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Muneerah Mogren Al-Mogren,” John H. D. Eland,*® Raimund Feifel &2 ** and
Majdi Hochlaf (=) *?

e

The dissociation of OCS?* ions formed by photoionization of the neutral molecule at 40.81 eV is
examined using threefold and fourfold electron—ion coincidence spectroscopy combined with high level
quantum chemical calculations on isomeric structures and their potential energy surfaces. The dominant
dissociation channel of [OCS]?* is charge separation forming CO* + S* ion pairs, found here to be
formed with low intensity at a lower-energy onset and with a correspondingly smaller kinetic energy
release than in the more intense higher energy channel previously reported. We explain the formation of
CO™* + S ion pairs at low as well as higher ionization energies by the existence of two predissociation
channels, one involving a newly identified COS?* metastable state. We conclude that the dominant CO*
+ S* channel with 5.2 eV kinetic energy release is reached upon OCS?* — COS?' isomerization,
whereas the smaller kinetic energy release (of ~4 eV) results from the direct fragmentation of OCS**
(X®27) ions. Dissociation of the COS?* isomer also explains the existence of the minor C* + SO* ion pair
channel. We suggest that isomerization prior to dissociation may be a widespread mechanism in
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1. Introduction

The photoionization and consequent ionic dissociations of
carbonyl sulfide, OCS, have been studied extensively using a
broad variety of methods. In single ionization, the spectrum of
electronic states of OCS™ over a wide energy range'” is known,
as are the initial state populations and the identities of the
fragmentation as functions of ionizing photon energy.® Coin-
cidence measurements have shown what products, including
fluorescence photons, arise from selected initially populated
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dications and more generally in multiply charged ion dissociations.

states,’ and how the initial state populations depend upon
ionizing photon energy.> Moreover, they give the kinetic energy
released in each process and the probable states of the
products.?

Double and triple ionization of the OCS molecule have been
popular hunting grounds for the investigation of three-body
dissociation dynamics and selective bond breaking.®® For
double ionization our knowledge of the fates of nascent
0CS>" ions formed by various means is extensive. Studies have
included direct ionization by single photons,*'°*® electron'”*°
and ion impacts,®®>' indirect ionization by Auger pro-
cesses,”>>® double-charge-transfer”>*° and recently strong-field
ultrafast laser interaction-induced multiple ionization.**° The
interpretation of the experimental work has been aided by exten-
sive calculations of the state manifold*® > and possible dication
dissociation pathways or by performing real-time time-dependent
density functional theory (rtTDDFT) and semi-classical surface-
hopping dynamics.®® In particular, the multireference configu-
ration interaction (MRCI) computations of OCS>* electronic states
by Brites et al’® showed that relatively deep potential wells
separated from dissociation by large potential barriers exist for
the lowest states where long-lived dicationic rovibrational levels
may be populated efficiently, so accounting for the observation of
an intense OCS®" ion signal in the photoionisation mass
spectrum.*
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Previous experimental and theoretical work has shown
that OCS>* ions, once formed by various ionization methods,
undergo fragmentations to produce dominantly the CO* + S*
ion pair and to a much smaller extent CS* + O" and SO* + C".
For the dominant CO' + S channel, the thermodynamical
threshold for the formation of these fragments with respect
to the OCS ground state was estimated at ~27.5 eV.*® Never-
theless, they appear at higher energies, carrying out some
kinetic energy release (KER). The most abundant KER peak
and also the mean value are in the range of 5-6 eV so an
appearance energy (AE) of 27.5 + 5.5 = 33 eV is inferred by
assuming that the CO" +S" products are formed in their ground
states at threshold. The KER distribution has been measured,
it extends to below 4 eV and above 6 eV.***® In the work of
Endo et al.*® a weak but distinct feature with KER of ~ 4 eV was
observed for this ion pair. For the same channel a discrepancy
arose in the MRCI computations by Brites et al.,*® where the
computed appearance energy (of 31.6 eV) was distinctly lower
than the value then experimentally available. In contrast, a
plausible mechanism was proposed by Brites et al.*® for the
formation of the CS' + O" ion pair, which appears at high
energies with respect to OCS>*(X’Z7).** Briefly, these authors
ruled out the implication of the OCS>* ground state in such a
process. Instead, direct dissociation from the electronically
excited OCS**(1°T1) ions or after predissociation via the OCS>*
quintet states allowed to explain the observation of these
fragments with a KER of ~6 eV as determined using photo-
electron photoion photoion coincidence (PEPIPICO) technique.'**°

The minor channel producing the SO" + C" ion pair was
reported by Wang and Vidal’® in 2003 using electron impact
ionization, and was observed again in 2019 by Zhao et al*'
using strong field ionization. This ion pair can be formed only
after bond rearrangement or by extreme bending of the mole-
cules, as happens in CO, yielding O," by Auger decay at the
main long-lived n* pre-edge resonances’” ™ or after intra-
molecular isomerization upon double ionization as evidenced
for SO, producing an O, + S* pair.’° Interestingly, Zhao et al.
observed that under strong field ionization conditions the
angular distributions of CO" + S" and SO" + C" share the same
behavior. In 2022, Endo et al.*® using ultrafast asymmetric laser
fields identified both a major (high KER) and a minor (lower
KER) CO" + S" channel, which may be the same two channels
identified in the present work, despite the different excitation
conditions. These channels exhibit a clear dependency of the
asymmetry on the kinetic energy, and a phase shift of 270°
between the two sub-channels of CO" + S" is deduced. These
authors attributed this observation to a population transfer
between the involved electronic states in the applied intense
laser fields.

