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A B S T R A C T   

In this work, we performed a joint study of threshold photoelectron spectroscopy and density functional cal-
culations on photoionization of CF2Cl2. Using the optimized geometries and vibrational frequencies of the CF2Cl2 
neutral and cation in ground state at the ωB97XD/cc-pVTZ level, the Franck-Condon simulation was performed 
for the X2B2 band. Based on the great agreements between the experimental and simulated spectra, the observed 
vibrational progressions of the CF2Cl2(X1A1) → CF2Cl2+(X2B2) transition are well assigned, leading to a corrected 
adiabatic ionization energy of 11.565 ± 0.010 eV. The enthalpies of formation and C-Cl bond energies of CF2Cl2 
neutral and cation are then calculated, respectively.   

1. Introduction 

Dichlorodifluoromethane (CF2Cl2), commonly referred to as Freon 
12, has been widely applied as refrigerant, aerosol propellant, plasma- 
processing agent and so on. Notably, CF2Cl2 plays a major role in 
depleting ozone layer in the stratosphere [1–3], as it can undergo 
dissociation by solar ultra-violet (UV) light to yield halogen atoms, 
especially the Cl atom [4–9]. Hence, the electronic structure and 
photodissociation of CF2Cl2, as well as its some analogues [10–13], have 
drawn extensive attentions. In comparison to the neutral molecule, in-
vestigations on the CF2Cl2+ dissociation are limited, although the disso-
ciative photoionization of CF2Cl2 under the action of vacuum UV (VUV) 
photons in ionosphere is also an important source of halogen atoms. 
Thus, an in-depth understanding of the dissociation of CF2Cl2+ cation is 
worthy of greater concerns. 

As fundamental parameters, ionization energy and vibrational fre-
quencies are crucial to study molecular structures. Moreover, those ac-
curate values are also essential for correctly modeling the related 
physics and chemistry. In past decades, for obtaining these accurate 
values of the CF2Cl2 neutral and cation, many experimental approaches 
were applied, e.g. electron-impact mass spectrometry (EI-MS) [9], 
photoionization mass spectrometry (PI-MS) [6,7], photoelectron 

spectroscopy (PES) [14–17], electron momentum spectroscopy (EMS) 
[18,19], VUV absorption and fluorescence spectroscopy [20], and 
threshold photoelectron-photoion coincidence (TPEPICO) spectroscopy 
[5]. Moreover, several theoretical methods were also performed to 
calculate geometries, vibrational frequencies, and dissociation limits of 
CF2Cl2+ cation, for example, Hartree-Fock (HF) [21], multireference 
configuration interaction (MRCI) [22], and complete active space self- 
consistent field (CASSCF) and multi-configuration second-order 
perturbation theory (CASPT2) [23,24]. Table 1 summarizes the adia-
batic ionization energies (AIEs) reported in experimental and theoretical 
studies. It is worth noting that these data show a large bias in different 
measurements. 

Watanabe, Nakayama, and Mottl first reported ionization energies of 
about three hundred molecules including CF2Cl2 in a photoionization 
study without mass analysis [26]. Using PI-MS, Ajello et al. [6] observed 
an AIE of 11.75 eV and an AP(CF2Cl+) of 11.99 eV in the photoionization 
efficiency curve of CF2Cl2. With the same approach, Jochims et. al. [7] 
reported an AIE of 11.75 eV and an AP(CF2Cl+) of 12.10 eV. Later, Sheng 
et al. [25] determined these two values as 11.84 ± 0.05 eV and 12.05 ±
0.10 eV from the photoionization efficiency curve with synchrotron 
light source. In 1993, Pradeep et al. measured PES of a CF2Cl2 molecular 
beam using He-I light, and obtained the AIE values of 11.734, 13.078, 
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and 14.126 eV for the X, B and D ionic states, respectively [14]. 
Vibrational frequencies of the ν3

+ and ν4
+ modes for the X state, the ν1

+ and 
ν4
+ modes for the B state, and the ν3

+ mode for the D state, were also 
achieved based on their vibrational analyses, where these four modes 
were all total symmetric. The vertical ionization energies (VIEs) are 
reported to be 12.28, 12.55, 13.14, 13.45, and 14.41 eV for the five 
lowest-lying states in the TPES of Seccombe et al. [5], very close to the 
PES result of Cvitas et al. [15]. Moreover, Cvitas et al. also reported the 
vibrational progressions of 280 cm− 1 in X, 1090 cm− 1 and 540 cm− 1 in 
B, and 360 cm− 1 in D states. In addition, the calculated AIE values are 
slightly inconsistent at the different level of theory, as shown in Table 1. 

