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Total ion yield spectra and photoinduced fragmentations following S 2p, Cl 2p, and O 1s inner shell excitations
of methoxycarbonylsulfenyl chloride, CH3OC(O)SCl, have been studied in the gaseous phase by using
synchrotron radiation and multicoincidence techniques, which include photoelectron-photoion coincidence
(PEPICO) and photoelectron-photoion-photoion coincidence (PEPIPICO) time-of-flight (TOF) mass
spectrometry. According to the analysis of the partial ion yield spectra the S+ ion signal shows a steep
enhancement near the S 2p resonance, which could represent an evidence of state-specific fragmentations
promoted by electronic excitations from the S 2p to vacant orbitals with strong antibonding character mainly
located at the sulfur atom. The dissociation dynamics for selected PEPIPICO islands have been discussed.
Fragmentation channels that involve the extrusion of H+ and CHx

+ (x ) 0, 1, 2, 3) fragments have been
predominantly observed for dissociation of doubly charged CH3OC(O)SCl2+.

Introduction

In recent years, the study of the dissociation dynamics of
isolated molecules excited with energies in the vacuum ultra-
violet (VUV) and soft X-ray regions has shown important
advances, primarily because of the availability of synchrotron
radiation sources together with the use of coincidence techniques
as tools for the detection of charged particles. The main products
of photodissociation processes in these energy regions are
positive ions, which can be conveniently detected by means of
time-of-flight (TOF) spectrometric based methods.1 Moreover,
multicoincidence spectroscopies are well-known techniques
which make possible the measurement of the arrival times of
each charged particle at a detector in a correlated manner.2,3

In contrast to valence electrons, which can be formally
considered as occupying localized or delocalized molecular
orbitals over the whole molecule, core- and shallow-shell
electrons are highly localized on a specific atomic level of a
molecule. Thus, differences in relative yields of fragment ions
were observed in simple molecules by excitingK shell
electrons.4,5 The tunable synchrotron radiation can selectively
excite inner shell electrons. If the dissociation occurs before
the electronic rearrangement site- and element-specific frag-
mentations can be anticipated.4,6-9

The radiation can initiate electronic changes in the molecules,
which can rearrange in a few femtoseconds. This process is
considered to be practically “instantaneous” for all chemical
purposes (Franck-Condon principle). The insight into the nature
of the site specific fragmentation is of importance in under-

standing localization phenomena in chemical reactions.10 More-
over, photoinduced processes at solid surfaces have attracted
much attention not only as a fundamental science but also as
technological applications, because they provide a unique route
for the synthesis of new materials through non thermal reac-
tions.11

Our research group has quite recently started studies concern-
ing shallow- and inner-core electrons in sulfenylcarbonyl
compounds. Total ion yield (TIY) and partial ion yield (PIY)
spectra, as well as multicoincidence spectra (photoelectron-
photoion coincidence, PEPICO, and photoelectron-photoion-
photoion-coincidence, PEPIPICO) were measured for the S 2p,
Cl 2p, C 1s, O 1s, and F 1s transitions of FC(O)SCl12 and ClC-
(O)SCl13 by using synchrotron radiation in the 100-1000 eV
range. The branching ratios for ion production obtained from
the PEPICO spectra for these both species exhibit only a small
dependence on the incident photon energy, which was inter-
preted in terms of a “lose memory” effect after an Auger decay,
promoted by the delocalization of valence orbitals over the entire
planar molecule.14,15On the other hand, a similar experimental
study carried out for thioacetic acid, CH3C(O)SH, was inter-
preted in terms of a moderate site-specific fragmentation
evidenced by a diminution of the CH3CO+ fragment signal in
going from the S 2p to the O 1s transition regions.16

In spite of its versatility in synthetic applications, and
considering molecular characterization as a central part of the
chemistry, the structural and spectroscopic properties of the
methoxycarbonylsulfenyl chloride molecule have been only
recently reported.17 Additionally, the reaction of H atoms with
CH3OC(O)SCl at room temperature was studied by infrared
chemiluminescence techniques.18

The main goal of the present study of CH3OC(O)SCl is to
obtain evidence regarding the electronic transitions throughout
the whole region of the S and Cl 2p shallow-core and O 1s
core edges as well as the ionic dissociation mechanisms
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following the electronic relaxation of the core excited CH3OC-
(O)SCl. The methodology includes the use of multicoincidence
TOF-mass spectroscopy techniques and tunable synchrotron
radiation. Fragmentation patterns deduced from PEPICO spectra
at various excitation energies in the VUV and soft X-ray regions
were especially analyzed in order to establish the existence of
a site-specific fragmentation effect. Also, ionic double coinci-
dences were examined, and dissociation mechanisms were
proposed to explain the shape and slope of observed PEPIPICO
islands.

