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ABSTRACT

Radiative association for the formation of molecular nitrogen cation N; during the collision of an N(*S,) atom and an N+(3Pg)
ion is investigated. The corresponding cross-sections and rate coefficients are computed by the quantum mechanical method
based on ab initio potential energy curves and transition dipole moments, which are obtained by the internally contracted
multireference configuration interaction method with the Davidson correction and aug-cc-pCV5Z-DK basis set. A number of
low-lying doublet, quartet, and sextet states correlating to the N(*S,) + NT(°P,) dissociation limit are considered. Hence, we
investigate a number of dipole-allowed transitions and determine their contributions to the radiative association. The results
show that transitions originating in the f*I1,, D’Il,, B>, 142; , and 192 Fstates are the main contributors for the radiative
association process. The calculated rate coefficients are valid for temperatures from 100 to 10000 K and fitted to the analytical

function suitable for astrochemical reaction applications.
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1 INTRODUCTION

The importance of molecular nitrogen cation N3 has long been
recognized in atmospheric phenomena including aurorae and air-
glows (Jones 1971; McCormack 1971; Paschmann, Haaland &
Treumann 2012; Chamberlain 1961). The N2+ Meinel bands were
first identified in the aurora at wavelengths longer than 9000 A
(Jones 1971; Lofthus & Krupenie 1977). Emissions from the first
negative band for N3 were first seen in the twilight (Slipher 1933)
and were subsequently observed in the airglow during the day
(Zipf Jr & Fastie 1964; Wallace & McElroy 1966; Feldman 1973).
The spectra of NJ also occurred in comet tails (Swings 1943;
Herzberg 1971). Recent observations of the spectra from the C/2016
R2 (Pan-STARRs) and C/2015 V2 (Johnson) comets showed very
strong emission bands from the N3 ion (Venkataramani & Ganesh
2018; Raghuram, Bhardwaj & Hutsemékers 2021). Moreover, in
the nitrogen atmospheres of the icy bodies in the solar system,
particularly of Titan, Triton, and Pluto, there are a rich chemical
composition of the ionosphere containing N, N+, NJ, and other N-
bearing molecules and ions (Cravens et al. 2006; Dutuit et al. 2013;
Scherf et al. 2020; Erkaev et al. 2021).

N3 is an important molecule in astrochemistry, as it is one of
the species participating in the chemistry of Earth’s and Titan’s
atmospheres (Cravens et al. 2006; Dutuit et al. 2013; Falcinelli et al.
2016; Scherf et al. 2020) and in physico-chemical modelling of the
ion-density distribution in the inner coma of comet C/2016 R2 (Pan-
STARRS) (Venkataramani & Ganesh 2018; Raghuram et al. 2021).
Hence, it is necessary to securely characterize the abundance of N3
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as the subsequent reaction of generating other species needs available
N . In this work, we consider the formation of NJ by the radiative
association process in collisions of a nitrogen atom and a nitrogen
cation

N (*Sy) + N* (*°P,) — Nj + hv. (1)

The process in equation (1) is feasible in astrochemical environments
due to the abundance of nitrogen and reaction conditions, such as
Titan’s ionosphere (Dutuit et al. 2013)

The theory and methodology of radiative association processes
for diatomic molecules and ions have been well established and been
summarized by a recent work reviewed by Nyman, Gustafsson &
Antipov (2015). Computational methods for obtaining radiative
association cross-sections include the perturbation theory, optical
potential approach, semi-empirical method, classical approach, and
Breit—Wigner theory. The perturbation theory and optical poten-
tial method are quantum mechanically based. The semi-empirical
method is derived from the optical potential method. These methods
have been used for dealing with many diatomic molecules and ions,
such as HeH™, PS, SiO, TiO, C,, CO, CO*, MgO, CS, CH™, etc.
(Gianturco & Giorgi 1997; Stancil & Dalgarno 1997; Singh et al.
1999; Stancil et al. 2000; Barinovs & van Hemert 2006; Andreazza &
Marinho 2007; Andreazza, Vichietti & Marinho 2009; Andreazza
etal.2012; Andreazza, de Almeida & Borin 2016; Cairnie etal. 2017;
Andreazza, de Almeida & Vichietti 2018; Forrey et al. 2018; Babb,
Smyth & McLaughlin 2019a, 2019b; Gustafsson & Forrey 2019;
Zamecnikova, Soldan & Gustafsson 2019; de Almeida, Andreazza &
Borin 2020; Forrey et al. 2020; Zamec¢nikovd, Gustafsson & Nyman
2020; Bai, Qin & Liu 2021).