According to the AIE definition, it should be determined as the 0–0 
band origin in experimental TPE spectra, or be calculated as the energy 
difference between the neutral and cation after zero-point energy cor-
rections, each at its own optimized geometry. Therefore, a correct 
vibrational assignment is essentially crucial to determine an accurate 
AIE value in experiment, and provides a reasonable illumination for the 
previous disagreement. For this purpose, a new TPEPICO experiment 
has been conducted at the Hefei Light Source in this work. According to 
its multipurpose advantages [12,27], the TPE spectrum of CF2Cl2 is 
recorded with a relatively high resolution. Thanks to its specially 
designed ion optics, energetic electrons are efficiently suppressed in TPE 
spectra, providing more distinct vibrational structures. Thus, using this 
powerful experimental approach of photoionization, the AIE and VIE 
values of CF2Cl2 are reliably determined according to Franck-Condon 
factor (FCF) simulations with the aid of high-level quantum chemical 
calculations on the optimized geometries and vibrational frequencies of 
neutral and cation in ground state. Additionally, this joint study pro-
vides clues to evaluate energetics of the CF2Cl2 neutral and cation, like 
the enthalpy of formation and the C-Cl bond energy. 

2. Experimental and theoretical methods 

The TPE spectrum of CF2Cl2 in gas phase was measured using the 
TPEPICO velocity imaging spectrometer at the BL09U beamline in the 
Hefei Light Source, China. Details of the beamline and this apparatus 
have been described elsewhere [27], thus, only a brief introduction is 
given herein. The VUV photons from an undulator of an 800 MeV 
electron-storage ring were dispersed with a 6 m long monochromator. 
The present experiment was conducted in the photon energy range of 
11.50–15.00 eV with a resolution power (E/ΔE) of ~ 2000 at 15 eV. 
More than 99% of the higher-order harmonic radiation was absorbed by 
a gas filter full of neon gas placed in front of the TPEPICO chamber. The 
absolute photon energy was calibrated using the well-known ionization 
energies of argon and neon [27], and the photon flux was detected with 
a silicon photodiode. 

The CF2Cl2 (99.99%) gas mixed in helium (1/9 V/V) was introduced 
into the vacuum chamber through a 30 μm-diameter nozzle with a 
stagnation pressure of 1.2 atm. Then, the molecular beam was colli-
mated by a 0.5 mm-diameter skimmer, then intersected with the VUV 
beam at 10 cm downstream from the nozzle. The backing pressures in 

the source and ionization chambers were 2 × 10− 3 Pa and 2 × 10− 5 Pa, 
respectively, with the molecular beam on. Photoelectrons and photoions 
were driven in opposite directions by a direct current extraction field 
(~15 V/cm). A specially designed ion optics was used to collect and map 
the velocity images of electrons and ions simultaneously [27]. A mask 
with a 1 mm-diameter hole and a concentric ring was placed in front of 
the electron detector at the end of flight tube. According to the velocity 
focus effect, the electrons with zero-kinetic energy could pass through 
the hole and were recognized as “threshold photoelectrons”, meanwhile, 
the energetic electrons with an initial momentum towards the electron 
detector also could be detected to contribute the “false” threshold 
photoelectrons. Since those energetic electrons with a perpendicular 
momentum would partially pass the ring of the mask, their intensity 
were used to subtract this contamination in TPE spectra by those “false” 
threshold photoelectrons, as described previously [28]. Additionally, 
using photoelectrons to trigger time-of-flight (TOF) measurements of 
ions, the TPEPICO mass spectrum was recorded. 

To interpret the TPE spectrum of CF2Cl2, geometry optimizations and 
vibrational frequency analyses of the CF2Cl2 neutral and cation were 
performed with the density functional theory (DFT) using the cc-pVTZ 
basis set. To evaluate accuracies of theoretical levels, two high-level 
DFT methods were applied, ωB97XD [29] and M06-2X [30], and 
compared with the previous ab initio calculation results like HF [21], 
MRCI [22], and CASSCF and CASPT2 [23,24]. Using the optimized ge-
ometries, the AIE value was calculated with ZPE corrections. 

Based on the optimized geometries, harmonic frequencies, and 
normal-mode vectors for CF2Cl2(X1A1) and CF2Cl2+(X2B2), the Franck- 
Condon (FC) factors calculations were carried out as the overlaps be-
tween initial and target vibrational states in a harmonic approximation 
using the ezSpectrum program [31]. Then, the TPE spectrum of 
CF2Cl2+(X2B2) was simulated with a certain full width at half maximum 
(FWHM), in which the calculated AIE value was slightly shifted to 
greatly match the experimental spectrum. It is worth noting that the 
comparison between the simulated and experimental spectra was 
mainly done at the rising edge, since the non-harmonic effects of 
vibrational frequencies would lead to some obvious deviations at the 
high-energy side. As a result, the observed vibrational progressions of 
this photoionization electronic transition of CF2Cl2(X1A1) → 
CF2Cl2+(X2B2) were reliably assigned. Therefore, an accurate AIE value 
was derived from the vibrational assignment as the 0–0 band origin. All 
the quantum chemical computations were performed with the Gaussian 
16 program package [32]. 

