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Negative ions 3°Cl™,37Cl™, and F~ are observed in the vacuum ultraviolet photodissociations of dichlorod-
ifluoromethane (CF,Cl,) using synchrotron radiation and their ion production efficiency curves are
recorded in the photon energy range of 8.00—20.50 eV. Two similar spectra of the isotope anions 3>CI~
and 3Cl show that besides the strong bands related to the electron transitions from valence to Rydberg
states converged to vertical ionization states, there are some additional peaks that can be assigned as the
energetically accessible multi-body fragmentation processes, on the basis of the high-level G3MP2 calcu-
lations performed in this work and the thermochemistry data available in the literatures. The appearance
energy of Cl” is experimentally determined to be 8.20+0.04 eV, in excellent agreement with the theo-
retical thermochemical value 8.19eV. A novel competition between the ion-pair photodissociations to
Cl” and F~ anions is found in the photon energy range of 17.30-20.50¢eV.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As a novel decaying process of the valence electron excita-
tion of a molecule, positive ion-negative ion pair dissociation has
been investigated in a broad photon energy range (from vacuum
ultraviolet to near X-ray) and for the various molecules [1-8].
Halogen-containing molecules receive much attention, basically
owing to two points: the halogen atomic anions are frequently
observed in the ion-pair photodissociations because of the high
electron affinities (EAs) of the halogen atoms; the photoion-pair
formation can occur even below the molecular adiabatic ioniza-
tion potential (IP,), such study is accessible using laser systems in
laboratory [2]. However, the applications of laser systems are lim-
ited, due to the narrow range of tunable photon energies. There
are a variety of excited states coupling with the ion-pair states,
in particular, for polyatomic molecules, at the photon energies
above IP, values. Synchrotron radiation as the vacuum ultravi-
olet (VUV) photon source which is tunable in a large scale of
energy, together with the time-of-flight (TOF) mass spectrometer,
is a unique tool applicable in the ion-pair dissociation studies. A
straightforward strategy is to detect the negative ions produced
in the ion-pair dissociations with negative mass spectrometer and
by scanning photon energies, which is named as ion-pair anion
efficiency spectroscopy [4,5,8]. The merit of ion-pair anion effi-
ciency spectra (IPAES) at the photon energies below IP, is that
the ion-pair dissociations shown in the spectra have no inter-
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ference from the contributions of the photoelectron dissociative
attachments. It is noted that at the photon energies above IP,, the
low-energy photoelectron attachments to the target molecules can
lead to the molecular dissociations to anionic fragments [9] that
are possibly detected with the negative ion TOF mass spectrom-
eter used in the IPAES study. To eliminate the interference from
the photoelectron dissociative attachments, the pressure of the
photon-molecule reaction area in chamber should be low enough
to avoid the secondary reactions between the photoelectron and
the target molecule [6,8]. The IPAES exhibit the signal integral of
a specific anion produced at a certain photon energy and the less,
thus they are similar to the positive photoion efficiency (PIE) spec-
train principle [4,5,8,10,11]. Some fine spectral structures observed
in the IPAES can be attributed to the resonant transitions or cou-
plings between the ion-pair states and the electron excited states.
Interpretations to the IPAES heavily rely on the evidences provided
with the other spectroscopic methods, in particular, with the ref-
erences of the PIE spectra and the high-resolution photoabsorption
spectra.

In this work, an experimental study of ion-pair dissociations
of dichlorodifluoromethane (CF,Cl,) is reported. CF,Cl,, known as
Freon 12, is responsible for destroying ozone layer in the strato-
sphere [12]. Its molecular electronic structure has been the subject
in many experimental and theoretical studies. The VUV photoab-
sorption spectra of CF,Cl, were firstly recorded by Zobel and
Duncan [13], reexamined by Doucet et al. [14] and Ibuki et al. [15],
and recently by Seccombe et al. [16] and Limdo Vieira et al. [17].
Threshold photoelectron photoion coincidence spectrum of CF,Cl,
was recorded in the photon energy range of 10-25eV using syn-
chrotron radiation [18]. However, as for the photoelectron spectra,


dx.doi.org/10.1016/j.ijms.2011.04.004
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:sxtian@ustc.edu.cn
dx.doi.org/10.1016/j.ijms.2011.04.004

