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A B S T R A C T   

Two-dimensional multistate potential energy surfaces along N–NO bond length and N–N–O bond angle of N2O+

in the A2Σ+ and B2Π states were calculated at the CASPT2/cc-pVQZ level. In comparison to the known 
decomposition mechanisms in linear structure, a new N–NO bond fission pathway was proposed in bent ge-
ometry for the A2Aʹ(A2Σ+) state with a lower barrier, leading to rotationally excited NO+(X1Σ+) and N(2D) 
fragments. Likewise, the respective contributions of the Aʹ and A″ components split from the B2Π state were 
clarified. Considering avoided crossing and the coupling of spin states, ro-vibrational distributions of the NO+

fragment ion observed in experiments are elucidated.   

1. Introduction 

Nitrous oxide (N2O), an asymmetric linear triatomic molecule, plays 
a significant role on combustion chemistry [1], atmospheric chemistry 
[2] and medicine [3]. The corresponding cation, N2O+, was observed as 
an intermediate of widely concerned ion-molecular reactions in the 
ionospheres of Earth, Mars, and Venus [4]. Herein, the geometries and 
dynamics of N2O and its cation have received wide attentions. 

The electronic configurations and vibrational structures of N2O+ in 
lowest-lying valence states like X2Π, A2Σ+, B2Π, C2Σ+ and D2Π, were 
extensively studied with many experimental approaches, such as photo-
electron spectroscopy (PES) [5–10], threshold photoelectron spectros-
copy (TPES) [11–15], pulsed filed ionization-photoelectron spectroscopy 
(PFI-PES) [16–18] and photofragment excitation (PHOFEX) spectroscopy 
[19]. Moreover, dissociation dynamics of N2O+ in low-lying electronic 
states were experimentally investigated using electron ionization mass 
spectrometry [20–22], photoionization mass spectrometry [23–26], ve-
locity map imaging of photofragments [27], fast-ion-beam laser spec-
troscopy [28,29], photoelectron-photoion coincidence (PEPICO) [30–32], 
threshold photoelectron-photoion coincidence (TPEPICO) [11–14,33], 
and photoelectron-photoion vector correction [34,35]. From these ex-
periments, a consistent conclusion is drawn that the ground state, X2Π, is 
typically bound along the N–O or N–N coordinates, while the excited 

states including A2Σ+, B2Π, C2Σ+ and D2Π are all predissociative, except 
for a few lowest vibrational levels of A2Σ+ [12,15,27,33,36,37]. For N2O+

ions in the A2Σ+ state, bimodal rotationally distributed NO+ fragments 
were distinctly observed along the NO+(X1Σ+) + N(2D) decomposition 
pathway, besides the lowest NO+(X1Σ+) + N(4S) one [27]. Likewise, the 
decomposition of N2O+ in the B2Π state mainly leaded to N(2D) and 
NO+(X1Σ+) fragments, and significant bending took place prior to the 
dissociation of parent ions [34,37]. 

In contrast to the above experiments, theoretical computations on 
molecular structures, vibrational frequencies and dissociation mecha-
nisms of N2O+ ion in low-lying electronic states are relatively limited. In 
2000, Chambaud et al. [38] performed ab initio calculations on the 
decomposition mechanism of N2O+(A2Σ+) ions using complete active 
space self-consistent field (CASSCF) and multi-reference configuration 
interaction (MRCI) methods. Predissociation of A2Σ+ was suggested to 
occur in bent geometry through spin–orbit coupling (SOC) with 14Π(4A″) 
state, which the lowest dissociation channel of NO+(X1Σ+) + N(4S) was 
adiabatically correlated to. Moreover, there was a crossing on potential 
energy surfaces between the A2Σ+ and B2Π states in linear geometry, 
and both of them could vibronically coupled according to the bending 
mode [38]. Using multi-reference second-order perturbation theory 
(CASPT2), Huang and his co-workers [39] calculated the one- 
dimensional cuts of potential energy surfaces for the X2Π, 14Σ-, and 

* Corresponding authors. 
E-mail addresses: xzhou@ustc.edu.cn (X. Zhou), yanbing@jlu.edu.cn (B. Yan).   

