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Abstract The N-loss predissociation mechanisms of the

A 2R? (2 2A0) state of N2O? to the first and second dis-

sociation limits were studied in the Cs symmetry. The

potential energy curves (PECs) and minimum energy

crossing points (MECPs) for the Cs states of N2O? were

calculated at the CAS levels. On the basis of our CAS

calculation results (CASPT2 energetic results and CASSCF

spin orbit couplings), we suggest two processes for N-loss

predissociation mechanisms of A 2R? (2 2A0) to the first

and second limits. The first two steps in the two processes

are the same: A 2R? passes through the 2 2A0/1 4A00 MECP

and then reaches the 1 4A00 (1 4R-) PEC. The 2 2A0/1 4A00

MECP has a bent geometry and is slightly higher in energy

than the transition state along the 1 4A00 PEC. Our mech-

anisms are different from the previously suggested mech-

anisms (via 1 4P).

Keywords N2O? (A 2R?) � Predissociation in Cs

symmetry � CASPT2 � MECP

1 Introduction

Because the N2O? ion plays an important role in planetary

atmospheres [1], extensive experimental [2–20] and theo-

retical [21–23] studies on the electronic states and the

reaction and dissociation mechanisms were reported. Many

of the experimental studies were devoted to the photodis-

sociation mechanism of the first excited A state (denoted as

A 2R? in the literature), and we will mention the experi-

mental studies of Richard-Viard et al. [11] and Xu et al.

[17] below. Both the experimental groups observed mainly

the N-loss dissociation products: the N (4Su) ? NO?

(X 1R?) and N (2Du) ? NO? (X 1R?) limits, which are the

first and second N-loss dissociation limits, respectively (the

A 2R? state correlates the third N-loss limit of N

(2Pu) ? NO? (X 1R?)).

In 1990, Richard-Viard et al. [11] investigated the pre-

dissociation of N2O? (A 2R?) using a time of flight (TOF)

spectrometer and threshold photoelectron-photoion coin-

cidence (TPEPICO) method within the energy range of

3.31–4.61 eV (from X 2P of N2O?). They found that the

predissociation yielded essentially only NO? fragments

and both N (4Su) ? NO? (X 1R?) and N (2Du) ? NO?

(X 1R?) limits were reached when energetically accessible.

Their suggested mechanism for the N (4Su) ? NO?

(X 1R?) limit was indirect, the A 2R state being predisso-

ciated by the 1 4P state via spin–orbit coupling and the

1 4P state being coupled to the dissociative 4R- state

leading to the first N-loss limit. They suggested that the

second N-loss limit was reached by the spin–orbit coupling

of the 1 4P state with the vibrational continuum of the

ground X 2P state. The 1 4P state was involved in their

suggested predissociation mechanisms to the first and

second N-loss limits.

In 2004, Xu et al. [17] investigated photodissociation of

N2O? (A 2R?) using the photofragment excitation (PHO-

FEX) spectra and TOF mass spectra in the energy region of

3.78–4.51 eV (from X 2P of N2O?), and they observed

that at energies below 3.97 eV the dissociation pathway

was N (4Su) ? NO? (X 1R?) (their channel A), and at
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energies above 3.97 eV the dissociation pathway was N

(2Du) ? NO? (X 1R?) (their channel B). They [17] sug-

gested the same mechanism for channel A as that of

Richard-Viard et al. [11] for the N (4Su) ? NO? (X 1R?)

limit (the 1 4P state being involved). They [17] suggested

that the dissociation via channel B was caused by the

vibronic coupling between A 2R? and X 2P. This mecha-

nism (the 1 4P state is not involved) is different from that

(1 4P was involved) suggested by Richard-Viard et al. [11]

for the second N-loss limit.

