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We report a study of the ab initio quantum chemical calculations for an ion-molecule reaction in the N2+ +
O2 system at the CCSD(T)/6-31G*//MP2(full)/6-31G* level augmented by multireference configuration
interaction (MRCI) calculations. For the charge transfer (CT) reaction N2

+ + O2 f N2 + O2
+, different

mechanisms of electron transfer exist according to the electronic state of N2
+. Along the potential energy

curve withC2V symmetry, electron transfer to N2
+(X2Σg

+) occurs via a quartet T-shaped intermediate complex
where positive charge has already been distributed on the O2 fragment, and the CT leads to O2

+(a4Πu) with
large endothermicity. In contrast, electron transfer to N2

+(A2Πu) occurs via a doublet T-shaped intermediate
complex, and the CT leads to O2

+(X2Πg) with large exothermicity. The doublet and quartet energy surfaces
that connect the reactant systems, the intermediate complexes, and the product systems are examined in detail.
The quartet CT reaction path contributes to the vibrational deactivation of N2

+(X2Σg
+). Related characteristics

of the reaction dynamics are also discussed.

Introduction

Ion-molecule reactions have been of central interest in the
chemistry of the ionosphere.1 Not only in the basic study of
earth’s upper atmosphere but also from the fundamental interest
in state-to-state chemistry, the ion-molecule reaction between
the nitrogen molecule cation N2+ and oxygen molecule O2 has
received considerable attention, and many experimental studies
have been carried out in order to clarify the reaction
mechanism.2-9 For this reaction system, the charge transfer (CT)
reaction

is a main channel of the reaction pathways. The vibrational
excitation of ions can significantly alter the reaction pathways,
the electronic species, the vibrational states of products, and
the rate constants.2-12

Koyano et al. were the first to report the effect of vibrational
excitation of N2

+ on CT reaction 1 using the photoelectron-
photoion coincidence (PEPICO) technique.2 They selected
vibrational states of N2+(X2Σg

+;V)0-3) and N2
+(A2Πu;V)0-

3) at considerably high collision energy,ECM ) 2.1 eV, and
found that the cross section of the CT reaction for N2

+(X2Σg
+;V)

was very small compared with that for N2
+(A2Πu;V) and almost

unaffected by the stretching vibrational quantum numberV. If
the O2

+(a4Πu) product ion is obtained from the N2+(X2Σg
+;V)

+ O2(X3Σg
-) reactant system by the CT reaction, it seems that

the cross section of this reaction would show the vibrational
enhancement from the viewpoint of energetics; the energy level
of the N2(X1Σg

+;V′)0) + O2
+(a4Πu;V′′)0) product state is 0.523

eV above the ground stateV ) 0 of the reactant, while the
vibrationally excited reactant states are 0.270 eV (V ) 1), 0.535

eV (V ) 2), 0.797 eV (V ) 3), and 1.054 eV (V ) 4),
respectively.13 Indeed, the reverse reaction of CT reaction 1,
O2

+(a4Πu) + N2(X1Σg
+) f O2(X3Σg

-) + N2
+(X2Σg

+), occurs
with high probability,10 which implies that the reaction pathway
connecting the N2+(X2Σg

+) + O2(X3Σg
-) state and the N2-

(X1Σg
+) + O2

+(a4Πu) state should exist. Therefore, it appears
that the N2

+(X2Σg
+;V) + O2(X3Σg

-) reactant system may lead
to O2

+(a4Πu) by the CT reaction 1 with high energy. Koyano
et al. inferred that the product of the CT reaction from N2

+-
(X2Σg

+) was not O2
+(a4Πu) but O2

+(X2Πg), since the vibrational
enhancement of the CT reaction for N2

+(X2Σg
+;V) was not

observed.2 On the other hand, they concluded that the vibrational
enhancement of the CT reaction for N2

+(A2Πu;V) was observed.2

Ferguson et al. proposed the “T”-shaped complex of N2
+ +

O2 system,3 which is drawn in Figure 3, as an intermediate state
of the CT reaction and predicted the electronic structure of the
product O2 in terms of the molecular orbital (MO) overlapping
feasibility. In the T-shaped complex, the 3σg singly occupied
molecular orbital (SOMO) of N2+(X2Σg

+) has an in-phase
overlap with the 1πu orbital of O2(X3Σg

-) whose removal leads
to O2

+(a4Πu), while the overlap between the 3σg orbital of N2
+-

(X2Σg
+) and the 1πg orbital of O2(X3Σg

-), whose removal leads
to O2

+(X2Πg), is zero by symmetry. Therefore, they inferred
the product of the CT reaction from N2

+(X2Σg
+) was endo-

thermic leading to O2+(a4Πu), and this inference was supported
by the fact that the rate constant of the CT reaction,kCT, from
N2

