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A B S T R A C T

The first ionization potential of ClSO2OSO2Cl, was determined by photoelectron spectroscopy at 12.25 eV.
The photoelectron spectrum was interpreted, with the aid of DFT calculations, as composed by twelve
ionizations of non-bonding electrons localized on the oxygen and chlorine atoms. Several resonant
transitions of inner electrons to LUMOs were detected in the Total Ion Yield spectra taken with tuneable
synchrotron radiation. Photofragmentation mechanisms of pyrosulfuryl chloride after single and double
ionization were studied by means of coincidence techniques (PEPICO, Photoelectron-Photoion-
Coincidence and PEPIPICO, Photoelectron-Photoion-Photoion-Coincidence). The main fragmentation
mechanism in the valence energy region leads to the formation of ClSO2OSO2

+ fragment and a chlorine
radical. Other fragments, like ClSO2

+, SO2
+, ClO+ (arising from an atomic rearrangement) and SO3

+ were
observed to appear as the energy of the synchrotron light increases. The fragmentation channels after
double ionization processes were inferred from the comparison of the shapes and experimental slopes of
the coincidence islands for two ionic fragments originating from the same molecule in the PEPIPICO
spectra, with the theoretical slopes calculated by the Eland’s formalism. The mechanisms were
independent of the incident radiation energy, revealing the lack of site-specific processes. All
mechanisms were proposed to start from the rupture of either Cl�S or O�S single bonds for a species
which comprises and originates a number of relevant environmental and atmospheric processes and
photoevolutions.
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1. Introduction

Pyrosulfuryl chloride, ClSO2OSO2Cl, and the hitherto unknown
peroxide, ClSO2OOSO2Cl, were found as the main products of the
photochemical gas-phase reaction between SO2, O2 and Cl2 [1].
While ClSO2OSO2Cl is thermally and photochemically (below 6 eV)
stable, the peroxide has a half life time of 15 min in gas phase at low
pressure, decomposing in SO3 and Cl2. The complete photochemi-
cal reaction, including the decomposition products, was inter-
preted as the catalytic oxidation of SO2 to SO3. It was proposed that
this reaction could play an important role in atmospheric
chemistry, particularly in regions of high Cl2 and SO2 abundances.
* Corresponding author.
E-mail address: romano@quimica.unlp.edu.ar (R.M. Romano).
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It was also suggested that it could account for chemical processes
responsible for the unexpectedly low oxygen content of the Venus
stratosphere [2].

Although pyrosulfuryl chloride was a known substance since
the beginning of the twenty century [3,4], there are no reports, as
far as we know, on its photochemistry when exposed to ionizing
radiation. The structural and conformational properties of this
compound were also still unknown. In parallel to the work
presented here, efforts to determine structural and conformational
aspect of the title species are undertaken by our research group,
using mainly FTIR matrix isolation spectroscopy at variable
temperatures, gas electron diffraction analysis, and X-ray single
crystal studies at low temperatures.

The study presented here is part of a general project aimed to
photochemical studies of species with atmospheric interest, as for
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Fig. 1. He(I) photoelectron spectrum of ClSO2OSO2Cl. Experimental spectrum (grey
trace), deconvoluted peaks (blue traces) and sum of the deconvoluted peaks (red
trace). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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example fluorinated alcohols (CF3CH2OH) [5], perfluorocarbons
(CF3CF2CF2C(O)Cl) [6], compounds containing the �SO2� group
(FSO2NCO [7], ClSO2NCO) [8], among others. The main objective of
these studies is the determination of the photochemical mecha-
nisms through the detection of the photoproducts and reactive
intermediates, allowing the modeling of possible atmospheric
process. Light of different wavelength, ranging from visible to X ray
radiation, as well as different detection techniques, are used in
these investigations. Below the first ionization potential, in the
region of visible and UV light, the fragmentation process occurring
through free radicals and producing neutral species are followed
mainly by IR spectroscopy [9,10]. When ionizing radiation is used,
in the VUV and X ray region, electron and ionic species are detected
[5–8].