In typical astrophysical applications with abundant nitrogen, the
photoionization reaction N, + hv — NJ + e (Zipf Jr & Fastie
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1964, Sharp 1974) and the charge transfer reaction OT + N, —
N2+ + O (Broadfoot & Hunten 1966) and Nz+ 4+ NO — NOT + N,
(Fehsenfeld, Dunkin & Ferguson 1970) generally outpace reaction
(1). Even so, there is a previous semi-empirical calculation of the
rate coefficients of reaction (1) at temperatures from 300 to 14 700 K
(Andreazza & Singh 1997) which has been included in the UMIST
data base for astrochemical applications (McElroy et al. 2013).
Andreazza & Singh (1997) did not include other transition processes
except for the A’IT, — XZEQr and B’Z — X2 ¥} transitions
because no available experimental data were available at that time.
Based on the quantum mechanical theory, we revisit reaction (1)
including ten possible transition processes and compute their cross-
sections, which are then used to calculate the rate coefficients of
N3 The results show that the dominant transition processes for the
formation of Nj by reaction (1) include not only the B>Z} —
XZXJg+ transition, but also the f*TT, — b*I1,, D*T1, — A’Tl,, 14232;r
—a*yf, and 1% — 162g+ transitions. Hence, the computed rate
coefficients for the formation of NJ by reaction (1) are larger than
those given by Andreazza & Singh (1997). Moreover, we presented
the rate coefficients below 300 K down to 100 K.

This work is organized as follows. The theory and methods
for computing the electronic structures, radiative association cross-
sections, and rate coefficients of N are presented in Section 2.
Results and discussions for the potential energy curves (PECs), tran-
sition dipole moments (TDMs), cross-sections, and rate coefficients
are given in Section 3. In Section 4, conclusion is drawn.

2 THEORY AND METHODS

2.1 PECs and TDMs

To describe the electronic states of a diatomic system, the electronic
states which correlate with the dissociation channels are needed to
be identified. Here, we considered the electronic states of N2+ which
dissociate into the first channel N (*S,) + N* (*P,). According
to Wigner—Witmer rules (Herzberg 1950), twelve electronic states,
including the XZE;, AT, B*S}F, DI, 142;, 1, a* =, b*I,,
léEg, 1°T1,, 192, and 1°T1, states, were identified to dissociate
into the first channel.

The PECs and TDMs were calculated with the MOLPRO 2015
quantum chemistry package (Werner et al. 2015, 2020). MOLPRO
cannot take advantage of the full symmetry of non-Abelian groups.
Hence, an Abelian subgroup needs to be adopted for molecules with
degenerate symmetry. That is, for NJ with D, symmetry, it will be
substituted by Dy, symmetry. The D, point group holds (Ag, Bs,,
Bog, Big, Biu, Boy, Bay, and A,) irreducible representations and the
corresponding relationships with D, point group are as follows:
0y — (ag, big), 0y —> (au, b1u), Ty — (bag, b3y), and mwy — (b,
b3y). In our calculations, the molecular orbitals (MOs) and energies
of the ground state were computed by the Hartree—Fock (HF) self-
consistent field method. Then, the state-averaged complete active
space self-consistent field calculations (Knowles & Werner 1985;
Werner & Knowles 1985) were carried out for the twelve electronic
states to generate multiconfiguration wavefunctions by using the HF
MOs as the starting orbitals. Finally, the internally contracted mul-
tireference configuration interaction including Davidson correction
(icMRCI + Q) calculations (Knowles & Werner 1988; Werner &
Knowles 1988; Knowles & Werner 1992; Shamasundar, Knizia &
Werner 2011) were performed to consider the dynamic correlation
and size-consistency error. The aug-cc-pCV5Z-DK Gaussian basis
set was selected to describe the nitrogen atom with the consideration
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of core—valence correlation and scalar relativistic effects. The core—
valence correlation effect was considered by putting all electrons
of N3 into the active space, which includes thirteen MOs, i.e. 4a,,
2b3y, 2bay, 3b1y, 1byg, and 1b3, MOs. The scalar relativistic effect is
taken into account by the third-order Douglas—Kroll Hamiltonian
approximation (Reiher & Wolf 2004a, 2004b). The PECs and
TDMs were computed for 143 single points corresponding to the
internuclear distances of 0.8—10 A (with step sizes of 0.01 A for 0.8—
1A, 0.02A for 1-2.5A, 0.05A for 2.5-3A, 0.1 A for 3-6 A, and
0.5 A for 6-10 A).