3. Results and discussion 

3.1. Threshold photoelectron spectrum of CF2Cl2 

In a TPE spectrum measurement, threshold photoelectrons are pro-
duced and collected at various photon energies with a tunable VUV light 
source, and the vibrational peak intensity is proportional to the product 
of the FC factors and the electronic transition cross sections from neutral 
to cation. Besides, the auto-ionization of Rydberg states always accom-
panies with those direct ionization processes, leading to a certain 
contamination in TPE spectra, especially in a FC gap between adjacent 
ionic states. In comparison to TPE spectra, photoelectron spectra are 
usually measured using a fixed energy light source like He-I, and the 
electron energy is analyzed with a dispersive energy analyzer. Thus, the 
auto-ionization of Rydberg states is excluded in the spectra due to 
different transition cross sections. Therefore, the original TPE spectrum 
recorded in our experiment was normalized using the measured photon 
flux, and then modified according to the spectral intensities in FC gaps in 
the previous He-I photoelectron spectra [14,15]. Fig. 1 shows the 
revised TPE spectrum of CF2Cl2 in the photon energy range of 
11.50–12.80 eV, with a step size of 5 meV. 

Two electronic bands with different vibrational structures were 
observed in Fig. 1. The overall peak positions and relative intensities of 

Table 1 
Adiabatic ionization energy (AIE, eV) of CF2Cl2 reported in experimental and 
theoretical studies.   

Expt. Theo. 

PI-MS from Ref. [6] 11.75  
PI-MS from Ref. [7] 11.75  
PI-MS from Ref. [25] 11.84 ± 0.05  
PES from Ref. [14] 11.734  
TPES/TPEPICO, this work 11.565 ± 0.010  
HF from Ref. [21]   11.66 
G2(MP2) from Ref. [25]   11.81 
B3LYP/6–311++G(d,p), this work   11.63 
M06-2X/cc-pVTZ, this work   11.72 
ωB97XD/cc-pVTZ, this work   11.53  
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the two bands are generally consistent with the Seccombe et al.’s TPE 
spectrum [5], but more abundant details of vibrational structures are 
recorded, providing more clues for determining adiabatic ionization 
energies and vibrational frequencies as the following discussions. 
Moreover, the major spectral properties also agree with the He-I 
photoelectron spectra [14,15], regardless of resonance positions and 
relative intensities. According to the conclusions of TPE [9] and 
photoelectron [14,15] spectra, these two bands are readily assigned to 
the X2B2 and A2A2 states of CF2Cl2+ cation, respectively. 

As shown in Fig. 1, the X2B2 band starts from ~ 11.75 eV and 
overlaps with the A2A2 band at ~ 12.45 eV. A well-resolved vibrational 
progress with an interval of ~ 0.035 eV can be observed at the rising 
edge of X2B2, while the peaks at the higher-energy side show slightly 
wider profiles. Table 2 lists those discernible peak positions of X2B2. 
Apparently, there is a large energy difference of 0.455 eV between the 
onset (the peak noted with a pink arrow in Fig. 1) and the peak 
maximum (at 12.210 eV), indicative of a serious geometry change in 
photoionization. In this case, it is difficult to simply assign this threshold 
onset to the X2B2 band origin (i.e. AIE), due to the unfavorable FC factor 
of band origin (probably too weak to be detected in experiment). 

Moreover, the lowest fragmentation channel for dissociative photoion-
ization of CF2Cl2 is to produce CF2Cl+(X1A1) + Cl(2P), with the 
appearance energy of ~ 12.0 eV, while the second dissociation limit of 
CFCl2+(X1A1) + F(2P) was measured to be much higher and beyond the 
present photon energy range [5–9]. Consequently, except for the onset 
region, the fragmentation of CF2Cl2+ is open in the whole energy range of 
X2B2, resulting in the broadening of vibrational peaks in some degree. 
This broadening becomes more obvious in the A2A2 band, where a wide 
and intense peak is located at 12.500 eV, overlapping with a slightly 
weaker shoulder. There are no vibrational peaks able to be obviously 
discerned for the A2A2 band in Fig. 1. The whole A2A2 band starts from 
~ 12.43 eV, and generally agrees with the previous spectra [5,14,15]. 
Such wide vibrational peak profiles strongly indicate the dissociative 
character of A2A2 in FC region. 