In 2000, Chambaud et al. [23] reported their theoretical

study on photodissociation mechanism of the A 2R? state

using complete active space self-consistent field (CASSCF)

and internally contracted multireference configuration

interaction (MRCI) calculations and suggested that A 2R?

predissociated in bent structures via a spin–orbit coupling

with the 4A00 component of the 4P state and then transition

to 4R- for dissociation to the first N-loss (and O-loss) limit

via the 4R- state. Their predicted mechanism for the pre-

dissociation of A 2R? to the first N-loss limit could be

expressed by the following equation: A 2Rþ ! A 2Rþ=
4A00 14Pð Þ CI conical intersectionð Þ ! 1 4P ! 1 4P=1
4R� CI ! 1 4R� ! N 4Suð Þ þ NOþ X1Rþð Þ. This theo-

retical mechanism is similar to that suggested by Richard-

Viard et al. [11] for the first N-loss limit, and it involved

the 1 4P state. The authors did not predict mechanism for

predissociation of A 2R? to the second N-loss limit in their

paper [23]. We note that Chambaud et al. [23] considered

the predissociation in bent structures (nonlinear confor-

mation in the Cs symmetry) in their calculations, and we

also note that their CASSCF potential energy curves

(PECs) did not well converge to the dissociation product

limits because their PECs obtained in the single-point

energy calculations were not the minimum-energy paths.

The purpose of the present theoretical work is to study

N-loss dissociation processes from the A 2R? state of

N2O? in bent configuration (in the Cs symmetry) using

multiconfiguration second-order perturbation theory

(CASPT2) [24, 25] and CASSCF [26] calculations. Based

on our predicted mechanisms, we will try to explain the

experimental facts in Refs. [11, 17] and examine the sug-

gested mechanisms in the previous experimental [11, 17]

and theoretical [23] papers. The CASPT2 method was

successfully used in our previous theoretical studies for

excited states and dissociation mechanisms of small

molecular ions [27–30].

In the previously suggested predissociation mechanisms

[11, 17, 23] for the A 2R? state of N2O?, the X 2P, 1 4R-,

and 1 4P states were involved. Since we consider the pre-

dissociation mechanisms in the Cs symmetry, we calculated

the 1 2A0, 1 2A00, 1 4A00, 2 2A0, 1 4A0, and 2 4A00 states of

N2O?, instead of X 2P, 1 4R-, A 2R?, and 1 4P. The

calculations performed in the present work included the

CASPT2 geometry optimization and CASPT2 N-loss dis-

sociation potential energy curve (PEC) calculations for the

six Cs states and the CASSCF minimum energy crossing

point (MECP) and spin–orbit coupling calculations for the

state/state pairs selected among the six states. The X 2P,

1 4R-, and 1 4A00 states were already calculated in our pre-

vious CASPT2 study for adiabatic and nonadiabatic mech-

anisms of the N2 (X 1Rg
?) ? O? (4Su) reaction, [29] and the

1 4A00 (not 1 4R-) state was shown to be important for both

the mechanisms.

2 Calculation details

Geometry and atom labeling used for the N2O? ion in the

Cs symmetry are shown in Fig. 1. The CASSCF and

CASPT2 calculations were carried out using MOLCAS

v7.4 quantum chemistry software [31]. As in our previous

CASPT2 study for the N2 ? O? reaction, [29] a large

ANO-L basis set, [32–35] N[6s5p4d2f]/O[6s5p4d2f], was

used and the full valence active spaces for the N2O? ion

and product species (NO?, NO, N, and N?) were used in

the CAS calculations. In all the CASPT2 calculations, the

weight values of the CASSCF reference functions in

the first-order wave functions were all larger than 0.88. The

level shift was not used in our CASPT2 calculations.

The N-loss dissociation PECs were calculated for the Cs

states of the N2O? ion at the CASPT2 level. At a set of

fixed R(N1–N2) (see Fig. 1) values ranging from the dif-

ferent starting values (see Sect. 3.2) to 4.0 Å, the CASPT2

partial geometry optimization calculations were performed.

The CASPT2 N-loss dissociation PECs for the Cs states

were drawn on the basis of the CASPT2 energies at the sets

of partially optimized geometries. The N2O? systems in

the different states at the R(N1–N2) value of 4.0 Å are

called N-loss asymptote products for the respective states.

For studying nonadiabatic processes, we performed the

CASSCF MECP calculations for the state/state pairs

selected among the Cs states and then calculated the

CASPT2 energies and CASSCF spin orbital coupling

Fig. 1 Atom labelings for the N2O? ion in the Cs symmetry used in

the present work
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values at the located MECPs. For the purpose of discus-

sion, we also performed MECP calculations for some C?v-

state/C?v-state pairs (the CAS calculations for the C?v

states should be performed in the C2v subgroup of C?v, see

Refs. [28, 29]).