+(X2Σg
+) was extraordinarily small:kCT ≈ 5 × 10-11 cm3

s-1.3-9

Schultz and Armentrout studied the reaction of N2
+(X2Σg

+)
with O2(X3Σg

-) under single-collision conditions in a guided-
ion beam mass spectrometer atECM ) 0.04-20 eV.4 The
observed cross section of the CT reaction 1 for the N2

+(X2Σg
+)

+ O2(X3Σg
-) reactant system was much smaller than the

theoretical value; the observed cross section was about 15%(
8% of the calculated value by the Langevin-Gioumousis-
Stevenson (LGS) expression,14 despite exothermicity of 3.509
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eV.13 Moreover, the CT cross section also indicated an unusual
dependence on the collision energyECM; asECM increases, the
CT cross section decreases untilECM reaches 1 eV and exhibits
the minimum atECM ) 1 eV and increases whenECM exceeds
1 eV. If ECM increases more, the CT cross section exhibits a
local maximum and then decreases again.4 The rate constant of
the CT reaction 1 for the N2+(X2Σg

+) + O2(X3Σg
-) reactant

system also exhibits the minimum with respect to the collision
energy near 1 eV.5 Schultz and Armentrout explained both the
smallness and complicated energy dependence of the observed
CT cross section by means of the long-range direct mechanism,
which is driven by the Franck-Condon (FC) factors.11,15 In
reaction 1 for the N2+(X2Σg

+;V) + O2(X3Σg
-) reactant system,

there is no resonant state of O2
+(X2Πg) at the ionization energy

of N2(X1Σg
+), and moreover, the FC factors are too small to

produce O2
+(X2Πg) efficiently. Therefore, the small CT cross

section is observed. AsECM increases, the system is separated
far from the resonance states of O2

+(X2Πg), and whenECM

exceeds ca. 1 eV, the FC factors might begin to associate with
the O2

+(a4Πu) band. According to the FC criteria for a long-
range vertical transition, the product state is not O2

+(a4Πu;V′′)0),
which corresponds to the adiabatic ionization of O2, but O2

+-
(a4Πu;V′′)4),16 where the vertical ionization is most enhanced
at ECM ) 1.011 eV.13 Among the vibrational states of product
N2(X1Σg

+) the stateV′ ) 0 is produced with large probability,
since the N2+(X2Σg

+) f N2(X1Σg
+) transition is almost vertical

and keeps the vibrational quantum numberV′ ) V well.
Therefore, the CT cross section increases whenECM exceeds 1
eV by opening of the O2+(a4Πu) formation channel. In the
experiments by Koyano et al.,2 CT reaction 1 might be
dominated by the long-range direct process because of the large
collision energy of 2.1 eV. As Schultz and Armentrout pointed
out,4 the N2

+(X2Σg
+;V)0) state might already couple with the

O2
+(a4Πu) product state ifECM ) 2.1 eV is efficiently channeled

into the reaction coordinate. Then it is not surprising that the
results by Koyano et al. did not indicate a vibrational enhance-
ment in CT reaction 1 for N2+(X2Σg

+) because the translational
energy contributes to open the O2

+(a4Πu) channel more than
the vibrational energy of N2+(X2Σg

+).
Recently, Kato et al. studied the vibrational dependence of

the short-range CT reaction 1 for the N2
+(X2Σg

+;V) state using
the selected-ion flow tube, laser-induced fluorescence (SIFT-
LIF) technique forV ) 0-4 at very small translational energies,
where translational enhancement was negligible, and suggested
a reaction mechanism involving short-range interaction via an
ion-molecule intermediate complex.6,7 In the short-range
interaction, the FC mechanism will be unqualified and the
adiabatic ionization to O2+(a4Πu;V′′)0) might be adapted.
Above all, the N2

+(X2Σg
+;V)2) state (0.535 eV) is almost

exactly resonant with the O2+(a4Πu;V′′)0) product state (0.523
eV), and hence, a large dependency on the vibrational state for
CT is expected. At the beginning of their study forV e 2, the
vibrational enhancement of the CT reaction 1 was regarded as
negligibly small because the CT rate constants are almost
constant forV e 2 if the data of N2

+ ion counts detected with
the downstream mass filter as a function of O2 flow rate are
treated as a single-exponential decay:kCT,0 ) kCT,1 ) kCT,2 )
0.49× 10-10 cm3 s-1 for V ) 0, 1, and 2, but a CT enhancement
of ca. 50% forV ) 2 was suggested if the slight curvature of
the data of N2+ ion counts is fit exactly.6 By means of the latest
analysis of experimental kinetic plots, a moderate CT enhance-
ment of ca. 50% forV g 2 is observed with the improved LIF
measurements.7 For the low vibrational state forV < 2, it has
been considered that the endothermicity due to the small

vibrational energy makes the CT avoid accessing the O2
+(a4Πu)

state, and in the case of coupling with the O2
+(X2Πg) state, the

vibrational enhancement is not observed because of the high
exothermicity.

