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ABSTRACT

The state-of-the-art ab initio-based valence internally contracted multireference configuration-interaction
(icMRCI) method, including the Davidson correction, core-valence correction and scalar relativistic correc-
tion and the basis-set extrapolation, is used to calculate the potential energy curves (PECs) of the X2 X+,
B2X+, A%T1, 12X, 12A, 22A, 223, 142+, 245+, 1410, 14A, 142, 24A, 242 18X+ and 262+ electronic
states for CP radical. We also calculate the transition dipole moments (TDMs), Einstein coefficients and
Franck-Condon factors for nineteen dipole allowed transitions between these sixteen states. The PECs are
used to fit spectroscopic parameters, which are in excellent agreement with previous experimental and
theoretical ones. The computed Franck-Condon factors also agree quite well with accurate semi-empirical
results for the A2TT-X2X+ and B2X+-X2X+ systems. Such good agreement implies that the results are
accurate enough to assist identification of the spectra from astrophysical sources. Large amounts of en-
ergy levels and transition data of high accuracy are provided in this work for CP radical of astrophysical

interest, where experimental data are still scarce.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Phosphorus (P) is of great interest since it is an important ele-
ment of biological systems. P-bearing molecules may provide im-
portant biomarkers in exoplanets. Over the past few years, a few
simple P-bearing species had been detected in the circumstellar
environments [1-7]. Among these species, carbon monophosphide
(CP) is the second P-bearing molecule discovered in the interstellar
medium [6]. It was first detected by Guelin et al. [6] in the carbon-
rich asymptotic giant branch (AGB) star envelope IRC+10,216, in
which Milam et al. [1] also found that CP is primarily the pho-
todissociation product of HCP. Long-wavelength transition spectra
had thus been observed for CP. As is known to all, knowledge of
molecular parameters, such as energy levels and transition param-
eters, is vital to analyzation of the detected spectra. Available tran-
sition parameters of CP radical appear to be extremely limited ex-
cept for those between the X2+, A2IT and B2+ states.

In the early experimental studies of CP, the B2X+-X2X+ sys-
tem was observed by Herzberg [8], who also, hence, identified the
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existence of this radial. Subsequently, Barwald et al. [9] observed
the B2 +-X2X+ and A2I1-X2X+ systems in the 2900-5000 A re-
gion. Since then, a large number of experimental approaches have
been developed to measure the transition spectra of CP radical.
Using these techniques, including discharge tube-induced spec-
troscopy [10,11], Fourier transform spectroscopy [12,13], microwave
spectroscopy [14] and millimeter-wave spectroscopy [1], etc., re-
searchers mainly investigated the BZX+-X2%+, A2[1-X2X+ and
BZX+-AZI1 systems, as reviewed by Shi et al. [15]. A similar re-
view of the experimental work was given by Abbiche et al. [16],
together with some brief comments.

In theory, a number of calculations [15-29] have been carried
out to investigate the molecular properties of CP radical. Most
studies mainly reported the potential energy curves (PECs) and the
spectroscopic parameters of low-lying electronic states for CP rad-
ical. Recently, Abbiche et al. [16] gave a comprehensive review of
the theoretical work of CP by summarizing the literature before
2014. Among these studies, five groups [20,22,28-30] calculated
the radiative transition probabilities for CP radical. Wentink and
Spindler [28] calculated the Franck-Condon factors and r-centroids
of the A2TI-X2X+ system based on the Morse potentials. Murthy
et al. [29] employed the Rydberg-Klein-Rees (RKR) potential to
compute the Franck-Condon factors and r-centroids of the B2X+-
A2IT system. With ab-initio multi-reference single- and double-
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Table 1

Dissociation relationships of the thirty-nine electronic states resulting from the lowest four dissociation limits of CP radical.

Dissociation limit  Electronic states

Relative energy (cm~')

This work? Experiment”
C(3Pg)+P(*Sy) X3+, A%, 142+, 1410, 162+, 1611, 0.00 0.00
C('Dg)+P(*Sy) 14%-, 2410, 14A 10,104.82 10,192.66
C(3Pg)+P(?Dy) B2x+, 325+, 122, 2211, 32110, 4%T1, 1%2A, 22A, 120 11,330.31 11,368.83¢
243+, 345+, 24357, 340, 4°10, 5%T1, 24A, 3%A, 140
C(3Pg)+P(*Py) 423+, 225,325, 5211, 6211, 32A, 442+, 3%, 442, 64T1, 7°I1, 4*A  18,839.89 18,735.36¢

2 Obtained by the icMRCI+Q/56+CV+DK calculations.
b Ref. [32].

¢ Averaged by the energy levels of the P(?Ds);) and P(?Ds,) states.
4 Averaged by the energy levels of the P(2P;;) and P(2P5,) states.

excitation configuration interaction (MRD-CI) method, Gu et al.
[20] calculated the PECs of thirteen low-lying electronic states
and determined the oscillator strengths of the A2I1-X2X+, B2X+-
X2¥+, B2 +-A2[T and 14I1-14X+ systems. Using the CI approach,
de Brouckére and Feller [22] obtained the PECs of the A%IT and
X2¥+ states, which were used to evaluate the vibrational band ori-
gins and Franck-Condon factors of the A2IT-X2X+ system. In ad-
dition, spectroscopic constants from high resolution spectra were
used by Ram et al. [13] to calculate the RKR potentials of the AZIT
and X2+ states. The RKR potentials, together with the transition
dipole moments (TDMs) calculated by de Brouckére and Feller [22],
were utilized to calculate the Einstein coefficients and oscillator
strengths of the A2IT-X2X+ system.

Much effort has been devoted to the spectroscopic properties
of CP radical due to its importance in astrophysics. A large number
of spectral bands have been measured for the B2 +-X2X+, AZTI-
X2¥+ and B2X*-A2[1 systems. The A2[1-X2X+ and BZZ+-AZI1
systems have also been investigated by semi-empirical and ab-
initio methods. Only one group calculated the oscillator strengths
of the 14I1-14X+ system. Except for the 14I1-14X+ system, the
transition properties between quartet or sextet states seem to be
unavailable in the literature. Therefore, we determine the radiative
transition probabilities between doublet, quartet or sextet states
and evaluate the radiative lifetimes for several excited states of CP
radical, in order to provide valid theory support for detecting the
unobserved band systems either in the laboratory or in astrophys-
ical observations.

In this work, the ab initio valence internally contracted multiref-
erence configuration-interaction (icMRCI) method, including the
Davidson correction, core-valence correction and scalar relativistic
correction and the basis-set extrapolation, is adopted to investigate
the PECs and the spectroscopic parameters for sixteen low-lying
electronic states of CP radical. The theory and methodology are
given in Section 2. Transition dipole moments (TDMs) and radia-
tive transition probabilities for dipole allowed transitions are com-
puted and presented in Section 3, along with the radiative lifetimes
of vibrational levels for twelve electronic states. In Section 4, some
main conclusions are drawn.

2. Theory and methodology
2.1. Dissociation relationships

Details of the lowest four dissociation relationships of thirty-
nine A-S states for CP radical are displayed in Table 1. We consider
fifteen of them in this work, together with the 26+ state. The dis-
sociation limits of these fifteen states are the C(3Pg)+P(%Sy) for the
X2+, A2TI, 14+, 1411 and 155+ states, the C('Dg)+P(%S,) for
the 14X~ and 14A states, the C(3Pg)+P(2Dy) for the B2X+, 125,
12A, 22A, 2%~ and 2%A states, and the C(3Pg)+P(?Py) for the
22% - state, respectively. The dissociation limit of the 26X+ state

is questionable. According to our calculations, the 26 =+ state most
probably correlates to the C(1Sg)+P(?Dy) or the C(°Sg)+P(4Sy) dis-
sociation limit, which, however, goes against the Wigner-Witmer
rules [31]. As seen in Table 1, the calculated energy separations
between each higher dissociation limit and the lowest one agree
well with the experimental data [32].

