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ABSTRACT: The electronic properties of fluorosulfonyl
isocyanate, FSO2NCO, were investigated by means of photo-
electron spectroscopy and synchrotron based techniques. The
first ionization potential occurs at 12.3 eV and was attributed to
the ejection of electrons formally located at the π NCO
molecular orbital (MO), with a contribution from nonbonding
orbitals at the oxygen atoms of the SO2 group. The proposed
interpretation of the photoelectron spectrum is consistent with
related molecules reported previously and also with the
prediction of OVGF (outer valence green function) and P3
(partial third order) calculations. The energy of the inner- and
core−shell electrons was determined using X-ray absorption,
measuring the total ion yield spectra, and the resonances before
each ionization threshold were interpreted in terms of transitions to vacant molecular orbitals. The ionic fragmentation
mechanisms in the valence energy region were studied using time-of-flight mass spectrometry as a function of the energy of the
incident radiation. At 13 eV the M+ was the only ion detected in the photoion−photoelectron−coincidence spectrum, while the
FSO2

+ fragment, formed through the breaking of the S−N single bond, appears as the most intense fragment for energies higher
than 15 eV. The photoion−photoion−photoelectron−coincidence spectra, taken at the inner- and core-levels energy regions,
revealed several different fragmentation pathways, being the most important ones secondary decay after deferred charge
separation mechanisms leading to the formation of the O+/S+ and C+/O+ pairs.

■ INTRODUCTION

Fluorosulfonyl isocyanate, FSO2NCO, is an interesting reactant
used in different industrial applications, for example, the
synthesis of polymers,1 herbicides, and fungicides.2 Addition
reactions to carbon−nitrogen double bond3 and cycloaddition
to olefins to give β-lactams,4 among other reactions known for a
long time, transform FSO2NCO into a very versatile and useful
reactant.
In a recent investigation our research group has reported

matrix-isolation studies on fluoro- and chlorosulfonyl iso-
cyanates, FSO2NCO and ClSO2NCO, exposed to radiation in
the energy range between 800 and 200 nm (1.5−6.2 eV).5 In
contrast to the behavior observed for ClSO2NCO, that
decomposes completely to give a 1:1 molecular complex
between SO2 and ClNCO, FSO2NCO have revealed to be
almost photostable in these conditions, with the only formation
of FNCO and CO in very small proportions, detected by

Fourier transform infrared (FTIR) spectroscopy of the Ar-
isolated species. As far as we know, studies using more
energetic ionizing light were not previously reported for these
molecules.
The structural and conformational properties of fluorosul-

fonyl isocyanate were determined from gas electron diffraction
analysis (GED)6 and vibrational studies.7 The GED experi-
ments were interpreted by the presence of only one conformer
possessing C1 structure, with the NCO group eclipsed to
one of the SO double bonds.6 IR and Raman spectra were
also consistent with only one conformer, both in the gaseous
and liquid phases.7
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In this paper we present the study of the electronic
properties of FSO2NCO combining HeI photoelectron spec-
troscopy with X-ray absorption techniques using tunable
synchrotron radiation. Photoelectron spectra, in which the
ejected electrons are recorded according with their kinetic
energies, contain information about the energies and properties
of the outermost valence molecular orbitals (HOMOs). The
total ion yield (TIY) spectra taken with tunable synchrotron
light, in the range between 100 and 1000 eV, provide the
ionization energies of inner and core electrons. Resonance
signals below ionization edges can be interpreted in terms of
transitions between inner or core electrons and virtual
unoccupied molecular orbitals (LUMOs). From this combined
approach, it is then possible to gain insights about the valence
molecular orbitals, important to interpret chemical bonding,
virtual molecular orbitals, relevant in the reactivity properties of
a molecule, and inner and core orbitals.
Photofragmentation mechanisms after single and double

ionization were also studied using coincidence techniques. In
the valence region only single charged species are expected, and
the ejected electron and the positive charged ion produced after
the fragmentation were detected in coincidence. The
fragmentation mechanisms were studied as a function of the
incident radiation energy. After inner and core shell electron
ionization, the formation of a double charged molecular ion is
expected. In this case, the fragmentations usually generate two
single charge fragments and also neutral fragments. From the
analysis of the shape and slope of the signals detected in the
coincidence spectra, the dynamics of the fragmentation can be
inferred.