3 Results and discussion

3.1 The Cs states of the N2O? ion

In Table 1 given are the CASPT2 optimized geometries

and T0 values for the 1 2A0, 1 2A00, 2 2A0, 1 4A0, 1 4A00, and

2 4A00 states of the N2O? ion.

The CASPT2 geometry optimization calculations indi-

cate that the 1 2A0, 1 2A00, and 2 2A0 states have the linear

equilibrium geometries, and then the 1 2A0 and 1 2A00 states

converge to X 2P and the 2 2A0 state goes back to A 2R?.

The X 2P state was calculated in our previous CASPT2

study, [29] but the results were not reported in Ref. [29].

By comparing the calculated and experimental geometries

of the X 2P and A 2R? states, we note that the N2–O bond

length values in the CASPT2 geometries of the two states

are close to the experimental values [5] while the N1–N2

bond length values in the CASPT2 geometries of the two

states are (around 0.013 Å) smaller than the experimental

values [5]. The same tendencies are found in the MRCI

geometries [23] (see Table 1) of the two states. The

CASPT2 T0 value (3.38 eV) for the A 2R? state is 0.11 eV

smaller than the experimental value [3, 18] (the MRCI

value is slightly larger than the experimental value).

Along the CASPT2 1 4A00 energy profile (adiabatic path)

of the N2 (X 1Rg
?) ? O? (4Su) ? NO? (X 1R?) ? N (4Su)

reaction reported in Ref. [29], there are two minima and a

transition state (TS) in between. In Table 1 of the present

paper, we list the CASPT2 calculation results for the global

minimum (denoted as 1 4A00) and the transition state

(denoted as 1 4A00 (TS)). The other minimum is a local

minimum along the O-loss dissociation path. The N1N2O

angle values in the CASPT2 geometries of 1 4A00 and 1 4A00

(TS) are 106.0� and 115.0�, respectively, and the 1 4A00

geometry has a long N1–N2 bond of 2.724 Å.

The CASPT2 calculations predict a linear geometry for

the 1 4A0 state and a bent geometry with an N1N2O angle of

111.4� for the 2 4A00 state. Since the CASPT2 T0 value

(6.51 eV) for 2 4A00 is very high, we will not perform more

calculations for this state.

3.2 N-loss dissociation potential energy curves

The CASPT2 N-loss dissociation PECs of the 1 2A0, 1 2A00,
2 2A0, 1 4A00, and 1 4A0 states are given in Fig. 2, and they

were obtained based on the CASPT2 partial geometry

optimization calculations. Since too high in energy, the

2 4A00 N-loss PEC was not calculated. The starting R(N1–

N2) values for the 1 2A0, 1 2A00, and 2 2A0 PECs were the

N1–N2 bond length values (1.140, 1.140, and 1.127 Å,

respectively) in the CASPT2 geometries of the three states.

The starting R(N1–N2) value for the 1 4A00 PEC was the

N1–N2 bond length value of 1.179 Å in the CASPT2

geometry of 1 4A00 (TS). The starting R(N1–N2) value for

the 1 4A0 PEC was 1.2 Å.

Table 1 CASPT2 optimized geometries and adiabatic relative energies (T0, in eV) for the 1 2A0, 1 2A00, 2 2A0, 1 4A0, 1 4A00, and 2 4A00 states of

the N2O? ion (bond lengths are given in Å and bond angles in degrees; for notations, see Fig. 1)

State Geometry [R(N1–N2), R(N2–O), \N1N2O] T0

CASPT2 MRCIa Expt.b CASPT2c MRCIa Expt.d

X 2P (12A0, 12A00) 1.140, 1.188, 180.0 1.137, 1.192 1.154, 1.185 0.0 (0.0) 0.0 0.0

A 2R? (22A0) 1.127, 1.145, 180.0 1.123, 1.138 1.140, 1.141 3.29 (3.38) 3.55 3.49e, 3.50f

1 4A00g 2.724, 1.064, 106.0 1.54 (1.47)

1 4A00 (TS)g 1.179, 1.441, 115.0 3.10 (2.99)

1 4A0 1.476, 1.150, 180.0 4.33 (4.27)

