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A B S T R A C T 

Radiative association of CN is investigated through the quantum mechanical method, including the cross sections and rate 
coefficients. The ab initio potential energy curves, transition dipole moments, and permanent dipole moments of CN are 
obtained by the internally contracted multireference configuration interaction method with Davidson correction and aug-cc- 
pwCV5Z-DK basis set. For the collision of the ground state C ( 3 P g ) and N ( 4 S u ) atoms, except for the four previously studied 

processes including the A 

2 � → X 

2 � 

+ , X 

2 � 

+ → A 

2 � , A 

2 � → A 

2 � , and X 

2 � 

+ → X 

2 � 

+ transitions, four other radiative 
association processes including b 

4 � → a 4 � 

+ , a 4 � 

+ → b 

4 � , b 

4 � → b 

4 � , and a 4 � 

+ → a 4 � 

+ transitions are considered. We 
also considered the collision of the excited C ( 1 D g ) and the ground N ( 4 S u ) atoms including the 2 

4 � → 1 

4 � 

− process and the 
collision of the ground C ( 3 P g ) and the excited N ( 2 D u ) atoms including 2 

2 � → B 

2 � 

+ , 3 

2 � → B 

2 � 

+ , and 4 

2 � → B 

2 � 

+ 

transitions. The temperature population factor is considered to describe the thermal population of the three different dissociation 

asymptotic energies. The results show that the contribution of the A 

2 � → X 

2 � 

+ and b 

4 � → a 4 � 

+ transitions to the total 
rate coefficients is significant o v er the entire temperature range. While considering the collision of C and N involving excited 

states, the contribution of the 2 

2 � → B 

2 � 

+ , 3 

2 � → B 

2 � 

+ , and 4 

2 � → B 

2 � 

+ transitions to the total rate coefficients cannot 
be ignored at the temperature range larger than 10 000 K. Finally, the rate coefficients are fitted to an analytical function for 
astrochemical reaction modelling. 
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1

R  

m  

t  

m  

d  

b  

t  

t  

m  

&  

e  

m  

&  

(  

L  

&
 

o  

a  

e  

J  

�

1  

G  

d  

n  

a  

c  

A  

c  

m  

2  

t  

X
 

s  

o  

t  

r  

i  

e  

r  

a  

s  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/6066/6652112 by Shandong U
niversity W

eihai C
am

pus user on 24 August 2022
 I N T RO D U C T I O N  

adiative association means that two free fragments form a stable
olecule through collision with photon emission and is one impor-

ant way for the formation of small molecules in the interstellar
edium (Klemperer 1971 ). Only for certain ionic systems, the

irect laboratory measurements of their radiative association can
e possible to carry out (Gerlich & Horning 1992 ). Therefore,
o study the chemical evolution in the interstellar space, various
heoretical methods, such as the classical method, semiclassical (SC)

ethod, and quantum mechanical (QM) method (Nyman, Gustafsson
 Antipov 2015 ), have been developed. These methods have been
 xtensiv ely used to study small molecules in astrophysical environ-
ents especially for diatomic molecules such as CO (Dalgarno, Du
 You 1990 ), N 2 (Smith 1993 ), N 

+ 

2 (Qin, Bai & Liu 2021 ), SiN
Singh et al. 1999 ; Gustafsson & F orre y 2019 ), MgO (Bai, Qin &
iu 2021 ), BeH 

+ (Szab ́o, G ́oger & Gustafsson 2021 ), AlO (Bai, Qin
 Liu 2022 ), and etc. 
CN is a radical of great astrophysical importance and it has been

bserved in sun (Lambert 1968 ; Sneden & Lambert 1982 ), stellar
tmospheres (Wootten et al. 1982 ; Lambert et al. 1984 ; Bachiller
t al. 1997 ), diffuse interstellar clouds (Morton 1975 ; Meyer &
ura 1985 ; Black & van Dishoeck 1988 ; Lambert, Sheffer & Crane
 E-mail: z.qin@sdu.edu.cn (ZQ); liulinhua@sdu.edu.cn (LL) 

r  

l  

s  

Pub
990 ; Crawford 1995 ), and dense clouds (Turner & Gammon 1975 ;
erin et al. 1984 ; Greaves & Church 1996 ). The CN radical is also
isco v ered in late-type red giant stars as an indication of the atomic
itrogen abundance (Duric, Erman & Larsson 1978 ; Lambert 1978 )
nd can provide information about the photochemical history of
ometary molecules (Combi 1980 ; Johnson, Fink & Larsson 1983 ).
s for the CN radiative association, the researches through the

lassical method (Singh & Andreazza 2000 ; Gustafsson 2013 ), SC
ethod (Gustafsson & F orre y 2019 ), and QM method (Antipov et al.