L.-L. Chen et al. / International Journal of Mass Spectrometry 305 (2011) 20-25 21

there are long-term arguments on the spectral assignments, i.e., the
spectral terms of the ionization states and their energetic sequence
[14-20]. Recently, Shan et al. [21] provided an unambiguous order-
ing of the ionization states for the outer valence orbitals of CF,Cl,
with the high resolution electron momentum spectroscopy tech-
nique. To the best of our knowledge, only was the CI” production
efficiency spectrum of CF,Cl, reported in a narrow energy range
of 10.4-11.8 eV [7], while little information is available for the F~
product [22]. Here the fragment yields of CI” by the VUV photoexci-
tation of CF,Cl, have been recorded as a function of photon energy
in the range of 8.00-20.50 eV using synchrotron radiation, and the
production competition between F~ and CI” is observed for the first
time in the higher energy range of 17.30-20.50 eV.

2. Experimental methods and thermochemistry
calculations

The production efficiency spectra of CI” and F~ were measured
at the atomic and molecular physics end-station of national syn-
chrotron radiation facility at Hefei, China. The apparatus used in the
present ion-pair photodissociation study was described previously
indetail [8,23,24]. Briefly, the VUV photon beam was monochroma-
tized with the undulator-based spherical-gratings (made by Horiba
Jobin Yvon in France) then focused onto the reaction region. A dif-
fuse molecular beam was introduced with a stainless steel tube (its
diameter: 0.5 mm). The anionic fragments were collected with a
home-made reflectron TOF mass spectrometer which was installed
perpendicularly to the plane containing the molecular beam and
the photon beam. Packets of anions were pushed periodically from
the reaction region by a pulsed repeller (—165 V voltage, 1.5—2.0 s
pulse width, and 18,000 Hz repetition) into an acceleration region.
The pulsed anions were focused and transferred through the drift
area, then reflected by the retarding lenses. At last the anions
were detected with two zigzag stacking microchannel plates. The
wavelength of VUV beam was calibrated and the energy resolution
was determined (E/ AE =5000) before the present experiments. The
energy scanning step and the signal accumulation time at each step
were typically 0.02 eV with 60s at the lower photon energies, and
0.005 eV with 40s at the higher photon energies, respectively. To
normalize the anion signals, the photon flux was monitored with
a silicon photodiode (SXUV-100, International Radiation Detectors,
Inc.). The commercial sample CF,Cl, (purity > 99.9%) was used after
several freeze-pump-thawed cycles.

To access the ion-pair dissociation channel, for example, the
diatomic molecule AB: AB+hv— A*+B", its energetic threshold
Ejon-pair is determined by,

Ethreshold(B™) = Do(AB™) + IPa(AB) — EA(B) (1)
where Do(AB*) is the dissociation energy of AB* (to A" +B), IP;(AB)
is the molecular ionization threshold, i.e., IP;, and EA(B) is the EA
value of atomic B. When EA(B) > Dy(AB*), the B™ anion can be pro-
duced below the ionization threshold, i.e., IP;.

Since the room-temperature diffuse beam was employed in
the present experiments, to evaluate the threshold for an ion-pair
dissociation with Eq. (1), we need consider the thermal or inter-
nal energy of the parent molecule (at 298 K) while the fragments
at OK. In the calculations of the ion-pair dissociation enthalpy
ArHe398, the formation enthalpy A¢H° —491.620 kJ/mol at 298 K for
CF,Cl; [25] was used and the formation enthalpies of the daugh-
ter fragments at 0 K were directly cited from the JANAF tables [25].
When the values of the fragments were not available, the data at
298K from Lias et al. [26] were used. The enthalpies of forma-
tion for F,*, FCI*, and Cl,* were estimated indirectly using the
IP, values of F, (15.6943eV) [27], FCl (12.66+0.01eV) [28], Cl,
(11.4864 +0.0001 eV) [29] and the 0K AfH° values of F, FCl, and
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Fig. 1. (a) The anion yield spectra for 3°Cl” and 37Cl” and the threshold photoelec-
tron spectrum (TPES) of CF, Cl, which is reproduced from ref. 18 (with the copyright
permission from AIP) for comparison. (b) VUV photoabsorption (upper) and fluo-
rescence excitation (below) spectra of CF,Cl; are reproduced from ref. 16 (with the
copyright permission from AIP) for comparison.