■ EXPERIMENTAL SECTION

Sample Preparation. FSO2NCO was obtained through the
reaction of ClSO2NCO with SbF3 (both Aldrich) and
subsequently purified by repeated trap-to-trap distillations

under vacuum conditions.7 The purity of the compounds was
checked by means of the FTIR (vapor) and Raman (liquid)
spectra.

Photoelectron Spectroscopy. The photoelectron spec-
trum was recorded on a double-chamber UPS-II machine,
which was designed specifically to detect transient species as
described elsewhere,8,9 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.

Synchrotron Experiments. The synchrotron radiation was
used at the Laboratoŕio Nacional de Luz Sıńcrotron (LNLS),
Campinas, Sao Paulo, Brazil.10 Linearly polarized light
monochromatized by a toroidal grating monochromator
(TGM beamline, from 12 to 310 eV) or a spherical grating
monochromator (SGM beamline, from 200 to 1000 eV)11

intersects the effusive gaseous sample inside a high-vacuum
experimental station12 at a base pressure in the range of 10−8

mbar. During the experiments, the pressure was maintained
below 2 × 10−6 mbar. The resolving power is better than 400 in
the TGM beamline at the LNLS, being the photon energy
resolution from 12 to 21.5 eV given by E/ΔE = 550. 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.

13 In the SGM beamline the resolution is ΔE/E < 200. The
intensity of the emergent 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−pho-
toion−coincidence) measurements.14,15 This instrument was
constructed at the Institute of Physics, Brasilia University,
Brasilia, Brazil.16 The axis of the TOF spectrometer is
perpendicular to the photon beam and parallel to the plane

Figure 1. Schematic representation and approximate assignment of the 12 highest occupied molecular orbitals of FSO2NCO calculated with the
OVGF/6-311+G(d,p) approximation.
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of the storage ring. Electrons are accelerated to a MultiChannel
Plate (MCP) and recorded without energy analysis. This event
starts the flight time determination process for the correspond-
ing ion, which was consequently accelerated to another MCP.
High-purity vacuum-ultraviolet photons are used; the problem
of contamination by high-order harmonics can be suppressed
by the gas-phase harmonic filter recently installed at the TGM
beamline at the LNLS.17−19

Theoretical Calculations. OVGF (outer valence green
function) and P3 (partial third order) calculations using the 6-
311+G(d,p) basis set at B3LYP/6-311+G(d,p)-optimized
geometry of the most stable conformer have been performed
on FSO2NCO in its ground electronic state using the
Gaussian03 program package.20 The energies of the possible
fragments arising from the dissociation of the FSO2NCO

·+

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

■ RESULTS AND DISCUSSION
Photoelectron Spectroscopy. To help in the interpreta-

tion and assignment of the experimental photoelectron spectra,

theoretical calculations were performed to obtain the ionization
energies and also the character of the molecular orbitals
involved in the ionizations. The calculations were carried out
with the OVGF and P3 methods, together with the 6-
311+G(d,p) basis set, on the molecular structure optimized at
the B3LYP/6-311+G(d,p) level. The geometrical parameters
obtained by electron diffraction studies6 were employed as
input for the optimization. Figure 1 depicts a schematic
representation and approximate assignment of the 12 highest
occupied molecular orbital of FSO2NCO, and Table 1 lists the
calculated first vertical ionization energies, together with the
experimental values.
Figure 2 shows the average of nine He I photoelectron

spectra of vapor FSO2NCO, taken subsequently in the same
experimental conditions, to increase the signal-to-noise ratio. As
illustrated in the figure, the spectrum is composed of
overlapped peaks, corresponding to ionization from different

valence electrons. Individuals peaks were obtained after iterative
deconvolution of the spectrum, using Gaussian function and
variable bandwidth. The experimental ionization energies (IP in
eV), listed in Table 1, were obtained at the maxima of each of
the deconvoluted peaks, also depicted in Figure 2.
The first band in the photoelectron spectrum is proposed to