Experimental

Synchrotron radiation was used at the Laborato´rio Nacional
de Luz Sı´ncrotron (LNLS), Campinas, Sa˜o Paulo, Brazil.19

Linearly polarized light monochromatized either by a toroidal
grating monochromator (available at the TGM beam line in the
range 12-300 eV)20 or by a spherical grating monochromator
(available at the SGM beam line in the range 200-1000 eV),
intersects the effusive gaseous sample inside a high vacuum
chamber, with base pressure in the range 10-8 mbar. During
the experiments the pressure was maintained below 10-5 mbar.
At the LNLS, the TGM and SGM beamlines resolution power
are better than 400 and 3000, respectively. The intensity of the
emergent beam was recorded with a light-sensitive diode. The
ions produced by the interaction of the gaseous sample with
the light beam were detected using a time-of-flight (TOF) mass
spectrometer of the Wiley-Mac Laren type for both PEPICO
and PEPIPICO21,22 measurements. This instrument was con-
structed at the Institute of Physics, Brasilia University, Brasilia,
Brazil.23 The axis of the TOF spectrometer was perpendicular
to the photon beam and parallel to the plane of the storage ring.
Electrons were accelerated to a multichannel plate (MCP) and
recorded without energy analysis. This event starts the flight
time determination process of the corresponding ion, which is
consequently accelerated to another MCP.

The sample of methoxycarbonylsulfenyl chloride, CH3OC-
(O)SCl, was obtained from commercial sources (Aldrich,
estimated purity 97%). The liquid sample was purified by
repeated trap-to-trap distillation in vacuum. The purity of the
compound in both vapor and liquid phases was checked by IR
and1H NMR spectroscopies, respectively. Highly pure samples
were used in the experiments, and the presence of thermody-
namic decomposition products are unlike due to the inherent
thermal stability of the sample.

The core equivalent model24,25 was implemented in order to
estimate S 2p and O 1s core ionization energies, taking OCS
as reference compound [experimental ionization energy of OCS
(170.6 eV)].26,27 This approximation has been shown to give a
good description for carbonyl compounds.28,29The Cl 2p binding
energy has been estimated using CH3Cl as the reference
compound (206.26 eV).30,31Core equivalent related calculations
were performed at the UB3LYP/6-311++G** level of ap-
proximation as implemented in the Gaussian98 programs.32

Results and Discussion

Total Ion Yield Spectra (TIY). The TIY spectra were
obtained by recording the count rates of the total ions while
the photon energy is scanned. At high photon energies corre-
sponding to shallow- and core-shell electronic levels, the
quantum yield for molecular ionization is quite likely tending
to unity. Consequently, the detection of parent and fragment
ions as a function of the incident photon energy is a powerful
method to be used as a complement to absorption spectros-
copy.33 The TIY spectrum of CH3OC(O)SCl, measured near

the S 2p edge is shown in Figure 1. Below the S 2p threshold,
the spectrum is dominated by a group of six signals centered at
162.5, 163.3, 165.3, 166.0, 166.9, and 168.2 eV, while the
ionization edge is located at approximately 171.0 eV. Two of
these signals may correspond to transitions involving the spin-
orbit split of the 2p term in the 2p1/2 and 2p3/2 levels in the
excited species to unoccupied antibonding orbitals and in
agreement with the 2J + 1 rule, an intensity ratio of 1:2 is
expected for these transitions. In the case of the simplest sulfide,
H2S, this splitting was reported to be 1.201 eV.34 A rather
complex feature is observed below the threshold, and Rydberg
series corresponding to the S 2p excitations cannot be ruled
out. Furthermore, the nonresonant X-ray emission spectrum for
OCS at the S 2p edge shows a clear sign of breakdown of the
molecular-orbital picture in this region due to high density
overlapping and vibrational broadening.27 This assignment for
the CH3OC(O)SCl molecule should be taken as tentative, since
an unambiguously description of the excitations appearing below
the S 2p ionization potential is not likely to assess for such a
large molecule by using our available techniques.

