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CHEMISTRY

Abiotic molecular oxygen production—Ilonic pathway

from sulfur dioxide

Mans Wallner', Mahmoud Jarraya®3, Emelie Olsson’, Veronica Idebshn’, Richard J. Squibb’,
Saida Ben Yaghlane?, Gunnar Nyman®, John H.D. Eland’, Raimund Feifel'*, Majdi Hochlaf?*

Molecular oxygen, O,, is vital to life on Earth and possibly also on exoplanets. Although the biogenic processes
leading to its accumulation in Earth’s atmosphere are well understood, its abiotic origin is still not fully estab-
lished. Here, we report combined experimental and theoretical evidence for electronic state-selective production

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

of O, from SO,, a chemical constituent of many planetary atmospheres and one that played an important part on
Earth in the Great Oxidation Event. The O, production involves dissociative double ionization of SO, leading to
efficient formation of the Oj ion, which can be converted to abiotic O; by electron neutralization or by charge
exchange. This formation process may contribute substantially to the abundance of O, and related ions in planetary
atmospheres, such as the Jovian moons lo, Europa, and Ganymede. We suggest that this sort of ionic pathway for
the formation of abiotic O, involving multiply charged molecular ion decomposition may also exist for other

atmospheric and planetary molecules.

INTRODUCTION
Molecular oxygen, O, is closely connected to life on Earth and has
a decisive role in the oxidation state of the other elements. Before
becoming stabilized, the O, concentration in the Earth atmosphere
increased strongly during the Great Oxidation Event, which occurred
~2.4 billion years ago (1). Although the biogenic processes leading
to its accumulation in the atmosphere are well understood, its
abiotic origin is still not fully established. In primitive Earth, the
commonly admitted models assume that O, is formed through the
three-body recombination reaction O + O + M — O, + M, where
the O atoms are produced by photolysis of CO; or other molecules
(1-4). It was also suggested that abiotic O, may be produced effi-
ciently through photodissociation of water vapor by extreme
ultraviolet (XUV) light (5-7) or the near-ultraviolet (NUV) photo-
chemistry of titanium (IV) oxide (titania) (8). In addition to these
bi- and plurimolecular processes, the pioneering work of Lu and
co-workers from 2014 (9) showed that unimolecular decomposition
reactions can lead to O,. These authors provided evidence that
state-selective vacuum ultraviolet (VUV) photodissociation of CO; can
provide O, with 5% efficiency. Similarly, recent studies suggest that
most of the O in Europa’s exosphere is produced by UV photolysis
of H,O vapor (10). Also, Li and co-workers (11) most recently
recorded a related pathway for the formation of S, + C after CS,
VUV photodissociation. In 2016, Wang and co-workers (12) pro-
vided experimental evidence for a channel of dissociative electron
attachment to CO; that produces O, + C".

0 is the most abundant molecular ion in the ionosphere of Venus.
As explanation, the fast exothermic reaction O" + CO, — O; + CO,
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where the O ions are released from dissociative ionization of CO,,
is proposed (13). However, this mechanism cannot play a role in
media where CO; is absent or has a low concentration such as in the
atmospheres of the Jovian moons Io, Europa, and Ganymede. Sulfur
dioxide (SO,) is dominant at more than 90% in the atmosphere of
Io (14-16) and might play a role in processes leading to O,.

On Earth, SO; has both anthropogenic and natural origins, and
is involved in the formation of environmental pollutants [e.g.,
sulfuric acid or sulfuric acid aerosols (17)], contributing to related
deleterious effects such as acid rains and smogs. During the Great
Oxidation Event (1), SO, strongly influenced Earth’s first sulfur
cycle through its participation in gas phase reactions resulting in
fixing the oxidation state of sulfur (18). Moreover, it drives the geo-
chemical cycle of sulfur in Mars’s, Venus’s, Io’s, and conjecturally
on some terrestrial exoplanets’ atmospheres (16, 19-22), leading,
for instance, to high SO, concentrations in the atmospheres of
Venus and Io (23) mainly due to outgassing from volcanism. Con-
sequently, SO, is proposed as a proxy for volcanic activity on extra-
solar planets (24). In addition, SO, may have played a role in the
emergence of life on Earth either directly or indirectly by contributing
to O, formation in the form of abiotic processes. It was suggested
recently that SO, clouds emitted from erupting volcanoes may have
kick-started chemical processes that led to the emergence of life on
Earth more than 4 billion years ago (25).

