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a  b  s  t  r  a  c  t

Halomethylenes  (such  as HCCl)  are  particularly  critical  intermediates  in  many  gas-phase  reaction  envi-
ronments.  The  structures,  spectra,  and  reactivity  of  environment-related  molecules  have  been  of  many
studies  interest.  In the present  work,  geometry  optimization  and  frequency  calculations  have  been  car-
ried out  on  the X̃2A′′ state  of  HCCl− and  the X̃1A′ and ã3A′′ states  of  HCCl  at CCSD(T)  theory.  The  single
point  energy,  electron  affinity  and  term energy  of HCCl  have  been  computed  up to  the  CCSD(T)/aug-cc-
pV5Z  level  and  extrapolated  to  the  complete  basis  set  limit.  The  Duschinsky  matrix  and  displacement
vector  have  been  considered  at the  CCSD(T)  level  of theory  and  the  result  shows  that  the  normal  mode

3 ′′ − 2 ′′

uschinsky effects
ot band

mixing  effects  play  a main  role for HCCl(ã A )–HCCl (X̃ A ) transition,  and  which  can  be  neglected  for
the HCCl(X̃1A′)–HCCl−(X̃2A′′)  process.  Franck–Condon  analysis  and  spectral  simulations  have  been  per-
formed  on  the  singlet  and  triplet  photo-detachment  processes,  respectively.  We  have  merged  the  singlet
and  triplet  transitions  together  for the  first  time  and  the  results  show  that the  simulated  spectra  are  very
consistent  with  the  previous  experimental  one.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Currently, the quality of the atmospheric environment has dete-
iorated due to people and economic activities as well as a growing
ehicle fleet, this deeply affected the daily lives and health of mil-
ions of people [1–5]. The structures, spectra, and reactivity of
nvironment-related molecules have been the subjection of many
heoretical and experimental researches [6–24]. Halomethylenes
such as HCCl) are important reactive intermediates in many
as-phase reaction environments, such as atmospheric chemistry
23,25,26]. The subject of the present paper is to investigate
he photoelectron spectra of HCCl− theoretically through the
ranck–Condon factor calculations in the spectral simulations.

In the early study, Merer and Travis have published the observed

isible and near-infrared (IR) spectra of the Ã1A′′–X̃1A′ electronic
ransition of HCCl and assigned the band system in the region 5500
nd 8200 Å [27]. Following this pioneering work, a number of spec-
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troscopic studies on the Ã–X̃ transition have been published both in
the argon matrix [28] and in gas phase [17,19,29–34]. Considering
that the X̃1A′ and ã3A′′ states of HCCl are very close in energy but
have significant difference in chemistries, the high precision mea-
surement of the singlet–triplet energy gap (term energy) is vital
to understand the reaction mechanisms [10,23,35]. In the present
work, the term energy calculated at the CCSD(T) level of theory
with Dunning’s correlation consistent basis sets and extrapolated
to the complete basis set limit, which have been compared with the
previous experimental results.

Most studies are centered on the neutral molecules HCCl
[8–10,12,19–23,36–39], and its corresponding negative ion HCCl−

comparatively sparse [7,13,14,40,41]. The photoelectron spec-
troscopy (PES) of HCCl− has been studied by Lineberger et al.
[40,41], which was used to investigate the electron affinity of the
HCCl molecule and geometries and frequencies of the HCCl and
HCCl− molecules. In order to confirm their origin assignments,
Franck–Condon factors (FCFs) for the HCCl(X̃1A′)–HCCl−(X̃2A′′)
transition have been calculated without taking into account the
Duschinsky effects [42] in the two works. In 2012 [13], Zhang
et al. reported the theoretical PES of the HCCl(X̃1A′)–HCCl−(X̃2A′′)

including Duschinsky effects. Nevertheless, they disregarded hot
bands in the FCF analysis totally, and did not theoretically investi-

dx.doi.org/10.1016/j.elspec.2016.06.003
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Table  1
Comparison of the theoretical and experimental geometries and vibrational frequencies for the X̃2A′′ state of HCCl− obtained at different levels. Bond lengths, angles and
frequencies are given in angstroms, degrees and cm−1, respectively.

