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A B S T R A C T   

Threshold photoelectron spectroscopy and density functional theory calculations were performed on dichlorodifluoromethane (CF2Cl2) in the photon energy range of 
11.70–13.90 eV. Using optimized geometries and vibrational frequencies of the CF2Cl2 neutral and the corresponding cation in the B2B1 and C2A1 states at the 
ωB97XD/aug-cc-pVTZ level of theory, the Franck-Condon factor simulation was conducted for these two bands. According to the great agreement between exper-
imental and simulated spectra, the observed vibrational progressions of the B2B1 band was reliably assigned, where the 0–0 transition band indicated a precise 
adiabatic ionization energy (AIE) towards the B2B1 ionic state of 13.150 ± 0.005 eV. The three symmetric vibrational frequencies of B2B1 were determined to be ν1

+ =

1170 cm− 1, ν2
+
= 645 cm− 1, and ν4

+
= 242 cm− 1, respectively. Similarly, the AIE towards the C2A1 ionic state was suggested to be 13.340 eV, based on its plausible 

Franck-Condon simulation.   

1. Introduction 

Dichlorodifluoromethane (CF2Cl2) has been extensively used in in-
dustry as a plasma-etching agent, refrigerant, solvent, aerosol propellant 
or blowing agent [1–3]. Meanwhile, it has been known as a typical 
greenhouse gas due to its strong ozone-depleting substance role in the 
stratosphere[4–7]. Ionization energy (IE) and dissociation dynamics of 
CF2Cl2 are necessary to in-depth understand the whole ion chemistry of 
various fluorocarbons and its potential applications in the atmosphere 
[8–10]. However, there is a lack of information on the structure and 
fundamental parameters of CF2Cl2 cation relative to its neutral, espe-
cially the electronically excited states. 

Based on the [core](7b2)2(12a1)2(6b1)2(3a2)2(8b2)2 electron config-
uration of neutral CF2Cl2 molecule [11], the five lowest-lying electronic 
states of CF2Cl2+ cation are X2B2, A2A2, B2B1, C2A1, and D2B2 state, 
respectively [12]. In the past decades, many experimental approaches 
were applied to measure vertical ionization energies (VIEs) and adia-
batic ionization energies (AIEs) of CF2Cl2 towards these five ionic states, 
such as photoionization mass spectrometry (PI-MS) [5,6], electron mo-
mentum spectroscopy (EMS) [13,14], electron-impact mass spectrom-
etry (EI-MS) [8] and vacuum–ultraviolet (VUV) fluorescence [15]. Most 
recently, using high-resolution threshold photoelectron spectroscopy 
(TPES) and theoretical calculations, Zhang et al. [16] have obtained a 

corrected AIE value of 11.565 ± 0.010 eV for the ground state of CF2Cl2+

cation, as well as a few vibrational frequencies. This AIE value is obvi-
ously smaller than the spectral threshold onset, which had extensively 
been thought as the AIE. Therefore, this combined method of experi-
mental photoelectron spectra and FC simulation provides a powerful 
tool to precisely determine AIE [17–20] or electron affinity (EA) values 
[21–23]. 

In comparison to the X2B2 state, the electronically excited states of 
CF2Cl2+ have been much less studied. By measuring photoelectron 
spectroscopy (PES) using He-I electric discharge lamp, Bunzli et al. re-
ported the VIE values of 12.55, 13.13, 13.46, 14.37 eV for the A2A2, 
B2B1, C2A1, D2B2 states [24]. Using the same approach, Cvitas et al. [25] 
obtained the approximate VIE results. In addition to these VIE values, 
Jadrny et al. [26] observed vibrational structures of the B2B1 and D2B2 
states in their photoelectron spectra. Using the peak maximum of the 
B2B1 band, they suggested the AIE towards B2B1 as 13.120 eV. Similarly 
but with the higher resolution, Pradeep et al. [12] confirmed the 
vibrational progressions of these two states, and gave a cursory assign-
ment. It was worth noting that in their assignment the 0–0 band was 
located at the low-energy shoulder (13.078 eV as a threshold onset) 
whereas the peak maximum (13.116 eV) was attributed to be the 
X1A1(0,0,0,0) → B2B1(0,0,0,1) transition, where only four vibrational 
modes of a1 symmetry, (ν1

