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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 PNT 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 X2X+ and A?IT 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 A2IT, 1411, 14 A, 14X -, and 2411 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*Z~ (v' = 1)=»16%+, 142~ (v’ = 15)—1°I1 and 1#A (v'= 19)— 1611 are analyzed with the help of
spin-orbit coupling integrals.
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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 B2X+ — X2X+ system, in-
cluding band-head wavelengths and relative band intensities. The
Morse Franck-Condon factors and r-centroids of the B2X+ — X2x+
system were approximately calculated. Furthermore, the variation
of the electric transition moment against r-centroid ry,» is pre-
sented for 1439 < ry,» < 1.647A. But these few transition data
are based on some approximate treatments. A more up-to-date ro-
tational transition frequencies of the B2X+(v = 0)-X2Z*(v = 0)
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transition were given by Imajo et al. [36]. No other transition data
of PN* are given in the literature.

There have been several studies aimed to obtain the potential
energy curves (PECs) and spectroscopic parameters of PNt from
theoretical calculations and experimental observations [33-42]. A
review of the experimental work on PN* till 2000 was given by
Imajo et al. [36]. Three states (X2X+, A2TI, and B2X ) have been
observed in the experiments. Theoretically, only Gein [38] and Zhu
et al. [42] studied the PECs and spectroscopic constants for low-
lying excited states of PN*, including quartet and sextet A-S states
and their corresponding €2 states. However, there have not been
theoretical investigations of transition properties for PN* in the lit-
erature.

It has been pointed out that PN*, N3, and PJ have some similar
characteristics since they all have nine valence electrons [36,38].
Both theoretical and experimental studies proposed the existence
of couplings between close lying electronic states of NI and Pj
via spin-orbit (SO) interactions [41,43-45]. However, there are no
theoretical treatments of SO interactions for PN+,

The aim of this work is to calculate dipole allowed transitions
of PN* and to investigate the interactions between different elec-
tronic states of PN™ with the SO coupling integrals. To this end,
the state-of-the-art ab initio method is used to calculate the PECs
and transition dipole moments (TDMs) of PN*, which are then
employed to compute dipole allowed transition probabilities. The
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Table 1

Dissociation correlations of nine electronic states of PN* resulting from the first and

second dissociation limits.

Dissociation Electronic Relative energy (cm™')
limit state P ——
This work? Exp. [46]
P+(3Pg)+N(4Sy)  X2XZ+, AM0, 143+, 1410, 152+, 1811,  0.00 0.00
PH(1Dg)+N(4S,)  14%-, 2411, 14A 8356.86 8882.31

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

highly correlated wave functions are also obtained, which are used
to evaluate the SO coupling integrals between low-lying electronic
states of PN*.

2. Computational approaches
2.1. Dissociation correlations

The ionization energies of P and N atoms are 84,580.83 + 0.12
and 117,225.7+0.3 cm~! [46], respectively. Hence, a P atom is eas-
ier to dissociate than a N atom. That is to say, the first dissociation
limit of PN* is P*(3Pg) + N(*Sy). Note that the (3p?) 3P and (2p3)
4s, are the ground states of P+ and N. The first excited states of P+
and N are (3p?)'Dg and (2p3)?>Dy, which are 19,228.82 and 8882.31
cm~! relative to their respective ground states [46], so the second
dissociation limit of PN* is P+(!Dg) 4+ N(*Sy). Table 1 presents the
dissociation correlations of nine electronic states resulting from the
first two dissociation limits, together with the energy separation
between the first and second dissociation limits, which agrees well
with the experimental value [46].