Cly [25]. For CFCl, we used a value of AgH° 14k]/mol taken from
ref. [30]. To estimate the enthalpies of the ion-pair dissociations
including the excited-state fragments, the energies of the excited-
state fragments CF,, CF,*, CFCl, CCl,, and CCI* were taken from the
standard sources [31] and ref. [32], while the 0K AS[HO values of the
excited-state fragments, CI"(3P), CF*(3X), CF,CI*(?A”), CFCI*(4A"),
and FCI(3 X)), were calculated at the G3MP2 level [33] by GAUSSIAN
03 program [34].

3. Results and discussion

The negative ion mass spectra for CF,Cl, recorded in this work
only show the presence of three anions: F~,3>CI”, and 37Cl™. No other
anions were observed in the experiment, which may be due to their
much lower yield efficiencies. The IPAES (8.00-20.50eV) of 3°CI~
and 37Cl" are depicted in Fig. 1, meanwhile the photoabsorption and
fluorescence excitation spectra [16] and the threshold photoelec-
tron spectrum (TPES) [18] have been reproduced for comparison.
Since no distinct isotopic effect is found for the IPAES of 3°Cl™ and
37CI7, only the spectrum of 3°Cl” is analyzed in the following text.
In the low energy range of 8.00-11.60 eV, the electron excitation
assignments of the valence-to- valence and valence-to-Rydberg
states are made for the IPAES of CI” in Fig. 2. Correspondingly, the
energies for the electron transitions are listed in Table 1. For the
photon energies higher than the lowest vertical ionization poten-

tial (IPy), 12.26 eV for Xz B, ionization state [19], the energetically
accessible multi-body fragmentation channels to produce CI™ are
assigned, as shown in Fig. 3 and listed in Table 2. In Figs. 3 and 4,
the multi-body fragmentation channels are tentatively assigned for
the IPAES of CI” and F~ in the photon energy of 17.30-20.50 eV. The
accessible multi-body fragmentation channels to produce F~ in this
energy range are tabulated in Table 3.

3.1. Formation of CI”

As shown in Fig. 1a, the IPAES of 35C1” and 37Cl™ show the identi-
cal spectral features, except that the spectral intensity ratio of 3>CI~
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Fig. 2. The CI” production efficiency curve in the energy range of 8.00-11.60eV.
Statistical errors are shown at the selected energies. Five sets of valence to Rydberg
state transitions, one valence to valence transition, and the lowest threshold for the
ion-pair dissociation are assigned.
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Fig. 3. Multi-body fragmentation channels and the IPy values for the outer valence
MOs are assigned in the spectrum of Cl .
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Fig.4. Competition between CI” and F_ productions in the higher energy range. The
multi-body fragmentation channels to produce F~ are assigned.

Table 1
Rydberg assignments of the peak features in the Cl” efficiency curve.
Peak position (eV) Assignment A
8.265" 8.14,48.11¢ 7a;1(0(C-Cl)*) < 4b,
8.682 8.940" 8.926¢ 4s < 4b, 2.05% 1.98" 1.984

9.352 9.380,> 9.3604 4s < 2ay 1.932 1.92" 1.93¢
9.672 9.612" 9.6414 4s < 4b, 2.012 2.03P 2,024
9.802" 9.8014 4p < 4b, 1.65P 1.654
9.857P 9.9354 4s < 6a; 2.05 2,034
9.904> 9.8714 4p < 2a; 1.72b 1.944
10.473 10.4724 3d < 4b, 0.24% 0.244

4p < 4b, 1.73b 1.734
10.783" 10.781¢ 4p < 63, 1.74b 1.744
10.876° 3d < 2a; 0.13°
11.22211.323 4s < 3b, 1.922 1.88
11.480° 3d < 4by 0.11°
11.75¢ 3d < 6a; 0.17¢