While its role in the formation of sulfur-containing compounds
is relatively well understood, the involvement of SO, in the pro-
duction of other major components such as O, and O, " in the at-
mospheres of Earth, Venus, or Io is not. For neutral SO,, ultrafast
photodissociation dynamics studies induced by intense ultrashort
laser pulses in a pump-probe scheme evoked the idea that an inter-
mediate fast-rotating O, molecule might be formed before complete
fragmentation (26), but no O, production from SO, was revealed by
these experiments.

The present work, combining single-photon ionization and
advanced ab initio computations, shows that dissociative double
ionization of SO, produces O}, which after neutralization may form
abiotic O,. This can be regarded as the first experimental evidence
of an ionic pathway for the formation of O, in abiotic media. In the

10f8


mailto:raimund.feifel@physics.gu.se
mailto:majdi.hochlaf@univ-eiffel.fr
mailto:majdi.hochlaf@univ-eiffel.fr

SCIENCE ADVANCES | RESEARCH ARTICLE

present-day atmosphere of Io and the primitive atmospheres of
Earth and Venus, ionic pathways from SO, to O, are certainly plau-
sible since those media are strongly bombarded by ionizing radia-
tion where single, double, and inner shell ionizations are very likely
to occur. While the atmosphere on Earth is primarily dominated by
nitrogen and oxygen whose inner shells lie at very high energy with
low cross section, sulfur, because of its 2p shell, has a much larger
cross section for double jonization involving the Auger route at much
lower energy. In the context of the formation of O} from SO3*, our
calculations show that the less stable nonlinear SO%+ and especial-
ly OOS*" isomers play crucial roles. The OSO*" isomer is linear in
its ground state with two nonadjacent O atoms, whereas the two
O atoms are directly bound to each other in OOS**. This is substan-
tiated by mapping the potential energy surfaces (PESs) of OSO**
and O0S** to yield insights into the formation mechanism of O} by
state-selective double ionization of SO,.

SO; has been investigated experimentally in the present work and
in the past (27) by multiparticle coincidence detection using the TOF-
PEPEPIPICO (time-of-flight photoelectron-photoelectron-photolon-
photolon coincidence) technique where the target species were irradiated
by 40.81-eV photons (Hella) from a pulsed helium discharge lamp,
mimicking an intense component of the solar spectrum and of many
stellar spectra. In addition, ion-ion coincidence measurements on SO,
were carried out at the synchrotron radiation facility BESSY-II where
photon energies of several more solar x-ray lines were available to us.

From previous studies [see (28) and references therein], it is
known that upon double ionization SO, dissociates following four
principal channels

SO - 0" +S0* (1)
SO;" - 0"+S"+0 )
SO" - 0] +S* 3)
SO;" - 0+S0* (4)

A fifth channel producing two O" and a neutral S species is
detectable but of negligible intensity. The other dissociative channels
have been discussed in a previous publication (28), but here, we
concentrate entirely on the formation of molecular oxygen ions.

RESULTS

The SO3" — O} + S* channel is embedded in a dense manifold of
dissociation limits forming SO* + O* and SO** + O products in
their electronic ground states (see table S1). Standard unimolecular
reaction rate theory indicates that the simple OS—O bond breaking
reaction leading to the SO* + O" fragments, which has the lowest
appearance energy [34 eV; (29)], should be strongly favored over all
channels with higher energy requirements. In contrast, we demon-
strate here that despite its higher appearance energy [ca. 36 eV
(29)], the O;’ product is formed efficiently by a state-selective disso-
ciation of SO3" involving a nuclear rearrangement; O} can then
form O, by electron recombination or by charge exchange. Besides
the importance of this finding for the abiotic generation of O, the
new mechanism proposed here may apply widely in dissociations of
doubly and multiply ionized molecules.