Simultaneously, Kato et al. investigated the vibrational
deactivation reaction

at low ECM.6,7 This reaction occurs in competition with CT
reaction 1. They investigated the rate constants of vibrational
relaxationkq for V ) 1-4 by means of the latest analysis of
experimental kinetics plots considering the multiquantum
deactivations, and a significant enhancement of vibrational
deactivation was observed; the total rate constantskCT + kq,
whose enhancement is primarily due to increased vibrational
deactivation, are 0.49× 10-10, 1.6 × 10-10, 2.1 × 10-10, 2.6
× 10-10, and 3.0× 10-10 cm3 s-1 for V ) 0, 1, 2, 3, and 4,
respectively; that is, the total rate constant forV ) 4 is 6 times
larger than that forV ) 0.7 The properties that neither N2

+ nor
O2 has a permanent dipole moment and that the vibrational
levels between N2+ and O2 have a large gap for energy defect
would hamper the long-range direct vibration-to-vibration energy
transfer from N2

+(V) to O2. Therefore, they suggested that
reaction 2 also occurs via a short-range mechanism, in the (N2

+‚
‚‚O2) intermediate complex, which has a deep potential well
due to an electron exchange, on the CT reaction path, and
estimated effective well depths of 0.8, 0.9, and 1.0 eV for the
N2

+(2Σg
+;V)0), N2

+(2Σg
+;V)1), and N2

+(2Σg
+;V)2) reactants,

respectively, when a moderate exchange integral for the
electronic coupling between N2+(2Σg

+) + O2(3Σg
-) reactant

system and N2(1Σg
+) + O2

+(4Πu) product system was assumed
to be 0.8 eV.6,7 For this reactant system, Dobler et al.
investigated the kinetic energy dependence ofkq;8 they observed
thatkq was almost independent ofECM, althoughkq exhibited a
slight minimum aroundECM ) 0.5 eV. They regarded that the
slight decrease ofkq was due to the reduction of the lifetime of
the intermediate complex.

Moreover, Schultz and Armentrout observed first that the
abstraction reactions also occur at higher collision energies for
this system as well as for the (N2 + H2)+ or (O2 + H2)+ system
as follows:4

It has been reported that NO2
+ and NO2 are not observed as

the product species. They suggested an intermediate of the form
(N-N‚‚‚O-O)+, which should have a doublet ground state
corresponding to covalent bond formation between N2 and O2

fragments, where the N-N cleavage is hard to occur. In reaction
3 the ground state of N2O+ is 2Π, while reactions 4 and 5 are
respectively derived from the excited4A′′ state and4Σ- state
of N2O+ with conserving spin symmetry.4,17,18 The surface
crossing has been discussed in the dissociation of N2O+(2Π) to
NO+(X1Σ+) + N(4S) or O+(4S) + N2(X1Σg

+).17

It is essential for discussion of the vibrational effects to
investigate detailed reaction mechanisms and potential energy

N2
+(X2Σg

+;V>0) + O2(X
3Σg

-) f N2
+(V′<V) + O2 (2)

N2
+(X2Σg

+) + O2(X
3Σg

-) f N2O
+(X2Π,4A′′,4Σ-) + O(3P)

(3)

N2
+(X2Σg

+) + O2(X
3Σg

-) f NO+(X1Σ+) + N(4S, 2D) +

O(3P) (4)

N2
+(X2Σg

+) + O2(X
3Σg

-) f O+(4S) + N2(X
1Σg

+) +

O(3P) (5)
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surfaces. Recent rapid progress of the computational chemistry
enables us to study potential energy surfaces in detail by means
of ab initio quantum chemical calculation. For example, stable
structures and potential energy surfaces of the N2O2 system have
been already reported.19 For the N2O2

+ system, however, a
detailed reaction mechanism has not been discussed because
there has been no information about structures of the N2O2

+

reaction intermediate complexes and related potential energy
surfaces in terms of quantum chemical approach as far as we
are aware, although Janik and Conway discussed the bond
energy and entropy change in the (N2‚‚‚O2

+) cluster by an
empirical potential energy surface.20 Accordingly in this paper,
we carried out ab initio quantum chemical calculations and
investigated the reaction mechanism for the N2

+ + O2 reaction
system.