3.2. TPEPICO time-of-flight spectrum 

Although the CASSCF and CASPT2 calculations confirmed the local 
minimum property of both X2B2 and A2A2 states [23,24], CF2Cl2+ parent 
ions were hardly observed in the previous experiments [5–9]. This 
contradiction might be due to their relatively shallow wells in compar-
ison to the CF2Cl2+ internal energy yielded in the FC photoionization. 
Therefore, to validate the existence of CF2Cl2+ cations, the TPEPICO TOF 
mass spectra were measured at various photon energies, especially near 
the threshold onset. Fig. 2 shows the recorded mass spectra at seven 
representative photon energies, e.g. 11.915, 11.945, 11.975, 12.155, 
and 12.270 eV for the X2B2 band, and 12.525 and 12.670 eV for A2A2, 
respectively. 

At the photon energy below 12.155 eV, the CF2
35Cl35Cl+ (m/z 120) 

and CF2
35Cl37Cl+ (m/z 122) parent ions were observed at 22.56 and 

22.75 μs, respectively, in Fig. 2, with nearly intensity ratio of 3:1 and a 
FWHM of ~ 59 ns, whereas the CF2

37Cl37Cl + (m/z 124) cation was not 
detected due to its considerably low abundance. As we expected, the 
parent ions soon disappeared with the increase of photon energy. The 
CF2Cl+ fragment ions (m/z 85 for CF2

35Cl+ and m/z 87 for CF2
37Cl+), 

which were located at 18.96 and 19.19 μs, respectively, began to appear 
at 11.945 eV. Due to kinetic energy release in dissociation, the TOF 
distribution of CF2Cl+ was much broadened in contrast to that of the 
parent ion. Their relative intensities agree with the natural isotopic 
abundance of chloride atom (35Cl:37Cl = 3:1). Our results undoubtedly 
verify that the X2B2 ionic state is stable with a shallow well indeed. It is 

Fig. 1. Threshold photoelectron spectrum of CF2Cl2 in the photon energy range 
of 11.50–12.80 eV, with a step size of 5 meV. The onset peak was labeled with a 
pink arrow. 

Table 2 
Vibrational peak positions and their assignments of threshold photoelectron 
spectrum corresponding to the transitions of CF2Cl2(X1A1,v = 0) → 
CF2Cl2+(X2B2,ν+).  

Peak 
positions 
/eV 

Energy 
relative 
to the 
first 
peak 
/cm− 1 

assignment 
(ν1

+,ν2
+,ν3

+,ν4
+) 

Peak 
positions 
/eV 

Energy 
relative 
to the 
first 
peak 
/cm− 1 

assignment 
(ν1

+,ν2
+,ν3

+,ν4
+)  

11.755 0 (0,0,0,5) 12.175 3388 (0,0,0,19)  
11.785 242 (0,0,0,6) & (1,0,0,14)  
11.815 484 (0,0,0,7) 12.210 3670 (1,0,0,15)  
11.850 766 (0,0,0,8) & (0,0,0,20)  
11.880 1008 (0,0,0,9) 12.240 3912 (1,0,0,16)  
11.915 1290 (0,0,0,10) & (0,0,0,21)  
11.945 1532 (0,0,0,11) 12.265 4113 (1,0,0,17)  
11.975 1774 (0,0,0,12) & (0,0,0,22)  
12.005 2016 (0,0,0,13) 12.295 4355 (1,0,0,18)  
12.035 2258 (0,0,0,14) & (0,0,0,23)  
12.070 2541 (0,0,0,15) 12.325 4597 (1,0,0,19)  
12.095 2742 (0,0,0,16) & (0,0,0,24)  
12.125 2984 (0,0,0,17) 12.350 4799 (1,0,0,20)  
12.150 3186 (0,0,0,18) & (0,0,0,25)  

Fig. 2. TPEPICO time-of-flight mass spectra for the dissociative photoioniza-
tion of CF2Cl2 at a few representative photon energies, e.g., 11.915, 11.945, 
11.975, 12.155, 12.270, 12.525, and 12.670 eV, respectively. 
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worth noting that the elusive parent ions solely were observed in a 
narrow range of 11.915–11.975 eV (in Fig. 2), where these three en-
ergies corresponded to the adjacent vibrational peaks in Fig. 1. Although 
the AIE value is probably located at a lower photon energy, the further 
detection below 11.915 eV is indeed limited by the insufficient instru-
mental sensitivity. Moreover, this appreciably narrow observable range 
of the parent ion CF2Cl2+, on the other hand, impedes the plotting of the 
fractional abundances of the parent and fragment ions in a breakdown 
diagram, but we can directly determine the appearance energy, AP 
(CF2Cl+/CF2Cl2), as 11.945 ± 0.010 eV. Thanks to the advantages of 
molecular beam in the present measurement and more discernible 
vibrational structure in Fig. 1, our AP(CF2Cl+) value is reliable enough 
within its uncertainty, which is greatly consistent with the Seccombe 
et al.’s value (11.95 ± 0.05 eV) [5] and the other previous data (11.96 ±
0.03 eV [8], 12.05 ± 0.10 eV [25]). Additionally, no parent ions were 
residual in the energy range of A2A2, validating its dissociative feature in 
the FC photoionization. The TOF profile of CF2Cl+ maintains a same 
shape with a gradually increased width. 

