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Dissociation of internal energy selected CF4
+ ions in an excitation energy range of 15.40–19.60 eV

has been investigated using threshold photoelectron-photoion coincidence (TPEPICO) velocity
imaging. Only CF3

+ fragment ions are observed in coincident mass spectra, indicating all the X2T1,
A2T2, and B2E ionic states of CF4

+ are fully dissociative. Both kinetic energy released distribu-
tion (KERD) and angular distribution in dissociation of CF4

+ ions have been derived from three-
dimensional TPEPICO time-sliced images. A parallel distribution of CF3

+ fragments along the po-
larization vector of photon is observed for dissociation of CF4

+ ions in all the low-lying electronic
states. With the aid of F-loss potential energy curves, dissociation mechanisms of CF4

+ ions in these
electronic states have been proposed. CF4

+ ions in both X2T1 and A2T2 states directly dissociate to
CF3

+ and F fragments along the repulsive C-F coordinate, while a two-step dissociation mechanism
is suggested for B2E state: CF4

+(B2E) ion first converts to the lower A2T2 state via internal con-
version, then dissociates to CF3

+ and F fragments along the steep A2T2 potential energy surface. In
addition, an adiabatic appearance potential of AP0(CF3

+/CF4) has also been established to be 14.71
± 0.02 eV, which is very consistent with the recent calculated values. © 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4792368]

I. INTRODUCTION

As a benchmark molecule with high symmetry, ion-
ization and dissociation of tetrafluoromethane (CF4) have
attracted extensive investigations for a long history. It is
well known that its valence-shell electronic configuration in
ground state is (3a1)2(2t2)6(4a1)2(3t2)6(1e)4(4t2)6(1t1)6 with
Td symmetrical structure,1 and the Jahn-Teller distortion can
reduce its symmetry from Td to C3V. Once removing one 1t1,
4t2, or 1e electron from the outer orbitals, CF4

+ ions in var-
ious ionic states, e.g., X2T1, A2T2, and B2E, are produced,
respectively. Both X2T1 and A2T2 bands were structureless
in photoelectron spectroscopy (PES)1–3 and threshold pho-
toelectron spectroscopy (TPES),4, 5 while a few weak vibra-
tional bands superimposed on a broad continuum background
were observed for the B2E state.4, 5

In past decades, dissociation of CF4
+ ions in the

low-lying electronic states has been investigated with many
experimental methods, e.g., photoionization,6, 7 electron im-
pact ionization,8–11 ion-molecule reaction,12, 13 ion imaging,14

velocity imaging photoionization coincidence (VIPCO),15

photoelectron fluorescence coincidence,16, 17 photoelectron-
photoion coincidence (PEPICO),18–20 and threshold
photoelectron-photoion coincidence (TPEPICO).5, 21, 22

Only CF3
+ fragment ions were observed for dissociation

a)Author to whom correspondence should be addressed. Electronic mail:
xzhou@ustc.edu.cn.

of CF4
+(X2T1, A2T2, and B2E) ions, while no stable CF4

+

ions were detected in the most of previous experiments,
except that Kime et al. observed a very small amount of
CF4

+ ions using electron impact ionization10 and Hagenow
et al. detected CF4

+ in dissociative photoionization (DPI)
of the dimmer.23 Therefore, the ground electronic state of
CF4

+ is generally believed unstable, and both the A2T2 and
B2E excited states can also dissociate along a fragmentation
pathway.

As the ground electronic state of CF4
+ ions is dissocia-

tive in Franck-Condon region, it is very difficult to directly
measure the adiabatic appearance potential AP0(CF3

+/CF4).
When CF4 is photoionized in Franck-Condon region, ex-
cess energy above the dissociation limit of CF3

+ + F will
be distributed among internal and kinetic energies (KE) of
fragments. Thus an upper limit of AP0(CF3

+/CF4) can be
obtained by estimating the released KE from analyzing time-
of-flight (TOF) profile of fragments. Using PEPICO tech-
nique with He I light source, Brehm et al.,18 Simm et al.,19

and Powis20, respectively measured the released KE in dis-
sociation of CF4

+(X2T1) ions and proposed the upper lim-
its. By measuring the released KE as a function of exci-
tation energy and assuming that the fractional released KE
was independent of ionization energy, Chim et al. extrapo-
lated the KE to zero and obtained a lower value of 14.45 eV
for AP0(CF3

+/CF4).21 Besides these direct ionization mea-
surements, the AP0(CF3

+/CF4) value was also derived
from thermo-chemical data,24 ion-molecule reactions12, 13
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TABLE I. Adiabatic appearance potential AP0(CF3
+/CF4) obtained in dif-

ferent experimental measurements and recent quantum chemical calculations.

