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Dissociative photoionization of CF3Cl via the C2E
and D2E states: competition of the C–F and C–Cl
bond cleavages

Xiangkun Wu,a Tongpo Yu,a Yan Chen,b Xiaoguo Zhou, *a Shilin Liu, a

Xinhua Dai,b Fuyi Liuc and Liusi Shengc

The dissociative photoionization of CF3Cl was investigated using threshold photoelectron photoion

coincidence (TPEPICO) imaging in the energy range of 12.30–18.50 eV. The coincident time-of-flight

mass spectra and three-dimensional time-sliced images of the CF2Cl+ fragment were recorded at a few

specific photon energies. Two fragmentation pathways were observed that led to the breakage of the

C–Cl and C–F bonds, while the branching ratio elicited an energy-dependent relationship. The CF3
+

fragment was dominant in the dissociation of the X2E, A2A0 and B2A00 states, while CF2Cl+ became the

predominant fragment and its branching ratio remained constant in the energy range associated with

the C2E and D2E states. Based on the inflection point in the energy-dependent curve of the fragment

branching ratios, the adiabatic ionization energy (IEa) of C2E is suggested to be 15.46 eV. Although the

excess energy increased considerably from C2E to D2E, the kinetic energy release distributions (KERDs)

of CF2Cl+ were similar. Moreover, the anisotropy parameters b for the F-loss channel were positive and

larger than those for the Cl-loss channel. The calculated F-loss potential energy curves of CF3Cl+

suggested that for the C2E and D2E states, the C–F bond rupture occurred via the internal conversion

to the A2A0 state followed by the dissociation attributed to the crossing of the barrier along the C–F

coordinate. Based on the experimental and theoretical conclusions, the internal conversion is the rate-

determining step in the dissociative photoionization of CF3Cl via the C2E and D2E ionic states,

irrespective of whether the C–F and C–Cl bonds rupture.

1. Introduction

Chlorofluorocarbons have been extensively investigated because
they are very useful in industrial applications, e.g., plasma
etching of silicon wafer semi-conductor devices,1,2 and highly
reactive plasma reactions.3 However, the halogen atoms produced
in the dissociation of chlorofluorocarbons by the solar ultra-violet
(UV) light in the atmosphere are believed to play a significant role
in the catalytic depletion of the stratospheric ozone.4,5 Therefore,
the UV photodissociation of chlorofluorocarbons has attracted
considerable attention. Similar to the dissociation of neutral
chlorofluorocarbons, dissociative photoionization of CF3Cl also
produces F and Cl atoms simultaneously by breaking the C–F

and C–Cl bonds by the action of VUV photons. However, the
contribution of CF3Cl+ has been ignored with the lack of
information on dissociation dynamics of the latter. Compared
to chloride atoms, fluoride atoms are relatively harmless to ozone.
Thus, the competition of the C–Cl and C–F bond cleavages of the
CF3Cl+ ion is an interesting topic relevant to the reduction of the
quantum yield of chloride atoms, for the in-depth understanding
of the corresponding dissociation mechanisms and dynamics.

The neutral CF3Cl molecule has C3v symmetry, and its valence-
shell electron configuration in the ground state is [core](4a1)2-
(3e)4(4e)4(1a2)2(5a1)2(5e)4. The outer (5e) orbitals consist of the lone
pairs of the chlorine atom, the (5a1) orbital corresponds to the
s(C–Cl) bond, and the (1a2), (4e), and (3e) electrons are essentially
associated with the lone pairs of three fluorine atoms.6–8 The X2E,
A2A1, B2A2, C2E and D2E ionic states can be prepared by removing
an electron from these molecular orbitals, (5e), (5a1), (1a2), (4e)
and (3e), respectively.

Molecular spectroscopy of the CF3Cl+ ion in low-lying electronic
states was extensively studied by many experimental approaches,
e.g. absorption spectroscopy,9,10 electron energy loss spectro-
scopy,11–13 penning ionization electron spectroscopy,14 vacuum-UV
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(VUV) fluorescence spectroscopy,15–17 photoelectron spectro-
scopy (PES),6–8,18–24 and threshold photoelectron spectroscopy
(TPES).10,25,26 In these spectroscopies, no vibrational structure
was resolved in X2E, A2A1, B2A2, and C2E states. An inconsistent
conclusion for the D2E state that only a few vibrational peaks
were observed in the He I and He II PES,6–8 but they disappeared
in TPES.10,25,26 From these measurements, the adiabatic and
vertical ionization energies of the CF3Cl molecule were derived
to be 12.46 and 13.10 eV, respectively, and the vertical ionization
energies of the A2A1, B2A2, C2E, and D2E states were 15.0, 15.5,
16.5 and 17.4 eV, respectively.8–10,23

