
Journal of Quantitative Spectroscopy & Radiative Transfer 233 (2019) 110–118 

Contents lists available at ScienceDirect 

Journal of Quantitative Spectroscopy & Radiative Transfer 

journal homepage: www.elsevier.com/locate/jqsrt 

Spectroscopic investigations of transition properties for the electronic 

states of PN 

+ correlating to two lowest dissociation limits 

Z. Qin 

a , J.M. Zhao 

a , L.H. Liu 

a , b , ∗

a School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150 0 01, China 
b School of Energy and Power Engineering, Shandong University, Qingdao 266237, China 

a r t i c l e i n f o 

Article history: 

Received 19 April 2019 

Revised 21 May 2019 

Accepted 22 May 2019 

Available online 23 May 2019 

Keywords: 

Transition probabilities 

Ab initio calculations 

Spectroscopic parameters 

Spin-orbit couplings 

PN 

+ 

a b s t r a c t 

The PN 

+ cation is regarded as a candidate of ions which may exist in the interstellar medium. Accurate 

transition properties are desired to identify the spectra from astronomical observation. However, transi- 

tion data of PN 

+ are relatively limited. In this work, the state-of-the-art ab initio calculations are carried 

out to investigate the low-lying electronic states of PN 

+ correlating to two lowest dissociation limits, its 

transition properties and its spin-orbit couplings. For the X 

2 �+ and A 

2 � states, the calculated spectro- 

scopic constants agree well with previous experimental data. For the other electronic states, the accuracy 

of the spectroscopic parameters is also ensured by comparing with previous theoretical results. Then, 

transition probabilities of dipole allowed transition systems are calculated. The radiative lifetimes of vi- 

brational levels for the A 

2 �, 1 4 �, 1 4 �, 1 4 �−, and 2 4 � states are also evaluated. Such transition data can 

be used in the identification of PN 

+ in the laboratory or the interstellar space. Finally, the predissociation 

of 1 4 �− ( υ ’ = 1) → 1 6 �+ , 1 4 �− ( υ ’ = 15) → 1 6 � and 1 4 � ( υ ’ = 19) → 1 6 � are analyzed with the help of 

spin-orbit coupling integrals. 

© 2019 Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

o

 

e  

t  

r  

I  

o  

e  

l  

a  

t  

e

 

c  

B  

o

v  

t

 

1. Introduction 

Development of spectroscopy has stimulated the interest of

more and more researchers in studying various diatomic molec-

ular systems in the gas phase. Phosphorus mononitride (PN) is an

astrophysically important molecule that has been detected in dif-

ferent regions of the interstellar medium (ISM) [1–11] . As of yet

there are no observations of its cation PN 

+ in the interstellar space.

A number of experimental and theoretical work has been done to

investigate the spectral transitions of PN molecule [12–32] . How-

ever, available spectral transitions of PN 

+ are extremely limited.

For example, vibrational transitions in the 305–393 nm region were

observed by Obase et al. [33–35] for the B 

2 �+ − X 

2 �+ system, in-

cluding band-head wavelengths and relative band intensities. The

Morse Franck-Condon factors and r-centroids of the B 

2 �+ − X 

2 �+ 

system were approximately calculated. Furthermore, the variation

of the electric transition moment against r-centroid r υ ’ υ ” is pre-

sented for 1.439 ≤ r υ ’ υ ” ≤ 1.647 Å. But these few transition data

are based on some approximate treatments. A more up-to-date ro-

tational transition frequencies of the B 

2 �+ ( υ = 0) −X 

2 �+ ( υ = 0)
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ransition were given by Imajo et al. [36] . No other transition data

f PN 

+ are given in the literature. 

There have been several studies aimed to obtain the potential

nergy curves (PECs) and spectroscopic parameters of PN 

+ from

heoretical calculations and experimental observations [33–42] . A

eview of the experimental work on PN 

+ till 20 0 0 was given by

majo et al. [36] . Three states (X 

2 �+ , A 

2 �, and B 

2 �+ ) have been

bserved in the experiments. Theoretically, only Gein [38] and Zhu

t al. [42] studied the PECs and spectroscopic constants for low-

ying excited states of PN 

+ , including quartet and sextet �-S states

nd their corresponding � states. However, there have not been

heoretical investigations of transition properties for PN 

+ in the lit-

rature. 

It has been pointed out that PN 

+ , N 

+ 
2 

, and P + 
2 

have some similar

haracteristics since they all have nine valence electrons [36,38] .

oth theoretical and experimental studies proposed the existence

f couplings between close lying electronic states of N 

+ 
2 

and P + 
2 

ia spin-orbit (SO) interactions [41,43–45] . However, there are no

heoretical treatments of SO interactions for PN 

+ . 
The aim of this work is to calculate dipole allowed transitions

f PN 

+ and to investigate the interactions between different elec-

ronic states of PN 

+ with the SO coupling integrals. To this end,

he state-of-the-art ab initio method is used to calculate the PECs

nd transition dipole moments (TDMs) of PN 

+ , which are then

mployed to compute dipole allowed transition probabilities. The

https://doi.org/10.1016/j.jqsrt.2019.05.024
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2019.05.024&domain=pdf
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Table 1 

Dissociation correlations of nine electronic states of PN 

+ resulting from the first and 

second dissociation limits. 