2.2. Transition properties

The complete active space self-consistent field (CASSCF)
method [47] in conjunction with the subsequent internally con-
tracted multi-reference configuration interaction (icMRCI) approach
[48,49] with the Davidson correction (+Q) is used for the calcula-
tions of PECs of PN* with the aug-cc-pV6Z basis set, for the core-
valance (CV) correction calculations with the cc-pCV5Z [50] ba-
sis set, and for the scalar relativistic correction calculations with
the cc-pV5Z-DK basis set [51]. The aug-cc-pV5Z (AV5Z) and aug-
cc-pV6Z (AV6Z) basis sets are adopted to extrapolate the potential
energy to the CBS limit. The basis extrapolation formulas are given
by [52,53]

Efef Eref+ArefX o (1)

E)c(or — Eggr +AcorX—,H (2)
where, E)r(ef and E” are, respectively, the reference energy (de-
noted by the superscript “ref”) and the correlation energy (denoted
by the superscript “cor”) calculated with the aug-cc-pVXZ (X=5 or
6) basis set. El{/ and ES are the CBS extrapolation energies, the
subscript “co” refers to the CBS limit. & and B are the extrapolation
parameters (o« = 3.4, f = 2.4). TDMs are computed by the icMRCI
method with the AV6Z basis set. These calculations are performed
in the MOLPRO 2015 program suite [54,55].

In the calculations, 12 inner electrons are put into six closed-
shell molecular orbitals (MOs) in the symmetry representations of
Cyy: four ay orbitals, one b; orbital, one b, orbital, and no a, or-
bitals. The remaining 9 electrons are put into 9 outermost MOs,
which constitute the active space: five a; orbitals, two by orbital,
two b, orbital, and no a, orbitals. The orbital set is called (9,3,3,0).

To our knowledge, optical diagnostics, astronomical observa-
tion and radiation modeling require accurate transition probabil-
ities [56]. Using the obtained PECs and TDMs, we can determine

the transition probabilities of a certain electronic transition sys-
tem. The key parameter of calculating transition probabilities is the

Loyl

2
square of the electronic-vibrational transition moment (RU v )

00 2

R =[ [ o R ir] 3)
where v’ and v” are the vibrational levels of upper and lower elec-
tronic states, respectively, ¥, and ¥~ are the corresponding vi-
brational wave functions, r is the internuclear distance, and Re(r)
is the TDM function. Once the square of the electronic-vibrational
transition moment is obtained, Einstein coefficients of spontaneous
emissions (hereafter called Einstein coefficients) A,+,» can be cal-
culated by [56,57]

2 ) ” i\ 2
Apor = 2.026 x 1050 3UN#’$I/A(RW) (4)
where o~ is the wavenumber of the transition system, A’ and
A" are the projections of electronic orbital angular momentums
on the internuclear axis for upper and lower electronic levels, re-
spectively. Another important transition probability is the Franck-
Condon factor q,,,», which can be computed by [56,57]

avor = ([ v (r)W(r)aIr)2 (5)

Based on the Einstein coefficients, the radiative lifetime 7, of
a certain vibrational level v’ for the upper electronic state can be
determined by
1
Ty =y (6)
Zuﬂmax AU v

2.3. Spin-orbit couplings

In general, the whole Hamiltonian of a given molecular system
is made up of the spin-free Hamiltonian ASF and the SO part of
Breit-Pauli Hamiltonian H5°

A =A% + A% (7)

The Breit-Pauli SO operator H%° can be expressed as [58],

AO=%" Zh (i) S () + D 8u (i ) - Su (D) (8)

a i

where the first and second terms are known as the one-electron
and two-electron operators, respectively. The one-electron hg(i)
and two-electron g, (i, j) SO operators are defined as [58]

Zg [rzK x P(l)]

o) = 53 by ®)
8a (i, ) = —[ 280 i, ) + B i )] (10)
with

I X P(j
Bou (i, j) = 21?[]1’71':(1)]01 (11)

ij
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Main electron configurations of eight electronic states for PN* near their corresponding equilibrium internuclear distances.

