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a b s t r a c t

The equilibrium geometries, vibrational frequencies and normal modes of F2CS and F2CS+
eX2B2, eA2B1, and

eB2A1 states were obtained by utilizing both density functional and coupled-cluster (CC2) theories.
Franck–Condon factors were calculated by using the harmonic-oscillator model taking into account the
Duschinsky effect, based on which photoelectron spectra were simulated. The adiabatic ionization ener-
gies were computed by the CCSD(T) method extrapolated to the complete basis set limit. The computed
equilibrium structures and vibrational frequencies are generally in agreement with the experiment,
except in few cases. The B3LYP and CC2 approaches perform equally well in the computations of F2CS.
The simulated photoelectron spectra of F2CS are also in accord with the experiment, indicating that
the calculated structures are reliable. The computed adiabatic ionization energies are in agreement with
the experiment within 0.01, 0.02, and 0.06 eV for the three ionic states, respectively.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The vibronic spectroscopy of molecules provides rich informa-
tion about the equilibrium structures and vibrational energy levels
of corresponding electronic states, which can be investigated the-
oretically by computing molecular properties together with
Franck–Condon factors (FCFs) [1–20]. The FCF is the square of the
Franck–Condon integral (FCI) which is defined as the integral of
the product of vibrational wavefunctions of two electronic states
[21–23]. In recent years, we have developed an analytical approach
for computing FCIs of harmonic oscillators [24–29]. The Duschin-
sky effect [30] arising from mixing of vibrational normal coordi-
nates between two electronic states of different equilibrium
structures is explicitly treated in our approach. In the latest pro-
gress of our methodology, a general formula of FCI of harmonic
oscillators with arbitrary dimensions has been derived and applied
to study the photoelectron spectrum of ovalene (C32H14), a mole-
cule possessing 132 normal modes [29]. Our approach is alterna-
tive to other relevant techniques (e.g., [1–20]) and the mature of
FCI algorithms has made the theoretical studies of vibronic spectra
of molecules convenient and compatible to experiments.

The experimental techniques of molecular photoelectron
spectroscopy have been well developed since the 1970s [31,32].
However, theoretical methods capable of computing FCFs of poly-
atomic molecules were rare when a large number of molecular
photoelectron spectra had been recorded. As a consequence, the
experimental photoelectron spectra reported in that time were
usually assigned according to empirical principles in conjunction
with some theoretical computations of orbital energies. It might
happen that the assignments were incorrectly made due to the lack
of theoretical predictions about spectral patterns. For example, the
first peak in the photoelectron spectrum of H2O+(eB2B2) state was
assigned to the adiabatic transition by experimentalists, but
Chang’s computation indicated that it should correspond to the
(0, 2, 0) vibrational state [26]. Similar inconsistency was also found
for D2O+(eB2B2) where the first peak was better interpreted as the
transition to the (0, 4, 0) vibrational state [26]. Accordingly, we
claim that a reliable assignment of experimental vibronic (includ-
ing photoelectron) spectra should be in harmony with FCF compu-
tations, provided that the model for calculating FCFs is adequate.
On the other hand, the observed vibronic spectrum serves as a
means to evaluate whether the computed equilibrium structures
of excited (or ionic) states are in accord with experimental evi-
dence, since the spectral patterns depend largely on the geometri-
cal differences between the ground and excited (or ionic) states.

In this article, we present a theoretical study on the equilibrium
structures, vibrational frequencies and photoelectron spectroscopy
of thiocarbonyl fluoride (F2CS). This compound was first prepared
and isolated in 1962 by Downs who was also the first to identify
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Table 1
Calculated and experimental equilibrium structures of F2CS and F2CS+.