be composed by two very close peaks, at approximately 12.3
and 12.6 eV. According to the results of the OVGF and P3
calculations, these bands were attributed to ionization from
electrons formally located at the π NCO MO, with a
contribution from nonbonding orbitals at the oxygen atoms
of the SO2 group. As shown in Figure 1, the HOMO and
HOMO-1 orbital can be considered as a π nonbonding orbital
located at the NCO group. The proposed assignment is in
complete agreement with the photoelectron spectra previously
reported for molecules containing the NCO group (see Table
S1),21−30 that assigned bands in the 9.6−12.6 eV energy range
to ionizations of electrons located at the nonbonding π NCO
MO. Particularly, the first ionization potential of ClSO2NCO,
occurring at 12.02 eV, was also assigned to the same MO.27

The third and fourth bands of the spectrum, observed at 13.4
and 13.8 eV, are proposed to arise from nonbonding electrons
of the oxygen atoms of the SO2 group. These values are
comparable with the 13.82 eV bands assigned to the removal of
electrons from nonbonding oxygen orbitals in the photo-

Table 1. Experimental Vertical Ionization Energies (IP in
eV) of FSO2NCO, Theoretical Vertical Ionization Energies
(Ev in eV) Calculated at OVGF/6-311+G(d,p) and P3/6-
311+G(d,p) Levels of Approximation, and Molecular Orbital
Characters for FSO2NCO

Ev (eV)

IP
(eV) OVGF/6-311+G(d,p) P3/6-311+G(d,p) MO character

12.3 12.44 12.88 31 π NCO,
n O (SO2)

12.6 12.57 13.15 30 π NCO,
n O (SO2)

13.4 13.22 13.31 29 n O (SO2)
13.8 14.03 14.22 28 n O (SO2),

π NCO
14.1 14.97 15.03 27 π SO2

15.0 15.10 15.36 26 π SO2

16.8 16.74 16.88 25 σ SO, n F
17.2 17.54 17.78 24 n F, π NCO
17.6 17.69 17.85 23 π NCO, n F
18.1 17.72 17.98 22 π NCO, σ SO
18.7 18.86 18.88 21 n F, π NCO
19.3 19.30 19.36 20 σ SO

Figure 2. He I photoelectron spectrum of FSO2NCO (gray trace) and
individuals peaks after deconvolution of the spectrum.

Figure 3. He(I) photoionization mass spectrum (PIMS) of
FSO2NCO.
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electron spectra of ClSO2NCO and ClSO2N3 and the band at
14.00 eV in the spectrum of Cl2SO2.

27 The first two vertical
ionization potentials of F2SO2, reported at 13.55 and 13.81 eV,
were also assigned to the same molecular orbitals.31

Peaks at 14.1 and 15.0 eV can be assigned to ionizations of π
electrons located at the SO2 group, according with the

prediction of OVGF and P3 calculations (see Figure 1).
These values are slightly below the reported ones for SO2,
X2SO, and X2SO2, with X = F, Cl, observed in the 16.0−18.4
eV energy range (see Table S2).31

Above 16 eV, the photoelectron spectrum was deconvoluted
into six bands. The computed calculations predict also six
ionizations in this energy region (see Table 1). As can be

Figure 4. PEPICO spectra of FSO2NCO measured at different irradiation synchrotron light between 13 and 21 eV.

