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Threshold photoelectron spec-

troscopy of dichlorodifluo-

romethane (CF2Cl2) has been

re-investigated using a combi-

nation of photoelectron-pho-

toion coincidence measure-

ment and density functional

theory calculations. For the

D2B2 band of threshold pho-

toionization spectra in the en-

ergy range of 13.9‒ 15.1 eV, a
series vibrational peaks were clearly observed. Using the optimized geometries and vibra-

tional frequencies of the CF2Cl2 neutral and its cations in the D2B2 ionic state at the M06-

2X/aug-cc-pVTZ level of theory, Franck-Condon factor simulations were carried out, and

showed perfect agreement with the experimental spectra. Accordingly, the satisfactory vibra-

tional assignments for the D2B2 band were achieved, and the adiabatic and vertical ioniza-

tion energies to the D2B2 ionic state were determined as 14.125±0.005 eV and 14.355 ±
0.005 eV, respectively. Moreover, vibrational frequencies of the ν1+ and ν3+ modes were

1178 cm−1 and 361 cm−1, respectively, as well as the anharmonic parameter for the ν3+ mode

of 3.42 cm−1.

Key words: CF2Cl2, Photoelectron spectroscopy, Vibrational spectroscopy, Photoionization,

Coincidence

 I.  INTRODUCTION

Dichlorodifluoromethane (CF2Cl2), a typical repre-

sentative of Freons, is an important chemical in indus-

tries of refrigerant, aerosol propellant, and plasma pro-

cessing agent [1–4]. Its close connection with the exten-

sive destruction of the ozone layer has attracted exten-

sive attentions, as its unimolecular decomposition can

release reactive chlorine atoms when absorbing solar ul-

tra-violet (UV) light [5, 6]. Therefore, accurate ioniza-

tion energies (IEs) and dissociation dynamics of CF2Cl2

are crucial for an insight into the atmospheric chem-

istry of fluorocarbons [7–11].
Generally, significant variation of molecular geome-

try and highly vibrational excitation in photoionization
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may lead to that the 0-0 vibrational band of photoelec-

tron spectra (PES) or threshold photoelectron spectra

(TPES) has relatively weak intensity. In this circum-

stance, the identification of adiabatic ionization energy

(AIE) is relatively difficult according to the Franck-

Condon principle [12–15]. Therefore, there were some

controversies of the AIE value in previous experiments

and theoretical calculations. According to the AIE defi-

nition as the 0-0 band origin in experimental spectra, a
correct vibrational assignment is essentially pivotal to
determine the AIE values, and illuminates reasonably

the previous disagreement. Therefore, by using the

Franck-Condon simulation with the calculated vibra-

tional frequencies, we have obtained prefect spectral as-

signments for the vibrationally resolved TPES of

CF2Cl2 in the X2B2 [16], B2B1, and C2A1 ionic states

[17], and then the corresponding AIE values of these

ionic states have been corrected. For example, the AIE

of CF2Cl2 towards the X2B2 ground ionic state is re-
aligned to be 11.565 ± 0.010 eV [16], which is much low-

er than the spectral onset of ~11.75 eV.
In comparison to these lower electronic states, vibra-

tionally resolved PES [18–22] and threshold PES

(TPES) [11, 16, 17] were experimentally measured pre-

viously for the D2B2 ionic state in the photon energy

range of 13.9‒15.0 eV. Jadrny et al. [21] observed a se-
ries of vibrational peaks with a space of ~46 meV

(371 cm−1) and attributed them to the excitation of the

ν3
+ vibrational mode, resulting in an AIE value of

14.123 eV from the lowest-energy peak position. Using

the identical approach, Pradeep and Shirley [22] report-

ed the ν3+ frequency of 375 cm−1, the anharmonicity co-

efficient ωeχe of 0.27 cm−1, and the AIE value of

14.126 eV. Cvitas [20] and Bunzli [18] suggested the ν3+

frequency to be 360 cm−1 and 370±40 cm−1, respective-

ly. Notably, these vibrational assignments were ob-

tained simply according to the energy interval of vibra-

tional peaks. Thus, these conclusion could have rela-

tively large uncertainties inevitably, and even might

lead to errors in the absence of high-level theoretical

calculations. It gave us a motivation to re-investigate

the TPES of CF2Cl2 in the D2B2 state, using the combi-

nation of experimental measurements and quantum

chemical calculations.
In this work, we measured the TPES of CF2Cl2 in

the D2B2 state using the threshold photoelectron-pho-

toion coincidence (TPEPICO) double velocity map

imaging apparatus at the Hefei Light Source [23]. The

photon energies in the whole range of 11.60‒ 15.10 eV
were charily calibrated by comparing with the absorp-