2.2 Radiative association cross-sections

The quantum mechanical cross-sections for the radiative association

process can be expressed as
1 6473 ( vy
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where single-primed quantities describe the initial electronic state
while the double-primed ones describe the final electronic state,
A denotes the absolute value of the projection of the electronic
orbital angular momentum on the internuclear axis, & is the vacuum
permittivity, k> = 2uE/h?, hiis the reduced Planck constant, v denotes
the frequency of the emitted photon, ¢ denotes the speed of light in
vacuum, and Sy, y— v, j~ is the Honl-London factor (Hansson &
Watson 2005; Watson 2008). The p,- is the statistical weight or the
probability of collision in the initial electronic state A’, given by

B (25 +1) (2 —80.a)

T QLN+ D@SNHD QLN + D 2Sy + 1)’
where § is the Kronecker delta; S is the spin quantum number of the
electronic state A’; Ly, Sy, Ln+, and Sy+ are the electronic orbital
angular momentum number and spin quantum number of the atomic
N and the ionic N*, respectively. Hence, the values of p,: are 2/36
for A’ = Xziigr and B>} states; 4/36 for A’ = A’Tl,, D*Il,, 142;,
and a* =} states; 8/36 for A’ = f*I1, and b*I1, states; 6/36 for 162;
and 1°Z} states; and 12/36 for A’ = 1°T1, and 1°I1, states. M/,
£, 7. A", v, o are the radial matrix elements, given by the following
integral

|Murg.ar g

1% (3)
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0

where x g ;» (R) is the radial wavefunction of an initial continuum

state, \//é\,,” y» (R) is the radial wavefunction of a ro-vibrational
bound state, and Dy 5~ (R) is the electric TDM between A’ and
A". The bound and continuum wavefunctions are obtained by the
renormalized Numerov method (Johnson 1977, 1978).

2.3 Rate coefficients

The total thermal rate coefficients for the formation of a bound
molecule can be expressed by

wo(T) =Y anar (T), )
A=A

where a p'_, o» (T) denotes the thermal rate coefficient for a two-state
electronic transition process, @/ 57, Which can be expressed as a
function of temperature 7'

g N2/ | \3 oo E
O(A’~>A”(T)=<M7n_) (m) /O‘E(TA’»A”(E)eXp<7kBiT)dEv (6)
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Figure 1. Potential energy curves of the (a) doublet, (b) quartet, and (c) sextet electronic states for N2Jr calculated at the icMRCI/aug-cc-pCV5Z-DK level of

theory.

where p is the reduced mass, kg is the Boltzmann constant, E is the
collision energy, and o A/, o~ is the cross-section for the A’— A"
transition.

3 RESULTS

3.1 PECs and TDMs

The PECs of twelve electronic states for N3 were calculated at
the icMRCI+Q/aug-cc-pCV5Z-DK level of theory and displayed
in Fig. 1 as a function of the internuclear distance R. The 142g+
state has two shallow potential wells. The f*I1, state also has two
potential wells in which one is above the dissociation limit. The 1°T1,
state has a small potential well above the dissociation limit. The
1% state is repulsive but decreases very slowly at the internuclear
distances R = 1.4-1.9 A. Other electronic states are bound. To check
the accuracy of the PECs, we determined the spectroscopic constants.
First, the PECs were introduced into the radial Schrodinger equation
to obtain the ro-vibrational energy levels. Then, the ro-vibrational
energy levels were used to fit the spectroscopic parameters, which
were presented in Table 1, along with available experimental values
and the recent MRCI + Q/CV + DK + 56 calculations from Liu
et al. (2014), who presented a comprehensive tabulation of the
results calculated by earlier researchers. Compared with the recent
calculations from Liu et al. (2014), our spectroscopic parameters
agree well with them except the 1°T1, state. The calculated B. of the
161'[g state is 1.3725 cm™, while Liu et al. (2014) predicted B, to be
0.3072 cm™'. Comparisons of spectroscopic constants with available
experiments are discussed below.