Dissociation 

limit 

Electronic 

state 

Relative energy (cm 

−1 ) 

This work a Exp. [46] 

P + ( 3 P g ) + N( 4 S u ) X 2 �+ , A 2 �, 1 4 �+ , 1 4 �, 1 6 �+ , 1 6 �, 0.00 0.00 

P + ( 1 D g ) + N( 4 S u ) 1 4 �− , 2 4 �, 1 4 � 8356.86 8882.31 

a Obtained by the icMRCI + Q/56 + CV + DK calculations. 
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ighly correlated wave functions are also obtained, which are used

o evaluate the SO coupling integrals between low-lying electronic

tates of PN 

+ . 

. Computational approaches 

.1. Dissociation correlations 

The ionization energies of P and N atoms are 84,580.83 ± 0.12

nd 117,225.7 ± 0.3 cm 

−1 [46] , respectively. Hence, a P atom is eas-

er to dissociate than a N atom. That is to say, the first dissociation

imit of PN 

+ is P + ( 3 P g ) + N( 4 S u ). Note that the (3 p 2 ) 3 P g and (2 p 3 )
 S u are the ground states of P + and N. The first excited states of P + 

nd N are (3 p 2 ) 1 D g and (2 p 3 ) 2 D u , which are 19,228.82 and 8882.31

m 

−1 relative to their respective ground states [46] , so the second

issociation limit of PN 

+ is P + ( 1 D g ) + N( 4 S u ). Table 1 presents the

issociation correlations of nine electronic states resulting from the

rst two dissociation limits, together with the energy separation

etween the first and second dissociation limits, which agrees well

ith the experimental value [46] . 

.2. Transition properties 

The complete active space self-consistent field (CASSCF)

ethod [47] in conjunction with the subsequent internally con-

racted multi-reference configuration interaction (icMRCI) approach

4 8,4 9] with the Davidson correction ( + Q) is used for the calcula-

ions of PECs of PN 

+ with the aug-cc-pV6Z basis set, for the core-

alance (CV) correction calculations with the cc-pCV5Z [50] ba-

is set, and for the scalar relativistic correction calculations with

he cc-pV5Z-DK basis set [51] . The aug-cc-pV5Z (AV5Z) and aug-

c-pV6Z (AV6Z) basis sets are adopted to extrapolate the potential

nergy to the CBS limit. The basis extrapolation formulas are given

y [52,53] 

 

re f 
X 

= E re f 
∞ 

+ A 

re f X 

−α (1) 

 

cor 
X = E cor 

∞ 

+ A 

cor X 

−β (2) 

here, E 
re f 
X 

and E cor 
X 

are, respectively, the reference energy (de-

oted by the superscript “ref ”) and the correlation energy (denoted

y the superscript “cor ”) calculated with the aug-cc-pVXZ ( X = 5 or

) basis set. E 
re f 
∞ 

and E cor ∞ 

are the CBS extrapolation energies, the

ubscript “∞ ” refers to the CBS limit. α and β are the extrapolation

arameters ( α = 3.4, β = 2.4). TDMs are computed by the icMRCI

ethod with the AV6Z basis set. These calculations are performed

n the MOLPRO 2015 program suite [54,55] . 

In the calculations, 12 inner electrons are put into six closed-

hell molecular orbitals (MOs) in the symmetry representations of

 2 v : four a 1 orbitals, one b 1 orbital, one b 2 orbital, and no a 2 or-

itals. The remaining 9 electrons are put into 9 outermost MOs,

hich constitute the active space: five a 1 orbitals, two b 1 orbital,

wo b 2 orbital, and no a 2 orbitals. The orbital set is called (9,3,3,0).

To our knowledge, optical diagnostics, astronomical observa-

ion and radiation modeling require accurate transition probabil-

ties [56] . Using the obtained PECs and TDMs, we can determine
he transition probabilities of a certain electronic transition sys-

em. The key parameter of calculating transition probabilities is the

quare of the electronic-vibrational transition moment 
(
R υ

′ υ ′′ 
e 

)2 

R 

υ ′ υ ′′ 
e 

)2 = 

[ ∫ ∞ 

0 

ψ υ ′ ( r ) R e ( r ) ψ υ ′′ ( r ) dr 

] 2 
(3) 

here υ ’ and υ” are the vibrational levels of upper and lower elec-

ronic states, respectively, ψ υ ’ and ψ υ ” are the corresponding vi-

rational wave functions, r is the internuclear distance, and R e ( r )

s the TDM function. Once the square of the electronic-vibrational

ransition moment is obtained, Einstein coefficients of spontaneous

missions (hereafter called Einstein coefficients) A υ ’ υ ’ ’ can be cal-

ulated by [56,57] 

 υ ′ υ ′′ = 2 . 026 × 10 

−6 σ 3 
υ ′ υ ′′ 

2 − δ0 , �′ +�′′ 

2 − δ0 , �′ 

(
R 

υ ′ υ ′′ 
e 

)2 
(4) 

here συ ’ υ ” is the wavenumber of the transition system, �’ and

” are the projections of electronic orbital angular momentums

n the internuclear axis for upper and lower electronic levels, re-

pectively. Another important transition probability is the Franck-

ondon factor q υ ’ υ”, which can be computed by [56,57] 