2.2. PECs and TDMs

The PECs of sixteen electronic states of CP radical are calcu-
lated using the complete active space self-consistent field (CASSCF)
method [33], which is followed by the icMRCI approach with the
Davidson correction (icMRCI+Q), as implemented in the MOLPRO
2015 program suite [34] in Cp, symmetry. In the CASSCF calcu-
lations, the electronic states that have same spin multiplicity and
symmetry are averaged using the state-averaging technique. All the
CASSCF wave functions are taken as reference for the icMRCI cal-
culations. Nine outermost molecular orbitals (MOs) (5a;, 2b; and
2b,) are put into the active space, which correspond to the 5-9¢,
27 and 37 MOs. Nine valence electrons of CP are distributed into
eleven valence MOs, and the remaining twelve inner electrons are
put into six closed-shell MOs (4a;, 1b; and 1by).

The potential energy for each internuclear distance is comprised
of the reference energy and the correlation energy. Due to the dif-
ferent convergence speeds of the reference energy and the corre-
lation energy, we should extrapolate the reference energy and the
correlation energy to the complete basis set (CBS) limit, respec-
tively. The basis-set extrapolation formulas [35,36] are given by

Eff = Erf 4 ArefX @ (1)
EQ" = EX + AX P (2)

where E)r(ef and Eg°" are the reference and correlation energies, re-
spectively, calculated with the aug-cc-pVXZ (X=5 or 6) basis set.
E;ﬁf and EST are the reference and correlation energies, respec-
tively, obtained by the basis set extrapolation. Extrapolated param-
eters o« and B are 3.4 and 2.4 for the reference and correlation
energies, respectively [35]. Recently, a new basis-set extrapolation
scheme is proposed by Pansini et al. [32,37,38], given by

ref ,pX _ pref ,pX;
E e Exj ePri

Eref — A _ B 3
*© eBXi — ePX; 3
ECor — ECor . Xi3 (Ecor _ Ecor) (4)
oo T X X3 _ X3 X; Xi
j i

where X; and )?j are hierarchical numbers, which are different for
the reference and correlation energies. Detailed descriptions can
refer to the literature [32,37]. B is a parameter of 1.62 [32]. In this
work, The aug-cc-pV5Z (AV5Z) and aug-cc-pV6Z (AV6Z) basis sets
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Table 2

Spectroscopic parameters of the ground state X2 X+ for CP radical extrapolated to the CBS limit by two schemes without

consideration of the CV and DK corrections.

MRCI+Q Defcm! T.Jem~!  Re[A welcm™  wexe/em™'  weye/cm™'  Befcm! 103, /cm™!
AV5Z 43,373.2 0.00 1.5690 1213.8 0.0383 0.844 0.7913 5.21

AV6Z 43,558.2 0.00 1.5679 1215.7 0.1910 0.815 0.7922 517

56° 43,989.1 0.00 1.5663 1219.2 0.4845 0.760 0.7936 512

56° 43,884.6 0.00 1.5670 1217.8 0.4104 0.763 0.7930 5.10
Experiment® 43,203.884 0.00 1.5620 1239.80 6.83377 0.0013769 0.79887 5.96933

Obtained from the basis-set extrapolation scheme given by Truhlar [35,36].

Ref. [13].

a
b Obtained from the basis-set extrapolation scheme given by Pansini et al. [32,37,38].
c
d

Ref, [42].

of Dunning [39-41] are both employed to extrapolate the poten-
tial energy to the CBS limit. The obtained energy is expressed as

ficients, given by

“56” for convenient description. The spectroscopic parameters of Ty = % (8)
the ground state obtained by these two extrapolation schemes are vt Avyr

presented in Table 2. As clearly seen, these two sets of results are
very close to each other. In view of good agreement of these two
results, the use of earlier Egs. (1) and (2) is justified for the CP
molecular system studied in this work.

Core-valence (CV) correlation correction is taken into ac-
count by the icMRCI method with the cc-pCV5Z basis set [43].
Scalar relativistic correction is calculated at the icMRCl/cc-pV5Z-DK
[44] level of theory, with consideration of the third-order Douglas-
Kroll-Hess (DKH3) Hamiltonian approximation [45,46] (denoted as
DK). Similar treatments can be found in Ref. [15,47]. Finally, we
calculate the potential energy for each internuclear distance at the
icMRCI+Q/56+CV+DK level of theory.

Utilizing the obtained PECs, the vibrational levels and the in-
ertial rotation constants are obtained by the LEVEL program [48].
They are then used to fit the spectroscopic parameters. The elec-
tronic transition dipole moments (TDMs) are calculated by the va-
lence icMRCI method with the AV6Z basis set, as applied in the
MOLPRO 2015 program suite.

2.3. Transition probabilities

The obtained PECs are introduced in the nuclear radial
Schrédinger equation to calculate the vibrational wave functions
Yo(r). Radiative transition probabilities such as the square of
electronic-vibrational transition moment (RZ/VN)Z, the Einstein co-
efficients A,/,» and the Franck-Condon factors q,,,» from vibrational
levels v’ in the upper electronic state to those v” in the lower
electronic state are expressed in terms of the vibrational wave
function and the TDMs R,(r) [49,50]

%) 2
R = [ [ 9o ORery g (| (5)
2 — 80 Ara A i 2
6.3 0.A+A
AU’y” = 2026 X 10 Uv/vuz_iaa;(Rgv ) (6)

WW=(/wwnmAnMY (7)

where o0, is the wavenumber of a band system, A’ and A” are
the projections of electronic orbital angular momentum on the in-
ternuclear axis for upper and lower electronic levels, respectively.
The total Einstein coefficients of a certain vibrational level v’ in
the upper electronic state are obtained by summing all the Ein-
stein coefficients from v’ to all possible vibrational levels v in the
lower electronic states. The radiative lifetimes of this vibrational
level 7, is determined as the reciprocal of its total Einstein coef-

3. Results and discussion
3.1. Electronic structures

For clarity, Fig. 1 provides the PECs of sixteen electronic states
for CP versus the internuclear distance up to 4.0A. The PECs
for long-range regions (up to 10A) are given in the supplemen-
tal material. Vibrational levels G, and internal rotation constants
B, for each electronic state are determined by solving the radial
Schrodinger equation over the obtained PECs. Some G, and B,
(v<24 whenever available) are listed in the supplement material.
The calculated spectroscopic parameters are given in Table 3, to-
gether with their comparison with previous computations and ex-
perimental determinations. For the X2X+, A2IT and B2X* states, a
very good agreement of their spectroscopic parameters with avail-
able experimental data is noticeable. Hence, similar accuracy is as-
sumed for the other unobserved electronic states. The obtained
spectroscopic parameters considered here are in an overall agree-
ment with those recently calculated by Shi et al. [15] and Abbiche
et al. [16]. In addition, T and G, are utilized to compute the band
positions, which are then used to identify the spectral ranges of
different band systems, given in the supplemental material.