3.3. Geometry, energy and vibrational frequencies of CF2Cl2+(X2B2) 

In previous studies [14,25], the AIE value of CF2Cl2 was usually 
obtained by adding the instrumental resolution to the electron binding 
energy at the crossing point between the onset of spectral band and the 
baseline in TPE or photoionization efficiency spectra. However, in 
principle the AIE value should be exactly located at the 0–0 transition. 
Apparently, due to a large geometry change upon photoionization, it is 
difficult to directly determine AIE of the X2B2 state in Fig. 1, due to lack 
of vibrational assignments (the 0–0 transition might be too weak to be 
observed). By contrast, measuring VIE is much easier, which is just 
located at the peak maximum in TPE spectra. In Fig. 1, the VIE values of 
the X2B2 and A2A2 states are readily determined to be 12.210 and 
12.500 eV, respectively, which are in general agreement with the pre-
vious data [5,15]. 

To achieve a reliable assignment of TPE spectra, the FC simulation 
spectrum is the best solution, in which molecualr geometries and har-
monic vibratioanl freqeuncies of neutral and cation are necessary. Fig. 3 
shows the optimized geometries of the CF2Cl2 neutral and its cation in 
the ground state at the ωB97XD/cc-pVTZ level of theory. The optimized 
geometries at the different levels of theory are generally consistent as 
shown in Table S1 of the supporting information, e.g. M06-2X/cc-pVTZ, 
HF/MIDI-4 [21], CASSCF/ANO-L and CASPT2//ANO-L [23]. As shown 
in Fig. 3, the two C-F bond lengths are shorten from 1.324 Å in neutral to 
1.279 Å in cation, while the other C-Cl bond are elongated to 1.808 Å 
upon ionization, indicative of the weaker C-Cl interaction in the cation. 
Actually, this weakening of C-Cl bonds leads to the less stable cation and 
the lower dissociation limit, as indicated in experiments. Besides the 

bond length changes, the bond angle of Cl-C-Cl is dramatically decreased 
from 111.4◦ in neutral to 89.3◦ in cation. These geometrical variations in 
the photoionization process strongly indicate that the scissoring mode of 
CCl2 group (ν4

+ in Fig. 4) predominates, accompanying with considerable 
excitations of C-F and C-Cl symmetric stretching. More importantly, this 
appreciable geometrical distortion would result in a very small FC factor 
for the 0–0 transition, accounting for the gentle rising edge of the X2B2 
band in TPE spectrum and the large difference between AIE and VIE (c.a. 
0.6 eV). 

In addition, as listed in Fig. 3, the two highest occupied molecular 
orbitals (HOMO and HOMO-1) of the neutral CF2Cl2 molecule pre-
dominantly consist of the p orbitals of chlorine atoms. Once an electron 
is removed from them, the cation in the X2B2 or A2A2 states is produced. 
Thus, the corresponding electron density distribution of molecular 
orbital implies that the electron being removed from an arbitrary 
halogen will indeed strengthen repulsive interaction between the spe-
cific halogen and the carbon atom, thus inducing the cleavage of C-Cl 
bond, which reasonably interprets the dissociative photoionization of 
CF2Cl2+(X2B2) cation.5 

Besides the ν4
+ vibrational mode, there are the other three total 

symmetric modes which can probably be excited in photoionization, 
while all asymmetric vibrational modes are forbidden [14–16,21]. Fig. 4 
lists all these four total symmetric vibrational modes. Besides the ν4

+

mode mentioned above, the ν3
+ mode is dominantly contributed by 

combination of the C-F-C scissoring and the C-Cl stretching, while the ν2
+

and ν1
+ modes primarily correspond to the carbon atom motion along the 

C2v symmetric axis of molecule, combined with the C-F bond scissoring 
or shrinking. 