2 4A00 1.435, 1.282, 111.4 6.51 (6.39)

a Ref. [23]
b Ref. [5]
c Values in parentheses are the T0 values with CASSCF ZPE corrections
d Experimental T0 values are evaluated using the experimental adiabatic ionization energy data
e Ref. [3, 18]
f Ref. [5, 15]
g Along the CASPT2 1 4A00 energy profile for the N2 ? O? ? NO? ? N reaction reported in Ref. [29], there are two minima and a transition

state in between. In this table the CASPT2 results for the global minimum (1 4A00) and the transition state (1 4A00 (TS)) are listed (the local

minimum is along the O-loss dissociation path)
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According to the group theory, the 1 2A0, 1 2A00, 2 2A0,
1 4A00, and 1 4A0 states of the N2O? ion correlate with NO?

(X 1R?) ? N (2Du), NO? (X 1R?) ? N (2Du), NO?

(X 1R?) ? N (2Pu), NO? (X 1R?) ? N (4Su), and NO

(X 2P) ? N? (3Pg), which are the second, second, third,

first, and fourth N-loss dissociation limits, respectively.

The sum energies of these product groups relative to the

X 2P reactant (abbreviated to ‘‘energies for the N-loss

limits’’) were obtained in the CASPT2 calculations

(including the geometry optimization calculations for the

NO? and NO and energy calculations for N (4Su), N (2Du),

N (2Pu), and N? (3Pg)), and the CASPT2 energies for the

first, second, third, and fourth N-loss limits are 1.68, 4.08,

5.24, and 7.01 eV, respectively. The CASPT2 energies of

the asymptote products along the 1 2A0, 1 2A00, 2 2A0, 1 4A00,
and 1 4A0 PECs relative to the X 2P reactant (abbreviated

to ‘‘CASPT2 energies of the asymptote products’’) are

4.04, 4.04, 5.20, 1.63, and 7.10 eV, which are very close to

the CASPT2 energies for the second, second, third, first,

and fourth N-loss limits, respectively. Therefore, the

CASPT2 energetic results (also the O–N2 fragmental

geometries and charge distributions in the asymptote

products) confirm that the 1 2A0, 1 2A00, 2 2A0, 1 4A00, and

1 4A0 states of the N2O? ion correlate with NO?

(X 1R?) ? N (2Du), NO? (X 1R?) ? N (2Du), NO?

(X 1R?) ? N (2Pu), NO? (X 1R?) ? N (4Su), and NO

(X 2P) ? N? (3Pg), respectively. However, our CASPT2

energies of 1.68, 4.08, 5.24, and 7.01 eV for the first,

second, third, and fourth N-loss limits are larger than the

experimental energies [7, 12, 18] of 1.30, 3.68, 4.88, and

6.56 eV, respectively, and the discrepancy between the

CASPT2 and experimental energies is around 0.4 eV for

each of the limits (the CASPT2 energies with CASSCF

zero-point energy corrections are still 0.19–0.25 eV larger

than the experimental energies). In our previous CASPT2

studies [27–30] for dissociation of other molecular ions, the

discrepancies between the CASPT2 and experimental

energies for the dissociation limits were not large (smaller

than 0.18 eV), and we do not know the reasons for the

large discrepancies of around 0.4 eV in this case.

The 1 2A0 and 1 2A00 PECs were not given in Ref. [29],

but the N1N2O angle values at some R(N1–N2) values

along the CASPT2 1 2A0 and 1 2A00 PECs were given in

Table 2 of Ref. [29]. As shown in that table, the 1 2A0 and

1 2A00 partially optimized geometries at the R(N1–N2) val-

ues between 1.8 and 2.5 Å are bent with different N1N2O

angle values. The CASPT2 PECs of the two states do not

coincide in that region (see Fig. 2). The 1 4A00 PEC was

already calculated in our previous study [29]. The N1N2O

angle values at the R(N1–N2) values smaller than 2.2 Å

along the N-loss PEC of the 1 4A00 state are smaller than

120� (see Table 2 of Ref. [29]). The 1 4R- PEC was also

calculated in our previous study [29]. As shown in Fig. 3 of

Ref. [29], the 1 4R- PEC lies above the 1 4A00 PEC and the

1 4R- energy greatly increases when the R(N1–N2) value

becomes small. The present calculations indicate that the

partially optimized geometries along the CASPT2 PECs of

the 2 2A0 and 1 4A0 states are linear, and therefore the 2 2A0

PEC in Fig. 2 is just the A 2R? PEC. There is a transition

state (denoted as TS (2 2A0)) at a R(N1–N2) value of around

1.6 Å along the CASPT2 PEC of the 2 2A0 (A 2R?) state.