Table 4 lists the dominant electron configurations for each
electronic state near its equilibrium internuclear distance. The
representations of different electron orbitals can refer to Fig.
155 of Ref. [51] and some explanations for different orbitals
can be found in its corresponding chapter. The ground X2X+
state of the CP radical is mainly characterized by the electron
configuration 506*P602f27*PeB75%370800 (88.6%) around the
equilibrium internuclear distance. The other electron configura-
tion 50%60*P2r*BB75%37r%8059(9.9%) is insignificant. Hence,
we think that the multireference characterization of the ground
state is not obvious. The AZIT state is obtained after promotion of
one electron from the ground state, i.e. 27 —70 8. For the BZ2X+,
123, 12A, 22A, 223, 14+, 14A and 14X~ states, they have
similar electron compositions and are dominantly described by a
2w —3m excitation, explicit « or B excitations from the 27 to the
37 MO are clearly presented in Table 4. The 14T1, 242+, 24A,
24%~ and 1%+ states are double excitations from the ground
state. For example, the 24X+, 24A, 24X~ and 1%+ states corre-
spond to simultaneous two electron excitations of the 27 MO to
the 37 MO, differing only in the  or 8 promotions. The 1411 state
is mainly described by the 27%f—70P37® electron excitations.
For the 26X+ state, it is formed by three electron excitations from
the ground state with the 50*f60%2m** 758372800 (62.5%)
configuration. It is worth noting that the electron configurations
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Fig. 1. The computed PECs of (a) the X2X+, B2X+, A2I1, 12X, 12A, 22A, 225, 1%+ and 26X+ states (b) the 14X+, 242+, 1411, 14A, 14X, 24A and 24X~ states for CP

calculated by the icMRCI+Q/56+CV+DK level of theory.
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Fig. 2. The calculated TDMs versus the internuclear distance for nine band transi-
tion systems between the X2X+, B2X+, A2[1, 12X, 22%-, 12A and 22A states.

discussed here are the leading compositions of the corresponding
electronic states.

3.2. Electric dipole transitions between doublet states

In order to clearly show the transitions for the 22X~ —12%—
and 22A—12A systems, the detailed electron configurations are
presented in Table 4. As clearly shown, the main electron transi-
tion for these two systems is 27%37w#—27#37® promotion. The
TDMs between doublet states are given in Fig. 2. The TDMs of the
12X --A2T1, 12A-AZT1, 22 A-A2TT and 22X --A2]1 systems are very
similar, which is consistent with the 12X-, 12A, 22A and 22X~
states having similar electron compositions, differing only in the
coupling of the angular momentum.

The A2I1-X2%+ system is analogous to the red system of
CN. First observation of this system was conducted by Ram and
Bernath [12], later extended to new bands involving v =0-4 of

both states. The PECs of the A%IT and X2X+ states and the Franck-
Condon factors for this system were also computed by Ram et al.
[13] using their fitting molecular constants. Utilizing our calculated
PECs and TDMs, we determine the Einstein coefficients and the
Franck-Condon factors for this system by the LEVEL program [48].
As shown in Table 5, Our calculated Franck-Condon factors agree
very well with the semi-empirical results of Ram et al. [13] and
the ab initio results of de Brouckére and Feller [22]. Detailed com-
parisons show that our theoretical results are closer to the semi-
empirical values than those calculated by de Brouckére and Feller
[22] due to the larger basis set used in this work, along with the
CV and DK corrections. Using the T, and G, of the X?¥* and
A2IT states, we evaluate the vibrational band origins of the A2II-
X2¥+ system, which shows that transitions in the infrared re-
gion between low-lying vibrational levels of both states are most
likely occurring, which is consistent with the experimental obser-
vation [12,13]. The A2IT state is the first excited state that has
dipole allowed transition. The estimated radiative lifetimes of some
low-lying vibrational levels for the AZIT state are presented in
Table 12.

For the B2Xt-A%IT system, Birwald et al. [9] first observed the
B2X+-A2TT system in the 4390-4660A spectral region and identi-
fied the rotational constants of this system based on head-origin
separations. In order to obtain more information about this sys-
tem, Chaudhry and Upashya [10] photographed the bands of this
system, but only the (0, 0) band with its two sub-bands were pho-
tographed with sufficient intensity. About ten years later, Tripathi
et al. [11] reinvestigated the B2~ *-A2IT system, photographed the
rotational structures in the (0, 0) and (1, 1) bands and determined
the accurate spectroscopic constants. Since then, no further exper-
imental work seems to be available on this band system. In our
calculations, the vibrational wavefunctions between the AZIT and
B2+ states are non-orthogonal. Therefore, large radiative transi-
tion probabilities should lie in and near the diagonal matrix ele-
ments. Some of them are collected in Table 5. As for the observed
(0,0) and (1,1) bands, our calculated Einstein coefficients are larger
than other low-lying vibrational bands, which is also consistent
with the fact that they were first observed experimentally. The cal-
culated Einstein coefficients are smaller than those computed by
Gu et al. [20], but their relative variation between transitions from
one band to another band is similar. Similar finding was also pre-
sented by Ram et al. [13] for the A2IT-X2X+ system. Our results



40 Z. Qin, J. Zhao and L. Liu/Journal of Quantitative Spectroscopy & Radiative Transfer 230 (2019) 36-47

Table 3
Spectroscopic parameters of sixteen low-lying electronic states for CP radical calculated at the icMRCI+Q/56+CV+DK level of theory.

State Defcm™! Te/cm™! ReJA wefcm™! We (efcm™! 102weye/cm™! Be/cm™! 103, /cm™!
X?x+  This work 43,9913 0.0 1.5602 12383 6.595 2.681 0.7966 5.88

Exp. [42] 43,203.88 0.0 1.5622 1239.67 6.86 0.7986 5.97

Exp. [13] 0.0 1.5620 1239.80 6.83377 0.13769 0.79887  5.96933

Cal. [17] 1.5732 12234

Cal. [21] 43,649.09 0.0 1.5697 1239.7 8.78 2 0.7910 5.83

Cal. [23] 1.56 1284 0.80124

Cal. [24] 1.563 1258

Cal. [25] 1.5722 12245 6.76 0.703

Cal. [27] 1.5737 0.78654

Cal. [15] 43,704.8 0.0 1.5642 1238.7 6.807 0.699 0.79652  5.92

Cal. [16] 0.0 1.5590 1250.8 6.84 0.80214 6.05
A’T1 This work  37,016.3 6975.3 1.6529 1065.9 5.970 2.178 0.7134 5.59

Exp. [42] 36,229.60 6974.05 1.653 1061.99 6.035 0.7135 5.8

Exp. [13] 36,348.97+1399.78 16544  1062.47 6.03277 0.897 0.71209  5.6203

Cal. [22] 6729.5 1.6542 1064.8

Cal. [25] 6637.94 1.6646 1050.7 5.98 0.789

Cal. [15] 36,688.5 7016.17 1.6562 1063.42 6.041 0.975 0.71000  5.39

Cal. [16] 1.6510 1070.5 6.07 0.71481 5.61
14%+  This work  21,914.1 22,0913 1.7220 892.0 6.279 2.155 0.6572 6.08

Cal. [20] 19,405.69 17549 891

Cal. [15] 21,924.6 21,780.22 1.7157 876.7 0.820 776 0.65709  8.03

Cal. [16] 17204  896.4 6.42 0.65844  6.16
1A This work ~ 25,443.1 28,653.0 1.7167 890.5 7.016 6.79 0.6613 6.48

Cal. [20] 27,761.59 1.7478 882

Cal. [15] 25,536.3 28,353.5 1.7201 887.61 6.499 2.635 0.65874  6.36

Cal. [16] 1.7151 893.3 6.36 0.66283  6.37
B2X*  This work  25,810.2 29,5114 1.6874 834.8 5.060 12.73 0.6802 5.82

Exp. [42] 25,466.14 29,1004 16894  836.32 5.917 0.6829 6.28

Cal. [20] 28,753.65 17178 832

Cal. [15] 25,768.6 29,280.77 16895  837.87 5.023 14.94 0.68276  6.07
1411 This work 14,2816 29,716.4 1.8865 623.7 4.226 50.81 0.5434 3.96

Cal. [20] 27,245.40 1.9119 675

Cal. [15] 14,469.58 29,23534  1.8797 672.95 5.282 4.487 0.55158 5.78

Cal. [16] 1.8722 681.1 4.77 0.55613 6.43
14%-  This work  20,392.0 33,618.6 1.7162 876.9 7.033 3.54 0.6615 6.71

