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Abstract

A theoretical study of CF5Cly and CH2Cls photoabsorption spectra and photofrag-
mentation profiles at the chlorine K-edge is presented. We simulated the NEXAF'S spec-
tra at the Core-Valence Separated Coupled Cluster Singles and Doubles (CVS-CCSD)
level and interpreted the photofragmentation profile in terms of the potential energy
surfaces (PES) computed at the complete active space self-consistent field (CASSCF)
level along the C-Cl bond cleavage for the 1sci — 0§ ¢y, 1sci — 7bz, and Iscp — oo
states. The PES of CF5Cls shows that the chlorine’s 1s — ¢* transition tends to frag-
ment into the CFC1* radical and the Cl (1s'2s22p®3s23p®) excited atom, whereas the
1sqp — Tbe and 1s¢p — oo states are less prone to undergo this fragmentation channel.
The same tendency was observed for the CHyCls molecule, suggesting that the F atom

has little influence on the PES.



Introduction

The development of new synchrotron facilities and free-electron-laser light sources has en-
abled a deeper understanding the interaction of X-ray radiation with polyatomic molecules
and solids and, consequently, the damage caused to the target systems.!® Besides, there is
technological interest in hard X-ray sources because they can be applied in the characteri-
zation of materials and heterogeneous media.® " Also, photoexcitation of a molecule from a
deep core shell is normally very unstable and the corresponding excited states have a short
lifetime, from tenths to dozens of femtoseconds.!**'2 The main path of relaxation of the
core hole in molecules is by emission of Auger electrons. When an electron from a core
orbital is ejected, a highly localized inner-shell state is formed. As a consequence, the frag-
mentation process after Auger relaxation can be site-selective, resulting in the cleavage of a
specific chemical bond. 121314

The decay mechanism is well established for atoms. In molecules, however, there are
several possibilities, especially for large systems such as organic molecules and radicals. !
Recently, several efforts have been made to describe and understand the molecular rear-
rangement, fragmentation mechanism and/or excited-state dynamics induced by X-ray ab-

1,28,10,13,15-19 For example, the ultrafast ring-opening reaction of 1,3-cyclohexadiene

sorption.
was investigated using femtosecond soft X-ray spectroscopy near the carbon K-edge, com-
bined with Time-Dependent Density Functional Theory (TDDFT) calculations.® Another
interesting example is the 77*-n7™* internal conversion in the nucleobase thymine monitored
by absorption at the Ols—n resonance.!” Furthermore, site-selective fragmentation induced
by K-shell core excitation has been recently observed in N-methylacetamide? and 2-Br-
pyrimidine.?! Even for complex molecules such as methionine enkephalin peptide, near-edge
X-ray absorption combined with mass spectrometry revealed that the excitation at S2p — o*
resonance leads to a site-selective dissociation, whereas above core ionization the fragmen-
3

tation is no longer selective.

In general, vacuum ultra violet (VUV) spectroscopy is not able to produce site-specific



data on photochemistry dynamics as X-ray techniques do, especially when monitoring bond
dissociation in excited states potential energy surfaces. 31322 Despite having emerged decades
ago, site-specific fragmentation induced by soft X-ray is still very relevant nowadays.?325
Several works from different research groups have recently been published that explore
this fragmentation as “chemical scissors” for organic and small relevant biochemical sys-
tems.>26°28 In particular, in the case of small halogenated organic compounds, distinct ul-
trafast fragmentation channels at different edges have been reported during the last few

2,8,10,11,13,15,16,22,29-34

years. The Cl 2p3/, — o resonance in CHyCly induces ultrafast C-Cl

13,29 whereas se-

bond cleavage, with atomic and molecular decay as competitive channels,
lectivity was not obtained for the CCl; molecule.?*3! For the CF3Cl molecule, the Cls —
o* resonance leads to the C-Cl bond-breaking, whereas the resonance at Cl 2p exhibits a
complex fragmentation mechanism.3> Carbon atoms in distinct chemical environments can
also lead to selective fragmentation. In the CHyFCF3 molecule, Cls(HoF) excitation induces
the C-F cleavage, whereas Cls(F3) leads to a C-C bond cleavage.!® The Fls — o* excita-
tion in CH3F also induces the C-F bond to break and the same was reported for Cls core
excitation. 3¢ Even if ion coincidence and time-resolved spectroscopic techniques reveal some
ultrafast fragmentation features, ab initio quantum chemistry calculations are often applied
in order to obtain insights on this complex process.