Computational Methods

Ab initio molecular computations reported in this article were
performed with Gaussian 94 and MOLPRO program pack-
ages.21,22We carried out geometry optimizations of the reactants,
the reaction intermediate complexes, and the products with the
6-31G* basis sets23 with the second-order Møller-Plesset full-
cored perturbational treatment24 using the Gaussian 94 pro-
gram.21 The spin-unrestricted formalism (UMP2) and the
approximate spin-projected (PMP2) calculations were performed
for all the species except the singlet state. Analytical vibrational
frequencies were computed to ensure that each structure
corresponds to a true minimum (no negative eigenvalues) at
the MP2(full) level. For the optimized UMP2 geometries,
energies were calibrated by single and double excitation
coupled-cluster (CCSD) calculations, also including a pertur-

bational estimate of connected triple excitations (CCSD(T)).25

Orbital energies are obtained by the restricted open-shell
Hartree-Fock (ROHF) method. In addition, the internally
contracted multireference configuration interaction (MRCI)
calculations26 with 6-31G* basis set were performed by the
MOLPRO program.22

Results and Discussions

Figure 1 shows the electronic state correlation diagram of
the N2

+ + O2 reaction system at the CCSD(T)/6-31G*//UMP2-
(full)/6-31G* level with zero-point energy (ZPE) correction at
the MP2(full)/6-31G* level factored by 0.94. Our calculation
also shows that the ground state of N2

+ is 2Σg
+, and then the

energies of the other states are measured relative to the N2
+-

(2Σg
+) + O2(3Σg

-) state. The MRCI calculations for the reactants
(N2

+(2Σg
+), N2

+(2Πu), and O2(3Σg
-)) and the products (O2+-

(2Πg), O2
+(4Πu), and N2(1Σg

+)) of the CT reaction were carried
out by considering 2σg, 2σu, 3σg, 1πu, 1πg, and 3σu orbitals as
the active space, with geometry optimization. For CT reaction
1, the calculated energies both by CCSD(T) and by MRCI are
consistent with the experimental data. For the abstraction
reactions, the PMP2(full) calculations are more consistent with
the experimental results than with the CCSD(T) results when
the product system consists of only the monatomic and diatomic
species as in the reactions 4 and 5. However, for the reaction 3
where N2O+(2Π) is produced, the CCSD(T) results are more
consistent with the experimental data. The CCSD(T) calculations
are more reliable than the PMP2(full) results for polyatomic
complexes such as N2O2

+ intermediate complexes.
Table 1 shows the optimized bond lengths and the vibrational

frequencies of the reactants and the products of the CT reaction.

Figure 1. Electronic state correlation diagram of N2
+ + O2 system at the CCSD(T)/6-31G*//UMP2(full)/6-31G* level with ZPE correction at the

MP2 level in units of electronvolt. Solid lines, dashed lines, and dotted lines indicate the potential energy surfaces with maintained symmetries of
C2V, Cs, andC∞V, respectively. Values in parentheses are relative energies at the PMP2(full)/6-31G*+ZPE level. Results of MRCI calculations are
in brackets. Values in brackets are experimental data in ref 4 excepta from ref 6.
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The bond length and frequency of N2
+(2Σg

+) are nearly equal
to those of N2(1Σg

+), respectively, and therefore, it is confirmed
that the N2

+(2Σg
+) f N2(1Σg

+) transition is vertical. In other
cases, the bond length and frequency of reactants make some
change before and after the CT.

T-Shaped Complexes. The electronic configurations of the
reactant system and the CT product system in the ground and
excited states are shown in Figure 2. From the viewpoint of
the MO in-phase overlapping for the T-shaped complex sug-
gested by Ferguson et al.,3 in the CT process from N2+(2Σg

+)
an electron is transferred from the 1πu orbital of O2(3Σg

-) to
the 3σg orbital of N2

+(2Σg
+) with conservation of the spin

symmetry in Figure 2a, and then O2
+(4Πu) is produced. In this

CT process, we found a stable intermediate complex1. As
Ferguson et al. suggested,3,6 the geometry of1 looks like the
character “T” with the O2 fragment forming the top of the T,
as shown in Figure 3. The electronic state of1 is 4B1. The
optimized geometrical parameters and Mulliken atomic charges
are listed in Table 2. At the CCSD(T) level, the energy of1
relative to the reactant state is-0.726 eV, and therefore,
complex1 is more stable than the N2+(2Σg

+) + O2(3Σg
-) reactant

system. In complex1, the positive charge has already been
distributed on the O2 fragments, where the electronic configu-
ration of 1 is the same as that of the N2(1Σg

+) + O2
+(4Πu)

product system shown in Figure 2d. It is observed that the 8a1

orbital with â-spin electron, which is mainly formed by the 3σg

orbital of N2 fragment, slightly consists of the 1πu orbital of
the O2 fragment by coupling the 3σg orbital with the in-phase
overlap. According to the vibrational frequency analysis shown
in Table 3, the O-O and N-N stretching modes have a large
wavenumber, 1023 and 3784 cm-1, respectively, and only one
of the bending modes also has a large wavenumber, 1723 cm-1.