Method R(C H) R(C Cl) ∠HCCl ω1(CH) ω2(bend) ω3(CCl)

CCSD(T)/cc-pVDZ 1.1511 1.9941 94.25 2651 1094 445
CCSD(T)/cc-pVTZ 1.1249 1.9466 95.15 2725 1118 468
CCSD(T)/cc-pVQZ 1.1215 1.9249 95.82 2751 1127 474
CCSD(T)/cc-pV5Z 1.119 1.9067 96.53 2772 1129 484
CCSD(T)/aug-cc-pVDZ 1.1397 1.9749 95.57 2725 1084 431
CCSD(T)/aug-cc-pVTZ 1.1206 1.9229 96.52 2767 1115 472
CCSD(T)/aug-cc-pVQZ 1.1191 1.9076 96.80 2775 1123 480
CCSD(T)/aug-cc-pV5Z 1.1184 1.8982 96.98 2779 1126 485
IFCAa 1.950 ± 0.002
Expt.b 1.14 ± 0.02 1.91 ± 0.02 99.5 ± 3 445 ± 25
Expt.c 1.12 ± 0.02 1.99 ± 0.02 96 ± 0.02 470 ± 30
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a Ref. [13].
b Ref. [41].
c Ref. [40].

ate how the hot bands overlap with the cold ones and bring about
he final spectral pattern is unsure.

Based on those researches, we further explore the PES of the sin-
let HCCl(X̃1A′)–HCCl−(X̃2A′′) and triplet HCCl(ã3A′′)–HCCl−(X̃2A′′)
ransitions theoretically including the Duschinsky effects and hot
ands. Geometry optimization and frequency calculations have
een performed on the X̃2A′′ state of HCCl−, and the X̃1A′ and

˜3A′′ states of HCCl. Single point energy, electron affinity and term
nergy were acquired by CCSD(T) level with Dunning’s correlation
onsistent basis sets and extrapolated to the complete basis set
imit using a two-parameter mixed GAUSSIAN function [43]. The
uschinsky matrix and displacement vector have been derived at

he CCSD(T)/aug-cc-pV5Z level. Franck–Condon analysis and spec-
ral simulations were carried out on the singlet X̃1A′–X̃2A′′ and
riplet ã3A′′–X̃2A′′ transitions. The singlet and triplet electronic
ransitions of HCCl− are merged together for the first time, which
ould compare better with the experimental spectra.

. Calculation method of Franck–Condon factors

The normal coordinates of electronic states not only undergo a
isplacement distortion but also a rotation on an electronic tran-
ition. The normal coordinate rotation results in a normal mode
ixing and thereby the non-separability of the multidimensional

ranck–Condon (FC) integrals. In 1937, Duschinsky [42] proposed
he transformation relationship between the normal coordinates
f the initial (Q′) and the final (Q′′) electronic states

′ = JQ′′ + K  (1)

ere K is a vector whose components are the changes in the nuclear
quilibrium positions from the initial to final states and J is a con-
tant orthogonal matrix that evaluates the normal mode mixing
ffects. It has been shown that the relationship is most generally
either linear nor orthogonal between the vibrational variables for
wo different electronic states of a polyatomic molecule [44]. How-
ver, in quantitative studies on the basis of the FC principle, the
inear–orthogonal transformation, Eq. (1), is widely accepted.

To investigate the non-radiative processes and clarify
ibronic spectra of molecules, it is very important to calcu-
ate Franck–Condon factors (the square of the vibrational overlap
ntegrals). A lot of theoretical methods have been proposed to

valuate the multidimensional FC integrals quantitatively [45–54].
ecently, on the basis of the harmonic oscillator approximation

ncluding the Duschinsky effects, a more general expression
as been derived by our study group [55]. For the vibronic
transition |�1�2�3〉 ←− |�′
1�′

2�′
3〉, Franck–Condon integral
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with the constraints that
∑3

i=1 (ki1 + k′
i1),

∑3
i=1 (ki2 + k′

i2) and∑3
i=1 (ki3 + k′

i3) are even. In Eq. (2), K is a 3 × 1 vector whose com-
ponents are the changes in the nuclear equilibrium positions from
the initial to final states and �′ is a 3 × 3 diagonal matrix of reduced
frequency ω′

i/�, and A is also a 3 × 3 diagonal matrix and C is a 3 × 1
vector whose elements and the other coefficients are given in Ref.
[55]. Furthermore, the Franck–Condon factors can be calculated by
FCFs = |〈�1�2�3|�′
1�′

2�′
3〉|2 (3)

Eq. (2) is very useful for studying vibronic spectra and non-radiative
processes of molecules.
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Table  2
Comparison of the theoretical and experimental geometries and vibrational frequencies for the singlet state (X̃1A′) of HCCl obtained at different levels. Bond lengths, angles
and  frequencies are given in angstroms, degrees and cm−1, respectively.