In this work we investigated the excited states of CFyCl, and CH,Cl, at Cl K-edge,
in order to shed light on the first steps of their site-selective fragmentation induced by X-
rays. Based on the CFy;Cly; PES computed at the CASSCF level, we describe how the Cl
1s— o™ electronic transition goes toward fragmentation into the CFyCl* radical and the ex-
cited C1*(1s'2s22p53s%3p®) atom, whereas the Cl 1s— by (core excited) and the Cl 1s — oo
(core ionized) states have a weaker tendency to follow this fragmentation channel. Since
autoionization takes place in the femtosecond time scale, the C-Cl cleavage must occur in

the femtosecond domain in order to produce atomic Auger decay. Auger-cascade decay has

been observed for Cl 1s excitation of gaseous CHyCly, ! generating chlorine fragments with



charges up to +4, while those with charges only up to +2 were observed following Cl 2p ex-
citation.?” In accordance with the ultrafast C-Cl fragmentation picture, the unstable species
Cl1(1s'2s?2p°®3s23p®) decays via Auger-cascade process after the C-Cl bond is broken, gener-
ating multi-charged atomic chlorine ions. Besides the CASSCF computations, the (frozen-
core) core-valence separated coupled cluster singles and double (CVS-CCSD) method 30
was used to simulate the NEXAFS spectra at the Chlorine K edge and to assign the spectral

features in the experimental counterpart.

Computational Details

We performed a series of high-level ab initio quantum mechanical calculations using the
frozen-core core-valence separated coupled cluster singles and doubles (fc-CVS-CCSD) % and
the complete active space self-consistent field (CASSCF)*! approaches. Specifically, we used
fc-CVS-CCSD3®* Y to obtain accurate NEXAFS spectra of CF5Cly and CH,Cly at the K-
edge of the Cl atom and at ground state equilibrium geometry. The ground state equilibrium
geometries were taken from the NIST compilation.*? The photofragmentation profiles around
the Cl K-edge region of both chlorinated molecules were interpreted in terms of the potential
energy surfaces computed at the CASSCF level. The CASSCF and CCSD calculations were
performed with the Molpro*® and with the Qchem program package,** respectively. The
aug-cc-pCVDZ basis set® was used in all calculations.

Minimum energy pathways of the C-Cl bond dissociation for the chlorinated molecules
were obtained; i.e., for a given C-Cl distance, all other coordinates (geometry and orbitals)
were optimized. For a given geometrical arrangement, the electronic states were calculated

],223046-48 \ohore

following the inner-shell complete active space self-consistent field protoco
the inner-shell orbitals are relaxed keeping all other orbitals frozen in the first step of the
calculation. Then, all the other coordinates, including the geometry and the active orbitals,

are relaxed with the previously optimized inner shell orbitals kept frozen. The procedure is



iteratively repeated until the total energy of the corresponding inner-shell state converges.

Basically, one freezes selected orbitals at different steps to avoid the variational collapse of

the wave function to a low-lying electronic state of the molecule or ion.

Results and discussion

NEXAFS of the CF,Cl, and CH,Cl, molecules

In Fig. 1, we present simulated NEXAFS spectrum at fc-CVS-CCSD level of the CF,Cly and

CH,Cl,, plotted alongside the experimental results. 32 For a better comparison, a Gaussian

convolution with a full-width-at-half-maximum (FWHM) of 0.5 eV was applied. An ad hoc

shift of 43 eV has been applied to the computed excitation energies to better compare the

calculations with the experimental data. The main peaks of Fig. 1 are collected in Tables 1

and 2, where they are compared with experimental data.

Table 1: CF5Cly: excitation energies (eV) and oscillator strengths of the Cl K-edge states computed at the
fc-CVS-CCSD /aug-cc-pCVDZ level. In parentheses we show the computed excitation energies shifted by +3

eV to better compare with the experimental data.