State Main electron configuration ®  State Main electron configuration *  State Main electron configuration °
X2T+  50260227470137° (0.905) 14A 50260227370 137" (0.649) 14T~ 50260227370 37! (0.645)
A2T1 5026022370230 (0.918) 5026022170133 (0.099) 5026012270232 (0.088)
1411 5026022270237 (0.916) 5026027270237 (0.085) 5026022727032 (0.082)
14T+ 50260227370 1371 (0.641) 50260227270 1372 (0.055) 50260227170 1373 (0.065)
5026022170233 (0.147) 24T1 5026012747013 (0.856)
5026012270232 (0.098) 1%+  50260227m%701372 (0.934)

2 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 1022023024021

Table 3
Spectroscopic parameters of eight electronic states for PN* calculated at the icMRCI + Q/56 + CV + DK level of theory.
State Defcm™! Te/cm™! ReJA wefcm! We X efcm™! 102 weye/cm™! Befcm™! 103 /cm ™!
X2+  This work  40,585.85 0.00 1.4817 1313.54 7.8619 4.207 0.79628  6.14
Exp. [34] 40,577.36  0.00 1.50+0.01  1306+3 79+0.7
Exp. [39] 0.00 1.495 1303.9 7.62 0.781 15
Cal. [38] 38,472.63 0.00 1.5150 12351 0.761
Cal. [42] 40,730.98 0.00 1.4789 1311.7 7.8063 4.0043 0.79918 6.106
AZTT This work  37,090.81 3493.48 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] 3742411 3384.7 1.5581 1146.4 6.9592 42173 0.72008  5.7658
14+ This work  16,319.30 24,266.41 1.6925 787.04 8.1752 12.54 0.61015 7.62
Exp. [40] (22,100+1600)"
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
1410 This work  14,791.29 25,793.75 1.7956 710.66 4.9847 10.916 0.54283  6.08
Exp. [40] (22,100+1600)"
Cal. [38] 16,453.70 22,018.93 1.8140 7873 0.513
Cal. [42] 15,243.87 25,5471 1.7954 748.2 13.970 60.588 0.54257  5.8826
14A This work  17,716.96 31,230.27 1.6703 900.26 15.382 20.002 0.62926 747
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
14X~ This work  12,824.45 36,118.26 1.6610 966.17 20.359 48.042 0.63847 712
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 51991 22.284 0.63424  5.4997
2411 This work  4052.49 62,969.21 1.4856 1219.03 6.5260 333.85 079026  5.58
Cal. [42] 4436.05 61,393.9 1.4803 1245.7 20.010 212.32 0.79701 8.4701
162+ This work  6207.42 34,497.43 21594 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

2 Obtained by the Dy value of Obase et al. [34] and the theoretical vibrational correction of this work.

b The possible experimental detection proposed by Reid [40].

R 1 [ xD@)]
gsa(la])ZTCzTa

(12)

where 8, (i, j) - S(i) and S, (i, j) - S4(i) are known as the spin-
same-orbit and spin-other-orbit terms of the two-electron SO op-
erator. All the symbols in Egs. (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 PT(*Pg) + N(*Sy)
and P+('Dg) + N(%Sy). 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 X2+, A2[1, 14X+, 1411, 16X+, and 1611 states correspond
to the lowest dissociation asymptote P*(3Pg) + N(Sy). The 14X,

10

oo

Potential energy/10* cm™

RIA

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

24T1, and 1% A states correlate to the second dissociation asymp-
tote P*(1Dg) + N(4Sy). For the 24IT and 1°11 states, apparent bar-
riers occur around the internuclear distance of 1.7A, which are
formed by avoiding crossing with the 34IT and 2611 states, respec-
tively.
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Fig. 2. Dipole moments for nine low-lying electronic states of PN*.

Table 2 lists the leading electron configurations of eight bound
and quasibound electronic states for PNt near their correspond-
ing equilibrium internuclear distances. The calculated electron con-
figuration of PN(X!X+) state in our previous publication [32] is
502602214702379 (0.899). The ground state X2X* of PNT is
mainly characterized by the 56260227470 1370 (0.905) electronic
configuration. Hence, the PN*+(X2X+) is formed by loss of an elec-
tron from 70 MO of PN (X!X+) state. The A2[1, 142+, 142,
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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 1A — 14TT and 2*I1 — 1%A systems are the
Cartesian moment (ITx|y|Ayy), where (IT |"%|A Y=v2(TIx]y| Axy).