Method R(C H) R(C Cl) ∠HCCl ω1(CH) ω2(bend) ω3(CCl)

CCSD(T)/cc-pVDZ 1.1287 1.7261 101.36 2899 1222 812
CCSD(T)/cc-pVTZ 1.1104 1.7063 101.81 2912 1224 816
CCSD(T)/cc-pVQZ 1.1088 1.6983 102.01 2923 1227 822
CCSD(T)/cc-pV5Z 1.1082 1.6928 102.15 2927 1226 826
CCSD(T)/aug-cc-pVDZ 1.1270 1.7311 101.36 2889 1218 791
CCSD(T)/aug-cc-pVTZ 1.1103 1.7056 101.95 2914 1223 811
CCSD(T)/aug-cc-pVQZ 1.1087 1.6977 102.14 2926 1227 822
CCSD(T)/aug-cc-pV5Z 1.1082 1.6927 102.27 2928 1226 825
CCSD(T)/aug-cc-pVQZa 2924 1223 821
CCSD(T)/cc-pVTZb 1.111 1.707 101.8 2919 1229 831
Expt.c 1.130 ± 0.036 1.687 ± 0.011 105.1 ± 4.7
Expt.d 1.1002 ± 0.0011 1.69254 ± 0.00021 102.669 ± 0.070
Expt.e 2942 ± 7 1229 ± 2 830 ± 2
Expt.f 810 ± 25

a Ref. [10].
b Ref. [9].
c Ref. [29].
d Ref. [39].
e Ref. [20].
f Ref. [41].

Table 3
Comparison of the theoretical and experimental geometries and vibrational frequencies for the triplet state (ã3A′′) of HCCl obtained at different levels. Bond lengths, angles
and  frequencies are given in angstroms, degrees and cm−1, respectively.

Method R(C H) R(C Cl) ∠HCCl ω1(CH) ω2(bend) ω3(CCl)

CCSD(T)/cc-pVDZ 1.0993 1.6911 125.73 3203 984 882
CCSD(T)/cc-pVTZ 1.0824 1.6701 126.24 3203 979 888
CCSD(T)/cc-pVQZ 1.0814 1.6621 126.29 3207 974 895
CCSD(T)/cc-pV5Z 1.0813 1.6562 126.34 3207 975 900
CCSD(T)/aug-cc-pVDZ 1.0982 1.6948 125.55 3180 973 868
CCSD(T)/aug-cc-pVTZ 1.0830 1.6699 126.11 3198 970 884
CCSD(T)/aug-cc-pVQZ 1.0818 1.6625 126.20 3203 975 893
CCSD(T)/aug-cc-pV5Z 1.0812 1.6572 126.32 3207 971 896
CCSD(T)/aug-cc-pVQZa 3203 970 893
CCSD(T)/cc-pVTZb 1.083 1.671 126.3 3229 985 905
Expt.c 3083 ± 5 972 ± 4 886 ± 4
Expt.d 850 ± 60

a Ref. [10].
b Ref. [9].
c Ref. [20].
d Ref. [41].

Table 4
Single point energy with the ZPE correction of the X̃2A′′ state of HCCl− and the X̃1A′ and ã3A′′ states of HCCl, as well as the electron affinity and term energy were determined
and  extrapolated to the complete basis set limit. The experimental and theoretical values are included for comparison. Single point energy, electron affinity and term energy
are  given in Hartree, eV and cm−1, respectively.