Once the internal energy exceeds the dissociation limits, the
C–Cl and C–F bond cleavages of CF3Cl+ may occur to produce
the fragment ion of CF3

+ and CF2Cl+, respectively. Electron
impact ionization,11,27 photoionization mass spectrometry,10,28,29

and threshold photoelectron photoion coincidence (TPEPICO)
spectroscopy26 were applied to investigate the dissociation
dynamics of the CF3Cl+ cation. The appearance potentials (AP0)
of various fragments were reported as AP(CF3

+/CF3Cl) = 12.79 eV26

and AP(CF2Cl+/CF3Cl) = 14.30 eV.25 The dynamics of the Cl-loss
pathway in the low-lying electronic states was investigated using
photoelectron photoion coincidence (PEPICO) spectroscopy30,31

and threshold photoelectron photoion coincidence spectroscopy.25,26

The kinetic energy release distribution (KERD) and angular
distribution of CF3

+ were measured, and the C–Cl bond break-
ing from the X2E state progressed statistically. For the excited
electronic states of CF3Cl+, e.g. A2A1/B2A2, C2E, and D2E, the
KERDs of CF3

+ exhibited a bimodal distribution, whereby a faster,
parallel dissociation was dominant together with a statistical
distribution.26

Compared to the Cl-loss channel, the CF2Cl+ + F dissociation
pathway of CF3Cl+ is rarely mentioned in the reported literature.
Although the AP0(CF2Cl+/CF3Cl) value was lower than the A2A1/
B2A2 energies, the CF2Cl+ fragments were mainly observed in the
dissociation of the C2E and D2E states. Through fitting the time-
of-flight profile of the CF2Cl+ ion, the total KERD was roughly
obtained for the dissociation of CF3Cl+ in the C2E and D2E
states.25,31 For the F-loss process of the C2E state, the KERD of
the CF2Cl+ fragment fitted very well with an impulsive model of
early dissociation, while, the average released kinetic energy
of CF2Cl+ dissociated from CF3Cl+(D2E) was less than the predicted
result of the classical impulsive model, but substantially larger
than that predicted by the phase-space theory. Moreover, the
energy release was completely independent of the vibrational
excitation. Thus, Powis31 and Creasey et al.25 suggested that the
F-losses from both the C2E and D2E states were non-statistical
and resembled a direct dissociation. However, as suggested in
our recent dynamic investigation of the Cl-loss process for
CF3Cl+,26 the C–Cl bond cleavages of the C2E and D2E states
should be relatively slow as the internal conversion to the
repulsive A2A1 state must occur to produce the CF3

+ fragment.
This indicates that both the C2E and D2E states are adiabatically
bound whatever along the C–Cl and C–F bond ruptures. In
addition, the KERDs obtained previously25,31 by fitting the
CF2Cl+ TOF profile with an approximation of a single isotopic
Cl (a mass of 35.5 u) were a bit cursory. Therefore, the C–F bond

breaking mechanisms of the C2E and D2E states must be
rechecked. A more accurate KERD and a detailed angular
distribution of the CF2Cl+ fragment are necessary in association
with the high-level potential energy surfaces, to infer the corres-
ponding dissociation mechanism.

As described previously, TPEPICO imaging is a powerful
experimental approach used to investigate the dissociation
dynamics of the internal energy-selected cations.32–34 Specifically,
a more accurate KERD and a detailed angular distribution of the
specific fragment ion can be measured simultaneously, com-
pared to the traditional method of fitting the TOF profile.35–39

Herein, the dissociative photoionization of the CF3Cl molecule
via the C2E and D2E ionic states has been re-investigated. More-
over, the F-loss potential energy curves of CF3Cl+ in the low-lying
electronic states are calculated using density functional theory.
Combining the experimental and theoretical results, CF2Cl+ and
F fragmentation mechanisms of the CF3Cl+ ion in the C2E and
D2E states are proposed, and the competition between the C–Cl
and C–F bond cleavages is fully discussed.

