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The valence internally contracted multireference configuration-interaction (icMRCI) method is used to 

compute potential energy curves (PECs) of the X 

1 �+ , A 

1 �, C 1 �−, D 

1 �, 2 1 �, a 3 �+ , b 3 �, d 3 �, e 3 �−, 

2 3 �, 2 3 �−, 1 5 �+ and 1 5 � states for PN, together with the Davidson, core-valence (CV) and scalar rel- 

ativistic corrections, as well as the basis-set extrapolation. Transition dipole moments (TDMs) of fifteen 

dipole-allowed transitions between the thirteen states are calculated by the icMRCI approach with the 

aug-cc-pV6Z basis set. The vibrational band origins, Einstein coefficients and Franck-Condon factors of 

all spontaneous emissions for the fifteen band systems are determined, seeking to theoretically predict 

the strong emissions at least of the order of 10 3 s −1 for Einstein coefficients. Comparing with experi- 

mental measurements, our calculations can well reproduce the band origins and Franck-Condon factors 

of the A 

1 �-X 

1 �+ system. Similar accuracy is assumed for the other band systems. Many emissions for 

the A 

1 �-X 

1 �+ , 2 1 �-A 

1 �, 2 1 �-X 

1 �+ , 2 1 �-C 1 �−, 2 1 �-D 

1 �, b 3 �-a 3 �+ , e 3 �−-b 3 �, 2 3 �-1 3 �, 2 3 �−- 

1 3 �−, 2 3 �−-b 3 � and 1 5 �-1 5 �+ systems are found to be strong according to our calculated Einstein 

coefficients, whereas the emissions are weak for the 2 3 �-b 3 � system. Radiative lifetimes for the first 15 

vibrational levels are evaluated to be about tens of nanoseconds for the 2 1 � state, about several hundred 

nanoseconds for the A 

1 � state, about several to tens of microseconds for the b 3 �, 2 3 �, 2 3 �− and 1 5 �

states and about several to several hundred microseconds for the e 3 �− state. The results can be used as 

guidelines for line identification and diagnostics of astrophysical plasma. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Phosphorus mononitride (PN) is the first P-bearing molecule

etected in the interstellar medium [1,2] . Subsequently, it was ob-

erved in the Origin ”plateau” source [3] , star-forming regions and

old cloud cores [4] . Over the past ten years or so, PN and other

-bearing species have been discovered by many research groups.

hese discoveries of P-bearing species, in the oxygen-rich super-

iant star VY Canis Majoris [5,6] , in the wind of the oxygen-rich

GB star IK Tauri [7] , in massive dense cores [8–10] , in solar-

ype star-forming regions [11] and in five molecular clouds located

n the Galactic Center [12] , greatly enhance our understanding of

he interstellar medium, since many emission lines have been ob-

erved. It is well known that spectral lines can provide valuable

nformation on astrophysical plasma. Analyzing the observed spec-

ra requires knowledge of the transition properties of PN. However,
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ransition properties between triplet or quintet states of PN have

ot been investigated experimentally and theoretically. 

Experimentally, spectroscopic observation of PN molecule was

rst reported by Curry et al. [13] for the bands in the region 2400–

900 Å. Analysis of the measured 24 bands gave an assignment

f this system as a 1 �- 1 � transition [14,15] . However, no atten-

ion had been paid to PN molecule until 1971 when Raymonda

nd Klemperer [16] provided a set of complementary structure

arameters of PN by analyzing the molecular beam electric res-

nance spectrum. Since then, a number of experimental studies

17–29] have been performed and lots of spectral bands have been

ecorded. Most of them are designed to investigate the molec-

lar structure and spectroscopic parameters of PN. In particular,

oeller and Silvers [17] obtained a table of relative transition prob-

bilities of the A 

1 �-X 

1 �+ system from the observed fluorescence

pectra of PN. Ghosh et al. [20] reported a high resolution study

f the A 

1 �-X 

1 �+ system in the spectral range of 220 0–310 0 Å, in-

luding υ ′ = 0–10 to υ ′′ = 0–11 transitions. Ahmad and Hamil-

on [24] reported accurate infrared and microwave results of the

 

1 �-X 

1 �+ system. Coquart and Prudhomme [18,19] first observed

he absorption spectra of the E 1 �+ -X 

1 �+ transition in the 1600–
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1900 Å region and found 11 vibrational levels of the new excited

E 1 �+ state. Verma et al. [22] identified some absorption bands

in the spectral region 130 0–150 0 Å as the α1 �-X 

1 �+ , β1 �-X 

1 �+ ,
γ 1 �+ -X 

1 �+ and δ1 �+ -X 

1 �+ transitions by rotational analysis of

these bands. Saraswathy and Krishnamurty [21] carried out a rota-

tional analysis of 11 bands of the A 

1 �-X 

1 �+ system for P 14 N and

16 bands of the A 

1 �-X 

1 �+ system for P 15 N, along with the per-

turbation in the υ = 0–4 levels of A 

1 � state caused by the e 3 �−,

d 

3 � and b 3 � states. Such study was improved later by Floch et al.

[26] . In addition, Bredohl et al. [23] observed the absorption spec-

trum of PN up to 1050 Å and determined 5 Rydberg series. 

Theoretically, a great deal of work [30–44] has been done on

the electronic structure, potential energy and spectroscopic param-

eters of PN. Among these theoretical studies, only one group in-

vestigated the transition properties of PN, i.e., de Brouckere et al.

[35,37] determined the pure rotational, rovibrational transitions

and spontaneous radiative lifetimes for the X 

1 �+ ground state of

PN and calculated the Einstein coefficients and Franck-Condon fac-

tors of the A 

1 �-X 

1 �+ and D 

1 �-A 

1 � systems. 

Analyzing previous experimental results, we can find that many

spectral bands have been recorded for the A 

1 �-X 

1 �+ system of

PN, together with numerous vibrational band origins. Four triplet

a 3 �+ , e 3 �−, d 

3 � and b 3 � states have been observed by analy-

sis of their perturbation in the A 

1 � state, but little spectroscopic

data of them have been obtained. Experimental observation seems

not to have reported the transition properties between triplet or

quintet states over the past few decades. We wonder whether the

transitions between triplet or quintet states are too weak to ob-

serve. Moreover, theoretical studies have not been carried out for

radiative transition probabilities between triplet or quintet states.

Radiative lifetimes of any triplet or quintet states are not available

in the literature. So the transition properties of PN are worthy of

further investigation. 

This work is organized as follows. In Section 2 , we briefly

present the theory and method, including the dissociation rela-

tionships between the electronic states and the dissociation limits

of PN, the approaches of calculating the potential energy curves

(PECs) and the transition dipole moments (TDMs), and the for-

mulas of computing the transition parameters. In Section 3 , PECs

and TDMs are reported. The vibrational band origins, Einstein co-

efficients of spontaneous emission (hereafter called Einstein co-

efficients) and Franck-Condon factors are determined for dipole-

allowed transition systems. Radiative lifetimes are also evaluated

for the A 

1 �, D 

1 �, 2 1 �, b 3 �, e 3 �−, 2 3 �, 2 3 �− and 1 5 � states.

In Section 4 , conclusions are drawn. These results can be used as

guidelines for line identification and diagnostics of astrophysical

plasma. 

2. Theory and method 

2.1. Dissociation relationships 

The ground states of nitrogen (N) and Phosphorus (P) are

(2 p 3 ) 4 S u and (3 p 3 ) 4 S u , respectively. The first and second excited

states of N are (2 p 3 ) 2 D u and (2 p 3 ) 2 P u , respectively. Their en-

ergy levels relative to the ground state are 19,228.82 cm 

−1 and

28,839.11 cm 

−1 [45] , which are obtained, respectively, by averaging

the energy of the (2 p 3 ) 2 D 3/2 and (2 p 3 ) 2 D 5/2 states and by averag-

ing the energy of the (2 p 3 ) 2 P 1/2 and (2 p 3 ) 2 P 3/2 states. The first and

second excited states of P are (3 p 3 ) 2 D u and (3 p 3 ) 2 P u , respectively.

Their energy levels relative to the ground state are 11,368.83 cm 

−1 

and 18,735.36 cm 

−1 [45] , which are obtained, respectively, by av-

eraging the energy of the (3 p 3 ) 2 D 1/2 and (3 p 3 ) 2 D 3/2 states and

by averaging the energy of the (3 p 3 ) 2 P 1/2 and (3 p 3 ) 2 P 3/2 states.