3s < 3by 1.19¢
12.07¢ 4p < 3b, 1.56¢
12.22¢ 4p < 3b, 1.48¢
12.96¢ 55 < 3b, 1.88¢
14.72¢ 4p < 3by 0.60°¢

4s < 5a; 1.07¢

4p < 1a; 1.50¢
16.5¢ nl < 2bq

2 Obtained in this work.
b Cited from Ref. [15].
¢ Cited from Ref. [16].
d Cited from Ref. [17].
¢ Cited from Ref. [14].

and 37Cl” is about 3: 1 (as their natural isotope abundance ratio). In
comparison with the TPES [18], the IPAES also exhibit several peaks
in the energy of 12.00-14.00 eV, approximately corresponding to
the first four ionization states, X, X, ﬁ, and C. However, the peak of D
state in the TPES corresponds in energy to the big shoulder around
14.5 eV, while a distinct strong speak in the IPAES is observed at
15.03 eV. In the similar scenario, the seriously overlapped band,
E/F/é, in the TPES, corresponds in energy to the shoulder around
16.0eV in the IPAES. Such similar spectral features imply that some
ion-pair dissociation channels to produce CI” may resonantly cou-
ple the valence-to-high Rydberg state transitions converging to the
respective ionization states. However, in contrast to the TPES, one
additional broad band around 17.5eV is observed in the IPAES. As
shown in Fig. 1b, the photoabsorption and fluorescence excitation
spectra [16] are significantly different from the IPAES, in particular,
below 11 eV there are several strong peaks in the photoabsorption
spectrum [16] while the production curve of CI” is much low and
flat. When we zoom into the IPAES, as shown in Fig. 2, there are sev-
eral bumped bands. The details will be discussed in the following
text.

Before assignments to the IPAES recorded in this work, the argu-
ments on the ionization states should be recalled. As suggested by
Shanetal.[21], anew and unambiguous order of molecular orbitals
(MOs) is,

(core)*®(1a1)*(1b2)*(2a1 (151
N———

inner—valence

(3a1)*(2b2)*(4a1 )*(2b1 )’ (1a2)*(5a1 ' (3b1 Y (3b2 (61 )*(4b1 ) (2a2)*(4b2)*

outer—valence

Thus we will use the above MO sequence in the present
assignments, moreover, the corrections to the previous wrong
assignments will be declared when necessary. In the photoabsorp-
tion spectra[14-17] and the IPAES [4,5,8,23,24], the Rydberg-serial
structures are frequently observed and each peak indicates an elec-
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Table 2
Energetics of the ion-pair dissociations to produce Cl~ and the IP, values of CF,Cl,.
Neutral/parent Ton-pair dissociation Dissociation IP, (eV)
ion channel energy (eV)
~2

CF,Cly*] By 20.40¢ 20.30¢
Cl* +CF+F+Cl~ 20.332
CECI* +F+Cl” (3P) 20.07°
CF*+FCl+Cl” (3P) 19.90°
Cl* +CFy(A'By)+Cl” 19.65%
CFy*(B Ag)+Cl+Cl 19.622
CF,* +Cl+CI (3P) 19.47°

~2

CF,Cl*T Ay 19.3¢ 19.29¢

CF,CL ' H B, 19.3¢ 19.29¢
CCI*(a31;)+Fy +CI° 18.76 2
CF,* (A2B,)+Cl+Cl~ 18.63%
CFr(3Z)+FCl+ CI” 18.62°
FCI* +CF+ Cl™ 18.512
CF,CI*(3A")+CI"(3P) 18.43b
CFCI*(4A")+F+CI™ 18.38>
CCI* +F+F+Cl” 17.20°

~2
CFCL*G Ay 16.90° 16.24¢

CF*+Cl+F+Cl~ 16.572 16.42P
CFr+FCI3X)+Cl™ 16.30° 16.23¢
~2
CF,Cl,*F A 16.30° 16.24¢
~2
CF,Cl,*E B, 15.90¢ 16.244
CCl* +Fy +CI™ 15.60°
Cl*+CFy +Cl~ 15.032
CF,CI*+ CI"(3P) 14.46°