To fully picture the further dynamics of the OCS** dication
formed upon double ionization of OCS, a direct measurement
of the product ion yields as a function of the initial internal
energy or state of the nascent dication is lacking. To achieve
this, we here use threefold and fourfold electron-ion coinci-
dence methods to examine the yield of the parent dication and
of the ion-pair products, CO" + S* and O" + CS* from doubly
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Table 1 Experimental appearance energies (AE) and kinetic energy
releases (KER) of the fragments of OCS2*. Only the detected fragments
are given and not the nature of the [O,C,S] dication

CO" +s" cst + 0" SO* + C*
Ref. AE (eV)  KER (eV) AE (eV) KER (eV) AE (eV) KER (eV)
@ 317404 <42 36.9 + 0.5 ca. 4
@ 341+0.5 <6.5
b 34 5.1 £ 0.5
c 43 4.0&5.9
d 5.7
e 8
f 6.3 &6.9&7.6 7.6 & 8.3
g 7 5& 7 &10
h 4.1 + 0.5 ~6
! 5
J 4.0 & 5.2 ~5.6
k 335+ 05 402 +1
L 34/32
m 57 +1.5
n

5.5

“ This work. KERs are inferred, not directly measured. ” Time-of-flight
photoelectron photoelectron coincidence (TOF-PEPECO). Ref. 40. ¢
Femtosecond laser pulses. Ref. 39. ¢ Photo-ion time-of-flight mass
spectra synchrotron radiation. Ref. 25. ¢ Photo-ion time-of-flight mass
spectra synchrotron radiation. Ref. 26./ Ton momentum spectrometry
and energy selected Auger electron-photoion-photoion coincidence
techniques. Ref. 11. € Soft X-ray synchrotron radiation. Ref. 10. " Syn-
chrotron radiation based photoion-photoion coincidence (PIPICO).
Ref. 13. * Momentum imaging technique (electron collision). Ref. 17.
J Ultrafast Asymmetric Intense Laser Fields. Ref. 38. * Photoion photo-
ion coincidence (PIPICO). Ref. 44. ' Auger electron-ion coincidences.
Ref. 24. ™ Photoion photoion coincidence (PIPICO). Ref. 16. " Strong-
field (laser) ionization. Ref. 31.

ionized OCS as a function of ionization energy. Our measure-
ments indicate a significantly lower first appearance energy
(AE) of 31.7 + 0.4 eV for the dominant CO" + S" ion pair,
compared with those given by previous measurements, or
inferred as a lower limit from measurements of the dominant
KER by addition to the energy of the lowest asymptote. For this
channel, our newly measured appearance energy agrees with
the prediction of 31.6 eV from detailed MRCI calculations*® and
with some other earlier measurements (¢f Table 1). This
implies that the KER in dissociation from states near the
threshold must be close to the calculated value of 4.2 eV, which
is within the range of KER distributions where these have been
measured. Moreover, our yield curves show that a process
producing the same ion pair more abundantly starts at
34.1 £ 0.5 eV, which is consistent with the intense KER peak
and the onsets observed in previous investigations. Overall, we
find that the evidence for partial dissociation of OCS*" at
energies below 33 eV taken from the present measurements
together with data from earlier photoelectron photoion coin-
cidence (PEPICO) experiments>*® and coincidence work using
the Auger processes,”® is convincing, but we have no definite
explanation for the discrepancy between this conclusion and
the higher threshold in direct photoionization at variable
wavelengths reported earlier by Millié et al.** and by Masuoka
and Doi.’ Participation by a less stable COS** was invoked more
than once.*™***° For instance, a possible dissociation involving
the COS** isomer may lead to the CO* + S* or the SO* + C" ion
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pairs. However, this isomer has not been characterized hitherto
and its putative role on such unimolecular decomposition is
not yet established.

In this work, we perform computations at a high level of
theory to characterize stable structures of dicationic structures
of [0,C,S] sum formula by screening the lowest A’ and A”
singlet, triplet and quintet potential energy surfaces. These
calculations confirm the existence of a (meta)stable COS**
isomer. In addition to the potential energy surfaces (PESs) of
0OCS”" available in ref. 40, we mapped the PESs of the lowest
electronic states of COS>" allowing us to re-examine the dis-
sociation pathways. In particular, we examine bond rearrange-
ment upon double ionization of OCS to model formation of the
fragmentation products CO" + S and SO* + C".

2. Methods

2.1. Experimental details

Multi-electron-ion coincidence measurements were carried out
in Gothenburg at 40.81 eV photon energy using a time-of-flight
(TOF) magnetic bottle instrument. The apparatus, which has
been described before,”* allows for simultaneous detection of
electrons with energy information and ions with mass/charge
information. The sample molecule is let into the interaction
region of the spectrometer as an effusive jet in the form of a
hollow needle where it is intersected by wavelength-selected
light in a crossed beam configuration. The helium discharge
lamp producing the 40.81 eV photons was operated at a
repetition rate of about 4 kHz with sufficiently low light flux,
providing an ionization probability in accordance with classical
coincidence conditions. All emitted electrons are guided by the
divergent field of a strong ring magnet and a hollow conical
pole piece, coupled to the homogenous field of a solenoid
enveloping the length of a 2.2 m drift tube. A weak electric
draw-out field ensures that all electrons arrive at the detector
within 10 microseconds, and a linear gate is used to ensure that
recorded signals arise only from real photoionization events,
removing noise caused by triggering the electric field used to
extract the ions. About 150 ns after ionization, an electric field
is applied across the interaction region to extract cations
through the ring magnet. The ions are accelerated further in
a two-field configuration optimized for time-focusing conditions.
At the time of the experiment the collection efficiency was about
55% for electrons and 29% for ions over the relevant mass range of
29 to 50 amu. The electron kinetic energy resolving power (E/AE)
was about 25, and the mass resolution was about 50 for thermal
ions. The OCS sample was commercially obtained, with impurities
of about 0.3% of CS, and a similar amount of CO, as deduced
from our spectra.