Table 2. Branching Ratios (%) for Fragment Ions Extracted from PEPICO Spectra as a Function of the Photon Energies
between 13 and 21 eV for FSO2NCO

photon energy (eV)

m/z ion 13 14 15 16 17 18 19 20 21

28 CO+ 12.4 19.2 11.6 11.5 10.8 11.6
30 NO+ 2.0 3.3 4.7 7.2 7.2 7.0
42 NCO+ 3.0 6.7 8.6 9.5 9.9
44 CS+ 7.5 4.2 1.8 1.6 3.6 2.9 3.6 2.5
64 SO2

+ 4.3 4.0 5.0
67 FSO+ 3.2 5.1 7.8 8.8 9.3
83 FSO2

+ 19.2 45.4 45.7 35.0 33.1 26.0 28.6 28.0
106 SO2NCO

+ 9.8 5.8 8.8 8.6 8.0 7.6 8.0
125 FSO2NCO

+ 100.0 73.3 40.6 32.3 25.9 26.6 23.7 19.9 18.7

Figure 5. Branching ratios (%) for fragment ions extracted from
PEPICO spectra as a function of the photon energies between 13 and
21 eV for FSO2NCO.

Scheme 1. Relative Energies for Different Possible
Fragments of FSO2NCO

+ Calculated with the UB3LYP/6-
311+G(d) Approximation
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observed in Figure 1, the characters of these six molecular
orbital (from HOMO-6 to HOMO-11) cannot be clearly
assigned, since they appear as combinations of different
molecular orbitals: two corresponding to nonbonding fluorine
atoms, two with bonding π character located at the NCO
group, and two arising from the σ SO bonds. The experimental
bands in this region were then tentatively assigned, as presented
in Table 1. These values are also in agreement with the
reported ones for related molecules. Ionizations of nonbonding
F electrons were reported between 14.5 and 19.7 eV, some
examples being compiled in Table S3.31−34 Molecular orbitals
with bonding π NCO character were assigned to ionizations in
the range of 15.85−16−45 eV for the series ClxB(NCO)3−x, x =
0, 1, 2,24 and FxB (NCO)3−x, x = 1, 2.25

Photoionization Mass Spectroscopy. The He I photo-
ionization mass spectrum (PIMS) of FSO2NCO, measured

together with the photoelectron spectrum, is depicted in Figure
3. As can be observed in the figure, the spectrum is dominated
by a strong signal at m/z = 106, corresponding to the
SO2NCO

+ fragment. Peaks at m/z = 97, 64, 42, and 28,
attributable to FSO2N

+, SO2
+, NCO+, and CO+, respectively,

were observed with very low intensity. Although the molecular
ion is not detected in the spectrum, the identity of the sample is
corroborated from the observed ionic fragments. The calculated
energy differences of the possible ionic fragments are in
agreement with the experimental observation, as it will be
presented below in this paper.

Photoionization and Photofragmentation with Syn-
chrotron Radiation in the Valence Energy Region. A low-
pressure gaseous beam of FSO2NCO was exposed to
synchrotron monochromatic radiation in the range between
11 and 21 eV. The electrons and the positive ions formed after
ionization of the sample were detected by a photoelectron−
photoion−coincidence (PEPICO) technique. Taking into
account that the pressure of the gaseous beam was maintained
below 2 × 10−6 mbar, the results were interpreted in terms of
unimolecular processes.
The PEPICO spectra taken at different photon energy are

presented in Figure 4, while Table 2 compiles the branching
ratios (%) as a function of the incident radiation energy (only
fragment that contribute with more than 0.1% were included in
the table). The branching ratios of the most abundant
fragments were plotted against the irradiation time; the results
are shown in Figure 5.
When the sample is irradiated with 13 eV light, just above the

first ionization potential, only the molecular ion is observed,
denoting the high stability of FSO2NCO

+ in these conditions
and the absence of further accessible photoevolutive states. At
14 eV, the FSO2

+ fragment is produced and remains as the
most abundant photofragment in the whole energy range
investigated in the valence region. From 15 to 21 eV this ion
presents approximately the same branching ratio than the M+,
as depicted in Figure 5. The breaking of the S−N bond appears
then as the most important unimolecular fragmentation
mechanism of FSO2NCO in the valence energy region:

→ + ·+ +FSO NCO FSO NCO2 2

The ion arising from the F−S bond breaking, SO2NCO
+, is

observed to appear in the PEPICO spectrum when the sample
is excited with 15 eV energy radiation, and maintained an
approximately constant relative abundance, below 10%, as the
excitation energy increases. CO+ and NCO+ fragments were
also observed to develop from irradiation energies of 16 eV.
The NO+ ion, that also started to appear at 16 eV, could be
formed only by a rearrangement process after ionization.
The energy differences between possible fragments and the

molecular ion were calculated with the UB3LYP/6-311+G(d,p)
theoretical approximation. Only fragmentations originated in
the rupture of only one bond were considered. A schematic
representation of the energy profile is presented in Scheme 1.
The theoretical relative stabilities of the fragments are
qualitatively in agreement with the charged fragments detected
in the PEPICO and PIMS spectra. Particularly, the
fragmentation of M+ in SO2NCO

+ and F· was found as a
pathway energetically most favored, in accordance with the
most intense ion detected in the PIMS spectrum. The
theoretical predictions are also useful for the explanation of
the PEPICO spectra variation with the increase of irradiation
energy, being the first ions detected FSO2

+ and SO2NCO
+, that

Figure 6. TIY spectrum of FSO2NCO in the S 2p and S 2s energy
region.

Figure 7. Schematic representation and approximate assignment of the
eight lowest unoccupied molecular orbitals of FSO2NCO.
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correspond to the fragments generated in the two pathways
with lower energy (see Scheme 1).
Photoionization and Photofragmentation with Syn-

chrotron Radiation in the Shallow- and Core-Level
Energy Regions. The positive ions produced by photo-
ionization of the sample with radiation between 100 and 1000
eV were detected as a function of the photon energy, without
discrimination of the m/q ratio of the ions. Figure 6 presents
the average of two TIY spectra of FSO2NCO between 164 and

245 eV, taken with an energy pass of 0.2 eV, and an acquisition
time of 4 s. In this energy region, the ionization of electrons
located at the 2p and 2s levels of the S atom is produced. The S
2p and S 2s thresholds are located at approximately 183.0 and
237.1 eV, respectively. Below the S 2p ionization threshold the
spectrum is dominated by a group of bands centered at 172.4,
173.8, 175.2, and 176.3 eV and a small shoulders at 171.0 and
177.2 eV, as can be seen in the inset of Figure 6. These
resonant signals may be assigned to electronic transitions
involving the spin−orbit splitting of the 2p S excited species
(2p1/2 and 2p3/2 levels) mainly to the most lower unoccupied
π* and σ* antibonding molecular orbitals. According with the
B3LYP/6-311+G(d,p) calculations, the lowest unoccupied
molecular orbital of FSO2NCO involving the S atom can be
assigned to σ* S−F (LUMO+1), σ* S−N (LUMO+3), and σ*
SO (LUMO+4 and LUMO+5). A schematic graphical
representation of the eight lowest unoccupied molecular orbital
together with an approximately assignment is presented in
Figure 7.
Signals arising from the spin−orbit splitting of the S 2p

(2p1/2 and 2p3/2) levels are reported to occur with 1.3 eV
energy difference in the photoelectron spectrum of the SO2
molecules.35 The same energy difference was found in related
molecules, as for example dimethyl sulfoxide.36 Considering not
only the 1.3 eV reported energy difference but also the
expected 2:1 ratio of the 2p3/2:2p1/2 components, the TIY
spectrum of FSO2NCO (see the inset of Figure 6) can be
interpreted as composed mainly for resonances from the S
2p3/2 and 2p1/2 levels to two unoccupied molecular orbitals.
Tentatively, S2p → σ* S−F (LUMO+1) and S2p → σ* S−N

Figure 8. TIY spectra of FSO2NCO in the C 1s, N 1s, O 1s, and F 1s energy regions.