Experimental/theoretical
AP0 (eV) method Light source Reference

Experimental
≤15.35 Photoionization efficiency

curve
He Hopfield 6

≤14.84 ± 0.05 PEPICO He I 18
≤14.90 ± 0.1 PEPICO He I 19
≤14.7 ± 0.3 PEPICO He I 20
14.45 ± 0.20 TPEPICO Synchrotron

radiation
21

14.67 ± 0.04 Photoionization and
thermodynamic

He Hopfield and
H2 continuum

24

14.24 ± 0.07 Ion-molecule reaction . . . 12
14.2 ± 0.1 Ion-molecule reaction . . . 13
14.71 ± 0.02 TPEPICO velocity

imaging
Synchrotron
radiation

This work

Theoretical
∼14.70 CCSD/Dunning’s

correlation consistent
basis setsa

. . . 25, 27

14.699 W1 and CBS-APNOb . . . 26

aThe calculated �H0K(CF4) and �H0K(CF3) are –927.8 and –464.8 kJ · mol−1, respec-
tively (Ref. 25). The IPad.(CF3) is 9.102 or 9.001 eV and thus AP0(CF3

+/CF4) can be
calculated as the formula of AP0(CF3

+/CF4) = �H0K(CF3) + IPad.(CF3) + �H0K(F)
– �H0K(CF4).
bThe calculated AP0(CF3

+/CF4) for CF4 → CF3
+ +F at W1 and CBS-APNO level

using a weighted factor derived from the 0 K appearance energy of H-loss from CH2F2
+.

and quantum chemical calculations.25, 26 Table I summa-
rizes the most experimental and recent calculated values of
AP0(CF3

+/CF4) and obviously these data are in controversy.
Therefore, to establish a more accurate AP0(CF3

+/CF4) in ex-
periment and compare it with the high-level quantum chemi-
cal calculated data is a major aim of present work.

For dissociation of CF4
+ ions in electronically excited

states, an apparent electronic state-selectivity was found in
previous investigations. By fitting TOF profile of CF3

+ frag-
ment ions, kinetic energy released distribution (KERD) in dis-
sociation of CF4

+ ions were evaluated.5, 18–21 Briefly, a nearly
monoenergetic kinetic energy was released in dissociation
of both X2T1 and A2T2 states, on the contrary fragmenta-
tion of CF4

+ ions in B2E state showed a wide distribution
of released kinetic energy.18 Furthermore, an induced radia-
tive emission by electron impact was observed and surmised
from CF4

+(B2E) ion in the van Sprang and Brongersma’s
experiment.28 However Maier et al. did not detect the ex-
pected visible fluorescence of B2E → X2T1 transition in a
wavelength range of 200–900 nm.16 Thus a reasonable ex-
planation is necessary to understand energy redistribution in
dissociation of B2E state. In addition, anisotropic angular dis-
tribution of CF3

+ fragment ions dissociated from CF4
+ ions

at fixed excitation energy less than 40 eV was observed re-
cently with the method of ion imaging.14 However, due to
the lack of ionic state-selectivity, the measured CF3

+ frag-
ments were produced from dissociation of all energy-allowed
electronic states of CF4

+ and thus the anisotropic distribution
should be a weighted mean of all involved ionic states. Us-
ing VIPCO technique, an anisotropic angular distribution of

electrons were also analyzed for photoionization processes to
form X2T1 and A2T2 ionic states.15

To understand dissociation of CF4
+ ions in specific ionic

state, a few quantum chemistry and dynamics calculations
were performed.29–32 Briefly, both X2T1 and A2T2 states
are repulsive along the C-F coordinate and able to disso-
ciate to CF3

+(X1A1) and F(2P) fragments, while the B2E
state is typical bound. These results are generally consis-
tent with the previous experimental conclusions. Moreover,
Beärda and Mulder suggested that there is a stable complex
of CF3

+. . . F along the C-F coordinate of X2T1 state and
hence CF4

+(X2T1) ions may survive a few vibrations prior to
dissociation.29 However, the lifetime of complex was found
extremely short in a direct ab initio trajectory calculation.31

As an upgraded experimental approach, threshold
photoelectron-photoion coincidence (TPEPICO) velocity
imaging is powerful to analyze dissociation of energy-
selected ions.33 Compared with the method of fitting TOF
profiles, more exact KERD and angular distribution of frag-
ments dissociated from internal energy selected ions can be
acquired directly from velocity map images,34, 35 and more
details of dissociation dynamics are revealed, e.g., vibrational
distribution of fragment ions.36–39 In the present work, an ex-
perimental reinvestigation on dissociative photoionization of
CF4 in the excitation energy range of 15.40–19.60 eV is per-
formed using TPEPICO velocity imaging. For CF4

+ ions in
X2T1, A2T2, and B2E states, KERD and angular distributions
of CF3

+ fragment ions are measured, respectively. An adia-
batic appearance potential AP0(CF3

+/CF4) has also been di-
rectly obtained in experiment and compared with the recent
calculations. More importantly, dissociation mechanisms of
specific ionic states of CF4

+ are proposed in details with the
aid of potential energy curves.