Energy (eV)

Peak  State Symmetry Assignment fe-CVS-CCSD (+3) &V Experiment 32 Oscillator strength
A Aq Clls = of_ 2819.5 (2822.5) 2823 3.53x1073

A B1 Clls — o _ 2819.5 (2822.5) 2823 9.62x1073

B A Cl 1s — Rydberg p 2823.4 (2826.4) - 1.36x10~4

B B; Cl 1s — Rydberg p 2823.4 (2826.4) - 5.66x10~%

C Ba Cl 1s — Rydberg p 2824.8 (2827.8) 2827 4.20x1073

C A Cl 1s — Rydberg p 2824.8 (2827.8) 2827 2.31x1073

C B1 Cl 1s — Rydberg p 2824.8 (2827.8) 2827 9.68x10~4

1P Cl1s (A1) > o0 / Cl1s (B1) = o 2826.8 (2829.8) - -




Table 2: CH»Cly: excitation energies (V) and oscillator strengths of the Cl K-edge states computed at the
fc-CVS-CCSD /aug-cc-pCVDZ level. In parentheses we show the computed excitation energies shifted by +3

eV to better compare with the experimental data.

Energy (eV)

Peak  State Symmetry Assignment fe-CVS-CCSD (+3) &V Experiment '1 Oscillator strength
A Aq Clls = of_ 2819.5 (2822.5) 2822.9 3.73x1073
A B, Clls — of&_ 2819.5 (2822.5) 2822.9 8.76x1073
B Aq Cl 1s — Rydberg d 2822.4 (2825.4) - 3.56x10~4
B B1 Cl 1s — Rydberg d 2822.4 (2825.4) - 1.7x107°
C Aq Cl 1s (a1) — Rydberg p 2823.5 (2826.5) 2826.5 2.21x1073
C B2 Cl 1s (a1) — Rydberg p 2823.5 (2826.5) 2826.5 1.35x1073
C Aq Cl 1s (a1) — Rydberg p 2823.7 (2826.7) 2826.5 7.37x107%
1P Cl1s (A1) o0 / Cl1s (B1) = o 2826.0 (2829.0) - -
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Figure 1: Black: NEXAFS spectrum of the CF2Cly (top) and CH2Cly (bottom) molecules at the Cl K-edge
computed at the CVS-CCSD/aug-cc-pCVDZ level. The computed spectra were broadened with Gaussian
functions with a FWHM of 0.5 eV. The TIY experimental spectrum by Gomes et al.3? and Lago et al. ! are

plotted in red.
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Figure 2: CVS-CCSD NTOs for CF3Cly. Isovalue = 0.04 a.u. for the (particle) valence, 0.03 a.u. for the
(particle) Rydberg and 0.001 a.u. for the (hole) core orbitals.

By comparing the fc-CVS-CCSD /aug-cc-pCVDZ K-edge spectrum of CF5Cly in the pres-

ence of the experimental total ion yield (TTY) spectrum by Gomes et al.3?

as presented in
Fig. 1, top panel, we observe a good agreement between both results. The intensity of
the TIY spectrum, reported in arbitrary units, was scaled to the intensity of the computed
oscillator strengths.

The CF,Cl, first strong peak, labeled peak A, was computed at 2819.5 eV (See Table 1).
We attribute this peak to two degenerate Cl 1s — o¢,_, states of symmetries A; and B;. The
assignments have been done with the help of the CCSD natural transition orbitals*® which
are shown in Figure 2. Natural transition orbitals (NTO) are a simplified way of generating
a localized picture of the transition density matrix in terms of hole-particle excitations via
separated unitary transformations on the occupied and on the virtual set of orbitals. %%
Peak B, obtained at 2823.4 €V, is very weak and it is associated with two Rydberg p states
of symmetries A; and B;. Peak C, obtained at 2824.8 eV, was attributed to a set of CI
1s — Rydberg p states of symmetry By, By and A;. The ionization energies for the states
Cl 1s (la;) — oo and Cl 1s (1b;) — oo were both obtained at 2826.8 eV. As one can
appreciate from Fig. 2, the final orbitals contributing to peak A have a clear C-Cl anti-

bonding character, whereas the final orbitals contributing to peaks B and C have a Rydberg
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Figure 3: CVS-CCSD NTOs for CHyCly. Isovalue = 0.04 a.u. for the (particle) valence, 0.03 for the (particle)
Rydberg and 0.001 a.u. for the (hole) core orbitals.

p character. Therefore, one can expect a stronger dissociative character for peak A than for
peaks B and C.

In order to estimate the influence of the chemical environment on the fragmentation
profile of the Cl 1s — ¢* resonance, we also computed the CH5Cly spectrum and compared
it with the CF5,Cl, results.