tion lines of argon atoms. For the D2B2 state, we car-

ried out quantum chemical calculations for optimized

geometries and vibrational frequencies of the neutral

CF2Cl2 molecule in ground state and its cationic D2B2

state at various levels of theory. By performing Franck-

Condon factor simulations on the experimental spectra,

the vibrational structure of the D2B2 state was perfect-

ly reproduced, providing the great spectral assignments.
Consequently, the accurate AIE values towards the

D2B2 state were determined reliably. In addition, the

comparison between the current experimental spectra

and quantum chemical calculation results also provided

significant feedbacks on the reliability of the theoretical

levels.

 II.  EXPERIMENTAL AND COMPUTATIONAL METH-

ODS

The experiments were conducted at the BL09U

beamline at the National Synchrotron Radiation Labo-

ratory in Hefei, China. Only brief introductions were

given here as the synchrotron beamline and the TPEPI-

CO velocity imaging spectrometer were described in de-

tail in Ref.[23]. Vacuum ultra-violet (VUV) photons in
the range of 11.60‒15.10 eV were emitted from the un-

dulator of an 800 MeV electron storage ring, and then

were dispersed through a 6 m-long monochromator

(370 grooves/mm). The energy resolution (E/ΔE) was

reported to be ~2000 [24]. A gas filter full of inert gases

such as helium, neon or argon was placed in the front of

the TPEPICO chamber, to eliminate more than 99% of

high-order harmonic radiation. In the current experi-

ments, argon gas was used. The photon fluxes were

recorded with a silicon photodiode, for normalizing ion

intensity from the radiation intensity.
A mixture gas of CF2Cl2 and helium (1/9, v/v ) with

a stagnation pressure of 1.2 atm was introduced into the

vacuum chamber through a 20-µm-diameter nozzle.
The continuous supersonic beam was collimated with a
0.5-mm-diameter skimmer, and intersected with the

VUV photons at approximately 10 cm downstream. In
photoionization, the produced electrons and ions were

extracted in opposite directions with the direct-current

(DC) electric field of 15 V/cm. With the action of ion

optics, all photoelectrons with zero kinetic energy (so-

called threshold photoelectrons) produced in the ioniza-
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tion zone could be velocity-focused into an 1-mm-diam-

eter aperture on the mask at the end of the electron

flight tube, while the “hot” electrons with velocity com-

ponents vertical to the flight axis were velocity-mapped

onto surrounding concentric rings on the mask. Thus,

the “pure” TPES could be obtained by subtracting this

contamination of the “hot” electrons as described previ-

ously [25, 26]. Time-of-flight (TOF) measurements of

ions were triggered by the photoelectrons, and the sin-

gle-start multi-stop data acquisition mode was used in
our coincidence experiments [27]. Using the TPEPICO

approach, the photoionization and dissociative pho-

toionization of several molecules have been successfully

investigated [28–31].
To get reliable assignments of the TPES of CF2Cl2 in

the D2B2 state, we calculated the optimized geometries

and harmonic vibrational frequencies of the

CF2Cl2(X
1A1) and CF2Cl2

+(D2B2) using density func-

tional theory (DFT) and time-dependent DFT (TD-

DFT), respectively. The M06-2X [32] level of theory

with the aug-cc-pVTZ basis set was chosen in current

calculations. The results were compared with the previ-

ous data at the other theoretical levels, such as HF [33],

MRCI [34], CASSCF and CASPT2 [35], to assess the

reliability of computations. Notably, as proposed previ-

ously [16, 17], the ωB97XD [36] approach was effective

for the X2B2, B2B1, and C2A1 ionic states among all

common DFT levels, due to the more significant contri-

bution of the HF component. As shown in Section III.C,

the M06-2X shows better performances for the D2B2

state than the ωB97XD method. Using the calculated

geometries, the vibrational frequencies, and vectors, the

Franck-Condon factor was calculated using the ezSpec-

trum software [37], as the overlap integral of the vibra-

tional wavefunctions between the initial and target

states. The vibrational temperature of 250 K and a full

width at half maximum (FWHM) of 25 meV were used

in the simulations. All these quantum chemical calcula-

tions were carried out with the Gaussian 16 C.01 pack-

age [38].