009 ) have been carried out. Ho we ver, these studies only focus on
he A 

2 � → X 

2 � 

+ , X 

2 � 

+ → A 

2 � , A 

2 � → A 

2 � , and X 

2 � 

+ →
 

2 � 

+ transition processes. 
The studies about N 

+ 

2 (Qin et al. 2021 ) and AlO (Bai et al. 2022 )
ho w that radiati v e association through high e xcited electronic states
f the formed molecule may impact the total rate coefficients for
he colliding ground-state atoms. Also, the exploration about the
adiative association of MgO (Bai et al. 2021 ) shows the possible
mportance for the colliding atoms in their excited states. Balucani
t al. ( 2010 ) studied the formation of nitriles and imines on the
eaction dynamics of excited N ( 2 D u ) atoms with ethane in the
tmosphere of Titan. Feldman & Brune ( 1976 ) had found that a
ubstantial amount of resonance scattering from metastable C ( 1 D g )
toms at the ionospheres of the comets Kahoutek and West. These
esearches show that the formation of the molecule in its high-
ying electronic states through the collision of ground or excited-
tate atoms may make sense in particular cases. Therefore, besides
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Radiative association of CN 6067 

Figure 1. An o v erview of twelv e radiativ e association transitions including the 10 electronic states of the CN radical corresponding to the dissociation limits 
of C ( 3 P g ) + N ( 4 S u ), C ( 1 D g ) + N ( 4 S u ), and C ( 3 P g ) + N ( 2 D u ). 
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he four transition processes of CN mentioned before, this work 
lso considers the other four radiative association processes for the 
round C ( 3 P g ) and N ( 4 S u ) atoms, one radiative association process
or the collision of the excited C ( 1 D g ) and the ground N ( 4 S u )
toms, and three radiative association processes for the collision of 
he ground C ( 3 P g ) and the excited N ( 2 D u ) atoms. An o v erview of
ll considered radiation association processes is shown in Fig. 1 , 
pecifically including the following reactions: 

 

2 � 

[
C 

(
3 P g 

) + N 

(
4 S u 

)] → CN 

(
A 

2 � 

) + hv (1) 

 

2 � 

[
C 

(
3 P g 

) + N 

(
4 S u 

)] → CN 

(
X 

2 � 

+ 

) + hv (2) 

 

2 � 

+ 

[
C 

(
3 P g 

) + N 

(
4 S u 

)] → CN 

(
X 

2 � 

+ 

) + hv (3) 

 

2 � 

+ 

[
C 

(
3 P g 

) + N 

(
4 S u 

)] → CN 

(
A 

2 � 

) + hv (4) 

 

4 � 

[
C 

(
3 P g 

) + N 

(
4 S u 

)] → CN 

(
b 4 � 

) + hv (5) 

 

4 � 

+ 

[
C 

(
3 P g 

) + N 

(
4 S u 

)] → CN 

(
a 4 � 

+ 

) + hv (6) 

b 4 � 

[
C 

3 P g 

) + N 

(
4 S u 

)] → CN 

(
a 4 � 

+ 

) + hv (7) 

 

4 � 

+ 

[
C 

(
3 P g 

) + N 

(
4 S u 

)] → CN 

(
b 4 � 

) + hv (8) 

 

4 � 

[
C 

(
1 D g 

) + N 

(
4 S u 

)] → CN 

(
1 4 � 

−) + hv (9) 

 

2 � 

[
C 

(
3 P g 

) + N 

(
2 D u 

)] → CN 

(
B 

2 � 

+ 

) + hv (10) 

 

2 � 

[
C 

(
3 P g 

) + N 

(
2 D u 

)] → CN 

(
B 

2 � 

+ 

) + hv (11) 

 

2 � 

[
C 

(
3 P g 

) + N 

(
2 D u 

)] → CN 

(
B 

2 � 

+ 

) + hv (12) 

he cross sections and rate coefficients for the formation of the CN
olecule through the reaction (1) to reaction (12) are calculated. The 

esults show that taking more radiative association processes related 
o high excited states into account improves the CN rate coefficients. 