Figure 9. PEPICO spectra of FSO2NCO measured at different photon
energies in the S 2p and S 2s energy regions.
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(LUMO+3) transitions could be proposed to explain the two
most intense pairs of resonances.
Figure 8 presents the TIY spectra of FSO2NCO correspond-

ing to the C 1s, N 1s, O 1s, and F 1s energy regions. In the C 1s
region, the spectrum shows two signals, at 288.1 and 289.3 eV,
that can be attributed to C 1s → π* CO (LUMO) and C 1s
→ π* CO (LUMO+2). The ionization threshold of the N 1s
electrons is observed at 403.5 eV. The signals below the
ionization edge, at 399.4, 400.4, and 401.6 eV, can be associated
with N 1s → σ* S−N (LUMO+3) and N 1s → σ* NC
(LUMO+7) transitions. Below the O 1s threshold, occurring at

approximately 560 eV, a group of signals is observed. The
complex resonance pattern, with the most intense peak at 535.3
eV, can be explained through partially overlapping transitions of
1s electrons located in each of the three oxygen atoms of the
molecules to different vacant molecular orbitals. Presumably,
resonances between O 1s (−SO2−) → σ* SO (LUMO+4,
LUMO+5), O 1s (−NCO) → π* CO, and O 1s (−NCO)
→ σ* CO are responsible for the observed signals.
Considering that signals arising from transitions of O 1s
electrons to antibonding molecular orbitals with π character are
usually more intense that the ones produced in resonance with
σ* molecular orbitals,37,38 the most intense feature of the
spectrum localized at 535.3 eV was tentatively assigned to the
O 1s (−NCO) → π* CO transition. The ionization edge of
F 1s electrons located at approximately 699.9 eV is preceded by
two strong signals at 689.5 and 692.5 eV.
PEPICO spectra of FSO2NCO were measured at resonant

and threshold excitation energies of S 2p, S 2s, C 1s, N 1s, O 1s,
and F 1s electrons. The spectra are shown in Figures 9 and 10,
and Table 3 lists the positive ion branching ratios (%) as a
function of the energy of the incident radiation (only fragments
that contribute with more than 0.1% were included in the
Table). The fragmentation processes of FSO2NCO become
more important as the irradiation energy increases, since the
abundance of the molecular ion is observed to decrease
monotonically. Only the lightest ionic fragment arising from a
molecular fragmentation is detected in the PEPICO spectra.
This means that SO2

+, FSO+, FSO2
+, and FSO2NCO

+, should
be originated from a single ionization processes.
Comparing the branching ratios (%) of the ionic fragments at

different ionization energies (Table 3) an increment in the
abundances of atomic ions is observed as radiation energy
increases, although specific site effects are not evident. The
most abundant ion at all the studied energies is O+, with relative
intensities from 13.0% at 160 eV to 41.2% at 237.1 eV. Below
the S 2p threshold the NCO+ ion is the second most abundant
fragment of the PEPICO spectra. At higher energies, SO+, CO+,
and S+ became also important. When the sample is excited with
radiation corresponding to the ionization of 1s electrons,
double charged atomic fragments like C2+, O2+, F2+, and SO2+

were observed (see Figure 10).
Photofragmentation Mechanisms. The detection of one

electron and two positive ions produced from a unimolecular
photofragmentation as a consequence of a double photo-
ionization process, known as PEPIPICO (photoelectron−
photoion−photoion−coincidence) spectra, is a powerful
technique to study photofragmentation mechanisms after
double ionization of a molecule. The slope of the coincidence
islands of the PEPIPICO spectra contains valuable information
of the fragmentation dynamics.
The PEPIPICO spectra of FSO2NCO were recorded at

different energies. The relative intensities of the most abundant
coincidences are listed in Table S4 as a function of the
ionization energy. The coincidence between O+ and S+ was
found to be the most intense one for all the studied energies,
with the exception of the spectra taken with 600 and 730 eV for
which the C+/O+ coincidence is the most abundant in the
PEPIPICO spectra. Figure 11 shows the PEPIPICO spectrum
taken at 182.4 eV and the island for the coincidence between
O+ and S+, while Figure S1 presents the T1 and T2 projection of
the spectrum.
Following the formalisms proposed by Eland,39 the

fragmentation mechanisms of FSO2NCO were investigated,

Figure 10. PEPICO spectra of FSO2NCO measured at different
photon energies in the S 2p and 2s, C 1s, O 1s, and F 1s energy
regions.
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by comparison of the experimental slopes and shapes of the
coincidences with the calculated for different possible
mechanisms. Although for several pairs of ions arriving in
coincidence plausible mechanisms could be proposed, as
summarized in Table 4, in other cases more than one
mechanism could explain the experimental slope of the islands,
and they will not be discussed.