1 These authors contributed equally to this work 

Contents lists available at ScienceDirect 

Chemical Physics Letters 

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

https://doi.org/10.1016/j.cplett.2023.140857 
Received 31 May 2023; Received in revised form 26 September 2023; Accepted 27 September 2023   

mailto:xzhou@ustc.edu.cn
mailto:yanbing@jlu.edu.cn
www.sciencedirect.com/science/journal/00092614
https://www.elsevier.com/locate/cplett
https://doi.org/10.1016/j.cplett.2023.140857
https://doi.org/10.1016/j.cplett.2023.140857
https://doi.org/10.1016/j.cplett.2023.140857
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2023.140857&domain=pdf


Chemical Physics Letters 831 (2023) 140857

2

14A″ states of N2O+ along N2-O and N–NO coordinates, respectively. 
They proposed the adiabatic and non-adiabatic dissociation mechanisms 
to produce NO+(X1Σ+) and N(4S), and N2(X1Σ+) and O+(4S) fragments. 
Soon afterwards, they revised two predissociation mechanisms of the N- 
loss process from N2O+(A2Σ+) [40]. In Cs symmetry (bent geometry), 
A2Σ+(22Aʹ) linked with the NO+(X1Σ+) + N(4S) channel through SOC 
with 14A″, while it could also dissociate to NO+(X1Σ+) and N(2D) frag-
ments via two SOCs of 22Aʹ/14A″ and 14A’’/X2Π(12A″) [40]. No theo-
retical studies on the higher electronic states have been reported to date. 

Notably, for triatomic ion-molecular intermediates, the bending 
sometimes shows a decisive influence in dissociation pathways [41–43]. 
According to the experimental conclusions of the B2Π and D2Π decom-
position [15,34,37], the linear-to-bent geometrical change might occur 
prior to the N–NO bond fission. Therefore, more details of potential en-
ergy surfaces of N2O+ in bent excited states are necessary to verify these 
inferences. Our attention in this work is focused on the N–NO bond 
breaking mechanism of N2O+ cation without linear geometry constraint. 
Based on the calculated geometries and energies using the CASPT2 ap-
proaches, we plot two-dimensional (2D) multistate potential energy sur-
faces of these electronic states, along the N–N bond length and bond angle 
coordinates. Considering SOC effects, we propose plausible mechanisms 
of N–NO bond breaking for N2O+ in the A2Σ+ and B2Π states. 

2. Theoretical methods 

All quantum chemical calculations were performed using MOLPRO 
version 2021.3 program [44]. Electronic configurations and transition 
characteristics of the low-lying electronic states of N2O+ cation were 
analyzed, based on the CASSCF wavefunctions. As the molecular elec-
tronic configuration of the neutral N2O ground state is 
(1σ)2(2σ)2(3σ)2(4σ)2(5σ)2(6σ)2(1π)4(7σ)2(2π)4(3π)0(8σ)0(9σ)0, the full 
valence active space including the 4σ-9σ and 1π-3π orbitals was chosen, 
and 16 electrons for neutral and 15 electrons for cations were active, i.e. 
CASSCF(15,12) for N2O+. To investigate the dissociation mechanism of 
the A2Σ+and B2Π states, the lowest eight Aʹ and four A″ states in CS 
symmetry (bent geometry) were chosen to calculate at the multi-state 
multi-reference (MS-MR) CASPT2 level [45]. All calculations, 
including geometric optimization and single point energy calculation, 
were performed at the CASPT2 level with the cc-pVQZ basis set [46]. 