This work is organized as follows, the theory and methods for
alculating the CN electronic structure and radiative association are 
iven in Section 2 . The results and discussion of the potential energy
urves (PECs), transition dipole moments (TDMs), permanent dipole 
oments (PDMs), radiative association cross sections, and rate 

oefficients are presented in Section 3 . The conclusion is drawn 
n Section 4 . 
 T H E O RY  A N D  M E T H O D S  

.1 Potential energy and dipole moment curves 

n order to study radiative association processes of the CN molecule,
he PECs of the 11 electronic states including the X 

2 � 

+ , A 

2 � ,
 

4 � 

+ , b 4 � , 1 4 � 

−, 2 4 � , 1 4 � , B 

2 � 

+ , 2 2 � , 3 2 � , and 4 2 � states,
DMs of the A 

2 � –X 

2 � 

+ , 2 2 � –B 

2 � 

+ , 3 2 � –B 

2 � 

+ , 4 2 � –B 

2 � 

+ ,
 

4 � –a 4 � 

+ , 2 4 � –1 4 � 

−, and 2 4 � –1 4 � transitions, and PDMs of
he X 

2 � 

+ , A 

2 � , a 4 � 

+ , and b 4 � states were calculated with
he MOLPRO 2015 quantum chemistry package (Werner et al. 
015 , 2020 ). MOLPRO cannot deal with the symmetry of the
on-Abelian so that we replaced the C ∞ v symmetry of the CN
olecule with C 2 v symmetry. The irreducible representation of the 
 2 v point group is ( a 1 , b 1 , b 2 , a 2 ) and its corresponding relationship

o C ∞ v point group can be described as follows: � 

+ → a 1 ,
 

− → a 2 , � → ( b 1 , b 2 ), � → ( a 1 , a 2 ). The computation is
ivided into three steps. First, the Hartree-Fock (HF) self-consistent 
eld method was used to calculate the molecule orbits (MOs) 
nd potential energy of the ground state. Secondly, to generate 
ulticonfiguration wavefunctions for 11 electronic states, the state- 

v eraged complete activ e space self-consistent field calculations 
Werner & Knowles 1985 ; Knowles & Werner 1985 ) were car-
ied out based on the HF MOs. Finally, the internally contracted
ultireference configuration interaction method including Davidson 

orrection (icMRCI + Q) (Werner & Knowles 1988 ; Knowles &
erner 1992 , 1988 ; Shamasundar, Knizia & Werner 2011 ) was

sed to consider the dynamic correlation and size-consistency error. 
he aug-cc-pwCV5Z-DK Gaussian basis was selected to consider 

he effects of core-valence correlation and scalar relativistic ef- 
ects. 

The judiciously chosen active space furnishes smooth and reliable 
ECs, TDMs and PDMs especially for those in high-lying electronic 
tates. The electronic shell structures of the C and N atom are
 s 2 2 s 2 2 p 2 and 1 s 2 2 s 2 2 p 3 , respectively. Both of their inner orbits are
escribed by 1 s which was chosen to be closed as reference space
orresponding to the MOs (2, 0, 0, 0). The valence MOs (4, 2, 2, 0) and
he virtual orbits (2, 1, 1, 0) are chosen as the active space. For high-
ying � electronic states (namely 2 2 � , 3 2 � , 4 2 � ), the virtual obits
1, 2, 2, 0) are selected for better relaxation of the wavefunctions
nd the smooth computation for the whole internuclear distances 
onsidered here. Finally, in the calculation of PECs and TDMs for
N, 88 points are considered for the internuclear distances of 0.8–10
MNRAS 515, 6066–6072 (2022) 
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M

Figure 2. PECs of the electronic states for CN calculated by the 
icMRCI + Q/aug-cc-pwCV5Z-DK method corresponding to the dissociation 
limits of (a) C ( 3 P g ) + N ( 4 S u ), (b) C ( 1 D g ) + N ( 4 S u ), and (c) C ( 3 P g ) + N 

( 2 D u ). The symbols on the PECs are data points displayed by skipping eight 
points. 
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with step sizes of 0.05 Å for 0.8–1 Å, 0.02 Å for 1–2 Å, 0.05 Å
or 2–3 Å, 0.5 Å for 3–10 Å. 