Therefore, the first six dissociation limits of PN are P( 4 S u ) + N( 4 S u ),
( 4 D u ) + N( 4 S u ), P( 2 P u ) + N( 4 S u ), P( 4 S u ) + N( 2 D u ), P( 4 S u ) + N( 2 P u ) and

( 2 D u ) + N( 2 D u ), respectively. These six dissociation limits and their

enerating 54 electronic states are presented in Table 1 . The en-

rgy separations between each higher dissociation limit and the

owest one are calculated and given in Table 1 , which are in excel-

ent agreement with the experimental data [45] . 

.2. PECs and TDMs 

Using the complete active space self-consistent field (CASSCF)

ave functions [46] as reference, PECs are calculated by the inter-

ally contracted multireference configuration-interaction (icMRCI)

ethod [47,48] with Davidson correction ( + Q). These calculations

re done in C 2v symmetry and performed in the MOLPRO 2015

rogram suite [49,50] . In the calculations, nine outermost molec-

lar orbitals (MOs) (5 a 1 , 2 b 1 and 2 b 2 ), i.e., 5-9 σ , 2 π and 3 π MOs,

re chosen as active orbitals. 10 valence electrons of PN are dis-

ributed into 9 valence MOs, the other 12 inner electrons are put

nto 6 closed-shell MOs (4 a 1 , 1 b 1 and 1 b 2 ), i.e., 1-4 σ and 1 π MOs.

To obtain more accurate PECs, potential energy is extrapolated

o the complete basis set (CBS) limit with the aug-cc-pV5Z (AV5Z)

nd aug-cc-pV6Z (AV6Z) basis sets of Dunning [38,51,52] , denoted

s “56”. Extrapolation formulas used here are given by Truhlar

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 the reference and correlation energies, re-

pectively, computed by the AVXZ basis set (here X = 5 and 6). E 
re f 
∞ 

nd E cor ∞ 

are the reference and correlation energies, respectively,

etermined by the CBS extrapolation. Extrapolation parameters α
nd β are given by Truhlar [53] . Core valence (CV) correlation en-

rgy correction is obtained by the icMRCI technique using the cc-

CV5Z basis set [38] . Scalar relativistic energy correction is calcu-

ated via third-order Douglas-Kroll-Hess (DKH3) Hamiltonian ap-

roximation [54,55] at the icMRCI/cc-pV5Z-DK [56] level of theory.

inally, PECs are obtained by the icMRCI + Q/56 + CV + DK method. 

TDMs are calculated by the valence icMRCI approach with the

V6Z basis set, as implemented in the MOLPRO 2015 program

uite. The obtained PECs and TDMs are used to compute the ra-

iative transition probabilities for dipole-allowed transitions of PN.

adiative lifetimes of vibrational levels for some electronic states

f PN are also evaluated. Such transition parameters will be elabo-

ated below. 

.3. Transition probabilities 

Transition probabilities such as Einstein coefficients A υ ’ υ ” and

ranck-Condon factors q υ ’ υ ” between an initial vibrational level υ ′ 
n the upper electronic state and a final vibrational level υ ′′ in the

ower electronic state are as follows [57,58] 

 υ ′ υ ′′ = 2 . 026 × 10 

−6 σ 3 
υ ′ υ ′′ 

2 − δ0 , Λ′ + Λ′′ 

2 − δ0 , Λ′ 

(
R 

υ ′ υ ′′ 
e 

)2 
(3)

 υ ′ υ ′′ = 

(∫ 
ψ υ ′ ( r ) ψ υ ′′ ( r ) dr 

)2 

(4)

here συ ′ υ ′′ is the wavenumber of a transition system, �′ and �′′ 
re the projections of electronic orbital angular momentum on the

nternuclear axis for the upper and lower electronic levels, respec-

ively. ψ υ ′ (r) and ψ υ ′′ (r) are the vibrational wave functions in the

pper electronic state and those in the lower electronic state, re-

pectively. (R υ
′ υ ′ 

e ) is the square of electronic-vibrational transition
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Table 1 

Dissociation relationships of the 54 electronic states generated from the first six dissociation limits of PN. 

Dissociation limit Electronic state Relative energy (cm 

−1 ) 

This work a Expt. [45] 

P( 4 S u ) + N( 4 S u ) X 1 �+ , a 3 �+ , 1 5 �+ , 1 7 �+ 0.00 0.00 

P( 4 D u ) + N( 4 S u ) 2 3 �+ , b 3 �, d 3 �, 2 5 �+ , 1 5 �, 1 5 � 11,415.49 11,368.83 

P( 2 P u ) + N( 4 S u ) e 3 �− , 2 3 �, 1 5 �− , 2 5 � 18,577.95 18,735.36 

P( 4 S u ) + N( 2 D u ) 3 3 �+ , 3 3 �, 2 3 �, 3 5 �+ , 3 5 �, 2 5 � 19,097.32 19,228.82 

P( 4 S u ) + N( 2 P u ) 2 3 �− , 4 3 �, 2 5 �− , 4 5 � 28,780.23 28,839.11 

P( 2 D u ) + N( 2 D u ) 2 1 �+ , 3 1 �+ , 4 1 �+ , C 1 �− , 2 1 �− , A 1 �, 2 1 �, 3 1 �, 4 1 �, D 1 �, 2 1 �, 3 1 �, 

1 1 �, 2 1 �, 1 1 �, 2 3 �+ , 3 3 �+ , 4 3 �+ , C 3 �− , 2 3 �− , A 3 �, 2 3 �, 3 3 �, 4 3 �, 

D 3 �, 2 3 �, 3 3 �, 1 3 �, 2 3 �, 1 3 �

30,174.01 30,104.19 

a Obtained by the icMRCI + Q/56 + CV + DK calculations. 

Fig. 1. PECs of (a) the X 1 �+ , A 1 �, C 1 �− , D 1 �, 2 1 �, 1 5 �+ and 1 5 � electronic states (b) the a 3 �+ , b 3 �, d 3 �, e 3 �− , 2 3 � and 2 3 �−electronic states for PN calculated at 

the icMRCI + Q/56 + CV + DK level of theory. The PECs are presented relative to the minimum of the ground state. 
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Fig. 2. Curves of TDM versus internuclear distance for seven band transition sys- 

tems between five singlet states. 

 

t  

t  

c  

U  

t  

r  

l  

a  

g  
oment, which can be expressed in terms of wave function and

DM [58] 

R 

υ ′ υ ′′ 
e 

)2 = 

[ ∫ ∞ 

0 

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

] 2 
(5) 

here R e ( r ) is the TDM. The total Einstein coefficients of a certain

ibrational level υ ′ in the upper electronic state are obtained by

umming the Einstein coefficients from this level to all possible vi-

rational levels υ ′′ in the lower electronic state. The radiative life-

imes of this level can be obtained by the reciprocal of the total

instein coefficients 

υ ′ = 

1 ∑ υ ′′ 
max 

υ ′′ =0 A υ ′ υ ′′ 
(6) 

here τ v ’ is radiative lifetimes of vibrational level υ ′ . 