Methoda
F2CS(eX1A1) F2CS+(eX2B2)

RCS RCF AFCF RCS RCF AFCF

B3LYP/6-311+G(3df) 159.45 131.40 107.2� 166.54 126.23 115.5�
B3LYP/AVTZ 159.84 131.67 107.2� 167.09 126.48 115.6�
B3PW91/AVTZ 159.60 131.08 107.4� 166.67 126.06 115.8�
M06/AVTZ 159.71 130.00 107.5� 166.61 125.09 115.8�
MP2/6-311+G(3df) b 159.0 131.1 107.1�
CBS-QB3b 159.8 131.6 107.4�
Experimentc 158.9 131.5 107.1�
Experimentd 158.70 131.82 106.89�

Method +
e2 +

e
2
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all of its fundamental vibrations by recording the infrared spectra
[33,34]. In 1965, Middleton et al. prepared F2CS by the pyrolysis
of its dimer, (CSF2)2 [35]. Later, Moule and Subramaniam carried
out normal coordinate analyses for the five in-plane vibrational
modes of F2CS [36]. Hopper et al. measured the absolute intensities
of infrared bands and obtained the normal coordinates of all six
vibrational modes of F2CS [37]. Hass et al. reported the gas phase
and matrix infrared spectra as well as liquid phase Raman spectra
of F2CS around 1976 [38,39]. High resolution Fourier transform
infrared spectra of F2CS were reported and analyzed by Bürger
and Jerzembeck [40] in 1998 and by Flaoud et al. [41] in 1999.
On the other hand, the microwave spectrum of F2CS was first
reported by Careless et al. in 1973 [42]. They also determined the
equilibrium structure of F2CS, in which the bond length
RCS = 158.9 pm, RCF = 131.5 pm, and the bending angle AFCF = 107.1�
[42]. In 1992, Xu et al. recorded the Raman spectrum of F2CS with a
pulsed molecular-beam microwave Fourier transform spectrome-
ter and reported the structure as RCS = 158.70 pm, RCF = 131.82 pm
and AFCF = 106.89� [43].

The electronic absorption spectra of F2CS were investigated by
Moule and co-workers in the 1970s for the singlet–singlet p⁄ n,
p⁄ p and singlet–triplet p⁄ n transitions [44–46]. It was found
that the structures in the corresponding excited states are nonpla-
nar and the potential has double wells along the coordinate of the
out-of-plane bending mode (m4). Recently in 2009, Zeng et al. dis-
covered that matrix isolated F2CS can photoisomerize to form
cis- and trans-FCSF [47]. They also performed theoretical calcula-
tions to identify the possible pathways of photoisomerization.
Earlier theoretical studies of F2CS can be found in [48–54].

The photoelectron spectrum of F2CS was reported by Kroto and
Suffolk [55] in 1972 and by Mines et al. [56] in 1973. However, no
theoretical studies on the structures of experimental spectrum
were available since their publications, which was the motivation
of the present study. In the experimental spectrum, some ionic
states show clear vibrational structures. It is interesting that both
F2CS+(X) and F2CS+(B) states have a hot band in their spectrum,
whereas no hot bands are observed in F2CS+(A) [55,56]. An accurate
computation of FCFs should be able to account for the vibrational
structures observed in different ionic states of F2CS+, including
the temperature effect which is crucial for hot bands. In addition,
the relative intensities of hot bands in comparison to that of the
origin band provide clues to determine the vibrational temperature
of the experimental sample.

In this work, we computed the equilibrium geometries and
vibrational frequencies of F2CS and three lowest-lying ionic states
of F2CS+ with density functional theories (DFT) and the second-
order approximate coupled-cluster (CC2) theories. The results of
time-independent and time-dependent DFT as well as the CC2
computations are compared with each other. The photoelectron
spectra of F2CS were simulated by computing FCFs with the
approach developed in this group. We will show that both the sim-
ulated photoelectron spectra and the computed adiabatic ioniza-
tion energies of F2CS are in agreement with the experiment,
indicating that the computed equilibrium geometries are reliable.
F2CS (A B1) F2CS (B A1)

RCS RCF AFCF RCS RCF AFCF

B3LYP/6-311+G(3df) 173.56 125.27 114.0� 166.18 126.77 118.4�
B3LYP/AVTZ 174.15 125.53 114.1� 166.69 127.02 118.5�
B3PW91/AVTZ 173.45 125.16 114.2� 166.02 126.54 118.6�
M06/AVTZ 173.38 124.22 114.4� 166.11 125.20 118.8�
TD/B3LYP/AVTZ 173.90 125.59 114.2� 166.37 127.18 117.9�
TD/M06/AVTZ 173.71 124.13 114.6� 168.67 124.82 119.4�
CC2/AVTZ 173.52 125.49 114.2 164.64 127.23 117.9

a AVTZ stands for aug-cc-pVTZ, R for bondlength (in pm), and A for bending angle.
b Ref. [47].
c Ref. [42].
d Ref. [43].
2. Computational methods