Considering that the bending mode might have significant influence 
on the related decomposition dynamics, 2D potential energy surfaces 
along the N–NO bond length and the N–N–O angle with the intervals of 
0.05 Å and 5◦ were calculated at the MS-MR CASPT2 level to clarify 
dissociation mechanisms. Moreover, the potential energy surfaces were 
not fitted, resulting in a slight lack of smoothness. According to the fact 
that only a minor variation occurs for the N–O bond length in photo-
ionization and dissociative photoionization of N2O (Table 2), it is 
reasonable to maintain this distance at 1.189 Å as its value in neutral 
molecule for economy when scanning the N–NO bond length and the 
N–N–O angle. In addition, only potential energy surfaces in Franck- 
Condon (FC) region are concerned in current multi-reference calcula-
tions, since the couplings with higher excited states usually occur far 
from the FC region and however the high rates of motion for fragments 
naturally undermine their effects on the real dissociation dynamics. 
Specifically, the FC region was approximated to be taken as the N–N 
bond length of 1.06–1.21 Å and the N–N–O bond angle of 159-180◦, 
according to the zero-point energy on the potential energy surface of the 
neutral N2O along the N–N bond length and the N–N–O bond angle. 

3. Results and discussion 

3.1. Electronic states properties of N2O+ in low-lying states 

By removing an electron from the outer orbitals of neutral molecule, 
N2O+ in the X2Π, A2Σ+, B2Π, and C2Σ+ states can be produced. Table 1 

summarizes the major electronic configurations (with coefficients of 
larger than 0.30) of each low-lying state, based on CASSCF wavefunction 
analyses. Apparently, the X2Π state is classified into a primary ionization 
state (PIS) by simply removing a 2π electron, while the A2Σ+, B2Π, and 
C2Σ+ states all have the multi-configuration (TMC) features. Notably, 
the previous ab initio Tamm-Dancoff calculations demonstrated that 
strong vibronic coupling through totally symmetric vibrational modes 
could be induced by the electron correlation between the (1πx)-1 and 
(2πx)-2(3πx)+1 components for the B2Π state [47], where minus sign 
means to remove electrons while positive one indicates that the orbital is 
filled with an electron. In addition, electrons correlation inevitably oc-
curs between the A2Σ+ and C2Σ+ states due to their similar electronic 
configurations, suggesting that we need to pay attention to their 
coupling in the dissociation process. 

3.2. Optimized geometries of N2O+ in the A2Σ+ and B2Π states 

Table 2 lists the CASPT2 optimized geometries and excitation en-
ergies of N2O+ in the X2Π, A2Σ+ and B2Π states, as well as the previously 
reported data. At the same level of theory, we also calculated the opti-
mized geometry of neutral N2O molecule in ground state, in which the R 
(N–N) and R(N–O) bond lengths were 1.133 and 1.189 Å, respectively, 
and the θ(N–N–O) was 180.0◦. Apparently, the N–O bond length remains 
almost unchanged in photoionization to the lower ionic states such as 
the X2Π, A2Σ+ and B2Π, which is also close to its value (1.067 Å) in 
NO+(X1Σ+) fragment. Besides, as a linear 2Π state will split into two sub- 
states of Aʹ and A″ symmetry in bent geometry, the X2Π and B2Π states 
each correlate with two sub-states in CS symmetry, e.g. B2Aʹ and B2A″. It 
is worth noting that the major aim of the current calculations is to un-
ravel 2D potential energy surfaces of the A2Σ+ and B2Π states, rather 
than to obtain high precision excitation energies. Therefore, a system-
atic error of ~ 0.20 eV for excitation energies in Table 2 is acceptable in 
comparison to experimental data. 