The TIY spectrum measured near the Cl 2p region is shown
in the Figure 2. The Cl 2p threshold is located at approximately
207.0 eV and below this photon energy two signals can be
observed at 198.0 and 199.3 eV. The observed resonance
transitions may be mainly assigned to transitions involving the
spin-orbit split of the 2p term in the 2p1/2 and 2p3/2 levels of
the excited chlorine species.

Figure 1. Total ion yield spectrum of CH3OC(O)SCl near the S 2p
region.

Figure 2. Total ion yield spectra of CH3OC(O)SCl in the Cl 2p region.
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Figure 3 displays the TIY spectrum obtained near the O 1s
region. This spectrum is dominated by an intense resonance
centered at 533.0 eV, whereas the O 1s threshold is located at
approximately 539.0 eV. A shoulder at 530.0 eV and a low-
intensity signal at 536.6 eV were also observed. As has been
reported for other carbonyl compounds, electronic excitations
to vacant antibondingπ*CdO and σ*CdO orbitals may be
associated with the signals observed at 533.0 and 536.6 eV,
respectively. However, for a complete description of the O 1s
edge region in CH3OC(O)SCl transitions involving core elec-
trons from both oxygen atoms present in the molecule should
be taken into account. At the resolution used in the present
experiments, it becomes apparent that the different chemical
environments of the two oxygen atoms do not cause any
appreciable signal shift.

The S 2p, Cl 2p, and O 1s ionization energies for CH3OC-
(O)SCl obtained from the TIY spectra were compared with
values derived from the equivalent-core approximation. The
calculated S 2p, Cl 2p, and O 1s binding energies at 170.8,
206.6, and 538.3 eV are in good agreement with the experi-

mental values, measured at around 170.0, 207.0, and 539.0 eV,
respectively.

PEPICO Spectra.Several PEPICO spectra that include the
most important S 2p, Cl 2p, and O 1s transitions of CH3OC-
(O)SCl have been recorded. In order to identify the role of
resonant Auger processes in the fragmentation, spectra were not
only measured at the resonant values (maxima of the absorp-
tions) but also at photon energy values below (typically 10 eV)
and above (typically 50 eV) each resonance. For all spectra,
the intensity of each ionic fragment is obtained as the integrated
area under the peak, fitting as a Gaussian function to the time-
of-flight spectra.

Ionic Fragmentation Near the S 2p Shallow-Core Edge.
The PEPICO spectra near the S 2p edge of CH3OC(O)SCl are
shown in Figure 4. In Table 1 the corresponding branching ratios
are collected for the main fragment ions. The most intense peak
for the resonant energy ranges under the threshold is observed
for the CH3

+ ion (14% approximately). The next most abundant
ions, with relative intensities between 7 and 13%, are S+

(m/z ) 32), HCO+ (m/z ) 29), and Cl+ (m/z ) 35). At
171.0 eV (S 2p threshold) an increment in the intensity of the
amu/q) 32 peak corresponding to the S+ ion can be observed
being the most abundant ion at this energy (16% approximately).
Other less abundant ions are the following: H+ (m/z) 1), SCl+

(m/z ) 67), the methyl fragments CHx+(x ) 0, 1, 2,) withm/z
) 12, 13, and 14, O+ or S2+ (m/z ) 16), CO+ (m/z ) 28),
CH2O+ (m/z ) 30), and COS+ (m/z ) 60). The intensity of the
signal atm/z) 32 amu/q, corresponding to the S+ ion, increases
when the incident photon energy is increased. An increment in
the intensity of them/z ) 35 amu/q ion signal can be seen at
171.0 eV (S 2p threshold). Signals for the CO2

+ (m/z )
44 amu/q) and CH3OCdO+ (m/z ) 59 amu/q) ions also appear
in these spectra, having weak relative intensity. Surprisingly,
the parent ion, CH3OC(O)SCl+, can be observed as a very low
intense signal in all PEPICO spectra and shows the characteristic
chlorine isotopic distribution.

As discussed previously, the transitions that appear in the
TIY spectra just below 171.0 eV can be interpreted as
originating from the overlap of several discrete resonance

Figure 3. Total ion yield spectra of CH3OC(O)SCl in the O 1s region.