The equilibrium geometries, harmonic vibrational frequencies
and normal modes of F2CS and the three lowest-lying electronic
states of F2CS+ were obtained by using the DFT approach with
the B3LYP, B3PW91, and M06 functionals in conjunction with var-
ious basis sets up to aug-cc-pVTZ. The three ionic states studied are
of different symmetry species in the C2v point group, and thus can
be optimized by using the time-independent DFT since each is the
lowest one in energy among the states with the same symmetry.
However, the time-dependent DFT [57,58] of B3LYP and M06 were
also applied to calculate the excited states of F2CS+ in order to com-
pare the results with those obtained by time-independent DFT. In
the time-dependent DFT computations, the geometries were first
obtained by using symmetry constraints (C2v point group). Then,
the optimization was redone without symmetry constraints
(C1 point group) starting from a structure slightly distorted from
the symmetric one. It was found that both the F2CS+

eA and eB states
converged to the C2v structures as predicted by symmetry con-
straints. Besides, the CC2 computation employing the-resolution-
of-identity approximation [59–61] was performed under the C1

point group and its results were consistent with those obtained
by DFT. In other words, the present study shows that all the ionic
states investigated belong to the C2v point group.

With the data of equilibrium geometries, vibrational frequen-
cies, and normal modes as inputs, the FCFs were computed by
using the approach developed in this group in which the har-
monic-oscillator model including the Duschinsky effect was coded
[29]. Then, the photoelectron spectrum was simulated by summing
the contributions from possible transitions in which FCFs were
taken as the peak heights and the Gaussian function as the line
shape. The adiabatic ionization energies (AIEs) were obtained by
utilizing the CCSD(T) energies extrapolated to the complete basis
set (CBS) limit [62] with aug-cc-pVXZ (X = D, T, Q, 5), in which
the equilibrium geometries and zero-point energy (ZPE) correc-
tions were taken from the B3LYP/aug-cc-pVTZ computation. While
the DFT and CCSD(T) computations were performed by means of
the Gaussian 09 package [63], the CC2 calculations were executed
by the Turbomole programs [64].
3. Results and discussion

3.1. Equilibrium structures

Table 1 lists the optimized geometries of the ground state of
F2CS(eX1A1) and the ionic states of F2CS+(eX2B2, eA2B1 and eB2A1). As
mentioned previously, all of the states studied belong to the C2v

point group. For F2CS, our calculations are generally in agreement
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with the experiment within 1 pm for RCS, 0.5 pm for RCF, and 0.2�
for AFCF, except for M06/AVTZ in which RCF is 1.5 pm less than
the experimental value (Table 1). The MP2 and CBS-QB3 computa-
tional results of Zeng et al. [47] are also given in Table 1 for com-
parison. Table 1 indicates that the variation of results between
different approaches is minor and thus the following discussion
refers to the B3LYP/AVTZ computation for simplicity.

For the ground state of F2CS+, it can be seen from Table 1 that
RCS elongates for 7.25 pm, RCF shortens by 5.19 pm, and AFCF opens
for 8.4� upon ionization of F2CS. The geometrical change can be
interpreted from the character of orbital originally occupied by
the ejected electron. The orbitals obtained in the present study
are similar to those reported by Zeng et al. [47]. The highest-
occupied molecular orbital (HOMO) of F2CS is of B2 symmetry spe-
cies and is dominated by the nonbonding orbital of the S atom. Its
shape is similar to a p orbital of the S atom. However, this orbital
has some bonding character between the C and S atoms and some
antibonding character between the C and F atoms. As a result,
removing a HOMO electron leads to lengthening the CS bond and
shortening the CF bond. The reduced electron density in the CS
moiety also weakens the repulsion between CS and CF bonds,
and therefore AFCF of F2CS+(eX2B2) is larger than that of F2CS.

For the first excited state of F2CS+, eA2B1, the bondlength of RCS is
174.11 pm which lengthens to a large extent by about 14.31 pm
Table 2
Calculated and experimental harmonic vibrational frequencies (cm�1) of F2CS and F2CS+.