II. EXPERIMENTS

Present experiments were performed at the U14-A beam-
line of National Synchrotron Radiation Laboratory (Hefei,
China). The configurations of the beamline and TPEPICO ve-
locity imaging spectrometer have been introduced in details
previously,33 and thus only a brief description is presented
here. Synchrotron radiation (SR) from an undulator was dis-
persed with a 6 m spherical-grating monochromator, in which
a 370 grooves mm−1 grating was used to cover a photon en-
ergy range of 7.5–22.5 eV. A typical photon bandwidth is
6 meV in this energy range.40 A gas filter filled with noble
gas was used to reduce higher-order harmonic radiation of
beamline.

A home-made 30-μm-diameter nozzle was utilized to
generate continuous supersonic molecular beam (MB), which
interacted with SR at right angle in photoionization chamber.
Using a same dc extraction electric field, photoelectrons and
photoions produced from DPI process were collected in op-
posite directions. A specially designed repelling electric field
was used to magnify and map velocity image of electrons, and
thus the contamination of energetic electrons was almost com-
pletely suppressed in TPES and TPEPICO measurement.33

The typical photoelectron energy resolution is ∼9 meV. Pho-
toions were projected onto multichannel plates (MCP, 40 mm
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diameter) backed by a phosphor screen (Burle Industries,
P20). A thermoelectric-cooling charge couple device camera
(Andor, DU934N-BV) was used to record ion image on the
screen. Once a threshold photoelectron was collected in ex-
periment, a pulsed high voltage (DEI, PVM-4210) was ap-
plied at MCPs to act as mass gate, whose time origin and
width were decided by TOF of target ion. In the following
experiments, a typical 80 ns duration was used to record im-
ages of CF3

+ fragment ions whose jitter was less than 2 ns.
Thus the TPEPICO velocity image of fragment ions dissoci-
ated from specific internal energy selected parent ions could
be recorded.

Commercial CF4/Ne (1:9) mixture gas (Nanjing specialty
gases) with a stagnation pressure of 2.0 atm was injected
into the spectrometer. After collimated by a 0.5-mm-diameter
skimmer, MB was intersected with SR at 10 cm downstream
from the nozzle. The typical backing pressure in the photoion-
ization chamber was better than 1 × 10−4 Pa with the MB on.
The absolute photon energy of SR was carefully calibrated
using the well-known ionization energies of noble gases, and
a silicon photodiode (International Radiation Detectors Inc.,
SXUV-100) was used to record photon flux.

III. RESULTS AND DISCUSSION

A. Threshold photoelectron spectrum of CF4

Threshold photoelectron spectrum of CF4 with a step size
of 12 meV in an excitation energy range of 15.40–19.60 eV
has been measured, normalized to the photon flux, and pre-
sented in Fig. 1. Three observed bands are assigned to the
lowest-lying three electronic states of CF4

+ ions, X2T1, A2T2,
and B2E, respectively. The resonant energies and relative in-
tensities of the bands are in good agreement with the previ-
ous results.4, 5 X2T1 and A2T2 bands are broadened and struc-
tureless in the spectrum. For B2E band, a few weak peaks
superimposed over a broadened background in the previous
high-resolution TPES4, 5 are indistinct in Fig. 1. Four resonant
energies are chosen and noted with stars in Fig. 1, in which
two excitation energies within the X2T1 band, 15.98 eV and

FIG. 1. Threshold photoelectron spectrum of CF4 in the excitation energy
range of 15.40–19.60 eV.

16.38 eV, are specially selected in order to discuss its dissoci-
ation mechanism.

B. TPEPICO TOF mass spectra

TPEPICO TOF mass spectra of CF4 are measured at
photon energies of 15.98, 16.38, 17.54, and 18.48 eV, re-
spectively, and presented in Fig. 2. None CF4

+ parent ions
is found, and only one TOF peak located at 17.2 μs is ob-
served, which attributes to CF3

+ fragment ions. Thus CF4
+

ions in all the X2T1, A2T2, and B2E states fully disso-
ciate to produce CF3

+ fragment ions, which agrees well
with the previous measurements5, 18–20. Furthermore, the sec-
ond dissociation limit of CF3

+(A1E) + F(2P) is calculated
at MP4(FC)/6-311+G(2df,p)//B3LYP/6-611G* level and
138 kcal · mol−1 (5.98 eV) higher in energy than that of
the lowest CF3

+(X1A1) + F(2P) channel. Since it is beyond
the present excitation energy, only the lowest CF3

+(X1A1)
+ F(2P) channel is taken into account in the following
discussion.