Figure 4. PEPICO spectra of CH3OC(O)SCl recorded near the S 2p edge.
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transitions corresponding to transitions of the inner shell orbitals
of the S 2p3/2 and S 2p1/2 to unspecified antibonding orbitals
and/or Rydberg series. The close analysis of the ion production
in this region could serve as a tool for the assignment of these
features. With these facts in mind, more detailed partial ion yield
(PIY) spectra have been obtained in the 165.0-175.0 eV range
by recording the count rates of selected ions while the photon
energy is scanned in steps of 0.2 eV (Figure 5). In these PIY
spectra, each point corresponds to one time-of-flight spectrum
measured at this defined photon energy. The intensity of each
ionic fragment is obtained by fitting a Gaussian function to the
time-of-flight spectra.

Although less resolved, the PIY spectra for the main single
charged ions resemble the TIY spectrum of Figure 1. The
production of ions increases as the photon energy increases,
with a pronounced slope between 169.0 and 171.5 eV. The S+

ion signal shows a steep enhancement at around the S 2p
threshold. It becomes predominant up 169.0 eV (see Figure 5
and Table 1). Since multiple bond fissions are necessary to form
this ion from the ionized CH3OC(O)SCl, complex processes
are expected to take place in the production of S+. At the lowest
energy examined, 165.0 eV (corresponding to the deep valence
excitations), the contribution of this ion to the total ion
production is also important, which could be a hint about the
importance of non-resonant or direct double ionization processes

in the internal energy redistribution before fragmentation. Other
important contributing ions are CH3+ and Cl+. Both ions can
be formed by single bond ruptures of the CH3-O and S-Cl
single bonds, respectively. Thus, processes that involve excita-
tions to the correspondingσ*O-C and σ*S-Cl antibonding
orbitals, respectively, can be suggested. It is worth noting the
parallelism of the TIY and the CH3+ ion signals below the
ionization edge.

The heaviest fragment observed in the spectrum of Figure 5
is the SCl+ ion. It should be noted that only a singly charged
molecular ion can produce SCl+ from ionized CH3OC(O)SCl.
In effect, even the whole remaining CH3OCdO group is lighter
than SCl, and should be detected in the PEPICO spectra instead
of SCl+. Thus, the detection of this ion in the PEPICO spectra
implies the following mechanism of dissociation:

The simple rupture of the C-S bond could be understood as
caused by electronic excitations from inner shell levels to the
vacantσ*C-S orbital, which is know to play a relevant role in
the electronic spectra of CH3C(O)SH.35 In connection with these
remarks, it is relevant to note that the most important ion
observed in the electron impact mass spectra at 70 eV, CH3-
OCdO+ (m/z) 59), has only a minor abundance at the energies
examined in this work.36

Ionic Fragmentation Near the Cl 2p Shallow-Core Edge.
The PEPICO spectra of CH3OC(O)SCl recorded at photon
energies near the Cl 2p edge are shown in the Figure 6. The
corresponding branching ratios are listed in Table 1. The S+

and Cl+ ions are now the most abundant fragments. The
increment of the intensity of the H+ ion at increasing incident
photon energies even within the Cl 2p energy region can also
be noticed (from 5% to 11%). Apart from a moderate enhance-
ment of the Cl+ ion signal, the PEPICO spectra in this region
are very similar to those measured in the S 2p edge. New signals
appear atm/z ) 17.5 and 18.5 amu/q, corresponding to the
double charged chlorine isotopes. The formation of doubly
charged ions hints at least to the occurrence of triple ionization
processes. Surprisingly, the molecular ion atm/z ) 126 amu/q
can still be observed at these energies as a low intensity but
well-defined signal with the isotopomeric contribution atm/z
) 128 amu/q.