Furthermore, we found the most stable intermediate complex
2 of the CT reaction system, whose geometry is also T-shaped
with the electronic state2A2. As shown in Table 2, the distance
between N2 and O2 fragments is longer than that of1, and the
O-O and N-N bond lengths are nearly equal to the bond
lengths of O2

+(2Πg) and N2(1Σg
+) listed in Table 1, respectively.

In complex2, similarly as in the complex1, the positive charge
has already been distributed on the O2 fragments, where the
electronic configuration of2 is the same as that of the N2(1Σg

+)
+ O2

+(2Πg) ground state shown in Figure 2c. Complex2 has
been discussed by experimentalists as the (N2‚‚‚O2

+(X)) com-
plex4,6 that would immediately dissociate to N2(1Σg

+) + O2
+-

(2Πg) because of the large exothermicity. As shown in Table 3,
the O-O and N-N stretching modes respectively have a large
wavenumber, 1276 and 2059 cm-1 and their values are close
to the frequencies of the corresponding compounds of the
product, O2

+(2Πg) and N2(1Σg
+), listed in Table 1. By contrast,

wavenumbers of the other four vibrational modes range over
117-313 cm-1, and thus, the weakness of the bonding between
N2 and O2 fragments is confirmed.6

Analysis of the N2
+(2Σg

+;W) + O2 Reactions Observed by
Kato et al. We have studied a model of the CT process in which
the N2O2

+ system is assumed to have the shape of a T during
the reaction. Then the symmetryC2V is kept in this model. The
geometry of the system is characterized by three parameters,
r1, r2, andr3, which are defined in Figure 3;r1 and r3 are the
lengths of the N-N and O-O bonds, respectively. The rest
parameterr2 is the distance between the N2 and O2 fragments.
We fixed r1 andr3 at the optimized values for the reactants or
the products, which are given in Table 1. We then calculated
the potential energy of the N2O2

+ system as a function ofr2.
The potential energy of the N2O2

+ T-shaped model has been
determined by means of the MRCI calculations, where 21
electrons and 14 orbitals were considered as the active space.

The plots of the potential energies with respect tor2 at the
MRCI level are shown in Figure 4. Along the reaction path
with the quartet state before reaching complex1, our calculation
shows that the electronic configuration is dominated by the
quartet N2

+(2Σg
+) + O2(3Σg

-) reactant system, which is shown
in Figure 2a, and the potential energy profile is drawn in the
left half of Figure 4. We have confirmed that the potential energy
curve is completely flat in the initial stage of this reaction path,
and then it gradually decreases where the distancer2 shrinks to
be shorter than 4 Å; that is, there is no barrier along the potential
curve from the reactant system to complex1 when the space
symmetry C2V is kept. Whenr2 is shortened, the reference
coefficient in the MRCI calculations for the configuration of
the N2(1Σg

+) + O2
+(4Πu) CT product system is enhanced. For

the succeeding reaction path starting from the complex1, the
electronic configuration smoothly converges to the product
system and the potential energies are plotted in the right half
of Figure 4. The potential energy curve rises monotonically as
the distancer2 is lengthened starting from1. It is supposed that
the N2(1Σg

+) + O2
+(4Πu) product system is not always obtained

after the complex1 is formed because the energy of the N2-
(1Σg

+) + O2
+(4Πu) product system is higher by ca. 1.0 eV than

that of the complex1. The impulsive collision in the repulsive
part of the potential well due to complex1 would pull back the
N2O2

+ system to1, or it would return the CT again to the O2

fragment to reproduce the reactant system. This is because the
potential energy of the reactant system is lower than that of the
product system ifr2 > 2.5 Å, and hence, the reactant system
N2

+(2Σg
+) + O2(3Σg

-) can be recovered with vibrational
deactivation by short-range intermolecular vibrational energy
transfer and not by the long-range classical Landau-Teller
mechanism.27

In the left of Figure 4 the plot of the potential energies along
the reaction path from the doublet reactant system N2

+(2Πu) +
O2(3Σg

-) to complex2 is also shown. Here, we fixedr1 at the
optimized values for N2+(2Σg

+) in order to compare the energy
of the doublet surface with that of the quartet surface at the
same geometry. We found that the energy increases as the N2

and O2 fragments separate from complex2 to the doublet
reactant system. It was also observed that as they are separated
farther, the reference coefficient to the N2

+(2Πu) + O2(3Σg
-)

state contributed more to the MRCI calculation. But the energy
is much lower than that of the N2+(2Σg

+) + O2(3Σg
-) reactant

system and did not exceed it when their distancer2 reaches 8
Å because the N2(1Σg

+) + O2
+(2Πg) reference state, which is

an extremely stable state, has a large effect in reducing the
energy of the doublet reactant system withC2V symmetry. This
means that the energy surface of the doublet N2

+(2Πu) +
O2(3Σg

-) state does not cross that of the quartet N2
+(2Σg

+) +
O2(3Σg

-) state when the space symmetryC2V is kept. Even if

TABLE 1: Optimized Bond Lengths and Vibrational
Frequencies of Reactants and Products