. Results and discussion 

The PECs of the X 

1 �+ , A 

1 �, C 

1 �−, D 

1 �, 2 1 �, a 3 �+ , b 3 �, d 

3 �,

 

3 �−, 2 3 �, 2 3 �−, 1 5 �+ and 1 5 � electronic states for PN are cal-

ulated at the icMRCI + Q/56 + CV + DK level of theory and shown in

ig. 1 . Figs. 2 and 3 present the TDMs of 15 band transition sys-

ems. The obtained PECs are involved in the LEVEL program [59] to

alculate the spectroscopic parameters ( Table 2 ). Specifically speak-

ng, the vibrational levels G υ and internal rotation constant B υ are

rst determined by solving the nuclear radial Schrödinger equation

ver the PECs. The spectroscopic parameters of each state are then

tted by its G υ and B υ values, which are given in the Appendix

or determining the vibrational band origins. The spectral regions

f strong emissions for 15 band systems are presented in Table 3 . 
In order to clearly understand the electronic transitions be-

ween different states, the dominant valence electron configura-

ions of each state near the equilibrium internuclear distance are

alculated at the icMRCI/AV6Z level of theory and listed in Table 4 .

sing the PECs and TDMs obtained here, we compute the radia-

ive transition probabilities for 15 dipole allowed transitions. Some

elatively large Einstein coefficients and Franck-Condon factors are

isted in Tables 5–10 . The radiative lifetimes of some excited states

re also determined from the obtained Einstein coefficients and are

iven in Table 11 . From the selection rules of electric dipole tran-
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Table 2 

Spectroscopic parameters of 13 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 1 �+ This work 51,454.07 0.00 1.4918 1339.61 6.594 −8.202 0.78549 5.29 

Expt. [13] 50,812.91 0.00 1.4869 1337.24 6.983 0.78621 5.57 

Expt. [60] 0.00 1.49086 1335.6 6.5 0.786489 

Expt. [19] 0.00 1.49105 1336.98 6.906 0.78628 5.31 

Expt. [20] 0.00 1337.0 6.88 0.7 0.786486 5.538 

Expt. [21] 0.00 1.491 1337.0 6.88 0.78648 5.54 

Expt. [24] 0.00 1336.948 6.8958 0.7864844 5.5337 

Expt. [27] 51,938.86 a 0.00 1336.9992 6.9164 −0.352 0.78648 5.554 

Calc. [31] 44,279.82 0.00 1.488 1400.6 9.33 0.789 6.6 

Calc. [39] 50,479.80 0.00 1.4894 1351.30 

Calc. [40] 51,108.67 b 0.00 1.4 96 8 1336.2 6.6 0.7803 5.27 

Calc. [42] 45,973.58 0.00 1.552 1363.5 

Calc. [27] 51,287.97 0.00 1.4894 1352.2 6.58 0.788412 5.363 

Calc. [61] 50,645.15 0.00 1.4 94 8 1333.84 6.83729 0.78230 5.44 

Calc. [44] c 4 9,6 83.73 0.00 1.4977 1328.21 5.7768 2.029 0.77872 5.8 

A 1 � This work 40,995.53 40,032.55 1.5476 1104.81 7.520 35.019 0.73060 7.47 

Expt. [13] 41,134.26 39,688.52 1.5424 1103.09 7.222 0.73071 6.63 

Expt. [20] 39,805.9 1103.0 7.25 0.7310 6.41 

Expt. [21] 39,805.64 1.547 1103.0 7.25 0.7310 6.40 

Calc. [31] 35,085.10 40,327.71 1.566 1071.7 11.4 0.713 7.5 

Calc. [37] 40,007.6 1.5732 1066.3 10.72 0.7063 1.83 

Calc. [61] 41,331.86 1.5501 1100.24 7.21846 0.727505 6.33 

Calc. [44] c 40,624.26 40,610.00 1.556 1078.42 7.3099 11.315 0.72130 4.9 

D 1 � This work 39,993.49 42,106.86 1.6073 1018.98 7.527 21.132 0.67724 5.9 

Calc. [31] 33,713.96 41,618.19 1.622 967.9 1.97 0.664 7.0 

Calc. [37] 40,345.5 1.6252 1105.7 16.17 0.6619 2.98 

Calc. [61] 41,555.28 1.6196 1002.269 4.28833 0.665056 2.81 

Calc. [44] c 39,488.89 41,835.96 1.614 1010.647 1.5168 33.974 0.671 5.3 

C 1 �− This work 42,766.02 39,298.72 1.6211 977.5 4.9329 5.88 0.66390 5.72 

Calc. [31] 37,827.38 37,504.77 1.617 1108.8 8.70 0.669 5.1 

Calc. [44] c 41,852.09 39,505.02 1.627 973.927 2.7984 114.483 0.6597 5.5 

2 1 � This work 16,044.34 65,916.71 1.7650 733.20 17.515 71.498 0.7306 7.47 

Calc. [31] 70,170.21 

Calc. [44] d 15,526.17 65,742.22 1.730 648.93 9.8953 132.984 0.5833 6.1 

a 3 �+ This work 25,249.32 26,065.66 1.6481 941.61 8.742 10.967 0.64253 5.47 

Calc. [31] 19,599.26 24,761.21 1.669 787.4 10.09 0.628 1.10 

Calc. [44] c 23,785.28 25,817.80 1.655 913.765 3.8056 43.011 0.6375 6.9 

b 3 � This work 29,197.77 33,671.79 1.5449 1113.24 2.940 31.621 0.73301 7.34 

Calc. [31] 21,696.31 34,359.20 1.558 1124.3 9.94 0.720 7.2 

Calc. [44] d 27,672.87 33,843.01 1.555 1102.494 8.4532 10.777 0.7224 5.1 

d 3 � This work 29,679.37 32,975.56 1.6324 949.99 4.599 0.825 0.65376 4.81 

Calc. [31] 23,551.38 32,504.13 1.666 770.3 −14.51 0.629 6.0 

Calc. [44] c 28,471.36 33,125.18 1.640 959.263 5.3371 22.199 0.6495 6.9 

e 3 �− This work 32,081.01 37,951.02 1.6240 981.37 5.828 2.847 0.66149 4.77 

Calc. [31] 37,827.39 37,504.77 1.617 1108.8 9.70 0.669 5.1 

Calc. [44] c 30,665.19 37,956.44 1.632 982.255 6.7247 4.224 0.6556 6.9 

2 3 � This work 16,047.04 54,504.35 1.9089 622.74 3.570 2.387 0.47988 4.23 

Calc. [44] d 14,759.94 54,232.70 1.918 607.601 4.1129 8.777 0.4747 4.4 

2 3 �− This work 17,798.26 62,436.04 1.9002 631.87 3.289 2.808 0.48405 3.99 

Calc. [44] d 16,445.64 61,911.09 1.909 616.566 5.0133 27.685 0.4794 4.1 

1 5 �+ This work 7717.77 44,095.84 1.9237 572.41 1.223 33.983 0.47058 3.65 

Calc. [44] d 6226.60 43,263.56 1.927 565.348 8.4164 7.756 0.4703 5.3 

1 5 � This work 9303.92 53,760.81 1.7802 703.86 9.155 12.030 0.55130 4.97 

Calc. [44] d 84 4 4.62 53,039.00 1.784 711.832 13.8384 77.754 0.5486 6.7 

a Obtained from the experimental D 0 at T = 0 K [28] , and the experimental vibrational correction [27] . 
b Obtained from thetheoretical D 0 [40] and the zero point energy in this work. 
c Obtained by MRCI/AV(5 + d)Z level of theory. 
d Obtained by MRCI/AV5Z level of theory. 

Table 3 

Spectral regions of the strong emissions for 15 band systems. 

Band system Spectral region Band system Spectral region Band system Spectral region 

A 1 �-X 1 �+ UV a 2 1 �-C 1 �− UV and visible 2 3 �-b 3 � UV 

A 1 �-C 1 �− Infrared 2 1 �-D 1 � UV and visible 2 3 �−1 3 � UV to mid-infrared 

D 1 �-A 1 � Near-infrared b 3 �-a 3 �+ Visible and near-infrared 2 3 �−−1 3 �− UV to infrared 

2 1 �-A 1 � UV to far-infrared b 3 �-d 3 � Mid-infrared 2 3 �−-b 3 � UV 

2 1 �-X 1 �+ UV and visible e 3 �−-b 3 � Near- and Mid-infrared 1 5 �−1 5 �+ VUV b 

a UV is the abbreviation of ultraviolet. 
b VUV is the abbreviation of vacuum ultraviolet. 
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Table 4 

Dominant electron configurations of 13 electronic states for PN near their corresponding equilibrium internuclear distances. 