2.2. Computational details

The ab initio computations were performed using the MOLPRO
program suite.”” They correspond to the search for stable forms
of [0,C,S]*" sum formula and to mapping of the PESs of the
newly identified isomers. We considered singlet, triplet and

This journal is © the Owner Societies 2023
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quintet spin multiplicities. For these calculations, the S atom is
described using the aug-cc-pV(Q+d)Z basis set and the aug-cc-
pPVQZ basis set is adopted for oxygen and carbon atoms.>*>*
In fact, the inclusion of diffuse and tight-d atomic functions is
highly recommended for the correct description of sulfur
containing molecular species.’®>®

For geometry optimizations, we use the partially spin
restricted coupled cluster method including perturbative treat-
ment of triple excitation (RCCSD(T)).”**" This allows us to
derive the structural parameters, harmonic frequencies, total
energies and dissociation limits of all the species involved in
this work (cf. ESIT).

For the PESs of the dicationic species, we use the complete
active space self-consistent field (CASSCF) method®>** followed
by the internally contracted MRCI®*"®® approach. At the CASSCF
level, we consider all valence electrons and orbitals as active. All
electronic states having the same spin-multiplicity are averaged
together. In the MRCI calculations, we consider all configurations
having a weight greater than 0.05 in the CI expansion. This results
in >8 x 10® uncontracted configuration state functions (CSFs)
while treating the singlet electronic states, >16 x 10® CSFs for the
triplets and >1 x 10° CSFs for the quintets.

3. Results

3.1. Experimental results

To select double ionization events with known energy transfer
in direct photoionization, it is necessary and sufficient to detect
two electrons in coincidence and to measure the energy of
each one. The yield of stable (or long-lived metastable) doubly
charged parent ions is fully determined as a function of
ionization energy by measurement of threefold electron-
electron-ion (eei) coincidences. For cation pairs, although
fourfold coincidence measurements of two electrons and two
ions are generally necessary, the relatively more abundant
threefold eei coincidences are sufficient for these too in simple
cases like OCS, where no ambiguities arise. A threefold coin-
cidence map for OCS double ionization is shown in Fig. 1.
Despite some evident false coincidence interference at electron
pair energies below the double ionization range of 29 to 40 eV,
particularly for S*, formation of the parent dication and of the
ion pairs CO" + S" and O + CS" is clearly visible. The onsets of
CO" and S* with TOF width characteristic of the KER in charge
separation both occur at about 9 eV electron pair energy,
equivalent to about 32 eV ionization energy, but increase
strongly in intensity at about 6.5 €V electron pair energy or
34.5 €V ionization energy. There is no evidence in the present
experiments for significant formation of the SO* + C* ion pair,
despite the fact that the thermodynamic limit for its formation,
at 30.396 eV (Table S2, ESIT) is well within reach, even allowing
for about 5 eV kinetic energy release. The SO signal present,
but not discernible, in the mass spectrum at 40.81 eV photon
energy amounts to less than 0.05% of all electron-ion pairs.
To convert the data to spectra of the yield in each channel as
a function of ionization energy, we take selected projections

Phys. Chem. Chem. Phys., 2023, 25,19435-19445 | 19437
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Fig. 1 Electron—electron—ion coincidence map for OCS obtained at a
photon energy of hv = 40.81 eV in the form of mass number against
summed electron pair energy on the bottom axis and double ionization
energy on the top axis.

from the same data, using cuts of each mass chosen to mini-
mize overlaps. The results are shown on an ionization energy
scale in Fig. 2 together with the spectral yield curve for CO" +S*
and O" + CS* from fourfold eeii coincidences, where statistics
are poor but there should be relatively fewer interfering false
coincidences because of the stricter selectivity. An electron-only
spectrum of OCS double photoionization obtained at the same
photon energy with a more highly resolving electron-only
spectrometer is included for comparison.

In Fig. 2 the parent OCS®" dication yield shows a gradual rise
from an apparent threshold of 29.5 eV before a stronger rise at
30.2 eV, near the established experimental double ionization
energy of OCS of 30.0 = 0.1.° This tailing below the true onset
is attributed to the modest electron energy resolution (ca. 0.4 eV
at 10 eV electron energy). This spectrum shows three bands.
As discussed in ref. 40, they correspond to the population of the
X*37, a'A and b'Z" states of OCS> after doubly ionizing
neutral OCS. For energies >34 eV, the dication signal drops
to zero because these dicationic states dissociate.

The CO" + S* ion pair has an apparent onset at 31.6 & 0.2 eV.
Taking the resolution into account, we estimate the real
appearance energy of this main ion pair as 31.7 £ 0.4 eV. For
O" + CS" there is a gradual onset starting at 37.0 + 0.5 €V; this is
not affected by the resolution, because of the low electron
energies involved. The two dissociation thresholds estimated
in this way are both considerably lower than the appearance
energies of 33.5 + 0.5 eV and 40.2 + 1 eV measured using
variable wavelength photoionization as reported earlier by
Millié et al® and measured with low resolution as about
35 eV by Masuoka and Doi’ and by Masuoka et al.*® As stated
above, the formation of the O" + CS" pair was already explained
in ref. 40. The presently determined AE of about 37 eV and the
known peak KER of about 4 eV confirm that mechanism.