Statea Mode m1 m2

Symmetry species a1 a1

Method Type

CS CF2 s.
stretch stretch

eX B3LYP/6-311+G(3df) 1358 799
B3LYP/AVTZ 1352 795
B3PW91/AVTZ 1376 807
M06/AVTZ 1388 824
MP2/6-311+G(3df)b 1408.3 807.7
CBS-QB3b 1356.5 793.7
Experimentc 1368 787
Experimentd 1366.7 789.5

eXþ B3LYP/6-311+G(3df) 1396 797
B3LYP/AVTZ 1392 793
B3PW91/AVTZ 1414 804
M06/AVTZ 1448 821
Experimente 1380
Experimentf 1307 758

eAþ B3LYP/6-311+G(3df) 1357 761
B3LYP/AVTZ 1353 756
B3PW91/AVTZ 1374 767
M06/AVTZ 1412 780
TD/B3LYP/AVTZ 1357 757
TD/M06/AVTZ 1416 780
CC2/AVTZ 1371 758
Experimente 1320–1430 710
Experimentf 1315 752

eBþ B3LYP/6-311+G(3df) 1180 761
B3LYP/AVTZ 1174 755
B3PW91/AVTZ 1209 773
M06/AVTZ 1263 789
TD/B3LYP/AVTZ 1142 767
TD/M06/AVTZ 1255 775
CC2/AVTZ 1234 779
Experimente 1160–1280
Experimentf 1159 694

a
eX ; eXþ , eAþ and eBþ correspond to F2CS(eX1A1), F2CS+(eX2B2), F2CS+(eA2B1) and F2CS+(eB2A

b Ref. [47].
c Ref. [34].
d Ref. [41].
e Ref. [55].
f Ref. [56].
relative to the neutral molecule (Table 1). On the other hand, RCF

shortens by 6.14 pm and AFCF opens for 6.9�. The differences of
optimized geometrical parameters between the DFT and CC2
approaches are minor (Table 1). The corresponding orbital is p
bonding between the CS bond but antibonding between the C
and F atoms. The drastic change of the CS bond stems from remov-
ing an electron from the p orbital.

The second ionic excited state, F2CS+(eB2A1), undergoes similar
geometrical change in which the differences are +6.85 pm,
�4.65 pm and +11.3� for RCS, RCF and AFCF, respectively. RCS calcu-
lated by CC2 is about 2 pm slightly shorter than by B3LYP, and
RCF and AFCF are even similar (Table 1). The corresponding orbital
is another nonbonding orbital of the S atom which is directed along
the CS bond. Meanwhile, it also has some bonding character
between the C and S atoms and some antibonding character
between the C and F atoms. Accordingly, the ionization process
leads to lengthening of RCS and shortening of RCF. The opening of
AFCF in this state is larger than in the eX and eA states because this
orbital has some bonding character between the two F atoms.
Therefore, removing an electron from this orbital results in a longer
distance of the F atoms.

Some remarks about the optimization of the F2CS+(eB2A1) state
are given below. Under the C1 point group, both the time-
dependent DFT and the CC2 computations indicate that there
m3 m4 m5 m6

a1 b1 b2 b2

CF2 CF2 CF2 a. CF2

scissor wag stretch rock

528 635 1184 421
525 629 1182 419
530 637 1214 422
540 646 1248 424
535.7 644.6 1213.0 427.0
524.9 628.3 1203.5 418.4
526 622 1189 417
526.7 623.2 1190.1 419.5

490 641 1448 333
488 636 1446 333
492 642 1475 334
501 656 1518 329
450
460

487 594 1475 373
482 589 1473 370
491 596 1500 374
498 607 1549 377
483 590 1475 372
496 610 1557 388
492 601 1487 371

482

498 642 1376 428
495 637 1373 426
502 649 1411 432
512 674 1487 436
498 642 1339 430
516 665 1532 482
501 671 1385 434
530
462

1), respectively.
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exists an ionic state between F2CS+(eA2B1) and F2CS+(eB2A1). How-
ever, the formation of this ionic state involves an extra excitation
of an electron from the 19a orbital to 21a, in addition to the ioni-
zation of an electron from the 20a (HOMO) orbital. Such a process
cannot be observed in conventional one-photon photoelectron
spectroscopy [31,32] and therefore we do not probe it further in
the present study. In addition, the successful optimization of
F2CS+(eB2A1) (the third root of excited state) was achieved by
including four and nine excited states in the CC2 and DFT
computations, respectively.