14A, and 24I1 states of PNt are formed by single orbital excita-
tion from its ground state, but the excited orbitals are different. For
instance, the A2I1 state is obtained after promotion of one elec-
tron from 2 MO to 70 MO. For the 14X+,14X~, and 14A states,
they have similar electron configurations and are all mainly de-
scribed by the 2w '—37! electron excitation. It should be noted
that the other electron configurations of the 1%+, 14¥~, and
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Fig. 4. Einstein coefficients of the (v’ = 0 - 5, v” = 0 - 5) bands for the A2IT —X2X+, 1*I1 — 142+, 14A — 111, and 14X~ — 14I1 systems of PN*.
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Fig. 5. Einstein coefficients of the (v’ = 0-3, v” = 0 - 3) bands for the 24T1 — 14X+, 2411 — 1*I1, 2*I1 — 1#A, and 2*I1 — 14X~ systems of PN*.

14A states are less important and their CSF-squared coefficients
are lower than 0.15. The 2411 state corresponds to one electron ex-
citation of 60 MO into the vacant 37 MO. In addition, the 1411
and 15X+ states of PNT originate from the electronic configura-
tions 50260 1274701371 (0.856) and 5026022727032 (0.934)
corresponding to double electron promotions, i.e., 27270371
and 22372, respectively.
Table 3 presents the spectroscopic parameters of eight bound
and quasibound electronic states for PN*. For the ground X2X+
state, its spectroscopic parameters are in good agreement with
available experimental ones. The experimental Dy, deduced by
Obase et al. [34] is 40,005.08 cm~!. Combining with the theoretical
vibrational correction of 572.28 cm~! in this work, we calculate an
experimental De value of 40,577.36 cm~!. Our calculated De is only
8.49 cm~! higher than this inferred one. The calculated we, we e
and Re are 1313.54 cm~!, 7.8619 cm~!, and 1.4817 A, respectively,
which agree well with the experimental values of 1306 cm~!, 7.9
cm~! and 1.50A [32] and the recent theoretical results [42] with
very small deviations of 1.84 cm~!, 0.0556 cm~! and 0.0028 A, re-
spectively.

The calculated Te and Re of the AZIT state are 3493.48 cm™!
and 15601 A, respectively, which are in good agreement with the
only experimental values [37] of 3387.53 cm~! and 1.565A, re-
spectively. However, there are large deviations for we and De be-
tween our computed ones and the experimental results, as shown
in Table 3. It is worth noting that our computed we and De 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 24,000-63,000
cm~! above the ground state. Experimentally, only Reid [40] sug-
gested the possible detection of 14X+ and 14I1 states at
22,100 + 1600 cm~!. Several theoretical work has been done to
investigate their PECs and spectroscopic parameters. Our calcu-
lated spectroscopic parameters of them are in reasonable agree-
ment with previous theoretical results [38,42]. However, dipole al-
lowed transitions between the quartet or sextet states are not in-
vestigated before and will be presented in Section 3.2.

In order to clarify the polarity, bond nature, and relative sta-
bilities of low-lying states for PN*, dipole moment (DM) curves
are calculated by the icMRCI approach with the AV6Z basis set
and depicted in Fig. 2. With P at the origin and N along the pos-
itive direction of the internuclear axis, the DM curves are smooth
along the internuclear distance for the X2X+, A2[1, 142+, 1411,
14A, 1432, and 1%+ states, whereas the DM curves change

sharply near the internuclear distance of 1.7A for the 24T1 and
1617 states, corresponding to the barriers of the PECs of these two
states (as shown in Fig. 1). It is not too surprising as the lead-
ing electron configurations of the 24IT and 1°I1 states are differ-
ent for R<1.7A and R > 1.7A, i.e., the leading electron configura-
tion of the 2411 state changes from 50260127476 137! (R<1.7A)
to 50260227370%372 (R > 1.7A), and the leading electron con-
figuration of the 1611 state changes from 50260227270 137180!
(R<1.7A) to 502601271370 137280° (R > 1.7A). The DM of each
state tends to be a larger value at the dissociation limit, which

means that the dissociation products of each state include the ionic
fragment.
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Table 4

Vibrational radiative lifetimes of the A2IT state via the A2IT — X2X+* transition, of the 14I1 state via the 14I1 — 14X+ transition, of the
14A state via the 1*A — 1411 transition, of the 14X~ state via the 14X~ — 1#I1 transition and of the 2*IT state via the 24IT — 14X+,

24T1 — 1411, 24T1 — 1%A and 24I1 — 14X~ transitions.