~2
CF,Cl,*D B, 14.36¢ 14.414

CECI* +F+Cl™ 14.06% 14.00°
CF*+FCl+Cl~ 14.012 13.83
CEy*+Cl+Cl” 13.652
~2
CF,ClL*C Ay 13.45¢ 13.454
~2
CF,Cl,*B By 13.11¢13.144
CF,Cly*A%A, 12.53¢ 12.55¢
CF,CIF(CA”) +Cl~ 12.36°
~2
CF,Cl,*X B 12.26¢ 12.28¢
CF,Cl*+Cl™ 8.19% 8.39
~1
CF,ClLX Ay 0.00

2 Calculated in this work using the standard thermochemistry data.
b At the G3MP2 level calculated in this work.

¢ Cited from Ref. [19].

d Cited from Ref. [18].

¢ Estimated with the experimental data from Ref. [22].

Table 3
Energetics of lon-pair dissociations to produce F .

Ion-pair dissociation channel Dissociation energy (eV)

Cl*+CF+Cl+F 20.562
CCI*(A'TT)+FCl +F~ 20.112
Cl* +CECI(A'A”)+ F 19.982
CFr(3X)+Clh+F 18.98>
CFCl,*+F (3P) 18.96"
CFCI*(*A™)+Cl+F~ 18.64°
CCl*(a3T1y ) +FCl+F~ 18.022
CCI* +Cl+ F+F 17.422

2 Calculated in this work using the standard thermochemistry data.
b At the G3MP2 level calculated in this work.

tron transition from a valence MO to a Rydberg orbital with the
energy Eg,

R
(n—5y
where R is the Rydberg constant (13.60569 eV), n is the principal
quantum number, and 8 is the quantum defect resulting from the

penetration of the Rydberg orbital into the core. According to the
Rydberg-serial assignments proposed by Doucet et al. [14], Ibuki

Er =1IP, — (2)

et al. [15], Seccombe et al. [16], and Limdo Vieira et al. [17], five
sets of valence to Rydberg state transitions, 4b,, 2a;, 4bq, 6ay,
3by — nl(I=0,1, 2, etc.), are tentatively assigned in Fig. 2. The quan-
tum defects & for each series are cited from the literatures and
adjusted slightly for the best fittings to the small peaks embed-
ded on the diffuse bands in the present IPAES. As listed in Table 1,
the derivations of the present fitted & values are less than 0.06,
and the fitted Eg values are also in good agreement with the data
reported previously [15,17]. Meanwhile, there are two vibrational
progressions observed in the photoabsorption spectra, i.e., nvg
(CCl stretching mode) in the energy range of 8.50-9.25eV [15,17]
and nv4 (CCl, scissor mode) in the energy range of 11.4-11.9eV
[16]. However, these two vibrational progresses do not stand out
either in the present IPAES or that reported previously [7]. In the
present IPAES, see Fig. 1a, the ladder-like structures embedded
on the band shoulder (11.50-11.90eV) imply that the nv,4 vibra-
tional excitations are possibly coupling with ion-pair states, but the
valence-to-Rydberg state transitions, e.g., 6a; — 3d and 3b; — 3s
(Er=11.75eV) [16], may also be involved in this energy range.
According to the MO characters, two highest occupied MOs, 4b,
and 2a,, are basically consisted of the atomic lone-pair 3p (n¢)
orbitals. Inthe photoabsorption spectra,abroad and weak band was
determined to be centered at 8.11eV (65400 cm~') [14], 8.265eV
(150nm) [15], and 8.14eV [17], respectively, with the common
assignment as the valence-to-valence transition, i.e., 4b, (n¢) to
an anti-bond o*(C-Cl) orbital. Here in the spectrum (see Fig. 2), a
valence-to-valence transition, 4b, (n¢) — 7a; (o*(C-Cl)), is tenta-
tively assigned at 8.14 eV, where 7a; is the lowest unoccupied MO
having the anti-bond ¢*(C-Cl) characteristics. However, it is noted
that the threshold to produce CI°, CF,Cl, +hv — CI”+CF,Cl*, is
determined to be 8.19 eV with the standard thermochemistry data
[25]. This value is in excellent agreement with the present observa-
tion, i.e., an onset at 8.20 £ 0.04 eV. On the other hand, it is possible
that the intervalence excitation 4b, (1n¢) — 7a; (0*(C-Cl)) couples
the lowest ion-pair dissociation channel CF,Cl, + hv — CI” + CF,Cl*
because of their extremely close energies.