For internuclear distances R larger than 10 Å until to 50 Å, the
ollowing function was used to fit the PECs, TDMs, and PDMs 

 ( R) = −C 5 

R 

5 
− C 6 

R 

6 
+ V ( R → ∞ ) , (13) 

here C 5 represents the fitting coefficient. The values C 5 is estimated
y fitting ab initio points while keeping the dissociation limits and
 6 fixed. C 6 is the dipole–dipole coefficient which was obtained by

he London formula (Magnasco, Ficari & Battezzati 1977 ) 

 6 = 

3 

2 

� C � N 

� C + � N 

αC αN , (14) 
NRAS 515, 6066–6072 (2022) 
here � is the ionization energy of the atom, which are obtained
rom NIST Atomic Spectra Database (Kramida et al. 2021 ). α is the
tatic dipole polarizability. For R smaller than 0.8 Å, the PECs were
xtrapolated to zero by the following function: 

 ( R) = A exp ( −BR) + C, (15) 

here A , B , and C are fitting parameters. The TDMs and PDMs
ere also extrapolated to zero by using equation ( 15 ). To ensure a

ontinuous and smooth PEC, the cubic spline was used to interpolate
he ab initio points. 

.2 Radiati v e association cross sections 

he quantum mechanical expression of the radiative association cross
ection is as follows: 

σ	 ′ → 	 ′′ = 

∑ 

J ′ ,V ′′ ,J ′′ 

1 

4 πε 0 

64 

3 

π5 

k 2 
g 	 ′ 

(ω 

c 

)3 
S 	 ′ ,J ′ → 	 ′′ ,J ′′ ×

∣∣M 	 ′ ,E,J ′ ; 	 ′′ ,v ′′ ,J ′′ 
∣∣2 (16) 

here the symbol of single prime ‘ 
′ 
’ means the physical quantity of

he initial electronic state, while the double prime ‘ 
′′ 
’ represents the

hysical quantity of the final electronic state. 	 describes the absolute
alue of the projection of the electronic orbital angular momentum
n the internuclear axis, ε 0 denotes the vacuum permittivity, k 2 =
 E μ/ � 2 , ω is the frequency of the emitted photon, c is the speed of
ight in vacuum and S 	 

′ ,J ′ → 	 

′′ ,J ′′ represents the H ̈onl-London factor
Hansson & Watson 2005 ; Watson 2008 ). The g 	 

′ is the probability
f collision for the initial electronic state 	 

′ 
, given by 

 	 

′ = 

(2 S + 1) 
(
2 − δ0 ,	 

)
( 2 L C + 1 ) ( 2 S C + 1 ) ( 2 L N + 1 ) ( 2 S N + 1 ) 

, (17) 

here δ is the Kronecker delta. S is the spin quantum number of
he electronic state 	 

′ 
. L and S are the electronic orbital angular

omentum number and spin quantum number, respectively. The
ubscripts C and N represent the C and N atoms, respectively.
herefore, the values of g 	 

′ are 2/36 for X 

2 � 

+ , 4/36 for A 

2 � and
 

4 � 

+ , 8/36 for b 4 � , 8/20 for 2 4 � , and 4/90 for 2 2 � , 3 2 � , 4 2 � .
 	 

′ ,E,J ′ ; 	 

′′ ,v ′′ ,J ′′ is the electronic transition moment function, given
y 

 	 

′ ,E,J ′ ; 	 

′′ ,v ′′ ,J n = 

〈
χE,J ′ ( R ) | D ( R ) | ψ v ′′ ,J ′′ ( R ) 

〉
, (18) 

here D ( R ) is the TDM. χE,J ′ ( R) is the radial wavefunction of an
nitial continuum state, ψ v ′′ ,J ′′ ( R) is the radial wavefunction of a
ovibrational bound state. The continuum and bound wavefunctions
re obtained by using the renormalized Numerov method (Johnson
977 , 1978 ). 

.3 Rate coefficients 

he total rate coefficients αtot ( T ) of forming a bound molecule can
e expressed as 

tot ( T ) = 

∑ 

	 

′ → 	 

′′ 
α	 

′ → 	 

′′ ( T ) , (19) 

here α	 

′ → 	 

′′ ( T ) represents the thermal rate coefficients for an
lectronic transition process 	 

′ → 	 

′′ 
, α	 

′ → 	 

′′ can be calculated
s a function of temperature T: 

	 

′ → 	 

′′ ( T ) = 

√ 

8 

πμ ( k B T ) 
3 

∫ ∞ 

0 
E σ	 

′ → 	 

′′ ( E )e ( −E/k B T ) d E , (20) 
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Table 1. Spectroscopic constants for electronic states of CN. 