 υ ′ υ ′′ = 

(∫ 
ψ υ ′ ( r ) ψ υ ′′ ( r ) dr 

)2 

(5) 

Based on the Einstein coefficients, the radiative lifetime τυ ’ of

 certain vibrational level υ ’ for the upper electronic state can be

etermined by 

υ ′ = 

1 ∑ υ ′′ 
max 

υ ′′ =0 A υ ′ υ ′′ 
(6) 

.3. Spin-orbit couplings 

In general, the whole Hamiltonian of a given molecular system

s made up of the spin-free Hamiltonian 

ˆ H 

SF and the SO part of

reit-Pauli Hamiltonian 

ˆ H 

SO 

ˆ 
 = 

ˆ H 

SF + 

ˆ H 

SO (7) 

he Breit-Pauli SO operator ˆ H 

SO can be expressed as [58] , 

ˆ 
 

SO = 

∑ 

α

[ ∑ 

i 

ˆ h α( i ) · ˆ s α( i ) + 

∑ 

i � = j 
ˆ g α( i, j ) · ˆ s α( i ) 

] 

(8) 

here the first and second terms are known as the one-electron

nd two-electron operators, respectively. The one-electron 

ˆ h α( i )

nd two-electron ˆ g α( i, j ) SO operators are defined as [58] 

ˆ 
 α( i ) = 

1 

2 c 2 

∑ 

K 

Z K 
[
r iK × ˆ p ( i ) 

]
α

r 3 
iK 

(9) 

ˆ 
 α( i, j ) = −

[
2 ̂

 g oα( i, j ) + 

ˆ g sα( i, j ) 
]

(10) 

ith 

ˆ 
 oα( i, j ) = 

1 

2 c 2 

[
r i j × ˆ p ( j ) 

]
α

r 3 
i j 

(11) 
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Table 2 

Main electron configurations of eight electronic states for PN 

+ near their corresponding equilibrium internuclear distances. 

State Main electron configuration a State Main electron configuration a State Main electron configuration a 

X 2 �+ 5 σ 2 6 σ 2 2 π4 7 σ 1 3 π0 (0.905) 1 4 � 5 σ 2 6 σ 2 2 π3 7 σ 1 3 π1 (0.649) 1 4 �− 5 σ 2 6 σ 2 2 π3 7 σ 1 3 π1 (0.645) 

A 2 � 5 σ 2 6 σ 2 2 π3 7 σ 2 3 π0 (0.918) 5 σ 2 6 σ 2 2 π1 7 σ 1 3 π3 (0.099) 5 σ 2 6 σ 1 2 π2 7 σ 2 3 π2 (0.088) 

1 4 � 5 σ 2 6 σ 2 2 π2 7 σ 2 3 π1 (0.916) 5 σ 2 6 σ 1 2 π2 7 σ 2 3 π2 (0.085) 5 σ 2 6 σ 2 2 π2 7 σ 1 3 π2 (0.082) 

1 4 �+ 5 σ 2 6 σ 2 2 π3 7 σ 1 3 π1 (0.641) 5 σ 2 6 σ 2 2 π2 7 σ 1 3 π2 (0.055) 5 σ 2 6 σ 2 2 π1 7 σ 1 3 π3 (0.065) 

5 σ 2 6 σ 2 2 π1 7 σ 2 3 π3 (0.147) 2 4 � 5 σ 2 6 σ 1 2 π4 7 σ 1 3 π1 (0.856) 

5 σ 2 6 σ 1 2 π2 7 σ 2 3 π2 (0.098) 1 6 �+ 5 σ 2 6 σ 2 2 π2 7 σ 1 3 π2 (0.934) 

a Values in parentheses are the coefficients squared of configuration state function (CSF) associated with the electron configu- 

ration. Core configuration of each electronic state is 1 σ 2 2 σ 2 3 σ 2 4 σ 2 1 π4 . 

Table 3 

Spectroscopic parameters of eight electronic states for PN 

+ calculated at the icMRCI + Q/56 + CV + DK level of theory. 

