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Threshold photoelectron spectrum of
CHoF in the photon energy range of
12.45-14.10 eV was re-investigated Y
by means of a combination of photo-
electron-photoion coincidence experi-
ments and density functional theory
calculations. A series of vibrational
peaks were distinctly observed in this
range. Using optimized geometries
and vibrational frequencies of the
CHsF9 neutral and its cation in
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ground state at the M06-2X/cc-pVTZ level of theory, Franck-Condon factor simulations were

conducted. Taking into account anharmonicity influences, a perfect agreement between the

simulated and experimental spectra has been achieved. From the reliable vibrational assign-

ments, adiabatic and vertical ionization energies of CHoF9 are derived as 12.371 + 0.010 eV

and 13.281 £ 0.010 eV, respectively. In addition, the experimental frequencies of four vibra-

tional modes with a; symmetry for CH2F2+(X2B1) ions are determined.

Key words: Threshold photoelectron spectroscopy, Franck-Condon simulation, Vibrational

frequency analyses, Ionization energy, CHoF9

I. INTRODUCTION

Difluoromethane, CHoF9, is primarily used as a low-
temperature and medium-temperature refrigerant blend
to replace HCFC-22, due to its lower zero ozone deple-
tion potential [1, 2]. However, considering that dissocia-
tive photoionization of CHsF9 in ionosphere can pro-
duce fluorine atoms, together with CHoF ™ or CHFy™
fragment ions, in the presence of VUV light, its pho-

toionization and photodissociation might have a signifi-
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cant impact on the atmospheric fluorine cycle. There-
fore, an in-depth investigation on the VUV dissociative
photoionization of CH2F9 is necessary for modelling the
relevant chemical systems, especially to achieve accu-
rate ionization energy, vibrational frequencies, and dis-
sociation limits.

During past decades, many experimental approach-
es have been applied on measurements of ionization en-
ergy and vibrational frequencies of CHgFo and its
cations, such as photoelectron spectroscopy (PES) us-
ing He-I light [3—5], electron impact spectra [6], VUV
absorption spectroscopy [7], pulsed-field-ionization zero-
kinetic-energy (PFI-ZEKE) spectroscopy |[8],
threshold photoelectron spectroscopy (TPES) [9, 10].
Among these spectra, the first VUV absorption band
was consistently located at the center of 13.27-13.29 eV,

and
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TABLE I Adiabatic (AIE) and vertical (VIE) ionization energies (in eV) of CHaF reported in experimental and theoreti-
cal studies (the methods without given reference are from this work).

Experimental Theoretical

Method AIE/eV VIE/eV Method AIE/eV VIE/eV
PES [3] 12.720 13.270 HF/SD-CI [11] 12.520 13.250
PES [4] 12.700 13.200 CASPT2/ANO-L [12] 12.630 13.180
PES [5] 12.746 MP4SDQ/aug-cc-pVTZ [5] 12.687 13.247
EI [6] 13.270 CCSD(T)/CBS limit [8] 12.748

PFI-ZEKE [§] 12.7252+0.0009 B3LYP/6-311++G(d,p) 12.675 13.176
TPES [9] 12.740 13.300 ®B97XD /cc-pVTZ 12.662 13.308
TPES [10] 12.727 13.142 M06-2X /cc-pVTZ 12.725 13.299
TPES 12.731+0.010 13.281+0.010

providing an approximate vertical ionization energy
(VIE). In contrast, there is a larger variation in the adi-
abatic ionization energy (AIE) of CHgF2 reported in
these experiments. The earlier spectra of low resolution
suggested roughly estimated values of 12.72 eV [3] or
12.70 eV [4], according to the appearance onset of par-
ent ions. Instead, a more accurate AIE value was deter-
mined from the lowest-energy vibrational peak position,
since a series of vibrational peaks were clearly observed
in the high-resolution PES or TPES. For example, Sec-
combe et al. suggested an AIE value of 12.74 eV as the
first vibrational peak of the X?By band [9], while Tuck-
ett et al [10] proposed an upgraded AIE of 12.727 eV
based on the Franck-Condon simulations. The highest
precise value of AIE was achieved in the PFI-ZEKE
study as 12.7252 + 0.0009 eV [8].