AT - X2E+ 14T — 145+ 14A — 1411 145 — 1411 2411 — 14+ 2401 — 1411 2410 — 14A 24T0 - 14%-
v T/us T/ms T/us T/us T/us T/us T/us T/us
0 4623 28.68 183.6 14.49 1.822 78.37 8.656 75.06
1 1664 19.99 7142 9.931 1168 30.53 8.248 80.88
2 9200 0.737 4247 6.830 0.856 6.492 8.605 99.38
3 60.03 0.386 3224 5.642 0.654 0.312 12.20 99.23
4 4294 0.236 24.21 4,699
5 3260 0.161 19.85 3.998
6 2582 0.119 16.46 3483
7 2110 0.092 14.57 3.298
8 1769 0.073 13.59 3.060
9 1513 0.060 12.40 2.765
3.2. Dipole allowed transition properties Table 5

TDMs of eight dipole allowed transitions of PN* are plotted in
Fig. 3. The TDM curves of transitions from the 24II state to the
143+, 1411, 14A, and 14X~ states change abruptly around the in-
ternuclear distance of 1.7 A, which is consistent with the sudden
change of the leading electron configuration for the 2411 state near
R = 1.7A, just as mentioned in Section 3.1.

Using ab initio PECs and TDMs, we compute the Einstein coef-
ficients of these eight transition systems, as shown in Figs 4 and
5. The elaborate transition data of these systems, including Ein-
stein coefficients and Franck-Condon factors, are tabulated in the
supplemental material. Utilizing the Einstein coefficients, we de-
termine the radiative lifetimes for several lower vibrational lev-
els (v < 9 if available) of the AZII, 14II, 14A, 14X~ and 24I1
states, as summarized in Table 4. The A2IT state is the first excited
state that has dipole allowed transitions, and it can decay radia-
tively to the ground state. Due to the relatively large TDMs for the
transition from the AZIT state to the X2X+ state, there should be
several strong emissions of the A2IT - X2X+ system. As shown in
Fig. 4(a), the (1,0), (2,0), (3,0), (3,1), (4,1), (5,1), and (5,2) vibrational
bands are all strong, and their Einstein coefficients are estimated
to be 5.65 x 103, 7.73 x 103, 6.77 x 103, 8.26 x 103, 1.23 x 104,
116 x 104 and 1.23 x 10* s~ !, respectively. The calculated ra-
diative lifetimes of the AZII state are 462.3, 166.4, and 92.0 us,
respectively, for v’ = 0, 1, 2. Unfortunately, no experimental data
of this system are available in the literature. To help in possible
observation of this system in the future, we calculate the vibra-
tional band positions, which show that strong emissions lie in the
infrared region.

As shown in Fig. 4(b), (c) and (d), strong emissions for the
1411 — 142+, 1A — 1%11, and 14~ — 1411 systems can be clearly
observed according to the length of columns. The TDM curves of
these three systems are similar along the internuclear distance. The
values of TDM for these three systems are very close for any a
given internuclear distance. Hence, intensities of emissions may be
determined by the energy difference between the two electronic
states of each system. Just as expected, the calculated Einstein co-
efficients for the 14X~ — 14I1 system are the largest due to the
largest energy difference between the 14X~ and 1411 states. The
obtained Einstein coefficients for the 14I1 — 1S+ system are the
smallest.

