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Core-level excitation and fragmentation of chlorine dioxide
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Abstract

Inner-shell excitation and fragmentation of chlorine dioxide (OClO) in the Cl 2p- and O 1s-excitation regime is reported. The electronic structure
of the element-selectively excited radical is studied by X-ray absorption and total cation yields. A comparison of both approaches allows us to
estimate the absolute photoionization cross-section and the ionization yield near the Cl 2p- and O 1s-absorption edges. The latter quantity is
characteristically enhanced in core-ionization continua. We observe below both core-absorption edges intense core-to-valence-transitions. These
are assigned in comparison with related work on core-excited sulfur dioxide. These results give clear evidence that the highest molecular orbital
of OClO is half-filled. High-resolution spectra recorded in the Cl 2p-regime show evidence for Rydberg transitions. The extrapolation of the term
values of the low-lying Rydberg states allows us to derive the Cl 2p-ionization energy of OClO. Fragmentation of core-excited OClO is reported.
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hotoelectron–photoion-coincidence (PEPICO) spectra are recorded, indicating that singly and doubly charged fragments are form
f the doubly and multiply charged OClO leads to singly charged fragments. These are measured by photoion–photoion-coincidenc
pectra, where characteristic changes in intensity of the fission channels in the Cl 2p- and O 1s-continuum are observed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The electronic structure and related properties including
xcited state dynamics of chlorine dioxide (OClO) have been
he subject of numerous experimental and theoretical studies
n the past[1–14]. Most of these works are motivated by the
ccurrence of chlorine dioxide as a trace gas component in the
tmosphere. Especially, the abundance of OClO in the polar
tmosphere reflects perturbed chlorine chemistry, which has
een discussed with respect to ozone loss via photochemical
athways. These may involve photoisomerization into the labile
lOO [15–19].
Several investigations on OClO were focused on UV pho-

oexcitation and possible competing photodissociation channels
f low-lying electronically excited states[1,15,16,18,19]. Prop-
rties of higher-excited neutral and singly charged ionic states
f OClO have also been investigated[7,10]. The photoabsorp-

ion spectrum of OClO in the vacuum ultraviolet (VUV) reveals
everal series of Rydberg states converging to the respective ion-

ization limits [7,10]. No experimental data on photoabsorp
of OClO above 25 eV have been published to the best o
knowledge.

The He(I) photoelectron spectrum of OClO has been reco
earlier [7,9]. It has been the subject of a later reinterpr
tion, where the Franck–Condon factors were calculated an
allowance for anharmonicity as well as the Duschinsky e
were included[13]. Photoionization and fragmentation of io
OClO have been reported[7,8]. Photoionization mass spe
trometry of OClO has revealed a number of singly cha
photofragments after excitation with VUV radiation. Ap
from the stable parent cation, OClO+, fragmentation prod
ucts (O+, Cl+, ClO+, and O2

+) are observed[8]. Especially
the occurrence of a weak O2

+ signal has been discussed
terms of isomerization of OClO+ into ClOO+ [8]. Yields of the
ionic fragments as a function of the photon energy have
recorded, so that appearance energies are established an
mentation mechanisms are derived[7,8]. Furthermore, resul
from electron impact ionization[2,14] and related theoret
cal work [12,13] were reported before. Electron impact sin
and double ionization of OClO have been investigated m
∗ Corresponding author.
E-mail address: eruehl@phys-chemie.uni-wuerzburg.de (E. Rühl).

recently using time-of-flight mass spectrometry and ion–ion-
coincidence techniques[14]. These coincidence spectra indicate
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that OClO++ dissociates to form the cation pairs O+ + ClO+ and
O+ + Cl+.