The previous vibrational assignments were roughly
obtained according to energy intervals of the observed
vibrational peaks, except for Tuckett et al.’s study [10].
However, the Franck-Condon factor (FCF) simulated
spectrum of Tuckett et al. [10] exhibited moderately in-
consistent with the experimental result, due to the lack
of anharmonicity effects in their simulations. Consider-
ing that the lowest-energy vibrational peak in experi-
ments might be contributed by hot bands, a correct vi-
brational assignment is essential to determine the accu-
rate AIE value and obtain the reliable vibrational fre-
quencies.

Several theoretical calculations were performed to
calculate molecular geometries and vibrational frequen-
cies of neutral CHoF9 and its cation, such as Hartree-
Fock (HF) [11], complete active space self-consistent
field (CASSCF) and multi-configuration second-order
perturbation theory (CASPT2) [12]. Using the calculat-
ed energies and harmonic vibrational frequencies, the
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AIE and VIE values were estimated with zero-point en-
ergy (ZPE) corrections. Table I summarizes the report-
ed ionization energies in previous experimental and the-
oretical studies. It is worth noting that the calculated
AIE values are generally lower than the experimental
data, with a range of 0.01-0.10 eV. Moreover, the
CCSD(T) CBS calculation shows an overestimated lim-
it of AIE, 12.748 eV [8]. Thus, it gives us a motivation
to perform a more accurate measurement of ionization
energy of CHaF9, using a combination of high-resolu-
tion TPES experimental measurements and high-level
density functional theory (DFT) calculations.

In this work, the TPES of CHoF2 in the range of
12.45-14.10 eV has been re-measured using the thresh-
old photoelectron-photoion coincidence (TPEPICO)
double velocity map imaging end-station at the Hefei
Light Source [13]. To obtain reliable vibration assign-
ments, high-level DFT calculations have been carried
out to optimize geometries and to calculate vibrational
frequencies of its neutral and ionic in ground state.
With the aid of FCF simulations, the vibrationally re-
solved TPES in experiments is well reproduced when
taking into account anharmonicity influences. Conse-
quently, the AIE and VIE values of CHoF9 are accu-
rately determined in experiments. Actually, this analy-
sis approach has been successfully applied on prefect
spectral assignments for the vibrationally resolved
TPES of CFoCly in the X?By [14], BBy and C?A; [14],
and D?By [15] ionic states, recently. The AIE value of
CF3Cly was corrected to 11.565 = 0.010 eV from the pre-
vious one (~11.75 eV) [16, 17], which shows a represen-
tative example to precisely determine the AIE value
when molecular geometry significantly changes in pho-

tolonization.

© 2024 Chinese Physical Society
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Il. EXPERIMENTAL AND THEORETICAL METHODS

TPES of CHoF9 in gas phase was measured using the
TPEPICO velocity imaging spectrometer at the BLO9U
beamline in the Hefei Light Source. Details of the beam-
line and the apparatus have been described previously
[13], and thus only a brief introduction is given here.
The VUV photons from synchrotron radiation dis-
persed from a monochromator were used as photoion-
ization light, with a resolution power (E/AE) of ~3000
at 15 eV. A gas filter containing argon gas of ~2 torr was
placed in front of the TPEPICO chamber, to absorb
more than 99% of higher-order harmonic radiations.
The absolute photon energy was calibrated using ion-
ization energies of krypton and neon, and the photon
flux was detected with a silicon photodiode.

A mixture gas of CHoF and helium (1/9, V/V) was
introduced into the vacuum chamber through a 30-pm-
diameter nozzle with the stagnation pressure of 1.2 atm.
The molecular beam was collimated by a 0.5-mm-diam-
eter skimmer, and intersected with the VUV beam at
the downstream of 10 cm from the nozzle. A dc extrac-
tion field of approximately 15 V/cm was employed to
push electrons and ions out in opposite directions. A
special ion optics was utilized to collect electrons and
ions [13], and map their velocity images [18, 19]. Photo-
electrons with zero kinetic energy, so-called “threshold
photoelectrons”, were selectively detected by a mask
with a 1-mm-diameter hole in front of the electron de-
tector at the end of flight tube, providing a start time
for measuring the time-of-flight (TOF) of coincident
ions. By recording intensities of threshold photoelec-
trons or coincident ions (parent or fragment ions) ver-
sus photon energy, the TPES of CHsF9 or the TPEPI-
CO spectra (i.e. mass-selected TPES) of coincident ions
were measured.

