feature are not easily apparent on first
inspection, reasonable fitting was only possible with a double Gaus-
sian. The presence of a double feature is further evidenced by the
observed feature being markedly broader than the FELIX intrin-
sic line width in this region (~4 cm™"). Importantly, no features in
this region are predicted for the c-CHCHS®* isomer (the lowest
wavenumber feature is at 633 cm™), while the predicted features
for the HCCSH®" isomer are at 273 and 310 cm™'. However, we
note that the presence of one or both of c-CHCHS** and HCCSH**
cannot be dismissed on this basis, as there are no predicted strong
features for either isomer in this wavenumber region.

In the intermediate (~400-1800 cm™") region, we observe four
distinct features. The most intense is assigned to the C-C-S stretch
of H,CCS®** and is observed at 1555(2) cm !, which is in good agree-
ment with the calculated line position of 1548.4 cm™ (v;). A further
clear feature, assigned to the H-C-H in-plane scissoring mode, is
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TABLE II. Experimental IR band positions (in cm~") and intensities (in relative units) are compared with calculated harmonic values for the linear HyCCS®* isomer (where
intensities are given in km mol~"). Predicted fundamental frequencies are given for the bare cation structure at the UB3LYP/cc-pVQZ level of theory, with vibrational scaling
factors applied, and symmetries provided.5? Uncertainties are provided in parentheses for the last digit, with all experimental line positions determined by fitting each peak with
a Gaussian function. The relative intensities have been normalized to the calculated numerical values with respect to the C-C-S stretching mode (v5).

IR-PD frequency

Calc. frequency Calc. intensity

Mode Symmetry (em™) IR-PD intensity rel. Depletion (%) (em™) (km/mol)
C-C-S bend in-plane (vo) B, 331(3) 0.3(1) e 336.6 5.9
C-C-S bend out-plane (vs) B; 340(2) 1.9(2) e 341.3 7.9
H-C-H wagging out-of-plane (vs) B 840(2) 13.6(3) e 855.5 322
C-S stretch (v4) Ay 864(2) 8.4(3) 85(6) 853.3 10.4
H-C-H rocking in-plane (vs) B, e e e 922.2 0.0
H-C-H in-plane scissoring (v3) Ay 1360(2) 12.8(2) S 1346.1 20.9
C-C-S stretch (v2) A 1555(2) 32.1(2) 80(7) 1548.4 324
H-C-H stretch (v1) Ay 2990(3) 127(3) 85(6) 2996.0 121.1
H-C-H stretch (v7) B, 3090(4) 94(4) e 3090.2 64.8

observed at 1360(2) cm ™!, in reasonable agreement with the calcu-
lated line position of 1346.1 cm™ (v3). The final two features in this
region are less clearly interpreted. Scaled harmonic calculations pre-
dict a line at 853.3 cm™" corresponding to the C-S stretching mode
(v4), with a more intense line at 855.5 cm™" corresponding to the
out-of-plane H-C-H wagging mode (vs). Experimentally, however,
while we do observe a pair of bands in this region, we observe the
more intense of these at 840(2) cm ™!, with the less intense feature at
864(2) cm ™.

To better understand these features, we performed additional
anharmonic calculations (again at the UB3LYP/cc-pVQZ level of
theory) for the three isomers, with full details provided in Tables
$4-56 of the supplementary material. While deviations between the
harmonic and anharmonic calculations are limited, for the anhar-
monic calculations, the relative positions of these two features are
inverted, as shown in Fig. 8. Although the calculated anharmonic

12 . . . . 36
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FIG. 8. IR-PD vibrational spectra in the 800-900 cm=" range of the m/z 58 frag-
ment from dissociative ionization of thiophene: experimental results are given in
black, alongside the calculated harmonic (solid dark pink) and anharmonic (dashed
light pink) positions and intensities for the H,CCS®* isomer.

line positions are slightly shifted with respect to experiment (the C-S
stretching mode is predicted at 879.2 cm™ and the H-C-H wag-
ging mode at 864.6 cm™'), the separation of ~15 cm™" is in excellent
agreement with the experimental separation of 14 cm™". Given this
and the comparatively small predicted separation of the two bands
of0.3cm™}, we assign the more intense feature at 840(2) cm™! to the
H-C-H wagging mode, while the 864(2) cm™" feature is assigned to
the C-S stretching mode.