Changes in the TOF spectral shape of them/z ) 44 peak can
be noticed by going from the S 2p to the Cl 2p region. It is
well-established that the analysis of ion peak shapes from a

TABLE 1: Branching Ratios (%) for Fragment Ions Extracted from PEPICO Spectra Taken at Photon Energies around the S
2p Energies for CH3OC(O)SCl

branching ratios at variousm/zvalues (amu/q)

electronic
edge

photon
energy (eV)

1
(H+)

12
(C+)

13
(CH+)

14
(CH2

+)
15

(CH3
+)

16
(O+/S2+)

17.5a

(Cl2+)
28

(CO+)
29

(HCO+)
30

(OCS2+)
32

(S+)
35a

(Cl+)
44

(CO2
+)

59
(CH3OCdO+)

60
(OCS+)

67a

(SCl+)
126a

(M+)

S 2p 160.0 4.0 3.0 1.7 3.1 14.1 4.6 3.5 6.5 1.9 8.7 7.1 9.1 3.5 1.6 4.9 1.0
162.5 3.7 2.5 1.6 3.0 13.7 3.6 3.3 7.2 2.2 10.7 8.6 7.1 3.7 2.0 4.7 0.9
163.6 3.9 2.7 1.9 3.4 13.5 4.1 3.8 6.7 2.1 10.4 7.7 3.4 5.3 1.5 4.9 1.0
165.3 4.0 2.6 1.9 3.6 14.6 3.8 4.0 7.5 2.3 12.2 6.7 3.0 4.3 1.2 5.7 0.9
166.0 4.2 2.3 2.1 3.7 13.7 2.9 3.7 8.0 2.5 12.8 7.1 2.3 3.8 1.4 5.6 0.9
168.2 3.9 2.3 1.9 3.6 14.0 3.0 4.0 8.4 2.0 13.0 6.5 5.9 4.5 1.4 5.1 0.9
171.0 3.7 2.5 1.7 3.2 11.6 3.7 3.7 6.7 1.7 16.1 10.2 7.4 3.0 1.2 5.9 0.5

Cl 2p 198.0 5.8 2.4 2.1 4.0 11.9 2.9 0.5 4.4 7.3 1.9 17.4 13.6 2.5 3.0 2.2 5.1 0.2
208.5 5.7 2.2 2.2 3.7 11.5 2.1 0.7 6.6 8.4 1.1 23.1 5.5 4.1 4.1 1.1 7.5 0.2
212.2 8.1 2.5 2.3 3.9 11.9 2.4 0.7 4.0 7.0 1.8 15.5 16.1 2.1 1.8 2.2 4.0 0.1
260.0 11.0 3.3 2.7 4.1 10.0 2.9 1.0 4.1 6.2 1.5 16.1 17.1 2.1 1.4 1.7 3.1 0.1

O 1s 523.0 8.5 5.2 2.3 2.1 3.6 5.2 2.9 3.9 1.6 0.8 11.7 13.1 1.5 0.8 1.8
533.0 6.8 8.8 2.1 2.2 4.5 9.0 1.7 9.8 3.0 1.0 10.6 9.1 2.1 0.9 1.5
536.6 9.8 7.5 2.4 2.3 4.1 7.3 2.9 4.9 1.7 0.6 9.9 12.8 1.5 0.4 1.3
583.0 7.3 6.6 2.2 2.1 3.8 7.0 2.4 5.0 2.0 0.8 10.9 11.1 1.5 0.9 1.6

a Peaks for the corresponding naturally occurring isotopomer were observed.

Figure 5. Partial Ion Yield spectrum for selected ions of CH3OC(O)-
SCl in the S 2p region.

CH3OC(O)SCl+ f SCl+ + neutral products (nondetected)
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PEPICO spectrum provides information concerning fragment
ion kinetic energies. The production of two possible ions with
the same value of mass/charge, CO2

+ or CS+ and different
kinetic energy release, may be responsible for this observed
change.

Ionic Fragmentation Near the O 1s Core Edge.PEPICO
spectra of CH3OC(O)SCl have been recorded near the O 1s edge
and are shown in Figure 7. In Table 1 the corresponding
branching ratios are displayed for the main fragment ions. The
intensity of the C+ ion (5.2-8.8%) is always higher than the
intensity of the methyl fragments CHx

+(x ) 1, 2, 3). The most
important ions near the O 1s edge are S+, Cl+, O+ or S2+ and
H+. The intensity of the signal at 17.5 amuq, corresponding to
the Cl2+ ion, is higher than that observed in the Cl 2p region.
The molecular ion cannot be observed at these high energies.