With an extraction electric field of 14 V · cm−1, the width
of TOF profile for ions without kinetic energy released was
only about 15 ns (full width at half maximum, FWHM).33

Due to the kinetic energy release in dissociation of CF4
+, the

TOF widths of CF3
+ fragment ions in Fig. 2 are obviously

broadened to 690, 706, and 760 ns (FWHM) at 15.98, 16.38,
and 17.54 eV, respectively. Interestingly, that at 18.48 eV of
B2E state is only 693 ns although the photon energy far ex-
ceeds both X2T1 and A2T2 ionic states, indicating that dis-
sociative mechanism of CF4

+(B2E) ions should be different
from that of the X2T1 and A2T2 states. In addition, the TOF
profiles of CF3

+ are obviously changed with the photon en-
ergy. A near rectangular contour in Figs. 2(a)–2(c) is found
for both X2T1 and A2T2 states, while it shows a triangular
shape for CF3

+ dissociated from CF4
+(B2E) ions at 18.48 eV.

Therefore, kinetic energy distribution of CF3
+ fragment ions

in dissociation of X2T1, A2T2, and B2E states are expected to
be different.

FIG. 2. Threshold photoelectron-photoion coincidence time-of-flight mass
spectra for dissociative photoionization of CF4 at photon energy of
(a) 15.98 eV, (b) 16.38 eV, (c) 17.54 eV, and (d) 18.48 eV.
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FIG. 3. Three-dimensional threshold photoelectron-photoion coincidence time-sliced velocity images of CF3
+ fragments and the corresponding total kinetic

energies released distributions in dissociation of CF4
+(X2T1) ions. (a) and (b) at 15.98 eV; (c) and (d) at 16.38 eV.

C. TPEPICO velocity images of CF3
+ dissociated

from CF4
+(X2T1) ion

As shown in Table I, the previous measured val-
ues of AP0(CF3

+/CF4) were inconsistent. Especially, the
AP0(CF3

+/CF4) value obtained by Chim et al.21 is far dif-
ferent from the other data,18–20 although all of them were
derived from photoelectron-photoion coincidence measure-
ments. Fortunately, kinetic energy resolution of the present
measurement is better than 3% of �E/E after a careful cali-
bration of ion images using the well-known KERD in dissoci-
ation of O2

+(B2�g
−) ions,33 and hence more dynamic details

in dissociation of CF4
+(X2T1) ions can be revealed.

Figures 3(a) and 3(c) show the 3D TPEPICO time-sliced
velocity images of CF3

+ dissociated from the CF4
+(X2T1)

ions at 15.98 eV and 16.38 eV, respectively. The polarization
vector ε of photon is along vertical direction in the image.

There is only one rough ring in both images, indicating that
only a nearly monoenergetic distribution is released in disso-
ciation. It is consistent with the previous experiments.18–20 In
addition, a parallel anisotropic distribution can be observed in
the images, and thus dissociation of CF4

+(X2T1) ions should
be rapid. By accumulating intensity of the image over angles,
speed distribution of CF3

+ fragment ions is acquired directly.
From conservation of linear momentum, total KERD in disso-
ciation of CF4

+(X2T1) ions at 15.98 and 16.38 eV can be sub-
sequently obtained and shown in Figs. 3(b) and 3(d). Obvi-
ously, the diameter of ring in the images of Figs. 3(a) and 3(c)
just slightly increases with excitation energy, and the maxi-
mal total kinetic energy of fragments only increases a little
bit from 1.28 eV (at 15.98 eV) to 1.40 eV (at 16.38 eV).
That means, more fraction of available energy in dissocia-
tion has been distributed to internal energy of fragments with
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TABLE II. Mean total kinetic energy released 〈ET〉 and anisotropic param-
eters β in dissociation of CF4

+ ions in three low-lying electronic states.

fT β
hv Eavail 〈ET〉
(eV) (eV) (eV) Expt. Theor. Previousa Present

15.98 1.27 0.85 0.67 . . . 0.64 ± 0.09
16.38 1.67 0.90 0.54 0.49b, 0.65c 0.65 (16.5 eV) 0.72 ± 0.07
17.54 2.83 1.20 0.42 0.60 (17.5 eV) 0.95 ± 0.08
18.48 3.77 1.09 0.29 0.45 (18.5 eV) 0.51±0.09

aFrom Ref. 14, where the corresponding excitation energies are shown in parentheses.
bfT is calculated using the classical “impulsive model.”
cfT for dissociation of CF4

+ in X2T1 state is derived from the direct ab initio dynamic
calculation at the HF/6-311G(d,p) level in Ref. 31.

excitation energy increasing, which is in agreement with the
recent Bodi et al.’s experimental conclusion.41 A unique ex-
planation of the phenomenon is existence of a shallow well on
F-loss potential energy surface of X2T1 state. Thus the Chim
et al.’s assumption21 that the fractional KE released is inde-
pendent of ionization energy is unreasonable.