In this work, electronic studies of pyrosulfuryl chloride were
performed by a combination of photoelectron spectroscopy (PES)
measurements using a He(I) lamp (to probe valence electrons) and
electrons and ions detection after irradiation of the sample with
tunable ionizing synchrotron light (for shallow and core electrons).
The fragmentation mechanisms after single and double ionization
processes were studied by means of coincidence techniques. The
experimental results were interpreted with the assistance of density
functional theory calculations. The photofragmentation mecha-
nisms were modeled by the formalism proposed by Eland [11].

2. Material and methods

2.1. Sample preparation

ClSO2OSO2Cl was obtained through the reaction of CCl4 with
SO3, following a method slightly modified with respect to the one
reported in Brauer [12]. In a Carius tube closed by a Young’s valve,
fresh prepared SO3 (obtained by thermal decomposition of K2S2O7)
was condensed on CCl4. After the reaction mixture had been stirred
at approximately 80 �C for 5 h, the volatile components were
fractionated under dynamic vacuum through traps held at �50,
�80, �110, and �196 �C. ClSO2OSO2Cl was collected in the �80 �C
trap. The purity of the compounds was checked by means of the
FTIR (vapour) and Raman (liquid) spectra.

2.2. Photoelectron spectroscopy

The photoelectron spectrum was recorded on a double-
chamber UPS-II machine, which was designed specifically to
detect transient species as described elsewhere [13,14], at a
resolution of about 30 meV indicated by the standard Ar+(2P3/2)
photoelectron band. Ionization is provided by single-wavelength
HeI radiation. Experimental vertical ionization energies were
calibrated with methyl iodide.

2.3. Synchrotron experiments

The synchrotron radiation was used at the Laboratório Nacional
de Luz Síncrotron (LNLS), Campinas, São Paulo, Brazil [15]. Linearly
polarized light monochromatized by a toroidal grating monochro-
mator (TGM beamline, from 12 to 310 eV) or a spherical grating
monochromator (SGM beamline, from 200 to 1000 eV) [16]
intersects the effusive gaseous sample inside a high-vacuum
experimental station [17] at a base pressure in the range of
10�8mbar. During the experiments, the pressure was maintained
below 2 � 10�6mbar. The resolution power is better than 400 in the
TGM beam-line, reaching a E/DE = 550 in the range from 10 to
21 eV. Energy calibration in the S 2p energy region was established
by means of the S 2p ! 6a1g and S 2p ! 2t2g absorption
resonances in SF6 [18]. In the SGM beamline the resolution is E/
DE = 1000. The intensity of the beam was recorded by a light-
sensitive diode. The ions produced by the interaction of the
gaseous sample with the light beam were detected by means of a
Time-Of-Flight (TOF) mass spectrometer of the Wiley-McLaren
type for both PEPICO (Photoelectron-Photoion-Coincidence) and
PEPIPICO (Photoelectron-Photoion-Photoion-Coincidence) meas-
urements [19,20]. This instrument was constructed at the Institute
of Physics, Brasilia University, Brasilia, Brazil [21]. The axis of the
TOF spectrometer is perpendicular to the photon beam and parallel
to the plane of the storage ring. Electrons are accelerated to a Multi
Channel Plate (MCP) and recorded without energy analysis. This
event starts the flight time determination process for the
corresponding ion, which was consequently accelerated towards
another MCP detector. High-purity vacuum-ultraviolet photons are
used; the problem of contamination by high-order harmonics can
be suppressed by the gas-phase harmonic filter installed at the
TGM beam line at the LNLS [22–24].

2.4. Theoretical methods

OVGF (Outer Valence Green Function) and P3 (Partial Third
Order) calculations using the 6-311+G(d) basis set at B3LYP/6-311
+G(d)-optimized geometry of the most stable conformer have been
performed on ClSO2OSO2Cl in its ground electronic state using the
Gaussian03 program package [25]. The energies of the possible
fragments arising from the dissociation of the ClSO2OSO2Cl�+

parent low-lying radical ion were calculated at the UB3LYP/6-311
+G(d) level of approximation.

3. Results and discussion

3.1. Photoelectron spectroscopy and photoionization mass
spectroscopy

The valence electron properties of pyrosulfuryl chloride,
ClSO2OSO2Cl, were investigated by means of photoelectron
spectroscopy. The ionization energies of the outer valence
electrons were determined, and the characters of the molecular
orbitals involved were assigned according to the B3LYP calcu-
lations.