Besides the valence-to-Rydberg state transitions discussed
above, there are more electron transitions occurring at the higher
energies. As listed in Table 1, 3b, — 4p, 3b, — 5s, and 3b; — 4p,
5a; — 4s, 1a, — 4p transitions can somehow correspond to the
small peaks or shoulders at the respective energies in the spec-
trum in Fig. 3. On the other hand, a lot of fragmentation channels
can be accessible at the energies higher than 12 eV. Their ener-
getic thresholds Etpresnoid €Stimated with Eq. (1) and calculated
at the G3MP2 [33] level are listed in Table 2, and the fragmenta-
tion channels and the IP, positions for the outer-valence MOs are
assigned in Fig. 3. In comparison with the thermochemistry results
of Ethreshold» ONe can find that the G3MP2 results are quite good and
the derivations are less than 0.2 eV. In general, with the increase
of photon energy, more multi-body fragmentation processes may
be involved in the ion-pair dissociations. The position 15.00 eV of
the most prominent peak happens to be close to the dissociation
threshold, CF,Cl; + hv — CI™+ CFy + CI* (Etpreshold = 15.03 V).

At the higher energy end of the CI” yield spectrum in Fig. 3,
there are many fine structures and about thirteen multi-body frag-
mentation channels might be responsible for the two broad bands
at 17.5 and 19.5eV. A plenty of structures may be observed in
this region, because the Cl” ion efficiency curve is recorded with
a smaller scanning step of 5 meV. Around photon energy 19.3 eV,
two ionization states, H and I, were assigned in the TPES [18]
and the photoelectron spectrum [19]. However, the contrary terms

~2 ~2 ~2 ~2

were named as H A;/I By [16] but H B;/I A; [18] by the same
~2

group. According to the recent ab initio calculations [35], IPy (H Bj:

~2
2b;71)~19.15eV and IPy (I A;: 4a;71)~19.45eV, are tentatively
assigned in the CI” IPAES, and the averaged IPy for these two ion-
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ization states happens to be 19.30 eV which is exactly the same as
the experimental IP value for the overlapped band observed in the
previous spectra [18,19]. On the basis of the previous suggestion,
the valence to Rydberg state transitions, 2b; — nl, were converged
to IP=19.3 eV [16]. Therefore, besides the multi-body fragmenta-
tion processes involved in the ion-pair dissociations as mentioned
above, the coupling between the high Rydberg states and the ion-
pair dissociations should be considered. However, there are no
other spectroscopic supports for this speculation, we will not dis-
cuss more about the valence to Rydberg state transitions in this
energy range.

Several dissociation channels including the exited-state frag-
ments are predicted at the G3MP2 level in this work. In Table 2,
the excited-state fragments, for instance, FCl (3X), CF,CI* (3A”),
and CCI* (a3IT), may be produced in the high-spin (triplet-state)
dissociation channels that are coupled with some photoexcited
singlet-state potential surface by passing through the conical
cones. Until now, the life-times of these metastable-state ions
are unknown, which strongly influences the possibility to detect
them using the conventional quadruple mass filter or the TOF mass
spectrometer. Near the photon energy of 19 eV, six ion-pair chan-
nels to CCIF*(*A”)+F(2P)+Cl(1S) (18.38eV), CF,CI*(3A")+CI(3P)
(18.51eV), FCI* +CF+CI™ (18.43eV), CFF(3X)+FCl+Cl™ (18.62¢eV),
F,*(A2B,)+Cl+Cl” (18.63eV), and CCI*(a3I1;)+F,+Cl” (18.76eV)
can be accessed. In these channels (excluding the channel to
FCI* + CF+CI"), at least one fragment is at the metastable state. For
the threshold energies higher than 19eV, the metastable CI"(3P)
can be produced frequently in three ion-pair channels, while the
ground-state CI~ (1S) can be produced in another three chan-
nels as well. In this energy range, the neutral fragmentation,
Clp(D'23T1g)+C+F, (19.53eV), can also be accessed [16]. As a
cascade process, the Cl” ion may also be produced through the dis-
sociation of the ion-pair state Cl,(D'23T1g) species, induced by the
strong pulsed field (16,500 V/m applied to the reaction area, see
discussion in Ref. [24]) used in the present TOF mass spectrometer.