 III.  RESULTS AND DISCUSSION

 A.  Threshold photoelectron spectrum of CF2Cl2

FIG. 1(a) shows the TPES of CF2Cl2 in the range of

11.60‒15.10 eV with the step size of 5 meV. Five elec-
tronic states were involved as X2B2, A2A2, B2B1, C2A1,

and D2B2, consistent with previous He-I photoelectron

spectra [18, 20–22]. A series of vibrational peaks were

more clearly observed in the D2B2 band, compared to
the lower electronic states. Its first peak with a red star

was located at 14.125 eV, in general line with the previ-

ous experimental conclusions [21, 22]. Actually, this

peak was consistently assigned to the 0-0 band in the

experiments. Moreover, the vibrational peak with the

strongest intensity was located at 14.260 eV, which is

 

FIG.  1   (a) Threshold photoelectron spectrum of CF2Cl2 in the photon-energy range of 11.60‒15.10 eV with the step size
of 5 meV, where a red star and two green stars marked the first vibrational peak and the strongest vibronic band of the
D2B2 state, respectively, and three blue arrows marked three sharp indentations. (b) Photon flux of the VUV synchrotron
radiation, simultaneously measured in experiments, in which a series of sharp, negative peaks I‒XII were observed.
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usually defined as the vertical ionization energy (VIE).
In addition, three sharp indentations (marked with blue

arrows in FIG. 1(a)) were observed within the D2B2

band. It is worth noting that their energy positions ex-

actly agreed with the V, VII, and X peaks in FIG. 1(b).
As the gas filter full of argon gas was used in current

experiments to eliminate high-order harmonic radia-

tion, the absorption of argon atoms caused significant

decrease in the VUV flux. As shown by the VUV pho-

ton flux of the synchrotron radiation in FIG. 1(b), a se-
ries of sharp, negative peaks I‒ XII were observed in-

deed, providing a perfect wavelength calibration for the

experimental photon energy. Table I lists the calibrat-

ed energy positions and the argon atomic absorption

lines in the database [39]. The differences between the

experimental and referenced peak positions are less

than ±4 meV and within the uncertainty of the current

VUV photon energies. It is worth noting that in our

previous experiments of CF2Cl2
+ in the X2B2, A2A2,

B2B1, and C2A1 states [16, 17], only two absorption

lines, I and II, of the argon gas could be observed below

14 eV, and both of them were located at the low-energy

side of the X2B2 band (in FIG. 1(a)). Thus, the previ-

ous calibration might be insufficiently reliable for these

states. Using the twelve absorption lines of argon in the

whole energy range, we re-calibrated the VUV wave-

length of the TPES and re-performed the Franck-Con-

don simulation for the X2B2, B2B1, and C2A1 bands as

done previously using the reported vibrational frequen-

cies.
The corrected VIE and AIE values of the X2B2,

B2B1, and C2A1 ionic states are summarized in Table II,
as well as the VIE value of the A2A2 state. For compari-

son, the previously reported data from the PES and

TPES experiments are listed too [11, 18–22]. For exam-

ple, the AIE value of CF2Cl2 towards the X2B2 state is

 

TABLE I   Experimental and referenced absorption lines of argon gas (∆E=EExpt.–ERef.). Peaks are labeled in FIG. 1.

Peak
Position/eV

∆E/eV Lower Level(Conf., Term, J) Upper Level(Conf., Term, J)
EExpt. ERef. [39]

I 11.625 11.623 0.002 3s23p6, 1s, 0 3s23p5(2P0
3/2)4s, 2[3/2]0, 1

Ⅱ 11.828 11.828 0.000 3s23p6, 1s, 0 3s23p5(2P0
1/2)4s, 2[1/2]0, 1

III 13.863 13.863 0.000 3s23p6, 1s, 0 3s23p5(2P0
3/2)3d, 2[1/2]0, 1

IV 14.086 14.090 −0.004 3s23p6, 1s, 0 3s23p5(2P0
3/2)5s, 2[3/2]0, 1

V 14.151 14.152 −0.001 3s23p6, 1s, 0 3s23p5(2P0
3/2)3d, 2[3/2]0, 1

VI 14.253 14.255 −0.002 3s23p6, 1s, 0 3s23p5(2P0
1/2)5s, 2[1/2]0, 1

VII 14.303 14.303 0.000 3s23p6, 1s, 0 3s23p5(2P0
1/2)3d, 2[3/2]0, 1

VIII 14.708 14.711 −0.003

IX 14.850 14.848 0.002

X 14.860 14.859 0.001

XI 15.007 15.003 0.004

XII 15.022 15.022 0.000

 

TABLE II   Vertical  ionization  energies  (VIEs)  and  adiabatic  ionization  energies  (AIEs)  of  CF2Cl2 reported  in  PES  and
TPES experiments.