Finally, in the higher wavenumber (~2800-3300 cm™") region,
we observe an intense feature at 2990(3) cm™' assigned to the
H-C-H symmetric stretch, in excellent agreement with the calcu-
lated line position 0f 2996.0 cm™ (). A less intense band, observed
at 3090(4) cm™, is also in excellent agreement with the calcu-
lated line position of 3090.2 cm™" for the H-C-H antisymmetric
stretch (v7).

Given the excellent agreement between the calculated frequen-
cies of the bare ion and the experimental IR-PD spectrum, it is
anticipated that the H, tag has minimal influence on the vibra-
tional structure. To confirm this, a geometry search was conducted
to determine the H, binding position and calculate its binding
energy, with the results given in Fig. S10 of the supplementary
material. The minimum energy configuration was found with H,
attached along the molecular symmetry axis to the hydrogen atoms
of H,CCS*", with the H-H bond out of the plane. At this position,
the binding energy was only 200 cm ™", consistent with the expected
negligible effect of the tag on the positions of the vibrational
transitions.

The experimental spectrum therefore points toward the exclu-
sive formation of H,CCS®* as the dominant ion in the dissociative
ionization of thiophene, as no features of the higher-energy isomers
could be detected. As an additional test to determine the isomeric
composition, depletion measurements have been performed at 845,
1558, and 2990 cm™!, with respective isomeric purities of 0.85(6),
0.80(7), and 0.85(6). Further consideration of these values is given in
Sec. I'V. Furthermore, to confirm that the EI and SIS sources can be
used interchangeably, depletion measurements of the intense ~1560
cm™" line have been performed using both sources, with isomeric
purities of 0.83(6) and 0.79(6) obtained using the EI and SIS sources,
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respectively. From this, we conclude that the isomeric purity is inde-
pendent of the source used, and no further distinction between the
two datasets is made. A direct comparison of the spectra obtained
using the two sources in the 700-1800 cm™! region is given in Fig. S3
of the supplementary material, with the depletion plots for the 845,
1558 (using both EI and SIS sources), and 2990 cm™! bands shown
in Fig. S4 of the supplementary material.

IV. DISCUSSION

The objective of this study is to perform a conclusive isomeric
identification of the m/z 58 fragment of thiophene and to pro-
vide new insights into the underlying fragmentation mechanism(s).
To do so, we have compared experimental and calculated infrared
spectra and considered the energetics of the fragmentation process
through PES calculations and MIKE spectroscopy. The combina-
tion of these approaches provides a rigorous description of both
the fragmentation process and the identity of the fragmentation
products.

The measured IR-PD spectra display a high level of agreement
with the calculated H,CCS®* spectral features. All notable features
of the experimental spectra are matched by predicted line posi-
tions, with the only predicted feature that is not clearly observed
being the in-plane H-C-H rocking mode. As this mode has a
predicted intensity of 0.0 km mol ™", the lack of a clear feature corre-
sponding to the predicted line position of 922.2 cm™" is unsurpris-
ing. While small shifts are observed throughout (the largest being
16 cm™! with an average shift of 8 cm™!), these are fully consis-
tent with the experimental spectrum within the expected level of
accuracy of the calculations. Although there is a greater variation
between the calculated and experimental relative intensities, the
order of peak intensities is the same for both experimental and calcu-
lated harmonic spectra, with the sole exception of the C-S stretching
(v2) and H-C-H out-of-plane wagging (vs) modes. However, a
match with the experimental relative positions is well reproduced by
anharmonic calculations of these two features, with the shift in the
C-S stretching (v,) frequency indicative of a notable anharmonic
component to this mode.

From the depletion measurements shown in the supplementary
material, the results of which are summarized in Table II, we con-
clude that the H,CCS®* isomer constitutes at least 80(7)% of the
m/z 58 fragment signal. However, the lack of complete depletion
for the main spectroscopic features of the H,CCS®* isomer neces-
sitates consideration of other potential contributors to this mass
channel. From the comparison between the experimental spectrum
and those calculated for the c-CHCHS®** and HCCSH®*" isomers
shown in Fig. 7, we conclude that there is little spectroscopic evi-
dence of either of the two isomers. While we note a good agreement
between the shoulders of the 1555 and 3090 cm™' peaks and the
predicted c-CHCHS®" features at 1589.5 and 3128.8 cm ™', respec-
tively, no experimental matches are found for the intense 703.2 and
959.6 cm™! features predicted for this isomer. We, therefore, con-
clude that the remaining ion signal at this mass is the result of an
unknown combination of minor contributions from one or both of
the higher-energy isomers, isobaric contamination, dark counts, and
potential insufficient overlap between the irradiation and trapping
regions that can prevent a small fraction of the trapped complexes
being depleted even while on-resonance.