The spectra of Fig. 2 show formation of the CO" + S* ion
pairs at energy levels within the energy range of the a'A and
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Fig. 2 Double photoionization spectra coincident with the parent dica-
tion and with ion pairs projected from the data of Fig. 1, compared with a
better resolved electron-only double photoionization spectrum (black
curve) at the same photon energy.“® CO™ (green trace) and S* (dark blue
trace) data represents the CO* + S* pair and O" (red trace) and CS™ (teal
trace) data represents the O* + CS™ pair. The aforementioned curves are
threefold coincidences with two electrons and one ion, where the second
ion is implied and shown in parenthesis. The CO* + S* pair (yellow trace)
and the weak O* + CS* pair (purple trace) are from fourfold coincidences.
The signals are magnified by the denoted factors and the curves display 2¢
error bars.

b'Z" states of OCS®" (Fig. 2).*° Hikosaka and Shigemasa,*® who
prepared OCS>" dications by Auger decay following S 2p core
ionization also found that OCS>* is partly dissociated in the
same energy range. Morse et al.,> using well-resolved single-
electron-ion coincidences (ei) also found that all CO" ions
formed at ionization energies above 32 eV are in the form of
CO" + S" ion pairs. Kaneyasu et al.>* using Auger electron-ion
coincidences state in the text that the onset of the CO* + S" ion
pair is at 34 eV, but their Fig. 3, from which this value is taken,
clearly shows a weaker onset at 32 eV. The observation that
partial dissociation occurs in the energy ranges of the a*A and
b'Z" states is supported in our data and in the Auger-electron-
ion coincidence data of Hikosaka and Shigemasa®® by the
relative intensities of the three 3n* states (i.e. X*X~, a'A and
b'Z") in the parent dication channel compared with the full
double ionization spectrum measured at the same photon
energy. The b'S" state in particular appears relatively less
intense in the parent dication spectrum than in overall double
photoionization, whether direct or by Auger decay.

Further evidence can be sought in the KER in formation of
the ion pair as a function of ionization energy, as the KER
cannot exceed the available energy, i.e. the excess of ionization
above the lowest asymptote of 27.43 eV for CO'(X*Z") + S*(*S)
(Table S3, ESIt). If this ion pair is formed at our estimated

This journal is © the Owner Societies 2023
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Fig. 3 [O,C,S] sum formula doubly charged minimal structures as com-
puted at the RCCSD(T)/aug-cc-pV(Q+d)Z level of theory. We locate the
[CO + SI?*, [SO + CJ?* and [CS + OJ?* channels, where the fragments are in
their ground states. These energies are given with respect to the neutral
OCS (X'=*) ground state. The ZPE correction is also included. See Tables
S1-S3 (ESIf) for more details.

threshold of 31.7 eV the maximum possible KER is 4.2 eV, a bit
less than the most abundant KER of ca 5.5 = 0.5 eV found in
previous measurements at the same photon energy* and also
under different conditions of ionization (Table 1). The available
energy in the center of the range where we see partial dissocia-
tion is 5 eV also well within the range of measured KER
distributions.*® The mass resolution in our apparatus does
not allow peak broadening by KER to be measured reliably in
the individual ion peak widths for CO" or S*, but ion-pair time
difference peaks (t, — t; or photoion-photoion coincidence
(PIPICO) spectra), have twice the broadening due to KER
compared to single ions. Mass peak broadening due to timing
jitter and to a spread in initial ionization position is also
eliminated in time difference spectra, as both ions come from
the same event. Because the mass numbers for CO" and S" are
relatively close together, only the later part of the PIPICO peak
(¢(S" backwards) - #(CO" forwards)) is free from interfering
signals near the ¢, = ¢, limit and the strong OCS>" signal.
In Fig. S1 (ESIt) we show two reconstituted PIPICO peaks for
CO" + S" with ionization energies in the ranges 31-33 eV and
34-36 eV. To the extent that the poor statistics allow any
conclusions, the peak shapes in Fig. 1 are consistent with the
idea that ion pairs coincident with electron pairs of lower
ionization energies carry smaller KER than those formed from
higher energy ionization. The peak shapes are not well enough
defined for quantitative deduction of the actual energy releases.

The sum of the parent OCS** peak and the yield of CO*
(representing the ion pair) evidently does not exactly match the
full double ionization spectrum in shape, having lower inten-
sity on the high ionization energy side. This difference is
attributed to increasing losses of ion pairs as the KER increases
following the increasing available energy. Other pertinent
observations from Fig. 2 are that all the peaks in the well-
resolved double ionization spectrum are also present in the
coincidence data on the CO" + S* channel, and that the parent
dication OCS>" is not formed in detectable quantity at ioniza-
tion energies above 34 eV. On this last point we disagree with
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Hikosaka and Shigemasa®® who reported the detection of
metastable OCS®" over a range of ionization energies including
the major peaks between 36.5 and 37.5 eV. The lack of observed
OCS”* ions at the higher energies in our data agrees with the
lack of any fluorescence emission from the excited OCS>" ion in
contrast to the behavior of its congeners CO,>" and CS,>*.*”

3.2. Theoretical results

Fig. 3 shows the stable structures located in the lowest singlet,
triplet and quintet OCS** PESs. These isomers were found after
screening the 3D-PESs for a wide range of nuclear configura-
tions at the RCCSD(T)/aug-cc-pV(Q+d)Z level of theory. The
corresponding structural, vibrational and total energies are
listed in Table S1 (ESIT). In addition to the well-known linear
0CS* (X*Z7, a'A) dication, we characterize a cyclic form
(denoted as cyc-COS®>" (1'A”)) and a linear isomer COS**
(X’z7, a'A, a°II). The existence of COS>" was invoked, but so
far not theoretically established. Indeed, it is identified here for
the first time, as well as the cyclic form. Since the PESs of OCS**
were mapped in ref. 40, we computed those of COS>". Indeed,
Fig. S4 and S5 (ESIY) display the one-dimensional cuts of the
3D-PESs of COS>" along the SO, CO distances, respectively.
Table S4 (ESIt) lists MRCI/aug-cc-pV(Q+d)Z double ionization
energies of COS>" with respect to the energy at the equilibrium
geometry of OCS (X'Z7).