3.2. Formation of F

Since the large aperture (diameter: 10mm) ion lenses are
employed in the present TOF mass spectrometer and the strong
pulsed field is applied to the repeller in the experiments, we assume
that the collection efficiency is almost unity for the different ions
and even at the high photon energies where the ionic fragment
may have a kinetic energy of 1-2 eV. In this work, a novel compe-
tition of production efficiency is observed between CI™ and F. As
shown in Fig. 4, the F ion efficiency cure is depicted in the energy
range 17.30-20.50eV. It has been pointed out that the threshold
to produce F~ could be as low as 12.07 eV [22]. In this work, the
F ion has been found in the mass spectra below 17.30eV, but its
ion intensity is too low to be analyzed. In Fig. 4, the CI” produc-
tion is much stronger than the F~ yield at the lower energies, while
their efficiency curves cross at 19.15 eV which happens to be IPy of

ﬁzBl .According to the MO properties, i.e., 2b; (C-Fbonding) and its
next MO 4a; (C-Fbonding) [35], the transitions, 2b;/4a; — npg/nsg,
may also play roles in the production preference of F~ at the higher
photon energies. When carefully examining the fine structures of
these two curves, one can find that they show almost identical
structures, implying that CI” and F~ may be produced through the
common excited intermediate state in this energy range. However,
the thermochemistry of the ion-pair dissociations to produce F is
different from that for CI". The multi-body fragmentation channels
to produce F~ are tentatively assigned in Fig. 4 and listed in Table 3.

There are a lot of arguments about the sources of the
smaller cationic fragments such as CFCI* and CF* at the photon
energies higher than ca. 16eV [18,22,36]. For example, the dif-

ferent AE values for CCIF* determined to be were 15.24+0.3eV
and 17.504+0.05eV, and they were attributed to CFCI*+Cl+F
and CFCI* +F+Cl", respectively [22]. However, the thermochem-
ical thresholds predicted in this work for CFCI*+Cl+F and
CFCI* +F+CI7, are 14.28 eV (see Table 3) and 14.06 eV (see Table 2),
respectively. Those much higher AEs [22] may be due to some
dynamic mechanisms in the ion-pair dissociations, e.g., to over-
come an inherent dissociative barrier.

4. Conclusion

Negative ions 3>CI~, 37CI", and F~ are observed in the VUV pho-
todissociations of CF,Cl, using synchrotron radiation and their
ion production efficiency curves are recorded in the wide pho-
ton energy range of 8.00-20.50eV. The fragmentation enthalpies
are estimated on the basis of the high-level G3MP2 calculations
performed in this work and with the thermochemistry data avail-
able in the literatures. It is advantageous to determine the ion
pairs below the molecular IP, value from an experiment point
of view if only energetically accessible. Since there are no back-
ground signals, the anions can be detected with the confidence that
they must be produced through the ion-pair dissociation. Based
on this condition, the CI” production curve is successfully recorded
below the first ionization threshold, and assigned with the valence-
to-Rydberg state transitions. Moreover, the energetic threshold
for CF,Cl, +hv— CI"+CF,Cl* is determined to be 8.20+0.04¢eV,
in excellent agreement with the theoretical value 8.19eV esti-
mated with the standard thermochemistry data. A lot of multi-body
fragmentation processes are predicted with the present thermo-
chemistry calculations, and used in the spectral assignments. For
the first time, F~ anionic fragment is observed in the energy range
of 17.30-20.50 eV, more interestingly, we find a novel competition
between the ion-pair photodissociations to ClI” and F.
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