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

X 1 �+ 5 σ 2 6 σ 2 2 π4 7 σ 2 3 π0 8 σ 0 (0.899) a a 3 �+ 5 σ 2 6 σ 2 2 π3 7 σ 2 3 π1 8 σ 0 (0.645) 2 3 � 5 σ 2 6 σ 2 2 π2 7 σ 2 3 π2 8 σ 0 (0.758) 

A 1 � 5 σ 2 6 σ 2 2 π4 7 σ 1 3 π1 8 σ 0 (0.890) 5 σ 2 6 σ 2 2 π1 7 σ 2 3 π3 8 σ 0 (0.148) 2 3 �− 5 σ 2 6 σ 2 2 π2 7 σ 2 3 π2 8 σ 0 (0.905) 

C 1 �− 5 σ 2 6 σ 2 2 π3 7 σ 2 3 π1 8 σ 0 (0.657) d 3 � 5 σ 2 6 σ 2 2 π3 7 σ 2 3 π1 8 σ 0 (0.899) 1 5 �+ 5 σ 2 6 σ 2 2 π2 7 σ 2 3 π2 8 σ 0 (0.930) 

D 1 � 5 σ 2 6 σ 2 2 π3 7 σ 2 3 π1 8 σ 0 (0.654) 5 σ 2 6 σ 2 2 π1 7 σ 2 3 π3 8 σ 0 (0.114) 1 5 � 5 σ 2 6 σ 2 2 π3 7 σ 1 3 π2 8 σ 0 (0.930) 

2 1 � 5 σ 2 6 σ 2 2 π3 7 σ 1 3 π2 8 σ 0 (0.593) b 3 � 5 σ 2 6 σ 2 2 π4 7 σ 1 3 π1 8 σ 0 (0.903) 

5 σ 2 6 σ 2 2 π3 7 σ 2 3 π0 8 σ 1 (0.185) e 3 �− 5 σ 2 6 σ 2 2 π3 7 σ 2 3 π1 8 σ 0 (0.648) 

The coefficients lower than 0.1 are not given here. Core configuration of each electronic state is 1 σ 2 2 σ 2 3 σ 2 4 σ 2 1 π4 . 
a Values in parentheses are the coefficients squared of configuration state function (CSF) which are relevant to the electron config- 

uration. 

Table 5 

Einstein coefficients (s −1 ) and Franck-Condon factors of the A 1 �-X 1 �+ , A 1 �-C 1 �− , D 1 �-A 1 � and 2 1 �-A 1 � systems for PN. 

A 1 �-X 1 �+ A 1 �-C 1 �− D 1 �-A 1 � 2 1 �-A 1 �

υ ′ - υ ′′ EC a FC b υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC 

0–0 9.10E + 05 0.5577 1–0 3.46E + 02 0.3849 1–0 7.52E + 02 0.2759 0–1 1.80E + 04 0.0542 

0–1 4.16E + 05 0.3179 2–0 4.46E + 02 0.1248 2–0 7.73E + 02 0.0903 0–2 1.93E + 04 0.1221 

1–0 6.26E + 05 0.3105 3–1 9.97E + 02 0.2458 3–1 1.45E + 03 0.1584 0–3 1.13E + 04 0.1862 

1–1 1.68E + 05 0.0995 4–1 5.29E + 02 0.0619 4–1 1.47E + 03 0.0700 1–0 6.58E + 04 0.0712 

1–2 4.36E + 05 0.3287 4–2 1.43E + 03 0.3158 4–2 1.86E + 03 0.1798 1–1 9.13E + 04 0.1690 

1–3 2.01E + 05 0.1847 5–2 1.12E + 03 0.1251 5–2 2.37E + 03 0.1050 1–2 4.73E + 04 0.1683 

2–0 2.31E + 05 0.0924 5–3 1.55E + 03 0.3134 5–3 1.74E + 03 0.1542 2–0 1.87E + 05 0.1392 

2–1 6.21E + 05 0.3067 6–3 1.64E + 03 0.2077 6–2 1.86E + 03 0.0449 2–1 1.20E + 05 0.1429 

2–3 2.90E + 05 0.2174 6–4 1.51E + 03 0.2755 6–3 2.89E + 03 0.1213 2–2 1.10E + 04 0.0224 

2–4 2.64E + 05 0.2423 7–4 2.09E + 03 0.2077 6–4 1.32E + 03 0.1070 3–0 3.90E + 05 0.2075 

3–1 4.53E + 05 0.1826 7–5 1.37E + 03 0.2281 7–2 1.16E + 03 0.0171 3–1 6.54E + 04 0.0518 

3–2 3.88E + 05 0.1884 8–5 2.78E + 03 0.2612 7–3 2.95E + 03 0.0681 3–2 1.47E + 04 0.0212 

3–4 1.28E + 05 0.0958 8–6 1.11E + 03 0.1718 7–4 3.08E + 03 0.1230 4–0 5.01E + 05 0.1973 

3–5 2.69E + 05 0.2461 9–6 3.21E + 03 0.2868 8–3 2.05E + 03 0.0293 4–2 9.49E + 04 0.0880 

3–6 1.33E + 05 0.1485 10–6 1.13E + 03 0.0810 8–4 3.64E + 03 0.0809 4–3 1.99E + 04 0.0292 

4–1 1.84E + 05 0.0598 10–7 3.62E + 03 0.3063 8–5 2.86E + 03 0.1073 5–0 5.43E + 05 0.1626 

4–2 5.42E + 05 0.2193 11–7 1.51E + 03 0.1055 9–3 1.21E + 03 0.0116 5–1 1.01E + 05 0.0459 

4–3 1.46E + 05 0.0696 11–8 3.99E + 03 0.3240 9–5 4.12E + 03 0.0891 5–2 1.10E + 05 0.0701 

4–4 1.91E + 05 0.1186 12–8 1.84E + 03 0.1261 9–6 2.66E + 03 0.0929 5–4 3.78E + 04 0.0721 

4–6 2.22E + 05 0.2031 12–9 4.17E + 03 0.3233 10–4 2.00E + 03 0.0186 6–0 4.39E + 05 0.1027 

4–7 1.70E + 05 0.1917 13–9 2.25E + 03 0.1506 10–5 3.95E + 03 0.0526 6–1 3.43E + 05 0.1152 

a EC refers to Einstein coefficient. 
b FC is denoted as Franck-Condon factor. 

Table 6 

Einstein coefficients (s −1 ) and Franck-Condon factors of the 2 1 �-X 1 �+ , 2 1 �-C 1 �− and 2 1 �-D 1 � sys- 

tems for PN. 

2 1 �-X 1 �+ 2 1 �-C 1 �− 2 1 �-D 1 �

υ ′ - υ ′′ EC a FC b υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC 

0–2 1.73E + 05 0.0103 1–0 1.90E + 04 0.0040 2–0 1.07E + 04 0.2819 

0–3 5.84E + 05 0.0271 2–0 2.84E + 04 0.0148 3–0 2.65E + 04 0.1768 

0–4 1.32E + 06 0.0545 3–0 3.35E + 04 0.0416 3–1 1.36E + 04 0.1561 

0–5 2.20E + 06 0.0891 3–1 3.97E + 04 0.1044 4–0 3.37E + 04 0.0635 

0–6 2.93E + 06 0.1226 4–0 2.58E + 04 0.0748 4–1 3.68E + 04 0.2199 

0–7 3.32E + 06 0.1464 4–1 6.17E + 04 0.1116 4–2 1.02E + 04 0.0210 

0–8 3.23E + 06 0.1538 4–2 2.77E + 04 0.0438 5–0 3.10E + 04 0.0160 

0–9 2.57E + 06 0.1385 5–0 1.66E + 04 0.1182 5–1 6.57E + 04 0.1529 

0–10 1.62E + 06 0.1031 5–1 6.32E + 04 0.0866 5–2 3.30E + 04 0.1626 

1–3 2.26E + 06 0.1033 5–2 7.20E + 04 0.0019 6–0 1.79E + 04 0.0020 

1–4 3.35E + 06 0.1274 5–3 1.84E + 04 0.0361 6–1 6.85E + 04 0.0572 

1–5 3.02E + 06 0.1094 6–1 4.16E + 04 0.0353 6–2 6.81E + 04 0.1914 

1–6 1.57E + 06 0.0587 6–2 8.64E + 04 0.0150 6–3 2.68E + 04 0.0739 

1–10 1.52E + 06 0.0793 6–3 6.38E + 04 0.0607 7–1 4.69E + 04 0.0115 

2–2 1.36E + 06 0.0999 6–4 1.16E + 04 0.0138 7–2 9.41E + 04 0.1094 

2–3 2.24E + 06 0.10 0 0 7–1 1.84E + 04 0.0025 7–3 6.82E + 04 0.1841 

2–4 1.58E + 06 0.0505 7–2 6.50E + 04 0.0553 7–4 2.59E + 04 0.0170 

2–5 1.99E + 05 0.0044 7–3 1.06E + 05 0.0331 8–1 1.97E + 04 0.0 0 07 

2–6 2.98E + 05 0.0108 7–4 5.94E + 04 0.0042 8–2 8.39E + 04 0.0335 

2–7 1.47E + 06 0.0530 8–2 3.23E + 04 0.0680 8–3 1.11E + 05 0.1531 

2–8 1.78E + 06 0.0738 8–3 1.01E + 05 0.0016 8–4 6.64E + 04 0.1428 

a EC refers to Einstein coefficient. 
b FC is denoted as Franck-Condon factor. 
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Table 7 

Spectroscopic parameters of the b 3 � and e 3 �− electronic states for PN obtained by fitting the calculated energy levels approximately 

lying at υ = 0–4 levels of the A 1 � state. 