Optimized geometries and vibrational frequency
analyses of neutral CH9F and its cation in ground state
were performed at three DFT levels with the 6-
3114++G(d,p) and cc-pVTZ basis sets, such as BSLYP
[20], ®B97XD [21] and MO06-2X [22]. The single-point
energies of the neutral and cation were calculated at
their own optimized geometries, and then the AIE val-
ue was determined by their energy difference with zero-
point-energy (ZPE) corrections. The FCFs were calcu-
lated using the ezSpectrum program [23], based on the
optimized geometries, harmonic frequencies, and nor-
mal-mode vectors of CHQFQ(XlAl) and CH2F2+(X2B1)7
as the overlap integral of vibrational wavefunctions be-
tween the initial and target states [24]. The vibrational
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temperature of 250 K and a full width at half maximum
(FWHM) of 25 meV were used in the simulations, ac-
cording to the instrumental resolution and rotational
distributions, and the calculated AIE value was slightly
shifted to achieve a better alignment with the experi-
mental spectrum. All these DFT calculations were per-
formed with the Gaussian 16 program package [25].

I1l. RESULTS AND DISCUSSION

A. Threshold photoelectron spectrum of CH>F»>

FIG. 1 exhibits the currently recorded TPES of
CHoF7 in the photon energy range of 12.45-14.10 eV,
with a step size of 5 meV, in which the intensity has
been normalized by photon flux. A series of vibrational
peaks are clearly discerned within the range of 12.7—
13.8 eV, whose peak positions and relative intensities
are generally consistent with the previous TPES of Sec-
combe et al. [9] and Tuckett et al. [10]. Moreover, in
these TPES, the vibrational peaks are superposed on a
broad background, compared to the He-I PES of Palmer
et al. [5], although energy resolutions of all experiments
are close. This background can be attributed to the in-
fluence of auto-ionization processes, as both direct ion-
ization and auto-ionization simultaneously occur in
TPES measurements, while the latter is usually exclud-
ed from the He-I PES due to completely different tran-
sition cross sections. Nicely, this background does not
affect our following vibrational analyses of the whole
X?B; band.

The vibrational peak with maximal intensity (noted
with a purple arrow in FIG. 1) is located at 13.281 eV,
whose energy is assigned to the VIE value. In contrast,
the lowest-energy peak position in this vibrational se-
ries is observed at 12.731 eV (labeled with a red arrow),
providing an initial value of AIE. The energy gap be-
tween the AIE and VIE values is moderately large by
0.55 €V, implying a significant change of geometry be-
tween the neutral CHoFy (X'A1) and its cation (X*B1)
in ground state.

Of particular importance is the gradual broadening
of the vibrational peak width with increasing photon
energy. As proposed previously [8], the lowest fragmen-
tation pathway for dissociative photoionization of
CHoF is the production of CHoF ™ +H, with the ap-
pearance energy of ~13.065 eV. Consequently, except
for the onset region, the fragmentation of CHaFao™
(X2B1) can occur throughout the whole energy range of
FIG. 1. Thus, the observed broadening of vibrational

© 2024 Chinese Physical Society
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FIG. 1 Threshold photoelectron spectrum of CHgFs in
the photon energy range of 12.45-14.10 eV, with a step
size of 5 meV. The peaks labeled with blue stars are con-
tributed by photoionization of residual water molecules in
vacuum chamber. The one with a red arrow represents the
0-0 vibrational band for photoionization transition of
CHoFo(X'A1)—CHyF,t(X?B;), while a purple arrow
shows the peak with maximal intensity.

peaks is rightly attributed to the influence of parent ion
dissociations.

Additionally, a strong peak is unexpectedly located
at 12.62 eV in our spectrum, which is noted with a blue
star in FIG. 1. According to the high-resolution TPES
of HoO [26], this peak is assuredly contributed by
threshold photoionization of residual water in vacuum
chamber as its vibrational ground-state band, (0,0,0) of
HyO"(X?B1). Moreover, two vibrationally excited lev-
els of HoOT(X?B1), (0,1,0) and (1,0,0), are located at
12.799 and 13.026 eV, respectively, with weaker intensi-
ties (approximate 1/8 and 1/5 relative to the (0,0,0) in-
tensity [26]). Obviously, both of them are covered by
overlaying nearby vibrational peaks of CHoF9, as shown
in FIG. 1.