Wallner et al., Sci. Adv. 8, eabg5411 (2022) 19 August 2022

Figure 1A shows an electron pair spectrum extracted in correla-
tion with either O] or S* ions from threefold coincidence events, as
well as an electron pair spectrum extracted in correlation with both
the O5 and S* ions from fourfold events. These two spectra were
obtained under identical conditions. For comparison, a higher-
resolution electron pairs—only spectrum that reflects the total
double ionization at the same photon energy, previously discussed
in (27), is shown. The ion fragmentation curves are displaced hori-
zontally on a common scale (with fixed offsets) and show true rela-
tive intensities, while the overall spectrum included for comparison
has an intensity scale adjusted for display. The horizontal bar combs
mark MRCI/aug-cc-pV(Q+d)Z computed vertical double-ionization
energies of SO, quoted for Cy, symmetry as given in (28).

Figure 1B presents an estimate of the branching ratios of SO, for
the experimentally detectable dissociative double-ionization channels
at 40.81-eV photon energy. For the channels involving two ionic
fragments, fourfold coincidences are used, and for the channel con-
taining O + SO**, threefold coincidences are used. In particular, this
figure shows the channel leading to the O; + S* formation of inter-
est in the present work.

Figure 1C shows the isomers of SO3*. Because all the isomers
appear at energies well below the appearance energy of O; + S*, they
are all possible candidates from which the dissociation can occur.
Linear OSO** was already identified in (27), whereas bent OSO**
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Fig. 1. Electron coincidence spectra and breakdown diagrams of doubly ionized
SO,. (A) Electron pairs measured in coincidence with two ions in red (from fourfold
events) and one ion in purple (from threefold events) upon photoionization of SO,
at 40.81-eV photon energy. For comparison, the black curve is a higher-resolution
electron pair-only spectrum of the total double ionization at the same photon energy
previously discussed in (27). The bar combs mark the vertical ionization energies
computed at the MRCl/aug-cc-pV(Q+d)Z level of theory at the neutral SO, (X 1A1)
ground-state equilibrium geometry, i.e,, at an O—S—0 angle of 120" and SO distance
of 2.7 bohr [see (28) for more details]. (B) Breakdown diagram of the major detectable
decay channels of doubly ionized SO. (C) Metastable isomers of SO%*, which are
accessible in the energy region where O} + S* is detectable. We give their relative
energies with respect to the SO, (X"A;) vibrationless level.
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and OOS*" are identified here, although neutral OOS in solid argon
was already characterized by Lee and co-workers (30) using infrared
spectroscopy. In the context of the formation of O; from SO?, the
less stable bent SO3" and especially OOS** isomers should play cru-
cial roles. OSO" is linear in its ground state with two nonadjacent
O atoms, whereas the two O atoms are bound in OOS*". Therefore,
we mapped the PESs of 0SO** and those of OOS** to shed light onto
the formation mechanisms of O; by state-selective double ionization
of SO, (see figs. S2 to S9 for more details).

Insights into the fragmentation mechanisms can be obtained
from the kinetic energy releases (KERs). The magnitudes of the
KERs in the different dissociation channels can be extracted from the
width and shape of the ion TOF peaks, and for the charge-separating
channels of doubly ionized SO,, this has been done several times
before (31-36) with generally concordant results, but without initial
state selection. The most detailed measurements, made possible by
use of a position-sensitive ion detector, gave the full KER distribu-
tions for 40.81-eV photoionization (36). For the two-body disso-
ciation producing O; + S*, the distribution is quite narrow [full
width at half maximum (FWHM) =~ 2 eV] and centered at about
5 eV. Field and Eland (29) determined energy releases as a function
of the maximum (double) ionization energy for all four major
dissociation channels of SO5" using single-electron-ion(-ion) coin-
cidences. For the main two-body charge separation, the energy
release was found to vary slightly, between 4.3 £ 0.5and 5.2 £ 0.5 eV
over the range of ionization energies of 34 to 40 eV. Because we
collect and analyze both electrons, we can now determine mean
KERs as a function of the actual energies transferred in double ioniza-
tion, which is an important aspect of the present work.