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 

b 3 � This work 29,197.77 33,671.79 1.5449 1137.10 8.556 0.73246 6.57 

Expt. [21] 33,370.00 1.497 1150.0 8.00 0.78 5.00 

e 3 �− This work 32,081.01 37,951.02 1.6240 981.37 5.828 2.847 0.66149 4.77 

Expt. [21] 37,330.00 1.637 992.0 5.00 0.6525 5.00 

Table 8 

Einstein coefficients (s −1 ) and Franck-Condon factors of the b 3 �-a 3 �+ , b 3 �-d 3 �, e 3 �−-b 3 � and 2 3 �-b 3 � systems for PN. 

b 3 �-a 3 �+ b 3 �-d 3 � e 3 �−-b 3 � 2 3 �-b 3 �

υ ′ - υ ′′ EC a FC b υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC 

0–0 9.45E + 03 0.2046 1–0 4.24E + 02 0.3953 0–0 3.70E + 03 0.3846 3–4 1.20E + 01 0.0443 

0–1 7.29E + 03 0.2815 2–0 9.36E + 02 0.2067 0–1 1.07E + 03 0.3964 3–5 1.40E + 01 0.0736 

0–2 2.85E + 03 0.2275 2–1 2.47E + 02 0.1790 1–0 9.03E + 03 0.3261 4–3 1.50E + 01 0.0313 

1–0 2.91E + 04 0.3616 3–0 6.38E + 02 0.0579 2–0 1.04E + 04 0.1703 4–4 2.20E + 01 0.0617 

1–1 3.38E + 03 0.0652 3–1 1.51E + 03 0.2930 2–1 4.72E + 03 0.1545 4–5 1.90E + 01 0.0695 

2–0 3.40E + 04 0.2723 4–0 1.92E + 02 0.0095 3–0 7.94E + 03 0.0688 5–2 1.40E + 01 0.0177 

2–1 4.70E + 03 0.0555 4–1 1.74E + 03 0.1464 3–1 1.30E + 04 0.1987 5–3 2.90E + 01 0.0466 

2–2 9.29E + 03 0.1656 4–2 1.42E + 03 0.2447 3–3 2.32E + 03 0.1494 5–4 3.20E + 01 0.0672 

2–3 1.29E + 03 0.0377 5–1 7.63E + 02 0.0360 4–0 4.64E + 03 0.0237 5–5 1.60E + 01 0.0445 

3–0 2.00E + 04 0.1128 5–2 2.77E + 03 0.2170 4–1 1.57E + 04 0.1300 6–2 2.90E + 01 0.0282 

3–1 3.33E + 04 0.2560 5–3 9.89E + 02 0.1524 4–2 9.20E + 03 0.1318 6–3 4.60E + 01 0.0579 

3–3 5.47E + 03 0.0903 6–1 1.62E + 02 0.0051 4–4 2.76E + 03 0.1555 6–4 3.50E + 01 0.0566 

3–4 3.96E + 03 0.1041 6–2 1.61E + 03 0.0732 5–0 2.31E + 03 0.0075 7–1 1.90E + 01 0.0118 

4–0 6.58E + 03 0.0279 6–3 3.37E + 03 0.2471 5–1 1.28E + 04 0.0632 7–2 4.90E + 01 0.0391 

4–1 4.01E + 04 0.2198 6–4 4.99E + 02 0.0704 5–2 1.84E + 04 0.1454 7–3 6.00E + 01 0.0607 

4–2 1.56E + 04 0.1156 6–5 3.22E + 02 0.0977 5–3 4.17E + 03 0.0567 7–4 2.70E + 01 0.0352 

4–3 8.47E + 03 0.0853 7–2 3.83E + 02 0.0120 5–4 1.52E + 03 0.0362 7–7 1.30E + 01 0.0379 

4–5 4.16E + 03 0.0987 7–3 2.54E + 03 0.1115 5–5 2.34E + 03 0.1163 8–1 3.50E + 01 0.0180 

4–6 1.53E + 03 0.0610 7–4 3.62E + 03 0.2494 6–0 1.02E + 03 0.0022 8–2 7.40E + 01 0.0483 

5–0 1.29E + 03 0.0045 7–5 1.23E + 02 0.0166 6–1 8.03E + 03 0.0256 8–3 6.50E + 01 0.0538 

5–1 2.04E + 04 0.0851 7–6 4.67E + 02 0.1205 6–2 2.01E + 04 0.0966 8–4 1.30E + 01 0.0138 

5–2 4.65E + 04 0.2484 8–3 7.19E + 02 0.0223 6–3 1.59E + 04 0.1203 9–0 1.20E + 01 0.0041 

5–3 2.56E + 03 0.0189 8–4 3.77E + 03 0.1597 6–5 3.43E + 03 0.0756 9–1 5.80E + 01 0.0250 

5–6 2.26E + 03 0.0486 8–5 3.45E + 03 0.2245 6–6 1.47E + 03 0.0653 9–2 9.90E + 01 0.0533 

5–7 2.36E + 03 0.0824 8–7 5.10E + 02 0.1129 7–1 4.29E + 03 0.0093 9–3 5.80E + 01 0.0395 

a EC refers to Einstein coefficient. 
b FC is denoted as Franck-Condon factor. 

Table 9 

Einstein coefficients (s −1 ) and Franck-Condon factors of the 2 3 �−1 3 �, 2 3 �−−1 3 �− and 2 3 �−-b 3 �

systems for PN. 