Cal. [20] 33,133.24 1.7435 841

Cal. [15] 20,541.32 33,347.85 1.7190 877.22 6.961 0.013 0.65953  6.70
122~ This work  18,594.6 37,3119 1.7158 875.6 7.535 1425 0.6620 6.99

Cal. [20] 38,496.83  1.7499 798

Cal. [15] 18,580.59 37,057.63 1.7212 866.89 6.919 0.339 0.65784  6.86
152+  This work  7001.8 37,814.3 1.9555 607.4 10.08 19.86 0.5081 6.48

Cal. [16] 1.9722 565.5 5.32 0.50098  10.24
12A This work  17,227.0 38,164.4 1.7389 845.6 5.958 5.205 0.6490 6.50

Cal. [20] 38,964.63  1.7725 783

Cal. [15] 17,136.05 37,913.36 1.7369 845.96 6.041 15.03 0.64600  6.17
22A This work  15,042.0 40,746.9 1.7027 864.0 8.542 0.595 0.6721 8.06

Cal. [15] 14,426.03 40,623.00  1.7076 860.88 8.009 24.61 0.66837  7.74
22%-  This work  18,972.1 43,859.2 1.7272 823.0 7.038 0.204 0.6533 7.59

Cal. [15] 18,548.33 43,873.86  1.7312 821.45 7.510 5.701 0.65039  7.62
24A This work ~ 5995.5 49,4934 1.9928 571.6 13.69 3.819 0.4865 5.41

Cal. [15] 5837.03 49,211.92 2.0008  520.62 8.110 34.11 0.48694 795
24%+  This work 50343 50,664.7 19544  501.0 18.025 382.7 0.4952 13.6
24%-  This work  1473.6 56,675.7 1.9992 533.2 4.094 575.7 0.4863 10.0

Cal. [15] 1686.50 56,271.32 2.0066 4914 8.733 156.6 0.48351 7.67
26%+  This work  4697.9 73,159.7 23850  369.5 2.221 20.71 0.3406 0.76

Cal. [15] 4520.74 72,212.64 23853  357.32 1.868 62.11 034259 110

are considered to be more accurate since we use a higher level of
theory, with the CBS extrapolation, the CV and DK corrections.
With regard to the B2X+- X2X+ system, only one experimen-
tal study was conducted by Barwald et al. [9] to investigate its
transition properties, but many bands including v’=0-10, v”=0-
9, were recorded. The vibrational band origins of this system are
calculated to compare with those determined experimentally [9]. A
deviation of 400cm™! is observed, which can be explained by the
difference of also about 400 cm~! between our calculated T, of the

BZX+ state and the corresponding experimental value [42]. This
deviation is commonly observed for these quantities (T, or De) us-
ing such a large level of theory. Our calculated Franck-Condon fac-
tors of the BZX+-X2X+ system are listed in Table 5, which match
well with those determined using the Morse potential [28]. Such
a good agreement verifies the accuracy of our calculated transition
data.

The other doublet transition systems presented in this work
have not been observed in the experiments. The TDMs of the



Table 4

Z. Qin, J. Zhao and L. Liu/Journal of Quantitative Spectroscopy & Radiative Transfer 230 (2019) 36-47

Main electron configurations of sixteen electronic states for CP radical around their corresponding equilibrium internuclear distances.

4

State  Main Electron Configuration® State  Main Electron Configuration® State Main Electron Configuration®
X2+ 50960227 P*F75*371°805°(0.886) 22A 50%F60*P 2P 7523 F800 (0.520) 2%A 506%F60*F 2w P 70537 85°(0.689)
50%F60F 2 PP 7523 *85°(0.099) 50%F60*F2m*PP70237*80° (0.380) 506%F60 P2 P 70%37**859(0.299)
B2L+ 509602 2w Pe70*37£850(0.503) AT 50%F60%P272F752F370850(0.912) 242~  50%F60*P27*B70*37*2800(0.511)
50%P60*2r*P2P752F 370800 (0.446) 14X+ 50960227 F* 7037800 (0.638) 50%F60*F 227537 *F859(0.363)
125~ 5060 27*PF75*31*80° (0.606) 50%P60P 2P 70%372*800 (0.145) 242+ 50%F60F2m P70 *31**800(0.684)
50P60%P 2P 75237F800 (0.236) 1A 50%F60P 2B 7523712800 (0.645) 50%F60F 2B 75%37*280°(0.308)
225~ 50%P602P21*70%37F 800 (0.596) 50%F60*F212F 7523122800 (0.099) 1°%+  50%F60*F2mr**70*377**80°(0.886)
50%F60F 2 P73 2800 (0.237) 192~ 5060 21*F 7531800 (0.643) 268+  50%60%2m*70*F37285°(0.625)
12A 50260F 2w PP75937*800 (0.527) 50%P60*F 217059372850 (0.080)
50%F60F 2P 7523 F 850 (0.373) 1“1 5060 21**70%F 37800 (0.915)

2 Values in parentheses are CSF-squared coefficients related to the electron configuration. The core configuration of each electronic state is

1022023024021 4.
Table 5
Einstein coefficients (s~!) and Franck-Condon factors of the A2TT-X2X+, BZX+-X2X+ and B2X+-A2I1 systems for CP radical.

ATI-X2 5+ B2E+-X2E+ B2X+-A2TT

v’ v EC? FCP FC® FCd v’ v’ EC FC FC® v’ v EC FC

0 0 1.34E+04 0.2806 0.2835 0.3498 0 0 7.23E+05 0.1121 0.1186 0 0 8.50E+05 0.8208
0 1 8.82E+03 0.3845 0.3907 0.3961 0 1 1.16E4-06 0.2446 0.2385 0 1 9.19E+04 0.1379
0 2 2.07E+03 0.2260 0.2310 0.1870 0 2 9.30E+05 0.2685 0.2534 0 2 1.13E+04 0.0230
0 3 1.97E+02 0.0752 0.0768 0.0534 0 3 4.87E+05 0.1948 0.1890 1 0 2.37E+05 0.1542
0 4 5.60E+00 0.0155 0.0158 0.0120 0 4 1.84E+05 0.1033 0.1108 1 1 5.70E+05 0.5404
1 0 3.05E+04 0.3200 0.3240 0.3092 0 5 5.30E+04 0.0422 0.0542 1 2 1.46E+05 0.2176
1 1 9.77E+02 0.0178 0.0188 0.0044 1 0 1.97E+06 0.2333 0.2562 1 3 3.14E+04 0.0618
1 2 3.52E+03 0.1344 0.1352 0.2015 1 1 9.45E+05 0.1512 0.1494 1 4 2.79E+03 0.0083
1 3 3.14E+03 0.2794 0.2845 0.3047 1 2 1.72E+04 0.0039 0.0051 2 0 2.01E4+04 0.0081
1 4 6.23E+02 0.1702 0.1743 0.1394 1 3 2.13E+05 0.0617 0.0447 2 1 4.20E+05 0.2772
2 0 3.51E4+04 0.2096 0.2134 0.1718 1 4 4.21E+05 0.1692 0.1336 2 2 3.49E+05 0.3204
2 1 6.89E+03 0.0680 0.0672 0.0932 1 5 3.14E+05 0.1768 0.1568 2 3 1.68E+05 0.2482
2 2 8.53E+03 0.1446 0.1478 0.1402 2 0 2.73E+06 0.2524 0.2755 2 4 5.52E+04 0.1072
2 3 1.22E+02 0.0044 0.0041 0.0196 2 1 4.93E+04 0.0063 0.0024 2 5 6.91E+03 0.0198
2 4 2.65E+03 0.1955 0.1988 0.2566 2 2 5.93E+05 0.0964 0.1018 3 1 6.59E+04 0.0277
3 0 2.80E+04 0.1041 0.1070 0.0948 2 3 4.95E4+05 0.1093 0.1102 3 2 5.42E+05 0.3581
3 1 2.97E+04 0.1686 0.1700 0.1755 2 4 1.94E+04 0.0060 0.0137 3 3 1.80E+05 0.1583
3 2 2.45E+02 0.0020 0.0024 0.0002 2 5 1.10E+05 0.0445 0.0171 3 4 1.65E+05 0.2426
3 3 9.50E+03 0.1475 0.1489 0.1695 3 0 2.57E+06 0.1868 0.1941 3 5 8.00E+04 0.1523
3 4 9.95E+02 0.0277 0.0285 0.0109 3 1 4.41E+05 0.0414 0.0715 3 6 1.35E+04 0.0376
4 0 1.78E+04 0.0441 0.0455 0.0455 3 2 8.83E+05 0.1118 0.1090 3 7 1.77E+03 0.0066
4 1 4.39E+04 0.1574 0.1601 0.1494 3 3 6.18E+02 0.0000 0.0004 4 2 1.41E+05 0.0624
4 2 1.01E+04 0.0548 0.0541 0.0656 3 4 4.07E+05 0.0910 0.0816 4 3 5.93E+05 0.3924
4 3 7.15E+03 0.0596 0.0618 0.0460 3 5 2.52E+05 0.0771 0.0831 4 4 6.75E+04 0.0535
4 4 4.85E+03 0.0697 0.0695 0.1088 4 0 1.86E+06 0.1079 0.0997 4 5 1.42E+05 0.2071