2. Experimental and computational

The present experiment was performed at the U14-A beamline
of the National Synchrotron Radiation Laboratory, Hefei, China.
The details of the beamline and the TPEPICO velocity map
imaging spectrometer have been described previously,32,40 and
only a brief introduction is outlined herein. The VUV photons of
synchrotron radiation were produced from an undulator and
dispersed using a 6 m monochromator with an energy-resolving
power (E/DE) of B2000 at 15 eV. The higher-order harmonic
radiation was suppressed using a rare gas filter filled with neon.
The absolute energy of the VUV photons was calibrated in TPES
with the use of the well-known ionization energies of argon and
neon, and the photon flux was measured with a silicon photodiode.

The commercial CF3Cl gas (a purity of 99.9%) with a
stagnation pressure of 1.0 � 105 Pa was injected into a vacuum
chamber through a 30 mm-diameter nozzle. The continuous
supersonic molecular beam was collimated using a 0.5 mm-
diameter skimmer and was then perpendicularly intersected
with the VUV light at 10 cm downstream from the nozzle. The
electrons and ions produced in the dissociative photoionization
process were extracted and accelerated in opposite directions by
a direct current extraction field (B15 V cm�1). The double
velocity map imaging method was used to collect both threshold
electrons and ions simultaneously. Through the use of the
decelerated electric field41 and the subtraction method,42 the
contamination of hot electrons in TPES was efficiently suppressed.
The TPEPICO TOF mass spectra were measured using a single-
start multiple-stop data acquisition mode, in which the threshold
photoelectrons were used as the start signals.43 The coincident
ions were directly projected on two 40 mm-diameter multichannel
plates backed by a phosphor screen (Burle Industries, P20), and
the corresponding velocity map images were recorded using a
thermoelectric-cooling CCD camera (Andor, DU934N-BV). When
the image of a specific ion was acquired, a high-voltage pulse

Paper PCCP

Pu
bl

is
he

d 
on

 0
1 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 o

n 
2/

22
/2

01
9 

8:
46

:2
8 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8cp07332e


This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys.

(DEI, PVM-4210) was applied at the MCPs of the ion detector as
a mass gate. The minimum effective duration time of the mass
gate was B40 ns to obtain the time-sliced images.

The quantum chemical calculations were performed using
the Gaussian 09W program package (D.01 version 9.5).44 The
optimized geometries and energies of the neutral CF3Cl molecule
and its cation in the ground state were calculated at the B3LYP/
6-311+G(d) level of theory. The potential energy surfaces of
several low-lying electronic states of CF3Cl+ were calculated by
using a time-dependent density functional theory (TD-DFT)
method with a 6-311+G(d) basis set. A partial optimization
method was used to describe the F-loss and Cl-loss potential
energy curves of the lowest eight electronic states, as described
in our recent calculations.26 At every given C–F or C–Cl distance,
the other geometrical parameters were re-optimized. The electronic
configuration of each ionic electronic state was carefully checked to
confirm its symmetry in the open-shell excited species.

3. Results and discussion
3.1 TPEPICO time-of-flight mass spectra

The threshold photoelectron spectrum of CF3Cl in the photon
energy range of 12.30–18.30 eV was recorded, which was shown
in a previous paper.26 The five low-lying electronic states of
CF3Cl+, e.g., X2E, A2A1, B2A2, C2E and D2E ionic states are
involved in the energy range. To investigate the fragmentation
of the CF3Cl+ ion in specific states, the TPEPICO mass spectra
were recorded at various photon energies. Both the Cl-loss and
F-loss fragmentation pathways were observed. Thus, to facilitate a
comparison of the different dissociation channels, Fig. 1 displays
the mass spectra at several typical energies, e.g. 12.75 eV for X2E,
14.88 eV for A2A1, 15.36 eV for B2A2, 15.83, 16.13, 16.48 and
16.99 eV for C2E, and 17.85 eV for the D2E state. In the X2E state,
the parent ion, CF3Cl+ (m/z 104, 106), can be observed, and the
unique fragment of CF3

+ (m/z 69) also appears. In the A2A1 and
B2A2 states, the CF3

+ ions dominate but the CF2Cl+ (m/z 85 or 87)
fragment ion appears to have a very limited fraction. Interestingly,
the TOF profiles of CF3

+ and CF2Cl+ fragments yield different
contours: a broadened triangle is superimposed on a terraced

background for CF3
+ (Fig. 3 in ref. 26), while only a triangle-like

background for CF2Cl+. With the increase in photon energy in
the C2E state, the relative intensity of the CF2Cl+ fragment
begins to grow rapidly. At an excitation energy of 16.99 eV for
the C2E state and 17.85 eV for the D2E state, the CF2Cl+

intensity is far beyond that for the CF3
+ fragment, indicating

that the C–F bond rupture is the dominant dissociation channel
for the C2E and D2E states.