+,ν2
+,ν3

+,ν4
+), were excited and the detailed 
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vibrational motions were described in Fig. 3. Thus, they deduced that 
the AIE values towards B2B1 and D2B2 states were 13.078 and 14.126 eV, 
respectively. The similar spectral structures were observed in Seccombe 
et al.’s TPES but no assignment was given [10]. By calculating molecular 
structures and harmonic force constant matrix elements of the ground- 
state CF2Cl2 neutral and cation in electronically excited states with the 
self-consistent field (SCF) method, Takeshita et al. [27] concluded that 
the X1A1(0,0,0,0) → B2B1(0,0,0,0) and X1A1(0,0,0,0) → B2B1(0,0,0,1) 
transitions had the strongest intensities with the approximate energies. 
In other words, the peak maximum of B2B1 band in experiment was 
suggested to be the 0–0 band. Apparently, the identification of the 0–0 
transition of B2B1 band is still controversial in the previous studies. 
Therefore, our major aim of this work is just to precisely determine AIE 
for the formation of CF2Cl2+ in the B2B1 and C2A1 states. 

In principle, AIE is defined as the energy difference between neutral 
and cation after zero-point energy corrections, each at its own optimized 
geometry, while is also determined as the 0–0 transition energy in 
experimental TPE spectra. However, some hot bands are probably 
observed as the threshold onsets in experimental spectra, and further-
more, the 0–0 transition may be too weak to be observed when the 
molecular geometry is seriously changed in photoionization[17,18,20]. 
Thus, in this work, the TPES of CF2Cl2+ in the B2B1 and C2A1 states was 
re-measured using the threshold photoelectron-photoion coincidence 
(TPEPICO) double velocity map imaging apparatus at the Hefei Light 
Source. To assign distinctly vibrational structures, the Franck-Condon 
(FC) factor simulations have been done with the aid of high-level 
quantum chemical calculations on optimized geometries and vibra-
tional frequencies of ground-state CF2Cl2 neutral and cation in the B2B1 
and C2A1 states. Then, the AIE and VIE values towards these two excited 
states are reliably determined based on the correct vibrational 
assignments. 

2. Experimental and computational methods 

The photoionization experiments were performed at the BL09U 
beamline of the National Synchrotron Radiation Laboratory at Hefei, 
China, using the TPEPICO velocity map imaging spectrometer. The 
detailed descriptions of the beamline and configurations of the appa-
ratus have been introduced previously [28], and only a brief overview is 
given here. The vacuum ultraviolet (VUV) light in the energy range of 
11.70–13.90 eV from synchrotron radiation was dispersed by a mono-
chromator, and then passed through a gas filter filled with argon to 
eliminate high harmonics, as the photoionization light source. The ab-
solute VUV photon energy was calibrated with the well-known ioniza-
tion energies of argon and krypton. The photon energy resolution (E/ 
ΔE) was about 2000 in the present experiments [29]. A silicon photo-
diode was used to record photon flux for normalizing ion signal. 

A mixture gas (1.2 atm) of CF2Cl2 (99.99% purity) and helium (1/9 
v/v) was injected into the vacuum chamber through a 20-μm-diameter 
pinhole to form a continuous molecular beam. By collimated with a 0.5- 
mm-diameter skimmer, the molecular beam intersected with the VUV 
photons at 10 cm downstream from the nozzle. Under the action of a dc 
extraction electric field (~15 V∙cm− 1), photoelectrons and photoions 
were pushed away in opposite directions and projected to position- 
sensitive detectors with double velocity map imaging. The TPEPICO 
measurements were performed with a single-start multiple-stop data 
acquisition mode [30], in which photoelectrons were used to trigger 
time-of-flight (TOF) measurements of ions. According to the special ion 
optics, the electron image was remarkably magnified with the delayed 
flight time. A mask with a 1-mm-diameter hole and a concentric ring was 
placed in front of the electron detector. Due to the velocity focus effect, 
the electrons with zero-kinetic energy, usually called as “threshold 
photoelectrons”, together with those energetic electrons with an initial 
momentum towards the electron detector (so-called “false threshold 
photoelectrons”), passed through this hole and contributed to TPES. 
Meanwhile, these energetic electrons with a perpendicular initial 

momentum would partially pass the ring of the mask, and thus their 
intensities were used to subtract the TPES contamination contributed by 
those “false threshold photoelectrons” [31]. This modification approach 
has been successfully applied recently in dissociative photoionization of 
many molecules, e.g. NO2 [32], CF3Cl [33], halocyclohexanes [34], 
fluorocyclohexane [20], and vanillin [35]. 