B. Geometry and vibrational frequencies of CHyFot
(X2B1)

Table II summarizes the optimized geometrical pa-
rameters of CHsF9 neutral and its cation in their own
ground state at the BLYP/6-311+G(d,p), ®BI7XD/cc-
pVTZ, and M06-2X/cc-pVTZ level of theory, as well as
the previous calculated results. The generally consis-
tent results are obtained at all the computational levels.
Only slightly reduced bond angles, 6(F-C-F) and
0(H-C-H), are achieved at the ©B97XD and M06-2X
levels, in comparison to the CASPT?2 results.

According to the electron configuration of ground-
state CHQFQ(XlAl) neutral molecule, [core](3a1)2
(2b2)2(4a1)2(1b1)2(5al)2(3b2)2(1a2)2(6a1)2(4b2)2(2b1)2,
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CH,F," X’B,

CH,F, X'A,

HOMO

FIG. 2 Frontier molecular orbitals of neutral CHoF2 and
its cation in ground state, calculated at the MO06-2X/cc-
pVTZ level of theory.

an electron is removed from the outermost orbital 2b
to produce its ground-state cation, CH2F2+(X2B1). As
this orbital is dominantly distributed on the oc_g bond
(FIG. 2), the removal of an electron from the orbital sig-
nificantly weakens the C—H bonds, leading to an elon-
gated C—H bond length by 0.09 A and a substantial re-
duced H-C-H bond angle from 113.12° to 86.6°, as
shown in Table II. Meanwhile, the C—F bond exhibits a
pronounced enhancement with the reduced bond
lengths, and the F-C-F bond angle is increased due to
electrostatic repulsion of the two closer fluorine atoms.
Additionally, the frontier molecular orbitals of
CH2F2+(X2B1) is almost identical to those of neutral
molecule, validating the feature of primary ionization
state for the X2B state.

Using the optimized geometries of neutral and
cation, the AIE and VIE of CHoF9 were calculated with
ZPE corrections. As shown in Table I, the calculated
AIE values are 12.675, 12.662 and 12.725 eV at the
B3LYP/6-311++G(d,p), ®BI7XD/cc-pVTZ and MO06-
2X/cc-pVTZ levels, respectively, while the VIE are
13.176, 13.308 and 13.299 eV, respectively. These val-
ues are consistent with the previous ones calculated at
the MP4SDQ/aug-cc-pVTZ level, and the difference is
within 0.071 eV. Notably, both AIE and VIE data at
the MO06-2X/cc-pVTZ level show the best agreement
with the experimental values. This may indicate that
the higher HF component in the M06-2X hybrid func-
tionals facilitates the excitation energy calculations of
organic molecules such as CHoF's.

According to the above geometrical variations in
photoionization, four vibrational modes with a; symme-
try, the symmetric stretching of CHa(v) and CFa(vs3),
and the bending vibration of CHa(r2) and CFa(v4), may
be predominantly excited in photoionization. Table III
summarizes the calculated harmonic frequencies (w;) of
the four vibrational modes at several levels of theory, all
of which are generally consistent but systematically
larger than the experimental data. Hence, the harmonic

© 2024 Chinese Physical Society
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TABLE II Geometrical parameters of the neutral CHoF9 and its cation in ground state, calculated at various levels of the-
ory, as well as the experimental results of CHaF2(X'A!) (R in A and 6 in (°)).

CHoF2(X1A7) CHoF2 " (X?By)

Method R(C-F)  R(C-H) ¢(F-C-F) @(H-C-H) R(C-F) R(C-H) @(F-C-F) 6(H-C-H)
B3LYP 1.366 1.092 108.47 113.74 1.283 1.169 116.08 90.07
©BY7XD 1.351 1.089 108.34 113.12 1.268 1.178 116.38 86.60
MO06-2X 1.351 1.089 108.34 113.12 1.268 1.178 116.38 86.60
HF [11] 1.335 1.087 108.50 112.50 1.246 1185 117.00 77.70
CASSCF [12] 1.357 1.081 106.40 113.00 1.269 1.176 114.90 82.20
CASPT2 [12] 1.352 1.085 108.60 113.40 1.270 1.166 116.90 86.50
MP2 [12] 1.360 1.090 108.50 113.60 1.272 1.173 116.90 85.70
Expt. [27] 1.351 1.084 108.50 112.80

TABLE III Unscaled harmonic vibrational frequencies (cm™') of the four vibrational modes with a; symmetry for the
CH2F2+(X2B1) cations and CH2F2(X1A1) neutral, at various computational levels of theory.