3.2. Vibrational frequencies

Table 2 lists the harmonic vibrational frequencies of F2CS and
F2CS+. For F2CS, the computed harmonic vibrational frequencies
are generally in agreement with the experiments. At the B3LYP/
AVTZ level, m1 is 15 cm�1 smaller than the experimental value
while the other modes agree with the experiments within
8 cm�1. This approach also performs equally well with the CBS-
QB3 method [47] (Table 2). At the M06/AVTZ level, however, the
deviation is noticeable and the greatest one refers to m5 (+58 cm�1).

For the ground state of F2CS+, there are two sets of experimental
values available (Table 2). Kroto and Suffolk [55] determined the
vibrational frequency of m1 as 1380 cm�1 while Mines et al. [56]
1307 cm�1. Our computation is in line with the measurement of
Ktoto and Suffolk (Table 2). The frequencies of m2 and m3 obtained
at the B3LYP/AVTZ level are in accord with the experiments within
35 cm�1. The deviations of B3PW91 and M06 computations with
respect to experimental values are larger than those of the other
approaches used (Table 2).

The vibrational frequencies of F2CS+(eA2B1) calculated at the
B3LYP/AVTZ level (Table 2) are in excellent agreement with the
experiment: m1, m2 and m3 are larger than the experimental values
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Fig. 1. The simulated photoelectron spectrum of F2CS ionized from the (a) vibrationless,
overall spectrum at 425 K is shown in (d) with FWHM = 350 cm�1, which is in agreem
permission from Elsevier).
by 38, 4 and 0 cm�1, respectively. Both time-dependent and
time-independent B3LYP/AVTZ computations give similar results,
so do the M06/AVTZ and the CC2 calculations (Table 2). Neverthe-
less, m1 obtained by the M06 functional is subject to a larger
deviation, about +100 cm�1 (Table 2).

For F2CS+(eB2A1), m1 (1174 cm�1) and m2 (755 cm�1) computed by
B3LYP/AVTZ are respectively 15 and 61 cm�1 larger than those
determined by Mines et al. [56] (Table 2), while m3 (495 cm�1) is
close to the average (496 cm�1) of the two experimental values
(530 and 462 cm�1). The vibrational frequencies obtained by the
time-dependent and time-independent B3LYP/AVTZ approaches
are slightly different, but their absolute deviations relative to the
experiment are similar. The vibrational frequencies obtained by
the CC2/AVTZ approach are in harmony with those by B3LYP/AVTZ.
Nevertheless, the deviations between theory and experiment are
larger when using the M06 approaches (Table 2).

We now summarize the performance of different methods on
predicting the vibrational frequencies of F2CS and F2CS+. Within
the basis sets utilized, while the results of B3LYP, time-
independent B3PW91 and CC2 computations are all in accord with
the experiments, the M06 approach is less satisfactory.

3.3. Photoelectron spectrum

The simulated photoelectron spectra of F2CS with different
approaches of this work are similar and we show only those
computed at the B3LYP/AVTZ level for simplicity. Fig. 1 depicts
the simulated photoelectron spectra of F2CS for transitions from
the vibrational ground state and two vibrational excited states to
form the electronic ground state of F2CS+(eX2B2). The abscissa in
each figure is the excitation energy relative to the adiabatic transi-
tion (00

0). The vibrational excited states of F2CS were included in the
simulation because the hot band of 30

1 was observed by Ktoto and
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ent with the experiment (Reproduced from Chem. Phys. Lett. 17 (1972) 213, with
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Suffolk [55] and also by Mines et al. [56] We included another hot
band, 60

1, in the simulation because the vibrational frequency of m6

(419.5 cm�1) is lower than m3 (526.7 cm�1), and hence m6 should
have a greater population than m3 and the other modes. We have
also simulated some hot bands with higher energies, but their con-
tributions to the spectrum are minor and therefore not shown
here.