Table 3 summarizes the calculated frequencies of these four vibra-
tional modes at several different levels. In general, the HF and CASSCF 
levels predict the higher frequencies than those of M06-2X and ωB97XD 
by about 8%, although the optimized structures are similar. Compared 
with the previously reported vibrational frequencies in experiment [14], 
both DFT calculations (M06-2X and ωB97XD) show the better agree-
ment. Therefore, the FC factor calculation and simulation of TPE spec-
trum were performed using the ωB97XD data in the following section. 

3.4. Franck-Condon simulated TPE spectrum 

Using the optimized geometries, harmonic frequencies, and normal- 
mode vectors for the CF2Cl2 neutral and cation in the ground state, the 
FC factors were calculated and shown as the colorized sticks in Fig. 5. It 
is worth noting that less anharmonic effects are included in the lower 
energy side of TPE spectrum, thus the FC simulation was paid more 
attention to the rising-edge part in TPE spectrum according to the har-
monic approximation in FC factor calculations. Thus, based on the 
calculated FC factors, the TPE spectrum was simulated with a FWHM of 
200 meV at room temperature, and was compared with the experimental 
one, considering the instrumental resolution and predissociative 
broadening of vibrational peaks. 

Fig. 5 plots the simulated TPE spectrum for the transition of 
CF2Cl2(X1A1) → CF2Cl2+(X2B2), in comparison to the experimental one. 
The simulated band is apparently wider than the experimental one due 
to ignoring anharmonic effects, but the whole band and vibrational peak 
profiles exactly agree with each other. As shown in Fig. 5, the excitations 
of three vibrational modes, ν1

+, ν2
+, and ν4

+, are dominantly involved in 
this X2B2 band as suggested by the geometrical variation from neutral to 
cation, thus, three series of vibrational progressions, 0 → nν4

+, 0→(1ν1
+, 

nν4
+), and 0→(1ν2

+,nν4
+) (n = 5–28), are observed in Fig. 5. Among them, 

the sole vibrational excitation of the ν4
+ mode almost covers the whole 

band, and the strongest transition is located at n = 16. In comparison to 
the other combination vibrational bands of 0→(1ν1

+,nν4
+) and 0→(1ν2

+, 
nν4

+), the rising edge of the X2B2 band is almost entirely contributed by 
the 0 → nν4

+ transitions as indicated in the red sticks of Fig. 5, thus 
providing a perfect candidate to validate our FC simulations. As shown 
in Fig. 5, an excellent agreement was obtained between the 

Fig. 3. Optimized geometries of the CF2Cl2 neutral and its cation in the ground 
state at the ωB97XD/cc-pVTZ level of theory, as well as the HOMO and HOMO- 
1 orbitals of neutral, where the bond lengths (R) are in unit of Å and the bond 
angles (Θ) are in degree. 
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experimental and simulated spectra in the low-energy side, by a slight 
shift of the calculated AIE. To our surprise, the experimental threshold 
onset (11.755 eV) just corresponds to an overtone excitation of 0 → 5ν4

+, 
based on our FC simulation. The 0–0 band origin and the lower-energy 
transitions of 0 → nν4

+ (n = 1–4) are too weak to be observed, due to such 
a large structural change in photoionization. Thus, thanks to the excel-
lent agreement of the FC simulation at the rising edge (especially in the 
region of less than 12.0 eV photon energy), those vibrational peaks 
observed in experiment can be assigned and listed in Table 2. It is worth 
noting that the anharmonic effects should be not negligible for those 
high vibrational excitations, although our FC simulation with the har-
monic approximation did not consider them. Hence, we manually 
adjusted those calculated high vibrational peak positions to match the 
experimental peaks as closely as possible. Then, using the assigned 
transitions of 0 → nν4

+ (n = 5–16) in Table 2 (those have less influences 
from the other combination bands), the band origin of 0–0 transition is 
eventually determined to be 11.565 ± 0.005 eV, i.e. AIE, referring to the 
formula of vibrational state energy, En = E0 +

ωe

(

n+1
2

)

− ωeχe

(

n + 1
2

)2
, in cm− 1, where ωe and ωeχe are the vibra-

tional frequency and the anharmonic parameter of the ν4
+ mode. The ωe 

and ωeχe are determined to be 283 and 1.44 cm− 1, respectively, which 
are considerably different from the values (266 and 12.1 cm− 1) sug-
gested by Predeep and Shirley [14]. Since these previous values were 
simply derived from the energy intervals of peaks without reliable 
spectral assignments, we believe our ωe and ωeχe values are more cred-
ible and firmly established. Furthermore, using the new vibrational as-
signments in Table 2, the AIE value of CF2Cl2 is corrected to be 11.565 ±
0.010 eV, which is obviously lower than those previous experimental 
data in Table 1, and greatly agree with our calculated values at the 
ωB97XD/cc-pVTZ level. The uncertainty of 0.010 eV comes from a 
combination error in the VUV energy resolution (ca. 7 meV) and the 
spectral fitting. In addition, the present assignments also provide a 
reasonable explanation for the inconsistence between theoretical and 
previously experimental data. 