The states contributing to the NEXAFS spectra of CH,Cly are presented in Table 2 and
plotted alongside with experimental results!! in Fig. 1, bottom panel. The CH,Cl, NTOs
corresponding to the electronic transitions reported in Table 2 are presented in Fig. 3. By
comparing the spectra computed for CF,Cl, and CH,Cly, we observe that the first resonance
(feature A in Fig. 1) is barely influenced by the presence (or absence) of F atoms. The
following states contributing to the peaks B and C in CH5Cl, are redshifted relative to the
CF,Cly spectrum by approximately 1 eV. As in the CF,Cly case, peak A of the CH,Cly
molecule has a strong o{._ character and, accordingly, we expect a similar profile for the
potential energy surface computed for the first resonance in both the CF,Cl; and the CH5Cly
molecules.

The strong dissociative character of the Cl 1s — o{_ resonance is crucial to the
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Figure 4: CF2Cly CASSCF(10,8) active space. Isovalue = 0.05 a.u. for the valence and 0.001 a.u. for the
core orbitals.

photofragmentation profile of the CF,Cly molecule, as measured by Gomes et al.3? In that
study, the authors irradiated the sample with photons of energy ranging from 2819 eV to
2825 eV and measured the partial ion yield (PIY) spectra of each charged fragment and their
relative intensity depending on the incident photon energy. For the photon energy equal to
2823 €V (that is, near the Cl 1s — o¢,_, resonance), the authors observed that the PIY’s of
the C1* and CI?>T species have inverted behavior. In short, they observed that the dication’s
yield presents a maximum at 2823 eV, while the cation’s yield presents a minimum at the
same energy. Based on the of._, character of the first transition, the authors suggested that
an increase in the production of neutral chlorine atoms could be related with the dip in the
fraction of CIT ions around the first resonance. Also, single and double resonant and normal
molecular Auger processes are likely to contribute in the Cl 1s region, but the preference for
the dication CI** over the cation C1* on the first resonance was not clear. The same trend

of a spike in the CI>* yield coinciding with a fast decrease in the C1* yield at the first Cl 1s



resonance has also been observed experimentally in CHyCly (Ref. 11) and CCly (Ref. 31).

Photodissociation at Cl 1s edge

We now analyse the photodissociation profile of the CF5Cly and CH5Cl, molecules around
the Cl K-edge based on the PES’s computed at the CASSCF level.

The CASSCF active space for the core-excited and core-ionized potential energy surfaces
must be flexible enough to allow for the relaxation of the valence and inner-shell orbitals along
the C-Cl bond cleavage due to the core hole excitation/ionization. 439168 To ensure this,
the CF,Cl, active space was formed by eight orbitals (five occupied and three virtual), chosen
as follows: the Cl 1s inner-shell orbitals (1a; and 1b;), three valence orbitals representing the
C-CI bonding (1lay, 7b; and 8bs) and three virtual orbitals (13a;, 9b; and 7by). We refer to
this active space as IS-CASSCF(10,8). The orbitals selected for the active space of CF5Cly
are shown in Fig. 4. For the calculation of the PES of the ion CF,ClJ, in turn, we used a
[S-CASSCF(9,8) space, with 9 electrons in the same eight selected orbitals. For the potential
energy surface calculations of CH,Cly, and CH,Cly, we used an equivalent IS-CASSCF(9,8)
active space.

The first Cl 1s excited states of the CF;Cly molecule computed at the ground state
equilibrium geometry with the CASSCF(9,8) active space was obtained at 2818.3 eV. This
state (correspondent to the peak A) is assigned to the Cl 1s — 13a; and Cl 1s — 9b; orbital
transitions. The second core-excited state was obtained at 2821.9 eV and it is assigned
mainly to the Cl 1s — 7by transition. The equivalence among the states computed at the
CASSCF and the CCSD levels is evident by comparison of the orbitals labeled 13a; and 9b;
of Fig. 4 with the CCSD NTOs for the A; and B; states contributing to peak A, and of
orbital 7by of Fig. 4 with the CCSD NTO for the Rydberg B, state contributing to peak C.

In Fig. 5, top panel, we present the PES for the C-CI bond cleavage in the CF5Cl,
molecule at the Cl 1s — of_c;, Cl 1s — Rydberg (7bs) and Cl 1s — oo (ion) states. In

dE

Fig. 5, bottom panel, we present the forces (—5) calculated at the C and Cl positions for

10



the above mentioned states with respect to the Z-direction, that is, along the C-Cl breaking

bond (see inset in Fig. 5).