A diminution in the m/z ) 29 amu/q peak intensity,
corresponding to the HCO+ ion, can be observed. This fact can
be correlated with the observed enhancement in the signal
intensity of the ions H+ and CO+ in this energy region. Formyl
cation was previously detected in the gas phase by mass
spectrometric studies on the electron impact ionization of
formaldehyde.37 HCO+ is believed to be an important interme-
diate in the chemistry of carbon monoxide in acidic environ-
ments. However, its observation in solution has been elusive
for a long time.38 Only recently was it possible to generate this
species by the reaction of CO with the liquid superacid
hydrofluoric acid-antimony pentafluoride (HF-SbF5) under
pressure.39

In this energy region, the main features in the spectra are
dominated by atomic ions, while signals corresponding to ionic

Figure 6. PEPICO spectra of CH3OC(O)SCl recorded near the Cl 2p edge.

Figure 7. PEPICO spectra of CH3OC(O)SCl recorded near the O 1s edge.
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fragments such as CH3OCdO+ (59 amuq), OCS+ (60 amu/q),
and SCl+ (67 amu/q) appear as low-intensity bands. Moreover,
there is a remarkable diminution in the intensity of the signal
at m/z ) 32 amu/q together with an increment in them/z 16
(S2+) peak intensity. The Cl+ ion signal is more intense than
the S+ ion, contrary to the observation in the other spectral
regions. Thus, strong atomization processes occur at these high
photon energies that include the formation of multiply charged
molecular ions. An increase in the peak intensities corresponding
to the ions H+, C+, O+, or S2+, together with the diminution in
the intensity of the CH3+, HCO+, H2CO+, S+, CO2

+, COS+,
SCl+, and CH3OCO+ ion signals is observed by going from S
2p to the O 1s region. Near the O 1s edge, the signals at 6 and
8 amu/q can be assigned with confidence to the doubly charged
ions C2+ and O2+, respectively.

In particular, the TOF mass spectrum of CH3OC(O)SCl
measured at the main transition below the 1s O ionization edge
(533.0 eV) shows noticeable differences with the PEPICO
spectra obtained in the other photon energy region near the 1s
O edge. A clear increase in the intensity of the signals
corresponding to the ions CO+, O+ or S2+ and C+ results evident
(Figure 7). It is noteworthy that all these fragments are related

with the -OC(O)S- central moiety. The O 1sf π*CdO

excitation may give raise to the Resonant Auger processes that
further results in the ejection of valence electrons from molecular
orbitals involving the O-C and C-S single bonds. Thus, the
preferred production of these ions can be understood.

PEPIPICO Spectra.Two-dimensional PEPIPICO spectra for
the correlation between one electron and two positive ions were
recorded at several photon energies near the S 2p edge, Cl 2p
edge and O1s edge. A multicoincidence measurement allows
the identification of the various ions produced in the same
photoionization event. The analysis of the PEPIPICO spectra
is useful for identifying several two-, three- and four-body
dissociation mechanisms which especially follow Auger decay
mechanisms.40,41

Projections of PEPIPICO spectra of CH3OC(O)SCl on the
T1 and T2 axes were obtained by integrating the signal
intensities over the time domains. These projections for the
spectrum recorded at the S 2p threshold are depicted in the
Figure 8. The H+ ion signal dominates the T1 domain followed
in importance by the CHx+ (x ) 0, 1, 2, 3) group of ions and
those related tom/z values of 28, 29, 32, and 35 amu/q. The
heaviest observed fragment in the T2 domain is SCl+. The T2
projection is dominated by ion signal corresponding to them/z
ion ratio of 32 amuq, while other fragments with significant
intensity are those related tom/z values of 16, 28, 29, 35, and
44 amu/q. The CHx+ (x ) 0, 1, 2) group of ions also appear in
the T2 domain, implying that CHx+ (x ) 1, 2, 3) ions undergo
further dissociation by losing one hydrogen atom to form the
CHx-1

+ (x ) 1, 2, 3) species. The S+, Cl+, CO+, and HCO+

can be formed in different processes where they are both the
lightest and the heaviest fragments. When comparing T1 and
T2 PEPIPICO projection spectra of CH3OC(O)SCl recorded
around the Cl 2p, S 2p, and O 1s energy regions, some
differences are observed in the group of intensities of the CHx

+

(x ) 0, 1, 2) and O+ or S2+ ions, denoting some minor changes
in the fragmentation by varying the incident energy.