Fig. 3 reveals that the most stable form is OCS** (at 30.01 eV
w.r.t. neutral OCS) followed in energy by COS>" (at 32.03 eV)
and the cyclic form (at 34.04 eV). This figure shows also that
these isomers are all located above the lowest dissociation limit
CO*(X’T") + S*(*s) (at 27.42 eV). They are metastable species
and thus they may undergo predissociation processes popula-
ting this charge separation channel or the upper ones either
directly or after intramolecular isomerization processes invol-
ving the less stable [0,C,S]*" isomeric forms. OCS*" (a’A) and
COS** (a'A, a°M) correspond to electronically excited meta-
stable dicationic species. For higher energies, other metastable
electronic states may exist. From ref. 40, we do know indeed
that OCS*(b'Z") ions are also long-lived.

The metastable singlet species of Fig. 3 are lying within the
lowest singlet PES, the triplets are on the lowest triplet PES and
the quintet is located on the lowest quintet PES. Within the
same PES, intramolecular isomerization processes may occur
converting one form to another. We may expect the occurrence
of spin-orbit intersystem conversions at the singlet-triplet and
triplet-quintet crossings. To shed light on these conversions,
we mapped the one-dimensional cuts of the 3D PESs of OCS*",
of cyc-COS*" and of COS>" along the bending coordinates
as given in Fig. 4. This figure shows that OCS** isomerizes
into cyc-COS** by bending the OCS>" in-plane bending angle
(Fig. 4(A)). cyc-COS** converts into COS>" by bending the in-
plane COS** angle (Fig. 4(C)). Indeed, cyc-COS**(1'A”) corre-
sponds to the 1'A” component of the OCS>" (1'A)/COS**
(1'A) states split by the Renner-Teller effect for nonlinear
configurations.

Fig. 4(B) shows the one-dimensional evolution of the elec-
tronic states of OCS>" while varying the ¢ angle whereas the

Phys. Chem. Chem. Phys., 2023, 25,19435-19445 | 19439


https://doi.org/10.1039/d3cp01688a

Published on 05 July 2023. Downloaded on 12/10/2025 5:18:45 AM.

Paper

View Article Online

PCCP

E/eV
E/eV

E/eV

60 80 100 120 140 160 180 0 20 40
0/°

60 80 100 120 180 160 140 120 100 80 60

@/° al°

Fig. 4 MRCl/aug-cc-pV(Q+d)Z one dimensional cuts of the PESs of the singlet, triplet and quintet electronic states of the OCS?* system along the in-
plane 0 angle (in A), of COS2* along the in-plane ¢ (in B) and « angles (in C). The reference energy is that of OCS (X'=*) at equilibrium. The distances are
kept fixed at their equilibrium values in OCS?* (X3Z7) in (A) and (C) and in COS?* (X*Z7) in (B).

distance between the O and S atoms is kept fixed at 5.5 Bohr
(= its equilibrium value in OCS(X'X™)). For ¢ = 0°, one can find
the OCS®" dication whereas for ¢ > 120° we have a loosely
bound CO-S** dication since the O-S distance is too long,
i.e. almost a CO" + S” ion pair. Therefore, this figure shows
that OCS>" leads to COS>" while the S atoms roams around the
CO moiety. However, a potential barrier needs to be overcome.
Within the triplet PES, we compute a barrier of ~2.25 eV for
0CS>* — COS*'. For OCS*" (1'A) - COS>" (1'A) and OCS>*
(1'=*) — COoS*" (1'Z") barriers of ~2.76 and ~2.47 €V are
estimated, respectively. While these singlets are crossed by a
quintet state for ¢ ~ 40°-50°, these barriers are not lowered
since these singlet-quintet conversions are forbidden by spin-
orbit. Nevertheless, these barriers may be slightly lowered after
relaxation of the internuclear distances.

With respect to neutral OCS (X'Z"), the OCS** — COS**
isomerization requires hv ~ 32.26, 33.98 or 34.63 eV,

depending on whether photo-double ionization populates the
0CS™ (X°Z7) or the OCS* (1'A) or the OCS*" (1'Z") states,
respectively. For the formation of the CO" + S* ion pair, we have
a priori two mechanisms: either direct dissociation of OCS>*
ions or dissociation of the newly identified COS** ion after
0CS>* — COS*" intramolecular isomerization processes. As
detailed in the introduction, the former was commonly
proposed, but it does not fully account for the previously
determined experimental observations and energetics (KERs,
AEs), and the latter was not previously proposed for that
purpose.

Fig. 5 (right part) presents the one-dimensional cuts of the
3D-PESs of the lowest singlet, triplet and quintet states of COS>*
by varying the SO distance. In the 28-35 eV energy range, we
locate three potential wells corresponding to the COS** X*% ™,
1'A and 1'T’ states at 32.17, 33.33 and 34.22 eV w.rL.t.
OCS(X'T"). The corresponding potential barriers are computed

(iii)

i

co'(xX’s")+s'(p)
OGRS (D)