As shown in our previous experiment,26 no CF3Cl+ ions
existed beyond 12.79 eV in threshold photoionization, thus
implying that the parent ions were fully dissociated. Fig. 2
shows the branching ratios of the Cl-loss and F-loss fragmentation
of the CF3Cl+ ion at various photon energies. Apparently, the
variations of the branching ratios yield near-sigmoid functional
curves. Below 15.2 eV, the relative abundance of CF3

+ is constant
and equals to 95%. The relative abundance of CF2Cl+ rapidly
increased for energies Z15.2 eV, and almost equals that of CF3

+

at 16.13 eV. Finally, the CF2Cl+ abundance is increased to 0.71 and
is kept constant for the C2E and D2E states. As proposed
previously,26 the Cl-loss of CF3Cl+ for both the C2E and D2E states
occurred via the internal conversion to the repulsive A2A1 state
followed by dissociation. Similar dissociation mechanisms are
expected for the C–F bond rupture of CF3Cl+ in the C2E and D2E
states, as described in detail in Section 3.5. Thus, the sudden
change in the branching ratios in Fig. 2 should respond to the
appearance of the C2E state. Therefore, the adiabatic ionization
energy (IEa) of C2E is approximately determined to be 15.46 eV at
the cross point of the lag and growth phases (Fig. 2). This value is
also exactly located at the starting point of the C2E state in TPES
of Fig. 1. In addition, the close branching ratios of the two
dissociation pathways for the C2E and D2E states imply that the
low-energy electronic states in which internal conversion occurs
may be the same.

It is worth noting in Fig. 1 that for the C2E and D2E states,
the TOF profiles of CF2Cl+ become an approximate trapezoid,
while those of CF3

+ form a broad triangle. Actually, as indicated
previously,36,39 the trapezoid-like profile usually correlates with
the convolution between a non-statistical KERD from a parallel
dissociation and a Gaussian-type instrument response function,

Fig. 1 TPEPICO time-of-flight mass spectra of the dissociative photo-
ionization of CF3Cl at various photon energies, where the threshold
photoelectron spectrum is shown in the inserted panel.

Fig. 2 Branching ratios of Cl- and F-loss pathways of CF3Cl+ at various
photon energies.
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while the triangle is attributed to a statistical distribution.
Therefore, different dissociation mechanisms are expected for
CF3

+ and CF2Cl+ fragments in C2E/D2E electronically excited
states. Moreover, the full widths of the CF3

+ and CF2Cl+ peaks
are expanded and have values higher than 1 ms for all the
electronic excited states, thus implying that a part of excess
energy is released into a translational degree of freedom of
fragments during the dissociation process.

As mentioned above, the contradictory conclusions have
been drawn based on the previous25,31 and recent26 experiments
for the lifetimes of the C2E and D2E states. Based on the analysis
of the TOF profiles of the fragment ions, the findings from
previous experiments25,31 claim that C2E is a direct and fast
dissociative state according to C–Cl bond breakage. However,
the TOF profile of the fragment ion can change with the
polarization of the photon. Usually, the kinetic energy distribution
is reliably derived from the TOF fitting when the photon polarization
is kept at the magic angle. Unfortunately, it is almost impossible to
change the polarization of the VUV photons from the synchrotron
radiation and He I light. As indicated by the recent calculation,26 the
C2E state was typically bound along the C–Cl coordinate, and CF3

+

fragments must therefore be produced via internal conversion from
C2E to the lower repulsive electronic states.

To our surprise, the TOF width of the CF2Cl+ fragment
dissociated from CF3Cl+ in A2A1/B2A2, C2E and D2E states is
kept near constant, although the excess energy along the path-
way, CF3Cl+ - CF2Cl+(X1A0) + F(2P), is dramatically increased
from the A2A1/B2A2 to the C2E and D2E states. Therefore, a
complicated dissociation mechanism is expected for the F-loss
of CF3Cl+ in the electronic excited states, in which the partially
available energy may be released prior to the dissociation. In
fact, similar phenomena have also been observed in the C–Cl
bond rupture of the C2E and D2E states.26 Owing to too weak
intensity and a small branching ratio, the F-loss channel of
CF3Cl+ in the A2A1 and B2A2 states is neglected in the following
discussion. Accordingly, attention is only paid to the C–F bond
cleavage mechanism of the C2E and D2E ionic states.