Reference Method
VIE/eV AIE/eV

X2B2 A2A2 B2B1 C2A1 D2B2 X2B2 B2B1 C2A1 D2B2

Turner et al. [19] PES 12.3    12.6    13.2    13.5    14.4    
Bunzli et al. [18] PES 12.27  12.55  13.13  13.46  14.37  
Cvitas et al. [20] PES 12.26  12.53  13.11  13.45  14.36  
Jadrny et al. [21] PES 12.24  12.54  13.120 13.47  14.353 13.120 14.123

Pradeep et al. [22] PES 11.734 13.078 14.126

Seccombe et al. [11] TPES 12.28  12.55  13.14  13.45  14.41  
Our previous work [16, 17] TPES 12.250 12.550 13.150 13.450 11.565 13.150 13.340

This work TPES 12.245 12.535 13.120 13.410 14.355 11.590 13.120 13.300 14.125
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corrected to be 11.590 eV from 11.565 eV in the litera-

ture [16], and the appearance energy,

AP(CF2Cl+/CF2Cl2), is revised from 11.945 eV [16] to
11.974 eV. Then, the C–Cl bond energy of CF2Cl2

+

cation can be calculated as BE(C–Cl in

CF2Cl2
+) = AP(CF2Cl+/CF2Cl2)‒ AIE(CF2Cl2)  =

 0.384 eV. Notably, this value agrees well with the previ-

ous one of 0.380 ± 0.010 eV [16], due to the error cancel-

ing effect. In addition, two peaks of the D2B2 state at

14.263 eV and 14.313 eV with green stars in FIG. 1(a)

have comparable intensities, according to the influence

of the argon absorption line VII. Accordingly, it is not

easy to directly identify the VIE value in absence of the

Franck-Condon simulation.

 B.  Geometry and vibrational frequencies of CF2Cl2+ in the
D2B2 state

To perform the Franck-Condon simulation of the

D2B2 band in FIG. 1(a), the optimized geometry and

harmonic vibrational frequencies of D2B2 are necessary.
Considering that the contribution of diffuse functions

might be more significant in higher electronically excit-

ed states, we utilized the ωB97XD/aug-cc-pVTZ and

M06-2X/aug-cc-pVTZ levels to calculate the property

of the D2B2 state, since the reliability of the former was

confirmed in our previous works [16, 17] and the latter

usually has better performance owing to more contribu-

tions of HF components [32]. Similar to the low-lying

states, CF2Cl2 remains C2v symmetry in the Franck-

Condon photoionization to the D2B2 state. Table III

summarizes the optimized geometrical parameters of

the neutral CF2Cl2 molecule and the CF2Cl2
+ cations

in the D2B2 state at the two levels of theory, as well as

the previous ones using the HF/MIDI-4 [33],

CASPT2/ANO-L, and CASSCF/ANO-L methods [35].
All calculated results are generally consistent. The re-
duced C–F bond length and the elongated C–Cl bond

are expected in photoionization. Moreover, at the M06-

2X level, the Θ(F–C–F) angle is increased from 107.8°
in neutral to 113.9° in the D2B2 ionic state, while

Θ(Cl–C–Cl) decreases from 111.8° to 105.9°. These

changes in bond angles indicate that the ionization of

CF2Cl2(X
1A1)→CF2Cl2

+(D2B2) would mainly accom-

pany with the excitation of the scissor vibrations of the

CF2 or CCl2 groups.
As shown in FIG. 2, we also calculated the five high-

est occupied molecular orbitals of the neutral CF2Cl2
molecule. Notably, the first four molecular orbitals are

mainly contributed by the lone pair of electrons of the

Cl atom and contain almost non-bonding orbitals,

which is in line with Bunzli’ s conclusion [18]. In com-

parison, the D2B2 ionic state is formed by removing an

electron from the HOMO-4 orbital, which is jointly con-

tributed by the lone pair of electrons of the F atom and

the σ(C–Cl) bonds. This complex orbital distribution

implies that the molecular geometry might be signifi-

cantly changed when forming the D2B2 state.
According to transition selection rules, only four vi-

brational modes of a1 symmetry can be excited in the

FC ionization, ν1+ to ν4+ for CF2Cl2
+ [21, 22, 33]. As

described previously [16, 17], the ν1+ and ν2+ modes are

mainly attributed to the motion of the carbon atom

 

TABLE III   Structural  parameters of  neutral  CF2Cl2 molecule and CF2Cl2
+ cation in the D2B2 state. Bond length R in

unit of Å and bond angle Θ in unit of (°)).