The PIPICO projections for the time difference (T2 minus
T1) domain were also analyzed. Figure 9 shows the spectrum
taken at 212.5 eV on the S 2p resonance with an assignment of
the main peaks. The progression of coincidences involving the

Figure 8. T1 and T2 projections of the PEPIPICO spectrum of CH3-
OC(O)SCl recorded at 212.5 eV on the S 2p resonance.

Figure 9. PIPICO projection spectrum of CH3OC(O)SCl recorded at 212.5 eV on the S 2p resonance.
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H+-CHx
+ (x ) 0, 1, 2) series of ions is clearly observed. The

Partial Double Coincidence Yields (PDCY) obtained from the
PEPIPICO spectra for the islands involving the H+-CHx

+ (x
) 0, 1, 2) series of ions were 4%, 3%, and 2%, respectively
and no coincidence is observed for the H+-CH3

+ ions, as
expected. The excitation of shallow- and inner-core electrons
in CH3OC(O)SCl seems to proceed in such a way that the
positive charge is mainly placed on the CHx

+ (x ) 0, 1, 2)-H+

fragments:

The Partial Double Coincidence Yield (PDCY) for the island
between ions withm/zvalues of 15 amu/q (CH3+) and 32 amu/q
(S+) showed the highest intensity (14%) in the S 2p region. An
increase in the intensity of the island involving the H+-C+ ions
is observed by going from S 2p (4%) to the O 1s region (12%).
The PDCY for the island between the ions H+ and Cl+ in the
O 1s is higher than that observed in the S 2p and Cl 2p regions.

Other competitive channels are observed, mainly involving
atomic charged fragments. These coincidences are better defined
in the original PEPIPICO spectra. Thus, as anticipated from
the qualitative analysis of the projection spectra, in the case of
a rather complex molecule such as CH3OC(O)SCl, several
islands are expected in the PEPIPICO spectra, and hence a
complete interpretation of the spectra is not straightforward.
Thus, in the analysis of the PEPIPICO spectra, the following

two aspects were taken into account. First, due to the inherent
limited resolution used in the experiments, for islands involving
m/z values of 16 amu/q, the distinction between O+ and S2+

ions is not always feasible. Second, peaks corresponding to
double coincidences involving them/z values of 1, 12, 16, 32,
and 35 amu/q are the most intense reflecting the importance of
the atomization processes in the dissociation mechanisms of
CH3OC(O)SCl. These processes may be originated by several
multi-body dissociation events that conduce to the same final
couple of atomic ions, making ambiguous the analysis of these
coincidences. Taking into consideration these comments, in a
first approximation, the attention is paid on selected pairs of
ions, for which both a good statistics and well-defined shape
are observed. Therefore, the double coincidences considered here
are: O+CO+, CHx+/Cl+ (x ) 0, 1, 2, 3), and S+/Cl+.

1. Coincidence between Ions with m/z Values of 28 amu/q
(CO+) and 16 amu/q (O+). This coincidence is depicted on the
Figure 10. The observed slope close to-1 can be explained by
a deferred charge separation (DCS) four-body ion process:41

It is quite unlikely that them/z ) 16 amu/q signal involves
the S2+ ion, instead of the ion O+, since the fragments should

Figure 10. Enlargement of the PEPIPICO spectrum of CH3OC(O)SCl obtained at 533.0 eV photon energy in the ranges ofm/z 12-16 and 28-37
amu/q in the T1 and T2 domains, respectively.

CH3OC(O)SCl2+ f CH3OC(O)2+ + SCl

CH3OC(O)2+ f CH3 + CO2
2+

CO2
2+f O+ + CO+

CH3OC(O)SCl2+ f H+ + CHx
+ (x ) 0, 1, 2)+

neutral fragments (not detected)
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come at least from the triple charged molecular ion, CH3OC-
(O)SCl3+. It is also remarkable that the experimental slope for
this coincidence can be also explained by a second type of four-
body ion pair process DCS, in which the neutral methyl fragment
is generated in the first place, while the SCl species is generated
in a second step. In both cases the last step dissociation dynamics
yield O+ and CO+ from double charged carbon dioxide.
Masouka et al. have studied the dissociation of CO2

2+ by the
coincidence PEPIPICO method.42 A strong coincidence between
O+ and CO+ ions was observed in the CO2 spectra measured
at 90 eV. The analysis of the kinetic energy release distribution
observed for these ionic fragments suggests that the observed
channels cannot be explained by a simple framework at low
excitation energies whereby the doubly charged molecular ion
is directly produced by a single photon absorption followed by
the dissociation into two ionic fragments. Thus, the proposed
mechanism to explain the coincidence between O+ and CO+ in
the spectra of CH3OC(O)SCl must be taken to be tentative.