State D e /cm 

−1 T e /cm 

−1 R e / ̊A ω e /cm 

−1 ω e χ e /cm 

−1 10 2 ω e y e /cm 

−1 B e /cm 

−1 10 3 αe /cm 

−1 

X 2 �+ This work 40,585.85 0.00 1.4817 1313.54 7.8619 4.207 0.79628 6.14 

Exp. [34] 40,577.36 a 0.00 1.50 ±0.01 1306 ±3 7.9 ± 0.7 

Exp. [39] 0.00 1.495 1303.9 7.62 0.781 1.5 

Cal. [38] 38,472.63 0.00 1.5150 1235.1 0.761 

Cal. [42] 40,730.98 0.00 1.4789 1311.7 7.8063 4.0043 0.79918 6.106 

A 2 � This work 37,090.81 34 93.4 8 1.5601 1148.09 7.0503 1.246 0.71821 5.78 

Exp. [37] 47,022.10 3387.53 1.565 1110 

Cal. [38] 35,730.35 2742.28 1.565 1143.7 0.713 

Cal. [42] 37,424.11 3384.7 1.5581 1146.4 6.9592 4.2173 0.72008 5.7658 

1 4 �+ This work 16,319.30 24,266.41 1.6925 787.04 8.1752 12.54 0.61015 7.62 

Exp. [40] (22,10 0 ±160 0) b 

Cal. [38] 15,889.12 22,583.51 1.7520 753.5 0.570 

Cal. [42] 16,776.33 24,023.9 1.6863 799.8 4.8392 327.99 0.61383 4.425 

1 4 � This work 14,791.29 25,793.75 1.7956 710.66 4.9847 10.916 0.54283 6.08 

Exp. [40] (22,10 0 ±160 0) b 

Cal. [38] 16,453.70 22,018.93 1.8140 787.3 0.513 

Cal. [42] 15,243.87 25,547.1 1.7954 748.2 13.970 60.588 0.54257 5.8826 

1 4 � This work 17,716.96 31,230.27 1.6703 900.26 15.382 20.002 0.62926 7.47 

Cal. [38] 17,824.85 30,729.71 1.7290 952.9 0.585 

Cal. [42] 18,308.78 30,714.4 1.6680 860.8 5.9874 8.0657 0.62817 6.346 

1 4 �− This work 12,824.45 36,118.26 1.6610 966.17 20.359 48.042 0.63847 7.12 

Cal. [38] 12,098.31 36,456.25 1.7350 849.3 0.58 

Cal. [42] 12,985.52 35,621.8 1.6594 889.2 5.1991 22.284 0.63424 5.4997 

2 4 � This work 4052.49 62,969.21 1.4856 1219.03 6.5260 333.85 0.79026 5.58 

Cal. [42] 4436.05 61,393.9 1.4803 1245.7 20.010 212.32 0.79701 8.4701 

1 6 �+ This work 6207.42 34,497.43 2.1594 364.63 3.9631 6.078 0.37570 5.63 

Cal. [42] 5807.19 35,018.5 2.1700 357.8 4.3749 0.64757 0.37135 5.6657 

a Obtained by the D 0 value of Obase et al. [34] and the theoretical vibrational correction of this work. 
b The possible experimental detection proposed by Reid [40] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The calculated icMRCI + Q/56 + CV + DK potential energy of nine electronic 

states of PN 

+ . 

2  

t  

r  

f  

t

ˆ g sα( i, j ) = 

1 

2 c 2 

[
r i j × ˆ p ( i ) 

]
α

r 3 
i j 

(12)

where ˆ g s α( i, j ) · ˆ s α( i ) and ˆ g o α( i, j ) · ˆ s α( i ) are known as the spin-

same-orbit and spin-other-orbit terms of the two-electron SO op-

erator. All the symbols in Eqs. (5) –10 have their usual meanings

which can be found in Ref. [58] . In icMRCI calculations, all con-

figuration state functions of the CASSCF wave functions are used

as a reference. Using these highly correlated wave functions, the

SO coupling integrals between different electronic states of PN 

+ 

are evaluated using the Breit-Pauli Hamiltonian as implemented in

MOLPRO 2015 [54,55] . 

3. Results and discussions 

3.1. Spectroscopic parameters and dipole moments 

Fig. 1 provides an overview evolution of the PECs along the

internuclear distance for the electronic states of PN 

+ correlat-

ing to the two lowest dissociation asymptotes P + ( 3 P g ) + N ( 4 S u )

and P + ( 1 D g ) + N ( 4 S u ). These PECs are calculated at the icM-

RCI + Q/56 + CV + DK level of theory and are given in energy

relative to the minimum of the ground state. As shown in Fig. 1 ,

the X 

2 �+ , A 

2 �, 1 4 �+ , 1 4 �, 1 6 �+ , and 1 6 � states correspond

to the lowest dissociation asymptote P + ( 3 P g ) + N ( 4 S u ). The 1 4 �−,
 

4 �, and 1 4 � states correlate to the second dissociation asymp-

ote P + ( 1 D g ) + N ( 4 S u ). For the 2 4 � and 1 6 � states, apparent bar-

iers occur around the internuclear distance of 1.7 Å, which are

ormed by avoiding crossing with the 3 4 � and 2 6 � states, respec-

ively. 
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Fig. 2. Dipole moments for nine low-lying electronic states of PN 

+ . 
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Fig. 3. TDMs of eight dipole allowed transitions between doublet or quartet states 

of PN 

+ . Note that the TDMs of the 1 4 � − 1 4 � and 2 4 � − 1 4 � systems are the 

Cartesian moment 〈 �x |y| �xy 〉 , where 〈 � | x +i y √ 
2 

| � 〉 = 

√ 

2 〈 �x |y| �xy 〉 . 