2 3 �-1 3 � 2 3 �−-1 3 �− 2 3 �−-b 3 �

υ ′ - υ ′′ EC a FC b υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC 

0–3 1.52E + 03 0.0397 0–3 2.82E + 03 0.0354 5–3 1.13E + 03 0.0597 

0–4 2.70E + 03 0.0883 0–4 5.41E + 03 0.0797 6–2 1.53E + 03 0.0404 

0–5 3.47E + 03 0.1426 0–5 7.62E + 03 0.1340 6–3 1.71E + 03 0.0665 

0–6 3.47E + 03 0.1814 0–6 8.38E + 03 0.1764 7–1 1.34E + 03 0.0190 

1–2 2.93E + 03 0.0484 0–7 7.36E + 03 0.1853 7–2 2.52E + 03 0.0516 

1–3 4.81E + 03 0.0968 0–8 5.18E + 03 0.1568 7–3 2.05E + 03 0.0599 

1–4 5.13E + 03 0.1266 0–9 2.89E + 03 0.1062 8–1 2.43E + 03 0.0274 

2–1 3.23E + 03 0.0354 1–2 4.77E + 03 0.0435 8–2 3.57E + 03 0.0579 

2–2 6.67E + 03 0.0878 1–3 9.12E + 03 0.0922 8–3 1.92E + 03 0.0435 

2–3 6.66E + 03 0.1056 1–4 1.07E + 04 0.1249 9–0 1.21E + 03 0.0074 

3–1 6.93E + 03 0.0624 1–5 7.18E + 03 0.1002 9–1 4.01E + 03 0.0363 

3–2 9.45E + 03 0.1010 2–1 4.30E + 03 0.0325 9–2 4.41E + 03 0.0579 

3–3 4.46E + 03 0.0571 2–2 1.07E + 04 0.0831 9–3 1.31E + 03 0.0238 

3–6 3.35E + 03 0.0725 2–3 1.31E + 04 0.1079 10–0 2.27E + 03 0.0111 

4–0 3.73E + 03 0.0238 2–4 7.02E + 03 0.0649 10–1 6.07E + 03 0.0446 

4–1 1.11E + 04 0.0832 2–7 5.35E + 03 0.0794 10–2 4.75E + 03 0.0515 

4–2 8.92E + 03 0.0788 2–8 4.27E + 03 0.0768 11–0 4.00E + 03 0.0158 

4–5 4.35E + 03 0.0626 3–1 8.81E + 03 0.0604 11–1 8.49E + 03 0.0511 

5–0 7.00E + 03 0.0379 3–2 1.50E + 04 0.1013 11–2 4.36E + 03 0.0402 

5–1 1.45E + 04 0.0913 3–3 9.53E + 03 0.0637 12–0 6.61E + 03 0.0211 

5–2 5.46E + 03 0.0404 4–0 3.66E + 03 0.0245 12–1 1.10E + 04 0.0545 

5–4 5.39E + 03 0.0538 4–1 1.29E + 04 0.0831 12–2 3.26E + 03 0.0263 

5–5 2.54E + 03 0.0301 4–2 1.34E + 04 0.0816 12–4 2.57E + 03 0.0332 

5–7 3.16E + 03 0.0506 4–5 8.44E + 03 0.0624 13–0 1.03E + 04 0.0268 

6–0 1.14E + 04 0.0529 4–8 5.52E + 03 0.0565 13–1 1.31E + 04 0.0539 

a EC refers to Einstein coefficient. 
b FC is denoted as Franck-Condon factor. 
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Table 10 

Einstein coefficients (s −1 ) and Franck-Condon factors of the 1 5 �-1 5 �+ system for PN. 

υ ′ - υ ′′ EC a FC b υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC υ ′ - υ ′′ EC FC 

0–0 1.95E + 04 0.1425 0–1 2.20E + 04 0.2395 0–2 1.30E + 04 0.2305 1–0 6.51E + 04 0.3247 

1–1 1.78E + 04 0.1181 2–0 8.41E + 04 0.3157 2–2 2.25E + 04 0.1418 3–0 8.41E + 04 0.3157 

3–1 6.12E + 04 0.2389 3–4 1.19E + 04 0.0972 4–0 1.13E + 04 0.0361 4–1 7.84E + 04 0.2554 

4–2 2.13E + 04 0.0857 4–3 2.53E + 04 0.1094 5–1 3.10E + 04 0.0980 5–2 8.23E + 04 0.2671 

5–4 2.80E + 04 0.1202 6–2 5.71E + 04 0.1778 6–3 6.59E + 04 0.2193 6–5 1.64E + 04 0.0711 

6–6 1.41E + 04 0.0692 7–2 1.17E + 04 0.0433 7–3 7.50E + 04 0.2399 7–4 3.98E + 04 0.1382 

7–5 1.75E + 04 0.0535 7–7 1.57E + 04 0.0759 8–3 1.95E + 04 0.0747 8–4 8.67E + 04 0.2830 

a EC refers to Einstein coefficient. 
b FC is denoted as Franck-Condon factor. 

Fig. 3. Curves of TDM versus internuclear distance for eight band transition sys- 

tems between six triplet states or two quintet states. 

Table 11 

Radiative lifetimes of the first 15 vibrational levels for the A 1 �, D 1 �, 2 1 �, b 3 �, 

e 3 �− , 2 3 �, 2 3 �− and 1 5 � states of PN. 

υ ′ A 1 � D 1 � 2 1 � b 3 � e 3 �− 2 3 � 2 3 �− 1 5 �

τ / ns τ /μs τ /ns τ /μs τ /μs τ /μs τ /μs τ /μs 

0 659.4 3872 50.28 49.20 206.9 56.87 23.13 16.35 

1 674.3 1186 50.63 27.81 98.46 42.93 18.85 10.81 

2 660.8 615.2 55.99 19.50 59.45 33.60 15.71 8.249 

3 646.5 378.3 60.61 15.05 40.75 26.10 12.70 6.854 

4 642.2 246.8 64.90 12.40 30.41 19.23 9.848 6.288 

5 643.0 181.8 64.24 10.62 23.68 15.34 8.406 5.817 

6 632.1 144.3 61.68 9.364 19.26 13.10 7.440 5.606 

7 610.6 113.0 57.68 8.356 16.16 10.95 6.371 5.695 

8 607.4 95.96 55.38 7.458 13.93 9.566 5.574 5.237 

9 598.6 79.54 52.45 6.881 12.20 8.340 4.864 4.950 

10 583.8 69.81 49.10 6.232 10.77 7.358 4.289 5.576 

11 581.8 60.17 47.20 5.592 9.517 6.637 3.875 5.678 

12 566.8 53.86 45.59 5.283 8.146 5.947 3.457 5.111 

13 565.3 45.02 44.30 4.819 7.142 5.412 3.116 6.056 

14 553.1 37.37 43.37 4.303 6.192 4.991 2.839 7.613 
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X  
itions, radiative transition can only occur between the states with

he same spin multiplicity. So all the electronic transitions consid-

red here are discussed in three groups. 

.1. Radiative transitions between singlet states 

The ground X 

1 �+ state of PN mainly consists of the

 σ 2 6 σ 2 2 π4 7 σ 2 3 π0 8 σ 0 valence electron configuration around the

quilibrium internuclear distance. Recent laboratory study of the

 

1 �+ state was performed by Cazzoli et al. [27] using mi-

rowave spectroscopy. Accurate rovibrational spectroscopic con-

tants were thus determined to be 1337.00, 6.916 4, 0.786 48 and
.00554 cm 

−1 for ω e , ω e χ e , B e and αe , respectively. Our calculated

 e = 1339.61 cm 

−1 , ω e χ e = 6.5943 cm 

−1 , B e = 0.78621 cm 

−1 and

e = 0.00571 cm 

−1 are in excellent agreement with the experi-

ental data [27] . The determined R e = 1.4918 Å is also much close

o the experimental value, of which the deviation is only 0.0 0 09 Å.

he obtained dissociation energy D e of 51,454.07 cm 

−1 agrees quite

ell with the theoretical value of 51,287.97 cm 

−1 and the exper-

mental value of 51,938.86 cm 

−1 both obtained by Cazzoli et al.

27] . It is worth noting that the experimental value of D e is de-

ived from the experimental D 0 (P 
14 N) at T = 0 K [28] with the ex-

erimental vibrational correction [27] . 

The excited A 

1 � state has a potential well with

 e = 40,995.53 cm 

−1 , which is slightly lower than the exper-

mentally determined value 41,134.26 cm 

−1 [15] . The electronic

xcitation energy T e is determined to be 40,032.55 cm 

−1 . The

iscrepancy with the experimental result [20] is only 126.65 cm 

−1 .

he calculated ω e , ω e χ e , B e and r e are in good agreement with

hose reported from the experimental measurements [20,21] and

n recent theoretical calculation [61] , which confirms that this

tate is both reliable and accurate. 

The TDMs of the A 

1 �-X 

1 �+ system are given in Fig. 2 . Due to

he non-orthogonality of the vibrational functions between these

wo states, large values of radiative transition probabilities locate

ear diagonal matrix elements. Some large Einstein coefficients

nd Franck-Condon factors of the A 

1 �-X 

1 �+ system are presented

n Table 5 . 

As mentioned in the Introduction, the A 

1 �-X 

1 �+ system is

ne of the most important band systems of PN. Many emis-

ion bands of this system have been recorded and a number

f vibrational band origins have been determined. Ghosh et al.