We report in this work inner-shell excitation and fragmenta-
tion of chlorine dioxide. The energy regime investigated focuses
on the inner-shell absorption edges of Cl 2p (200–250 eV) and
O 1s (525–560 eV). Photoexcitation in these energy regimes
allows us to probe the electronic structure and fragmentation
after element-selective excitation. Photoabsorption and total
cation yields give specific information on the electronic structure
and the unoccupied electronic levels in the core-level excita-
tion regime. The results are assigned in comparison with the
well-known stable molecular species sulfur dioxide[20–23].
A comparison of the total cation yield with the photoabsorp-
tion cross-section allows us to estimate the total photoioniza-
tion cross-section and the ionization yield, i.e., the number of
cations formed per absorbed photon. The fragmentation prod-
ucts that are formed after inner-shell excitation are identified
via coincidence experiments, such as photoelectron–photoion-
coincidences (PEPICO) and photoion–photoion-coincidences
(PIPICO). These results are compared to earlier electron
impact work, where ion–ion-coincidences were reported
[14].

2. Experimental
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hit TDC (MIPSYS: FLY TDC[30]), which is operated with a
typical time resolution of 4 ns, and PIPICO spectra are measured
using a time-to-amplitude converter (TAC)[31], respectively.

The gaseous sample of chlorine dioxide is freshly prepared,
according to the standard procedure via the reaction of chlorine
with sodium chlorite[32]. The sample is immediately used for
the experiments without further purification. The conversion of
molecular chlorine into the product becomes incomplete after
some time, so that the sample may contain traces of Cl2. This
is avoided by monitoring the purity of the sample during the
experiments by photoionization mass spectrometry. As a result,
no traces of Cl2 are found in the spectra.

3. Results and discussion

3.1. Electronic structure

Fig. 1 shows a comparison of the photoabsorption cross-
section (Fig. 1(a)) with the total cation yield of OClO (Fig. 1(b))
in the Cl 2p-regime. The Cl 2p-edge is characterized by several
narrow and broad features and a characteristic increase in the
Cl 2p-continuum (E > 212 eV), where also broad continuum
features are observed. The assignment of these spectral fea-
tures, the determination of the absolute cross-sections, and the

Fig. 1. Comparison of: (a) the photoabsorption cross-section, (b) the photoion-
ization cross-section (derived from the total cation yield), and (c) the ionization
yield of chlorine dioxide near the Cl 2p-edge.
The experiments reported in this work are carried ou
he electron storage ring facilities BESSY-I and BESSY
here the beamlines HE-TGM-2[24], SX-700-I [25], and U-
9-SGM[26] were used. The photon bandwidth of the X-
onochromators (E/�E) is of the order of 300–600 (HE-TGM
t BESSY-I) and∼104 (SX-700-I and U-49-SGM at BESSY-II
espectively. The energy scale is calibrated by using well-kn
ear-edge structure of argon (Ar 2p), molecular chlorine2
Cl 2p), and molecular oxygen O2 (O 1s) [27]. The experi
ents reported on the Cl 2p-edge are recorded at high reso
sing the SX-700-I (BESSY-I) and the U-49-SGM (BESS

I), whereas those measured at the O 1s-edge are taken
ow resolution at the HE-TGM-2 (BESSY-I). Photoabsorp
ross-sections are measured by using a gas cell of 30 cm
t a total pressure of typically∼0.5 mbar. The absolute press

n the absorption cell is measured by a capacitance manom
imilar to Ref.[28]. Sodium salicylate is used as a quantum c
erter for the detection of monochromatic synchrotron radia
o that a photomultiplier is used for VUV photon detection[29].
he absolute photoabsorption cross-section of OClO is de
ear core-level absorption edges by using the pressure d
ence of the photoabsorption signal, yielding a linear beh

n the pressure regime under investigation. We estimate the
acy of the absolute photoabsorption cross-section to be∼15%,
imilar to earlier work[28].

Photoelectron–photoion-coincidences (PEPICO) and
oion–photoion-coincidences (PIPICO) are measured simi
arlier work[30,31]. Briefly, a time-of-flight mass spectrom
ter is operated with an electric field strength of 300 V/cm

he ionization region, where constant extraction voltages
pplied. The PEPICO spectra are recorded by using a m
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determination of the Cl 2p-ionization energies are discussed in
greater detail below.