Similar to the recent study of CF2Cl2+ in ground state [16], density 
functional theory (DFT) and time-dependent DFT (TD-DFT) were used to 
calculate optimized geometries and vibrational frequencies of the 
CF2Cl2 neutral in ground state and the CF2Cl2+ cation in the B2B1 and 
C2A1 states, respectively. A hybrid functional with a dispersion correc-
tion approach, ωB97XD [36] with the aug-cc-pVTZ set, was performed as 
done in the ground state of CF2Cl2+ cation [16], in comparison to the 
previous calculations like HF [27], MRCI [37], CASSCF and CASPT2 
[11]. Using the calculated geometries, vibrational frequency and vector 
of each vibrational mode, and FC factors of the CF2Cl2(X1A1) → 
CF2Cl2+(B2B1 or C2A1) transitions (defined as the overlapping integral of 
the vibrational wave functions between initial state and target state) 
were calculated in a harmonic approximation using the ezSpectrum 
software [38]. Then, the photoelectron spectra of CF2Cl2+ in B2B1 and 
C2A1 states were simulated with a hypothesis of vibrational temperature 
at 250 K and full width at the half maximum (FWHM) of 25 meV to 
account for rotational envelope. Based on the well-done spectral simu-
lation, the experimentally observed vibrational progressions were reli-
ably assigned. Therefore, the AIE values towards the B2B1 and C2A1 ionic 
states were precisely determined as the corresponding 0–0 band posi-
tions. All the quantum chemical computations were performed with the 
Gaussian 16 A.03 program package [39]. 

3. Results and discussion 

3.1. Threshold photoelectron spectrum of CF2Cl2 

Fig. 1 shows the experimental TPES of CF2Cl2 in the photon energy 
range of 11.70–13.90 eV, with a step of 5 meV. Four resonance bands are 
observed and attributed to the photoionization transitions of CF2Cl2 
towards the X2B2, A2A2, B2B1, and C2A1 ionic states, respectively, 
referring to the previous studies [12,24–26]. After being normalized 
with the photon flux, our spectrum is in general agreement with the 
previous He-I photoelectron spectra [12,24–26], regardless of resonance 
energies and relative intensities. Thanks to the better vibrational reso-
lution at the rising edge, we have successfully analyzed the first two 
electronic states, X2B2 and A2A2 recently, and an accurate AIE towards 
the X2B2 state (11.565 eV) has been achieved from the FC factor simu-
lation [16]. 

In comparison to the previous photoelectron spectra [12,25], the 

Fig. 1. Threshold photoelectron spectrum of CF2Cl2 in the photon energy range 
of 11.70–13.90 eV, with a step size of 5 meV. The corresponding electronic 
states of CF2Cl2+ are labeled, and several distinct vibrational peaks of the B2B1 
band are noted with stars, while a weak shoulder peak is marked with an arrow. 
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spectral intensity in the FC gap between the A2A2 and B2B1 states is non- 
zero (Fig. 1). It is well-known that under the action of one photon with 
fixed energy like He-I light, the self-ionization of neutral Rydberg states 
is excluded from photoelectron spectra. Thus, the non-zero baseline of 
present TPES in this FC gap is contributed by the self-ionization of 
Rydberg states. From 12.90 eV, the TPE intensity gradually increases, 
indicative of the formation of the second electronically excited state, 
B2B1. It is worth noting that a few vibrational peaks can be distinctly 
identified below 13.38 eV and noted with stars in Fig. 1, while there is no 
clear vibrational structure observed for the C2A1 state spanning from 
13.38 to 13.90 eV. Moreover, a weak shoulder peak at 13.120 eV with an 
arrow is also observed just slightly lower than the strongest peak of B2B1 
band (13.150 eV), which generally agrees with the observation of pre-
vious spectra [12,26]. 