As shown in Table 2, the X2Π and A2Σ+ states have linear geometries, 
and the present geometrical parameters are also close to previous results 
[40]. Two sub-state components of X2Π remain degenerate in the FC re-
gion. Moreover, the two bond lengths of N2O+ in the X2Π and A2Σ+ states 
are both close to those of the neutral molecule, which agrees with the 
experimental phenomenon that the strongest peak of both photoelectron 
spectral bands is located at the vibrational ground level (v+=0) 
[11,18,50]. The vertical (VIE) and adiabatic (AIE) ionization energies of 
N2O molecule are calculated to be 12.76 and 12.62 eV, respectively, 
which generally agrees with the experimental (12.89 eV [49]) and theo-
retical (12.80 eV [34]) data of VIE. The adiabatic excitation energy (T0) of 
A2Σ+ is calculated to be 3.34 eV, which is also consistent with the pre-
viously calculated (3.29 eV [40]) and experimental values (3.50 eV [48]). 

The degeneracy of the B2Π is broken in bent geometry, and two sub- 
states exhibit obvious difference in optimized geometries and excitation 
energies. The B2Aʹ remains linear, and the N–N and N–O bond lengths 
are calculated to be 1.248 and 1.278 Å, respectively. In contrast, the 
B2A″ sub-state is bent with θ(N–N–O) = 121.4◦, R(N–N) = 1.315 Å and R 
(N–O) = 1.197 Å. To our surprise, in addition to the same VIEs for the 

Table 1 
CASSCF wavefunction of N2O+ in low-lying electronic states, at the optimized 
geometry of neutral molecule in the ground state.  

State electronic configuration coefficient characteristics 
Linear Bent 

X2Π 12Aʹ, 12A″ (2πx)-1  0.917 PIS 
A2Σ+ 22Aʹ (7σ)-1  0.739 TMC 

(6σ)-1  0.445 
B2Π 32Aʹ, 22A″ (1πx)-1  0.774 TMC 

(2πx)-2(3πx)+1  0.391 
C2Σ+ 42Aʹ (7σ)-1  0.513 TMC 

(6σ)-1  0.731  
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B2A″ and B2Aʹ sub-states, there is a big gap between their AIE values, 
since the T0 values of B2A″ and B2Aʹ are calculated to be 3.48 and 4.46 
eV, respectively. Notably, a series of vibrational peaks were observed in 
the B2Π energy range of photoelectron spectra [9], which were attrib-
uted to the dominant excitation of symmetric stretching mode (v1

+). 
Moreover, the experimental origin of the B2Π band was close to the 
calculated AIE of B2Aʹ [9]. These results strongly indicate that the 
experimental B2Π band is predominantly contributed by the ionization 
transition to the B2Aʹ sub-state. Therefore, the decomposition of 
N2O+(B2Π) will principally occur along the potential energy surface of 
B2Aʹ sub-state, while the contribution of B2A″ component is minor. 

3.3. Potential energy surface of the A2Σ+(22Aʹ) state 

We initially calculated the 2D multistate potential energy surfaces in 
the FC region of low-lying doublet states involving the lowest eight Aʹ 
and four A″ states, using the MS-MR CASPT2 method. Fig. S1 plots the 
cut-off potential energy curves of these low-lying excited states in quasi- 
linear geometry with the fixed θ(N–N–O) of 179.9◦, where several N–NO 
dissociation limits are noted. Because the potential energy surface of the 
linear X2Π ionic state is well known, only the electronically excited 
states are discussed here. 

The linear A2Σ+(22Aʹ) state was assigned to adiabatically correlate 
with the third dissociation limit of NO+(X1Σ+) + N(2P) in the previous 
calculation [40], with a very high barrier (3.31 eV). When the linear 
configuration of N2O+ is broken, complicated couplings between elec-
tronic states with same symmetry, e.g. A2Σ+(22Aʹ) and B2Aʹ, are involved 
in CASPT2 calculations, leading to new adiabatic dissociation pathways. 
As shown in the 2D multistate potential energy surfaces of 2Aʹ symmetry 