Fig. 1 shows the gas-phase photoelectron spectrum of
ClSO2OSO2Cl (in gray trace) taken with single-wavelength He(I)



Fig. 2. PEPICO spectrum of ClSO2OSO2Cl measured at 12 eV.
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radiation of 21.2 eV. As can be observed in the figure, the spectrum
presents a complex structure with overlapped bands, due to the
similar character of the ionized valence electrons. The spectrum
was then deconvoluted, using lorentzian bands. The resulting
individual peaks are presented in blue in Fig. 1 and the maxima of
the bands are listed in Table 1. The first ionization potential was
observed at 12.25 eV, in agreement with reported values for related
molecules possessing the �SO2� group (SO2, 12.50 eV [26]; SO2Cl2,
12.41 eV [27]; ClSO2N3, 11.43 eV [27]; ClSO2NCO, 12.02 eV [27];
FSO2NCO, 12.3 eV [7]).

The interpretation and assignment of the photoelectron
spectrum was performed with the aid of different theoretical
calculations, OVGF/6-311+G(d) and P3/6-311+G(d), which corre-
lated well with the experimental values for compounds containing
the X�SO2� group, with X = halogen [7]. The vertical ionization
energies, as well as the approximate character of the molecular
orbitals involved in each ionization, were calculated for the
optimized most stable molecular structure. The values are
included in Table 1. An schematic representation of HOMO to
HOMO-11, calculated with the NBO formalism at the B3P86/6-311
+G(d) level of approximation, is presented as Supplementary
Information (Fig. S1).

The first eight bands are assigned to ionization processes of
non-bonding electrons formally located at the oxygen atom of each
of the S=O groups, nO (S=O). The last four bands, corresponding to
HOMO-8 to HOMO-11, are assigned to non-bonding electrons
located at each of the chlorine atoms. As can be observed in Table 1,
there is a very good correlation between the experimental
deconvoluted ionization potentials and the calculated vertical
ionization energies.

The He-I photoionization mass spectrum (PIMS) of ClSO2OSO2Cl
was measured simultaneously with the photoelectron spectrum.
Only two broad peaks were observed in the spectrum, at m/z
64 and 99, assigned to SO2

+ and ClSO2
+, respectively. As it will be

presented in the next section, this result is coincident with the
main fragments, together with the lack of the parent ion, which is
observed when the sample is irradiated with synchrotron light at
21 eV.

3.2. Photoelectron-photoion-photoion coincidence spectroscopy

The unimolecular fragmentation mechanisms of ClSO2OSO2Cl
after single photoionization with light in the valence electronic
region were investigated by means of PEPICO (Photoelectron-
Photoion-Coincidence) spectra as a function of the monochromatic
synchrotron radiation energy. Each peak in the PEPICO spectra
represents one particular mechanism, being the intensity of the
Table 1
Experimental ionization potentials (IP, eV), vertical ionization energies (Ev, eV) calcula
molecular orbitals of ClSO2OSO2Cl.

Peak Exp.IP (eV)a Ev (eV) 

OVGF/6-311+G(d) 

1 12.25 12.77 

2 12.57 12.85 

3 12.89 13.03 

4 13.12 13.16 

5 13.44 13.72 

6 13.61 13.83 

7 14.00 14.18 

8 14.16 14.42 

9 14.40 14.72 

10 14.80 14.86 

11 15.12 15.09 

12 15.36 15.78 

a The experimental values correspond to the maxima of the deconvoluted peaks of F
peak proportional to the occurring probability of the given
mechanism.

Below 12 eV, no signs of the production of ions were observed in
the PEPICO spectra, in accordance with the value of 12.25 eV
determined for the first ionization potential of the molecule
(Table 1). When the gaseous sample was irradiated with photons at
12 eV, just inside the tail of the first ionization band of the
photoelectron spectrum (see Fig. 1), some ions were detected in
coincidence with the ejected electrons, although the ionization
yield was very low, as expected. The spectrum, depicted in Fig. 2,
clearly shows two group of peaks, at 214/216/218 and 179/181 a.m.
u./z, assigned to the isotopologic contribution of the parent ion, M+,
and (M�Cl)+, respectively. Even at this low energy, the lowest
possible to produce ionization, the fragment formed by the loose of
a chlorine atom, in a process described by Eq. (1), is more abundant
than the parent ion.