Table 1 summaries the reported ionization energies of CF2Cl2 to-
wards the low-lying ionic electronic states. Apparently, all VIEs are 
greatly consistent, however, only two works have reported the different 
AIEs due to inconsistent vibrational assignments. Pradeep et al. [12] 
attributed this shoulder peak to the 0–0 transition of the B2B1 band, 
while Jadrny et al. [26] preferred the strongest peak, and assigned this 
shoulder peak as a hot band. In fact, these previous assignments were 
arbitrarily achieved only according to energy intervals. Therefore, a 
reliable vibrational assignment for the B2B1 band is necessary to pre-
cisely determine its AIE value. In addition, due to the overlapping by the 
B2B1 band, the C2A1 band does not show a distinct threshold onset in 
Fig. 1. Thus, its AIE value (i.e. the 0–0 transition) is impossible to be 
determined without a spectral simulation. 

3.2. Geometries and frequencies of CF2Cl2+ in the B2B1 and C2A1 states 

In FC photoionization, CF2Cl2 is kept as the C2V symmetry regardless 
of the B2B1 and C2A1 ionic states. Optimized geometries of the CF2Cl2 
neutral and the corresponding cation in the B2B1 and C2A1 states at the 
ωB97XD/aug-cc-pVTZ level are summarized in Table 2, as well as the 
previously calculated parameters using HF/MIDI-4 [37], CASPT2/ANO- 
L and CASSCF/ANO-L methods [11]. As confirmed by our recent cal-
culations of the CF2Cl2(X1A1) → CF2Cl2+(X2B2) transition [16], the 
ωB97XD/aug-cc-pVTZ level was reliable enough to compute structure 
and vibrational frequencies of the ground-state CF2Cl2+ cation. Not only 
these, all optimized structures of the CF2Cl2 neutral and cation in Table 1 
also generally agree well at the DFT and CASPT2 levels. Thus, the 
ωB97XD/aug-cc-pVTZ level of theory is subsequently used to calculate 
harmonic vibrational frequencies and the corresponding vectors. 

Unlike the significant geometrical changes upon photoionization to 
the ionic ground state (X2B2) [16], only a few variations can be observed 
for molecular structure when being photoionized to the B2B1 and C2A1 

states. For the B2B1 state, the C-F bonds are slightly reduced form 1.325 
Å in neutral to 1.294 Å in cation with the increased C-Cl bonds (form 
1.770 Å to 1.816 Å), and the bond angle Θ(F-C-F) increases from 108.2◦

in neutral to 113.5◦ in cation but Θ(Cl-C-Cl) almost remains unchanged. 
Naturally, the scissoring vibration of the CCl2 group (ν4

+) might be 
excited in photoionization to the B2B1 ionic state. Meanwhile, the ex-
citations of C-F and C-Cl stretching could be involved as well. Moreover, 
such minor changes connote that the strongest vibrational peak in the 
B2B1 band of TPES should be close to the 0–0 transition. It has been 
further confirmed by the FC factor calculations in Section 3.3. In addi-
tion, a geometric variation from neutral to the C2A1 ionic state is similar 
to the photoionization to the B2B1 state. Two longer C-Cl and shorter C-F 
bond lengths imply the more significant excitations of C-F and C-Cl 
stretching when being ionized to the C2A1 state. In other words, the 
vibrational excitation becomes more complicated with the CF2Cl2+(C2A1) 
formation. 

We also calculated the four highest occupied molecular orbitals of 
the neutral CF2Cl2 molecule. The X2B2, A2A2, B2B1, and C2A1 ionic states 
are produced by removing an electron from these orbitals. It is worth 
noting that these molecular orbitals are all contributed by the non- 
bonding orbitals of lone pair electrons of Cl atom, as shown in Fig. 2. 
However, unlike the HOMO and HOMO-1 for X2B2 and A2A2 states, 
HOMO-2 and HOMO-3 include two non-bonding orbitals with matching 
phases (Fig. 2) and prefer to form Π-bond-like interaction between two 
Cl atoms, especially the latter. As a result, Θ(Cl-C-Cl) is almost main-
tained unchanged although the C-Cl bonds are apparently weakened, 
regardless of the B2B1 and C2A1 states, which agrees with the conclusion 
of geometry calculations. 