State Method R e ( Å) D e (eV) ω e (cm 

−1 ) ω e χ e (cm 

−1 ) B e (cm 

−1 ) αe (cm 

−1 ) 

X 

2 � 

+ Calc. a 1.1749 7.7432 2057.426 13.841 1.887 0.0165 
Expt. b 1.1718 – 2068.68 13.122 1.8998 0.01737 
Expt. c 1.1718 – 2068.65 13.079 1.8998 0.01737 
Expt. d 1.1718 – 2068.59 13.087 1.8997 0.01736 
Calc. e 1.1759 7.7072 2056.9 13 1.886 0.0172 
Calc. f 1.1714 7.8206 2069.26 10.231 1.9013 0.01719 
Calc. g 1.175 7.74 2062.3 13.11 1.89 –

B 

2 � 

+ Calc. a 1.1549 6.9757 2154.52 22.71 1.964 0.0215 
Expt. c 1.1511 – 2160.38 17.744 1.9688 0.01996 
Expt. d 1.15 – 2163.9 20.2 1.973 0.023 
Calc. i 1.1508 – 2164.83 17.686 1.9699 0.02007 
Calc. e 1.1549 6.9255 2161.3 21.93 1.959 0.021 
Calc. f 1.151 7.025 2163.04 14.789 1.9554 0.01908 

A 

2 � Calc. a 1.2365 6.6337 1798.956 12.653 1.706 0.01704 
Expt. c 1.2331 – 1813.24 12.751 1.7156 0.01712 
Expt. d 1.2333 – 1812.56 12.609 1.7151 0.01708 
Calc. f 1.2324 6.6912 1814.75 13.053 1.7174 0.01708 
Calc. i 1.2332 – 1811.47 12.601 1.715 0.01721 
Calc. g 1.238 6.61 1809.0 12.77 1.70 –

2 2 � Calc. a 1.5033 3.5033 1031.769 18.606 1.1563 0.0185 
Calc. h 1.466 – 1207 19 1.214 –

4 2 � Calc. a 1.4657 2.3781 1376.312 14.449 1.214 0.0019 
Calc. h 1.448 – 1359 16.9 1.244 –

a 4 � 

+ Calc. a 1.3611 2.9143 1300.875 8.648 1.407 0.0176 
Calc. i 1.3629 – 1315.67 12.623 1.4091 0.0315 

3 2 � Calc. a 1.3233 2.667 2158.966 160.645 1.487 0.0666 
b 4 � Calc. a 1.5021 1.9171 973.679 12.362 1.151 0.0175 

Calc. f 1.502 1.8841 982.48 11.325 1.15363 0.0177 
2 4 � Calc. a 1.2257 2.3018 2107.743 9.302 1.715 0.0335 

Calc. f 1.2201 2.3626 2578.69 300.34 1.7503 0.08259 
1 4 � 

− Calc. a 1.3695 2.4935 1237.029 11.062 1.388 0.0204 
Calc. f 1.3674 2.34 1266.48 13.262 1.39517 0.01942 

Note. a This work, b Ram et al. ( 2006 ), c Prasad & Bernath ( 1992 ), d Huber & Herzberg ( 1979 ), e Rosati et al. ( 2007 ), f Yin et al. 
( 2018 ), g Antipov et al. ( 2011 ), h Lavendy, Robbe & Gandara ( 1987 ), i Shi et al. ( 2011 ). 
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here μ is the reduced mass, k B is the Boltzmann constant, E is the
ollision energy, and σ	 

′ → 	 

′′ is the cross section of the 	 

′ → 	 

′′ 

lectronic transition. 