2824
2822 \4
2820
< — CF2Cly (Gl 1s » )
]
= — CFzClz (Cl 1s - Rydberg)
@ 2818
5 — CF,Cly* (Cl 15 - o)
2816
2814
2.0 2.5 3.0 3.5
C-Cl distance (A)
02 —— CFCl; —~dE/dz on CI (Cl 1s > ")
————— CF2Clp —~dE/dz on C (Cl 1s > ")
—— CF2Clz —dE/dz on CI (Cl 1s = Rydberg)
ot N N PN CF2Clz -dE/dz on C (Cl 1s - Rydberg) |
—— CF2Clz: ~dE/dz on CI (Cl 15 = )
I . S CF2Clz: —-dE/dzon C (Cl1s 2 )
3
&
~n 0.0 s
k=] i e AR S
i T kAR b
¥
o e
-01 i }’: /{.«’
/ o
02 o

16 2.0 25 3.0 35 40
C-Cl distance (A)

Figure 5: IS-CASSCF(10,8)/aug-cc-pCVDZ potential energy surfaces (top panel) and forces (*%) (bottom
panel), calculated on the dissociating Cl and C atoms for the transitions: Cl 1s — o¢,_,;, Cl 1s — Rydberg
and Cl 1s — oo (ion) with respect to the z direction (i.e., along the C-Cl bond cleavage). Notice that the
forces on the carbon are opposite to the forces on the leaving chlorine when it comes to a repulsive force on
the bond.

The potential energy curves depicted in Fig. 5, show a strong dissociative character for
the Cl 1s — o _(, state. The profiles for the Cl 1s — Rydberg (7bs) and the Cl 1s — oo
(ion) states are, on the other hand, less dissociative. The repulsive behavior of the Cl 1s

dE

— 0¢_¢y surface is evidenced by the forces (—%E) acting on the leaving chlorine and the

carbon atoms. Near the ground-state equilibrium bond length (1.79 A), the repulsive force

11



on the first resonance PES is clearly higher than the ones on Cl 1s — Rydberg (7bs) and
the Cl 1s — oo PES. The strong repulsive character of the first resonance is also responsible
for the maximum observed around 1.79 A for the state Cl 1s — 0 ;. In this case, once
the C-CI bond lying along the Z axis contracts, the second Cl atom is expelled relaxing the

repulsive force caused by the first chlorine.

CASSCF Inner-shell (Cl 1s) hole CASSCF Valence S0MO

Distance occ.= 2.00 occ.= 1.00

1.80A ; ; =

occ.= 2.00 occ.= 1.00 occ.= 1.99 occ.= 1.99 occ.=1.97 occ.= 1.02

. @ @ o ¢

254 =) o &

o Peo

occ.=2.00 occ.=1.00 occ.=1.99 occ.=1.99 occ.= 1.97 occ.=1.02

2 ® ¢ 1° ® o °

e geo & peo ®9 Po

Figure 6: CF2Cly: CASSCF natural orbitals for three representative C-Cl distances along the PES for the
resonance Cl 1s = o&_,, namely 1.80, 2.50 and 3.50 A. The natural-orbital occupation numbers are also
shown for each orbital. Isovalue = 0.05 a.u. for the valence and 0.001 a.u. for the core orbitals. It is possible
to follow the SOMO going from the 13a; molecular orbital (C-Cl distance equal to 1.80 A) to become a p
orbital belonging to the CF,Cl* fragment and releasing the C1* (1s'2s22p%3s523p®) atom with the hole on
the Cl 1s orbital.

occ.= 1.99 occ.= 1.96 occ.= 1.02

w

In Fig. 6 we show the occupied natural orbitals® and the occupation number for three
representative C-Cl distances (1.8, 2.5 and 3.5 A) along the PES of the CF,Cl, first resonance.
For all three C-Cl distances, we observe that the hole is located at the 1s orbital of the leaving
Cl atom. The relaxed geometry for the C-Cl distance of 1.8 A is not symmetric but the
single occupied molecular orbital (SOMO) is very similar to the ground state 13a; orbital
shown in Fig. 4. The three valence occupied natural orbitals are also similar to the 8b,

7by, and 11a; orbitals of Fig. 4. Going to the C-Cl distance equal to 2.5 A, it is possible to

12



observe the breaking of the C-Cl bond, releasing the Cl* with the hole at the 1s orbital, i.e.,
with the following electronic configuration 1s'2s?2p%3s23p°. Also, one of the valence natural
orbitals becomes an occupied Cl 3p atomic orbital and the SOMO becomes a p orbital of
the CF,Cl* radical with a near trigonal pyramidal geometry. This tendency holds for larger
C-Cl distances, such as 3.5 A, where the C-Cl bond is completely broken. The PES for the
Cl 1s — Rydberg and ionic states also release the C1* (1s'2s?2p83s%3p®) with the hole at the
1s orbital, but the remaining fragments have trigonal planar geometry.