In addition to the dominant transition of 0 → nν4
+ in the lower-energy 

side, the other two combination vibrational progressions of 0→(1ν1
+, 

nν4
+) and 0→(1ν2

+,nν4
+) have more significant contributions to the higher 

energy moiety of the X2B2 band, as shown in Fig. 5. The 0→(1ν1
+,nν4

+) 
transitions have approximately equivalent energies with the 0→(1ν2

+,(n 
+ 2)ν4

+) ones but display stronger FC intensities. The most intense 
vibrational peak among this combination progression of 0→(1ν1

+,nν4
+) is 

calculated still at n = 16 (Fig. 5), which agrees with the sole 0 → nν4
+

transitions. As listed in Table 2, seven discernible vibrational peaks in 
the high-energy side of X2B2 are inclined to be attributed to this com-
bination progression. Moreover, the gap between the 0 → nν4

+ peak and 
the adjacent 0→(1ν1

+,(n − 5)ν4
+) one is approximately 0.016 eV as 

indicated by the blue and red sticks in FC simulated spectrum, which is 
in general agreement with the energy interval of ~ 0.016 eV between 
the adjacent peaks of different vibrational progressions observed in the 
Predeep and Shirley’s photoelectron spectra. [14]. This agreement 

Fig. 4. The four total symmetric vibrational modes of the CF2Cl2 neutral and cation, where the yellow arrows represent the vibrational displacement vectors 
of atoms. 

Table 3 
Vibrational frequencies (cm− 1) of the total symmetric vibrational modes for the 
CF2Cl2+(X2B2) cation, calculated at the different quantum chemical levels of 
theory.   

Theo.  Expt. 

Mode HFa CASSCFb M06-2X ωB97XD  PESc Present 

ν1
+ 1322 1301 1235 1228  1204 1282 

ν2
+ 753 733 710 705  – – 

ν3
+ 498 471 466 462  – – 

ν4
+ 303 283 277 270  266 283 

a. from Ref. [21]. 
b. from Ref. [23]. 
c. from Ref. [14]. 

Fig. 5. Experimental and Franck-Condon simulated TPE spectra of CF2Cl2 in 
the X2B2 ionic state, using the optimized geometries, vibrational frequencies, 
normal coordinates calculated at the ωB97XD/cc-pVTZ level of theory. The red, 
blue, and green sticks correspond to the 0 → nν4

+, 0→(1ν1
+,nν4

+), and 0→(1ν2
+, 

nν4
+) transitions, respectively. 
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further verifys the reliability of the FC simulation and helps us to correct 
their vibrational assignments of the other progressions, such as 0→(2ν2

+, 
nν4

+). Taking this advantage, we can readily acquire the v1
+ value as 

1282/1204 cm− 1 in our/their experiments using 5ν4
+ − ν1

+ = 0.016 eV. In 
addition, the other transitions, denoted with grey sticks in Fig. 5, pre-
dominantly contribute in relatively higher energy region. Since the 
spectrum in this region may include too many complicated combination 
vibrations and more serious anharmonic effects, the FC simulated 
spectrum in the harmonic approximation is not reliable enough to pro-
vide satisfying assignments, meanwhile, the overlapping from the A2A2 
excited state further aggravates this uncertainty. 

3.5. Enthalpies of formation and C-Cl bond energies of CF2Cl2 neutral 
and cation 

Based on the present AIE of CF2Cl2 and the AP(CF2Cl+/CF2Cl2) 
values, we can easily calculate the C-Cl bonding energy of CF2Cl2+ cation 
as BE(C-Cl in CF2Cl2+) = AP(CF2Cl+/CF2Cl2) − AIE(CF2Cl2) =

11.945–11.565 = 0.380 ± 0.010 eV, which is larger than the Sheng 
et al.’s data [25]. In addition, using the reported ΔfHo

298K(CF2Cl+,g) of 
549.5 ± 3.4 kJ∙mol− 1 [33] and ΔfHo

298K(Cl) = 121.302 ± 0.0011 
kJ∙mol− 1 [34], the enthalpy of formation of CF2Cl2+, ΔfHo

298K(CF2Cl2+, 
g), can be calculated as ΔfHo

298K(CF2Cl2+,g) = ΔfHo
298K(CF2Cl+, g) +

ΔfHo
298K(Cl) − BE(C-Cl in CF2Cl2+) = 633.7 ± 4.4 kJ∙mol− 1. 