20] observed the emission spectrum of PN at high resolution

n the 220 0–310 0 Å region and recorded thirty-six bands. The vi-

rational band origins of the 0–0, 0–1, 1–0, 1–2, 2–0, 2–1, 2–3,

–1, 3–2, 4–2 and 4–3 bands were also reported by Saraswathy

nd Krishnamurty [21] . Our calculated vibrational band origins

re in excellent agreement with the experimental data [20,21] ,

.g., the band origins of the 0–0, 0–1, 1–0, 1–2, 2–0, 2–3, 3–1,

–2 and 4–2 bands are calculated to be 39,905.85 (2507.63 Å),

8,579.62 (2593.84 Å), 40,986.14 (2441.54 Å), 38,347.19 (2609.56 Å),

2,051.56 (2379.68 Å), 38,116.69 (2625.34 Å), 41,773.58 (2395.51 Å),

0,460.87 (2473.23 Å) and 41,485.30 (2412.16 Å), respectively. The

orresponding experimental ones given by Ghosh et al. [20] are

9,688.55, 38,365.39, 40,777.13, 38,144.62, 41,850.53, 37,922.82,

1,589.34, 40,280.10 and 41,323.70, respectively. The vibrational

and origins of these nine bands reported by Saraswathy and

rishnamurty [21] are 39,699.81 (2518.14 Å), 38,377.70 (2604.9 Å),

0,787.02 (2451.02 Å), 38,156.30 (2620.02 Å), 41,858.37 (2388.28 Å),

7,933.45 (2635.41 Å), 41,597.00 (2403.29 Å), 40,288.82 (2481.33 Å)

nd 41,330.98 (2418.76 Å), respectively. Moreover, the calculated vi-

rational band origins including υ ′ = 0–5 to υ ′′ = 0–4 transitions are

n quite good agreement with previous theoretical results [37] . 

Relative transition probabilities of nine bands for the A 

1 �-

 

1 �+ system are obtained by Moeller and Silvers [17] from the
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observed fluoresence and lamp intensities. Our calculated Franck-

Condon factors of the 0–0, 0–1, 0–2, 0–3, 1–0, 1–1, 1–2, 1–3 and 1–

4 bands are 0.5577, 0.3179, 0.0899, 0.0163, 0.3105, 0.0995, 0.3287,

0.1847 and 0.0509, which agree well with the semi-empirically cal-

culated data of 0.58, 0.32, 0.09, 0.01, 0.31, 0.11, 0.34, 0.18 and 0.06,

respectively [17] . In addition, the obtained Franck-Condon factors

involving υ ′ = 0–5 to υ ′′ = 0–4 transitions compare favourably

with those calculated by de Brouchere et al. [37] , e.g., some rel-

atively large Franck-Condon factors corresponding to the 0–0, 0–1,

1–0, 1–2 and 1–3 bands in this work are 0.5577, 0.3179, 0.3105 and

0.3287, respectively. Correspondingly, the theoretical results [37] of

these bands are 0.5425, 0.3380, 0.3704, 0.3062, respectively. 

The A 

1 � state can also decay to the C 

1 �− state.

Table 2 presents the spectroscopic parameters of this state,

which are in good agreement with previous theoretical ones [31] .

Only Floch et al. [26] observed the C 

1 �− state in the study of the

perturbations in the A 

1 � state. No spectroscopic information was

obtained except for T = 43,048 cm 

−1 and B = 0.6003 cm 

−1 of an

unassigned vibrational level for this state. As depicted in Fig. 1 ,

the small energy difference between the A 

1 � and C 

1 �− states

means that the emissions from the A 

1 � state to the C 

1 �− state

are not very strong. Moreover, the TDMs of this system ( Fig. 2 ) are

not large enough. Hence, the obtained transition probabilities are

not large enough, some of which are collected in Table 5 . 

Using the calculated Einstein coefficients of the A 

1 �-X 

1 �+ and

A 

1 �-C 

1 �− systems, we calculate the radiative lifetimes for the

first 15 vibrational levels of the A 

1 � state ( Table 11 ). Due to

the much larger Einstein coefficients of the A 

1 �-X 

1 �+ system

than those of the A 

1 �-C 

1 �− system, the radiative lifetimes of the

A 

1 � state are essentially determined by the A 

1 �-X 

1 �+ transi-

tion. These radiative lifetimes of the A 

1 � state are several hun-

dred nanoseconds for all the calculated vibrational levels. Exper-

imentally, Hanle signal detection [62] provided the radiative life-

time of 227 ± 70 ns for υ ′ = 0 of A 

1 � state at zero pressure.

The theoretical radiative lifetime calculated by de Brouckere et al.

[37] for υ ′ = 0 is 742.4 ns. Our calculated one is 695.4 ns, which

is in good agreement with the theoretical one [37] , but larger than

the experimental value [62] . In fact, in practical measurements, the

A 

1 � state is most likely to be perturbed by the adjacent electronic

states, especially the very nearby D 

1 � state, which may decrease

the radiative lifetime. de Brouckere et al. [37] also pointed out that

radiative lifetime increases with the increasing vibrational quan-

tum number. The opposite result is obtained here. Most probably it

is because de Brouckere et al. [37] only consider the Einstein coef-

ficients for ( υ ′ , υ ′′ ) = (0–4, 0–4), whereas Einstein coefficients in-

volving higher vibrational levels υ ′ and υ ′′ are taken into account

in this work. 

The D 

1 � state is dominated by the 5 σ 2 6 σ 2 2 π3 7 σ 2 3 π1 8 σ 0 

electron configuration. The calculated spectroscopic parameters of

the D 

1 � state are listed in Table 2 , which agree well with some

theoretical results [31,37] . However, no definite spectroscopic pa-

rameters of the D 

1 � state are obtained experimentally except for

little information of the observed perturbation in the A 

1 � state

[20,26] . 

As shown in Fig. 2 , The curve of the TDM for the D 

1 �-A 

1 �

system is similar to that of the A 

1 �-C 

1 �− system along the in-

ternuclear distance, which is not too surprising as the D 

1 � and

C 

1 �− states have similar molecular orbital compositions, differing

only in the coupling of the angular moments. The R e of the D 

1 �

state is very close to that of the A 

1 � state and they both pos-

sess deep potential wells. Hence, many transitions for this system

should exist. Small TDM values of this system also show that these

transitions should not be strong. The number of the Einstein co-

efficients, which are of the order of 10 3 and 10 2 , is 147 and 429,

respectively. Some of relatively large Einstein coefficients are pre-

sented in Table 5 . In addition, radiative lifetime is relatively large
or low-lying vibrational level of the D 

1 � state. So the A 

1 �-C 

1 �−

ystem can be observed, but with great effort s. 

The 2 1 � state is formed after promotions of two electrons from

he 2 π7 σ MOs into the 3 π MO. This state can undergo dipole-

llowed transitions to all of the lower singlet A 

1 �, X 

1 �+ , C 

1 �−

nd D 

1 � states. As shown in Fig. 2 , the curve of TDM for the 2 1 �-

 

1 � system takes up a large area relative to the R e -axis. So many

ntense emissions should exit for this system. Table 5 presents

ome relatively large Einstein coefficients and Franck-Condon fac-

ors for this system. Due to the large energy separation ( Fig. 1 )

nd large TDMs ( Fig. 2 ) between 2 1 � and X 

1 �+ states, there are a

reat deal of intense emissions for the 2 1 �-X 

1 �+ system. For the

 

1 �-C 

1 �− and 2 1 �-D 

1 � systems, the curves of TDM are similar,

ith relatively large values in the Franck-Condon region. Large Ein-

tein coefficients are obtained near diagonal matrix elements for

hese two systems. 

Overall, the A 

1 �-X 

1 �+ , 2 1 �-A 

1 �, 2 1 �-X 

1 �+ , 2 1 �-C 

1 �− and

 

1 �-D 

1 � systems should not be difficult to measure by appropri-

te experiments. The A 

1 �-C 

1 �− and D 

1 �-A 

1 � systems can also

e detected with some effort s. Among the transitions from 2 1 �

tate to the lower A 

1 �, X 

1 �+ , C 

1 �− and D 

1 � states, the emis-

ions of the 2 1 �-X 

1 �+ system are most intense, followed by those

f the 2 1 �-A 

1 � system. 

.2. Radiative transitions between triplet states 

Of the triplet states of PN, the d 

3 �, e 3 �− and b 3 � states were

dentified by Saraswathy and Krishnamurty [21] from observation

f the perturbations in the υ = 0–4 levels of the A 

1 � state. Spec-

roscopic parameters of the e 3 �− and b 3 � states were also fitted

y the observed energy levels lying at υ = 0–4 levels of the A 

1 �

tate. So explicit vibrational levels of the e 3 �− and b 3 � states

ere not obtained. In order to compare our results with the exper-

mental data, the calculated vibrational energy levels of the e 3 �−

nd b 3 � states approximately lying at υ= 0–4 levels of the A 

1 �

tate are used to fit the spectroscopic parameters, which are given

n Table 7 , together with the experimental data [21] . Although the

nergy levels may be not consistent with the observed ones, rel-

tively good agreement is observed for the e 3 �− and b 3 � states.

he spectroscopic parameters of the d 

3 � state are not given be-

ause the large discrepancy between the calculated spectroscopic

arameters and the experimental ones [21] . It is worth noting that

ur calculated spectroscopic parameters of the d 

3 � state agrees

ell with those calculated by Grein and Kapur [31] and those com-

uted by Abbiche et al. [44] . Moreover, a larger active space does

ot improve the spectroscopic parameters of the d 

3 � state. So new

xperiments are needed to clarify such difference. 