MP2(full)/6-31G*

species term bond lengtha frequencyb
MRCI/6-31G*
bond lengtha

reactant
N2

+ 2Σg
+ 1.146 1967 1.140

N2
+ 2Πu 1.203 1649 1.196

O2
3Σg

- 1.246 1328 1.232
product

O2
+ 2Πg 1.187 1269 1.146

O2
+ 4Πu 1.409 898 1.419

N2
1Σg

+ 1.130 2049 1.121

a In units of angstroms.b In units of cm-1 and scaled by 0.94.
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the doublet and quartet surfaces cross with theC2V symmetry,
the electron transition from the quartet surface to the doublet
surface is symmetry-forbidden. Therefore, for the N2

+(2Σg
+) +

O2(3Σg
-) reaction system, the short-range intermediate complex

mechanism along the quartet surface would be conserved with
the shape of a T during the reaction, and the system floats near

complex1 without the electron transition to the doublet surface
when the space symmetryC2V is kept.

The reaction path from complex2 to the N2(1Σg
+) + O2

+-
(2Πg) CT product system in the doublet state is almost flat as
shown in the right of Figure 4. Moreover, complex2 possesses
almost the same vibrational characteristics as that of the N2-

Figure 2. Electronic configurations at the ROHF/6-31G* level for (a) the ground state and (b) the excited state of reactant system and for (c) the
ground state and (d) the excited state of product system in the charge-transfer reaction.

N2
+ + O2 Reactions J. Phys. Chem. A, Vol. 103, No. 29, 19995753



(1Σg
+) + O2

+(2Πg) product system. Therefore, once the doublet
complex2 is formed, it dissociates directly to the N2(1Σg

+) +
O2

+(2Πg) product system.
In CT reaction 1 for the N2+(X2Σg

+;V) + O2(X3Σg
-) system,

the electron transfer from the 1πu orbital of O2(3Σg
-), whose

removal leads to O2+(4Πu), to the 3σg orbital of N2
+(2Σg

+) would
be easy to proceed along the potential energy curve with the
C2V symmetry in Figure 4 through the concerted reaction
pathway due to the in-phase overlap as shown in Figure 2a.
However, the dissociation to the N2(1Σg

+) + O2
+(4Πu) products

is difficult because of the endothermicity for the low vibrational
states withV < 2, in particular in the case of lowECM. When
V ) 2, CT reaction 1 for the N2+(2Σg

+;V) + O2(3Σg
-) system to

the N2(1Σg
+) + O2

+(4Πu) products is exothermic by 0.012 eV,
and therefore, it would be possible to reach the O2

+(4Πu) state
if V g 2 at someECM and the CT is expected to be enhanced to
some extent.7

On the other hand, the electron transfer from the 1πg orbital
of O2(3Σg

-), whose removal leads to O2
+(2Πg), to the 3σg orbital

of N2
+(2Σg

+) is symmetry-forbidden in MO overlapping for the
rectangular T-shaped complex as shown in Figure 2a. Despite
the high exothermicity of the CT, there is no probability of the
electron transfer to produce O2

+(2Πg) from the N2
+(2Σg

+) +
O2(3Σg

-) reactant system along theC2V potential energy curve.
For the formation of O2+(2Πg) from the N2

+(2Σg
+) + O2(3Σg

-)
reactant system, a break of theC2V symmetry is hereby
necessary. An in-phase MO overlap between N2 and O2

fragments can be produced when theC2V symmetry is broken,
and then the formation of O2+(2Πg) by means of the CT from
O2(3Σg

-) to N2
+(2Σg

+) would occur.
The fact that the rate constant of the CT,kCT, is much smaller

than that of vibrational deactivation of N2
+(2Σg

+;V), kq, can be
explained by the difference in the geometrical symmetry of the
system. Namely, the N2+(2Σg

+;V) + O2(3Σg
-) system mostly

would form complex1 smoothly along the quartet surface with
C2V symmetry because theC2V geometry is more stable than
the distorted T-shape geometry around the reaction path. As
above-mentioned, the short-range intermediate complex mech-

anism along the quartet surface withC2V symmetry would be
conserved without the transition to the doublet surface once
complex1 is formed and then dissociate back to the reactant
system for the low vibrational energy state with the vibrational
deactivation along the quartet surface. On the other hand, the
CT to produce O2+(2Πg) from the N2

+(2Σg
+) + O2(3Σg

-) reactant
system cannot occur when space symmetryC2V is kept. The
distortion of theC2V geometry in order to produce O2

+(2Πg)
would be at a disadvantage because the distorted geometry has
a higher energy than theC2V geometry and it is expected that
the in-phase MO overlap between N2 and O2 fragments for the
distorted system is not so large.