X Method HCCl− HCCl(s) HCCl(t) EA TE

3 CCSD(T)/cc-pVTZ −498.23928 −498.20569 −498.19636 0.914 2047.70
4  CCSD(T)/cc-pVQZ −498.28055 −498.24019 −498.23031 1.098 2168.41
5  CCSD(T)/cc-pV5Z −498.29506 −498.25180 −498.24180 1.177 2194.75
∞  CBS-3parameter −498.30349 −498.25864 −498.24845 1.223 2209.96
3  CCSD(T)/aug-cc-pVTZ −498.25976 −498.21423 −498.20422 1.239 2196.94
4  CCSD(T)/aug-cc-pVQZ −498.28958 −498.24347 −498.23334 1.255 2223.28
5  CCSD(T)/aug-cc-pV5Z −498.29937 −498.25339 −498.24334 1.251 2205.72
∞  CBS-3parameter −498.30506 −498.25916 −498.24909 1.249 2195.20
Expt.  1.210 ± 0.005a 2163.28 ± 0.05c

Expt. 1.213 ± 0.005b 2169.06 ± 0.10d

a Ref. [41].

3

c
s

b Ref. [40].
c Ref. [23].
d Ref. [35].

. Computational
Geometry optimization and frequency calculations have been
arried out on the X̃2A′′ state of HCCl− and the X̃1A′ and ã3A′′

tates of HCCl by the CCSD(T) theory with the Dunning’s correlation
consistent basis sets, which were performed on the GAUSSIAN09
program package [56].
The Franck–Condon factors calculations on the
HCCl(X̃1A′)–HCCl−(X̃2A′′) and HCCl(ã3A′′)–HCCl−(X̃2A′′) photo-
detachments have been explored, utilizing the CCSD(T) force
constants and structural parameters for the initial electronic state
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˜ 2A′′ of HCCl− and the final electronic states X̃1A′ and ã3A′′ of HCCl.
t’s worth noting that the Franck–Condon analysis procedure and
he spectral simulation method applied in the present paper on the
asis of the harmonic oscillator model and considering Duschinsky
ffects, which have been described in Section 2. Then the calculated
CFs were utilized to simulate the vibrational structures of the
inglet and triplet transitions of HCCl−, utilizing a Gaussian line
hape and a full-width-at-half-maximum (FWHM) of 340 cm−1.

The energy at the CBS limit (ECBS) was obtained by fitting the cal-
ulated energies to a three-parameter mixed exponential/Gaussian
unction [43] of the form:

(l) = ECBS + B exp [−(l − 1)] +  C exp
[
−(l − 1)2] (4)

here l refers to the maximum angular momentum quantum num-
er in the basis set and ECBS is the energy extrapolated to the basis
et limit. For the cc-pVTZ/aug-cc-PVTZ, cc-pVQZ/aug-cc-PVQZ and
c-pV5Z/aug-cc-PV5Z basis sets, l = 3–5, respectively, and B and C
re adjustable parameters.

. Results and analysis

.1. Equilibrium structural parameters and harmonic vibrational
requencies

The equilibrium structural parameters and harmonic vibrational
requencies for the X̃2A′′ state of HCCl− and the X̃1A′ and ã3A′′

tates of HCCl have been shown in Tables 1–3. As a comparison,
oth the experimental data and theoretical values available in the
elated references are also exhibited. According to the convention
f triatomic molecules, the ω1, ω2 and ω3 are the C H stretch,

 C Cl bending and C Cl stretch vibrational frequencies, respec-
ively [55,57–59].

According to Table 1, the bond lengths, bond angles and
armonic vibrational frequencies acquired at the different lev-
ls of calculation seem to be highly consistent, which are in
xtremely agreement with the corresponding available calculated
nd observed data. For R(C H), R(C Cl) and ∠HCCl of HCCl−, the
heoretically calculated values compared with the experimental
esults [41], the maximum errors between them are less than
.0216 Å, 0.0841 Å and 5.25◦, respectively. In Ref. [41], the anion
eometries are derived from Franck–Condon analysis of the PES of
CCl− based on the geometry of X̃1A′ HCCl determined by Kakimoto
t al. [29]. The geometric parameters from Hirota’s work carry sig-
ificant uncertainties, which are necessarily transferred onto the
nion geometric parameters through the Franck–Condon analy-
is. Furthermore, the Franck–Condon analysis by Lineberger and
oworkers itself adds significant uncertainties to the anion geomet-
ic parameters. In addition, Lineberger and coworkers used Hirota’s
eometric values in their Franck–Condon analysis while the present
tudy derived geometric values in our quantum chemical compu-
ations. The values of bond lengths and bond angles of HCCl− on the
asis of theoretical calculation at the CCSD(T)/aug-cc-pV5Z level of
heory are 1.1184 Å, 1.8982 Å and 96.98◦. For R(C H), R(C Cl) and
HCCl of the HCCl− anion, the distinctions between calculated val-
es and experimental data are only 0.0216 Å, 0.0118 Å and 2.52◦,
espectively. As mentioned above, both the vibrational frequen-
ies and optimized structural parameters of HCCl− anion gained at
he CCSD(T)/aug-cc-pV5Z method have shown a good agreement
ith the available calculated and experimental data in Table 1,