of Fig. 1a, there are two strong coupling regions on the quasi-linear 
A2Σ+(22Aʹ) potential energy surface: one is located near the bottom of 
B2Aʹ state between A2Σ+(22Aʹ) and B2Aʹ (noted with yellow sand clock), 
and the other is at R(N–N) = 1.80 Å between A2Σ+(22Aʹ) and an upper Aʹ 
state. Notably, the former can lead to the avoided crossing between B2Aʹ 
and A2Aʹ states, in line with Chambaud et al.’s calculations [38]. Actu-
ally, this coupling provides a non-adiabatic decomposition pathway for 
N2O+(B2Aʹ) via the A2Σ+(22Aʹ) state. Moreover, these couplings make 
the dominant electronic configuration of A2Σ+(22Aʹ) exchanged along 
the N–NO bond rupture. As a result, the linear A2Σ+(22Aʹ) adiabatically 
links with the lower dissociation limit of NO+(X1Σ+) + N(2D), which is 
different from the previous conclusion [40]. The forming barrier height 
is calculated to be 2.2 eV. Although this barrier is much lower than that 
in linear geometry, it is still too high to allow the linear decomposition of 
A2Σ+(22Aʹ). 

An important finding is the first-ever discovery of a local minimum 
(named as LM-22Aʹ in Fig. 2) on the A2Σ+(22Aʹ) potential energy surface, 
which is far away from the FC region. We liberalize the restriction on the 
N–O bond length, and the optimized geometry of LM-22Aʹ has the N–N 
bond length of 1.312 Å, the N–O bond length of 1.195 Å and the bond 
angle of 115.0◦, as shown in Fig. 3. The T0 value of LM-22Aʹ is 3.36 eV 
and slightly higher than the global minimum. The electronic configu-
ration property of LM-22Aʹ changes from TMC in the linear geometry to 
PIS with the dominant configuration of (2π)-2(3π)+1 with the coefficient 
of 0.879. There is a transition state (TS-22Aʹ) between the local and 
global minima, whose optimized geometry is also exhibited in Fig. 3. 
Notably, this isomerization barrier is only 0.62 eV and much lower than 
the linear barrier height. Therefore, the existence of the local minimum 
and the lower barrier strongly imply a novel adiabatic pathway for the 
N2O+(A2Σ+) decomposition, as marked with red arrow in Fig. 2. Along 

Table 2 
Optimized geometries, ionization energies and adiabatic excitation energies of N2O+ in low-lying electronic states.  

state N–N N–O θ(N–N–O) IE /eV T0 /eV 
/Å /Å /◦ VIE AIE calc.a exp. 

X2Π  1.148 
1.154b  

1.194 
1.185b  

180.0  12.76  12.62 
12.89c 

0.00  0.00 

A2Σ+ 1.134 
1.140b  

1.152 
1.141b  

180.0  16.13  15.97 
16.39d,e 

3.34, 3.29f  3.50 g 

B2A″(B2Π)  1.315  1.197  121.4  17.91  16.16 3.48  
B2Aʹ(B2Π)  1.248  1.278  180.0  17.91  17.15 4.46  4.7 g 

a. with zero-point-energy corrections using the vibrational frequencies at the CASSCF level; b. calculated by the moments of inertia in Ref. [48]; c. in He-I photoelectron 
spectroscopy of Ref. [49]; d. in TPES of Ref. [11]; e. in PFI-ZEKE-PES of Ref. [50]; f. calculated at CASPT2 level in Ref. [40]; g. in photoelectron spectroscopy of 
Ref. [51]. 

Fig. 1. 2D multistate CASPT2 potential energy surfaces of the low-lying Aʹ (a) and A″ (b) sub-states for N2O+ along the N–N bond length and N–N–O angle, where two 
brown sand clocks note the avoided crossing positions. 
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this new path, the N–NO bond breaking will produce the rotationally 
excited NO+ fragment. In summary, the calculated potential energy 
surface of A2Σ+ proposes a new and more favorable decomposition 
pathway of N2O+ in bent geometry, in addition to the linear one 
mentioned in previous calculation [40]. 