3.2 Kinetic energy distribution of CF2Cl+ dissociated from C2E
and D2E states

To obtain more details on the translation energy and angular
distributions, the velocity map images of the CF2Cl+ fragments
were recorded for CF3Cl+ in the C2E and D2E states. Since there
are two isotopes of the Cl atom, the CF2Cl+ peak in Fig. 1
actually must be the sum of the two TOF peaks, CF2

35Cl+ and
CF2

37Cl+, with their natural abundance. Therefore, deconvolution
of the trapezoid-like TOF peak is necessary to get the individual
contribution of a single isotope like CF2

35Cl+. Fig. 3 shows the
experimental and fitted coincident TOF profile of CF2Cl+

recorded at 17.85 eV. When the 40 ns mass gate of the detector
was applied, only a very small amount (less than 5%) of the other
isotope component, CF2

37Cl+, was involved and it should have a
negligible contribution in the image. A similar result was also
obtained for the analyses of the CF2Cl+ peak at 16.99 eV, which is
not shown yet.

With an extraction field of 14 V cm�1, the resolving power of
the translation energy of the present TPEPICO imaging is better
than 3%,32 and the three-dimensional time-sliced images of
the CF2

35Cl+ fragment at 16.99 and 17.85 eV are shown in
Fig. 4(a and b), respectively.

In the images of Fig. 4, the molecular beam propagates
along the horizontal direction and the electric vector e of the
VUV photon is vertical. At 16.99 and 17.85 eV, the two images
are similar and comprise of a single wide ring. The anisotropic
distributions are observed for both the rings, and the major
population is along the polarization direction of the VUV
photon. Surprisingly, the diameters of the two rings are almost
identical, and only the ring at 17.85 eV looks thicker, although
the excitation energies are considerably different. Based on the
accumulation of the intensity of the image as a function of
angle, the speed distribution of CF2

35Cl+ was obtained. Taking
into account the conservation of linear momentum, the total
KERD was acquired and is shown in Fig. 5(a and b). The results
of the Cl-loss pathways in ref. 26 are also shown in Fig. 5 for
comparison.

For both the images at 16.99 and 17.85 eV, the corresponding
curves for the total KERD of the F-loss pathway can be fitted very
well with the Gaussian-type profile, thus indicating that the

Fig. 3 The experimental and fitted coincident time-of-flight profile of
CF2Cl+ dissociated from CF3Cl+ in the D2E state at 17.85 eV. The purple
square shows the time position of the mass gate.

Fig. 4 3D TPEPICO time-sliced velocity map images of CF2
35Cl+ and the

corresponding total kinetic energy distributions at 16.99 eV (a) and
17.85 eV (b).
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kinetic energy distribution in the F-loss process of the C2E and
D2E ionic states is non-statistical in nature. In other words, the
C–F bond cleavage occurs at a relatively faster rate compared to
the full IVR once being excited to the C2E and D2E states. An
atypical phenomenon is observed that the average total kinetic
energy is 1.10 eV at 16.99 eV, but this energy actually decreases
to 1.04 eV at 17.85 eV although the excess energy is increased
by 0.86 eV, agreeing with the observations of Creasey et al.25

Moreover, more details of KERD are revealed from the images.
The maximal released kinetic energies are 1.61 eV at 16.99 eV
and 1.84 eV at 17.85 eV.

For the dissociation along a repulsive potential energy surface,
the classical ‘‘impulsive model’’ is usually used to estimate the
proportion of the average total kinetic energy hETi and the
available energy Eavail based on the following eqn (1),

fT ¼
ETh i
Eavail

¼ mC�F
mCF2

35Cl�F
¼ 0:474 (1)

where m is the reduced mass.45 The accurate dissociation limit
of CF2Cl+(X1A0) + F(2P) is unknown, so the estimated value,
14.30 eV, from ref. 25 was used to evaluate the excess energy
along the dissociation pathway. As shown in Table 1, the fT

value at 16.99 eV is 0.41 and close to the values reported by
Powis31 and Creasey et al.25 Since the CF2Cl+ fragment is in a
non-planar configuration at the instant of energy release (early
energy release), a small part of the excess energy may be
bounded to deform the CF2Cl+ fragment from the non-planar
geometry to the planar structure in the ground state. Thus, a
slight difference between the experimental and predicted fT

values can be acceptable.25,31 At 17.85 eV, the fT value is only
0.293, which is almost half of the predicted value based on the
impulsive model. Thus, partial IVR might occur for the D2E
ionic state prior to dissociation, and most of the excess energy
will be redistributed to the other degrees of freedom except the
C–F stretching vibration, thus yielding a longer lifetime for D2E
compared to that for the C2E state.