The CASPT2 geometry optimization calculations predict

Table 2 Locations (geometries) of the minimum energy crossing

points (MECPs) for selected Cs-state/Cs-state pairs predicted by the

CASSCF calculations, together with the CASSCF spin–orbit coupling

values (in cm-1) and CASPT2 state/state energies (DE/DE in eV,

relative to X 2P) at the CASSCF MECPs (bond lengths are given in Å

and bond angles in degrees)

State/state CASSCF MECP geometry Spin–orbit coupling CASPT2 DE/DEa

R(N1–N2) R(N2–O) \N1N2O

Cs symmetry

2 2A0/1 4A00 1.194 1.189 151.0 53.8 3.82/3.66 (3.74)

[1.169]b [1.172] [155.0]

2 2A0/1 4A0 (1) 1.536 1.155 139.0 4.8 4.15/4.36 (4.26)

2 2A0/1 4A0 (2) 1.910 1.127 180.0 0.0 5.20/5.00 (5.10)

1 4A00/1 2A0 1.449 1.138 127.0 58.5 2.27/2.18 (2.22)

1 4A00/1 2A00 1.488 1.133 128.7 70.9 2.26/2.19 (2.22)

[1.482]b [1.111] [130.0]

C?v symmetry

A 2R?/1 4P (1) 1.303 1.168 180.0 2.3 4.45/4.32 (4.38)

A 2R?/1 4P (2) 1.910 1.127 180.0 0.0 5.20/5.00 (5.10)

The results for the A 2R?/1 4P MECPs calculated in C?v symmetry are also listed
a Values in parentheses are the averages
b Values in square brackets are the geometric of ‘‘energetically lowest crossings’’ predicted by the previous MRCI calculations (Ref. [23])
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that TS (2 2A0) is about 6.60 eV higher in energy than the

X 2P reactant and it has a linear geometry (R(N1–N2) =

1.610 Å, R(N2–O) = 1.110 Å, and \N1N2O = 180.0�).

In Fig. 2, the 1 4A00 PEC crosses the 1 2A0 and 1 2A00

PECs, and 1 4A0 PEC crosses the 2 2A0 PEC twice. In

Fig. 2, the starting points of the 2 2A0 and 1 4A00 PECs are

very close, but the two PECs will not cross since the stating

point of the 2 2A0 PEC represents a minimum while the

starting point of the 1 4A00 PEC represents a transition state.

3.3 Predissociation mechanisms of the A 2R? (2 2A0)
state

Our prediction of the predissociation mechanisms is mainly

based on the MECP calculations performed in the Cs

symmetry for the Cs state pairs.

3.3.1 MECP calculations for the Cs states

We consider the MECPs for the 2 2A0/1 4A00 and 2 2A0/1 4A0

state pairs, and the R(N1–N2) values at the two MECPs

should be larger than the value in the 2 2A0 (A 2R?) geometry

since we are considering the N-loss dissociation. The

MECPs for the 1 4A00/1 2A0 and 1 4A00/1 2A00 state pairs are

also considered, and the R(N1–N2) values at the two MECPs

should be larger than the value in the 1 4A00 (TS) geometry.

In Table 2 listed are the geometries of the CASSCF

MECPs for the four state pairs in Cs symmetry, together

with the CASSCF spin–orbit coupling values and CASPT2

state/state energies (relative to X 2P) calculated at the

CASSCF MECP geometries. We located the 2 2A0/1 4A00

MECP though the 2 2A0 and 1 4A00 PECs in Fig. 2 do not

cross. We located two MECPs for the 2 2A0/1 4A0 state pair

(denoted as ‘‘2 2A0/1 4A0 (1) MECP’’ and ‘‘2 2A0/1 4A0 (2)