1  

t  

i  

t  

t  

s  

t  
Table 2 lists the leading electron configurations of eight bound

nd quasibound electronic states for PN 

+ near their correspond-

ng equilibrium internuclear distances. The calculated electron con-

guration of PN(X 

1 �+ ) state in our previous publication [32] is

 σ 2 6 σ 2 2 π4 7 σ 2 3 π0 (0.899). The ground state X 

2 �+ of PN 

+ is

ainly characterized by the 5 σ 2 6 σ 2 2 π4 7 σ 1 3 π0 (0.905) electronic

onfiguration. Hence, the PN 

+ (X 

2 �+ ) is formed by loss of an elec-

ron from 7 σ MO of PN (X 

1 �+ ) state. The A 

2 �, 1 4 �+ , 1 4 �−,
Fig. 4. Einstein coefficients of the ( υ ’ = 0 – 5, υ” = 0 – 5) bands for the A 2 �
 

4 �, and 2 4 � states of PN 

+ are formed by single orbital excita-

ion from its ground state, but the excited orbitals are different. For

nstance, the A 

2 � state is obtained after promotion of one elec-

ron from 2 π MO to 7 σ MO. For the 1 4 �+ ,1 4 �−, and 1 4 � states,

hey have similar electron configurations and are all mainly de-

cribed by the 2 π1 → 3 π1 electron excitation. It should be noted

hat the other electron configurations of the 1 4 �+ , 1 4 �−, and
− X 2 �+ , 1 4 � − 1 4 �+ , 1 4 � − 1 4 �, and 1 4 �− − 1 4 � systems of PN 

+ . 
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Fig. 5. Einstein coefficients of the ( υ ’ = 0–3, υ” = 0 – 3) bands for the 2 4 � − 1 4 �+ , 2 4 � − 1 4 �, 2 4 � − 1 4 �, and 2 4 � − 1 4 �− systems of PN 

+ . 
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1 4 � states are less important and their CSF-squared coefficients

are lower than 0.15. The 2 4 � state corresponds to one electron ex-

citation of 6 σ MO into the vacant 3 π MO. In addition, the 1 4 �

and 1 6 �+ states of PN 

+ originate from the electronic configura-

tions 5 σ 2 6 σ 1 2 π4 7 σ 1 3 π1 (0.856) and 5 σ 2 6 σ 2 2 π2 7 σ 1 3 π2 (0.934)

corresponding to double electron promotions, i.e., 2 π2 → 7 σ 1 3 π1 

and 2 π2 → 3 π2 , respectively. 

Table 3 presents the spectroscopic parameters of eight bound

and quasibound electronic states for PN 

+ . For the ground X 

2 �+ 

state, its spectroscopic parameters are in good agreement with

available experimental ones. The experimental D 0 deduced by

Obase et al. [34] is 40,005.08 cm 

−1 . Combining with the theoretical

vibrational correction of 572.28 cm 

−1 in this work, we calculate an

experimental D e value of 40,577.36 cm 

−1 . Our calculated D e is only

8.49 cm 

−1 higher than this inferred one. The calculated ω e , ω e χ e 

and R e are 1313.54 cm 

−1 , 7.8619 cm 

−1 , and 1.4817 Å, respectively,

which agree well with the experimental values of 1306 cm 

−1 , 7.9

cm 

−1 and 1.50 Å [32] and the recent theoretical results [42] with

very small deviations of 1.84 cm 

−1 , 0.0556 cm 

−1 and 0.0028 Å, re-

spectively. 

The calculated T e and R e of the A 

2 � state are 34 93.4 8 cm 

−1 

and 1.5601 Å, respectively, which are in good agreement with the

only experimental values [37] of 3387.53 cm 

−1 and 1.565 Å, re-

spectively. However, there are large deviations for ω e and D e be-

tween our computed ones and the experimental results, as shown

in Table 3 . It is worth noting that our computed ω e and D e agree

well with the theoretical results [38,42] . Hence, new experiments

are expected in the future to clarify such deviations. 
For the quartet and sextet states, they lie at 24,0 0 0–63,0 0 0

m 

−1 above the ground state. Experimentally, only Reid [40] sug-

ested the possible detection of 1 4 �+ and 1 4 � states at

2,100 ± 1600 cm 

−1 . Several theoretical work has been done to

nvestigate their PECs and spectroscopic parameters. Our calcu-

ated spectroscopic parameters of them are in reasonable agree-

ent with previous theoretical results [38,42] . However, dipole al-

owed transitions between the quartet or sextet states are not in-

estigated before and will be presented in Section 3.2 . 

In order to clarify the polarity, bond nature, and relative sta-

ilities of low-lying states for PN 

+ , dipole moment (DM) curves

re calculated by the icMRCI approach with the AV6Z basis set

nd depicted in Fig. 2 . With P at the origin and N along the pos-

tive direction of the internuclear axis, the DM curves are smooth

long the internuclear distance for the X 

2 �+ , A 

2 �, 1 4 �+ , 1 4 �,

 

4 �, 1 4 �−, and 1 6 �+ states, whereas the DM curves change

harply near the internuclear distance of 1.7 Å for the 2 4 � and

 

6 � states, corresponding to the barriers of the PECs of these two

tates (as shown in Fig. 1 ). It is not too surprising as the lead-

ng electron configurations of the 2 4 � and 1 6 � states are differ-

nt for R ≤ 1.7 Å and R > 1.7 Å, i.e., the leading electron configura-

ion of the 2 4 � state changes from 5 σ 2 6 σ 1 2 π4 7 σ 1 3 π1 ( R ≤ 1.7 Å)

o 5 σ 2 6 σ 2 2 π3 7 σ 0 3 π2 ( R > 1.7 Å), and the leading electron con-

guration of the 1 6 � state changes from 5 σ 2 6 σ 2 2 π2 7 σ 1 3 π1 8 σ 1 

 R ≤ 1.7 Å) to 5 σ 2 6 σ 1 2 π3 7 σ 1 3 π2 8 σ 0 ( R > 1.7 Å). The DM of each

tate tends to be a larger value at the dissociation limit, which

eans that the dissociation products of each state include the ionic

ragment. 
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Table 4 

Vibrational radiative lifetimes of the A 2 � state via the A 2 � − X 2 �+ transition, of the 1 4 � state via the 1 4 � − 1 4 �+ transition, of the 