The photoabsorption cross-section of OClO is determined
from a photoabsorption experiment, as outlined in the previous
section. The results indicate that the discrete features and the
continuum intensity have a cross-section of ca. 1–2 Mb, where
1 Mb corresponds to 10−22 m2. These absorption features are
superimposed to an intense valence continuum, which has a
cross-section of∼1 Mb. This value as well as the absorption
cross-section in the Cl 2p-continuum are in agreement with
estimates that take the atomic mass absorption coefficient of
chlorine and oxygen into account[33].

The intensity distribution of the total cation yield is in the
regime of the near-edge features somewhat enhanced, but simi-
lar to the photoabsorption cross-section (seeFig. 1(b)). However,
one observes that the cation intensity is significantly enhanced
in the Cl 2p-continuum (E > 212 eV) compared to the photoab-
sorption cross-section. The total cation yield shown inFig. 1(b)
is measured on a relative intensity scale. It is subsequently cali-
brated to an absolute scale by assuming that the photoionization
cross-section is similar to the photoabsorption cross-section
below the Cl 2p-edge. This implies that the cross-section of
neutral states is negligibly small and that the quantum yield of
double ionization is∼20%, corresponding to an ionization yield
of ∼1.2. These assumptions appear to be realistic in compari-
son with earlier work on photoionization of rare gases[34]. We
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Fig. 2. Total cation yield of OClO with spectral assignments (see text andTable 1
for further details).

ionization become prominent as a result of the preceding LMM-
Auger processes. As a result, the ionization yield reaches a value
of ∼2 near 215 eV. It drops to 1.8 at higher energy, indicating
that still∼15% of the photoionization processes are due to sin-
gle ionization. This is reasonable, since the underlying valence
continuum has still a considerable strength (∼1 Mb) above the
Cl 2p-edge (seeFig. 1(a)). We note that the present results are
comparable to earlier work on organometallic species, where a
similar increase in ionization yield has been observed in the C
1s-regime[35].

The results also indicate that resonant core-to-valence and
core-to-Rydberg states occurring in the Cl 2p-near-edge regime
do not contribute significantly to an enhanced ionization yield, so
that the ionization yield reaches no larger values than 1.45± 0.05
in the pre-edge regime (seeFig. 1(c)). This is because resonant
Auger processes do not massively change the ionization yield,
which is unlike electronic relaxation via the normal and double
Auger processes, dominating the Cl 2p-continuum.

The electronic states occurring near the inner-shell absorption
edges are discussed and assigned in the following (cf.Fig. 2).
Their assignment is primarily based on previous work on sulfur
dioxide (SO2) [21,36]. This approach is straightforward, since
SO2 has almost the same electronic structure as chlorine diox-
ide. However, there is one important difference, which concerns
the highest occupied molecular orbital (HOMO). In the case of
SO the HOMO corresponds to the 8aorbital, which is dou-
erive from this the photoionization cross-section, corresp
ng to the absorption cross-section multiplied by the numb
harges that are formed per absorbed photon. This yields
l 2p-regime at 215.2 eV a maximum of 5.8 Mb. We note

his approach determines only a lower limit of the photoion
ion cross-section, since we detect cations and it is impli
ssumed that dissociative processes lead to singly charge
ents. This assumption is not fully fulfilled, as we will sh
elow that about 10% of the cation intensity is due to stable,
ly charged fragments in the Cl 2p-regime. This adds to the

imit of the photoionization cross-section, which is estimate
e of the order of 20%. The photoionization cross-section d
bove 215 eV, similar to the photoabsorption cross-section

t is always higher than the photoabsorption cross-section.
The ionization yield is obtained from the ratio of the p

oionization cross-section and the photoabsorption cross-s
seeFig. 1(c)), where only a lower limit of this quantity ca
e derived. This is on one hand due to the formation of
le dications, on the other hand discrimination effects in ca
etection of products that are formed with high kinetic en