2 EC refers to Einstein coefficient.

b FC denotes as Franck-Condon factor.
¢ Ref. [13].

d Ref. [22].

e Ref. [28].

12X --A2T1, 12A-A%T1, 22A-A2TT and 22X ~-A2I1 systems are very
similar and are not large enough, but because of the large energy
separations of the 12X, 12A, 22A and 22X~ states relative to the
AZII state, there are many strong transitions for these four band
systems. As shown in Tables 6 and 7, relatively large Einstein co-
efficients of these four systems are of the order of 10* s, which
is commonly thought to be strong enough to be detected experi-
mentally. Hence, these four systems are expected to be observed
in appropriate spectroscopic experiments.

Contrary to the 12X--AZI1, 12A-A211, 22A-A2T1 and 22%--
A2IT systems, the TDMs of the 22A—12A and 22X —-12X~ sys-
tems are relatively large in the Franck-Condon region, whereas the
energy separation between the 22A and 12A states (or the 22X~
and 12X~ states) is small. As presented in Table 7, the calculated
transition probabilities are relatively small. In order to observe the
emission bands for these two systems, much efforts should be de-
voted to the experimental techniques.

3.3. Electric dipole transitions between quartet states

To our knowledge, quartet states of CP radical have not been
observed experimentally so far. There have been several theoretical
studies that aim at obtaining the PECs and the spectroscopic con-
stants of quartet states [15,16,20]. Only Gu et al. [20] calculated the
transition probabilities of the 14I1-14%+ system. Other dipole al-
lowed transitions between quartet states appear to be unavailable
in the literature, which motivates us to study further.

Fig. 3 displays the TDMs of the transition systems between
quartet states. The trends of the 24X +t-14%+, 24A—-14A and
24%-—14%~ are similar, just as the explanation of the 12X ~-A2T],
12A-AZT1, 22A-A2TT and 22%~-A%I1 systems. As for the TDMs of
these quartet transition systems, there are no experimental tran-
sition intensities, hence, it is difficult to judge the accuracy of any
TDM:s. The highest level of ab initio level, icMRCI+Q/AV6Z, is there-
fore used to compute the TDMs of these transition systems. Then,
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Table 6

Einstein coefficients (s=') and Franck-Condon factors of the 12X ~-A%T1, 12A-A?T1 and 22 A-A2T1 systems for CP

radical.
122--A?TT 12A-AT1 22A-A?T1
v’ v” EC? FC® v’ v”  EC FC v’ v” EC FC
0 0 2.53E+04 0.6155 0 0 2.38E+04 0.4647 0 0 1.11E4+05 0.7294
0 1 4.30E+03 0.2905 0 1 1.85E+04 0.3545 0 1 1.16E+04 0.2132
1 0 2.26E+04 0.2810 0 2 6.30E+03 0.1295 0 2 4.41E+02 0.0365
1 1 6.21E+03 0.1633 0 3 1.28E+03 0.0299 1 0 6.38E+04 0.2176
1 2 4.49E+03 0.3457 1 0 1.75E+04 0.3349 1 1 4.66E+04 0.3355
2 0 1.02E+04 0.0718 1 1 1.14E+03 0.0260 1 2 1.48E+04 0.3130
2 1 2.36E+04 0.3198 1 2 1.51E+04 0.2820 1 3 8.96E+02 0.0971
2 2 3.60E+02 0.0090 1 3 1.16E+04 0.2316 2 0 1.74E+04 0.0334
2 3 3.05E+03 0.2709 1 4 3.84E+03 0.0864 2 1 8.61E+04 0.3252
3 0 3.11E403 0.0135 2 0 6.62E+03 0.1333 2 2 1.28E+04 0.0984
3 1 2.01E+04 0.1546 2 1 1.28E+04 0.2409 2 3 1.28E+04 0.3109
3 2 1.58E+04 0.2344 2 2 2.12E+03 0.0298 2 4 1.11E+03 0.1632
3 3 4.71E402 0.0192 2 3 6.40E+03 0.1191 3 0 2.94E+03 0.0034
3 3 1.51E403 0.1533 2 4 1.30E+04 0.2525 3 1 4.36E+04 0.0932
4 1 9.46E+03 0.0444 2 5 6.90E+03 0.2004 3 2 7.79E+04 0.3276
4 2 2.48E+04  0.2083 2 6 1.85E+03 0.0473 3 3 8.79E+02  0.0053
4 3 7.29E+03 0.1183 3 0 1.65E+03 0.0391 3 4 8.40E+03 0.2370
4 4 2.06E+03 0.0874 3 1 1.11E+04 0.2138 3 5 1.00E+03 0.2137
5 1 3.12E+03 0.0095 3 2 4.18E+03 0.0829 4 0 3.32E+02 0.0003
5 2 1.71E+04 0.0876 3 3 8.01E+03 0.1217 4 1 1.17E+04 0.0152
5 3 2.32E+04 0.2139 3 4 8.21E+02 0.0167 4 2 6.79E+04 0.1622
5 4 1.84E+03 0.0320 3 5 1.06E+04 02004 4 3 5.39E+04 0.2528
5 5 3.00E+03 0.1428 3 6 9.37E+03 0.1979 4 4 1.00E+03 0.0166
6 2 7.58E+03 0.0251 3 7 3.46E+03 0.0855 4 5 4.15E+03 0.1343

2 EC refers to Einstein coefficient.
b FC denotes as Franck-Condon factor.

Table 7

Einstein coefficients (s=') and Franck-Condon factors of the 22A—12A, 22%--A2T1 and 22X~ —12X~ systems

for CP radical.