As shown in Fig. 3 , the TDMs of the b 3 �-a 3 �+ and b 3 �-d 

3 �

ystems are relatively large over a wide range of internuclear dis-

ance. Moreover, the R e of the b 3 � state is close to that of the

 

3 �+ state and that of the d 

3 � state. The energy separation be-

ween the b 3 � and a 3 �+ states is large, whereas the T e of the b 3 �

tate is slightly larger than that of the d 

3 � state. Based on these

esults, Franck-Condon principle predicts that the emissions of the

 

3 �-a 3 �+ system should be stronger than those of the b 3 �-d 

3 �

ystem. Our calculated Einstein coefficients and Franck-Condon fac-

ors verify such prediction. Some large ones are listed in Table 8 . 

Due to the symmetry limitation, The e 3 �− state can only spon-

aneously decay to the b 3 � state. The e 3 �−-b 3 � system has simi-

ar TDMs to those of the b 3 �-a 3 �+ and b 3 �-d 

3 � systems, which

an be explained by the same electron configuration of the e 3 �−

tate as those of the a 3 �+ and d 

3 � states. 

The 2 3 � state can spontaneously decay to the b 3 � and d 

3 �

tates. As seen in Fig. 3 , the TDM of the 2 3 �-b 3 � system is

ear zero in the Franck-Condon region, which is not surprising as

he two states differ by two electronic orbitals: the electron con-
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guration of the 2 3 � state is 5 σ 2 6 σ 2 2 π2 7 σ 2 3 π2 8 σ 0 , while the

 

3 � state is dominantly described by the 5 σ 2 6 σ 2 2 π4 7 σ 1 3 π1 8 σ 0 

lectron configuration. There are only a few large Einstein coeffi-

ients which are of the order of 10 2 . In general, this system should

e hard to observe. The emissions of the 2 3 �−1 3 � system are

trong. Some large Einstein coefficients and Franck-Condon factors

re given in Table 9 . 

The 2 3 �− state is located at 62,436.04 cm 

−1 . The depth of

he potential is 17,798.26 cm 

−1 , which carries 44 vibrational lev-

ls. This state can decay radiatively to the lower 1 3 �− and b 3 �

tates. The vibrational band origins show that the emissions of the

 

3 �−−1 3 �− system lie in the UV, visible and infrared regions.

hese emissions are relatively strong, but intense emissions be-

ween low-lying states mainly locate in the UV and visible regions.

o it should not be difficult to observe the 2 3 �−−1 3 �− system by

 suitable experiment. Similar to the 2 3 �-b 3 � system, the 2 3 �−-

 

3 � system corresponds to the 2 π2 7 σ 2 3 π2 -2 π4 7 σ 1 3 π1 transi-

ions. Large Einstein coefficients occur in the bands corresponding

o high υ ′ and low υ ′′ and they are in the UV band. Thus, The

 

3 �−-b 3 � system can be observed with great effort s. 

In general, the b 3 �-a 3 �+ , e 3 �−-b 3 �, 2 3 �−1 3 � and

 

3 �−−1 3 �− systems should not be difficult to observe via

ppropriate spectroscopic techniques. The 2 3 �−-b 3 � and b 3 �-

 

3 � systems can also be measured with some efforts. Emissions

f the 2 3 �-b 3 � system, however, should be difficult to obtain

xperimentally. 

.3. Radiative transitions between quintet states 

The 1 5 �+ state is predicted to lie at 44,095.84 cm 

−1 with a

otential well of 7717.77 cm 

−1 , which supports 24 vibrational lev-

ls. The 1 5 � state is found at 53,760.81 cm 

−1 . It possesses a well

epth of 9303.92 cm 

−1 . At the icMRCI + Q/56 + CV + DK level of the-

ry, the calculated spectroscopic parameters of the 1 5 �+ and 1 5 �

tates are given in Table 2 and match well with recent theoretical

nes [44] . 

As shown in Table 4 , both the 1 5 � and 1 5 �+ states have single

eference configuration in nature around their corresponding equi-

ibrium internuclear distances. The leading electronic transition be-

ween the two states is 2 π3 7 σ 1 -2 π2 7 σ 2 promotion. As displayed

n Fig. 3 , TDMs of the 1 5 �−1 5 �+ system are relatively large in

he Franck-Condon region. According to the Franck-Condon prin-

iple, the emissions of this system are expected to be relatively

trong. Our calculations confirm this expectation with the fact that

here are 59 and 119 emissions whose Einstein coefficients are of

he order of 10 4 and 10 3 , respectively. In addition, radiative life-

imes of all the vibrational levels for the 1 5 � state are relatively

mall ( Table 11 ). Considering the factors above, we infer that the

 

5 �−1 5 �+ system should not be difficult to detect by means of

pectroscopy. 

. Conclusions 

Utilizing the PECs calculated at the icMRCI + Q/56 + CV + DK level

f theory and the TDMs calculated by the icMRCI/AV6Z method,

e have determined the vibrational band origins, Einstein coeffi-

ients and Franck-Condon factors for dipole-allowed transition sys-

ems between the X 

1 �+ , A 

1 �, C 

1 �−, D 

1 �, 2 1 �, a 3 �+ , b 3 �, d 

3 �,

 

3 �−, 2 3 �, 2 3 �−, 1 5 �+ and 1 5 � states, and have evaluated the

ibrational radiative lifetimes of the A 

1 �, D 

1 �, 2 1 �, b 3 �, e 3 �−,

 

3 �, 2 3 �− and 1 5 � states. Several main conclusions have been

eached below. 

(1) The 2 1 �-A 

1 � system covers a wide spectral range from UV

to far-infrared region. The 2 1 �-X 

1 �+ system extends from

vacuum UV to visible band. The 2 3 �-D 

1 � system spreads
from UV to mid-infrared wavelengths. The 1 5 �−1 5 �+ sys-

tem mainly lies in the VUV region. The spectral range are

in the UV band for the A 

1 �-X 

1 �+ , 2 1 �-C 

1 �−, 2 1 �-D 

1 �,

2 3 �-b 3 � and 2 3 �−-b 3 � systems, and in the infrared re-

gion for the A 

1 �-C 

1 �−, D 

1 �-A 

1 �, b 3 �-a 3 �+ , e 3 �−-b 3 �

and b 3 �-d 

3 � systems. All these spectral ranges can be used

to provide information for measuring these systems in the

experiments. 

(2) Spectral emissions of the A 

1 �-X 

1 �+ , 2 1 �-A 

1 �, 2 1 �-X 

1 �+ ,
2 1 �-C 

1 �−, 2 1 �-D 

1 �, b 3 �-a 3 �+ , e 3 �−-b 3 �, 2 3 �−1 3 �,

2 3 �−−1 3 �− and 1 5 �−1 5 �+ systems should not be dif-

ficult to observe experimentally. Spectral emissions of the

A 

1 �-C 

1 �−, D 

1 �-A 

1 �, 2 3 �−-b 3 � and b 3 �-d 

3 � systems

can also be detected with some effort s. Whereas spectral

emissions of the 2 3 �-b 3 � system should be difficult to

measure according to Franck-Condon principle. 

(3) Radiative lifetimes of the vibrational levels are about tens

of nanoseconds for the 2 1 � state, about several hundred

nanoseconds for the A 

1 � state and about several to tens of

microseconds for the b 3 �, 2 3 �, 2 3 �− and 1 5 � states. Such

short radiative lifetimes mean that the spontaneous transi-

tions from these states can easily occur. Radiative lifetimes

of the vibrational levels for the e 3 �− state about several to

several hundred microseconds. Radiative lifetimes are very

long for the lower vibrational levels of the D 

1 � state. 

(4) Large transition parameters of several band systems are cal-

culated and presented in this work, which can help in line

identification and diagnostics of astrophysical plasma. 
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