rom dissociative double ionization are not considered. The
zation yield starts at∼1.2 in the pre-edge regime (seeFig. 1(c)),
mplying that more than one cation is formed per absorbed
-ray photon and that most dications are not stable and un
ssion, corresponding to the formation of singly charged f
ents via charge separation. This assumption is valid, as w
iscussed below in the context of fission processes. Further

his value is reasonable, since direct double ionization is o
ross-section (cf.[34]). The substantial cation intensity in the
p-continuum implies that the ionization yield is significan
nhanced in this spectral regime, where double and mu
 2 1
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bly occupied, whereas the lowest unoccupied molecular orbital
(LUMO) of SO2 3b1 is empty [21]. This is unlike the elec-
tronic structure of OClO, where the extra electron in the HOMO
is located in the 3b1 orbital, which can be associated with an
antibonding�* -orbital. This singly occupied orbital accounts
for the radical character of OClO, with an electronicX̃(2B1)
ground state, belonging to the point groupC2v, where the bond
angle is 117.6◦ and the Cl O bond length is 1.47̊A (cf. [16]).
The lowest energy transition from the Cl 2p orbital to unoc-
cupied states corresponds to the Cl 2p→ 3b1-transition near
202 eV. The corresponding transition in SO2 (S 2p→ 3b1) is
of weak cross-section, which is a result of the�l = 1 selection
rule, where it is assumed that the 3b1 orbital has predominately
p-character. The same is observed for OClO. Consistently, the O
1s→ 3b1-transition in SO2 and OClO is significantly stronger,
as will be outlined below. The 2p→ 3b1-transition is vibra-
tionally resolved in the case of SO2 [21]. The results on OClO
shown inFigs. 1(b) and 2(total cation yield) indicate that the Cl
2p→ 3b1-transition is split by∼1.6 eV as a result of spin–orbit
splitting. In addition, there is no evidence for vibrational fine
structure of this transition, which is not a result of the bandwidth
of the X-ray monochromator (E/�E = 104). We assign these con-
tinuous bands to the short-lived or dissociative character of the
final state. This is unlike SO2, since in the case of OClO the 3b1
orbital is already half-filled, so that the cross-section is expected
to be even weaker than in SOand the excitation process brings
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Fig. 3. Total cation yield of OClO with spectral de-convolutions and assignments
by using Gaussian line profiles. The hollow circles correspond to the experimen-
tal results, the thick line is the sum of all components, thin lines correspond to
the Gaussian profiles.

states. It can only yield an estimate of IE(Cl 2p) in OClO,
since higher members of the Rydberg series are not accessible.
Alternatively, one can consider to measure X-ray photoelectron
spectra (ESCA[37] or zero kinetic energy (ZEKE) photoelec-
tron spectra[38]). Both approaches are expected to yield similar
values compared to the present results, where the absolute val-
ues of the Cl 2p-ionization energies are estimated to be at most
by ±0.3 eV off the values derived in this work. This deviation
is small compared to the Cl 2p-ionization energy of molecular
chlorine, which is known to be at 207.82 eV (IE(Cl 2p3/2(Cl2)))

Table 1
Rydberg transitions of OClO near the Cl 2p-edge

Energy (eV) Assignment Quantum
defect

Term
value

Ionization
energy (eV)

208.25 4s3/2 2.15 3.98 212.23
209.29 4p3/2 1.85 2.94 212.23
209.80 4s1/2 2.16 4.02 213.82
210.18 3d3/2 0.42 2.04 212.22
210.89 4p1/2 1.84 2.92 213.81
211.05 4d3/2 0.60 1.18 212.23
211.81 3d1/2 0.41 2.03 213.84
212.65 4d1/2 0.61 1.18 213.83
2
second electron into the antibonding final state. This lead
ecrease in bond order. As a result, this excited state is exp

o be dissociative or its lifetime is considerably shorter tha
O2, implying that there will be a significant increase in l
idth, so that no vibrational fine structure can be observed
The broad structure occurring near 206 eV is assigned in