22A-12A 22%--A2T1 22%--12%-

v v’ EC FCP v v’ EC FC v v’ EC FC

0 0 5.30E+02 0.8961 0 0 3.20E+05 0.5137 0 0 6.71E4+03 0.9686
0 1 1.50E+00 0.0791 0 1 1.28E+05 0.3317 0 1 5.68E+01 0.0152
1 0 4.72E+02 0.0871 0 2 2.38E+04 0.1098 1 0 1.89E+02 0.0154
1 1 6.36E+02 0.7480 0 3 2.64E+03 0.0243 1 1 7.06E+03 0.9357
1 2 4.55E+00 0.1266 1 0 2.93E+05 0.3246 1 2 1.32E+02 0.0322
2 0 3.69E+01 0.0008 1 1 3.17E+04 0.0553 2 1 4.61E+02 0.0329
2 1 1.04E+03 0.1553 1 2 1.08E+05 0.2970 2 2 7.31E4+03 0.8983
2 2 7.63E+02 0.6373 1 3 425E+04 0.2110 2 3 2.32E+02 0.0512
2 3 9.09E+00 0.1530 1 4 7.45E+03 0.0752 3 2 8.17E+02 0.0526
3 1 1.01E+02 0.0017 2 0 1.40E+05 0.1115 3 3 7.48E+03 0.8568
3 2 1.73E+03 0.2097 2 1 2.37E+05 0.2798 3 4 3.55E+02 0.0716
3 3 9.22E+02 0.5549 2 2 6.80E+03 0.0155 4 3 1.25E+03 0.0737
3 4 1.48E+01 0.1648 2 3 4.94E+04 0.1456 4 4 7.54E+03 0.8118
4 2 1.86E+02 0.0023 2 4 4.51E+04 0.2430 4 5 5.04E+02 0.0935
4 3 2.55E+03 0.2529 2 5 1.22E+-04 0.1371 5 4 1.78E+03 0.0961
4 4 1.12E4+03 0.4941 2 6 1.52E+03 0.0442 5 5 7.53E+03 0.7633
4 5 2.10E+01 0.1670 3 0 4.62E+04 0.0276 5 6 6.80E+02 0.1167
5 2 3.97E+00 0.0002 3 1 2.43E+05 0.2054 6 4 1.50E+01 0.0030
5 3 2.77E+02 0.0025 3 2 9.98E+04 0.1269 6 5 2.38E+03 0.1193
5 4 3.52E+03 0.2878 3 3 5.18E+04 0.0975 6 6 7.40E+03 0.7122
5 5 1.37E+03 0.4489 3 4 9.47E+03 0.0294 6 7 8.85E+02 0.1407
5 6 2.66E+01 0.1631 3 5 3.43E+04 0.2006 7 5 4.76E+01 0.0051
6 3 1.23E+01 0.0005 3 6 1.48E+04 0.1856 7 6 3.03E+03 0.1427
6 4 3.68E+02 0.0023 3 7 2.42E+03 0.0826 7 7 717E403 0.6591

2 EC refers to Einstein coefficient.
b FC denotes as Franck-Condon factor.

we calculate the Einstein coefficients and Franck-Condon factors of
these transition systems, some large ones are presented in Tables
8-10.

The two lowest quartet excited states are the 1S+ and 14A
states. They cannot decay by a dipole allowed transition. The 14T1
state is the first excited state that has dipole allowed transitions. It
can decay to the lower 14X+ and 14A states, however, the small
energy difference between the 14T and 14 A states means that the

radiative lifetimes of the 14IT state are mainly determined by the
14T1-14X+ transition. For example, the radiative lifetimes of the
1411 state determined only by the 14I1-14X+ system are 232.04,
94.07, 55.72, and 39.06 us for v =0,1,2, and 3, respectively. The ra-
diative lifetimes of the 1411 state evaluated only by the 14I1—-14A
system are 184.42, 3.75, 0.66, and 0.27 ms for v=0,1,2, and 3, re-
spectively. Combining the 14T1-14X+and 14I1-14A systems, the
radiative lifetimes of the 14IT state are 231.75, 91.77, 51.41, and
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Fig. 3. The calculated TDMs versus the internuclear distance for nine band transi-
tion systems between the 14X+, 242+, 1#T1, 14X, 24X, 14A and 2*A states.

34.08 ws for v=0,1,2, and 3, respectively. It should be noted that
our calculated Einstein coefficients are in good agreement with
those computed by Gu et al. [20].

The 14X~ state can only decay to the 14IT state due to the se-
lection rules of electric dipole transitions. Because of the large dif-
ference in R, values for the 14IT and 14X~ states, there are sev-
eral strong transitions for higher v’ and lower v”. For instance,
the Einstein coefficients of the 14X~ —14II system for v” =0 are
5.27 x 103, 1.69 x 104, 2.75 x 10%, 2.67 x 10%, and 1.68 x 10%s~1, for
v’ =1, 2, 3, 4, and 5, respectively.

The 2%A state has dipole allowed transitions to the 14A and
14T1 states. The emission to the 14IT state is about one order of
magnitude larger than to the 1#A state. Therefore, the contribu-
tion of the 24 A—14IT system to the radiative lifetimes of the 24A

state is larger than that of the 2 A—14A system. For higher-lying
vibrational levels, such influence decreases because the radiative
lifetimes of the 24A—14TT and 2*A—1%A systems are of the same
order.

For the 24X+ state, it can undergo dipole allowed transitions
to the 14X+ and 1411 states. The calculated transition probabilities
show that there seems to be comparable in band intensity for the
24%+-14%+ and 24%+—14I1 systems. Hence, both two systems
contribute to the radiative lifetimes of the 24X+ state, which are
estimated to be very small, about hundreds of nanoseconds.

As shown in Fig. 1, the 24X~ state has a single barrier, which
is formed by avoiding crossing between the 24X~ and 34~ states
in the neighborhood of 2.4 A. Because the energy at the top of bar-
rier is higher than that at the dissociation limit, the dissociation
energy is obtained between the energy at the equilibrium inter-
nuclear distance and that at the top of barrier. This state is quite
shallow, which can only support 3 vibrational levels. It has dipole
allowed transitions to the 14X~ and 1411 states, but the radiative
lifetimes of the 24X~ state are essentially determined by decay to
the 14IT state.

3.4. Electric dipole transitions between sextet states

In the work of Gu et al. [20], the 1%+ state was predicted
to locate at approximately 32,600cm~! by the MRD-CI calcula-
tions. The author predicted a single-well PEC for this state. Our
icMRCI+Q/56+CV+DK calculations confirm the single-well poten-
tial of this state lying about 37,800cm~!. Our T, value is about
5000cm™! higher than that of Gu et al. [20]. We attribute such dif-
ference to the higher level of theory used in our work. The 262+
state was first studied by Shi et al. [15]. Our calculated spectro-
scopic constants are in good agreement with those of Shi et al.
[15]. It should be noted that the energy separation between 26X+
and 14X~ states is about 17,000cm~". In such a large separation,
there should be other electronic states, which are not produced
well in this work due to the mixing of their wave functions. Maybe
a larger active space is needed to produce them well.

Table 8

Einstein coefficients (s~') and Franck-Condon factors of the 14T1-14%+, 14I1-14A and 14X~ —1I1 systems for