Fig. 1a shows that the progressions of m1 and the combination
bands of m1, m2 and m3 constitute the main feature of the spectrum
for ionizations from the vibrational ground state of F2CS. The three
totally symmetric modes are active in the spectrum owing to their
appreciable geometrical changes upon ionization. In this article,
some repeating structures in the spectrum are labeled with alpha-
bets for simplicity. For example, the transitions 31

0, 21
0 and 21

031
0 are

labeled with a, b and c, and their combinations with the nth quan-
tum of m1 are denoted as na, nb and nc, respectively. In Fig. 1a, 1a
stands for 11

031
0, 2b for 12

021
0, and 1c for 11

021
031

0, etc. The spectral pat-
tern arising from the 30

1 hot bands (Fig. 1b) is distinct from that of
Fig. 1a, but that arising from 60

1 (Fig. 1c) is similar to the cold bands
(Fig. 1a). Fig. 1d shows the comparison of the simulated and exper-
imental photoelectron spectra corresponding to F2CS+(eX2B2). The
spectrum contributed from different initial vibrational states was
weighted by its population according to the Boltzmann distribu-
tion law. This approach is complementary to the techniques by
which the electronic spectrum can be simulated without detailed
computations of FCF, e.g., the generating function method [65–
71]. In this work, we adjusted the vibrational temperature until
the simulated spectrum fitted the experiment for all the three ionic
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Fig. 2. The simulated photoelectron spectrum of F2CS ionized from the (a) vibrationless,
overall spectrum at 425 K is shown in (d) with FWHM = 350 cm�1, which is in agreem
permission from Elsevier).
states studied. It was found that the vibrational temperature was
about 425 K in the experiment of Kroto and Suffolk [55]. It can
be seen that the spectrum simulated with the full-width at half
maximum (FWHM) of 350 cm�1 is in good agreement with the
experiment (Fig. 1d). Moreover, the theoretical study provides
detailed structures of the spectrum which are beyond one can
identify from the experimental spectrum. It was found that transi-
tions from the vibrationless state dominate the spectrum, those
from m3 = 1 have small intensities, and the transitions 61

1, 11
061

1

and 12
061

1 are non-negligible but difficult to be detected because
of their overlapping with the stronger 00

0, 11
0 and 12

0 bands
(Fig. 1d). The role of hot bands arising from m6 = 1 were not noticed
by the previous experimental studies [55,56].

Figs. 2a–c show the simulated photoelectron spectra corre-
sponding to F2CS+(eA2B1) for ionizations arising from the vibration-
less, m3 = 1 and m6 = 1 states, respectively. As mentioned above, this
ionic state is formed by removing a CS p electron accompanying
drastic geometrical changes, which are responsible for the complex
structures in the photoelectron spectra. The spectral patterns of
Fig. 2a and c resemble each other, whereas Fig. 2b is more compli-
cated and the repeating structure involves eight transitions (a–h).
Fig. 2d shows individual contributions from different initial
vibrational states together with the whole simulated spectrum.
The signals of hot bands are likely to be buried by the cold bands
and should be indiscernible in the spectrum. The small FCF value
of 30

1 (Fig. 2b), which is the key transition for the identification of
hot bands, is due to the larger geometrical change of this state
compared to the ground state of F2CS. As shown in Table 1, all
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Fig. 3. The simulated photoelectron spectrum of F2CS ionized from the (a) vibrationless, (b) m3 = 1, and (c) m6 = 1 state to form F2CS+(eB2A1) (FWHM = 30 cm�1). The simulated
overall spectrum at 425 K is shown in (d) with FWHM = 300 cm�1, which is in agreement with the experiment (Reproduced from Chem. Phys. Lett. 17 (1972) 213, with
permission from Elsevier).