As can be seen from Fig. 1, the channel leading to O} + S arises
specifically from states in the energy range between 35.5 and 36.8 eV
where the *By, 'B;, 'B,, and 2 'A; states are found to be located
(27). Its peak intensity occurs at about 36.5-eV ionization energy
with an onset at about 35.3 eV, energies that are well above the
thermodynamic threshold of 28.4 eV for the ground-state O3 + S*
products. There is a broad feature in the overall double-ionization

spectrum at exactly the same energy. If the mean KER of 6 eV (31)
or 5.6 eV (36) is added to the ground-state product energy, the
resulting calculated threshold is 34.3 or 33.9 eV, i.e., below the
observed onset. This suggests that the fragments are formed with
substantial internal energy. The KER appears from our data to be
slightly lower than the values reported by Curtis and Eland (6 £ 1 eV)
(31) and Hsieh and Eland (peak at 5.4 eV) (36), where the values
known in the literature reflect kinetic energies from the whole range
of dication electronic states accessed at 40.81 eV. The experimental
value from the present work that we consider most reliable (because
of the greater selectivity available here in comparison to previous
works) is 4.7 + 0.3 eV for the ionization energy range of 36.3 to
36.8 eV where these products are formed most abundantly. When
subtracted from the mean ionization energy of 36.5 eV, this places
the energy of the products at 31.8 eV, well above the thermodynamic
limit of 28.4 eV for the formation of O + S* ground-state products.
The implied internal excitation energy of 3.4 eV could easily be
accommodated, for instance, as vibrational energy of the Oj ion.
To further examine the dissociation producing O; + S*, we have
performed ab initio computations of the PESs of the singlet and
triplet electronic states located in the 32- to 42-eV energy range
above the neutral SO, (X 'A;) ground state. These PESs were
mapped over a wide range of nuclear configurations covering the
molecular regions, where we locate the SO3* isomers, and the disso-
ciation asymptotes. For instance, panels A and B of Fig. 2 show
several sets of PES cuts, and panel C presents the thermodynamic
thresholds for O; + S*. The PESs in Fig. 2 are computed in Jacobi
coordinates where the position of the sulfur atom is varied along the
coordinates R € [0.5,5] (A) and 8 € [0,90] (°) relative to the center
of mass of O, (see the Supplementary Materials for more details).
The oxygen atoms are separated by the equilibrium distance of the
neutral SO, (X'A,) ground state. The PES computations were done at
the CASSCF/MRCI/aug-cc-pV(Q+d)Z level of theory. Thermo-
dynamic threshold computations were done at the (R)CCSD(T)/CBS
level for comparison with the precise thresholds known from thermo-
chemical heats of formation and spectroscopic information.
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Fig. 2. Potential energy surface cuts and minimum energy paths of the lowest electronic states of SO§+ for varying bond distance of S. (A) One-dimensional PES
cuts of the lowest states of SO%* for the in-plane angle 8 = 89° along the bond distance of S to the center of mass of O, where the O, distance is kept fixed at its value in
the neutral SO, (X 'A1) ground-state equilibrium geometry (i.e., 4.6 bohr). (B) Corresponding MEP for bent SO%+ and 0—0—S*. (C) Thermodynamic thresholds of O;’ +S*.
The reference energy is that of SO, (X 'A;) in its vibrationless ground state. Other cuts are given in figs. 52 to S5.
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The curves in Fig. 2A demonstrate that the potential energy
threshold toward dissociation is much too high (~39 eV), suggest-
ing that the sulfur atom does not leave the system in this way. The
vast number of states presented in this panel motivates a minimum
energy path (MEP) analysis. This is done by following the valley
bottom in the PES as the sulfur atom is moved out in the Jacobi
coordinate system. In the present analysis, the O—O distance is kept
fixed, thus providing the reduced MEP. In Fig. 2B, the reduced
(fixed O—O distance) MEP of the 'A’, 'A”, *A’, and A" PESs is
shown, where the angle 0 giving the minimal energy is selected for
each R. This MEP has an odd shape (far from the usual Morse-like
potentials) favoring large-amplitude motions and intramolecular
isomerizations to take place. For instance, the MEP analysis suggests
a roaming pathway where SO3* may convert from a bent OSO**
configuration to a linear OOS** isomer by crossing a potential
barrier at about 34.5 eV. This roaming mechanism is further demon-
strated in Fig. 3, which is computed in the coordinate system where
one oxygen atom is moved relative to the other oxygen atom by
varying the angle ¢ with the bond distance fixed at 5.3 bohr, corre-
sponding to the equilibrium distance in the SO3* (X'Z§) ground
state. Figure 3 shows the roaming from a linear OSO**, crossing the
barrier at 34.4 eV by spin-orbit conversion from the A’ to the *A’
state. Such a roaming O, molecular mechanism was recently reported
by Lin and co-workers (26), who studied the ultrafast photodissoci-
ation dynamics of neutral SO,, induced by intense ultrashort laser
pulses. Their pump-probe experiments indicated that an intermediate
fastly rotating O, molecule is formed before complete fragmenta-
tion. Nevertheless, there was no O, production from SO, detected
in those experiments, most likely because the O, molecule carries
enough excess energy to dissociate.