3.3 Angular distribution of the CF2
35Cl+ fragment ion

The angular distribution of the fragment ion of CF2
35Cl+, I(y),

was obtained by integrating the images in Fig. 4 over an
appropriate range of speeds at each angle. The anisotropy
parameter b of the specific dissociation pathway can then be
derived from fitting I(y) with eqn (2),46

IðyÞ ¼ 1

4p
1þ b � P2ðcos yÞ½ � (2)

where y is the angle between the recoil velocity of the fragment
and the electric vector e of the VUV photon, and P2(cos y) is the
second-order Legendre polynomial. If the dissociation that
occurs within a certain period is much longer than the molecular
rotational period, the b value equals to zero. When the ion
lifetime is less than the rotational period, the dissociation is very
fast with a b value which is far from zero, e.g., b = 2 for parallel

Fig. 5 Total kinetic energy distributions of the F-loss pathway at 16.99 eV (a) and 17.85 eV (b). Corresponding distributions of the Cl-loss channel at
16.99 eV (c) and 17.85 eV (d).

Table 1 Available energies, average total kinetic energies hETi and aniso-
tropy parameters b of the CF2

35Cl+ fragment dissociated from the CF3
35Cl+

ion in the C2E and D2E statesa

hn/eV Ionic state Eavail/eV hETi/eV fT b

16.99 C2E(2A0/2A00) 2.69 1.10 0.407 0.73 � 0.02
17.85 D2E(2A0/2A00) 3.55 1.04 0.293 0.35 � 0.01

a The estimated dissociation limit of CF2Cl+(X1A0) + F(2P) is used as
14.30 eV from ref. 25.
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dissociation, and b = �1 for the perpendicular decomposition of
the diatomic molecule.

As shown in Table 1, the b values of CF2
35Cl+ are determined

to be 0.73 at 16.99 eV and 0.35 at 17.85 eV. Both the positive
values imply that the C–F bond cleavages of the two states have
a parallel dissociation tendency, and the dissociation rates are
faster than the molecular rotational period. However, taking
into account the fact that their values are much smaller than
two, the potential energy curves of the C2E and D2E states along
the C–F distance might not be repulsive in the Franck–Condon
region, otherwise the b values should be close to two. A detailed
discussion is introduced in the following section with the aid of
the calculated potential energy curves of the low-lying electro-
nic states of CF3Cl+.

3.4 F-loss potential energy curves of CF3Cl+ in low-lying
electronic states

It is very difficult to propose a reliable dissociation mechanism
for the F-loss of CF3Cl+ in the electronic excited states, with the
lack of their potential energy surface. Therefore, we calculated
the potential energy curves of CF3Cl+ in the low-lying electronic
states along the C–F bond cleavage based on TD-DFT, similar to our
previous work on the Cl-loss potential energy curves.26 During the
F-loss or Cl-loss fragmentation, the initial C3V symmetry of CF3Cl+

would be degenerated to the Cs symmetry. Hence, the original 2E
degenerate state would split into A0 and A00 states.

Although it is difficult to accurately calculate the excitation
energies at the TD-B3LYP/6-31+G(d) level without involving
multi-reference configuration interactions, the major electronic
configurations and dissociative features of the low-lying electronic
states can be predicted reliably, e.g., C2H3F+47 and C2H3Cl+.48 As
shown in our previous calculations,26 the B2A00, C(2A0/2A00) and
D(2A0/2A00) ionic states of CF3Cl+ were bound along the C–Cl bond,
while the A2A0(A2A1) state was repulsive in the Franck–Condon
region owing to the removal of an electron from the s(C–Cl) bond.
Therefore, the partial optimization method was performed to
calculate the C–F bond rupture potential energy curves of the
X(2A0/2A00), B2A00, C(2A0/2A00) and D(2A0/2A00) bound states, but we
failed to apply it in the A2A0 state because no local minimum could
be found on such a repulsive potential energy surface. In this case,
to calculate the C–F cleavage potential energy curve of A2A0, a C–Cl
distance was fixed to be 1.773 Å as the optimized length in the
neutral CF3Cl molecule during the optimization of the A2A0 ionic
state along the C–F bond length. Similarly, that with a larger C–Cl
distance of 2.0 Å was also calculated for comparison. Based on this
hypothesis, the interaction among A2A0 and the higher electronic
states could be estimated, and the dissociative characteristics of
the A2A0 ionic state along the C–F bond could be qualitatively
obtained.