MECP’’). The 1 4A00/1 2A0 and 1 4A00/1 2A00 MECPs were

already calculated in our previous study [29]. At each of

the located MECPs, the CASSCF energy difference

between the two states in the pair is smaller than 0.01 eV

and the CASPT2 energy difference is smaller than 0.21 eV

(we will use the average of the CASPT2 energies in dis-

cussion). The N1N2O angle values in the geometries of the

2 2A0/1 4A00, 2 2A0/1 4A0 (1), 1 4A00/1 2A0, and 1 4A00/1 2A00

MECPs are 151.0�, 139.0�, 127.0�, and 128.7�, respec-

tively, and the angle value in the geometry of the 2 2A0/
1 4A0 (2) MECP is 180�. The CASSCF spin–orbit coupling

values at the 2 2A0/1 4A00, 1 4A00/1 2A0, and 1 4A00/1 2A00

MECPs are larger than 50 cm-1, while the values at the

2 2A0/1 4A0 (1) and 2 2A0/1 4A0 (2) MECPs are very small or

zero. Chambaud et al. [23] calculated ‘‘the energetically

lowest crossings’’ (MECP) for the 2 2A0/1 4A00 and 1 4A00/
1 2A00 state pairs at the MRCI level, and the geometries

(listed in Table 2) of their two MECPs are quite close to

the geometries of our MECPs, respectively.

3.3.2 Predicted N-loss predissociation mechanisms

of the A 2R? (2 2A0) state in the Cs symmetry

On the basis of the above-reported calculation results

(PECs, for the Cs states, including the N-loss PECs and

energies and spin–orbit couplings at the MECPs), the

mechanism of the N-loss predissociation from A 2R?

(2 2A0) to the first limit is predicted to follow the following

process:

Process 1: A 2Rþ 2 2A0
� �

3:29eVð Þ
! 2 2A0=1 4A00 MECP 3:74eV; 53:8cm�1

� �
! 1 4A00

! NOþ X 1Rþ
� �

þ N 4Su

� �
1:68eVð Þ the first N� loss limitð Þ:

In parentheses are the CASPT2 relative energy values to

X 2P and the CASSCF spin–orbit coupling value at the

MECP.

Since the 2 2A0/1 4A0 (1) and 2 2A0/1 4A0 (2) MECPs are

higher in energy than the 2 2A0/1 4A00 MECP and have very

small spin orbit couplings (4.8 and 0.0 cm-1), the predis-

sociation process of the A 2R? (2 2A0) state will pass the

2 2A0/1 4A00 MECP (as the first step) and will not pass the

2 2A0/1 4A0 (1) or 2 2A0/1 4A0 (2) MECP.

In the second step of process 1, the N2O? system is

considered to go from the 2 2A0/1 4A00 MECP to the 1 4A00

PEC. The average CASPT2 energy (3.74 eV) at the 2 2A0/
1 4A00 MECP is higher than the CASPT2 energies of A 2R?

1 2 3 4

-184.05

-184.00

-183.95

-183.90

-183.85

-183.80

-183.75

(4.33)

NO (X 2Π) + N+ (3P
g
)

NO+ (X 1Σ+)+ N(2P
u
)

NO+ (X 1Σ+)+ N(2D
u
)

NO+ (X 1Σ+)+ N(4S
u
)

E
/a

.u
.

R(N
1
-N

2
)/Angstrom

1 2A'
1 2A"
           (0.0)

2 2A' (A 2Σ+)
         (3.29)

1 4A'

(7.10)
[7.01]
{6.56}

(5.20)
[5.24]
{4.88}

(4.04)
(4.04)
[4.08]
{3.68}1 4A" (1 4Σ−)

(1.63)
[1.68]
{1.30}

1 2A'

1 2A"

(X 2Π)

1 4Σ−

(1.54)

TS (1 4A")
     (3.10)

Fig. 2 CASPT2 potential energy curves (PECs) for N-loss dissoci-

ation from the 1 2A0, 1 2A00, 2 2A0, 1 4A0, and 1 4A00 states of the N2O?

ion. Values in parentheses are the CASPT2 energies (in eV) of the

reactants and asymptote products relative to the X 2P reactant, and

values in square brackets are the CASPT2 sum energies (in eV) of the

product groups relative to the X 2P reactant (values in braces are the

experimental sum energies of the product group relative to X 2P).