Generally, the maximal total kinetic energy of fragments
can give an upper limit of adiabatic appearance potential
AP0(CF3

+/CF4). As indicated in Fig. 3(b), the upper limit
should be around 14.7 eV. In the Franck-Condon region,
CF4

+(X2T1) ions dissociate fast along the C-F bond rupture,
and thus the umbrella vibration (v2

+ = 798.1 cm−1)42, 43 of
CF3

+ is expected to be dominantly excited. Taking into ac-
count the total KERD and the upper limit of AP0(CF3

+/CF4),
the maximal v2

+ quantum number of CF3
+(X1A1) should

be less than 10 at 15.98 eV. Therefore, the possible vibra-
tional state population of CF3

+ can be assigned and shown in
Fig. 3(b) as well. In Fig. 3(b), the v2

+ = 3–5 population can
be clearly identified, while the other vibrational state popu-
lations are blurry in a certain extent due to overlap. There-
fore, a typical occurrence of vibrational population reversion
is found for CF3

+ fragment at 15.98 eV, and the correspond-
ing mean vibrational energy 〈Ev〉 is calculated to be 0.43 eV.
The most populated vibrational state is located at v2

+ = 4.
Taking the total kinetic energy (1.27 eV) at v2

+ = 0 level as
shown with an arrow in Fig. 3(b), the value of AP0(CF3

+/CF4)
is determined to be 15.98 – 1.27 = 14.71 eV. According
to the kinetic energy resolution is lower than 4 meV (1.27
× 3% = 3.8 meV) and the photoelectron energy resolution

is ∼9 meV, the uncertainty of AP0(CF3
+/CF4) can be es-

timated as less than 20 meV. The present AP0(CF3
+/CF4)

is very consistent with the previous experimental data
in Table I18–20 and exactly matches the value of quan-
tum chemical calculations.26 In addition, both KERDs in
Figs. 3(b) and 3(d) have the similar contours without clear
resolvable structures. The most populated vibrational state
of CF3

+ is changed from v2
+ = 4 at 15.98 eV to v2

+ = 8
at 16.38 eV.

Angular distribution of fragment ions can be derived
from the integration of images over a proper range of speed
at each angle. Consequently, anisotropic parameter β can
be obtained by fitting the angular distribution. At 15.98 and
16.38 eV, both β values for CF3

+ fragments are about 0.7 as
shown in Table II, which is close to the previous data.14 Thus
dissociation of CF4

+(X2T1) ions shows a parallel tendency
along the polarization vector.

D. TPEPICO velocity image of CF3
+ dissociated

from CF4
+(A2T2) ion

Because both outer 1t1 and 4t2 molecular orbitals of CF4

molecule are consisted of the F lone-pair electron orbitals,
characteristics of CF4

+ in X2T1 and A2T2 states are simi-
lar. At 17.54 eV, CF4

+ ions in the A2T2 state are produced
and subsequently dissociate to CF3

+ and F fragments. The
recorded 3D TPEPICO time-sliced velocity image of CF3

+

fragments dissociated from CF4
+(A2T2) ions is presented in

Fig. 4(a). Only the lowest dissociation limit of CF3
+(X1A1)

+ F(2P) can be opened at the excitation energy, and an unique
rough ring is found in the image. The present image is very
similar to the images of Figs. 3(a) and 3(c) indeed, except for
its larger diameter.

From the image of Fig. 4(a), the total KERD in dissoci-
ation of CF4

+(A2T2) ions at 17.54 eV can be obtained and
presented in Fig. 4(b). The maximal total kinetic energy of
fragments increases to ∼1.9 eV. Through fitting angular dis-
tributions of CF3

+ as shown in Fig. 4(c), the corresponding
anisotropic parameter β is determined to be 0.95. Therefore,
dissociation of CF4

+ ions in A2T2 state is parallel as well, and
moreover the A2T2 ionic state has much shorter lifetime than
X2T1 state. Due to the lack of ionic state-selectivity, Hikosaka

FIG. 4. 3D TPEPICO time-sliced velocity images (a) of CF3
+ fragment ions, the corresponding total KERD (b) and angular distributions (c) in dissociation of

CF4
+(A2T2) ions at 17.54 eV.
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FIG. 5. 3D TPEPICO time-sliced velocity images (a) of CF3
+ fragment ions, the corresponding total KERD (b) and angular distributions (c) in dissociation of

CF4
+(B2E) ions at 18.48 eV.

and Shigemasa14 obtained a lower value of β (∼0.6) than
ours, and it was closer to it in dissociation of X2T1 state.