1 4 � state via the 1 4 � − 1 4 � transition, of the 1 4 �− state via the 1 4 �− − 1 4 � transition and of the 2 4 � state via the 2 4 � − 1 4 �+ , 
2 4 � − 1 4 �, 2 4 � − 1 4 � and 2 4 � − 1 4 �− transitions. 

A 2 � - X 2 �+ 1 4 � − 1 4 �+ 1 4 � − 1 4 � 1 4 �− − 1 4 � 2 4 � − 1 4 �+ 2 4 � − 1 4 � 2 4 � − 1 4 � 2 4 � − 1 4 �−

υ ’ τ / μs τ /ms τ / μs τ / μs τ / μs τ / μs τ / μs τ / μs 

0 462.3 28.68 183.6 14.49 1.822 78.37 8.656 75.06 

1 166.4 19.99 71.42 9.931 1.168 30.53 8.248 80.88 

2 92.00 0.737 42.47 6.830 0.856 6.492 8.605 99.38 

3 60.03 0.386 32.24 5.642 0.654 0.312 12.20 99.23 

4 42.94 0.236 24.21 4.699 

5 32.60 0.161 19.85 3.998 

6 25.82 0.119 16.46 3.483 

7 21.10 0.092 14.57 3.298 

8 17.69 0.073 13.59 3.060 

9 15.13 0.060 12.40 2.765 
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Table 5 

The definitions of the schematic expressions for SO couplings given in Fig. 6 . 

Expressions for SO coupling Definitions 

X 2 �+ − A 2 � < X 2 �+ , m s = − 1/2|L x S x |A 
2 �y , m s = 1/2 > 

X 2 �+ − 1 4 � < X 2 �+ , m s = 1/2|L x S x |1 
4 �y , m s = 3/2 > 

X 2 �+ − 2 4 � < X 2 �+ , m s = 1/2|L x S x |2 
4 �y , m s = 3/2 > 

X 2 �+ − 1 4 �− < X 2 �+ , m s = 1/2|L z S z |1 
4 �− , m s = 3/2 > 

A 2 � − 1 4 �+ < A 2 �x , m s = 1/2|L y S y |1 
4 �+ , m s = 3/2 > 

A 2 � − 1 4 � < A 2 �x , m s = 1/2|L z S z |1 
4 �y , m s = 3/2 > 

A 2 � − 2 4 � < A 2 �x , m s = 1/2|L z S z |2 
4 �y , m s = 3/2 > 

A 2 � − 1 4 �− < A 2 �x , m s = 1/2|L x S x |1 
4 �− , m s = 3/2 > 

A 2 � − 1 4 � < A 2 �x , m s = 1/2|L y S y |1 
4 �x , m s = 3/2 > 

1 4 � − 1 4 �+ < 1 4 �x , m s = −3/2|L y S y |1 
4 �+ , m s = 3/2 > 

1 4 � − 2 4 � < 1 4 �x , m s = 3/2|L z S z |2 
4 �y , m s = 3/2 > 

1 4 � − 1 4 �− < 1 4 �x , m s = 3/2|L x S x |1 
4 �− , m s = 3/2 > 

1 4 � − 1 4 � < 1 4 �x , m s = 3/2|L y S y |1 
4 �x , m s = 3/2 > 

1 4 � − 1 6 �+ < 1 4 �x , m s = 3/2|L y S y |1 
6 �+ , m s = 5/2 > 

1 4 � − 1 6 � < 1 4 �x , m s = 3/2|L z S z |1 
6 �y , m s = 5/2 > 

2 4 � − 1 4 �+ < 2 4 �x , m s = −3/2|L y S y |1 
4 �+ , m s = 3/2 > 

2 4 � − 1 4 � < 2 4 �x , m s = 3/2|L y S y |1 
4 �x , m s = 3/2 > 

2 4 � − 1 4 �− < 2 4 �x , m s = 3/2|L x S x |1 
4 �− , m s = 3/2 > 

2 4 � − 1 6 �+ < 2 4 �x , m s = 3/2|L y S y |1 
6 �+ , m s = 5/2 > 

2 4 � − 1 6 � < 2 4 �x , m s = 3/2|L z S z |1 
6 �y , m s = 5/2 > 

1 4 �+ − 1 4 �− < 1 4 �+ , m s = 3/2|L z S z |1 
4 �− , m s = 3/2 > 

1 4 �+ − 1 6 � < 1 4 �+ , m s = 3/2|L x S x |1 
6 �y , m s = 5/2 > 

1 4 � − 1 6 � < 1 4 �x , m s = 3/2|L y S y |1 
6 �x , m s = 5/2 > 

1 4 �− − 1 6 �+ < 1 4 �− , m s = 3/2|L z S z |1 
6 �+ , m s = 5/2 > 

1 4 �− − 1 6 � < 1 4 �− , m s = 3/2|L x S x |1 
6 �x , m s = 5/2 > 

1 6 �+ − 1 6 � < 1 6 �+ , m s = −5/2|L x S x |1 
6 �y , m s = 5/2 > 
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.2. Dipole allowed transition properties 