To perform the FC factor simulation, the vibrational vectors and 
frequencies of CF2Cl2+ cation in the B2B1 and C2A1 states were calculated 
respectively. According to the selection rule, only vibrational modes of 
a1 symmetry might be excited in photoionization [12,26,27]. To be 
consistent with the previous assignment [26], four total symmetric 
modes are labeled as ν1

+ to ν4
+, and their experimental and calculated 

values are summarized in Table 3 for comparison. As shown in Fig. 3, 
both ν1

+ and ν2
+ modes are mainly contributed by the motion of carbon 

atom along the C2v symmetric axis, and the difference is that they are 
combined with the C-F bond symmetric stretching and the F-C-F scis-
soring, respectively. The ν3

+ mode is a synergetic motion of the F-C-F 
scissoring and the C-Cl stretching, while the ν4

+ mode is mainly attrib-
uted to the Cl-C-Cl scissoring. 

As shown in Table 3, the HF/MIDI-4 frequencies are apparently 
overestimated, compared with the other two methods, but the ωB97XD 
and CASSCF/ANO-L data are consistent. However, the ν4

+ frequency of 
306 cm− 1 for B2B1 suggested by Pradeep et al.’s photoelectron spectra 
[12] is much larger than all calculated values, implying that their 

Table 1 
Vertical ionization energies (VIEs, eV) and adiabatic ionization energies (AIEs, 
eV) of CF2Cl2 reported in experiments.   

Method X2B2 A2A2 B2B1 C2A1 D2B2 

VIEs       
Turner et al. [40] PES  12.3  12.6  13.2  13.5  14.4 
Bunzli et al. [24] PES  12.27  12.55  13.13  13.46  14.37 
Cvitas et al. [25] PES  12.26  12.53  13.11  13.45  14.36 
Jadrny et al.  

[26] 
PES  12.24  12.54  13.120  13.47  14.353 

Seccombe et al.  
[10] 

TPES  12.28  12.55  13.14  13.45  14.41 

Our work TPES  12.250  12.550  13.150  13.450  – 
AIEs       
Jadrny et al.  

[26] 
PES  –  –  13.120  –  14.123 

Pradeep et al.  
[12] 

PES  11.734  –  13.078  –  14.126 

Our work TPES  11.565a  –  13.150  13.340  –  

a . from Ref.[16] 

Table 2 
Optimized geometrical parameters of the neutral CF2Cl2 and the corresponding 
cation in the B2B1 and C2A1 states calculated at different levels of theory, where 
the bond length (R) is in unit of Å and the bond angle (Θ) is in degree.   

ωB97XD HF [27] CASSCF [11] CASPT2 [11] 

CF2Cl2(X1A1)     
R(C-F)  1.325  1.309  –  1.330 
R(C-Cl)  1.770  1.759  –  1.755 
Θ(F-C-F)  108.2  108.0  –  108.0 
Θ(Cl-C-Cl)  111.4  111.7  –  111.7 
CF2Cl2þ(B2B1)     
R(C-F)  1.294  1.277  1.287  1.295 
R(C-Cl)  1.816  1.807  1.892  1.827 
Θ(F-C-F)  113.5  113.3  112.7  113.7 
Θ(Cl-C-Cl)  111.8  111.4  109.7  113.2 
CF2Cl2þ(C2A1)     
R(C-F)  1.289  1.281  1.282  1.295 
R(C-Cl)  1.874  1.819  1.864  1.850 
Θ(F-C-F)  112.8  112.2  111.5  112.1 
Θ(Cl-C-Cl)  113.0  113.7  113.7  114.5  
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assignments were arbitrary due to insufficient vibrational resolution. 
Thanks to the more distinct vibrational peaks of B2B1 band in the present 
TPES, the vibrational frequencies could be reliably determined with the 
aid of a credible spectral assignment. In Fig. 1, the observed energy 
intervals between the peaks with stars around the band origin are 1170, 
645 and 242 cm− 1, respectively. To our surprise, these values are close 
to those calculated frequencies for ν1

+, ν2
+, and ν4

+ vibrational modes for 
the B2B1 ionic state at the ωB97XD level, indicative of their spectral 
contributions, which are confirmed by the FC simulations in Section 3.3. 
In addition, the vibrational frequencies of ν1

+ to ν4
+ modes for C2A1 state 

are close to those of B2B1 owing to their approximate geometries. 
However, according to its unresolved vibrational structure in Fig. 1, we 
cannot infer any vibrational assignment for this band. 