Figure 4 displays PES cuts computed in the coordinate system
where one oxygen atom is moved relative to the other oxygen atom
by varying the angle 1, while the SO bond is fixed to 5.1 bohr from
the equilibrium of the 00S** (X'Z*) ground state. The figure illus-
trates how the formation of O] can go through the formation of the
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Fig. 3. Potential energy surface cuts of the lowest electronic states of SO§+ for
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0O0S*" isomer, i.e., after O roaming, since the two O atoms are far
away in ground-state OSO**.

The PESs in Fig. 5 are computed in Jacobi coordinates where the
position of the sulfur atom is varied along the coordinates R €
[0.5, 5] (A) and 0 € [0, 90]° relative to the center of mass of O, (see
the Supplementary Materials for more details). The oxygen atoms
are separated by the equilibrium distance of the neutral O, (X’ X;)
ground state. Panels A and B show PES cuts and the MEPs, respec-
tively, and present a decay pathway from the linear configuration
OOS where the sulfur atom leaves the O, molecule by crossing the
potential energy barrier in a transition from the 'A’ to the *A” state
ataround 34.5 eV, which is where the experimental data start show-
ing a signal. The KER obtained by going to the lowest final state is
about 6 eV (see table S2), which is roughly 1.5 eV more than the
KER measured in the present experiments (4.7 + 0.3 eV). The excess
energy may suggest that some of the energy is converted to vibra-
tional or rotational energy of the O, moiety. Another explanation
could be that the sulfur ion does not end up in the ground state but
instead the “D state, which is 1.84 eV above the ground state.

For possible examples of this proposed mechanism of O} pro-
duction, we turn first to the results of Nerney and co-workers (37),
who reviewed and updated results from Voyager, Galileo, and Cassini
and found that the Io plasma torus derived from ionization of SO,
contains several multiply charged ions. Oj could very well be pres-
ent but undetected, after formation by fragmentation of multiply
charged SO,. The present ionic pathway for the formation of O;
may also be proposed as an alternative to the established mecha-
nism producing O} from CO,. For instance, Larimian and co-workers
(38) suggested CO3* — O} + C" as a possible reaction path. Since
CO3" dications were detected in the outer atmospheres of those
solar system bodies (39, 40), the high O; concentration in the iono-
spheres of both Venus and Mars may have some contribution from
CO3" dissociation. Further investigations are needed for confirma-
tion. We also note that the major dissociation channels of doubly
charged SO, produce O ions and both the reactions: O + SO, —
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ground-state equilibrium geometry. (B) MEPs of 00S** with a stable 'A'state in quasi-linear configuration. In (C), the thermodynamic thresholds of 0j + S* are indicated.
The reference energy is that of SO, (X 'Aq) in its vibrationless ground state. Other cuts are given in figs. S6 to 59.

05 + SO and O* + SO, = O3 + SO* are exothermic and might con-
tribute to abiotic O, formation in suitable circumstances.

DISCUSSION

The present measurements tell us the fraction of double photoion-
ization of SO, that leads to O production for a range of photon
energies from 40.8 eV to above the S2p and Ols inner shell thresh-
olds (see Table 1 and Materials and Methods). As the photon energy
increases, the Oj fraction decreases, mainly because of competition
from other dissociation pathways. The cross section for double ion-
ization of SO, (32) is 0.5 Mb at 40 eV, rises to a peak of 1.8 Mb near
60 eV, and declines to 1 Mb by 120 eV. The cross section for S2p
ionization, which is dominantly double ionization, rises strongly at
the S2p threshold near 170 eV, reaches a maximum of about 4 Mb
by 190 eV, and declines slowly at higher energies (41). Its value above
the O1s edge is not known. By combining the available double-
ionization cross sections with our fractions of O; formation and
an estimate of the solar XUV irradiance at the relevant energies, we
can estimate the rate of O production for any planetary situation
where SO, is present. To attempt a practical estimate, we assume
that the vertical distribution of SO, can be represented by a single
1-cm layer at a pressure p (pressure/mbar), exposed to the full XUV
flux. For the solar XUV flux, we first note the warning given by
Woods et al. (42) that this flux is extremely variable on all time
scales. As an estimate of average XUV irradiance at the current ep-
och (medium active sun), we adopt a figure of 0.1 mW m™* nm™*
over the whole relevant range. For the specific flux at the Hella line
and on the strong coronal lines near 180 A, we use the figures given
by Allen (43), which sum to an overall flux of about the same inten-
sity as our global estimate in the low-energy range. The resulting
rate of O; production k for a planet at Earth’s present orbital dis-
tance is k > 5 x 10’p molecules cm™* s~*. Equivalently, about 2% of
all the SO, would be converted to O} in 1 year, which is not much,
but in 50 years, 100% of the original amount would be converted, if
the raw SO, was constantly replenished. For a planet at Venus’ cur-
rent heliocentric distance, the rate of production would be a factor