ClSO2OSO2Cl�+! Cl� + ClSO2OSO2
+ (1)

The selective breaking of the Cl�SO2 bond after ionization in
the valence energy region was previously observed as the main
photofragmentation mechanism for the related ClSO2NCO mole-
cule [8]. This mechanism is also in agreement with the results
obtained for the calculation of the possible fragmentation channels
of ClSO2OSO2Cl�+, considering the rupture of only one single
chemical bond. According to the UB3LYP/6-311 + G(d)
ted with different theoretical approximations and tentative assignment to valence

MO Characeter

P3/6-311+G(d)

12.64 HOMO nO (S=O)
12.71 HOMO � 1 nO (S=O)
13.05 HOMO � 2 nO (S=O)
13.19 HOMO � 3 nO (S=O)
13.48 HOMO � 4 nO (S=O)
13.46 HOMO � 5 nO (S=O)
13.74 HOMO � 6 nO (S=O)
14.15 HOMO � 7 nO (S=O)
14.27 HOMO � 8 nCl
14.41 HOMO � 9 nCl
14.63 HOMO � 10 nCl
15.24 HOMO � 11 nCl

ig. 1.



Fig. 3. PEPICO spectrum of ClSO2OSO2Cl measured at 13 eV. Fig. 4. PEPICO spectrum of ClSO2OSO2Cl measured at 21 eV.

Fig. 5. Branching ratios of selected ions in the PEPICO spectra of ClSO2OSO2Cl as a
function of the energy of the incident synchrotron radiation.
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approximation, the products of Eq. (1), ClSO2OSO2
+ and Cl�, are

0.09 eV more stable than M�+. The breaking of the Cl�SO2 bond to
give Cl+ and ClSO2OSO2

� is predicted, by the same theoretical
approximation, 5.40 eV higher in energy than the first mechanism,
in accordance with the expected behavior. On the other hand, the
fragmentation of the parent ion through one of the S�O single
bonds can produce either ClSO2O� and ClSO2

+ or ClSO2
� and

ClSO2O+ fragments. According to the UB3LYP/6-311+G(d) approxi-
mation, formation of the first two products are predicted 0.40 eV
higher in energy than M�+, while in the second mechanism the
fragments were found to be 2.32 eV less stable than the parent ion.

In the spectrum taken with synchrotron light of 13 eV, depicted
in Fig. 3, the molecular ion was no longer detected. Besides the
ClSO2OSO2

+ fragment, a group of peaks at 99/101 a.m.u./z, assigned
to ClSO2

+, were observed. The presence of this positive ion can arise
either from direct fragmentation of M�+ through the rupture of one
of the S�O single bond (Eq. (2)), or from ClSO2OSO2

+, as
schematized in Eq. (3). The energy difference between the
products and M�+ is similar for both mechanisms: 0.40 eV for
the channel schematized by Eq. (2) and 0.56 eV for the mechanism
described by Eqs. (1) and (3).

ClSO2OSO2Cl�+! ClSO2O� + ClSO2
+ (2)

ClSO2OSO2
+! SO3 + ClSO2

+ (3)

Although ClSO2
+ and ClSO2OSO2

+ are observed at all energies
studied between 12 and 21 eV (the use of a Ne filter to cut the high-
order harmonics precludes the irradiation of the sample with
synchrotron radiation above 21 eV), new fragmentation channels
are opened as the energy of the light increases. From 18 eV, SO2

+

and also ClO+, originated in an atomic rearrangement, appear in the
PEPICO spectra, and their relative intensities continuously grow
with the excitation energy.