Method
CF2Cl2 (X1A1) CF2Cl2

+ (D2B2)

R(C–F) R(C–Cl) Θ(F–C–F) Θ(Cl–C–Cl) R(C–F) R(C–Cl) Θ(F–C–F) Θ(Cl–C–Cl)

ωB97XD 1.325 1.770 108.2 111.4 1.274 1.852 113.5 107.1
M06-2X 1.328 1.760 107.8 111.8 1.262 1.888 113.9 105.9
HF [33] 1.309 1.759 108.0 111.7

CASSCF [35] 1.243 1.933 113.8 105.3
CASPT2 [35] 1.330 1.755 108.0 111.7 1.266 1.893 115.9 102.9

 

FIG.  2   The HOMO, HOMO-1, HOMO-2, HOMO-3, and HOMO-4 orbitals of neutral CF2Cl2.
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along the C2V symmetry axis, combining with the C–F

bond symmetry stretching and the F–C–F scissoring,

respectively. The ν3+ mode is a combination of the

C–Cl stretching and the F–C–F scissoring, while the

ν4
+ mode is contributed by the Cl–C–Cl scissoring. Ta-

ble IV summarizes their vibrational frequencies calcu-

lated at different theoretical levels of theory and the ex-

perimental values. We note, in the previous experi-

ments the distinct vibrational structure of the D2B2

band was consistently assigned to the ν3+ excitation,

and the value of ~370 cm−1 was all suggested for its vi-

brational frequency [18–22]. In comparison to this val-

ue, the M06-2X and CASSCF frequencies are slightly

lower, while the ν3+ frequency of 401 cm−1 at the

ωB97XD level is apparently larger. However, the calcu-

lated results at three levels are generally consistent with

each other. In this scenario, it is almost impossible to
identify the best DFT approaches for the title system,

without the Franck-Condon simulation for the whole

spectral band.

 C.  Franck-Condon factor simulated TPE spectra

fi→j = |⟨ψ∗
nuc,f|ψnuc,i⟩|

2 ψ∗
nuc,f ψnuc,i

The FC factors (FCFs) usually can be expressed as

the square of nuclear overlap terms, as

, where  and  are the

nuclear wave functions of final and initial states. For

the CF2Cl2(X
1A1)→CF2Cl2

+(D2B2) photoionization,

FCFs were calculated at the M06-2X and ωB97XD lev-

els with the aug-cc-pVTZ basis set within harmonic os-

cillator model, using their own optimized geometries

and vibrational frequencies of neutral and cationic

molecules. The maximal vibrational quantum number

of the neutral in ground state was set to be 5, whereby

hot band excitations were considered too. Following the

previous simulations for lower electronic states [16, 17],

the thermal temperature were set at 250 K owing to the

identical experimental conditions. Actually, we also

compared the simulated spectra at the range of

20‒ 300 K (not shown here), affirming this optimized

temperature.
Table V lists the vibrational excitations with the

transition intensity (i.e. FCFs) of more than 0.010 in
the photoionization towards the D2B2 ionic state, calcu-

lated at the M06-2X/aug-cc-pVTZ level, where the cal-

culated peak positions were slightly shifted according to
systematic errors in the excitation energy calculation.
As indicated in this table, the ν1+ and ν3+ vibrational

modes, together with their combination, play dominant

roles in the photoionization process, while the ν2+ and

ν4
+ excitations have minor contributions. Specifically,

the major vibrational peaks can be assigned as the vi-

brational transition series of X1A1(0, 0, 0, 0)→D2B2(m,

0, n, 0) (m = 0, 1, 2, 3; n = 1, 2, 3, 4). Furthermore, the

hot-band transition process of X1A1(0, 0, 0, 1)→
D2B2(m, 0, n, 1) (m=0, 1, 2; n=1, 2) also exhibits con-