 RESULTS  A N D  DISCUSSION  

.1 PECs and TDMs 

ased on the approaches described in Section 2.1 , the PECs of
1 electronic states for CN are calculated at the icMRCI + Q/aug-
c-pwCV5Z-DK level of theory and are shown in Fig. 2 . The
alues of PECs dissociating to the corresponding asymptote are 
efined as the potential energy zero-points of different electronic 
tates, respectively. To ensure the accuracy of PECs, the fitted 
pectroscopic constants are listed in Table 1 , along with the results
f previous theoretical calculations and experiments. The calculated 
pectroscopic constants are in good agreement with those determined 
y experiments (Huber & Herzberg 1979 ; Prasad & Bernath 1992 ;
am et al. 2006 ). The R e and ω e values differ by a maximum of 0.038
and 14.284 cm 

−1 , respectively. The PECs for the 1 4 � and 1 4 � 

−

tates are extremely similar because the electronic configurations of 
oth states have nearly the same weight. The a v oided crossing occurs
etween the 2 2 � and 3 2 � states near 1.3 Å due to the adiabatic
pproximation assumption. For other high-lying excited states, the 
pectroscopic constants are compared with the available theoretical 
nes (Lavendy, Robbe & Gandara 1987 ; Shi et al. 2011 ; Yin et al.
018 ) and they are in good agreement. 
The radiation association cross sections depend on the square of 

he dipole moments and the third power of the electronic transition
nergies. Therefore, the transitions with small values of TDMs, 
uch as the 2 2 � –X 

2 � 

+ , 3 2 � –X 

2 � 

+ , and 4 2 � –X 

2 � 

+ transitions,
re not addressed here. The corresponding seven TDMs and four 
DMs obtained by icMRCI + Q method with the aug-cc-pwCV5Z- 
K basis set are presented in Fig. 3 . The TDMs for the A 

2 � -
 

2 � 

+ transition and the PDMs for the X 

2 � 

+ and A 

2 � states are
n quite good agreement with those computed by K ulik, Steev es &
ield ( 2009 ), Knowles & Werner ( 1988 ), and Yin et al. ( 2018 ). The
DMs for the 3 2 � –B 

2 � 

+ and 4 2 � –B 

2 � 

+ transitions are very similar
s both 3 2 � and 4 2 � states have the same electron composition
1 σ 2 2 σ 2 3 σ 2 4 σ 2 5 σ 2 1 π2 2 π1 ), differing only in the coupling of the
ngular momentum. 

.2 Radiati v e association cross sections and rate coefficients 

.2.1 Considering the collision of the ground-state C and N atoms 

adiative association cross sections for eight transition processes 
orresponding to the first dissociation limit are calculated utilizing 
he QM method that considers the contribution of the resonance, as
hown in Fig. 4 . The X 

2 � 

+ → X 

2 � 

+ and b 4 � → a 4 � 

+ transitions
re dominant at the collision energy from 0.002 eV to 10 eV. For the
MNRAS 515, 6066–6072 (2022) 



6070 S. Zhang, Z. Qin and L. Liu 

M

Figure 3. The results of CN calculated by the icMRCI + Q /aug-cc-pwCV5Z- 
DK method for (a) the PDMs of the X 

2 � 

+ , A 

2 � , a 4 � 

+ and b 4 � states, and 
the comparison of the PDMs for 2 X � 

+ and A 

2 � electronic states with 
those computed by Knowles et al. ( 1988 ), (b) the TDMs of the 2 2 � –B 

2 � 

+ , 
3 2 � –B 

2 � 

+ , 4 2 � –B 

2 � 

+ , and A 

2 � –X 

2 � 

+ transitions, and the comparison 
of the A 

2 � –X 

2 � 

+ transition with those computed by Yin et al. ( 2018 ) and 
Kulik et al. ( 2009 ), and (c) the TDMs of the b 4 � –a 4 � 

+ , 2 4 � –1 4 � 

−, and 
2 4 � –1 4 � transitions. 
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Figure 4. Radiative association cross sections of the CN molecule as the 
function of collision energy for the A 

2 � → X 

2 � 

+ , X 

2 � 

+ → A 

2 � , A 

2 � 

→ A 

2 � , X 

2 � 

+ → X 

2 � 

+ , b 4 � → a 4 � 

+ , a 4 � 

+ → b 4 � , b 4 � → b 4 � , and 
a 4 � 

+ → a 4 � 

+ transition systems. 

Figure 5. The total rate coefficients and the rate coefficients of the calculated 
eight transition processes for the radiative association of the CN molecule. 
The comparison of the A 

2 � → X 

2 � 

+ transition with that from Antipov et al. 
( 2009 ) is presented as well. 
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ollision energy lower than about 0.008 eV, the cross sections of the
 

4 � → a 4 � 

+ transition are larger than those of the A 

2 � → X 

2 � 

+ 

ransition. The contribution of the b 4 � → a 4 � 

+ transition cannot be
gnored at the range for collision ener gy lar ger than 0.008 eV. Noted
hat the cross sections of the other six transitions are insignificant. 