gy to SO2 to two blended transitions, corresponding to the
p→ 9a1- and Cl 2p→ 6b2-transitions (cf.Fig. 2). These ar
ue to excitations of the 2p-electrons into�* -orbitals. They ar
lended in the case of OClO, which is partly due to spin–o
plitting. A spectral de-convolution indicates that the bro
arely structured band consists of four components that
xplain this band (cf.Fig. 3). At the high-energy portion o
his band there is an intense, narrow feature. This is ass
o the lowest Rydberg transition (Cl 2p3/2→ 4s,E = 208.25 eV
eeFigs. 1 and 2). The regime of Rydberg transitions is loca
ear the edge jump, where the density of states increase

he absorption and ionization cross-sections are enhance
bserve only the lowest members of three different Ryd
eries, converging to the 2p3/2 and 2p1/2 ionization energies
espectively (seeFig. 2). Their assignments are based on
cal term values and constant quantum defects (seeFig. 2 and
able 1). The results compiled inFig. 2indicate that the Rydbe
eries of each fine structure component have the same c
ence limit, if the quantum defects that are listed inTable 1are
ssumed to be constant. This yields the Cl 2p-ionization
ies (IE(Cl 2p)) of OClO 212.23± 0.05 eV (IE(Cl 2p3/2)) and
13.83± 0.05 eV (IE(Cl 2p1/2)), respectively. Note that the
ore-ionization energies have not been reported to the b
ur knowledge. The present approach to determine the C

onization energies in OClO makes use of the lowest Ryd
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Fig. 4. Comparison of: (a) the photoabsorption cross-section, (b) the photoion
ization cross-section (derived from the total cation yield), and (c) the ionization
yield of chlorine dioxide near the O 1s-edge.

[39]. This implies that molecular chlorine undergoes a signifi-
cant chemical shift of 4.4 eV, if it is oxidized to OClO.

The Cl 2p-continuum shows an intense feature near 215 eV
and a weak one near 230 eV (cf.Fig. 1). These are primarily
assigned to shape resonances, which is in analogy to recent wo
on 2p-excited sulfur dioxide[22]. Moreover, the O− yield from S
2p-excited SO2 indicates that there is in the same spectral regime
evidence for weak doubly excited states[22]. Such features may
be blended with the broad shape resonances and cannot be ide
tified in the case of 2p-excited OClO.

Finally, there is a strong background continuum visible in
Fig. 1, which is underneath the Cl 2p-edge. This background ha
an intensity that reaches∼25% of the total intensity at 215 eV.
It is assigned to photoionization of valence orbital electrons,
which still have a significant cross-section in the Cl 2p-regime
[33], as outlined above.

The photoabsorption cross-section and the total cation yield
of OClO in the O 1s-excitation regime are shown in the energy
regime 525–560 eV (cf.Fig. 4). Both spectra are recorded with
lower energy resolution (E/�E ≈ 500) than the results recorded
at the Cl 2p-edge (seeFigs. 1–3). The Cl 2p- and the valence-
continua are weak in the pre-edge regime, accounting for ca
0.5 Mb of photoabsorption cross-section (seeFig. 4(a)). This is
in agreement with Ref.[33] and related work on SO2 [40]. The