siderable intensity.
FIG. 3 shows the experimental and simulated thresh-

old photoelectron spectra. To our surprise, the simulat-

ed spectrum at the M06-2X level exhibits generally con-

sistent vibrational structures with the experimental da-

ta, while the spectral patterns of the ωB97XD simulat-

ed spectra do show significant difference, even if we ig-

nore the discrepancies of peak positions. The different

performances are unexpected, since the optimized ge-

ometries at the ωB97XD level do not show striking dis-

crepancies from the other theoretical levels like M06-2X

as shown in Table III. Actually, the two DFT methods

have some difference in the HF component for exchange-

correlation energy, e.g. 54% in M06-2X, 22.2% for short-

range and 100% for long-range in ωB97XD. Therefore,

the current result shows a representative example that

the HF component has sensitive influences on the ν1+

and ν3+ vibrational frequencies of the CF2Cl2
+(D2B2)

cation (Table IV), further resulting in different spectral

patterns.
As shown in FIG. 3, the dominant vibrational struc-

ture of the D2B2 band can be reproduced by the FCF

simulation at the M06-2X level. Thus, our results pro-

vide solid evidences that the combinations of multiple

 

TABLE IV   Vibrational  frequencies (cm−1) of  the four vi-
brational  modes  with  a1 symmetry  for  the  D2B2 state  of
CF2Cl2

+ cations,  at  different  quantum  chemical  levels  of
theory, comparing to the experimental data.

Method ν1
+ ν2

+ ν3
+ ν4

+

Theor.
ωB97XD 1168 677 401 229 
M06-2X 1255 673 359 222 

CASSCF [35] 1350 707 354 212 
Expt.

Pradeep et al . [22] – – 375 –
Bunzli et al . [18] – –      370±40 –
Cvitas et al . [20] – – 360 –
Jadrny et al . [21] – – 371 –
Turner et al . [19] – – 385 –

This work 1178 – 361 –
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vibrational modes are excited in the photoionization to
the D2B2 ionic state. This is opposite to the previous as-

signments [20–22], in which only contributions of the

ν3
+ mode were considered. According to the current

simulations, the first vibrational peak (marked with red
arrow) is assuredly assigned to the X1A1(0,0,0,0)→
D2B2(0,0,0,0) transition. Accordingly, the AIE of

14.125±0.005 eV is achieved and greatly agrees with the

previous experimental results [20–22]. Moreover, the

VIE of 14.355±0.005 eV for the D2B2 state is derived

from the strongest vibrational peak in the simulated

spectrum, which is marked with blue arrow in FIG. 3.
The weak peak at the lowest energy side marked with

blue star (14.067 eV) is attributed to the hot-band tran-

sition, X1A1(0, 0, 1, 0)→D2B2(0, 0, 0, 0).
Specifically, a few doublet peaks are theoretically ex-

pected and are marked with red stars in FIG. 3, howev-

er they are not observed in the experimental spectrum.
For example, the calculated peaks of the X1A1(0, 0, 0,

0)→D2B2(0, 0, 3, 0) and X1A1(0, 0, 0, 0)→D2B2(1, 0, 0,

0) transitions should be discerned according to their en-

ergy difference of 0.023 eV, as indicated in Table V.
However, only a single peak exists near this energy in
the experimental spectra. Similar scenarios also arise at

14.485 eV and 14.643 eV (noted with red stars too in
FIG. 3(a)). Moreover, the experimental vibrational

peaks are systematically visibly red-shifted from the

calculated ones above 14.3 eV. Hereby, we conjecture

that this deviation might stem from the errors in the

frequency calculations of different vibrational modes.

 

TABLE V   Vibrational peak positions, Frank-Condon fac-
tors (FCFs), and corresponding transitions of the calculat-
ed threshold photoelectron spectrum of CF2Cl2 within the
ionization  energy  range  towards  the  D2B2 ionic  state  at
the M06-2X/aug-cc-pVTZ level.

Peak
position/eV

⟨ψ∗
nuc,f|ψnuc,i⟩ FCF

X1A1(ν1–4) →
D2B2 (ν1–4

+)

14.125 0.153 0.023 (0,0,0,0)→(0,0,0,0)

14.165 −0.227 0.012 (0,0,0,1)→(0,0,1,1)

14.170 −0.230 0.053 (0,0,0,0)→(0,0,1,0)

14.210 0.229 0.012 (0,0,0,1)→(0,0,2,1)

14.215 0.232 0.054 (0,0,0,0)→(0,0,2,0)

14.255 0.118 0.014 (0,0,0,0)→(0,1,1,0)

14.260 −0.178 0.032 (0,0,0,0)→(0,0,3,0)