Wallner et al., Sci. Adv. 8, eabg5411 (2022) 19 August 2022

Table 1. Experimentally quantified O; amount. The amount of O}
formation relative to all dissociative double photoionization. Estimated
from the experimental data.

hv/eV % O

40.8 1241

88.9 22+06
100 21+04
170 11402
180 06+0.1
535 05+0.2

of 2 faster, while for one at the distance of Jupiter, it would be
25 times slower. For the whole Earth, the total rate of O} production
would amount to about 4 x 10*p kg per year. We note that forma-
tion of O by the same reaction is known to be caused by electron
impact double ionization (44) and that suitably energetic electrons
and other charged particles may often be abundant in the realms
where XUV penetrates. Because of this, and because we cannot in-
clude the highest photon energies, our calculated rates may well be
too low and should be taken as order-of-magnitude estimates only.

To estimate the yield of neutral O, from O, one ultimately
needs a realistic atmospheric model and the rates of relevant bi-
molecular reactions. In addition to neutralization by free electrons
and three-body recombination of the resulting O atoms, neutral O,
can be formed efficiently by charge exchange. In the present terrestrial
atmosphere, the most effective charge acceptor is NO, which is
present in useful abundance in both the E and F layers [up to 400 km;
see (42)] and for which charge exchange is highly exothermic [ioniza-
tion energy (IE)(O,) = 12.1 eV, IE(NO) = ca. 9.5 eV] (45). In an
atmosphere dominated by volcanic outgassing of S species, both H,S
(46) (IE = 10.3 eV) and SO, itself (47), for which charge exchange
is almost resonant (IE = 12.2 eV), would be possible partners. In some
environments, NH3z (IE = ca. 10.5 eV) could be another effective
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charge exchange acceptor (48). Thus, we are confident that conver-
sion from Oj to O, will have a real positive efficiency in many atmo-
spheric circumstances. We also note that exothermic charge transfer
reactions generally have gas-kinetic cross sections and thus maximal
rates [quoted in (46)].

Here, we report the first evidence for the direct production of O}
from SO, doubly charged ions. We have established that O is
formed efficiently by dissociative double ionization of SO, induced
by absorption of 30.4-nm radiation of the Hello line, an intense
component of the solar spectrum and of many stellar spectra, as
well as by several other higher solar x-ray line photon energies. We
believe that the same electronic states of nascent SO;" that lead
to O; formation will be created by all forms of double ionization,
whether by high-energy photon impact or by charged particle impact.
The process is therefore expected to be significant in the abiotic for-
mation of molecular oxygen in planetary atmospheres rich in SO,
where O} can be converted to O, by the well-established pathways of
electron recombination or charge exchange. It represents an alternative
to and is expected to compete with the well-established abiotic O,
production pathways via the photodissociation of water vapor by XUV
light or the NUV photochemistry of titanium (IV) oxide (titania).