photoabsorption cross-section reaches ca. 3 Mb at the maximum
of the near-edge features, which is discussed below. It drops
in the O 1s-continuum to∼1.5 Mb. This value is higher than
0.9 Mb, which is expected from the atomic absorption cross-
section (cf.[33]). This indicates that broad continuum features
increase the photoabsorption cross-section in the 540–560 eV
regime. The total cation yield is shown inFig. 4(b). It is simi-
lar in shape compared to the photoabsorption cross-section, i.e.,
the intensity ratio of the discrete and the continuum features is
not significantly changed. This is unlike the results shown in the
Cl 2p-regime, where considerably higher intensity is found in
the Cl 2p-continuum in the total cation yield than in the pho-
toabsorption cross-section (seeFig. 1). We have estimated the
photoionization cross-section of O 1s-excited OClO by using
the total cation yield, which is scaled by the photoabsorption
cross-section in the pre-edge regime, similar to the Cl 2p-regime.
Fig. 1(c) indicates an ionization yield near the Cl 2p-edge of 1.8.
This quantity is expected to increase slightly with photon energy,
since the valence continuum gets weaker with energy. Similar
findings are reported in the literature for rare gases[34]. There-
fore, we assume that the ionization yield is∼2 below the O
1s-edge. This takes into account that there is predominantly dis-
sociative double ionization besides with lower efficiency single
and dissociative triple ionization. Especially, the latter process
is induced by shake-off events. We use the ionization yield of
∼2 to scale the total cation yield in order to estimate the pho-
t
o 31 eV
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oionization cross-section, as shown inFig. 4(b). Its maximum
f ∼8 Mb is reached at the intense discrete feature near 5
nd it drops in the O 1s-continuum, where∼4 Mb is found
ote that the derived values also represent a lower limit, s
table dications contribute to∼15% of the cation yield in thi
pectral regime. Therefore, we underestimate the photoio
ion cross-section similar to the discussion given above on t
p-regime. Finally, the ionization yield is displayed inFig. 4(c).
he results indicate that this quantity is roughly constant in
ntire spectral O 1s-regime. Slight modulations are due t
ear-edge features, but it needs to be pointed out that the s
hown inFig. 4(a) and (b) are recorded with slightly differe
andwidth, so that this leads to modulations of the ioniza
ield, which are not significant. The result, that there is no ch
n ionization yield below and above the O 1s-edge is ratio
zed as follows: Excitation of the O 1s-edge does not incr
he degree of ionization of OClO, since the Cl 2p-continu
lready produces preferably doubly charged OClO. This i
hanged in the O 1s-continuum, but different processes
ntensity, especially those that are related to the KLL-Au
ecay of core-excited oxygen.

The O 1s-near-edge regime is characterized by two in
ands centered at 529.70 eV and nearE = 533.5 eV (cf.Fig. 4).
he latter feature is significantly broader than the former
oreover, its shape is asymmetric, indicating that at leas

ransitions are blended in this feature. These bands ar
owed by continuous absorption that contains broad featur
he O 1s-continuum, where both the absorption and ioniz
ross-sections drop with increasing photon energy. A spe
e-convolution of the spectral regime between 527 and 536
erformed by using Gaussian fit functions (seeFig. 5). It reveals
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Fig. 5. Total cation yield of OClO with spectral de-convolutions and assignments
by using Gaussian line profiles. The hollow circles correspond to the experimen-
tal results, the thick line is the sum of all components, thin lines correspond to
the Gaussian profiles (cf.Table 2).

that three core-to-valence-transitions occur. This becomes evi-
dent for the feature at 529.70 eV, which contains only a single
transition. It is assigned to the O 1s→ 3b1(�* )-transition. This
is in agreement with the assignment of the weak, lowest energ
near-edge Cl 2p-feature (see above). Such spectral feature
are well-known to occur in the near-edge regime of numerous
unsaturated molecules, where intense bands of�* -character are
observed[27]. This is also similar to the O 1s-absorption of SO2,
where similar characteristics have been found[20,41,42]. There
is, however, a distinct difference in the absorption of OClO,
where the intensity of the O 1s→ 3b1-transition is significantly
reduced to about half of the intensity compared to the corre
sponding transition in O 1s-excited SO2 (cf. [20,42]) This is due
to the fact that the 3b1(�* )-orbital is half-filled in OClO and it
is empty in the case of SO2, which explains the lower intensity
of this band inFig. 4.