TDMs of eight dipole allowed transitions of PN 

+ are plotted in

ig. 3 . The TDM curves of transitions from the 2 4 � state to the

 

4 �+ , 1 4 �, 1 4 �, and 1 4 �− states change abruptly around the in-

ernuclear distance of 1.7 Å, which is consistent with the sudden

hange of the leading electron configuration for the 2 4 � state near

 = 1.7 Å, just as mentioned in Section 3.1 . 

Using ab initio PECs and TDMs, we compute the Einstein coef-

cients of these eight transition systems, as shown in Figs 4 and

 . The elaborate transition data of these systems, including Ein-

tein coefficients and Franck-Condon factors, are tabulated in the

upplemental material. Utilizing the Einstein coefficients, we de-

ermine the radiative lifetimes for several lower vibrational lev-

ls ( υ ′ ≤ 9 if available) of the A 

2 �, 1 4 �, 1 4 �, 1 4 �− and 2 4 �

tates, as summarized in Table 4 . The A 

2 � state is the first excited

tate that has dipole allowed transitions, and it can decay radia-

ively to the ground state. Due to the relatively large TDMs for the

ransition from the A 

2 � state to the X 

2 �+ state, there should be

everal strong emissions of the A 

2 � - X 

2 �+ system. As shown in

ig. 4 (a), the (1,0), (2,0), (3,0), (3,1), (4,1), (5,1), and (5,2) vibrational

ands are all strong, and their Einstein coefficients are estimated

o be 5.65 × 10 3 , 7.73 × 10 3 , 6.77 × 10 3 , 8.26 × 10 3 , 1.23 × 10 4 ,

.16 × 10 4 , and 1.23 × 10 4 s − 1 , respectively. The calculated ra-

iative lifetimes of the A 

2 � state are 462.3, 166.4, and 92.0 μs,

espectively, for υ ’ = 0, 1, 2. Unfortunately, no experimental data

f this system are available in the literature. To help in possible

bservation of this system in the future, we calculate the vibra-

ional band positions, which show that strong emissions lie in the

nfrared region. 

As shown in Fig. 4 (b), (c) and (d), strong emissions for the

 

4 � − 1 4 �+ , 1 4 � − 1 4 �, and 1 4 �− − 1 4 � systems can be clearly

bserved according to the length of columns. The TDM curves of

hese three systems are similar along the internuclear distance. The

alues of TDM for these three systems are very close for any a

iven internuclear distance. Hence, intensities of emissions may be

etermined by the energy difference between the two electronic

tates of each system. Just as expected, the calculated Einstein co-

fficients for the 1 4 �− − 1 4 � system are the largest due to the

argest energy difference between the 1 4 �− and 1 4 � states. The

btained Einstein coefficients for the 1 4 � − 1 4 �+ system are the

mallest. 

As mentioned in Section 3.1 , in order to avoid crossing with

he 3 4 � state, a barrier emerges near R = 1.7 Å for the 2 4 � state,

hich forms a quite shallow potential well. It can only support

our vibrational levels. The 2 4 � state has dipole allowed transi-

ions to the lower 1 4 �+ , 1 4 �, 1 4 �, and 1 4 �− states. The calcu-

ated Einstein coefficients of the ( υ ′ = 0 − 3, υ ′′ = 0 − 3) bands

or these four systems are displayed in Fig. 5 . Due to the larger
nergy separation between the 2 4 � and 1 4 �+ states, Einstein co-

fficients of the 2 4 � − 1 4 �+ system are larger than those of the

ther three systems for most vibrational bands, which means that

he radiative lifetimes of the 2 4 � state are dominantly determined

y decay to the 1 4 �+ state. The vibrational radiative lifetimes of

he 2 4 � state are about several microseconds. Such small radiative

ifetimes mean that the 2 4 � state is hopefully to be observed by

n approximate spectroscopic experiment. 

.3. Spin-orbit coupling and predissociation 

Fig. 6 displays the evolution of the SO coupling integrals re-

ated to low-lying electronic states of PN 

+ along the internuclear

istance. These integrals are computed at the CASSCF/MRCI/AV6Z

evel of theory. The definitions of the schematic expressions for

O couplings given in Fig. 6 are listed in Table 5 . As shown

n Fig. 6 (a), the values of SO coupling integrals X 

2 �+ − A 

2 �,

 

2 �+ − 1 4 �, X 

2 �+ − 2 4 �, and X 

2 �+ − 1 4 �− are larger than 30

m 

−1 at large internuclear distances, which means that the split-

ing of the X 

2 �+ state at the dissociation limit is affected by all

he adjacent states within the selection rules of SO couplings. In
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Fig. 6. Evolution of spin-orbit couplings related to low-lying electronic states of PN 

+ . 
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the Franck-Condon region, the values of the SO coupling integrals