One more fragmentation channel in this energy region is
observed from 19 eV, with the detection of SO3

+. Fig. 4 shows the
PEPICO spectra taken at 21 eV, and Fig. 5 presents the plot of the
relative intensity of the different fragments as a function of the
incident synchrotron light. In agreement with the predicted energy
profile of the possible photoproducts, Cl+ and ClSO2O+ fragments
were not detected in the PEPICO spectra taken at any of the
irradiation energy used in the valence electronic region.
Not only single but also double and, in less extent, multiple
ionization processes are feasible when the gaseous sample is
excited with photons in the energy range of inner-electrons. In the
event of double ionization, the M2+ parent ion usually produces
two single charged species and, possibly, neutral fragments.
PEPIPICO (Photoelectron-Photoion-Photoion-Coincidence) spec-
troscopy allows the correlation of two single-charged ions
proceeding from M2+, observed as islands in a bidimensional
spectrum, and thus the study of fragmentation mechanisms. In the
next paragraphs we present the previous determination of the
energies of the inner electrons of the molecule that will be
subsequently selected for the study of the photofragmentation
mechanisms, in order to investigate the presence of site-specific
processes.

Fig. 6 depicts the Total Ion Yield (TIY) spectra, without
discrimination of the ion masses, as a function of the energy of
the incident light, in four selected energy regions, corresponding to
the ionization of S 2p, Cl 2p, S 2s and O 1s electrons. The ionization
threshold of 2p electrons of the S atoms is located at approximately
182.4 eV. At least six peaks are observed at lower energies, at 168.4,



Fig. 6. Total Ion Yield spectra of ClSO2OSO2Cl taken in the S 2p, Cl 2p, S 2s and O 1s energy regions.
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169.8, 171.4,172.3,173.7 and 174.7 eV. According with the predicted
order and character of the LUMO’s of ClSO2OSO2Cl, schematized in
Fig. S2 of the Supplementary information, these peaks can be
tentatively assigned to S 2p ! LUMO/LUMO + 1 (s*S�Cl), S 2p !
LUMO + 2/ + 3 (s*S�O) and S 2p ! LUMO + 4 to LUMO + 7 s*(S=O)
resonant transitions. The 2p3/2 and 2p1/2 splitting of each
transition, expected with an energy difference of about 1.2 eV
and an intensity ratio 2:1 [28], may be overlapped with the bands.

Low-intensity signals at 205.0 and 206.5 eV observed in Fig. 6
were interpreted as resonant transitions of Cl 2p electrons to LUMO
and LUMO + 1, with s* S�Cl character. These transitions were also
proposed in the interpretation of the spectra of the following
related molecules: SCl2, S2Cl2, SOCl2 and SO2Cl2 [29]. The
ionization threshold of the Cl 2p electrons occurs close to
211.5 eV. The ionization energy of S 2s electrons is located at
234.9 eV (see Fig. 6), in agreement with the observed for related
molecules [7,8].

In the O 1s region the spectrum is composed by a complex
pattern, with overlapped bands at 530.2, 532.8, 535.0, 536.9,
538.8 and 541.5 eV, probably originated in O 1s ! s* (S�O) and O
1s ! s* (S=O) resonant transitions from the different oxygen
atoms. The ionization O 1s threshold is observed at approximately
557.3 eV.

The bidimensional PEPIPICO spectra excited with synchrotron
light of different energies, coincident with the resonances and
ionization thresholds described in the precedent paragraphs, were
measured. From the shape and slope of the coincidence islands in
the PEPIPICO spectra, and by the comparison with the predictions
of simple models based in the momentum conservation during the
fragmentation, the photofragmentation mechanisms can be
inferred. From a detailed inspection of the spectra we can conclude
that the fragmentation channels leading to the formation of a pair
of single-charged species are independent of the incident energy,
although the relative intensity of each of them slightly depends on
the energy of the excited light.

The most intense island at all the investigated energies is
composed by the O+/S+ pair (�37% at 535 eV), followed by the O+/
Cl+ pair (�22% at 535 eV). The coincidence islands formed by non-
atomic fragments have lower intensities than the atomic ones.
Fragmentation mechanisms leading to SO+ fragment are most
probable than channels that generate other non-atomic species. In
all cases the islands present a parallelogram shape.