The X? Eg* state is deeply bound with an equilibrium internuclear
distance R. of 1.1169 A and a dissociation energy D, of 8.8034eV.
The deviation of R. relative to the experimental one (Huber &
Herzberg 1979) is only 0.0005 A. The experimental values of D,
are 8.8483 eV (Huber & Herzberg 1979) and 8.7076 &+ 0.0010eV
(Tang et al. 2005). Our calculated D, is between these two ex-
perimental results. The first excited A?IT, state is computed to
lie at 9116.35cm™! relative to the minimum of the ground state.
Our calculated 7, is about 51 cm™ smaller than the observed one
of 9167.47cm™" (Scholl, Holt & Rosner 1998). The calculated R,
is 1.1744 A, which is 0.0005 A smaller than the experimentally
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determined one (Huber & Herzberg 1979). The calculated D, value
is 7.6728 eV, which is 0.0389 eV smaller than the experimental one
(Huber & Herzberg 1979). For the BZEJr state, the calculated T is
about 73 cm™! larger than the experimentally ones of 25461.46 cm™
(Huber & Herzberg 1979) and 25461.064 cm™" (Scholl et al. 1998).
The estimated dissociation energy is 5.6424 eV, which is 0.0491 eV
smaller than the experimental value (Huber & Herzberg 1979). For
the D11, state, the calculated R, is 1.4730 A, which is 0.002 A
larger than the experimental one (Huber & Herzberg 1979). The T is
52183.39cm™!, about 135 cm™ smaller than the experimental value
(Huber & Herzberg 1979). The calculated D, value is 0.0307 eV
smaller than the experimental one (Huber & Herzberg 1979). Overall,
the deviation of the R. value between the calculated one and the
experimental values is smaller than 0.002 A for the X2 7, AT,
B? 2 and D211 ¢ states. For T, and D, the deviations are smaller than
150cm™" and 0.05 eV, respectively. The vibrational and rotational
spectroscopic constants @e, ®WeXe, Be, and a (shown in Table 1) are
in good agreement with the experimental results.
For R > 10 A, the PECs were fitted by the following function
Gy ag(N)

V(R) = B R
where C3/R? is the electric charge—atomic—quadrupole interaction
potential energy (Gentry & Giese 1977) and a4(N) is the static
electric dipole polarizability of nitrogen (Molof et al. 1974; Zeiss &
Meath 1977; Buchachenko 2011; Schwerdtfeger & Nagle 2019).
We used the C3 = 0 from Gentry & Giese (1977) and ag(N) = 7.4
recommended by Schwerdtfeger & Nagle (2019) here. For R < 0.8 A,
the PECs were extrapolated by the following function

V (R)=Aexp(—BR) +C, (3

@)

where A, B, and C are fitting parameters.

The TDMs for twelve dipole-allowed transitions of Nj are
calculated by the icMRCl/aug-cc-pCV5Z-DK method and presented
in Fig. 2. To verify our TDM values, we compared our results with
available ones in previous papers. Fig. 3(a) shows good agreement of
the TDM values for the A?IT,-X> Eg' system with those computed by
Langhoff & Bauschlicher (1988). Similarly, Fig. 3(b) shows excellent
agreement of the TDM values of four quartet transition systems with
the calculations from Hochlaf, Chambaud & Rosmus (1997) except
for the 1*S-a* =} system. Although our TDM values of the 14 -
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Table 1. Spectroscopic constants for the electronic states of N;’ by the present icMRCI + Q/aug-cc-pCV5Z-DK calculation along with other theoretical and
experimental results.