nd therefore were exploited in the later iterative Franck–Condon
nalysis and spectral simulations.
For the X̃1A′ and ã3A′′ states of HCCl, the bond lengths, bond
ngles and vibrational frequencies computed at CCSD(T) level with
ifferent basis sets are extremely consistent in Tables 2 and 3.
he computed values compared well with other theoretical and
and Related Phenomena 211 (2016) 41–46

experimental studies included in the tables. In Table 2, for the X̃1A′

state of HCCl, the maximum differences between experimental and
theoretical bond lengths and bond angles are less than 0.0218 Å,
0.0441 Å and 3.74◦ for R(C H), R(C Cl) and ∠HCCl, respectively.
The calculated values of HCCl based on quantum chemical compu-
tations at the CCSD(T)/aug-cc-pV5Z level are 1.1082 Å, 1.6927 Å and
102.27◦. And the variances between the experimental and theoret-
ical data are only 0.0218 Å, 0.0057 Å and 2.83◦ for R(C H), R(C Cl)
and ∠HCCl, respectively. In Table 3, the computed structures and
harmonic vibrational frequencies of the ã3A′′ state of HCCl derived
at CCSD(T) calculations are seen to be extremely coherent. Con-
sidering no experimentally measured structural parameters for
comparison, the values obtained at the higher level method should
be the more dependable and therefore the CCSD(T)/aug-cc-pV5Z
results were employed in the next spectral simulations.

4.2. Single point energy, electron affinity and term energy of HCCl

The single point energy (SPE), electron affinity (EA) and term
energy (TE) at the CCSD(T) level of theory have been shown in
Table 4: EA = SPE (neutral singlet)–SPE (anion) and TE = SPE (neutral
triplet)–SPE (neutral singlet). The theoretical and/or experimental
values available in the literature are also included for compari-
son. From Table 4, it is clear that the computed EA and TE values
obtained in this work at different levels of calculation are very
consistent. It is also noteworthy that the values are deeply influ-
enced by whether the Dunning’s correlation consistent basis sets
involving augmented correlated consistent polarized valence. For
example, the values of EA calculated by CCSD(T) method with the
cc-pVTZ and aug-cc-pVTZ basis sets are 1.239 eV and 0.914 eV, the
difference between them is 0.325 eV. With the increase of basis sets,
the difference becomes smaller. However, there is still a 0.074 eV
variance between the CCSD(T)/cc-pV5Z and CCSD(T)/aug-cc-pV5Z
values. It can be concluded that the basis sets involving the aug-
mented correlated consistent polarized valence are important to
EA. The EA values estimated at the CCSD(T) theory level with the
aug-cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5Z basis sets are 1.239,
1.255 and 1.251 eV, respectively, which are in agreement with the
experimental results. Furthermore, the energies obtained at the
complete basis set limit are 1.223 eV and 1.249 eV, respectively,
at the CCSD(T) level with cc-pVXZ and aug-cc-pVXZ basis sets by a
three-parameter mixed exponential/Gaussian function, which are
in rather agreement with other observed and theoretical values
shown in Table 4.

For the TE of HCCl, the largest deviations between the experi-
mental [35], and theoretical values are less than 121.36 cm−1 in this
work, suggesting that they are reliable. The best estimation of the
term energy is 2195.20 cm−1, which was obtained at the CCSD(T)
level with aug-cc-pVXZ basis set to be extrapolated to the complete
basis set limit on the basis of the three-parameter mixed exponen-
tial/Gaussian function. The value is in excellent agreement with the
experimental measurement of 2169.06(10) cm−1 [35] for the term
energy of HCCl.