Method CHoFo(X'A7) CHoFo(X%By)
w1 w2 w3 w4y w1 w2 w3 w4
B3LYP 3057 1520 1097 521 2491 1056 1226 599
®B9I7XD 3055 1546 1141 537 2519 1065 1278 605
MO06-2X 3090 1554 1165 542 2491 1098 1299 607
EOM-IP-CCSD [10] 3100 1573 1162 546 2548 1092 1290 608
MP4SDQ [5] 3100 1570 1150 540 2514 1069 1292 604

Expt. [27]* 2947.90 1509.60 1111.61 528.34

& All the experimental frequencies were determined by the transition energy from the v;=0 to v;=1 levels.

vibrational frequencies at the M06-2X/cc-pVTZ level
are corrected by a scale factor of 0.986, and used in the
subsequent FCF calculations.

C. Franck-Condon factor simulated TPES of CHyF,t
(X?B1)

Using the optimized geometries, the scaled harmonic
vibrational frequencies, and the normal-mode vectors of
the CHoF9 neutral and cation in ground state at the
M06-2X/cc-pVTZ level, Franck-Condon factors were
calculated. For simplicity, only the vibrational transi-
tions with FCFs exceeding 0.001 in the photoionization
process towards the X?B; ionic state are listed in
Table IV. Notably, although the vibrational tempera-
ture is set to be 250 K, hot bands have insignificant
FCFs, and thus their contributions in TPES can be ig-
nored.

As illustrated in Table IV, the combination of the v
and v3 excitations is predominant in the photoioniza-
tion process, whereas the individual excitations of vq,
v9, v3, and v4 modes have relatively minor contribu-
tions. These transition features agree with the above ge-
ometric variations, in which the 8(H-C-H) is signifi-
cantly reduced and the C—F bond lengths moderately
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decrease. Specifically, the dominantly excited vibra-
tional transitions are identified as X2B1(O,m,n,0)
—X1A1(0,0,0,0) (m=1, 2; n=1, 2) and X*B1(1,m,n,0) «
X1A1(0,0,O,0) (m=1, 2; n=1, 2), as shown in Table IV,
whose FCFs are more than 0.025. Obviously, vibra-
tional excitations in photoionization are very complicat-
ed, and many vibrational peaks are significantly over-
lapped. Accordingly, the previous vibration assign-
ments simply using energy gaps [3, 9] are not credible.
Therefore, a simulation for the whole vibrational pro-
file and relative intensity is necessary to achieve reli-
able vibrational analyses.

Using these calculated FCFs, the TPES for pho-
toionization to CH2F2+(X2B1) was simulated, with a
FWHM of 25 meV at room temperature to take into ac-
count the instrumental resolution and the predissocia-
tive broadening of vibrational peaks. FIG. 3 exhibits the
simulated and experimental TEPS simultaneously for
direct comparison. Notably, to greatly match the exper-
imental vibrational series, the 0-0 vibrational band posi-
tion (i.e. AIE) is slightly shifted from the calculated val-
ue (12.725 eV) to the peak position of the lowest-energy
band in experiment (12.731 eV). In other words, the
ATE value of CHoF is suggested to be 12.731+£0.010 eV
in current study, where the error of 10 meV is deter-

© 2024 Chinese Physical Society
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TABLE IV Vibrational peak positions, FCFs, and corresponding transition assignments of the photoionization of CHaF9
to the X?B; ionic state, calculated at the M06-2X/cc-pVTZ level.