State Source Re (A) Te (cm™) we (cm™) wexe(cm™) Be (cm™) 102, (cm™") D (eV)
X2z f This work 1.1169 0.00 2206.46 16.73 1.9300 1.872 8.8034
Expt.? 1.1164 0.00 2207.00 16.10 1.93176 1.881 8.8483
Expt.? - 0.00 2207.252 16.256 1.93173 1.874 -
Expt.¢ - - - - - - 8.7076 & 0.0010
Calc4 1.1167 0.00 2207.58 16.625 1.9305 1.811 8.8796
AT, This work 1.1744 9116.35 1901.26 15.11 1.7443 1.948 7.6728
Expt.? 1.1749 - 1903.70 15.02 1.7444 1.883 77117
Expt.? - 9167.47 1903.70 15.111 1.7445 1.87 -
Calc4 1.1750 9088.23 1904.59 15.033 1.7444 1.8640 7.7393
B>z This work 1.0751 25534.39 2417.77 26.49 2.0825 2.12 5.6424
Expt.? 1.0742 25461.46 2419.84 23.189 2.07456 2.4 5.6915
Expt. - 25461.064 2421.14 24.07 2.08533 2.12 -
Calc4 1.0748 25551.02 2419.61 21.535 2.0840 2.1676 5.6927
a*st This work 1.3498 39380.57 1165.10 15.45 1.3219 237 3.9248
Calc.? 1.3482 39595.86 1182.13 16.906 1.3247 2.2995 3.9725
b*Il, This work 1.4499 46161.57 1008.39 11.36 1.1453 1.73 3.0823
Calc4 1.4483 46 408.35 1008.75 11.416 1.1477 1.7556 3.1135
D11, This work 1.4730 52183.89 906.59 12.48 1.1097 2.01 23310
Expt.? 1.471 52318.2 907.71 11.91 1.113 2.0 23617
Calc.? 1.4705 52376.08 909.60 11.91 1.1051 1.8644 2.3545
1°5F This work 1.7339 52402.77 651.82 5.877 0.8011 1.08 2.3030
Calc4 1.7338 52736.46 652.64 6.2123 0.8009 1.0908 23221
1011, This work 2.5474 69 143.88 220.95 6.72 0.3710 1.18 0.2283
Calc4 2.5453 69517.71 222.47 6.5617 0.3716 1.1818 0.2407
f*T1,(1% well)  This work 1.1514 75556.34 2092.45 20.76 1.8157 1.74 2.5427
Calc.? 1.1515 75726.43 2099.73 22.425 1.8201 2.6427 1.6276
*1T,(2" well)  This work 2.0128 66967.13 449.83 10.98 0.5941 1.24 0.4959
Calc4 2.0103 67382.44 452.15 8.7608 0.5957 1.2450 0.5131
1711, This work 1.3244 103 434.99 1504.20 13.14 1.3725 1.42 1.2817
Calc4 1.3236 103803.38 1474.84 99.887 0.3072 373.49 1.1951

Notes. “Huber & Herzberg (1979); bScholl et al. (1998); “Tang et al. (2005); dLju et al. (2014).
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Figure 2. Transition dipole moments for the (a) doublet, (b) quartet, and (c) sextet transitions of N2+ as a function of the internuclear distance R.
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Figure 3. Transition dipole moments of (a) the B2X ] —X> Zg' system and (b) the f41'Iu—14Zg+, at ZJ—I“E;’, b*I1,- f*I1,, and b*ITg-a* =} systems of NJ: The
lines are from this work; the symbol in (a) represents the computed values from Langhoft & Bauschlicher (1988); the symbols in (b) represent the computed

values from Hochlaf et al. (1997).

a*¥F system exhibit a little smaller than those computed by Hochlaf
et al. (1997). However, the trend of the two sets of the TDM values
along R is similar. The slight deviation may result from the different
levels of theory.

As shown in the insets of Fig. 2, the TDM values for the T} —Eg
and IT,-TI, systems approach —(R—0.385)au for R > 4 A. That is,
the TDM value varies linearly with the internuclear distance R (R >
4 A), which can be expressed as

D (TDMvalue) ~ — (R — 0.385) . ©)

For example, the TDM value is close to —(4—0.385) = —3.615au
when R = 4 A. Also, the TDM value is close to —(5—0.385) =
—4.615au when R = 5 A. Such situation is similar to the AT,-
X2T1, TDM of OF (Wetmore, Fox & Dalgarno 1984), also similar to
the TDMs of the B42u_ — X4Eg_, le'Ig — a*T1,, and 221'1g — 22110,
transitions for C;r (Babb et al. 2019a). For other transition systems of
Nj, the TDM values approach O for large R. Therefore, the TDMs
were fitted to the form 1/R* for R > 10 A except for the T —%;
and IT,-TI, systems, which were fitted to —(R—0.385) at large
internuclear distances.