4.3. Mode mixing effects and geometrical displacement

On the basis of GAUSSIAN09 output, the Duschinsky matrix J
and displacement vector K for the transition between two different
electronic states are given [51]

J  = [M(g09′)V′−1/2]†Z(g09)V−1/2andK  = [M(g09′)V′−1/2]†R (5)
where, normally, unprimed and primed quantities involve in the
initial and final states separately. In Eq. (5), some matrix and vectors
involved are defined in Ref. [51].
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Fig. 1. The calculated photoelectron spectra of HCCl− obtained at a Boltzmann
vibrational temperature of 270 K. (a) The calculated stick diagram with vibrational
assignment provided for the X̃1A′–X̃2A′′ detachment process, and (b) the calculated
stick diagram with vibrational assignments provided for the ã3A′′–X̃2A′′ detach-
ment process, and (c) calculated photoelectron spectra with vibrational assignments
involved the X̃1A′–X̃2A′′ and ã3A′′–X̃2A′′ detachment processes and with a FWHM of
340 cm−1 (including hot band).

Fig. 2. The observed photoelectron spectra of HCCl− obtained from Ref. [41]
(red line), the simulated spectra with vibrational assignments provided for the
X̃1A′–X̃2A′′ and ã3A′′–X̃2A′′ detachment processes with a FWHM of 340 cm−1 and
Z.-l. Yang et al. / Journal of Electron Spectro

For the HCCl−(X̃2A′′)–HCCl(X̃1A′) electronic transition, the
uschinsky matrix J and displacement vector K evaluated at the
CSD(T)/aug-cc-pV5Z theory level are as follows:

1 =

⎡
⎣ 0.98 0.10 0.02

−0.11 0.99 −0.01

−0.02 0.03 1.01

⎤
⎦ , K1 =

⎡
⎣ 0.06

0.07

2.26

⎤
⎦ (6)

here K1 are in units of amu1/2 Å and J1 describe the mixing of nor-
al  modes, reveal that each one of the three a′ modes of HCCl−, map

n to a linear combination of the three a′ modes of HCCl (X̃1A′). Each
olumn in J1 is normalized and the sum of the squares of the mixing
oefficients adding up to unity within rounding errors. The mode
ixing matrix J1 shows that there is some, albeit not large (J112 =
.10, J113 = 0.02, J123 = −0.01), Duschinsky effect between ω1(a′),
2(a′) and ω3(a′) vibrational modes. The normal coordinate dis-
lacement K1 from the anion to the neutral (X̃1A′ ←− X̃2A′′) are
Q1

1 = 0.06, �Q1
2 = 0.07 and �Q1

3 = 2.26 which means that the
ond length R(C H) diminishes, the bond angle ∠HCCl increases
nd the bond length R(C Cl) decreases, respectively. Meanwhile,
ne can observe that �Q1

3 is much larger than �Q1
1 /�Q1

2 , derived
rom the big variation of the bond length R(C Cl), and thus a long
rogression of the stretching vibration (ω3) transition is shown in
he X̃1A′ ←− X̃2A′′detachment spectrum of HCCl− (see the spectral
imulation below).

For the HCCl− (X̃2A′′)–HCCl (ã3A′′) electronic transition, the
uschinsky matrix J and displacement vector K calculated at the
CSD(T)/aug-cc-pV5Z theory level are as follows:

2 =

⎡
⎣ −0.87 0.47 −0.02

0.47 0.84 −0.23

0.07 −0.22 0.97

⎤
⎦ , K2 =

⎡
⎣ 0.16

2.97

1.85

⎤
⎦ (7)

The normal mode mixing matrix J2 shows that there is
arge Duschinsky effect between ω1(a′) and ω2(a′) vibrational

odes (J212 = 0.47), whereas vibrational modes ω1(a′) coupled
rom ω3(a′) is small (J213 = −0.02). From the anion to the neu-
ral (ã3A′′ ←− X̃2A′′), the matrix elements of K2 are �Q2

1 = 0.16,
Q2

2 = 2.97and �Q2
3 = 1.85, respectively, which correspond to the

ond length R(C H) decrease, the bond angle∠HCCl increase and
he bond length R(C Cl) decrease, respectively. Furthermore, one
an observe that �Q2

2 /�Q2
3 is much larger than �Q2

1 , due to the
arge changes of the bond length R(C Cl) and the bond angle ∠HCCl,
nd therefore long combining progressions of the bending vibration
ω2) and the stretching vibration (ω3) transitions are expected in
he ã3A′′–X̃2A′′ detachment spectrum of HCCl− (see the results of
he spectral simulation below).