CP radical.
14M-143+ I-14A 1431411
v v’ EC FC® v v’ EC FC v v’ EC FC
0 0 1.06E+03 0.0548 1 0 2.23E+02 0.1295 0 0 5.51E+02 0.0473
0 1 1.72E+03 0.1766 1 1 4.33E+01 0.2037 0 1 4.23E+02 0.1300
0 2 1.12E+03 0.2628 2 0 1.32E+03 0.1877 0 2 6.17E+01 0.1868
0 3 3.58E+02 0.2404 2 1 1.79E+02 0.0817 1 0 5.27E+03 0.1661
1 0 5.35E+03 0.1461 3 0 3.43E+03 0.1867 1 1 2.87E+03 0.2046
1 1 4.24E+03 0.2026 3 1 3.16E+01 0.0038 1 2 3.61E+02 0.0801
1 2 5.87E+02 0.0538 3 2 2.57E+02 0.0969 2 0 1.69E+04 0.2634
2 0 1.26E+04 0.2013 3 3 2.33E+01 0.0441 2 1 2.33E+03 0.0654
2 1 2.56E+03 0.0656 4 0 5.95E+03 0.1569 2 2 2.88E+02 0.0178
2 2 6.27E+02 0.0276 4 1 3.48E+02 0.0179 2 3 5.81E+02 0.0987
2 3 1.69E+03 0.1371 4 2 8.02E+02 0.0892 3 0 2.75E+04 0.2503
3 0 1.89E+04 0.1905 5 0 7.57E+03 0.1113 3 1 5.74E+02 0.0084
3 2 4.46E+03 0.1087 5 1 2.60E+03 0.0658 3 2 5.33E+03 0.1357
3 3 7.37E+02 0.0304 5 2 5.65E+02 0.0262 3 3 7.81E+02 0.0400
4 0 2.26E+04 0.1521 5 3 6.05E+02 0.0612 3 4 1.05E+02 0.0876
4 1 3.17E+03 0.3120 5 4 1.04E+02 0.0272 4 0 2.67E+04 0.1583
4 2 5.41E+03 0.0796 6 0 7.96E+03 0.0719 4 1 1.59E+04 0.1373
4 3 5.97E+02 0.0138 6 1 6.87E+03 0.0985 4 2 3.68E+03 0.0494
4 4 2.47E+03 0.0932 6 3 1.69E+03 0.0743 4 3 1.42E+03 0.03238
5 0 2.17E+04 0.1026 7 0 7.25E+03 0.0431 4 4 2.13E+03 0.0944
5 1 1.25E+04 0.0827 7 1 1.14E4+04 0.1018 5 0 1.68E+04 0.0703
5 2 1.54E+03 0.0146 7 2 1.44E+03 0.0202 5 1 3.67E+04 0.2109
5 3 5.22E+03 0.0748 7 3 1.53E+03 0.0348 5 2 1.85E+03 0.0157

3 EC refers to Einstein coe

fficient.

b FC denotes as Franck-Condon factor.
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Table 9
Einstein coefficients (s=!) and Franck-Condon factors of the 24A—14A, 24 A—14IT and 24+ —14X+ systems for
CP radical.

24A-14A 24A-1411 24,142+

EC? FCP EC FC EC FC

1.90E+03 0.0288
2.81E+03  0.0778
2.66E+03  0.1444
159E+03 0.1924
1.01E+03 0.0036
427E+03  0.0244
7.60E+03 0.0720
7.23E+03 0.1185

3.68E+03  0.1083

8.00E+02  0.0417
4.44E+03  0.0111

140E4+04  0.0543
1.67E+04  0.1040
8.30E+03  0.0872
9.37E+02  0.0176
1.32E+04  0.0239
3.07E+04  0.0838
2.24E4+04  0.0958
3.47E+03  0.0254
7.43E+02 0.0068
3.29E+03  0.0612
1.38E4-03 0.0494
2.76E+04  0.0371

4.58E+04  0.0909
1.73E+04 0.0527
6.29E+03  0.0438
3.93E+03  0.0459

6.73E+04  0.4331
3.86E+04  0.3651
9.54E+03  0.1400
1.69E+03 0.03811
6.77E+04  0.2984
2.68E+04  0.2460
195E+04  0.2770
5.22E4+03  0.1190
4.78E+04  0.1507
3.50E+04  0.1571
1.47E+04 0.0886
4.49E+03  0.0418
1.70E+04 0.2358
9.21E+03 0.2039
2.20E+03  0.0810
2.77E+04  0.0653
6.28E4+04  0.2046
1.95E+03 0.0098
2.56E+04  0.1582
8.42E4+03  0.1175
9.99E+03  0.2200
3.90E+03  0.1404
1.29E+04  0.0240
5.44E+04 01332
3.10E+-04 0.1039
5.54E4+03  0.0232
1.71E+04 0.1077

8.27E+03  0.0024
3.42E+04  0.0151

7.11E+04 0.0478
9.95E+04  0.1013

1.03E4-05 0.1578
7.96E+04  0.1868
4.56E+04  0.1743

1.84E4+04 01319

5.04E4+04  0.0111

1.45E+405 0.0474
1.91E+05 0.0945
1.48E+05 0.1112

6.76E+04  0.0755
1.27E+04 0.0192
1.64E+05 0.0278
3.27E+05  0.0187
2.55E+05  0.0963
793E+04  0.0474
1.83E+03 0.0022
135E+04  0.0166
2.96E+04  0.0586
2.06E+04  0.0631
3.89E+05  0.0525
5.46E+05  0.1073

2.27E4+05  0.0678
6.82E+03  0.0043
3.49E+04  0.0545

BABAE BB A WWWWWWWENNNNN=S = === =0 000 c
VAN OO DA, WN—RLORARWNRLOULNAWNRL,OUAWN c
AR B BRAAWWOWWWWWWNNNNNNODN = == -2 0000 c
AWM —LONOOUWN—_,OOUA,WN~LORMAWNOWDN=O c
WWWWWINNNNNNNN= = === = 00000 00O0 c
A WN—L,ONOOTUAWNL,OUAWNRL,ONOOUNAWN=O c

2 EC refers to Einstein coefficient.
b FC denotes as Franck-Condon factor.

Table 10
Einstein coefficients (s~') and Franck-Condon factors of the 24X+ 1411, 24X~ —14X~ and 24X~ —14IT systems
for CP radical.

24T+ 1411 2481432~ 242 -1

v’ v” EC? FCP v’ v” EC FC v’ v” EC FC

0 0 3.15E405 04978 0 0 1.14E+02 0.0006 O 0 4.00E+05  0.3826
0 1 1.24E+05  0.3124 0 1 521E+02  0.0057 0 1 2.49E+05  0.3605
0 2 2.93E+04 01212 0 2 9.80E+02 0.0252 O 2 7.14E+04 0.1662
1 0 2.85E+05 03032 O 3 9.04E4+02 0.0700 O 3 1.55E+04  0.0574
1 1 143E+04  0.0216 0 4 3.15E+02 0.1338 0 4 2.19E+03 0.0141

1 2 8.10E+04 02044 O 5 1.74E400 0.1848 0 5 1.42E+02 0.0027
1 3 5.78E+04  0.2371 0 6 4.16E402 0.1951 0 6 2.43E+00  0.0004
1 4 1.89E+04  0.1306 0 7 1.13E+03 0.1620 0 7 2.70E+00  0.0001
2 0 1.66E+05  0.1244 0 8 1.37E+03 0.1064 1 0 431E+05  0.2873
2 1 1.86E+05 0.2077 O 9 9.50E+02  0.0580 1 1 1.24E+03 0.0012
2 2 3.10E+04 00554 O 10 4.08E+02  0.0268 1 3 1.10E+05 0.1603
2 3 4.09E+03  0.0108 0 11 1.29E+02 0.0105 1 4 4,02E+04  0.1651

2 4 2.87E+04  0.1231 0 12 3.87E+01 0.0035 1 5 9.81E+03  0.0722
2 5 246E+04 01738 0 13 9.40E+00  0.0011 1 6 144E+03  0.0247
2 6 1.08E+04  0.1329 0 14 9.23E-01 0.0003 1 7 6.68E+01 0.0072
3 0 8.61E+04  0.0473 1 0 7.94E+02 0.0027 2 0 3.06E+05  0.1490
3 1 3.04E+05 02488 1 1 2.93E+03  0.0188 2 1 1.03E+05 0.0725
3 2 1.88E+04  0.0213 1 2 4.28E+03  0.0591 2 2 1.26E+05 0.1278
3 3 6.13E+04  0.1173 1 3 2.99E+03  0.1048 2 3 2.56E+02  0.0004
3 4 141E4+04  0.0431 1 4 9.07E+02  0.1068 2 4 3.85E+04  0.0991
3 6 1.07E+04  0.0795 1 5 7.83E+01 0.0518 2 5 4.22E+04  0.1923
3 7 1.11E+04 0.1399 1 6 8.22E+00 0.0025 2 6 1.77E+04  0.1607

2 EC refers to Einstein coefficient.
b FC denotes as Franck-Condon factor.
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Table 11