Analysis of the N2
+(2Σg

+,2Πu;W) + O2 Reactions Observed
by Koyano et al. In CT reaction 1, Koyano et al. observed that
the CT cross section for the N2

+(2Πu) + O2(3Σg
-) reactant

system is larger by far than that for the N2
+(2Σg

+) + O2(3Σg
-)

reactant system by experiments with large translational energy.2

CT reaction 1 from N2+(2Σg
+) + O2(3Σg

-) to N2(1Σg
+) + O2

+-
(2Πg) would proceed with distortion of theC2V geometry so
that the cross section of the CT is very small despite the high
exothermicity. For the N2+(2Πu) + O2(3Σg

-) reactant system,
in contrast with the case of N2+(2Σg

+), the electron transfer from
the 1πg orbital of O2(3Σg

-) to the SOMO, namely, the 1πu orbital
of N2

+(2Πu), is easy because their in-plane MO overlapping in
the T-shaped complex withC2V symmetry is in phase. The large
cross sections of the CT for N2+(2Πu) can be explained by the
in-phase overlap with high exothermicity in the CT reaction.

For the doublet state, we found stable N2O2
+ complexes with

bent structure. Table 4 lists the optimized geometrical parameters
and Mulliken atomic charges of bent N2O2

+ complexes3 (2A′′)
and4 (2A′). Charge distribution on the bent complexes3 and4
is in striking contrast to the distribution on the complex2; that
is, positive charge is distributed exclusively on the N2 fragment
of complexes3 and4. Both of the bent complexes clearly have
an occupied N-N σ bonding MO of â-spin electron, which
mainly consists of 2p orbitals of each nitrogen atom like the
3σg orbital of the N2

+(2Πu) ion, and accordingly, it is considered
that the reactant state that leads to these complexes is N2

+(2Πu)
+ O2(3Σg

-) rather than N2+(2Σg
+) + O2(3Σg

-) because the N-N
σ bonding MO of theâ-spin like the 3σg orbital of N2

+

corresponds to an occupied MO for N2
+(2Πu) and an unoccupied

MO for N2
+(2Σg

+). One 1πg electron of O2(3Σg
-) is left on the

terminal oxygen atom of the bent complexes, and the other 1πg

electron interacts with the SOMO of N2
+(2Πu) on the N-N-O

part. The interaction scheme is in a like the antiferromagnetic
one between localized spins. The electronic state of bent
complexes is2A′′ (3) when the orbital interaction is in-plane,
while it is 2A′ (4) when the orbital interaction is out-of-plane
with respect to the N2O2

+ plane. Almost all of spin density is
located on the terminal oxygen atom for both of the bent
complexes. For complex3, the O-O and N-N stretching modes
have a large wavenumber, 1042 and 2205 cm-1, respectively,
while wavenumbers of the other four vibrational modes are
195-652 cm-1, and thus, it is found that the bonding between
N2 and O2 fragments is relatively weak. For complex4, the
O-O and N-N stretching modes have a large wavenumber,
1588 and 3476 cm-1, respectively, while wavenumbers of the
other four vibrational modes are 110-1055 cm-1 so that the
characteristics similar to those of complex3 are recognized with
respect to the bonding between N2 and O2 fragments.

In particular, complex3 has a large stabilization energy by
ca. 2 eV relative to the N2+(2Πu) + O2(3Σg

-) reactant system
at the CCSD(T) level. The doublet complexes2 and 3 are

Figure 3. T-shaped complexes1 and2.

TABLE 2: Optimized Geometrical Parameters and
Mulliken Atomic Charges for the T-Shaped N2O2

+

Complexes at the UMP2/6-31G* Levela

geometrical parametersb Mulliken atomic charges

term r1 r2 r3 Na Nb O

1 4B1 1.094 2.012 1.332 +0.145 +0.065 +0.395
2 2A2 1.129 2.732 1.186 +0.098 -0.089 +0.495

a Refer to Figure 3 for subscripts ofr and nitrogen atoms.b In units
of angstroms.

TABLE 3: Frequencies of Vibrational Modes of the
T-Shaped N2O2

+ Complexes at the UMP2/6-31G* Levela

stretching modes

ν(N-N) ν(O-O) bending modes

1 3784 (a1) 1023 (a1) 1723 (b2), 318 (a1), 18 (b1), 8 (b2)
2 2059 (a1) 1276 (a1) 313 (b2), 141 (a1), 127 (b1), 117 (b2)

a In units of cm-1 and scaled by 0.94.
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located on the same potential energy surface, which has an out-
of-plane unpaired electron with respect to the N2O2

+ plane, and
the barrier between2 and 3 is expected to be small, judging
from the results of vibrational analysis. Therefore, the formation
of complex 2 or O2