The following broad structure centered near 533.5 eV is de-
convoluted into two components, as shown inFig. 5. We derive
from this de-convolution a splitting of 0.92 eV, which is compa-
rable in magnitude to the 9a1–6b2-splitting near the Cl 2p-edge
(seeTable 2andFig. 3). It is therefore plausible to assign both
components in analogy to the Cl 2p-edge, corresponding to exci-
tations intoσ* -states. Rydberg states are not resolved inFig. 4.
This is essentially a result of the lower energy resolution com-
pared to the findings obtained near the Cl 2p-edge. Finally, we
observe a broad continuum resonance near 542.2 eV. It occurs
n own

Table 2
Spectral features of OClO near the O 1s edge

Energy (eV) Line width (eV) Assignment

529.70 1.15 O 1s→ 3b1

532.98 1.53 O 1s→ 9a1

533.90 1.87 O 1s→ 6b2

to the best of our knowledge. We assign this broad feature in
analogy to the results from the Cl 2p-edge and recent work[22]
to a shape resonance.

3.2. Fragmentation

Fragmentation of core-excited chlorine dioxide is investi-
gated by photoelectron–photoion-coincidences (PEPICO) (cf.
Fig. 6). Fig. 6(a) shows the intensity distribution if the Cl 2p-
continuum is excited at 215.6 eV. It is for all dominant fragments
similar to the O 1s-excited molecule (E = 543.1 eV, cf.Fig. 6(b)).
Relative intensities and widths of the coincidence signals are
listed in Table 3. The parent cation OClO+ is observed with
weak intensity in both spectra. This is unlike valence contin-
uum excitation, where this cation is the dominant cation in
photoionization mass spectra[8], indicating that there is effi-

Fig. 6. Photoelectron–photoion-coincidence spectra of OClO recorded at: (a)
215.6 eV and (b) 543.1 eV (seeTable 3for details). Mass signals from traces of
air and residual gas are marked by asterisks.
ear the O 1s-ionization threshold, which is not exactly kn
y
s

-
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Table 3
Intensities and signal widths of cations produced by photoionization of OClO
at 543.1 eV photon energy, as observed by PEPICO spectra (cf.Fig. 6(b))

Cation Relative intensity (arb. units) Peak width (ns)

O+ 1146 220
Cl++ 206 80
ClO++ 33 24
Cl+ 358 108
ClO+ 117 76
OClO+ 3 28

cient fragmentation in core-ionization continua. Other singly
charged fragments that are observed are ClO+, Cl+, and O+.
These mass signals are significantly broadened compared to the
parent cation OClO+ and the fragment dication ClO++. This is
primarily the result of dissociative double ionization of OClO,
which is expected to be dominant in the core-ionization con-
tinua, where Auger relaxation dominates. This leads to doubly
or multiply charged molecules which are stabilized via fission,
i.e., the formation of singly charged correlated fragments. Such
fragments are detected by multicoincidence experiments. Fur-
thermore, this fragmentation mechanism explains the enhanced
photoionization cross-section and ionization yield (see above).
As a result of efficient fission, the molecular dication is not
observed inFig. 6. Furthermore, the singly charged fragments
are formed via fission. This is accompanied by a substantial
kinetic energy release and becomes evident from the increased
widths of the mass signals. The most intense cation signal is O+,
whereas the mass lines of the other fragments Cl+ and ClO+ are
considerably weaker.

Electron impact ionization of OClO was investigated before
[14]. There, one observes the singly charged fragments O+, O2

+,
Cl+, and ClO+ in the electron energy range between 30 and
450 eV[14]. Note that these electron impact mass spectra are
dominated by a strong parent signal OClO+ [14], indicating that
predominantly the valence shell is excited. The weak formation
of O2

+ has also been observed before upon excitation by VUV
r ia
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Fig. 7. Photoion–photoion-coincidence spectra of OClO recorded at: (a)
215.6 eV and (b) 543.1 eV.