3.3. Franck-Condon factor simulated TPE spectra 

Using the optimized geometries and the vibrational frequencies of 
CF2Cl2 neutral and cation at the ωB97XD level, the FC factors of the 
CF2Cl2 (X1A1) → CF2Cl2+(B2B1/C2A1) transitions were calculated. The 
temperature was adjusted from 20 to 300 K, in order to get best simu-
lation. The max vibrational quantum of the neutral ground state was set 
as 5 to account for probable hot band excitations. Table 4 lists the 
calculated major vibrational excitations in the formation of 
CF2Cl2+(B2B1), including peak positions (after an energy shift according 
to the systemic error of the calculation level in excitation energy), FC 
factors, spectral intensities (calculated as the product of FC factor and 

thermal population at 250 K), and vibrational assignments, where those 
weak transitions (the calculated transition intensity is smaller than 
0.010) are ignored from Table 4 in order to simplify discussions. 

As indicated in Table 4, the ν4
+ mode (Cl-C-Cl scissoring) is the most 

important contributor for the whole B2B1 band in the TPE spectrum, and 
the corresponding FC factors gradually decrease with its quantum 
number, regardless of the sole and combined vibrational progressions. 
Moreover, the ν1

+ and ν2
+ modes are also excited in photoionization to the 

B2B1 state. It is worth noting that the 0–0 transition is calculated to have 
the strongest intensity in the whole B2B1 band, that is, the peak 
maximum in TPES should correspond to the 0–0 transition. 

To confirm our FC simulation, the calculated and our experimental 
spectra were directly compared together in Fig. 4a. In fact, an optimized 
temperature of 250 K was chosen to get the best fitting, which is 

Fig. 2. The HOMO, HOMO-1, HOMO-2, HOMO-3 orbitals of neutral CF2Cl2.  

Fig. 3. Four total symmetric vibrational modes of the CF2Cl2+ 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 
B2B1 and C2A1 state of CF2Cl2+ cation, calculated at the different quantum 
chemical levels of theory, comparing to the experiment measurement.  

Mode Theo. Expt. 

ωB97XD HF [27] CASSCF [11] PES [12] PES [26] TPES a 

B2B1       

ν1
+ 1145 1271 1172 – 1097 1170 

ν2
+ 651 712 649 – 565 645 

ν3
+ 412 454 350 – – – 

ν4
+ 255 276 233 306 210 242 

C2A1       

ν1
+ 1150 1253 1212 – – – 

ν2
+ 648 702 680 – – – 

ν3
+ 369 453 394 – – – 

ν4
+ 237 282 248 – – –  

a . the present TPES measurement. 

Table 4 
Major vibrational peak positions of the simulated TPE spectra in the B2B1 band 
range, together with Franck-Condon factors (FCFs) and intensities.  

Peak position /eV a FCF Intensity Assignment 

X1A1(ν1-4) → B2B1 (ν1-4
+ )  

13.118 − 0.408  0.014 (0,0,0,2) → (0,0,0,1)  
13.119 − 0.397  0.045 (0,0,0,1) → (0,0,0,0)  
13.147 0.519  0.030 (0,0,1,0) → (0,0,1,0)  
13.152 0.255  0.019 (0,0,0,1) → (0,0,0,1)  
13.153 0.547  0.299 (0,0,0,0) → (0,0,0,0)  
13.180 0.381  0.016 (0,0,1,0) → (0,0,1,1)  
13.184 0.364  0.011 (0,0,0,2) → (0,0,0,3)  
13.185 0.420  0.051 (0,0,0,1) → (0,0,0,2)  
13.186 0.402  0.162 (0,0,0,0) → (0,0,0,1)  
13.203 0.191  0.010 (0,0,0,1) → (0,1,0,0)  
13.206 0.126  0.016 (0,0,0,0) → (0,0,1,0)  
13.218 0.294  0.025 (0,0,0,1) → (0,0,0,3)  
13.219 0.204  0.042 (0,0,0,0) → (0,0,0,2)  
13.237 − 0.263  0.069 (0,0,0,0) → (0,1,0,0)  
13.267 0.234  0.016 (0,0,0,1) → (1,0,0,0)  
13.269 − 0.202  0.012 (0,0,0,1) → (0,1,0,2)  
13.270 − 0.194  0.037 (0,0,0,0) → (0,1,0,1)  
13.295 − 0.306  0.010 (0,0,1,0) → (1,0,1,0)  
13.300 − 0.322  0.104 (0,0,0,0) → (1,0,0,0)  
13.333 − 0.248  0.018 (0,0,0,1) → (1,0,0,2)  
13.334 − 0.237  0.056 (0,0,0,0) → (1,0,0,1)  
13.367 − 0.120  0.014 (0,0,0,0) → (1,0,0,2)  
13.385 0.155  0.024 (0,0,0,0) → (1,1,0,0)  
13.418 0.114  0.013 (0,0,0,0) → (1,1,0,1)  
13.449 0.138  0.019 (0,0,0,0) → (2,0,0,0)  
13.482 0.101  0.010 (0,0,0,0) → (2,0,0,1)  