Einstein coefficients (s~') and Franck-Condon factors of the 26 £+ 16X+ system for CP radical.
v’ v’ EC? FCP v’ v’ EC FC v’ v” EC FC
0 4 145E+04  0.0786 3 0 5.01E+04 0.0048 5 5 3.66E+04  0.0372
0 5 1.22E+05 0.1760 3 1 2.09E+05 0.0345 6 0 9.58E+05  0.0381
0 6 3.86E+05 0.2673 3 2 293E+05  0.0918 6 1 1.57E+06  0.0917
1 2 1.96E+04  0.0241 3 3 1.38E+05 0.0966 6 2 4.18E405 0.0371
1 3 1.10E+04 0.0769 3 4 1.03E+04  0.0169 6 3 437E+04  0.0073
1 5 2.83E+04 01244 4 0 1.69E+05 0.0117 6 4 1.96E+05 0.0529
1 6 1.03E+04  0.0205 4 1 5.39E4+05  0.0601 6 5 7.79E+03 0.0021
1 7 8.98E+04 0.0419 4 2 5.18E+05 0.1001 6 6 1.66E+04  0.0395
2 0 1.08E+04  0.0015 4 3 1.12E+05 0.0413 7 0 1.75E4+06  0.0574
2 1 5.66E+04  0.0147 4 4 331E4+03  0.0045 7 1 1.88E+06  0.0836
2 2 1.03E+05 0.0586 5 0 4.44E+05 0.0230 7 2 1.20E+05 0.0074
2 3 6.85E+04  0.1147 5 1 1.04E+06  0.0825 7 3 2.93E+05  0.0326
2 4 9.89E+03  0.0951 5 2 5.96E+05  0.0763 7 4 1.67E+05 0.0293
2 6 2.53E+04  0.0411 5 3 1.47E+04 0.0030 7 5 2.25E4+04  0.0095
2 7 9.25E+04  0.0981 5 4 8.40E+04  0.0397 7 6 439E+04  0.0336

2 EC refers to Einstein coe

fficient.

b FC denotes as Franck-Condon factor.

Table 12
Radiative lifetimes of the first 15
24%- and 26X+ states of CP rad

vibrational levels for the B2X*, A2T1, 12X, 12A, 22A, 22X, 242+, 1411, 14X, 24A,

ical.

v AT B2Z*t 12Z-  12A 22A 22%- 2%+ 1*I 142- 24A 24y- 263+

/s T/ns T/us T/us T/us T/us T/us T/us T/us T/us T/us T/ns
0 4086 2219 3357 1997 8102 2078 1062 2318 9663 7823 1354 562.6
1 2577 1976 2970 19.98 7853  2.038 0898 9177 117.7 6.856 1421 4476
2 1834 1787 2663 1999 7571 1998 0.737 5141 4936  5.619 1.566  346.2
3 13.98 1647 2411 19.98 7263 1.957 0.545 34.08 29.07 4531 265.8
4 1113 153.7 2196 19.97  6.931 1.918 0389 2357 1995 3.872 205.4
5 9.138 1438 2014 1995 6579 1879 0460 17.78 1492 3415 152.9
6 7703 1344  18.55 19.92 6227 1838 0423 1379 1205 3.016 1231
7 6.636  126.7 17.15 19.89 5899 1798 0395 1105 1032 2674 87.72
8 5795  120.7 15.95 19.83 5598 1759 0312  9.094 8723  2.466 73.21
9 5114 115.7 14.87 19.53 5300 1722 0330 7387 7674 2.346 71.90
10 4559 1108 13.72 1838 4955 1685 0255 6388 7089  2.296 62.40
11 4086 106.3 1239 1687  4.571 1648 0239 5422 5989 2252 68.62
12 3721 1024 1131 16.63 4255 1609 0214 4771 5526 2227 65.94
13 3387 9939 1051 1580 4.010 1568  0.188 4172 5139 2.163 75.31
14 3130 9675 9782 1551 3.778 1528  0.189 3722 4562  2.064 82.31

Transition dipole moment/a.u.

2 3 4 5

Internuclear distance/A

Fig. 4. The calculated TDMs versus the internuclear distance for the 26 X+-16%+
band transition system.

Fig. 4 shows the TDMs of the 26 2+—-16%+ system. Because of
the large TDMs and the large energy separation between the 26 X+
and 16X+ states, many strong transitions are obtained of the order

of 10°s~1, just as presented in Table 11. We deduce the follow-
ing radiative lifetimes for the 26X+ state (v =0, 1, 2, 3): 562.6,
4476, 346.2, and 265.8 ns, respectively. The radiative lifetimes of
the 26+ state are so small that they are expected to be observed
by an appropriate spectroscopic technique. To aid in possible de-
tection of this state, we calculate the band origins, which show
that strong transitions lie in the ultraviolet (UV) band.

4. Conclusions

In this work, we have performed the icMRCI+Q/56+CV+DK cal-
culations for PECs of the X2X+, B2X+, A%TI, 12X, 12A, 22A,
22% -, 143+, 245+, 1410, 14A, 142, 24A, 24X~ 165+ and 262+
states and have determined the TDMs at the icMRCI/AV6Z level of
theory. The calculated spectroscopic parameters are in good agree-
ment with previous theoretical and experimental data. The en-
ergy levels, Einstein coefficients, Franck-Condon factors are given.
Many transition data, especially for quartet and sextet states, are
unavailable in the literature. Vibrational radiative lifetimes of the
B2X+, A2M, 12X, 12A, 22A, 22%-, 243+, 1410, 143, 24A,
24%~ and 26X+ states are also evaluated. Some specific conclu-
sions are shown below:

(1) For the 12X --A2T1, 12A-A2TT, 22A-A2TI, 225 -A2T1, 24A-
1411 and 26X +-16%+ systems, strong emissions are mainly
in the UV band. For the B2X+-AZI1, 2¢4A-14A, 24X +-141],
24%--14%- and 24X -14I1 systems, intense emissions lie
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in the visible band. For the A2IT-X2X+, 22A-12A, 22%--
12X, 14T1-142+, 1#I1-1% A and 142 ~-1411 systems, strong
emissions are mainly in the infrared region. The spectral
range of the BZX*-X2X+ system is in the UV and visible
band. The strong emission lines of the 24X +-14X+ system
extend from UV to near-infrared region.

Einstein coefficients of many spontaneous emissions are
large for the A2[T-X2X+, B2X+-A2[I, B2X+-X2%+, 12X -
A2T1, 12A-A211, 22A-A2T11, 22%--A210, 14T1-142+, 142--
1411, 24A-14A, 24A-14T1, 243 +-14%+, 248 +-14T1, 242 -
1411, 262+-162+ systems. Thus they can be measured in
appropriate spectroscopic experiments. Because Einstein co-
efficients for the 22A-12A, 22X --12%-, 24%--14%~ sys-
tems are not very large, these emissions may be observed
with great efforts. There seems to be little hope of measur-
ing the 14T1-1%A system due to the large radiative lifetimes
of low-lying vibrational levels.

Radiative lifetimes of vibrational levels are of the order of
10-8-10-7 s for the B2X* and 26X+ states, 10-7-10-% s for
24%+ state, 1076 s for the 22A, 22X, 24A and 24X~ states,
1076-10-> s for A2IT1 and 12X~ states, 1076-10* s for the
1411 and 14X~ states, and 10> s for the 12A state. It is
worth noting that the radiative lifetimes of vibrational lev-
els for these states will be further decreased when the ro-
tational transitions within each electronic state and the per-
turbation effects among these states are included.

The discrepancy between the calculated Franck-Condon fac-
tors and those determined by RKR method is below 3% for
the A2T1-X2X+ system. We are therefore confident that the
transition probabilities are predicted to be accurate and re-
liable. Data from this work will serve as a reference for ex-
perimental observations.
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