Fig. 6 displays the calculated F-loss potential energy curves
of the CF3Cl+ ion in various electronic states. Only the X(2A0/2A0)
and A2A0 ionic states adiabatically correlate with the lowest C–F
rupture channel of CF2Cl+(X1A0) + F(2P), while the other electronic
states adiabatically link to the higher energy channels (beyond
the present excitation energy range). The ground X(2A0/2A0) state
is stable, but the A2A0 state shows the predissociative feature

along the C–F bond. A barrier with a height of 0.7 eV is found at
ca. 1.56 Å owing to the avoiding of crossing by the upper C2A0

state. Moreover, when the C–Cl distance increases accompanied
by Cl-loss, the barrier height slightly decreases to a lower value
than the minimum of the C2E state. Thus, the C–Cl and C–F bond
cleavages of the A2A0 state could occur simultaneously when the
excitation energy is beyond the barrier. At a lower energy, the
Cl-loss channel should be much faster than the C–F bond rupture
owing to its repulsive characteristics along the C–Cl bond.

Based on the calculated potential energy curves, it is impossible
for CF3Cl+ in the C(2A0/2A00) and D(2A0/2A00) states to directly dis-
sociate to produce the CF2Cl+ fragment. Thus, the CF2Cl+ fragment
observed in the experiment must undergo a non-adiabatic process
like internal conversion to the lower electronic states. We can
exclude the bound X2E state as the intermediate state, owing to
the observed repulsive features (e.g. Gaussian-type total KRED) along
the C–F bond cleavage. Thus, the A2A0 state is a unique candidate,
and the electronic–vibrational coupling between C2E (or D2E) and
A2A0 causes internal conversion prior to dissociation. The rate of the
C–F bond cleavage in the A2A0 state should be somewhat slow
according to the barrier, which is consistent with the observed
results of branching ratios (Fig. 2).

3.5 F-loss mechanism of CF3Cl+ in C2E and D2E states

Combining the experimental and computational results, the F-loss
mechanism of the CF3Cl+ cation in the C2E and D2E states can be
proposed. For both the C2E and D2E ionic states, the unique C–F
bond rupture mechanism must undergo an internal conversion to
the lower A2A0 state, and then directly dissociate on the adiabatic
potential energy surface of the latter. The similar F-loss mechanisms
of CF3Cl+ in the C2E and D2E states in dissociative photoionization
are summarized as follows.

CF3Clþ hv �������!photoionization
CF3Cl

þðC2EorD2EÞ

��������!internal conversion
CF3Cl

þ A2A0; vþ
� �

�������!direct dissociation
CF2Cl

þ X1A0
� �

þ F 2P
� �

Fig. 6 F-loss potential energy curves of the low-lying electronic states of
CF3Cl+ calculated at the TD-B3LYP/6-311+G(d) level, where the dark cyan
arrow indicates the Franck–Condon region during photoionization.
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As indicated in a previous study,26 bimodal KERDs were
observed in the Cl-loss process from CF3Cl+ in the C2E and D2E
states, and only the parallel, fast dissociation component
(shown by the lines in red color in Fig. 5) was produced based
on the internal conversion to A2A0 followed by direct dissociation.
Thus, only the fast dissociation components of the C–Cl cleavage
should be compared with the total KERD of the C–F bond
rupture. As shown in Fig. 5, the excess energy is populated on
the kinetic energy of the fragments when the C–F bond is broken.
The average total kinetic energy release along the C–F rupture at
16.99 and 17.85 eV are ca. 1.10 and 1.04 eV, respectively, while
those along the C–Cl cleavage are only 0.56 and 0.60 eV. More-
over, the b values for the F-loss channel are 0.73 at 16.99 eV and
0.35 at 17.85 eV, and are larger than those of the Cl-loss pathway
(0.34 at 16.99 eV and 0.15 at 17.85 eV). All these results indicate
that for the CF3Cl+ cation in the C2E and D2E states, the C–Cl
bond rupture occurs with a slower rate compared to that for the
C–F bond cleavage.