3.4. Potential energy surfaces of the B2Aʹ(32Aʹ) and B2A″(22A″) sub- 
states 

According to the significantly different geometries of the B2Aʹ and 
B2A″ sub-states, they might have different dissociation behaviors. Thus, 
we discuss them separately below. Fig. 4 shows the calculated B2Aʹ and 
B2A″ potential energy surfaces along N–N bond and N–N–O bond angle 
coordinates. Apparently, these two sub-states exhibit different patterns 
on the adiabatic dissociation potential energy surfaces. 

As shown in Fig. 4a, there is a very high barrier (~1.50 eV at CASPT2 
level) for N2O+(B2Aʹ) ions to dissociate along the linear N–NO bond 
fission, while the potential energy surface of B2Aʹ exhibits much flat along 
the bending coordinate in the FC region although its global minimum is 
linear. As indicated with red arrow in Fig. 4a, the minimum energy path 
(MEP) of the N–NO bond breaking of N2O+(B2Aʹ) undergoes a low barrier, 

Fig. 2. CASPT2 potential energy surface of the A2Aʹ state for N2O+ along the N–N bond and N–N–O angle, in which the Franck-Condon region is marked in purple. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Optimized geometries of local minima and transition states along the 
N–N bond fission of N2O+ in the A2Aʹ and B2Aʹ states at the CASPT2/cc-pVQZ 
level of theory. 

Fig. 4. CASPT2 potential energy surfaces of B2Aʹ (a) and B2A″ (b) sub-states for N2O+ along the N–N bond and N–N–O angle, in which the Franck-Condon region is 
marked in purple. 
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TS-32Aʹ, with the height of 0.27 eV. In TS-32Aʹ, the bond angle is 139◦ and 
the R(N–NO) length is 1.27 Å (Fig. 3). Along this MEP, the driving force of 
potential energy surface near FC region drives the molecule from linear to 
bent geometry, while the N–N bond length retains almost unchanged. 
Once the potential barrier is crossed, N2O+ can directly decompose to 
NO+(X1Σ+) and N(2P) fragments in bent geometry with the bond angle of 
~ 115◦. As a result, rotationally excited NO+ fragment ions are produced, 
in line with experimental conclusions [15,34,37]. In addition, this new 
mechanism can explain the experimental phenomenon [37] that the 
proportion of the NO+(X1Σ+) + N(2P) channel increased with the exci-
tation energy in decomposition of the B2Π state. 

In comparison to B2Aʹ, the B2A″ sub-state shows a character of steep 
repulsive potential in the FC region as shown in Fig. 4b. The repulsive 
potential drives the molecule to bend rapidly prior to dissociation once 
formed in the FC region. A global minimum is located at the middle of the 
MEP, in which the bond angle, the R(N–NO) and R(N–N–O) lengths are 
121.4◦, 1.315 and 1.197 Å, respectively, as shown in Table 2. The second 
dissociation limit of NO+(X1Σ+) + N(2D) adiabatically correlates with 
B2A″ via a low barrier of ~ 0.4 eV height. According to that this barrier is 
much lower than the initial energy in FC ionization, the adiabatic N–NO 
bond breaking in bent geometry readily occurs for N2O+ in the B2A’’ state 
as indicated by red arrow in Fig. 4b. Notably, the discrete dissociation 
behaviors of B2Aʹ and B2A″ in Cs symmetry are never noticed previously, 
despite providing more clues to understand the decomposition mecha-
nism of N2O+(B2Π). In addition, as mentioned above, the B2Aʹ sub-state is 
dominantly produced in photoionization to N2O+(B2Π), and hence the 
overall dissociation behavior of B2Π mainly occurs along the B2Aʹ adia-
batic potential energy surface rather than the B2A″ one. 