MATERIALS AND METHODS

Experimental details

Multiparticle coincidence experiments were carried out at 40.81-eV
photon energy and a selection of solar soft x-ray line energies (about 88,
180, and 561 eV), which are well above the adiabatic single-photon
double-ionization onset of SO, at 33.5 eV (27). The TOF-PEPEPIPICO
apparatus used in the experiment has been described before (28, 49).
Briefly, it allows for continuous and simultaneous detection of
multiple electrons with energy information and multiple cations
with mass/charge information. An effusive jet of target gas is let into
the interaction chamber by a hollow needle, intersecting the wave-
length selected light from a pulsed discharge helium lamp for the
40.81-eV measurements and from beamline UE52 SGM of the
synchrotron radiation facility BESSY-II in Berlin for the higher pho-
ton energies, respectively. Upon ionization at 40.81 eV, a weak electro-
static field in the ionization region helps guiding any near-zero
electrons into a flight tube, leading to a 2.2-m distant detector. A
continuous, strong divergent field from a permanent conical magnet
(or a ring magnet when ions are also extracted) in the same region
guides almost all photoelectrons of a wide kinetic energy range (up
to a few hundred electron volts) into a much weaker, homogeneous
solenoid field in the flight tube, confining the electrons onto the
detector. All the electrons have sufficient energy to arrive within
10 ps. After about 150 ns when all relevant electrons have left the
source region, a strong electric field is applied to extract the cations
in the opposite direction, through the ring magnet. The ions are
accelerated by a two-field configuration optimized for time focus-
ing conditions. The strength of the draw-out pulse and the associated
acceleration field determine the mass resolution and the time width
of signals for fragment ions formed with more than thermal kinetic
energy. The draw-out pulse field affects the detectability of ion pairs
of equal mass-to-charge ratio (m/z) such as O" + O or O; + S*
because the ion detector and associated electronics used in these
experiments imposed a deadtime of 25 ns. At the time of the experi-
ments, the collection-detection efficiency was about 30% for electrons
and 10% for ions at m/z = 100. Because the final ion energy at the
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detector was less than 2 keV, the efficiency was somewhat higher for
lighter ions. Electron kinetic energy resolution (E/AE) was about 20
throughout, while mass resolution ranged from 30 to 100 (FWHM)
according to the strength of the draw-out pulse; all ions of interest
from SO, except equal mass pairs were fully resolved under all
conditions, but the **S isotopic variants were only partially resolved.
Also, because the higher photon energies typically led to substan-
tially higher electron kinetic energies, which are more difficult to
resolve, the BESSY-II experiments were primarily restricted to ion-ion
coincidence measurements in DC mode.

Error bars included in the graphical and tabular presentations of
the experimental data represent +1c deviations derived from the
numbers of coincidence counts involved, with due attention to
propagation of errors on the assumptions that errors in combining
quantities such as numerators and denominators are uncorrelated
and that the data are drawn from a normally distributed parent
population, following the concepts of Bevington (50).

Computational details

All the ab initio electronic structure calculations on different levels
of theory were performed using the MOLPRO program suite (51).
In the present study, we mapped the three-dimensional PESs
of SO3" for the six lowest A’ and six lowest A” of singlet and triplet
spin multiplicities using Jacobi coordinates. The PESs have been
generated using the complete active space self-consistent field (CASSCF)
(52, 53) approach followed by the internally contracted multireference
configuration interaction (MRCI) method (54-56). The CASSCF
active space constitutes the whole set of all configurations, which is
allowing all the possible excitations of all valence electrons in
valence orbitals. The electronic states having the same spin multi-
plicity are computed according to the state-average procedure, as
implemented in MOLPRO. For the MRCI calculations, all configu-
rations having a coefficient greater than 0.005 in the CI expansion
of the CASSCF wave functions were taken into account as a reference.
The computations were done in the C, point group with wave func-
tions leading to more than 7 x 10® uncontracted configurations for
the singlet electronic states. For the triplet electronic states, we con-
sidered more than 26 x 10® uncontracted configurations. For these
calculations, the aug-cc-pV(Q+d)Z and the aug-cc-pVQZ basis sets
of Dunning and co-workers were used to describe the S and O
atoms, respectively (57-59). Adding the tight-d functions to describe
the sulfur atom improves the accuracy of the results as shown in differ-
ent works [e.g., in (60) and references therein]. Furthermore, to evaluate
the energies of the dissociation limits of SO3* forming [S + 0,]*",
the partially spin-restricted coupled cluster method including
perturbative treatment of triple excitation [RCCSD(T)] (61-63) is used.
For the RCCSD(T) computations, we used the aug-cc-pV(5+d)Z
basis set for sulfur and the aug-cc-pV5Z for oxygen. The energetics
presented in this work were computed typically with an accuracy of
about +0.05 eV as known from benchmark calculations (28, 64).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq5411
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