ARTICLE pubs.aip.org/aipl/jcp

The spectroscopic characterization is supported by the cal-
culated PES shown in Fig. 4. The formation of the H,CCS**
isomer is significantly lower in energy than the formation of the
c-CHCHS®** and HCCSH*®" isomers, by 59 and 116 kJ mol™!
respectively, though all three pathways are formally accessible at
the electron energies used to ionize thiophene. Furthermore, while
the formation of both the H,CCS** and HCCSH®** isomers pro-
ceeds without a barrier with respect to the product fragments, the
formation of the c-CHCHS®" isomer involves a reverse activation
barrier of 26 kJ mol™!. Given this, and the fact that the H,CCS**
formation pathway does not involve significantly more interconver-
sions (4) than for the other two isomers (3 and 4/7, respectively),
the fragmentation is expected to significantly favor the H,CCS**
isomer.

This argument is supported by the MIKE spectra, where the
width of the observed KER distribution depends on the energy of
the products relative to the maximum barrier heights. The observed
narrow KER distribution for the m/z 58 fragment of thiophene
is consistent with a continuously endothermic fragmentation pro-
cess without a discernible reverse activation barrier, in agreement
with previous photoion-photoelectron coincidence (PIPECO) and
MIKE spectroscopy studies.” The absence of a reverse activa-
tion barrier aligns with the calculated pathways for the H,CCS®**
and HCCSH®" isomers but not with the pathway leading to
c-CHCHS"®" formation, where the energy of the transition state A5-
6 is 26 kJ/mol ™" higher than the energy of c-CHCHS®*" plus C,H,
products.

The identification of H,CCS®* as the major contributor to
the m/z 58 fragment signal is consistent with both the calculated
PES and previous experimental observations.""”'®'” The continu-
ously endothermic pathway leading to HCCSH®* that has been
identified both here and in a recent computational study'' is also
inconsistent with a reverse activation barrier and, by extension,
consistent with the MIKE spectra reported here and previously."”
However, despite previous assumptions to the contrary,”” no evi-
dence of this isomer is observed spectroscopically. To the best
of our knowledge, no pathway leading to the formation of the
c-CHCHS®" isomer has been identified previously, with these
details reported for the first time here. However, the higher energy
nature of this pathway and the presence of a reverse activation bar-
rier prevent it from being energetically accessible at the onset of the
m/z 58 signal.

V. CONCLUSIONS

We present the first spectroscopic identification of the
thioketene radical cation (H,CCS®") as the major contributor to the
intense m/z 58 fragment signal from the thiophene cation. The con-
clusive identification of the m/z 58 fragment as H,CCS** provides
greater clarity on the fragmentation dynamics, with applications for
the analytic mass spectrometry of thiophene and thiophene deriva-
tives. Knowledge about the fragmentation dynamics of thiophene
also has implications for the characterization of species relevant to
biosynthesis, organic electronics, and the purification of petroleum
products. Finally, we have also identified a selective technique for
the generation of the thioketene radical cations, H,CCS®**, for
use in future reactivity and high-resolution spectroscopy studies.
This will allow for the incorporation of H,CCS*" in models of
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astrochemical environments such as the cold, dark cloud TMC-1,
as well as facilitating future astronomical observations.

SUPPLEMENTARY MATERIAL

The supplementary material contains a detailed comparison of
the EI and SIS sources used in this work, further details of the deple-
tion saturation plots, and mass spectra regarding the optimization of
tagging parameters, as well as data regarding the laser FWHM. Fur-
thermore, full results for the harmonic and anharmonic frequency
calculations are presented, along with a comparison between har-
monic and anharmonic calculations as well as different levels of
theory, structure of the tagged HyCCS®* complex, and the geome-
tries of the intermediates and transition states identified in the
potential energy surface calculations.
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