3.5. Compared with the potential energy surfaces of N3 as the 
isoelectronic species 

It is worthwhile to compare the multistate PESs of N2O+ and its 
isoelectronic N3 due to foreseeable similarity. Varandas et al. [52–54] and 

Varga et al. [55] reported ab initio PESs at the CASSCF, CASPT2 and MRCI 
(Q) levels. Interestingly, the PESs of these two isoelectronic molecules 
show a high degree of consistency. The ground state (2Πg) of N3 shows 
similar characteristics to N2O+, that holds a linear stationary structure 
and adiabatically correlates with the second dissociation limit, N(2D) + N2 
[53]. The first excited state, 2Σg

+, of N3 (corresponding to the A2Σ+ state of 
N2O+) also has a linear minimum but correlates with the N(2D) + N2 
dissociation limit in bent geometry [54], which is similar to our current 
conclusion that the A2Aʹ(A2Σ+) state of N2O+ adiabatically links with the 
lower dissociation limit of NO+(X1Σ+) + N(2D) in bent geometry. The 
higher state, 2Πu, of N3 (corresponding to the B2Π state of N2O+) can 
dissociate to the N(2P) and N2 fragments in linear configuration, however, 
the strong coupling with upper states causes the 22A″(2Πu) sub-state to 
dissociate along the lower N(2D) + N2 channel in bent geometry [53]. 
Furthermore, the stationary structure of 22A″(2Πu) of N3 is located at 120◦

[54], which is close to 121.4◦ of 22A″(2Πu) of N2O+. All these similarities 
provide indirect evidence for the reliability of current calculations. In 
addition, the multistate PESs of N3 further confirm that the bending 
configuration is of paramount importance in calculating potential energy 
surfaces of the decomposition of triatomic molecules. 

3.6. Dissociation mechanisms for N2O+ in the A2Σ+ and B2Π states 

Based on the above potential energy surfaces, adiabatic decomposi-
tion mechanism of N2O+ in the A2Σ+ and B2Π states can be qualitatively 
uncovered. Moreover, the strong SOC value (53.8 cm− 1) between 
A2Σ+(22Aʹ) and 14A″(14Π) was given by Huang et al. [40] Therefore, 
taking into account interactions among those doublet states with same 
symmetry (e.g. avoided crossing) and SOC to quartet states, ro- 
vibrational distributions of the NO+ fragment observed in experiments 
can be reasonably illuminated. 

For the N2O+(A2Σ+) decomposition, NO+ fragment ions were 
observed with three ro-vibrational distributions in experiments [27], i.e. 
N(4S) + NO+(vibrationally excited), N(2D) + NO+(rotationally “cold”) 
and N(2D) + NO+(rotationally “hot”). The appearance of the NO+(X1Σ+) 
+ N(4S) channel is assuredly attributed to the coupling of spin states from 
the linear A2Σ+ to the bent 14A″(14Π) quartet state, leading to vibrational 
“hot” NO+(X1Σ+) fragments. Besides, as proposed by Huang et al. [40], 
A2Σ+(22Aʹ) can undergo bent deformation to 14A″ and then reach the 
12A″(X2Π) state via strong SOCs (53.8 cm− 1 for A2Σ+(22Aʹ) → 14A″(14Π), 
and 70.9 cm− 1 for 14A″→12A″(X2Π)) at their own minimum energy 
crossing points, and further adiabatically dissociate along 12A″(X2Π) to 
product NO+(X1Σ+) and N(2D) fragments. According to the linear struc-
ture of 12A″, rotationally “cold” NO+ fragments are produced. Moreover, 
following the current conclusions, the MEP on the A2Σ+(22Aʹ) potential 
energy surface (Fig. 2) shows an irrefutable mechanism of adiabatic 
decomposition, providing a perfect explanation for the production of 
rotationally excited NO+ observed in experiments [27]. We would like to 
emphasize that it is a novel mechanism. In addition, owing to the exis-
tence of the local minimum (LM-22Aʹ), we can imagine that the N–NO 
stretching and the bending vibrations can efficiently promote the 
branching ratio of this pathway, which is greatly consistent with the 
vibrational-dependence experimental results [27]. Therefore, the overall 
decomposition of N2O+(A2Σ+) can be summarized as the following: 