Table 3
Calculated CCSD(T) energies (in hartree) and adiabatic ionization energies (AIE, in eV) of F2CS.

n Basis set F2CS(eX1A1) F2CS+(eX2B2) F2CS+(eA2B1) F2CS+(eB2A1)

2 AVDZ �634.98814 �634.61205 �634.57823 �634.44745
3 AVTZ �635.24164 �634.86168 �634.82912 �634.69693
4 AVQZ �635.32039 �634.93785 �634.90513 �634.77327
5 AV5Z �635.34716 �634.96363 �634.93076 �634.79892
1 CBS limita �635.36372(75) �634.97960(74) �634.94668(78) �634.81497(85)

This workb 10.46 11.36 14.93
Theoryc 10.42
Experimentd 10.45 11.34 14.87
Experimente 10.52 11.39 14.91

a Values in parentheses are errors in the last digit.
b Theoretical AIE values computed by the CCSD(T) CBS limit approach with zero-point energy correction at the B3LYP/aug-cc-pVTZ level.
c The theoretical AIE value computed by the G4 approach, taken from Ref. [72].
d Experimental AIE values taken from Ref [55].
e Experimental AIE values taken from Ref. [56].
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RCS, RCF and AFCF of F2CS+(eA2B1) undergo substantial variations upon
ionization, whereas the change of RCS in the other two ionic states
is smaller. As a consequence, the displacements of the correspond-
ing normal modes (m1–m3) for F2CS+(eA2B1) are greater and thus the
spectrum is dominated by the stronger combination bands accom-
panying the weaker 30

1 transition (Fig. 2b). This interpretation is
consistent with the experimental observations (Fig. 2d).

The simulated photoelectron spectra corresponding to F2CS+

(eB2A1) are shown in Fig. 3. Due to the larger change of AFCF

(+11.3�), the progression of m3 (CF2 scissor) is longer than that in
the other two states. For instance, 33
0 and 33

061
1 are present in the

spectrum of Fig. 3a and c, respectively, and 35
1 in Fig. 3b. Similarly,

the progression of m1 (CS stretch) is extended to 15
0 (Fig. 3b) due to

the substantial change in RCS (+6.85 pm). Five transitions (x1–x5 in
Fig. 3c) involving the excitation of three normal modes are
observed in the simulated spectrum originating from the m6 = 1
state. However, these transitions do not appear in the repeating
structure, reflecting the fact that the probability of simultaneous
excitation of four modes is greatly reduced in comparison to
that of three-mode excitations. The overall simulated spectrum is
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shown in Fig. 3d. Importantly, the present study infers that the hot
band of 30

1 is well separated from 00
0 and its intensity is strong

enough to be detected, in agreement with the experiment
(Fig. 3d) [55,56].

3.4. Adiabatic ionization energy

The AIEs of F2CS computed by the CBS limit method are listed in
Table 3. The AIE of F2CS calculated by Rayne and Forest with the G4
approach is 10.42 eV [72], 0.04 eV smaller than this work (Table 3).
In comparison with experimental values, the theoretical ones of
10.46, 11.36 and 14.93 eV of this work are in agreement with those
determined by Kroto and Suffolk [55] within 0.01, 0.02 and 0.06 eV,
and are also in accord with those reported by Mines et al. [56]
within �0.06, �0.03 and 0.02 eV, respectively (Table 3).
Accordingly, the present theoretical study is consistent with the
experiments in both the spectral patterns and AIEs, meaning that
the equilibrium structures, vibrational frequencies, and spectral
assignments of this work are reliable.

4. Conclusions

By computing Franck–Condon factors with the approach devel-
oped in this group, the photoelectron spectroscopy of F2CS has
been investigated in detail. The equilibrium geometries, harmonic
vibrational frequencies, and normal modes of F2CS and F2CS+

eX2B2,
eA2B1 and eB2A1 states were computed by using density functional
theories. The time-dependent density functional theory and the
CC2 approach were also adopted to calculate the excited states of
F2CS+. The adiabatic ionization energies were obtained by extrapo-
lating the computed CCSD(T) energies to the complete basis set
limit. In general, the computed equilibrium geometries and
vibrational frequencies are in agreement with the experiments.
However, the vibrational frequencies computed by the M06 func-
tional are deviated from the experimental values to a larger extent.
The simulated photoelectron spectra are in harmony with the
experiment. The time-independent and time-dependent B3LYP
approaches perform equally well in studying F2CS, so does the
CC2. The match between theory and experiment in both the adia-
batic ionization energy and the spectral pattern infers that the
quantum chemistry computations of the present study are reliable.
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