The 1 4R- PEC calculated in the C?v symmetry is also shown
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(2 2A0) (3.29 eV) and TS (1 4A00) (3.10 eV) and the

(CASSCF) R(N1–N2) value (1.194 Å) in the 2 2A0/1 4A00

MECP is lightly larger than the (CASPT2) R(N1–N2) val-

ues in the geometries of A 2R? (2 2A0) (1.127 Å) and TS

(1 4A00) (1.179 Å). For exploring the path from the 2 2A0/
1 4A00 MECP to the 1 4A00 PEC, we carried out the fol-

lowing testing calculations. We performed the CASPT2

single-point energy calculations in the 1 4A00 PES at the ten

uniformly interpolated geometries between the 2 2A0/1 4A00

MECP (CASSCF) geometry (R(N1–N2) = 1.194 Å, R(N2–

O) = 1.189 Å, and \N1N2O = 151.0�) and the TS (1 4A00)
(CASPT2) geometry (R(N1–N2) = 1.179 Å, R(N2–

O) = 1.441 Å, and \N1N2O = 115.0�). We find that the

CASPT2 energy along this ‘‘path’’ monotonously decreases

from 3.66 eV (the CASPT2 energy of 1 4A00 at the 2 2A0/
1 4A00 MECP) to 3.10 eV (the CASPT2 energy of

TS (1 4A00)), which indicates that this is an energetically

feasible path. This fact implies that the N2O? system can

go from the 2 2A0/1 4A00 MECP to the 1 4A00 PEC, though

we do not know the optimal path in the 1 4A00 PES from the

2 2A0/1 4A00 MECP to a special point along the 1 4A00 PEC.

The mechanism of the N-loss predissociation from

A 2R? (2 2A0) to the second limit is predicted to follow the

following process:

Process 2: A 2Rþ 2 2A0
� �

3:29 eVð Þ
! 2 2A0=1 4A00 MECP 3:74 eV; 53:8 cm�1

� �
! 1 4A00

! 1 4A00=1 2A00 MECP 2:22 eV; 70:9 cm�1
� �

! 1 2A00

! NOþ X 1Rþ
� �

þ N 4Du

� �
4:08eVð Þ the second N� loss limitð Þ:

The first two steps in process 2 are the same as in

process 1. In the third step of process 2, we have

considered the 1 4A00/1 2A00 MECP (rather than the 1 4A00/
1 2A0 MECP), because the spin orbit coupling value at the

1 4A00/1 2A00 MECP is larger than that at the 1 4A00/1 2A0

MECP.

The maximum CASPT2 relative energy values along

processes 1 and 2 are 3.74 and 4.08 eV, respectively, which

can be considered as the needed energies (from X 2P) for

N-loss predissociation of A 2R? to the first and second

limits, respectively.

3.4 Discussion on the previously suggested

mechanisms for N-loss predissociation

of the A 2R? state

For the N-loss predissociation from A 2R? to the first limit,

the first steps of the suggested mechanisms by the previous

experimental studies [11, 17] were considered to proceed

via the interaction of the A 2R? state with the 1 4P state (or

a component of 1 4P). In the suggested mechanism by

Richard-Viard et al. [11] for the N-loss predissociation

from A 2R? to the second limit, the first step was also

considered to proceed via the interaction of the A 2R? state

with 1 4P. For discussing these suggested mechanisms, we

calculated the A 2R?/1 4P MECP in the C?v symmetry.

We located two MECPs for the A 2R?/1 4P state pair

(denoted as ‘‘A 2R?/1 4P (1) MECP’’ and ‘‘A 2R?/1 4P (2)

MECP’’, see Table 2). At the two A 2R?/1 4P MECPs, the

CASSCF spin orbit coupling values are very small (2.3 and

0.0 cm-1) and the CASPT2 average energy values are larger

than those at all the MECPs calculated in the Cs symmetry

(see Table 2). Therefore, our calculations do not support the

mechanisms for the N-loss predissociation from A 2R? to the

first [11, 17] and second [17] limits suggested in the exper-

imental papers, since the first steps of these suggested

mechanisms were considered to proceed via the 1 4P state.

In the experimental study of Xu et al. [17], the N-loss

predissociation from A 2R? to the second limit was sug-

gested to proceed via the vibronic coupling between A 2R?

and X 2P. We would think that the vibronic coupling

between A 2R? and X 2P might be weak, since the energy

gaps between the A 2R? (2 2A0) and X 2P (1 2A0 and 1 2A00)
PECs are large in Fig. 2.