.4. Comparison between observed and calculated PES of HCCl−

We  focus on the photoelectron spectroscopy of HCCl− for the
˜ 1A′–X̃2A′′ and ã3A′′–X̃2A′′ detachments by utilizing force con-
tants and geometries obtained on the CCSD(T)/aug-cc-pV5Z level.
he simulated stick diagrams of the X̃1A′–X̃2A′′ and ã3A′′–X̃2A′′ are
hown in Fig. 1a and b, respectively. Then we have merged the two
etachments together, and the stick diagrams and the simulated
pectra with a FWHM of 340 cm−1 and a Boltzmann vibrational
emperature of 270 K which are shown in Fig. 1c (including hot
and). Furthermore, the simulated spectra and the experimental
ne are shown in Fig. 2 for comparison [41].

For the X̃1A′–X̃2A′′ detachment of HCCl− anion vibration assign-
ents, the C Cl stretching mode ω3 is involved in Fig. 1a and the
abel (0, 0, 0)–(0, 0, n) for the assignment means the transition (0, 0,
)–(0, 0, ω3). We  found that in the spectral simulation, the FCFs for
he photo-detachment process including the C H stretching mode

1 and the bending mode ω2 are almost negligible. However, vibra-
a  Boltzmann vibrational temperature of 270 K (blue line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

tion assignments for the ã3A′′–X̃2A′′ of HCCl−, the bending mode ω2
and C Cl stretching mode ω3 are involved in Fig. 1b. With labels
(0, 0, 0)–(0, n, 0), (0, 0, 0)–(0, n, 1) and (0, 0, 0)–(0, n, 2) correspond-
ing to the (0, 0, 0)–(0, ω2, ω3) transition. It has been found that
the bending mode ω2 and C Cl stretching mode ω3 plays a major
role, while C H stretching mode ω1 plays a secondary effect in the
spectral simulation and almost negligible. After consideration of

1 ′ 2 ′′ 3 ′′ 2 ′′
vibrational assignments for the X̃ A –X̃ A and ã A –X̃ A detach-
ments, respectively, the two transitions were merged together.
Only in this way  would we acquire a good agreement between the
theoretical and experimental spectra, which are shown in Fig. 2.
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From Fig. 2, the results show that the computed photoelectron
pectra are rather identical to the observed one. This means the
CSD(T)/aug-cc-pV5Z geometry changes for the X̃1A′, X̃2A′′ and

˜3A′′ electronic states are reasonably precise, and harmonic oscil-
ator model used ought to be relatively approximate. However, we
ave found that the relative intensity of the two different electronic
ransitions from the ground vibrational state of the anion to dif-
erent vibrational levels of the neutrals between simulation and
bservation there are always deviations, and the deviations added
ith the increase of the vibrational quantum numbers. The devia-

ions are results of the anharmonicity effects not considered in the
ranck–Condon Factors analysis and have also been observed pre-
iously in other molecules [60,61]. Tarczay et al. have performed
PT2 and variational calculations for HCCl on the basis of the quar-

ic force fields derived from CCSD(T)/aug-cc-pVQZ calculations and
lso shown the highly excited vibrational levels of HCCl has sig-
ificant (>15 cm−1) inaccuracy from the experimental results [10].
nother, in the X̃1A′ state of HCCl, Renner–Teller effects shift levels
nd with a K-dependence leading to anharmonically spaced bend-
ng levels [17,26]. With the increase of the quantum numbers, these
ffects have become increasingly evident and the impacts on the
heoretical spectra become progressively stronger.

. Summary

Geometry optimization and frequency calculations have been
erformed on the X̃2A′′ state of HCCl−, and the X̃1A′ and ã3A′′ states
f HCCl at the CCSD(T) method. The electron affinity and term
nergy of HCCl were computed at the CCSD(T) level with Dunning’s
orrelation consistent basis sets and to be extrapolated to the com-
lete basis set limit. We  have simulated the observed PES of the
CCl(X̃1A′)–HCCl−(X̃2A′′) and HCCl(ã3A′′)–HCCl−(X̃2A′′) transitions
mploying a harmonic model and considering Duschinsky effects.
he theoretical spectra and experimental one are in good agree-
ent. Hence, we concluded that the geometry parameters of HCCl−

btained at the CCSD(T)/aug-cc-pV5Z level of theory are extremely
recise and the harmonic oscillator model ought to be reasonably
dequate.
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