[14]. Fission mechanisms of doubly charged molecules, leading
to the singly charged fragments, are suitably investigated by
PEPIPICO spectroscopy[43–46]. Recent work has concen-
trated on SO2 [23,45,46]besides a related electron impact study,
which includes ion–ion-coincidences[14]. We report in this
work results from photoion–photoion-coincidence (PIPICO)
spectroscopy (seeFig. 7). This figure shows a comparison of
two photoion–photoion-coincidence (PIPICO) spectra recorded
at two different photon energies, i.e., at 215.6 eV (Cl 2p-
continuum) and 543.1 eV (O 1s-continuum). We focus on the
regime between 1 and 3�s time-of-flight difference and do not
discuss the regime of small time-of-flight differences (�t ≈ 0),
since there one finds a broad feature that can have contributions
from several channels, such as O+/O+, Cl++/O+, as well as false
coincidences. Both PIPCO spectra show the same major signals
corresponding to the O+/Cl+-coincidence at∼1.6�s time-of-
flight difference and the O+/ClO+-coincidence signal occurring
at ∼2.5�s time-of-flight difference. These coincidence signals
have been observed before. The present results are comparable
in widths to earlier electron impact work[14], indicating that
the kinetic energy release (KER) is comparable to that reported
before [14]. Evidently, this quantity is independent on the
excitation energy. We do not discuss this point further, but note
that evidently the molecular geometry and the charge separation
adiation[8]. This cation is evidently exclusively formed v
ingle ionization. Consistently it is not observed inFig. 6, where
ouble ionization is dominant.

Besides singly charged fragments we also observe d
harged ones, i.e., Cl++ and ClO++ (cf.Table 3). The most intens
oubly charged fragment is Cl++. The width of this dicationi
ass signal is significantly larger than that of the singly cha
arent, indicating that Cl++ is evidently formed via fission, sta

ng most likely from the triply charged parent. This trication
e formed in the O 1s-continuum via double Auger decay
esses. The other observed doubly charged fragment is C++.
he width of this signal is comparable to that of OClO+. We
peculate that this fragment is a result of a process that
rom the dication, where a neutral oxygen atom is formed.

Earlier electron impact work also showed no evidence
table parent dication (OClO++) [14]. The absence of OClO++

as been rationalized by assuming that no bound regions
ication potential are accessible via a vertical transition

he equilibrium geometry of the neutralX̃(2B1) ground stat
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distance, that can be deduced from the KER according to
Coulomb’s law, is similar over a wide energy range. However,
this is not true for the relative intensities of both coincidence
signals. The results reported in Ref.[14] clearly indicate that
the O+/ClO+-channel is more intense than the other one. This
is clearly different from the results shown inFig. 7. In the O 1s-
continuum one finds that the O+/Cl+-channel is about twice as
intense as the O+/ClO+-channel. This situation changes, when
the excitation energy is tuned into the Cl 2p-continuum, where
this ratio increases to∼6. This implies that atomization via
fission of the doubly charged molecule is dominant upon Cl 2p-
excitation. This is remarkable since the Cl 2p-excitation energy
is lower than the O 1s-excitation energy. This indicates that
atomization of OClO, leading to fission into atomic cations, is
not as efficiently induced by high-photon energies, rather than by
site-selective excitation and relaxation routes. Chlorine is bound
as the central atom in OClO, so that excitation of this central site
leads efficiently to the formation of charged atoms via fission.
In contrast, the oxygen sites are located at both ends of the
molecule, so that excitation of these sites leads with a lower yield
to the O+/Cl+-cation pair. Site- and element-selective excitation
and fragmentation has been discussed for other triatomic, such
as N2O [47], as well as polyatomic molecules before[48]. This
earlier work on N2O revealed, similar to the present results, that
excitation of the central atom leads to more massive fragmen-
tation than for the terminal sites. This behavior was ascribed to
s tates
T ts vi
fi lO.
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produced per absorbed photon. This quantity increases almost to
2 above the Cl 2p-ionization threshold as a result of LMM-Auger
processes. The results in the O 1s-regime show that double and
multiple ionization dominate below and above this absorption
edge, but the ionization yield is not different below and above
the O 1s-edge. Finally, photoion–photoion-coincidence spectra
show evidence for fission channels that follow double and mul-
tiple ionization. A distinct enhancement of the O+/Cl+ cation
pair relative to that containing O+/ClO+ is observed in the Cl
2p-excitation regime. This indicates that this atomic fragment
pair is preferably formed upon fission when the central atom is
excited.
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