Rate coefficients are calculated by averaging the cross sec-
ions o v er a Maxwellian v elocity distribution in the temperature range
f 10–20 000 K. The results for eight radiative association processes
nd the total rate coefficients are shown in Fig. 5 . The rate coefficients
f the A 

2 � → X 

2 � 

+ transition are in good agreement with those
omputed by Antipov ( 2009 ). Both the b 4 � → a 4 � 

+ and A 

2 � →
NRAS 515, 6066–6072 (2022) 
 

2 � 

+ transitions are significant during the entire temperature range.
he b 4 � → a 4 � 

+ transition dominates the total rate coefficients
or the temperatures below about 50 K, while the A 

2 � → X 

2 � 

+ 

ransition is dominant when the temperature is larger than 50 K. The
ontribution of other six transition processes is insignificant to the
otal rate coefficients. 

The total rate coefficients for the radiative association of CN can be
pproximated using the three-parameter Arrhenius–Kooij function
Laidler 1996 ), which is expressed as 

( T ) = A 

(
T 

300 

)α

e −β/T . (21) 

here A , α, and β are fitting parameters. The fitting parameters are
ummarized in Table 2 . The fitted rate coefficients deviate less than
ne percent from our computed ones. 
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Table 2. Fitting parameters for the total rate coefficients considering the 
association of the ground C ( 3 P g ) and N ( 4 S u ) atoms. 

T (K) A (cm 

3 s −1 ) α β (K) 

10–200 9.61246 × 10 −19 −0.02459 −1.38223 
200–2000 8.35012 × 10 −19 0.07297 −31.47702 
2000–4000 1.16128 × 10 −18 −0.04537 185.53633 
4000–10 000 7.39996 × 10 −18 −0.5417 2480.71392 
10 000–20 000 1.22611 × 10 −16 −1.17511 8414.82611 
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Figure 6. Radiative association cross sections of the CN molecule as the 
function of collision energy for the A 

2 � → X 

2 � 

+ , X 

2 � 

+ → A 

2 � , A 

2 � → 

A 

2 � , X 

2 � 

+ → X 

2 � 

+ , b 4 � → a 4 � 

+ , a 4 � 

+ → b 4 � , b 4 � → b 4 � , a 4 � 

+ 
→ a 4 � 

+ , 2 4 � → 1 4 � 

−, 2 2 � → B 

2 � 

+ , 3 2 � → B 

2 � 

+ , and 4 2 � → B 

2 � 

+ 
transition systems. 

Figure 7. The total rate coefficients and the rate coefficients of the calculated 
twelve transition processes for the radiative association of the CN molecule. 

Table 3. Fitting parameters for the total rate coefficients considering the 
association of C ( 3 P g ) and N ( 4 S u ), C ( 1 D g ) and N ( 4 S u ), and C ( 3 P g ) and N 

( 2 D u ) atoms. 

T (K) A (cm 

3 s −1) α β (K) 

10–200 9.61248 × 10 −19 −0.02459 −1.38224 
200–2000 8.35422 × 10 −19 0.07266 −31.33237 
2000–3000 1.21674 × 10 −18 −0.06387 208.59893 
3000–5000 1.13657 × 10 −18 −0.04738 113.3207 
5000–7000 5.47933 × 10 −20 0.74702 −3873.73116 
7000–10 000 4.3497 × 10 −21 1.36979 −7879.36832 
10 000–20 000 1.48364 × 10 −18 0.11205 6441.8216 

t  

t  

t  

p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/6066/6652112 by Shandong U
niversity W

eihai C
am

pus user on 24 August 2022
.2.2 Considering the collision of C and N atoms in their ground 
nd excited states 

hen considering the collision of C and N atoms in their ground and
xcited states corresponding to three different asymptotic energies, 
he population factors ˜ P n are used to account for the thermal 
opulation of these asymptotes, as done by Antipov et al. ( 2011 ).
˜ 
 n can be given by 