a . after a shift to higher energy by 0.410 eV. 
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consistent with our recent simulation of the ground ionic state [16]. Due 
to thermal population of initial vibrational levels, a few vibrational 
progressions including the ν3 and ν4 hot bands of neutral CF2Cl2 might 
be involved in this TPES. As indicated in Table 4, several hot band 
transitions have considerable intensities indeed, e.g. X1A1(0,0,0,1) → 
B2B1(0,0,0,0), X1A1(0,0,0,1) → B2B1(0,0,0,2), and X1A1(0,0,1,0) → 
B2B1(0,0,1,0). Overall, the vibrational excitations in photoionization 
towards CF2Cl2+(B2B1) are much complicated than the case of X2B2. 

As shown in Fig. 4a, a satisfying FC simulated spectrum was obtained 
for the B2B1 band, where a few distinct vibrational peaks could be 
identified without doubt. The sticks in Fig. 4a clearly show these 
vibrational progressions. The peak I at 13.120 eV is the beginning of a 
hot band series of X1A1(0,0,0,1) → B2B1(0,0,0,n) (n = 0–3), while the 
peaks II (13.150 eV) and III (13.180 eV) are the first two bands of the 
transition progression of X1A1(0,0,0,0) → B2B1(0,0,0,n) (n = 0–2). 
Moreover, the peaks IV (13.230 eV) and V (13.295 eV) are the first bands 
of the combination transitions of X1A1(0,0,0,0) → B2B1(0,1,0,n) (n =
0–2) and X1A1(0,0,0,0) → B2B1(1,0,0,n) (n = 0–2), respectively. Table 5 
lists our FC simulated and experimental peaks of I-Ⅴ (also marked with 
stars in Fig. 1), as well as the previous photoelectron spectral data [26]. 
Therefore, three vibrational frequencies of B2B1 ionic state can be 
readily derived from these assignments, i.e. ν1

+ = 1170 cm− 1, ν2
+ = 645 

cm− 1, and ν4
+ = 242 cm− 1, which are listed in Table 3 and agree very 

well with our calculated data. In addition, the ν4 frequency of the neutral 
CF2Cl2 is determined to be 274 cm− 1 from the first hot band at 13.120 
eV, which is also in good agreement with the previous results (258–285 
cm− 1) [25–27]. All these agreements provide solid evidences that the 

present FC simulation is sufficiently plausible. 
As indicated in Table 5, the present and Jadrny et al.’s assignment 

[26] are controversial due to the different 0–0 band assignments. On the 
other hand, although Pradeep et al. [12] correctly pointed out the 
dominant vibrational modes of ν1

+ and ν4
+ in photoionization to the B2B1 

state, they achieved an obviously smaller AIE value (13.078 eV) due to 
insufficient spectral resolution. Fortunately, the development of exper-
imental techniques has efficiently improved the resolution of TPES, 
which, with the aid of theoretical calculations, has continuously pro-
vided opportunities for complement and correction of experimental 
data. Based on the whole band simulation in Fig. 4a, we are highly 
confident in our conclusions for the B2B1 state, including its vibrational 
frequencies and AIE of 13.150 ± 0.005 eV. 