Peak/eV FCF X2By(vp4) X Aq (01 4) Peak/eV FCF X?By (v 4)—X" Ay (01 4)
12725 0.0081 (0,0,0,0) < (0,0,0,0) 13.259 0.0138 (0,3,1,0) < (0,0,0,0)
12.852 0.0150 (0,1,0,0) « (0,0,0,0) 13.269 0.0140 (1,2,0,0) < (0,0,0,0)
12.876 0.0170 (0,0,1,0) « (0,0,0,0) 13.283 0.0266 (0,2,2,0) « (0,0,0,0)
12.923 0.0011 (0,1,0,1) « (0,0,0,0) 13.293 0.0346 (1,1,1,0) « (0,0,0,0)
12.947 0.0012 (0,0,1,1) < (0,0,0,0) 13.303 0.0038 (2,0,0,0) < (0,0,0,0)
12.980 0.0128 (0,2,0,0) < (0,0,0,0) 13.307 0.0192 (0,1,3,0) < (0,0,0,0)
13.004 0.0316 (0,1,1,0) « (0,0,0,0) 13.317 0.0184 (1,0,2,0) < (0,0,0,0)
13.014 0.0088 (1,0,0,0) « (0,0,0,0) 13.331 0.0044 (0,0,4,0) « (0,0,0,0)
13.028 0.0168 (0,0,2,0) « (0,0,0,0) 13.339 0.0011 (1,2,0,1) < (0,0,0,0)
13.074 0.0023 (0,1,1,1) « (0,0,0,0) 13.363 0.0025 (1,1,1,1) « (0,0,0,0)
13.098 0.0012 (0,0,2,1) < (0,0,0,0) 13.387 0.0013 (1,0,2,1) < (0,0,0,0)
13.107 0.0065 (0,3,0,0) < (0,0,0,0) 13.396 0.0072 (1,3,0,0) < (0,0,0,0)
13.131 0.0269 (0,2,1,0) < (0,0,0,0) 13.420 0.0295 (1,2,1,0) < (0,0,0,0)
13.141 0.0165 (1,1,0,0) « (0,0,0,0) 13.430 0.0072 (2,1,0,0) < (0,0,0,0)
13.155 0.0312 (0,1,2,0) « (0,0,0,0) 13.444 0.0342 (1,1,2,0) « (0,0,0,0)
13.165 0.0186 (0,0,1,1) « (0,0,0,0) 13.454 0.0081 (2,0,1,0) « (0,0,0,0)
13.179 0.0103 (0,0,3,0) < (0,0,0,0) 13.468 0.0113 (1,0,3,0) < (0,0,0,0)
13.202 0.0019 (0,2,1,1) « (0,0,0,0) 13.557 0.0061 (2,2,0,0) < (0,0,0,0)
13.212 0.0012 (1,1,0,1) < (0,0,0,0) 13.581 0.0151 (2,1,1,0) < (0,0,0,0)
13.226 0.0022 (0,1,2,1) « (0,0,0,0) 13.605 0.0080 (2,0,2,0) < (0,0,0,0)
13.235 0.0022 (0,4,0,0) « (0,0,0,0) 13.719 0.0015 (3,1,0,0) < (0,0,0,0)
13.236 0.0013 (1,0,1,1) « (0,0,0,0) 13.743 0.0017 (3,0,1,0) « (0,0,0,0)
v rent measurements.

g As shown in FIG. 3, the overall vibrational struc-

5 | —o-wems tures are well reproduced by the FCF simulation, and

8| ol even the most small undulations on each of the vibra-
—10-nv,

%‘ =ty tional peaks can be attributed to weak vibrational exci-

8 Sty tations. The current simulation also agrees well with the
£ | —o-n,

[ T v, Tuckett’s result [10]. However, due to anharmonicity

= il influences, the simulated vibrational peaks in the high-

er energy region are visibly blue shifted in comparison

. . X : . . ) to the experimental results. Therefore, a more satisfac-

126 12.8 13.0 13.2 13.4 13.6 13.8
Photon energy / eV

FIG. 3 The experimental (dotted line in grey) and

Franck-Condon simulated (solid line in black) TPES of

CHsF9 in the X2B1 ionic state. The colored sticks corre-

spond to various vibrational transition series, as indicated
in the label tabs.

mined by the uncertainty of VUV photon energy. Obvi-
ously, this result is reasonably consistent with the pre-
cise value (12.7252+0.0009 eV) in PFI-ZEKE experi-
ment [8], taking into account the uncertainty of the cur-

tory simulation of TPES must involve anharmonicity
effects to get more precise assignments of the vibra-
tional peaks.