The decomposition of N2O+(B2Π) is much complicated. Both 

NO+(X1Σ+) + N(2D) and NO+(X1Σ+) + N(2P) dissociation channels were 
both observed in experiments, and the former was dominant [56]. 
Moreover, ro-vibrational population of the NO+ fragment strongly 
implied that significant bending took place prior to N–NO bond breaking 
[37]. As described in Section 3.4, the NO+(X1Σ+) + N(2P) channel 
adiabatically correlates with the B2Aʹ sub-state in bent geometry via a 
low barrier, while the B2A″ is dissociative with the products of 
NO+(X1Σ+) and N(2D). According to that the B2Aʹ sub-state is predom-
inantly produced in FC photoionization, the NO+(X1Σ+) + N(2P) disso-
ciation channel observed in experiments is attributed to the B2Aʹ 
adiabatic decomposition. Besides, both Chambaud et al.’s [38] and our 
calculations propose a non-adiabatic dissociation pathway of 
N2O+(B2Π), that the B2Aʹ(B2Π) state can couple to A2Aʹ(A2Σ+) with 
bending vibration at near equilibrium geometry of B2Aʹ, then adiabati-
cally dissociate to NO+(X1Σ+) and N(2D) along the A2Aʹ potential energy 
surface. Considering that the A2Aʹ(A2Σ+) decomposition can produce 
rotationally “hot” and “cold” NO+ fragment ion and N(2D) atom, the 
coupling from A2Aʹ(A2Σ+) will induce N2O+(B2Π) to dissociate into 
NO+(X1Σ+) with bimodal rotational distributions and N(2D) atom. In 
summary, we attribute the NO+(X1Σ+) + N(2D) production path 
observed in experiments [37] to the non-adiabatic decomposition of 
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B2Aʹ via coupling to A2Aʹ(A2Σ+) and breaking the N–NO bond. The 
following scheme briefly summarizes the above mechanisms: 

Last but not least, although the current calculation levels are not 
sufficiently accurate to quantitatively describe full features on the A2Σ+

and B2Π potential energy surfaces, and in the absence of quantum 
chemical dynamic calculations, the MEP is only able to offer a possibility 
of the adiabatic dissociation mechanism, we would like to emphasize 
that the current study provides some important clues of the bent po-
tential energy surfaces, which can point to the direction for quantitative 
calculations in future. 

4. Conclusion 

Through calculating potential energy surfaces of N2O+ cations along 
the N–N bond length and the N–N–O+ angle coordinates, we re- 
investigate decomposition mechanisms of N2O+ cations in the A2Σ+

and B2Π states. In comparison to previous mechanisms in linear geom-
etry [38], more complicated couplings are confirmed, which causes new 
dissociation pathways for the N–NO bond fission of N2O+. In these two 
states, adiabatic and non-adiabatic decomposition pathways compete 
with each other, resulting in the changes of the abundance and ro- 
vibrational distribution of products. The adiabatic correlation between 
these two states and the dissociation limits of NO+(X1Σ+) + N(4S), 
NO+(X1Σ+) + N(2D), and NO+(X1Σ+) + N(2P) are clarified. 

Notably, a novel adiabatic decomposition path of A2Aʹ(A2Σ+) state is 
found in bent geometry. According to its lower barrier, this thermody-
namically allowed N–N bond fission is assigned to form the rotationally 
excited NO+(X1Σ+) and N(2D) fragments. Moreover, the respective 
contributions of the Aʹ and A″ components split from the linear B2Π state 
are clarified separately. Considering avoided crossing among doublet 
states with same symmetry and SOC to quartet states, ro-vibrational 
distribution of NO+ fragment observed in experiments is reasonably 
elucidated. The current conclusions exhibit a nice example for an in- 
depth study of dissociation dynamics of polyatomic molecules. 
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