14.283 −0.175 0.031 (0,0,0,0)→(1,0,0,0)

14.300 −0.119 0.014 (0,0,0,0)→(0,1,2,0)

14.305 0.108 0.012 (0,0,0,0)→(0,0,4,0)

14.323 0.261 0.015 (0,0,0,1)→(1,0,1,1)

14.328 0.264 0.070 (0,0,0,0)→(1,0,1,0)

14.368 −0.262 0.015 (0,0,0,1)→(1,0,2,1)

14.373 −0.266 0.071 (0,0,0,0)→(1,0,2,0)

14.412 −0.136 0.018 (0,0,0,0)→(1,1,1,0)

14.418 0.204 0.042 (0,0,0,0)→(1,0,3,0)

14.440 0.147 0.022 (0,0,0,0)→(2,0,0,0)

14.457 0.137 0.019 (0,0,0,0)→(1,1,2,0)

14.463 −0.124 0.015 (0,0,0,0)→(1,0,4,0)

14.480 −0.219 0.011 (0,0,0,1)→(2,0,1,1)

14.485 −0.222 0.049 (0,0,0,0)→(2,0,1,0)

14.502 −0.105 0.011 (0,0,0,0)→(1,1,3,0)

14.525 0.220 0.011 (0,0,0,1)→(2,0,2,1)

14.530 0.223 0.050 (0,0,0,0)→(2,0,2,0)

14.570 0.114 0.013 (0,0,0,0)→(2,1,1,0)

14.575 −0.171 0.029 (0,0,0,0)→(2,0,3,0)

14.598 −0.104 0.011 (0,0,0,0)→(3,0,0,0)

14.615 −0.115 0.013 (0,0,0,0)→(2,1,2,0)

14.621 0.104 0.011 (0,0,0,0)→(2,0,4,0)

14.643 0.157 0.025 (0,0,0,0)→(3,0,1,0)

14.688 −0.158 0.025 (0,0,0,0)→(3,0,2,0)

14.733 0.121 0.015 (0,0,0,0)→(3,0,3,0)

 

FIG.  3   Experimental  and  Franck-Condon  simulated
threshold photoelectron spectra of CF2Cl2 in the D2B2 ion-
ic band, where the FWHM of 25 meV was used. The AIE
and VIE are marked with red and blue arrows, respective-
ly, and the hot-band is tabbed with blue star.
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To this end, we made a bold attempt that the vibra-

tional frequency of ν1+ for the D2B2 state was modified

from 1255 cm−1 to 1178 cm−1. Using the calculated

FCFs in Table V and the revised vibrational frequen-

cies, we performed a new FC simulation for the experi-

mental spectrum. The comparison between the experi-

mental and new simulated spectra is shown in FIG. 4.
As shown in FIG. 4, the new simulated spectrum ex-

hibits great agreement with the experimental one. Ta-

ble VI lists the energy positions and corresponding as-

signments of the major twelve vibrational peaks in the

D2B2 band, as well as the previous results obtained

from the PES measurement of Jadrny et  al. [21]. No-

tably, the present and previous spectral positions are

greatly consistent, but their vibrational assignments are

totally different above 14.3 eV. For instance, the peak

at 14.355 eV is assigned to the X1A1(0, 0, 0,

0)→D2B2(1, 0, 2, 0) transition, while Jadrny et al. [21]

attributed it to that of X1A1(0, 0, 0, 0)→D2B2(0, 0, 5,

0). Actually, the ν1+ and ν3+ frequencies are derived

from the current simulations as 1178 cm−1 and

361 cm−1, respectively (described below in detail). No-

tably, the ν1+ is about three times as large as ν3+, thus

the fundamental excitation of ν1+ naturally overlaps

with the overtone ν3+ excitation. Under this circum-

stance, the FCF simulation is an efficient approach to
achieve accurate frequencies of these two vibrational

modes.

En = E0 + ωe (n+ 1/2)− ωeχe(n+

1/2)2

Based on the above assignments, we can further

evaluate anharmonic effects of the ν1+ and ν3+ vibra-

tional modes. Using the vibrational transition series of

X1A1(0, 0, 0, 0)→D2B2(m, 0, n, 0) (m = 0, 1, 2. n = 0–4)

in Table VI, the harmonic vibrational frequencies (ωe)

of the ν1+ and ν3+ modes are achieved to be 1178 cm−1

and 361 cm−1, respectively, according to the vibrational

energy equation of 
, where n is the vibrational quantum number. As

shown in Table IV, these two frequencies perfectly

agree with the calculated results and the previous val-

ues [18−22]. The anharmonic parameter for the ν3+

mode, ωeχe, is determined to be 3.42 cm−1. Compared

with the value proposed by Pradeep et  al. (0.27 cm−1)

[22], the current ωeχe value derived from the spectral

simulation is obviously more reliable.