3.2 Radiative association cross-sections

In the considered twelve electronic states mentioned above,
there exist twelve dipole-allowed transitions. The transitions
between the 142; and f*I1, states, and the 1°%; and 1°I1,
states are not considered here because these states have shallow
potential wells, which are expected to contribute little to the
radiative association in the collision of N(*S,) and N*(*P,). The
remaining ten transitions, including A21'IU—>XZZQ', B’ f—>X? Eg,
D’M,—A’M,, DM,—B>T], 142;—>a42j, f*11,—b* I,
b4l'[g—>a42:, 161'[,1—)162;', 162:—>162g+, and IGHg—>l6l'[u, are
taken into account to compute the cross-sections of Ni. The results
are plotted in Fig. 4. Numerous shape resonances are visible. For the
14Eg'—>a423' transition process, the resonance tunnelling feature
is visible, which results from the fact that the 142‘2_+ state exhibits a
potential barrier (local maximum) in the entrance channel. The local
maximum of the PEC is 0.21eV at R = 2.75 A for the 142; state.
The corresponding cross-section decreases sharply below 0.21 eV.

MNRAS 507, 2930-2936 (2021)
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Figure 4. Radiative association cross-sections (in units of aé) as a function
of the collision energy E (eV) for the collision of N(*S,) and N+(3Pg): The
doublet transitions are given in solid lines, the quartet transitions are given in
solid lines with symbols, and the sextet transitions are given in dashed lines.

As shown in Fig. 4, the D’I1,—A>Il, cross-sections are the
largest ones for the calculated energies E smaller than about
I x 107 eV, followed by the D’T,—B’%; and B*S —>X*E}
systems. For energies E larger than 1 x 103 eV but lower than
0.2eV, the f*I1,—b*I1, transition dominates most, followed by
the D*I1,—A’Il, and B22:—>X22; systems. Subsequently, the
1423g+ —a*%} transition dominates over the energy range of about
0.2-0.8eV. Above 0.8eV, the 1°LF 1%} transition is domi-
nant. Other transition processes are relatively weaker and will not
contribute significantly to the total cross-sections. The relatively
large values of the f*TT,—b*I1,, D*I1,—AI],, and B?Z ] —X? Zg'
transitions over a large energy range can be explained as follows.
The TDMs for these three transition processes are generally large, in
particular at the internuclear distances corresponding to the potential
wells of the related electronic states (as seen in Figs 1 and 2).
Moreover, the potential wells of the X> 7, A’T1,, and b*I1, states
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Figure 5. The total rate coefficient and rate coefficients (in units of cem? s7h)
of the ten studied transitions for the formation of N;r by radiative association
process (1). The rate coefficient for the B2 =F =X’z gr transition computed
by Andreazza & Singh (1997) is also presented for comparison.

are relatively deep and can support many ro-vibrational bound levels
to which radiative association transitions can occur.

3.3 Rate coefficients

The rate coefficients were calculated by integrating the cross-sections
over a Maxwellian velocity distribution [equation (6)] in the range
of 100-10000 K. The results for ten transition processes mentioned
above and the total rate coefficients are shown in Fig. 5. The con-
tributions of the f*I1,—~b*I1,, D*IT,—A’I1,, and BZELT%XZE;
transitions to the total rate coefficients are relatively large, especially
for the temperatures lower than about 1400 K. For temperatures larger
than 1400K, the 142;—>a4 % transition contributes most until
about 3800 K. Above 3800 K, the 1°%F — 195" transition makes the
largest contribution. Although the 1% state is repulsive, the 1° E;
state has a potential well of about 18575 cm™ which can support
53 vibrational levels. Also, the TDM values for the 1% —>162;'
transition are large enough along the internuclear distance. These
may be the reason that the 1°% —1°%} transition dominates above
3800 K. For the AZHUHXZE;, b*T,—~a*S], 16Hu—>162g+, and
16Hg—> 1611, transitions, the rate coefficients are at least one-order
magnitude lower than those for the f* Hu—>b4l'[g, Dzl'Ig—>A2Hu,
and B*Z—X?%/ transitions except for D*T,—B* X} transition.
It should be noted that the rate coefficients for the 1% g —a*SF and
1°5F— 1"’2];r transitions increase monotonically as the temperature
increases because the 1°Z;}F state is repulsive and the 142; state
has two very shallow potential wells. Such similar behaviours can
be found from previous publications (Gustafsson, Monge-Palacios
& Nyman 2014; Bai, Qin & Liu 2021).