Likewise, we also performed FC factor simulation in the energy range 
of C2A1, and plotted the experimental and simulated spectra together in 
Fig. 4b. Although no distinct vibrational structure can be discerned due 
to overlapping by the high-energy tail of the B2B1 band, a brief and 
reliable contribution can be identified according to the well-fitted 
spectral contour. As predicted by the geometric calculations, more 
complicated vibrational excitations are observed in photoionization 
towards the C2A1 state. This deduction is confirmed by the FC simula-
tions. As shown in Fig. 4b, at least four combined vibrational pro-
gressions are involved with the X1A1(0,0,0,0) → C2A1(0,0,0,n) (n = 0–5) 
transition. Moreover, the intensities of several hot bands from the 
X1A1(0,0,0,1) level of neutral CF2Cl2 are also considerable. Therefore, 
the detailed vibrational assignment is meaningless. However, an AIE 
value of 13.340 eV for the C2A1 state can be approximately derived from 
the comparison between the experimental and simulated spectra. Since 
the FC simulation at the ωB97XD level shows a great agreement with the 
experimental data of the B2B1 band, its performance on the C2A1 band 
can be trusted, and thus, the AIE value of C2A1 is within an energy un-
certainty of 0.015 eV (as thrice error as the instrumental resolution) 
according to the peak maximum in TPE spectrum. 

4. Conclusions 

In this work, we measured the TPES of CF2Cl2 in the 11.70–13.90 eV 
photon energy range, where four lowest electronic states of the CF2Cl2+

cation, X2B2, A2A2, B2B1, and C2A1, were involved. The B2B1 band is 
observed with some distinct vibrational structures, while no vibrational 
peaks can be discernible for the C2A1 band partly due to the overlap of 
the B2B1 high-energy tail. To achieve precise determination of AIEs to-
wards these electronic states, the reliable vibrational assignments for 
these two bands are necessary. Thus, DFT calculations at the ωB97XD/ 
aug-cc-pVTZ level were performed to obtain optimized geometries, 

Fig. 4. The Franck-Condon simulated and experimental spectra for photoion-
ization from CF2Cl2 neutral to cation in the B2B1 and C2A1 states, where the AIE 
values of these ionic states are marked in red arrows as well as the major hot 
bands are pointed out with blue stars, and a FWHM of 25 meV is used 
in simulation. 

Table 5 
The major vibrational peak positions of the experimental and FC simulated TPE 
spectra in the B2B1 band range, together with previous assignments.  

Peak Present Previous 

TPES 
(eV) 

Theo. a 

(eV) 
Assignment 
X1A1(ν1-4) → B2B1 

(ν1-4
+ ) 

PES  
[26] 
(eV) 

Assignment 
X1A1(ν1-4) → 
B2B1 (ν1-4

+ ) 

I  13.120  13.119 (0,0,0,1) → 
(0,0,0,0)  

13.120 (0,0,0,0) → 
(0,0,0,0) 

II  13.150  13.153 (0,0,0,0) → 
(0,0,0,0)  

13.146 (0,0,0,0) → 
(0,0,0,1) 

III  13.180  13.186 (0,0,0,0) → 
(0,0,0,1)  

13.190 (0,0,0,0) → 
(0,1,0,0) 

IV  13.230  13.228 (0,0,0,0) → 
(0,1,0,0) & 
(0,0,0,0) → 
(0,0,0,2)  

13.256 (0,0,0,0) → 
(1,0,0,0) 

V  13.295  13.300 (0,0,0,0) → 
(1,0,0,0)  

13.282 (0,0,0,0) → 
(1,0,0,1)  

a calculated at the ωB97XD /aug-cc-pVTZ level after a shift to higher energy by 
0.410 eV. 
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HOMO orbitals, and vibrational frequencies of the neutral CF2Cl2 and 
the corresponding cation in the B2B1 and C2A1 states. The FC factors for 
the CF2Cl2(X1A1) → CF2Cl2+(B2B1 or C2A1) transitions were then calcu-
lated to simulate vibrational structures of TPES. Based on the well- 
simulated spectra, the distinct vibrational structures of the B2B1 band 
observed in experiment were reliably assigned. Therefore, the AIE to-
wards the B2B1 ionic state was precisely determined to be 13.150 ±
0.005 eV as the 0–0 transition energy, as well as a few vibrational fre-
quencies of ν1

+ = 1170 cm− 1, ν2
+ = 645 cm− 1, and ν4

+ = 242 cm− 1. 
Similarly, the AIE towards the C2A1 ionic state was suggested to be 
13.340 eV approximately according to its plausible FC simulation, 
although no discernible vibrational structure was identified. 
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