2. Coincidence between Ions with m/z Values of 32 amu/q
(S+) and 35 amu/q (Cl+). The observed slope (Figure 11) of
-0.93 for this coincidence can be explained by the following
three-body dissociation process in a DCS scheme:

3. Coincidence between Ions with m/z Values of 15 amu/q
(CH3

+) and 35 amu/q (Cl+). The coincidence island for these
two fragments is shown in Figure 10. The observed slope for

the CH3
+/Cl+, that is approximately-1, can be explained by

the following three-body ion pair process DCS:

A four-body ion pair mechanism DCS can also be responsible
for this island, in agreement with the following processes:

Coincidences between CHx
+ (x ) 0, 1, 2) and Cl+ show slight

changes in the slope when the hydrogen extrusion increases.
Little differences are expected in the slope of double coinci-
dences involving CHx+ (x ) 0, 1, 2) when compared with CH3+

because of the low mass of the H+ ion. This fact might evidence
that the mechanisms involved in the formation of CHx

+ (x ) 0,
1, 2) ions can be sequential via the formation of CH3

+ ion in
the very first step. Thus, four-body ion pair processes need to
be invoked to explain the coincidence between CH2

+ and Cl+

ions.

Conclusions

The TIY spectra of shallow-core levels S 2p and Cl 2p and
inner-shell level O 1s of CH3OC(O)SCl were obtained in the

Figure 11. Enlargement of the PEPIPICO spectrum of CH3OC(O)SCl obtained at 533.0 eV photon energy in the ranges ofm/z 28-32 and 32-37
amu/q in the T1 and T2 domains, respectively.

CH3OC(O)SCl2+ f CH3Cl2+ + NP

CH3Cl2+ f CH3
+ + Cl+

CH3OC(O)SCl2+ f CH3SCl2+ + CO2

CH3SCl2+ f S + CH3Cl2+

CH3Cl2+ f CH3
+ + Cl+

CH3OC(O)SCl2+ f CH3OC(O)+ SCl2+

SCl2+ f S+ + Cl+
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range 100-1000 eV by using synchrotron radiation and
coincidence detection techniques. Complex electronic processes
occur at resonant energies below the S 2p ionization edge, which
appear to be characteristic for-SC(O)- containing compounds.
The observed features in the TIY spectra could be related with
several phenomena such as electronic transitions to vacant
orbitals with contributions of spin-orbit splitting of the S 2p
terms of the ionized species, autoinization of transitions to
Rydberg levels or a contribution of both of them. Thus, this
family of compounds deserves further studies involving the use
of electron spectroscopy based methods to cover these aspects.

The analysis of the PEPICO spectra reveals a preferential
production of S+ ions in the S 2p absorption edge that would
seem to be an evidence for state-specific fragmentations.
Electronic excitations from inner shell levels to vacantσ*C-S

and/orσ*S-Cl orbitals in CH3OC(O)SCl could be responsible
for this specificity. Theσ*C-S antibonding orbital is know to
play a relevant role in the electronic spectra of related
molecules.35 For the triatomic species OCS and CS2, the ion
yield spectra near the L and K absorption edges show definite
transitions to theσ* orbitals.43-46 Moreover, a slightly state-
specific photofragmentation of carbonyl sulfide following sulfur
1s excitation has been observed as indicated by an atomic ion
increment at the onset of the S 1s excitation. The cleavage of
the carbon-sulfur bond is favored over the cleavage of the
oxygen-carbon bond both above and below the sulfur 1s
ionization threshold.47

From PEPICO and PEPIPICO spectra possible dissociation
mechanisms involved in the fragmentation of the CH3OC(O)-
SCl followed the electronic ionization have been deduced. Two-
and three-body processes, the later via a secondary decay
sequential dissociation mechanism, have been proposed. Coin-
cidences concerning the series of CHx

+ ions (x ) 0, 1, 2) arise
from four body dissociation mechanisms by the loss of hydrogen
atoms from the CH3+ ion.
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