There are a few inconsistent AIE values of CF2Cl free radical in lit-
eratures, e.g. 8.30 [35] and 9.0 ± 0.5 eV [36] in experiments, 8.41 eV at 
G2MP2 level [25] and 8.51 eV at G3X level [37]. Thus, we prefer to 
obtain it indirectly from thermochemistry. Using the early reported 
enthalpy of formation of CF2Cl free radical, ΔfHo

298K(CF2Cl,g) =
–269.03 ± 8.37 kJ∙mol− 1 [38], AIE(CFCl2) can be calculated as 
ΔfHo

298K(CF2Cl+,g) − ΔfHo
298K(CF2Cl,g) = 549.5–(–269.03) = 818.5 ±

11.8 kJ∙mol− 1 = 8.48 ± 0.12 eV. Following this value, the C-Cl bonding 
energy of the neutral CF2Cl2 molecule is determined to be BE(C-Cl in 
CF2Cl2) = AP(CF2Cl+/CF2Cl2) -AIE(CF2Cl) = 11.945–8.48 = 3.49 ±
0.13 eV. 

Additionally, according to the unimolecular decomposition reaction 
of CF2Cl2 → CF2Cl + Cl, the C-Cl bonding energy of CF2Cl2, BE(C-Cl in 
CF2Cl2), can be calculated as the following equation 

BE(C-Cl in CF2Cl2) = ΔfHo
298K(CF2Cl,g) + ΔfHo

298K(Cl)- 
ΔfHo

298K(CF2Cl2, g). 
In the ATcT database [34], ΔfHo

298K(CF2Cl2, g) is reported to be 
–493.65 ± 0.67 kJ∙mol− 1. Thus, BE(C-Cl in CF2Cl2) is equal to 345.92 ±
9.04 kJ∙mol− 1, i.e. 3.59 ± 0.09 eV, which generally agrees with the 
value of 3.64 ± 0.10 eV reported by Sheng et al. [25] and the derived 
value (3.69 ± 0.04 eV) from the reaction of CF2Cl2(+M) → CF2Cl + Cl 
(+M) [39]. In comparison to those of the other chlorofluorocarbons, e.g. 
CFCl3 (BE = 3.32 ± 0.02 eV from RRKM calculation [40], 3.44 ± 0.19 eV 
from TPEPICO measurement [41]), and CF3Cl (BE = 3.73 ± 0.01 eV 
from TPEPICO experiment [10], 3.86 ± 0.07 eV from RRKM calculation 
[42]), the C-Cl bonding energy exhibits a monotonically increasing 
sequence along CFCl3 → CF2Cl2 → CF3Cl, which is consistent with the 
fact that the more fluorine atoms, the weaker C-Cl bond in chlorofluo-
rocarbons is, due to the stronger electronegativity of fluorine atom. 

4. Conclusion 

In this work, we measured the TPE spectrum of CF2Cl2 molecule 
within the photon energy range of 11.50–12.80 eV. According to the 
previous assignments, the contributions from two low-lying electronic 
states of CF2Cl2+ cation, X2B2 and A2A2, were identified, in which the 
X2B2 band exhibited well-resolved vibrational structures. Using the 
ωB97XD density functionals with the cc-pVTZ base set, the geometries 
and vibrational frequencies of the CF2Cl2 neutral and cation in ground 
state were computed. The FC factors were then calculated for the 
possible vibrational transitions of CF2Cl2(X1A1) → CF2Cl2+(X2B2). Based 
on the great agreement between the experimental and FC simulated 

spectra, the observed vibrational structures are well assigned. Interest-
ingly, the threshold onset (11.755 eV) in the experimental spectrum is 
not the band origin of 0–0 transition as assigned in previous studies, and 
corresponds to the overtone excitation of 0 → 5ν4

+. Therefore, AIE of 
CF2Cl2 is corrected to 11.565 ± 0.010 eV, and the ν1

+ and ν4
+ frequencies 

of X2B2 are determined, too, according to our spectral assignment of the 
vibrational progression. In addition, the enthalpies of formation and C- 
Cl bond energies of CF2Cl2 neutral and cation are calculated with the aid 
of the present AIE and AP values. 

The present study is a good example to show the application of FC 
simulation on accurate AIE measurement. Especially, when the molec-
ular geometry is significantly changed in photoionization, the threshold 
onset might not correspond to the band origin of 0–0 transition. As 
shown in the recent investigations [13,43–48], this combined method of 
experimental TPE spectra and FC simulation not only provides a 
powerful tool to accurately determine ionization energy (IE) or electron 
affinity (EA) values, but also becomes a more effective strategy for 
assessing the reliability of computation methods. 
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