Considering only harmonic oscillator approximation
is involved in the FCF simulation of the ezSpectrum
program [23], we herein utilized a simple but efficient
strategy to introduce anharmonicity effects in the re-
vised FCF simulation. We know, anharmonicity correc-
tions for degenerated vibronic levels are approximately

given as the following Eq.(1),

G (v1,v2,v3,v4) = Go + sz' (Uz’ + ;) ) Xk (Ui + ;) (Uk + ;) (1)

DOI: 10.1063/1674-0068 /cjcp2408109
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where G(v1,v2,v3,14) is the energy of the (vy,v9,v3,14) vi-
bronic level for CH2F2+(X2B1), Gp is the electronic
state energy, w; and x;; are the harmonic vibrational
frequency and the anharmonicity constant. As the an-
harmonicity corrections for vibronic levels are usually
quite small, we can ignore their influences on the FCF
calculations because the FC factors are determined by
the overlap between two vibrational wavefunctions of
upper and lower states. Additionally, as only vibra-
tional ground state of CHQFQ(XlAl) is included in the
current FCF simulations, as indicated in Table IV, we
pay attention to the anharmonicity corrections for the
upper state, X2B1.

Using the calculated vibrational frequencies w; and
the FCF's in Table IV, together with the same FWHM
and vibrational temperature, we reproduce the TPES
for photoionization to CH2F2+(X2B1) by manually ad-
justing the anharmonicity constants x;x As a result, a
satisfactory agreement is obtained between the FCF
simulated and experimental spectra, as shown in
FIG. 4. In addition, a wide background curve (noted
with a grey dashed line) is added into the simulated
one, representing the contributions of auto-ionization.

Based on the perfectly simulated spectrum, the vi-
brational peaks in experiments are assigned meticulous-
ly, and listed in Table V, where the previous assign-
ments are also listed. Furthermore, anharmonicity con-
stants for these four vibrational modes are determined
by the simulations as x11=—24.277 cm !, x20=
~19.357 cm ™Y,  y33=—12.824 cm Y, yau=—8.671 cm L,
x12=-3.226 cm ™!, x13=-7.259 cm™ !, x14=—6.452 cm ™,
X34=
—4.033 cm™ 1, respectively. Notably, the current simula-

x23==9.679 cm ™,  x24=-8.066 cm !, and
tion is not a least-square global fitting to the experi-
mental spectrum, thus the above anharmonicity con-
stants may not be unique since a lot of combination
bands overlap significantly. However, using these data,
we can deduce the reliable experimental values of the
vibration frequencies (v1, v2, v3, v4) from the following

Egs. (2)-(5),

1 1 1
vi = w1+ 2x11 + 5X12 + 5X13 + 5 X1 (2)

1 1 1
Vg = wa + 2x22 + JX12 + 523 + 5 X4 (3)

1 1 1
v3 = w3 +2x33 + 5X13 + 5X23 + 5 X34 (4)

1 1 1
Vg = wa+ 244 + 5X14 + 5X24 + 5 X34 (5)
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12.6 12.8 13.0 13.2 13.4 13.6
Photon energy / eV

FIG. 4 The FCF simulated TPES of CH2F2+(X2B1) af-
ter anharmonicity corrections, where blue lines represent
the line spectrum obtained after incorporation of the an-
harmonicity factors, the red line plots the simulated spec-
trum with convolution of the blue lines. The dashed line
represents the background contributed by auto-ionizations.

where the experimentally observed frequencies of the v;
mode correspond to the transition energy from the
;=0 to v;=1 levels with all other vy=0, and w; is the
scaled harmonic vibrational frequency for the v; mode
calculated at the M06-2X/cc-pVTZ level as listed in
Table III. Therefore, although the above w; and ;i val-
ues are not sufficiently reliable, the plausible vy, v, v,
and vy values of CHoFo™ ions in the X?B; state are de-
rived from the above equations to be 2349, 1038, 1266,
and 526 cmfl, respectively.

IV. CONCLUSION

In this study, we re-measured the threshold photo-
electron spectrum of CHaF5 in the photon energy range
of 12.45-14.10 eV. A series of vibrational peaks were
distinctly observed. With the increase of photon energy,
the vibrational peak width was gradually broadened, af-
firming the dissociation characteristics of CHaFo ™" ions
in the X2B1 state.

Using optimized geometries and vibrational frequen-
cies of the CHoF9 neutral and its cation in ground state
at the M06-2X/cc-pVTZ level, Franck-Condon factors
were calculated. Subsequently, the FCF simulated spec-
trum was compared with the experimental one. As the
vibrational peaks in the higher energy region are visibly
blue shifted, anharmonicity influences are necessary to
achieve reliable vibrational assignments. By manually
adjusting anharmonicity constants, the FCF simulated
spectrum exhibits a satisfactory agreement with the ex-
perimental result.