35
34+
334
324
> (i)
=~ 31+
30
294"
2840 . . s
CO(XZ)+S () F.C.
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co' X’ +s'('s)
SRR ]
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Fig. 5 Right: MRCl/aug-cc-pV(Q+d)Z potential energy curves of the lowest electronic states of COS®* for collinear configuration along the SO
coordinates (R.), where the CO distance is kept at 2.288 Bohr (i.e. its equilibrium value in COS2* (X*T7)). F. C. corresponds to middle of the Franck—
Condon zone accessed from the ground state of OCS. Left: MRCI collinear one-dimensional cuts of the 3D-PESs of OCS?* electronic states along the CS
coordinate, where the CO distance is fixed at 2.185 Bohr (i.e. its equilibrium value in OCS (X'£)).*° The reference energy is the energy at OCS (X'=*)
minimum. The vertical arrows correspond to different photon energies used for discussing the mechanisms in the text. The clear and crossed circles
correspond to allowed and forbidden spin—orbit conversions, respectively.
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as 0.44, 0.72 and 0.96 eV, resulting in 32.62, 34.06 and 35.18 eV
AEs w.r.t. the neutral ground state of OCS(X'Z"). The triplet
correlates adiabatically to the CO*(X*Z") + S*(*S) asymptote,
whereas the 1'A state correlates to the CO™ (X*T) + S*(°D)
asymptote. Although the 1'A and 1'Z" singlets are crossed by
the 1°X~ state, the singlet-quintet spin-orbit conversion is
forbidden. Thus, the COS**(1'A) ions should fragment to CO"
(X*T*) + S*(*D). The KER associated with the COS$*"(X’X") —
CO*(X*T") + S*(*S) reaction is computed to be 5.19 eV and that
for COS**(1'A) - CO*(X*Z") + S*(°D) is 4.79 eV. While compar-
ing to the OCS®>* isomer, Brites et al.*® computed the barrier to
dissociation from the OCS*" (X*Z7) ground state to the lowest
CO" (X*T") + S* (S) asymptote, correlating adiabatically to
0CS** (X*X7) by C-S bond extension to be 1.6 eV (c¢f. Fig. 5),
giving a predicted appearance energy of 31.6 eV and a kinetic
energy release of 4.17 eV. The AE and KER for OCS**(1'A) —
CO'(X*Z") + S'(’D) are 33.4 eV and 4.10 eV, respectively (cf;
Table 2). For COS**(1'A) - CO*(X’Z") + S* (°D), we calculate an
AE = 34.06 eV and a KER of 4.79 eV. These sets of data are quite
different. Nevertheless, the present experiments can probe
these differences making it possible to characterize the unim-
olecular dissociation of OCS>" and of COS>" and its competition
with the OCS**-COS*>* isomerization. The COS*(1'Z") and
0CS**(1'2") states correlate to the CO™ (X*°Z*) + S* (*P,) upper
limit. Once populated, these ions may form COS>*/OCS>* (1'A)
ions and/or fragment to produce the CO" (X’Z") + S* (*°D) ions
after spin—orbit conversion by the 1°I1 or the 2°I1 states and/or
fragment leading to CO" (X’°Z*) + S* (*P) ions.

Fig. 6 shows the one-dimensional cuts of the 3D PESs of the
lowest singlet, triplet and quintet states of COS>" while length-
ening the CO distance for collinear configurations whereas the
SO distance is kept fixed. These cuts are given with respect to
OCS(X'Z") at equilibrium. These potentials correlate to the [SO
+ CJ** dissociation limits. This figure shows that the lowest
singlets and triplets correlate to the lowest asymptote SO*(XII)

Table 2 Theoretical appearance energies (AE, eV) and kinetic energy
releases (KER, eV) of the fragments of OCS?*. See text for more details

Reaction/channel AE KER Ref.

Cco* +8*

0Cs™ (X°Z7) - CO* (X’T%) + S* (*S) 31.6 4.17 Z
4.5

0Cs® (1'A) — co* (X’ + S* (°D) 33.4 4.10 “

0Cs™ (1'=%) - co* (X°2) + 5" (*D) 34.5 5.24 “

COS* (X*T7) —» CO* (X*T%) + S (*s) 32.62 5.19 ¢

COSs>" (1'A) —» cO* (X’Z1) + S* (°D) 34.06 4.79 ¢

COSs* (1'=%) - CcO* (X°Z) + 5" (>D) 35.18 5.91 ¢

cs* + 0"

0Cs* (X°27) - CS* (X°=) + 0" (*s) 35.37 4.07 a
3.5&5.7 b

0Cs> (a'A) —» CS* (X’T%) + O (°D) 38.52 3.89 “

ocs* (b'Eh) - cs' (X°2) + 0" (°D) 39.01 4.38 “

so*+C*

COS*" (X*T7) - SO" (X*11) + C* (°P) 35.49 5.10 ¢

COS> (1'A) —» sO* (X°I0) + C* (°P) 35.69 5.29 ¢

COS*" (1'T") — sO* (X’M) + C* (*P) 35.88 5.48 ¢

¢ CASSCF/MRCI/spdfg cc-pV5Z. Ref. 40 ® Multistate density-functional-
theory method (MSDFT PBEO/aug-cc-pVTZ level of theory). Ref. 39
¢ This work.
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Fig. 6 MRCl/aug-cc-pV(Q+d)Z potential energy curves of the lowest
electronic states of COS?* along the CO coordinates (Ry) for collinear
configurations. The SO distance is set to 3.172 Bohr, i.e. its equilibrium
value in COS?* (X3T7). The reference energy is that of OCS (X!=*) at
equilibrium. Adapted from Fig. S4 (ESI+).

+ C*(®P). Also, we found relatively deep potential wells for these
states along the CO coordinate. Indeed, we compute potential
barriers of 3.36, 2.34 and 1.64 eV for the X°~™, a’A and b'Z"
states, resulting in AEs of 35.49, 35.69 and 35.88 eV and KERs of
5.1, 5.3 and 5.5 eV for the COS*'(X’2~, 1'A and 1'%") —
SO*(X’M) + C'(°P,) fragmentations, respectively. Moreover,
the potentials exhibit a high density of electronic states located
above 36 eV favoring their mutual interactions by vibronic
couplings at their respective crossings or avoided crossings
between states of the same spin multiplicity. Also the electronic
states can interact by spin-orbit between singlets and triplets
and between triplets and quintets at their crossings. These
effects make internal conversions possible to populate the
lower states.