E. TPEPICO velocity image of CF3
+ dissociated

from CF4
+(B2E) ion

Figure 5(a) shows the 3D TPEPICO time-sliced velocity
image of CF3

+ fragments dissociated from CF4
+(B2E) ions

at 18.48 eV. There is still only one rough ring observed whose
width looks much wider than those from both X2T1 and A2T2

states, and hence the whole image becomes more diffusive. To
our surprise, the maximal total kinetic energy of fragments for
A2T2 and B2E states are very close and even the most favor-
able kinetic energy released from B2E state is slightly lower
than that of A2T2 state as shown in total KERD curves, al-
though the excess energy in dissociation of B2E state is much
larger than that of A2T2 state. Moreover, the anisotropic pa-
rameter β is decreased from 0.95 in A2T2 state to 0.51 in B2E
state, indicating that the lifetime of B2E state is longer than
those of the lower electronic states, X2T1 and A2T2.

F. Dissociation mechanism of CF4
+ in the ground

electronic state

Taking the adiabatic appearance potential
AP0(CF3

+/CF4) = 14.71 eV, the kinetic and internal
energy distributions of CF3

+ fragment ions dissociated from
CF4

+ ions can be derived from the images in Figs. 3–5. The
mean total released kinetic energies 〈ET〉 in DPI process at
15.98, 16.38, 17.54, and 18.48 eV, respectively, are calculated
and summarized in Table II. The ratios of kinetic energy with
available energy, fT, can be calculated as 0.67 (15.98 eV),
0.54 (16.38 eV), 0.42 (17.54 eV), and 0.29 (18.48 eV).

If CF4
+ ions dissociate fast along the C-F bond rupture

with C3V geometry, the dissociating time will not enough for
intramolecular vibrational redistribution (IVR). Thus the clas-
sical “impulsive model” is expected to describe dissociation
mechanism,20 in which the proportion of mean total kinetic
energy 〈ET〉 and available energy Eavail can be calculated us-
ing the following formula:

fT = 〈ET〉
Eavail

= μC−F

μCF3−F
= 0.49, (1)

where μ is reduced mass. In dissociation, the C3V geometry
of CF3 group is initially kept while F atom and CF3 recoil
sharply and effectively separate in a short time. Then umbrella
vibration energy of CF3

+ can be distributed from its initial
recoiled kinetic energy. As list in Table II, the experimental
fT for dissociation of X2T1 state at 15.98 and 16.38 eV are
0.67 and 0.54, respectively, which exactly match the direct
ab initio dynamic calculations at the HF/6-311G(d,p) level31

and well compared to the value predicted with the “impulsive
model.” Specially, the mean vibrational energy 〈Ev〉 of CF3

+

fragment ions in DPI process at 15.98 eV is 0.43 eV and high-
J rotational excitation of CF3

+ is not evident. Therefore, the
angle θ between the leaving F atom and the C3V axis of CF3

+

moiety at the moment of dissociation should be about zero,
which is also consistent with the conclusion of direct ab initio
dynamic calculation.31

In addition, it is very interesting that fT for dissociation
of X2T1 state is slightly decreased with excitation energy
increasing as shown in Table II. It is in contrary to a fast
dissociation predicted with the classical “impulsive model”
along a very steep dissociating potential energy surface, in
which the fraction of excess energy is independent on exci-
tation energy. As shown in the schematic F-loss potential en-
ergy curves of CF4

+ (Fig. 6), a shallow minimum (CF3
+. . . F

FIG. 6. Schematic F-loss potential energy curves of the low-lying electronic
states of CF4

+. The molecular structure of CF3
+. . . F complex is calculated

at B3LYP/6-311G* level and shown as well.
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complex) on potential energy surface of X2T1 ionic state
along the C-F bond coordinate was suggested.29–32 At
B3LYP/6-311G* level, the dissociating C-F bond length of
CF3

+. . . F complex is 2.50 Å and the corresponding bond
angle θ (F-C-F) is 91.55◦, which is far away from the
Franck-Condon region. The energy of CF3

+. . . F complex is
slightly lower (5.29 kcal · mol−1) than that of final fragments,
CF3