The conclusion is very atypical, because there is a barrier
along the C–F coordinate, and hence the F-loss usually occurs
with a slower rate compared to the barrierless Cl-loss. However,
for dissociation of the C2E and D2E states, the highly excited
A2A0 state produced by internal conversion seems to favor
the C–F rupture rather than the C–Cl cleavage. The atypical
phenomenon strongly indicates that after internal conversion,
the system crosses over to the A2A0 state past the barrier, where
the F loss is impulsive and the repulsive force of F-loss
is stronger than that of Cl-loss. In other words, the present
observations provide new information on the A2A0 potential
energy surface far from the Franck–Condon region. According
to the C–F and C–Cl rupture mechanisms of CF3Cl+ in the C2E
and D2E states, the internal conversion is the rate-determining
step in the overall dissociative photoionization.

Moreover, owing to the similar kinetic energy distributions
of the C2E and D2E states, the vibrational excitation of the inter-
mediate A2A0 state after internal conversion should be almost
the same in energy during the dissociative photoionization of
CF3Cl via the C2E and D2E ionic states, irrespective of the C–F
and C–Cl bond ruptures. However, the internal conversion from
D2E to A2A0 is slower than the C2E state, and thus molecular
rotation occurs prior to dissociation leading to a smaller b value.

4. Conclusions

Combined with the VUV light from synchrotron radiation, the
TPEPICO measurements were applied in the dissociative photo-
ionization of CF3Cl in the energy range of 12.30–18.50 eV. For
the electronic excited states of the CF3Cl+ cation, both fragment
ions, CF3

+ and CF2Cl+, were observed in the coincident mass
spectra. For the A2A0 and B2A00 ionic states, the CF3

+ ions
dominated but the CF2Cl+ fragment ion appeared to have a very
limited fraction. The branching ratio of the Cl-loss and F-loss
channels showed a dependence on photon energy. The CF2Cl+

fragment was dominant in the dissociative photoionization via
the C2E and D2E ionic states, and was kept constant. The adiabatic

ionization energy (IEa) of C2E was determined from the inflection
point to be approximately equal to 15.46 eV.

The 3D time-sliced images of the CF2
35Cl+ fragment were

then recorded. From the acquired images, the total KERDs and
angular distributions were derived. The total KERDs could be
fitted very well with Gaussian functions, and the anisotropy
parameters b were positive but smaller than two. All the results
indicated that the C2E and D2E states exhibited a repulsive
feature to some extent, but did not exhibit a direct dissociation
along the repulsive potential energy surface. Furthermore, the
larger b values for the F-loss channel compared to that for the
C–Cl bond rupture suggested that the decomposition rate along
the C–F bond is faster than that along the C–Cl coordinate.

To clarify the C–F bond cleavage mechanism from CF3Cl+ in
electronically excited states, the F-loss potential energy curves
were calculated based on the TD-B3LYP level. A predissociative
barrier was located along the C–F bond rupture on the potential
energy surface of the A2A0 state, owing to the interaction of the
C2A0 state. Moreover, both the C2E (C2A0 and C2A00) and D2E
(D2A0 and D2A00) states are bound along the C–F bond. Thus, the
unique and reasonable F-loss mechanism applicable to the
states is similar to the C–Cl bond rupture: internal conversion
to the A2A0 state through strong electronic–vibration coupling
and direct dissociation were achieved by crossing the barrier.

Based on the above experimental and theoretical conclusions,
a full description of the F-loss mechanism from CF3Cl+ in the C2E
and D2E states is proposed. Irrespective of whether the C–F and
C–Cl bond ruptures, the internal conversion was the rate-
determining step in the dissociative photoionization of CF3Cl via
the C2E and D2E ionic states. The observed faster C–F bond rupture
is thought to shed light on new information on the A2A0 potential
energy surface far from the Franck–Condon region. Moreover, to
our surprise, the intermediate vibrational excited A2A0 state after the
internal conversion looks almost the same in terms of the energy
required for the C–F cleavage of CF3Cl+ in the C2E and D2E states,
according to their identical kinetic energy distributions.
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