4. Discussion

Table 1 summarizes the present and previous experimental
determinations of the AEs and the associated KERs for the
formation of the CO" + S*, CS™ + O" and SO" + C*. As mentioned
before, two appearance energies of 31.7 £ 0.4 eV and 34.1 £
0.5 eV are measured for the formation of CO" + S*, with KERs of
ca 4 eV and 5.5 eV respectively. The former is a minor frag-
mentation channel upon formation of OCS** as are both the
production of CS* + O" (AE ca. 37 eV) and SO' + C* (AE not
known, KER reported as 5.5 eV*'). We also give the corres-
ponding data as deduced from the present MRCI computations
in Table 2. At present, we focus on the dissociations from the
lowest electronic states i.e. those lying below 36 eV.

In 2008, Brites et al.*° computed one-dimensional potentials
of OCS>" along the internal coordinates, in particular along the
CS distance leading to the CO" + 8" fragments (¢f. Fig. 5) and
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along the CO distance leading to CS' + O". Since then, the
interpretation of the dynamics of the triatomic doubly charged
ion formed upon single or multiple photon ionization of OCS
has been based on these potentials. At that time only the
mechanism leading to CO" + S* with an appearance energy of
34 eV was observed. It was suggested that the dissociation
occurred from the OCS®>" a'A or b'T’ states to the lowest
asymptote. Nevertheless, this mechanism was not convincing.
Indeed, these two singlet states do not correlate adiabatically to
the lowest asymptote, CO"(X’Z*) + S*(*S), for which only the
1’2~ and 1°Z~ states of OCS®* correlate. However, Fig. 5 shows
that there is no intersystem crossing or internal conversion
between the a'A or b'X" states and the ground triplet state. Also,
the singlet-quintet conversion is forbidden although these singlets
are crossed by the 1°%~ state (see Fig. 5). This means that the
measured and computed KERs did not match for this channel. So,
populating the lowest asymptote from singlet states is not possible,
invalidating the fragmentation pathways proposed by Brites et al.*’
for the observed appearance energy of 34 eV. Generally, previous
works have not considered the possible involvement of all isomers
of the [0, C, S]*" molecular system when studying the fragmenta-
tion pathways.

Our new experimental data and some previous ones show
that the situation is more complicated for OCS** producing CO"
+ 8" ions. To identify the OCS> electronic states decaying to
CO" + S" we make use of the calculations of Brites et al.*’
combined with our present theoretical data (¢f. Fig. 5). For this
channel, the angular distribution analysis by Zhao et al.*' and
by Endo et al.®® revealed that the CO* + S* ion pair formed with
AE of 34 eV and the SO + C" ion pair have the same trend,
whereas the CO" + S* ion pair formed with AE of 31.7 eV does
not. This suggests that two triatomic dicationic species are at
the origin of the formation of the CO" + S* ion pair depending
on the photon energy. In particular, the dominant predissocia-
tion mechanism (AE ~ 34 eV) may first follow a bond rearran-
gement mechanism via the formation of the COS** less stable
isomer rather than the most stable form, OCS*".

From Fig. 5 we identify four dissociation mechanisms lead-
ing to the CO" + S" limits with different AEs and KERSs. First, the
population of the OCS** ground state in the Franck-Condon
zone leads directly to the lowest asymptote CO"(X*Z") + S*(*S)
(pathway (i)). The computed AE of 31.6 eV and the KER of
4.17 eV of ref. 40 are close to the present and previous
experimental measurements for this weak CO" + S* channel
production. In particular, we reassign the weak feature asso-
ciated with a KER of ~4 eV detected in the recent study of the
post-ionization dynamics of OCS in asymmetric laser fields by
Endo et al.?® to the OCS>" — CO'(X*T*) + S*(*S) reaction. Thus,
the formation of CO*(X*<") and S*(*S) fragments from OCS”" is
possible in contrast to previous statements. Nevertheless, this
channel is not a major one as found previously and confirmed
by the present and recent experiments.*® To explain the weak
signal associated with this fragmentation, we suggest that only
the presumably very weak Franck-Condon tail of the X state
goes to CO" + S' since the initial population in this energy
region is predominantly in the a'A and b'T" states of OCS>".
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Pathway (ii) in Fig. 5 leads to CO'(X*Z") + S'(>D). This
channel could be reached directly from OCS>*(a’A) with an
AE of 33.4 eV and a KER of 4.10 eV. However, the involvement of
the OCS**(a’A) state can be ruled out since the corresponding
AE differs with the measured value. We might also suggest the
participation of OCS>*(b'Z"), which is efficiently populated at
these energies because of favorable Franck-Condon factors.
Afterwards, OCS*'(b'Z") leads to CO*(X*Z") + S*(*D) upon spin-
orbit conversion by the 1°IT or 2°II states, which correlate
adiabatically to this limit. The crossings of this singlet
with these triplets occurs at ~34 eV, which is thus the AE for
this reaction. Such conversions are allowed since the respective
CASSCF/cc-pVTZ spin-orbit integrals are evaluated to be
~137 and ~12 ecm™ ' at the 1°IT and 2°TI crossings with
b'E*. A KER of ~5 eV is evaluated (¢f Table 2), close to the
presently measured value. This pathway however should be
ruled out while forming OCS>" by strong field ionization as in
the experiments of Zhao et al.*' and Endo et al.*® Indeed, the
formation of this ion pair is due to bond rearrangement in
accordance with their anisotropy measurements. As stated in
the introduction, the CO" + S* ions formed at 34 eV and those
produced at 31.7 eV present indeed a phase shift of 270°
between these two sub-channels. The involvement of the other
isomeric forms of OCS** is thus required. For instance, we
suggest the formation of COS>*. This dication can be formed
after 0CS®* — COS** isomerization. Fig. 5 shows two plausible
pathways, which are reported here for the first time. They are
denoted as pathway (iii) and pathway (iv). Pathway (iii) corre-
sponds to the population of the ground state of COS>" and its
subsequent dissociation. Table 2 shows that we compute an
AE of 32.6 eV and a KER of 5.19 eV. Although the AE is slightly
smaller than the measured one, we cannot rule out this
mechanism. It involves the newly identified COS>" isomer,
which is reached after intramolecular isomerization on the
ground triplet potential. Upon double ionization, OCS** ions
are formed in the b'Z" state within the 32-33 eV energy range,
which can be converted into the a'A state by internal conver-
sion and then to the X>Y~ state by spin-orbit conversion.
Afterwards, these ions isomerize into COS>" species that then
overcome the isomerization barrier between OCS**(X’Z7) and
COS™(X’L7) (¢f Fig. 4(B)). Once formed, COS**(X*X") ions
possess enough energy to fragment since the potential barrier
of COS*(X*>T7) is relatively low (0.44 eV). Alternatively, the
OCS*>*(1'A) ions convert into COS>*(1'A) ions. Fig. 4 shows that
the potential barrier converting OCS>" (a'A) into COS**(1'A)
can be overcome at these energies. Then, the COS>*(1"A) ions
dissociate into CO*(X*’T") + S'(®D) for energies >34 eV
and release a KER of ~4.8 eV. Indeed, we compute an AE of
34.06 eV for this channel and a KER of 4.79 eV for COS*'(1'A) —
CO" (X*A") + S* (>D). Both values are close to the experimental
determinations of AE = 34 eV and KER 5.1-5.2 eV. Therefore, the S*
cation is produced into an electronically excited state and not in its
ground state. This corresponds to pathway (iv) in Fig. 5.