+(X1A1) + F(2P). Although the density functional theory
is unsuccessful for dispersive interaction in general, it looks
still good for the ground state of CF4

+ and the present results
are in agreement with the high-level ab initio calculations.31

For the CF3
+. . . F complex, the C-F bond length is found at

2.65 Å at MP4SDQ/6-311G(d, p) level, and its binding en-
ergy relative to the dissociation limit is 5.8 kcal mol−1 at the
MP4SDQ/6-311G(d,p)//HF/6-311G(d, p) level.31

Therefore CF4
+(X2T1) ions will probably survive a few

vibrational periods prior to complete dissociation. Especially
in the Franck-Condon allowed lower energy region of X2T1

state, e.g., 15.98 eV or even less, the more notable binding in-
teraction of the shallow well cause dissociation more adiabat-
ically, in which the C-F bonds of CF3

+ fragment are assumed
to be infinitely rigid and hence much more excess energy is
distributed in translation motion. Thus more fractional KE
released is expected for the lower energy CF4

+(X2T1) ions,
which is well consistent with the present experimental con-
clusions. On the other hand, we need to emphasize that the
binding interaction of the complex is too weak to cause disso-
ciating time obviously changed, as implied by the very close
β values at 15.98 eV and 16.38 eV.

G. Dissociation mechanism of CF4
+ in the low-lying

electronically excited states

As indicated by both total KERD and angular distribu-
tion of fragments, dissociation mechanism of CF4

+ ions in
two low-lying electronically excited states, A2T2 and B2E, are
different. The A2T2 state is typical repulsive and adiabatically
correlates to the lowest dissociation channel of CF3

+(X1A1)
+ F(2P) (like X2T1 state). On the contrary, the B2E ionic state
is bound and adiabatically correlates with the excited state
products, which are energetically inaccessible in the present
energy range.

For the A2T2 ionic state, the potential energy surface is
very steep in the Franck-Condon region and no complex is
found along the C-F bond rupture, so that nuclear force drives
CF4

+ ion to dissociate impulsively. As shown in Table II, the
fractional KE released is very close to the value predicted
with the classical “impulsive model.” Moreover, the mea-
sured anisotropic parameter β is 0.95 and larger than that of
X2T1 state, indicating that dissociation of A2T2 state is faster
indeed.

Compared with the cases of the X2T1 and A2T2 states,
dissociation of the CF4

+(B2E) ions is much complicated. As
mentioned above, both the mean total released kinetic en-
ergy 〈ET〉 and its fraction fT of B2E state at 18.48 eV are
remarkably lower than those of A2T2 state at 17.54 eV (in
Table II). Additionally, the maximal total kinetic energy of
fragment dissociated from B2E state is very similar to that

from A2T2 state, although the excess energy is much larger.
Therefore, partial excess energy of B2E state must be released
prior to dissociation.

As the B2E ionic state is adiabatically bound, its dissocia-
tion must occur following internal conversion (IC) or radiative
emission to a lower unbound electronic state. Taking into ac-
count the Franck-Condon factor, the more favorable unbound
lower electronic state is the A2T2 state.20 If CF4

+(B2E) ion
undergoes a primary IC process to A2T2 state, the high rovi-
brationally excited ion may be yielded prior to dissociation
whose internal energy distribution is far from that through
direct photoionization in Franck-Condon region. According
to that the dissociating time along the steep A2T2 state is
only within a few decade femtoseconds, the high rovibra-
tionally excited CF3

+ fragment can be produced and thus
the total kinetic energy released from CF4

+(B2E) is much
lower than that along a direct dissociation process. Follow-
ing a fast dissociation along the steep potential energy sur-
face of A2T2, the invariable fT value is expected (∼0.42
in Table II) for all vibrationally levels in Franck-Condon
region. Therefore the most populated vibrational level of
A2T2 state after decay of CF4

+(B2E) ion can be estimated.
At 18.48 eV (B2E state), the measured 〈ET〉 is 1.09 eV as
shown in Table II, so that the excess energy prior to dissoci-
ation on the A2T2 potential energy surface will be 1.09/0.42
= 2.60 eV. From energy conservation, the mean released in-
ternal energy from B2E can be calculated as 3.77 – 2.60
= 1.17 eV (∼1060 nm), where 3.77 eV is the excess energy
at 18.48 eV above dissociation limit. Through the primary
IC decay of B2E state, the most populated vibrational level
of the yielded A2T2 state prior to dissociation at 18.48 eV
is located at an energy of 17.31 eV (18.48 – 1.17 eV),
which is indeed lower than 17.54 eV (direct dissociation of
A2T2 state as shown in Sec. III D). Thus the mean total re-
leased kinetic energy and fT at 18.48 eV are certainly lower
than those at 17.54 eV, which agrees well with the present
measurement.