As mentioned in Section 3.1, in order to avoid crossing with
the 3411 state, a barrier emerges near R=1.7 A for the 2411 state,
which forms a quite shallow potential well. It can only support
four vibrational levels. The 24IT state has dipole allowed transi-
tions to the lower 14X+, 14T1, 14A, and 14X~ states. The calcu-
lated Einstein coefficients of the (v = 0 — 3, v” = 0 — 3) bands
for these four systems are displayed in Fig. 5. Due to the larger

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

Expressions for SO coupling  Definitions

X2T+ - A2TT <X2T+, mg= — 1/2|L,S,|A%TT,, my=1/2>
X2E+ — 1411 <X2T+, mg = 1/2|LySx|14T1y, mg=3/2>
X2X+ - 2411 <X2TF, mg = 1/2|LySx[24TTy, mg = 3/2>
X2t - 148" <X2BF, me=1/2IL,5, 142, mg = 3/2>
AT - 145+ <A2Ty, mg= 1/2|L,S,|145+, mg = 3/2>
A2TT — 1411 <Ay, mg = 1/2|L,S,[14T1,, mg = 3/2>
AT — 2411 <A?TT,, m = 1/2|L,S,[2°TT,, mg = 3/2>
AT - 145 <ATT,, my = 1/2|L S| 145, mg= 3/2>
A2TT — 14A <ATT,, mg = 1/2|L,Sy|14 Ay, mg = 32>
141 — 143+ <1470, mg= —3/2|L,S, |14+, mg = 3/2>
1411 — 2411 <1410, m = 3/2|L,S,[24TT,, m = 3/2>
1411 — 145~ <141, mg = 3/2|L,Sy 145, my = 3/2>
1410 - 14A <1410, mg = 3/2|LySy |14 Ay, mg = 3/2>
141 — 165+ <14T0,, ms = 3/2|L,S, 165+, mg= 52>
1411 — 1671 <1410, mg = 3/2|L,S,[16T1,, ms = 5/2>
2411 — 145+ <2470y, mg= —3/2|L,S, |14+, my = 3/2>
2411 — 14A <24T0,, mg = 3/2|L,S,[19A,, my = 3/2>
2411 — 145 <241, mg = 3/2|LSy[14 5, my = 3/2>
2411 — 155+ <2411, mg = 3/2|L,S,[165+, my = 5/2>
2411 — 1511 <2470, mg = 3/2|L,S,[16TT,, ms = 5/2>
143+ - 143 <14+, mg= 3/2|L,S, 145, mg= 3/2>
143+ - 1611 <145+, my = 3/2|LxSx|15TTy, ms = 5/2>
1A — 1511 <14Ax, mg = 3[2|L,S,|16TT,, mg = 5/2>
14%- - 16%+ <14%-, my = 3/2|L,S, |16+, my = 52>
14%- - 1511 <145, mg = 3/2|L,Sy[16TT,, my = 5/2>
152+ — 1611 <155+, mg=—5/2|L,S,|16T1y, mg = 5/2>

energy separation between the 24IT and 14X+ states, Einstein co-
efficients of the 24T1 — 14X+ system are larger than those of the
other three systems for most vibrational bands, which means that
the radiative lifetimes of the 24IT state are dominantly determined
by decay to the 14X+ state. The vibrational radiative lifetimes of
the 211 state are about several microseconds. Such small radiative
lifetimes mean that the 24IT state is hopefully to be observed by
an approximate spectroscopic experiment.

3.3. Spin-orbit coupling and predissociation

Fig. 6 displays the evolution of the SO coupling integrals re-
lated to low-lying electronic states of PN™ along the internuclear
distance. These integrals are computed at the CASSCF/MRCI/AV6Z
level of theory. The definitions of the schematic expressions for
SO couplings given in Fig. 6 are listed in Table 5. As shown
in Fig. 6(a), the values of SO coupling integrals X2¥+— AZ2[],
X223+ — 1411, X232+ — 2471, and X2+ — 142~ are larger than 30
cm~! at large internuclear distances, which means that the split-
ting of the X2+ state at the dissociation limit is affected by all
the 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*.