For energies >35 eV, a high density of states is computed
for OCS®" and COS>". This may favor the internal conversion
processes and predissociations. For instance, the COS>*(1'Z")
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ions may be produced from OCS**. The COS*'(1'%") state is
predissociated by the 1°TT and 2°IT states of COS®* that corre-
late adiabatically to CO*(X*X*) + S*(*D). The 1'X"-1*IT and the
1'="-2I1 spin-orbit integrals are evaluated 87 and 58 cm ™" at
their crossings (i.e. at 34.9 and 35.1 eV), which allow such
conversions. KERs > 6 eV are expected as those listed in
Table 2. Also, such large KERs can be obtained from the
electronic states of OCS>" located above 35 eV as suggested
previously.*®

For the weaker fragmentation channels, the formation of the
CS" + O" ion pair is due to C-O bond breaking upon doubly
ionizing OCS as is already explained using the potentials of
Brites et al.,*® whereas, the formation of the SO* + C* products
by Wang and Vidal and later by Zhao et al®' is not. These
authors showed that the further evolution of the OCS* may
lead to SO" + C' ion pair. The measured branching ratio was
very small (0.0253%) in comparison to the main dissociative
double ionization channel (CO*" + S*) (of 26.8%).>" Strong
bending or a bond rearrangement is required and here the
newly identified COS** isomer may be invoked for explana-
tion. Fig. 6 shows that the COS*" (X*Z~, 1'A, 1'S") ions may
dissociate for energies >35.5-35.9 eV, where the SO" + C*
ions carry KERs of ~5.1-5.5 eV. Our values are in good
agreement with the experimental findings by Zhao et al*'
meaning that the bending mode leads to isomerization into
one of the three lowest states of COS>" and not into one of its
repulsive states.

5. Conclusions

We investigated the OCS®" dissociation mechanism by three-
fold and fourfold electron-ion coincidence spectroscopy and by
advanced ab initio methods. The present experimental findings
together with evidence from other coincidence works and
supported by the theoretical findings can be summarized as
follows. In the IE range 30.0-ca. 32 eV OCS" is formed in the
X*3” and a'A states and remains undissociated on a multi-
microsecond time scale. In the IE range of ca. 31-33 eV some
metastable OCS®" is formed mainly in the b'Z" state and while
some remains as undissociated OCS**, a part dissociates to
CO" + S" with an average KER of ca. 4 V. In the IE range above
33 eV and particularly strongly in the range 34-36 eV OCS>" is
initially formed in states derived from the n,*n,?, configuration
(particularly 1'=7) which are not individually resolved. The
nascent OCS*" jons dissociate to CO" + S* with a characteristic
KER of about 5.5 €V via the less stable isomer COS?", obtained
after intramolecular isomerization. The O' + CS* ion pair is
formed at IEs above 37 eV where multiple states of the parent
dication are populated by double photoionization. Moreover,
we identified a mechanism for the very minor SO" + C*
dissociation channel, which operates by the same bond rear-
rangement mechanism as the main dissociative double ioniza-
tion channel, ie. via the COS*" isomer. In sum, our work
indicates that the OCS>" ions may either dissociate directly or
may undergo bond rearrangement before dissociation.

This journal is © the Owner Societies 2023

View Article Online

Paper

The present work gives evidence for the formation of the less
stable COS>" isomer, which has been invoked previously but
is characterized here for the first time. This isomer plays a
key role in the dynamics of OCS upon double ionization.
Its formation from OCS*' requires intramolecular isomeriza-
tion i.e. bond arrangement. The efficiency of pathway (iii) and
pathway (iv) (¢f Fig. 5) suggests that this bond arrangement is
rapid (at least faster than the fragmentation).

In a wider perspective, our work demonstrates the impor-
tance of low stability isomers and their coupling to close-lying
electronic excited states. New reaction routes are identified in
this way and rate coefficients may therefore depend on skeletal
molecular structures and the relevant PESs as well as on
internal energy (temperature). Applications of this fundamental
finding are expected in organic chemistry, astrochemistry, cold
chemistry, atmospheric chemistry, electrochemistry, catalysis,
and exobiology.
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