The process illustrated in Fig. 5 and Fig. 6 show the fragmentation of the CF,Cl,
molecule generating the CF,Cl' radical and the C1*(1s'2s*2p®3s?3p®) but do not take into
account the lifetime of this process. In the ultrafast fragmentation picture, the competitive
core-excited relaxation schemes, namely, atomic and molecular Auger decays, take place
at the femtosecond time scale.5>% Considering the ultrafast dissociation of the C-CI bond,
the C1*(1s'2s?2p%3s%3p®) atom can emit Auger electrons after the C-Cl bond cleavage. In
this situation, the preference for the multi-charged species is in line with the experimental
observations, 113132 where the production of the CI?T and the Cl* species is site-selective.

It is also important to consider the photon energy in a photofragmentation process.
Around the Cl K-edge, the amount of energy transferred to the system is high enough to
open many decomposition channels generating many charged fragments. Therefore, our
results suggest that the channel triggered at the first resonance tends to form unstable
Cl*(1s'25%2p®3s23pf) atom by dissociating the C-Cl bond, which rapidly decays to multi-
charged chlorine cations via Auger process, which can explain the site selectivity of the
fragmentation process.

In Fig. 7, we compared the PES and the forces acting on the leaving Cl and C atoms
calculated for the CHyCly molecule at the Cl 1s — of_, and Cl 1s — oo (ion) states with the
results of the CF,Cl, equivalent states. It is possible to see that the PES profile of equivalent
states is practically the same, showing the influence of fluorine atoms on the PES is small.

At the first resonance, the C-CI cleavage leads to CHyCl* radical also with a near trigonal

13



pyramidal geometry and the CI* atom with 1s'2s?2p®3s23p° electronic configuration. This

result indicates that the fragmentation mechanism at Cl 1s edge in CH,Cl, is practically the

same as the one of CF,Cls.
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Figure 7: IS-CASSCF(10,8)/aug-cc-pCVDZ PES and forces comparing the CF3Cly and the CH3Cly molecules
along the C-Cl bond cleavage for the Cl 1s — 0_, resonance and the Cl 1s — oo state (ion).

Conclusions

We presented a theoretical study of the CF5Cly and CH5Cly, molecules’ absorption spectra

and photofragmentation profiles at the chlorine K-edge, where site-selective fragmentation

14



induced by X-rays has been reported.!31:32 The first resonance in CFyCly, corresponding
to the Cl 1s — o _( state, is practically unaffected by the chemical environment, resulting
in the same excitation energy and oscillator strength as the Cl 1s — o¢,_, state in CHyCl,
according to the CCSD calculations. The Rydberg excitations in the CH5Cly molecule are
red shifted by approximately 1 eV with relation to the CF,Cl,; molecule.

We have shown that the Cl 1s — o{._(, electronic excited state of CFyCly tends toward
fragmentation into the CF,Cl* radical species and the CI1* (1s'2s?2p®3s23p%) excited atom,
while the Cl 1s — Rydberg (7by) and the Cl 1s — oo states show a weaker tendency to
this fragmentation channel. The same holds for CH5Cl,, which exhibited the same tendency
of fragmentation in the first resonance and ionization state, showing little influence of the
chemical environment on both fragmentation profiles.

The amount of energy transferred to the system by irradiation with photons of energy
near the Cl K-edge is high enough to open many decomposition channels, hereby generating
many charged fragments. Our results suggest that the channel triggered at the first resonance
tends to form unstable C1*(1s'2s?2p%3s23p%) atom by cleavage of the C-Cl bond, which can
rapidly decay to multi-charged chlorine cations via atomic Auger process. This fragmentation
path can explain the site-selectivity of the multi-charged chlorine fragments. 3132 Moreover,
our results indicate that the CIT fragments are mostly produced by fragmentation process
after molecular Auger decay channels while multi-charged chlorine cations are produced by

atomic Auger relaxation after the C-Cl bond cleavage.
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