Most of the fragmentations channels of FSO2NCO
2+ follow a

secondary decay after deferred charge separation. The two most
abundant coincidences in the PEPIPICO spectra, O+/S+ and
C+/O+, are explainable by this kind of fragmentation
mechanisms (see Table 4). Competitive secondary decay
sequences are also proposed for the generation of some
fragments, as N+/SO+, O+/NCO+, and CO+/SO+.
Eland and co-workers demonstrated that the ejection of a

neutral fluorine atom is usually the first step of a DCS
dissociation of processes of doubly charged ions from
fluorinated compounds.40 The heaviest ions detected in
coincidence, NCO+ and SO+, are supposed to arise from a
deferred charge separation mechanism.

■ CONCLUSION
The first ionization potential of fluorosulfonyl isocyanates,
FSO2NCO, was determined by photoelectron spectroscopy at
approximately 12.3 eV. According with OVGF and P3
theoretical calculations and the comparison with related
molecules, the first two bands of the photoelectron spectrum
were attributed to ionization from electrons formally located at
the π NCO MO, with a contribution from nonbonding orbitals
at the oxygen atoms of the SO2 group. A complete tentative
assignment of the photoelectron spectrum, composed by 12
bands, was proposed based on the prediction of OVGF and P3
calculations and also by the comparison with related molecules.
The excitation and ionization energies around the S 2p, S 2s,

C 1s, N 1s, O 1s, and F 1s edges were determined using tunable
synchrotron radiation light source. The resonances above the
ionization thresholds were interpreted in terms of transitions
between core- and inner-shell levels and unoccupied molecular
orbitals, with the aid of molecular orbital calculations.
The photofragmentation mechanisms of FSO2NCO after

ionization with light of different energies were investigated. In

Table 3. Branching Ratios (%) for Fragment Ions Extracted from PEPICO Spectra of FSO2NCO as a Function of the Photon
Energies between in the S 2p, S 2s, C 1s, O 1s, and F 1s Energy Regions

photon energy (eV)

m/z ion 160.0 171.4 172.4 174.0 175.2 176.6 183.2 197.2 237.1 287.9 288.0 500.0 535.0 600.0 689.5 730.0

6 C2+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.7 0.7 0.8 1.1 0.5 1.3
8 O2+ 2.6 2.7 2.6 2.5 2.9 2.3 2.8 2.4 2.5 2.2 2.1 2.1 2.6 3.2 1.7 3.4
9.5 F2+ 2.8 3.2 3.3 2.7 3.1 2.6 3.4 2.7 3.2 2.3 2.3 1.8 2.7 2.2 1.8 2.3
12 C+ 3.5 4.6 5.3 5.7 6.0 5.7 5.8 5.7 6.3 5.9 5.5 8.0 5.8 10.1 5.6 9.7
14 N+ 5.4 7.5 8.5 8.3 8.9 8.2 9.3 8.2 9.8 6.9 6.9 6.6 6.4 5.3 7.0 5.6
16 O+ 13.0 19.1 24.0 23.2 27.3 25.1 35.6 26.4 40.8 25.4 23.2 30.5 21.5 32.2 23.5 31.2
19 F+ 3.5 4.6 5.3 4.8 5.5 4.9 6.3 5.1 7.4 5.2 5.0 5.1 4.4 3.9 5.1 4.5
22 CS2+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.3 0.3 0.3 1.1 0.3 1.0
24 SO2+ 0.0 1.0 1.0 1.0 1.1 0.9 1.1 1.0 1.0 1.0 1.0 0.9 1.1 0.8 1.0 0.8
26 NC+ 3.6 4.2 4.4 4.4 4.6 4.5 4.4 4.5 4.0 3.7 3.7 3.1 3.6 2.6 3.7 2.7
28 CO+ 7.3 8.4 8.5 8.6 8.1 8.4 8.2 8.9 7.0 7.3 7.3 6.8 7.4 8.0 7.4 7.4
30 NO+ 5.3 3.6 3.2 3.4 3.1 3.1 2.0 2.2 1.5 1.6 1.8 1.2 2.0 1.1 1.8 1.1
32 S+ 6.7 8.7 8.1 8.3 7.1 8.5 6.0 9.9 5.6 13.0 13.0 12.6 11.7 9.5 13.1 9.9
42 NCO+ 14.4 11.9 10.7 10.1 9.1 9.9 8.1 9.5 6.4 7.5 7.7 6.2 7.2 5.9 7.8 6.2
44 CS+ 1.2 1.1 1.0 1.0 1.1 1.0 0.7 1.0 0.6 0.8 0.8 0.8 0.7 0.6 0.8 0.6
46 SN+ 3.2 2.7 2.3 2.5 2.2 2.3 1.6 2.3 1.3 2.2 2.5 1.8 3.0 1.6 2.5 1.6
48 SO+ 8.7 8.6 7.5 7.6 6.2 6.6 4.7 6.6 3.7 6.9 7.5 5.8 9.4 5.1 7.6 5.2
51 FS+ 2.4 2.0 1.6 1.7 1.8 1.7 1.4 1.7 1.1 1.6 1.8 1.4 1.9 1.3 1.8 1.3
64 SO2