 IV.  CONCLUSION

In this work, we re-measured the TPES of CF2Cl2 in

 

TABLE VI   Assignments of the threshold photoelectron spectrum of CF2Cl2 towards the D2B2 state.

Peak
TPES PES [21]

E/eV X1A1(ν1–4)→D2B2 (ν1–4
+) E/eV X1A1(ν1-4)→D2B2(ν1–4

+)

Ⅰ 14.125 (0,0,0,0)→(0,0,0,0) 14.123 (0,0,0,0)→(0,0,0,0)

Ⅱ 14.170 (0,0,0,0)→(0,0,1,0) 14.169 (0,0,0,0)→(0,0,1,0)

Ⅲ 14.215 (0,0,0,0)→(0,0,2,0) 14.212 (0,0,0,0)→(0,0,2,0)

Ⅳ 14.260 (0,0,0,0)→(0,0,3,0) & (0,0,0,0)→(1,0,0,0) 14.459 (0,0,0,0)→(0,0,3,0)

Ⅴ 14.315 (0,0,0,0)→(1,0,1,0) 14.307 (0,0,0,0)→(0,0,4,0)

Ⅵ 14.355 (0,0,0,0) → (1,0,2,0) 14.353 (0,0,0,0)→(0,0,5,0)

Ⅶ 14.405 (0,0,0,0)→(1,0,3,0) & (0,0,0,0)→(2,0,0,0) 14.399 (0,0,0,0)→(0,0,6,0)

Ⅷ 14.450 (0,0,0,0)→(2,0,1,0) 14.447 (0,0,0,0)→(0,0,7,0)

Ⅸ 14.495 (0,0,0,0)→(2,0,2,0) 14.492 (0,0,0,0)→(0,0,8,0)

Ⅹ 14.545 (0,0,0,0)→(2,0,3,0) 14.537 (0,0,0,0)→(0,0,9,0)

Ⅺ 14.590 (0,0,0,0)→(2,0,4,0) & (0,0,0,0)→(3,0,0,0) 14.582 (0,0,0,0)→(0,0,10,0)

Ⅻ 14.630 (0,0,0,0)→(3,0,1,0) 14.627 (0,0,0,0)→(0,0,11,0)

 

FIG.  4   Comparison between the experimental and Franck-
Condon  simulated  threshold  photoelectron  spectra  of
CF2Cl2 in  the  D2B2 ionic  band  with  the  revised ν1

+ fre-
quency, where the FWHM of 25 meV was used.
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the 11.60–15.10 eV photon energy range by applying

TPEPICO approach. By calibrating the photon ener-

gies in the whole range with well-known absorption

lines of argon gas, both AIE and VIE values of CF2Cl2
were corrected. Based on the upgraded AIE value of

11.590 eV and the AP (CF2Cl+/CF2Cl2) of 11.974 eV,

the C–Cl bond energy of CF2Cl2
+ cation, BE (C–Cl in

CF2Cl2
+), was determined to be 0.384 eV.

Specifically, the FCF simulations were performed for

the D2B2 band of TPES of CF2Cl2, based on the opti-

mized geometries and harmonic vibrational frequencies

for the neutral CF2Cl2 and its cation in the D2B2 state,

respectively, calculated at the ωB97XD and M06-2X

levels with the aug-cc-pVTZ basis set. Although the

two DFT methods showed generally consistent geome-

tries, the simulated spectra patterns were significantly

different, and the M06-2X/aug-cc-pVTZ results exhib-

ited great agreement with the experimental vibrational

structures. By comparing the simulated and experimen-

tal spectra, the vibrational assignments for the D2B2

band were achieved. Accordingly, the AIE and VIE to-

wards the D2B2 state were determined as

14.125±0.005 eV and 14.355±0.005 eV, respectively.
Moreover, vibrational frequencies of the ν1+ and ν3+

modes were 1178 cm−1 and 361 cm−1, respectively.
In comparison to the previously reported ionization

energy and vibrational frequencies, we have high confi-

dence in the accuracy of current ionization energies and

vibrational frequencies because of reliable spectral as-

signments.
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