X 

2 �+ − A 

2 � and X 

2 �+ − 1 4 �− are in the range of 30–130 cm 

−1 ,

which are large enough to influence the electronic structure of

the X 

2 �+ state by SO coupling. Fig. 6 (b) shows that the abso-

lute values of SO coupling integrals A 

2 � − 1 4 �−, A 

2 � − 1 4 �+ ,
A 

2 � − 1 4 �, A 

2 � − 2 4 �, A 

2 � − 1 4 � are larger than 40 cm 

−1 

at the dissociation limit, so the SO couplings between the A 

2 �

state and the 1 4 �−, 1 4 �+ , 1 4 �, 2 4 �, as well as 1 4 � states im-

pact the splitting of the A 

2 � state at large internuclear distances.

Similar analyzation can be applied to other electronic states ac-

cording to the given SO coupling integrals in Fig. 6 (c), (d), and (e).

Due to the change in the dominant electron configurations of the

2 4 � and 1 6 � states around R = 1.7 Å, the SO coupling integrals re-

lated to these two states change drastically between R ≤ 1.7 Å and

R > 1.7 Å. 

As shown in Fig. 1 , there is an intersection between the X 

2 �+ 

and A 

2 � states around R = 1.65 Å, lying in the vibrational levels

υ ’ = 3 and 4 of the X 

2 �+ state. Fig. 6 (a) exhibits that the SO cou-

pling integral X 

2 �+ − A 

2 � is 29.35 cm 

−1 at R = 1.65 Å, which is

large enough to allow SO conversion. For the 1 4 � state, this situ-
tion is rather complicated since the 1 4 � state is embedded into

 set of PECs of electronic states to which it can couple. Specif-

cally, the 1 4 � state is crossed by the 1 4 �−, 1 4 �, 1 4 �+ , and

 

6 �+ states. The 1 4 � − 1 4 �−, 1 4 � − 1 4 �, 1 4 � − 1 4 �+ , and

 

4 � − 1 6 �+ SO conversions are all allowed. The values of SO

oupling integrals 1 4 � − 1 4 �−, 1 4 � − 1 4 �, 1 4 � − 1 4 �+ , and

 

4 � − 1 6 �+ are calculated to be 10.29, 11.41, 6.81, 99.32 cm 

−1 at

heir respective crossings (i.e., R = 1.43 Å, R = 1.54 Å, R = 1.86 Å, and

 = 2.42 Å) allowing such SO conversions. 

The 1 4 �− and 1 4 � states are crossed by the 1 6 �+ and 1 6 �

tates. For the 1 4 �− state, the two crossings reside in the vibra-

ional levels υ ’ = 1 and υ ’ = 15 of the 1 4 �− state. The calcu-

ated SO coupling integrals are −76.82 and −28.42 cm 

−1 at their

orresponding crossings, which can provide a strong predissocia-

ion pathway of 1 4 �− ( υ ’ = 1) → 1 6 �+ and 1 4 �− ( υ ’ = 15) → 1 6 �,

espectively. Although the 1 4 � state is also crossed by the 1 6 �+ 

nd 1 6 � states, only the 1 4 � − 1 6 � SO coupling is allowed. Be-

ause of the large value of −90.93 cm 

−1 for the SO coupling inte-

ral 1 4 � − 1 6 � at the crossing R = 2.52 Å, there should be a strong

redissociation pathway of 1 4 � ( υ ’ = 19) → 1 6 �. 
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. Conclusions 

In this work, the icMRCI + Q/56 + CV + DK method is used

o calculate the PECs of nine electronic states correlated with

he two lowest dissociation asymptotes P + ( 3 P g ) + N ( 4 S u ) and

 

+ ( 1 D g ) + N ( 4 S u ). TDMs of dipole allowed transitions have been

omputed at the icMRCI/AV6Z level of theory. Based on the calcu-

ated PECs, we determine the spectroscopic parameters for eight

ound and quasi-bound states, which agree well with available

xperimental and theoretical results. PECs and TDMs are used

o calculate the transition probabilities of dipole allowed transi-

ion systems. The vibrational radiative lifetimes of some excited

tates are also evaluated. The obtained transition data can pro-

ide guidelines for experimental observations. By analyzation of

he SO couplings, the SO coupling integral X 

2 �+ − A 

2 � is 29.35

m 

−1 at R = 1.65 Å, which is large enough to allow SO conversion.

he values of SO coupling integrals 1 4 � − 1 4 �−, 1 4 � − 1 4 �,

 

4 � − 1 4 �+ , and 1 4 � − 1 6 �+ are calculated to be 10.29, 11.41,

.81, 99.32 cm 

−1 at their respective crossings, also allowing such

O conversions. Moreover, the absolute values of SO coupling in-

egrals 1 4 �− − 1 6 �+ , 1 4 �− − 1 6 �, and 1 4 � − 1 6 � are 76.82,

8.42, and 90.93 cm 

−1 at their respective crossings, which can pro-

ide strong predissociation pathways of 1 4 �− ( υ ’ = 1) → 1 6 �+ ,
 

4 �− ( υ ’ = 15) → 1 6 � and 1 4 � ( υ ’ = 19) → 1 6 �. 
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