+ 4.3 3.3 2.5 2.5 2.3 2.3 1.5 1.9 1.1 1.7 2.0 1.3 2.3 1.5 2.0 1.5
67 FSO+ 6.1 3.5 2.5 2.8 2.4 2.9 1.6 2.3 1.2 2.5 2.9 2.0 3.7 2.1 3.0 1.8
83 FSO2

+ 7.4 3.2 2.0 2.4 1.9 2.6 1.0 1.6 0.7 1.3 1.6 0.9 1.2 0.7 1.7 0.7
106 SO2NCO

+ 1.6 1.0 0.7 0.7 0.7 0.7 0.4 0.6 0.3 0.2 0.4 0.1 0.2 0.1 0.4 0.2
125 FSO2NCO

+ 2.3 1.0 0.7 0.8 0.7 0.8 0.4 0.5 0.3 0.3 0.4 0.3 0.3 0.1 0.1 0.0

Figure 11. PEPIPICO spectrum of FSO2NCO measured at 182.4 eV.
The inset shows the coincidence island between O+ and S+ atomic
ions.
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the valence region the most important fragmentation
mechanisms of the M+ occurs through the breaking of the
S−N single bond, originating the FSO2

+ fragment. As the
incident energy increases, more fragments are observed to
appear, as expected.
In the inner- and core-levels energy regions, several

alternative fragmentation mechanisms of the M2+ parent double
charged ion were produced. The two most important

mechanisms lead to the formation of the pairs O+/S+ and
C+/O+, through a secondary decay after deferred charge
separation pathway.

■ ASSOCIATED CONTENT
*S Supporting Information
Comparison of the experimental ionization energies (IP in eV)
of electrons assigned to π orbitals located at the NCO group of
different molecules (Table S1), comparison of the experimental
ionization energies (IP in eV) of electrons assigned to S−O π
orbitals in different molecules (Table S2), comparison of the
experimental ionization energies (IP in eV) of electrons
assigned to nonbonding electrons located at the fluorine
atoms in different molecules (Table S3), relative intensities of
the coincidences in the PEPIPICO spectra of FSO2NCO at
different ionization energies (Table S4), and T1 and T2
projections of the PEPIPICO spectrum of FSO2NCO recorded
at 182.4 eV. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: romano@quimica.unlp.edu.ar.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been largely supported by the Brazilian
Synchrotron Light Source (LNLS) under Proposals TGM-
10926 and SGM-11670. The authors wish to thank Arnaldo
Naves de Brito and his research group for fruitful discussions
and generous collaboration during their several stays in
Campinas and the TGM and SGM beam line staffs for their
assistance throughout the experiments. They also are indebted
to the Agencia Nacional de Promocioń Cientifíca y Tecnoloǵica
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