Based on these vibrational assignments, adiabatic

© 2024 Chinese Physical Society
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TABLE V The spectral assignments for vibrational peaks observed in threshold photoelectron spectrum of CH2F2+(X2B1),

as well as the previous results.

Present Previous [10]

TPES/eV X?By (v1-4)X'A1(v14) TPES/eV X?By (v1-4)X'A1(v14)
12.731 (0,0,0,0) < (0,0,0,0) 12.727 (0,0,0,0) < (0,0,0,0)
12.797 (0,0,0,1) « (0,0,0,0) 12.792 (0,0,0,1) « (0,0,0,0)
12.867 (0,1,0,0) < (0,0,0,0) 12.865 (0,1,0,0) < (0,0,0,0)
12.882 (0,0,1,0) « (0,0,0,0) 12.876 (0,0,1,0) « (0,0,0,0)
12.922 (0,1,0,1) < (0,0,0,0) 13.944 (0,1,0,1) «< (0,0,0,0)
12.942 (0,0,1,1) < (0,0,0,0) 12.963 (0,0,1,1) « (0,0,0,0)
12.987 (0,2,0,0) < (0,0,0,0) 12.986 (0,2,0,0) < (0,0,0,0)
13.007 (0,1,1,0) « (0,0,0,0) 13.005 (0,1,1,0) « (0,0,0,0)

& (1,0,0,0) < (0,0,0,0) 13.020 (1,0,0,0) < (0,0,0,0)
13.022 (0,0,2,0) « (0,0,0,0) & (0,0,2,0) < (0,0,0,0)
13.057 (0,1,1,1) < (0,0,0,0) 13.085 (0,1,1,1) < (0,0,0,0)
13.077 (0,3,0,0) < (0,0,0,0) 13.124 (0,3,0,0) « (0,0,0,0)
13.146 (0,2,1,0) « (0,0,0,0) 13.142 (0,2,1,0) « (0,0,0,0)
& (1,1,0,0) < (0,0,0,0) 13.159 (1,1,0,0) «< (0,0,0,0)
& (0,1,2,0) < (0,0,0,0) & (0,1,2,0) < (0,0,0,0)
& (1,0,1,0) < (0,0,0,0) 13.274 (0,3,1,0) < (0,0,0,0)
& (0,0,3,0) < (0,0,0,0) & (1,2,0,0) < (0,0,0,0)
13.207 (0,1,2,1) « (0,0,0,0) & (0,2,2,0) < (0,0,0,0)
& (0,4,0,0) < (0,0,0,0) & (1,1,1,0) < (0,0,0,0)
13.281 (0,3,1,0) < (0,0,0,0) & (0,1,3,0) < (0,0,0,0)
& (1,2,0,0) < (0,0,0,0) 13.401 (1,2,1,0) « (0,0,0,0)
& (0,2,2,0) < (0,0,0,0) & (1,1,2,0) < (0,0,0,0)
& (1,1,1,0) < (0,0,0,0)
& (2,0,0,0) < (0,0,0,0)
& (0,1,3,0) < (0,0,0,0)
& (0,0,2,0) < (0,0,0,0)
& (0,0,4,0) < (0,0,0,0)
13.342 (1,3,0,0) < (0,0,0,0)
13.402 (1,2,1,0) < (0,0,0,0)
& (2,1,0,0) < (0,0,0,0)
& (1,1,2,0) < (0,0,0,0)
& (2,0,1,0) < (0,0,0,0)
& (1,0,3,0) < (0,0,0,0)
13.502 (2,2,0,0) < (0,0,0,0)
13.547 (2,1,1,0) < (0,0,0,0)
13.567 (2,0,2,0) < (0,0,2,0)
13.667 (3,1,0,0) < (0,0,0,0)
13.687 (3,0,1,0) < (0,0,0,0)
and vertical ionization energies of CHgoFo are deter- spectively.

mined to be 12.371 +£ 0.010 eV and 13.281 £ 0.010 eV, re-
spectively. In addition, the experimental frequencies of
four vibrational modes with a; symmetry for
CH2F2+(X2B1) ions are determined as v = 2349 cm_l7
vp=1038 cm !, 13=1266 cm !, and 14 =526 cm !, re-
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