˜ 
 n = 

g n e 
− ε n 

k B T ∑ 

g n e 
− ε n 

k B T 
, (22) 

here g n and ε n are the de generac y and the energy of the n th asymp-
ote, respectively. k B is the Boltzmann constant. The population 
actors in g 	 

′ in equation ( 16 ) should be substituted by P 	 

′ as 

 	 

′ = 

˜ P n × g 	 

′ . (23) 

electing the first asymptote as the zero level, ε 1 is zero, ε 2 is
0162.582 cm 

−1 , and ε 3 is 19760.575 cm 

−1 . The ˜ P 1 for the reactions
1)–(8), ˜ P 2 for the reaction (9), and ˜ P 3 for the reactions (10)–(12) 
re given by 

˜ 
 1 = 

36 

36 + 20 × e −
ε 2 

k B T + 90 × e −
ε 3 

k B T 

, (24) 

˜ 
 2 = 

20 × e −
ε 2 

k B T 

36 + 20 × e −
ε 2 

k B T + 90 × e −
ε 3 

k B T 

, (25) 

˜ 
 3 = 

90 × e −
ε 3 

k B T 

36 + 20 × e −
ε 2 

k B T + 90 × e −
ε 3 

k B T 

. (26) 

The temperature-dependent part of the population ˜ P n is not 
ncluded for the computation of radiation association cross sections. 
he cross sections of all transition processes including the association 
f N ( 4 S u ) and C ( 1 D g ) atoms, and C ( 3 P g ) and N ( 2 D u ) atoms are
hown in Fig. 6 . The 2 4 � → 1 4 � 

− transition process exhibits a
harply variation at the collision energy of about 1.68 eV as the 2 4 �
lectronic state exhibits a potential barrier at R = 1.7 Å. The cross
ections for the 2 2 � → B 

2 � 

+ , 3 2 � → B 

2 � 

+ and 4 2 � → B 

2 � 

+ 

ransitions are dominant at collision energies larger than about 0.1 eV 

ecause of the deep potential well of the B 

2 � 

+ state. The 2 2 � →
 

2 � 

+ transition contributes most due to its larger TDMs. 
The rate coefficients for the 12 transition processes and the total 

ate coefficients are calculated at the temperature range of 10–
0 000 K and are shown in Fig. 7 . The temperature-dependent part
f the population factor ˜ P n is included in the computation of rate 
oef ficients. The results sho w that rate coef ficients of the transitions
elonging to the first dissociation asymptote show a downward trend 
ith the increasing temperature since the population factor of the first
issociation asymptote becomes smaller as temperature increases. As 
xpected from the cross sections, the contribution of rate coefficients 
or the 2 2 � → B 

2 � 

+ , 3 2 � → B 

2 � 

+ , and 4 2 � → B 

2 � 

+ transitions
o the total rate coefficients cannot be ignored at temperatures larger
han about 10 000 K. The total rate coefficients for considering
welve transition processes are fitted using equation ( 21 ). The fitting
arameters are summarized in Table 3 . 
MNRAS 515, 6066–6072 (2022) 
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 C O N C L U S I O N  

n this work, we have computed the PECs, TDMs, and PDMs
or CN at the icMRCI + Q/aug-cc-pwCV5Z-DK level of theory in
hich eleven electronic states are considered. Radiative association

ross sections have been then computed by the QM method. The
ate coefficients are obtained for the temperatures of 10–20 000 K.
he cross sections for the A 

2 � → X 

2 � 

+ , b 4 � → a 4 � 

+ , 2 2 � →
 

2 � 

+ , 3 2 � → B 

2 � 

+ , and 4 2 � → B 

2 � 

+ transition processes are
ignificant. The contribution of the A 

2 � → X 

2 � 

+ and b 4 � → a 4 � 

+ 

ransitions to the total rate coefficients are essential o v er the entire
emperature range. The b 4 � → a 4 � 

+ transition dominates the total
ate coefficients at temperatures below about 50 K. For temperatures
rom about 50 to 20 000 K, the A 

2 � → X 

2 � 

+ transition is dominant.
fter considering the effect of the radiative association involving the

xcited atoms the contribution of the 2 2 � → B 

2 � 

+ , 3 2 � → B 

2 � 

+ ,
nd 4 2 � → B 

2 � 

+ transitions to the total rate coefficients cannot be
gnored for temperatures larger than about 10 000 K. The calculated
ross sections and rate coefficients are significant to study the CN
hemical evolution in the interstellar space. 
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