In the previous theoretical study, [23] the predicted

mechanism for the N-loss predissociation from A 2R? to the

first limit involved the 1 4P state (4A00 component). In the

first steps of our predicted mechanisms for the N-loss pre-

dissociation from A 2R? to the first and second limits (see

processes 1 and 2), the involved interaction is that between

2 2A0 (A 2R?) and 1 4A00 (1 4R-) (not that between A 2R?

and 1 4P). Actually, Chambaud et al. [23] already calculated

the 2 2A0/1 4A00 MECP at the MRCI level, and we have listed

the geometry in Table 2. We think that their located 2 2A0/
1 4A00 MECP [23] is just our 2 2A0/1 4A00 MECP (the geom-

etry of their MECP is quite close to that of our MECP, though

their MRCI relative energy value is about 0.4 eV larger than

our CASPT2//CASSCF average relative energy value). In

the Cs symmetry, the 1 4A00 potential energy surface has

character of 1 4R- in some regions and has character of

the 4A00 component of 1 4P in other regions. However,

Chambaud et al. [23] considered that the N2O? system would

go to 1 4P from the 2 2A0/1 4A00 MECP (back to the linear

dissociation path) and then to 4R- for dissociating to the first

N-loss limit. We consider that in the next step of the pre-

dissociation the N2O? system reaches the dissociative 1 4A00

(1 4R-) state (at the TS (1 4A00)).

4 Conclusions

The main purpose of the present work is to study the N-loss

predissociation mechanisms of the A 2R? (2 2A0) state of

the N2O? ion to the first and second limits in Cs symmetry.

We calculated the CASPT2 geometries and T0 values for
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the 1 2A0, 1 2A00, 2 2A0, 1 4A00, 1 4A0, and 2 4A00 states (the

1 2A0 and 1 2A00 states converge to X 2P and the 2 2A0 state

to A 2R?). We calculated the CASPT2 N-loss dissociation

PECs for the 1 2A0, 1 2A00, 2 2A0, 1 4A00, and 1 4A0 states and

performed the MECP calculations in Cs symmetry

(including the CASSCF MECP geometries and the CAS-

PT2//CASSCF energies and CASSCF spin orbit couplings

at the MECPs). On the basis of our CAS calculation results

(CASPT2 energetic results and CASSCF spin orbit cou-

plings), we suggest the following two processes for the

N-loss predissociation mechanisms of A 2R? (2 2A0) to the

first and second limits:

Process 1: A 2Rþ 2 2A0
� �

! 2 2A0=1 4A00 MECP ! 1 4A00

! NOþ X 1Rþ
� �

þ N 4Su

� �
the first limitð Þ

and

Process 2: A 2Rþ 2 2A0
� �

! 2 2A0=1 4A00 MECP ! 1 4A00

! 1 4A00=1 2A00 MECP

! 1 2A00

! NOþ X 1Rþ
� �

þ N 2Du

� �
the second limitð Þ:

The 2 2A0/1 4A00 MECP is involved in the first steps of

both the processes, and it has a bent geometry. The

CASPT2 energy (3.74 eV) at the 2 2A0/1 4A00 MECP is

slightly higher than the CASPT2 energies of the stationary

points in the 2 2A0 and 1 4A00 potential energy surfaces, i.e.

A 2R? (3.29 eV) and TS (1 4A00) (3.10 eV). The N1–N2

bond length value in the 2 2A0/1 4A00 MECP is close to

those in the geometries of the two stationary points. In the

second steps of both the two processes, the N2O? system

goes along the 1 4A00 PEC. The N1N2O angle values at

small R(N1–N2) values (\2.2 Å) along the 1 4A00 PEC are

around 120�, and the 1 4A00 PEC coincides with the 1 4R-

PEC at large R(N1–N2) values ([2.2 Å).

The previous experimental [11, 17] and theoretical [23]

studies considered that N2O? (A 2R?) would go to the

1 4P state (via bent component) and then to 1 4R- in the

predissociation to the first N-loss limit. In the present

study, we consider that N2O? (A 2R?/2 2A0) goes from the

2 2A0/1 4A00 MECP to the dissociating 1 4A00 (1 4R-) state

as the second step.
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