Table 2 compiles some of the mechanisms proposed to explain
the coincidence islands observed in the PEPIPICO spectra. In the
first column of Table the initial step (or steps) of each mechanism is
presented, while the final steps are represented in the second
column. This division was made only because some of the
dissociation mechanisms start with the same fragmentation
channel. The Table also includes the observed ions (the neutral
fragments are not detected with this technique), the theoretical
slope calculated with the formalisms proposed by Eland [11], the
experimental slope measured from the bidimensional spectra, and
the denomination of the mechanisms. In the Eland’s formalisms,
the requirement of the linear momentum conservation of the
fragments allows the deduction of the theoretical slope of the
coincidence islands, according with different proposed mecha-
nisms. In the case of two-body dissociation, the coincidence island
in the PEPIPICO spectra presents a “cigar” shape with slope of �1. In



Table 2
Photofragmentation mechanisms of ClSO2OSO2Cl.

Dissociation Pathways Ions detected
in coincidence

acalc
a aexp

b Mechanismc

Initial Steps Final Steps

M2+! Cl�+ ClSO2OSO2
�
2+ ClSO2OSO2

�
2+ ! SO2

�
+ + ClSO2O+

SO2
�
+ ! SO + O

�
+

ClSO2O+! SO3 + Cl+

O+/Cl+ �1.2 �1.2 CSD

ClSO2OSO2
�
2+ ! SO2

�
+ + ClSO2O+

SO2
�
+ ! O2+ S�+

ClSO2O+! O3+ ClS+

S+/ClS+ �1.2 �1.2 CSD

ClSO2OSO2
�
2+ ! Cl�+ SO2OSO2

2+

SO2OSO2
2+! SO2

�
+ + SO3

�
+

SO2
�
+ ! O2+ S

�
+

SO3
�
+ ! O2+ SO

�
+

S+/SO+ �1.2 �1.2 CSD

M2+! ClSO2O�+ ClSO2
�
2+ ClSO2

�
2+ ! Cl++ SO2

�
+ Cl+/SO2

+ �1.0 �1.0 DCS
ClSO2

�
2+ ! O + ClSO

�
2+

ClSO
�
2+ ! Cl++ SO

�
+

Cl+/SO+ �1.0 �1.0 DCS

ClSO2
�
2+ ! Cl++ SO2

�
+

SO2
�
+ ! O2+ S

�
+

Cl+/S+ �2.0 �1.9 SD-DCS

ClSO2
�
2+ ! O�+ + ClSO+

ClSO+! O + ClS+
O+/ClS+ �0.8 �0.8 SD-DCS

ClSO2
�
2+ ! Cl� + SO2

2+

SO2
2+! O

�
+ + SO

�
+

O+/SO+ �1.0 �1.0 DCS

M2+! ClSO2O+ + ClSO2
+ ClSO2

+! Cl++ SO2

ClSO2O+! Cl+ + SO3

Cl+/Cl+ �1.2 �1.2 CSD

M2+! ClSO2
�+ ClSO2O

�
2+ ClSO2O

�
2+ ! O�+ + ClSO2

+

ClSO2
+! Cl� + SO2

�+
O+/SO2

+ �0.65 �0.65 SD-DCS

ClSO2O
�
2+ ! O�+ + ClSO2

+

ClSO2
+! Cl� + SO2

�
+

SO2
�
+ ! O2+ S

�
+

O+/S+ �0.5 �0.5 SD-DCS

a Theoretical slope of the coincidence island calculated with the formalisms proposed by Eland [11].
b Experimental slope of the coincidence island measured from the bidimensional PEPIPICO spectra.
c CSD: Competitive Secondary Decay; DCS: Deferred Charge Separation; SD-DCS: Secondary Decay after a Deferred Charge Separation.

Fig. 7. PEPIPICO spectrum of ClSO2OSO2Cl taken at 535 eV (left) and contour plots of
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a three-body fragmentation of a doubly charged molecule, the
possible mechanisms are identified as Deferred Charge Separation
(DCS), Secondary Decay (SD), and Concerted Dissociation (CD).
Two additional mechanisms were proposed for four-body decay
[30]: Secondary Decay after a Deferred Charge Separation (SD-
DCS) and Competitive Secondary Decay (CSD).