On the other hand, as van Sprang and Brongersma
suggested,28 B2E state is long lived with a lifetime of sev-
eral nanoseconds, and hence an emission decay of CF4

+(B2E)
ion seems also possible. CF4

+(A2T2) ion will be produced
through the B2E → A2T2 fluorescence-emission at 18.48
eV. However, as indicated by the present β value (0.51) for
dissociation of CF4

+(B2E) ion, the lifetime of B2E ionic
state should be within picosecond range and much shorter
than that suggested by van Sprang and Brongersma.28 There-
fore, emission-dissociation mechanism seems unreasonable
and too slow to produce the remarkable anisotropic distribu-
tion of CF3

+ fragment. It should be emphasized that the flu-
orescence observed by van Sprang and Brongersma28 could
be due to emission of neutral CF3 or the IR decay of the hot
CF3

+ fragment ion.
Based on the discussion above, the dissociation pathway

of electronically excited states, A2T2 and B2E, can be sum-
marized as follows:

CF+
4 (A2T2)

direct−−−→CF+
3 (X1A1) + F(2P),

CF+
4 (B2E)

IC−−−→CF+
4 (A2T2)

direct−−−→CF+
3 (X1A1) + F(2P).
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Just to be complete, there is no confessed indication to gain-
say fluorescence from B2E state up to now. In fact, the ex-
pected fluorescence wavelength (∼1060 nm) of B2E → A2T2

is beyond the wavelength range of detector (200–900 nm) in
Maier et al.’s experiment, which could cause them to unsuc-
cessfully detect fluorescence.16 To obtain a firm conclusion of
decay mechanism of CF4

+(B2E) ion, a new photoion fluores-
cence coincidence experiment is expected.

IV. CONCLUSION

Dissociative photoionization of CF4 via the low-lying
ionic electronic states, X2T1, A2T2, and B2E, has been in-
vestigated using TPEPICO velocity imaging. In the excita-
tion energy range of 15.40–19.60 eV, three electronic states
are observed in TPES. Only CF3

+ fragment ions are observed
and its TOF profile is appreciably broadened in coincident
mass spectra. Interestingly, both the TOF profile contour and
width of CF3

+ fragment ions dissociated from various elec-
tronic states are different.

3D TPEPICO time-sliced velocity images of CF3
+ frag-

ment ions dissociated from specific internal energy selected
CF4

+ ions are recorded at 15.98, 16.38, 17.54, and 18.48 eV,
respectively. Both kinetic energy released distribution and an-
gular distribution in dissociation of CF4

+ ions have been ob-
tained subsequently. For all the electronic states, X2T1, A2T2,
and B2E, the images of CF3

+ fragments exhibit a parallel dis-
tribution along the polarization vector of photon.

For the X2T1 state, it is interesting that the maximal to-
tal kinetic energy of fragments only slightly increases from
1.28 eV (at 15.98 eV) to 1.40 eV (at 16.38 eV), indicating
that more fractional available energy has been distributed to
internal energy of fragments with excitation energy increas-
ing. Thus a shallow minimum (CF3

+. . . F complex) far away
from Franck-Condon region is proposed on the potential en-
ergy surface of X2T1, so that CF4

+(X2T1) ions should survive
a few vibrational periods prior to complete dissociation. In
addition, the vibrational state population of CF3

+ is assigned
by fitting the KERD curves. The most populated vibrational
state of CF3

+ via DPI at 15.98 eV is located at v2
+ = 4, while

it is increased to v2
+ = 8 at 16.38 eV. Based on the obtained

internal energy distribution of CF3
+ fragments, an adiabatic

appearance potential of AP0(CF3
+/CF4) at 14.71 ± 0.02 eV

has been established and is very consistent with the recent
calculated values.

For the electronically excited states, dissociation mech-
anisms of CF4

+ ions have been proposed with the aid of F-
loss potential energy curves. In A2T2 state, CF4

+ ion disso-
ciates impulsively along the steep potential energy surface to
produce CF3

+ and F fragments, and the corresponding dis-
sociation mechanism is very close to the classical “impulsive
model.” However, dissociation of the bound B2E state is more
complicated. The maximal total kinetic energy of fragment
dissociated from B2E state is very similar to that from A2T2

state, and moreover both 〈ET〉 and fT are far lower than those
for dissociation of CF4

+(A2T2) ions. Therefore, a two-step
dissociation mechanism is suggested as follows: B2E state ini-
tially converts to the lower A2T2 state via internal conversion,

then CF4
+ ion dissociates to CF3

+ and F fragments along the
steep potential energy surface of A2T2 state.
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