Andreazza & Singh (1997) investigated the radiative association
of N(*S,) and N ¥ (°Py) by considering the A’IT, — X*T} and
B?Xf— X?% transitions. They computed the cross-sections by
the semi-empirical method but not presented them in their work.
They estimated the contribution of the A*I1, — X*X} transition
to the rate coefficients of NJ to be small. Our determined values
of the rate coefficients for the A*I1, — X*E} transition by the
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quantum mechanical theory also exhibit an insignificant contribution.
The rate coefficients for the B>S,— X*% transition estimated by
Andreazza & Singh (1997) are also presented in Fig. 5 and increase
slowly over the temperature range from 300 to 14 700K, varying
from about 3.4 x 10 7'¥ t0 9.42 x 10 8 cm *s ~. The rate
coefficients for the B> — X> %/ transition calculated in this work
are slightly larger than those obtained by Andreazza & Singh (1997).
The deviation decreases as the temperature increases.

In the present calculations, the dominant transition processes
for the formation of Nj include not only the B?EZ}—X? zf
transition, but also the f*IT,—b*IT,, D*IT,— A%I1,, 142;—>a42u+,
and 1°%F— 162g' transitions, depending on different temperature
ranges. Hence, the total rate coefficients estimated here are larger than
the values estimated by Andreazza & Singh (1997). Moreover, the
rate coefficients for temperatures from 100 to 300 K are also provided
here. The fit function using the rate coefficients from Andreazza &
Singh (1997) has been chosen as applicable for 300 < T < 14700 K
in the UMIST RATE2012!, the UMIST data base for astrochemistry.
The improved rate coefficients for the formation of N3 by radiative
association are presented in this work and can be fitted to better than
6 per cent by the following function

a(T)=a+bT +cT*+dT?, 100<T <10000K, (10)

where a, b, ¢, and d are fitting parameters, a = 2.08 527 x 10777,
b = 15707 x 102, ¢ = 295637 x 102°, and d =
—3.99714 x 107,

4 CONCLUSION

In this work, we have computed the cross-sections and rate coeffi-
cients for the formation of N5 by radiative association in the collision
of N(*S,) and N+(3Pg), Ten transition processes contributing to the
reaction (1) have been considered based on a new set of PECs
and TDMs calculated at the icMRCI4-Q/aug-cc-pCV5Z-DK level
of theory. The results show that the dominant transition processes
are different for different temperature ranges. The contributions
of the f*IT,—b*I1,, D*[1,—AI,, and B22‘1+—>X223g+ transitions
to the total rate coefficients are relatively large, especially for the
temperatures lower than about 1400 K. For temperatures larger
than about 1400 K, the contributions of the 142}g+ —a* Eu* and
195+ _)162; transitions are relatively significant. The computed
cross-sections and rate coefficients are likely suitable for applicability
in the chemistry of nitrogen-rich atmospheres (Dutuit et al. 2013) and
interstellar clouds subjected to X-rays (Sun et al. 1996; Andreazza &
Singh 1997).
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Full data are available. The cross-sections and rate coeffi-
cients can be obtained online at https://dr-zhi-qin.github.io/perso
nal/Database.html. The rate coefficients for the A2l'[u—>X22g+ s
B’Xi>X’%f, DM,—A’M,, DM,—»B’%/, 1'Sf-a'sl,
f*I1,—>b*I,, b*M,—a*S], 1"1'[u—>1(’2;, 162,1*—>162g+, and
16T1,— 1°T1, transitions, together with the total rate coefficients
of N (corresponding to Fig. 5) are provided in the supplemental
material.
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