All mechanisms proposed in Table 2 start with the rupture of
one bond of M2+, either the Cl�S or the O�S single bond. The
fragmentation through the Cl�S bond produces a chlorine radical
and a ClSO2OSO2

2+ fragment. In two of the mechanisms, this
species subsequently dissociate into ClSO2O+ and SO2

+ ions,
followed by competitive secondary decays, ended either in O+/
Cl+ or S+/ClS+ pair of ions. In a third mechanism, ClSO2OSO2

2+ loses
the remaining chlorine atom, and then the formed SO2OSO2

2+

species dissociates through the O�S single bond to produce SO2
+

and SO3
+, that conduct to S+ and SO+ ions in a competitive

secondary decay pathway. An initial step involving the simulta-
neous loss of both Cl radicals with the formation of molecular
chlorine cannot be discarded to explain the experimental slope of
the S+/SO+ coincidence island in the PEPIPICO spectra. Since neutral
fragments are not detected with the experimental setup used in
the experiments, these two possibilities cannot be discerned.

After the rupture of the O�S single bond of M2+, the double
charge can be retained by only one fragment, either ClSO2O2+ or
ClSO2

2+, or distributed between the two species, originating
CllSO2O+ and ClSO2

+ single-charged fragments. These mechanisms
conduct to the coincidence island involving Cl+, with Cl+, S+, SO+

and SO2
+, and O+, with S+, SO+, ClS+ and SO2

+.
Besides the coincidence presented in Table 2, the O+/O+, S+/S+,

S+/SO2
+, SO+/SO+, SO+/SO2

+, and SO2
+/SO2

+ pairs were also detected
in coincidence. A plausible interpretation of the �1.0 experimental
slope of these islands is that the species were produced thorough
concerted mechanisms. Fig. 7 shows the PEPIPICO spectrum taken
at 535 eV, the energy determined for the resonance of a O 1s ! s*
(S=O) transition according to Fig. 6, and the contour maps of two
selected coincidence island, Cl+/SO+ (with aexp = �1.0) and O+/S+

(with aexp = �0.5).

4. Conclusions

The electronic properties of ClSO2OSO2Cl were determined by a
combination of He(I) photoelectron spectroscopy and Total Ion
selected coincidence islands: Cl+/SO+ (top-right) and O+/S+ (bottom-right).
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Yield spectroscopy using synchrotron radiation. The first ioniza-
tion potential was found at 12.25 eV, and the PES spectrum was
interpreted in terms of twelve ionizations of oxygen and chlorine
non-bonding electrons. Indirect information about the character
and energy differences of the LUMOs could be accessed from the
TIY spectra taken in resonance with shallow and core electrons.
According to theoretical predictions, LUMO and LUMO+1 of
ClSO2OSO2Cl can be both approximately described as s*S�Cl.
The experimental energy difference between these two orbitals
was found to be 1.4 eV (from the S 2p ! LUMO/LUMO+1 (s*S�Cl)
transitions in the S 2p TIY spectrum) and 1.5 eV (from the Cl
2p ! LUMO/LUMO+1 (s*S�Cl) transitions in the Cl 2p TIY
spectrum), corroborating the proposed assignment.

Photofragmentation mechanisms of ClSO2OSO2Cl following
single and double ionization were studied by means of PEPICO
and PEPIPICO coincidence spectroscopies, respectively. At low
energies, the main fragmentation mechanism leads to the loss of a
chlorine radical and the concomitant formation of ClSO2OSO2

+

fragment. As the irradiation energy increases, new ionic fragments
were detected, arising either by new fragmentation channels
opened for the parent ion, or by a subsequent fragmentation of
ClSO2OSO2

+. Considering the last possibility, the following
mechanisms can be suggested:

M + hn ! M�+ + e�

M�þ ! Cl� þ ClSO2OSO2
þ 12:0 < hv < 13:8 eV

ClSO2OSO2
þ ! ClSO2

þ þ SO3 13:8 < hv < 21:5 eV

CLSO2
þ ! SO2

�þ þ Cl� 18:0 < hv < 21:5 eV

The fragmentation mechanisms were proposed by the compar-
ison of the experimental slopes of the coincidence islands in the
PEPIPICO spectra with the theoretical slopes calculated by the
Eland’s formalism. M2+ species evolves following several different
channels, all of them started from the rupture of either Cl�S or O�S
single bonds. The fragmentation channels of pyrosulfuryl chloride
after double ionization were found to be independent of the
incident radiation energy, denoting the absence of significant site-
specific processes.
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