the Franck-Condon region, the values of the SO coupling integrals
X2%+ — AIT and XX+ — 14X~ are in the range of 30-130 cm™!,
which are large enough to influence the electronic structure of
the X2X+ state by SO coupling. Fig. 6(b) shows that the abso-
lute values of SO coupling integrals A2IT — 14X, A2IT — 142+,
AZTT — 1411, A2TT — 24T, A2IT — 1A are larger than 40 cm™!
at the dissociation limit, so the SO couplings between the A2I1
state and the 14X, 14X+, 1411, 24I1, as well as 1#A states im-
pact the splitting of the A2IT 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
2411 and 1611 states around R=1.7 A, the SO coupling integrals re-
lated to these two states change drastically between R<1.7 A and
R > 17A.

As shown in Fig. 1, there is an intersection between the X2X+
and A2IT states around R=165A, lying in the vibrational levels
v’ = 3 and 4 of the X2X+ state. Fig. 6(a) exhibits that the SO cou-
pling integral X2+ — A2IT is 29.35 cm~! at R=1.65A, which is
large enough to allow SO conversion. For the 14IT state, this situ-

ation is rather complicated since the 14I1 state is embedded into
a set of PECs of electronic states to which it can couple. Specif-
ically, the 14IT state is crossed by the 14X~ 1A, 142+, and
162+ states. The 1411 — 14X, 1411 — 14A, 1410 — 14X+, and
1411 — 15+ SO conversions are all allowed. The values of SO
coupling integrals 1411 — 14X~ 1411 — 14A, 1411 — 14X+, and
1411 — 16X+ are calculated to be 10.29, 11.41, 6.81, 99.32 cm! at
their respective crossings (i.e., R=143A, R=154A, R=1.86A, and
R=2.42A) allowing such SO conversions.

The 14X~ and 1%A states are crossed by the 1%+ and 1611
states. For the 14X~ state, the two crossings reside in the vibra-
tional levels v’ = 1 and v’ = 15 of the 14X~ state. The calcu-
lated SO coupling integrals are —76.82 and —28.42 cm~! at their
corresponding crossings, which can provide a strong predissocia-
tion pathway of 1*Z~ (v’ = 1)»16%+ and 1#XZ~ (v’ = 15)—1°1],
respectively. Although the 14A state is also crossed by the 16X+
and 1671 states, only the 1*A — 1611 SO coupling is allowed. Be-
cause of the large value of —90.93 cm~! for the SO coupling inte-
gral 14A — 1611 at the crossing R=2.52 A, there should be a strong
predissociation pathway of 1A (v’ = 19)—1611.
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4. Conclusions

In this work, the icMRCI + Q/56 + CV + DK method is used
to calculate the PECs of nine electronic states correlated with
the two lowest dissociation asymptotes P*(*Pg) + N(*Sy) and
P*('Dg) + N(*Sy). TDMs of dipole allowed transitions have been
computed at the icMRCI/AV6Z level of theory. Based on the calcu-
lated PECs, we determine the spectroscopic parameters for eight
bound and quasi-bound states, which agree well with available
experimental and theoretical results. PECs and TDMs are used
to calculate the transition probabilities of dipole allowed transi-
tion systems. The vibrational radiative lifetimes of some excited
states are also evaluated. The obtained transition data can pro-
vide guidelines for experimental observations. By analyzation of
the SO couplings, the SO coupling integral X2%+ — A2IT is 29.35
cm~! at R=1.65A, which is large enough to allow SO conversion.
The values of SO coupling integrals 14T1 — 14X, 14T1 — 14A,
141 — 14X+, and 1#I1 — 15X+ are calculated to be 10.29, 11.41,
6.81, 99.32 cm! at their respective crossings, also allowing such
SO conversions. Moreover, the absolute values of SO coupling in-
tegrals 14X~ — 16X+, 14X~ — 1611, and 14A — 1611 are 76.82,
28.42, and 90.93 cm™! at their respective crossings, which can pro-
vide strong predissociation pathways of 14X~ (v’ = 1)>16%+,
142~ (v’ = 15)— 1611 and 14A (v’ = 19)—16T1.
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