+(2Πg) from the N2
+(2Πu) + O2(3Σg

-)
reactant system can occur not only along theC2V reaction path
but also via complex3 along the path of the2A′′ state with
bent geometry and an out-of-plane unpaired electron with respect
to the N2O2

+ plane. Moreover, the formation of O2+(2Πg) from
the N2

+(2Πu) + O2(3Σg
-) reactant system can also occur via

complex4 along the path of the2A′ state with bent geometry
and an in-plane unpaired electron with respect to the N2O2

+

plane, similar to the path of the2A′′ state. In addition, it is
expected that the energy surfaces of these doublet states with
the bent geometry would respectively cross that of the quartet
state with the distorted geometry to produce O2

+(2Πg) from the
N2

+(2Σg
+) + O2(3Σg

-) reactant system when the space symmetry
C2V is broken.

Analysis of the N2
+(2Σg

+) + O2 Reactions Observed by
Schultz and Armentrout. The CT reaction 1 for the N2+(2Σg

+)
+ O2(3Σg

-) reactant system has been discussed in this article
in terms of the short-range intermediate complex mechanism.
The experimental results by Schultz and Armentrout forECM

g 1 eV can be explained by this mechanism. For the abstraction
reactions 3-5, the bent N2O2

+ complex5 with the quartet state,
4A′, plays an important role. Complex5 is an excited state of
the quartet N2O2

+ complex1, and one of the oxygen atoms is
separated from the remaining N-N-O part as shown in Table
4. Similar to complexes3 and4, the positive charge is distributed
on the N2 fragment of5. Two unpaired electrons of the reactant
O2(3Σg

-) are left on the separated oxygen atom in5 as an in-

plane and an out-of-plane unpaired electron with respect to the
N2O2

+ plane. The other unpaired electron of5 occupies an out-
of-planeπ orbital, which has lobes on the edges of the N-N-O
part, like the SOMO of the allyl radical. This out-of-planeπ
orbital originates from the SOMO of the reactant N2

+(2Πu) on
condition that the orientation of the SOMO is vertical to the
N2O2

+ plane. To form complex5 from the ground state of the
reactant system, N2+(2Σg

+) + O2(3Σg
-), it is necessary to make

the surface crossing to the surface, which leads to the N2
+(2Πu)

+ O2(3Σg
-) reactant system, similar to the formation of complex

2 from the N2
+(2Σg

+) + O2(3Σg
-) system.

Complex5 is characterized by the very long O-O and N-O
bonds, and accordingly, it is expected that these bonds are
extremely weak. According to the vibrational frequency analysis
shown in Figure 5, the vibrational modes related to O-O and
N-O stretching of5 have very small wavenumbers, 110 and
141 cm-1, which are respectively ca. 0.11-0.14 and 0.07-0.09
times as large as the O-O stretching vibrational wavenumber
of the doublet bent complexes3 and 4 and smaller than the
bending vibrational wavenumber of the quartet T-shaped
complex1 in Table 3. The behavior of the lowest vibrational
mode implies that the N2 and O2 fragments are weakly attached

Figure 4. Potential energy curves for theC2V charge-transfer reaction pathways at the MRCI/6-31G* level. The symbols “9”, “ [“, “ b” and “2”
respectively denote the N2+(2Σg

+) + O2(3Σg
-) reactant state, the N2+(2Πu) + O2(3Σg

-) reactant state, the N2(1Σg
+) + O2

+(4Πu) product state, and the
N2(1Σg

+) + O2
+(2Πg) product state. Refer to Figure 3 for the geometry.

TABLE 4: Optimized Geometrical Parameters and
Mulliken Atomic Charges for the Bent N2O2

+ Complexes at
the UMP2/6-31G* Levela

geometrical parametersb

term r(Na-Nb) r(Nb-Oa) r(Oa-Ob) r(Na-Ob)

3 2A′′ 1.139 1.358 1.355
4 2A′ 1.159 1.285 1.432
5 4A′ 1.096 1.240 2.952 3.079

geometrical parametersb Mulliken atomic charges

θ(Na-Nb-Oa) θ(Nb-Oa-Ob) Na Nb Oa Ob

3 176.0 108.6 +0.334 +0.544 -0.089 +0.211
4 175.0 105.8 +0.342 +0.581 -0.166 +0.242
5 178.8 69.6 +0.308 +0.705 -0.025 +0.013

a Refer to Figure 5 for subscripts of atoms. The dihedral angleφ(Na-
Nb-Oa-Ob) is 180° for all of the bent N2O2

+ complexes.b Bond length
r is in units of angstroms, and bond angleθ is in degrees.

Figure 5. Eigenvectors of the O-O stretching mode of the doublet
bent complexes3 and4 and the quartet bent complex5 at the UMP2-
(full)/6-31G* level.
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to form complex5, and that of the second lowest vibrational
mode indicates that the cleavage into an O atom and an N2O
molecule is easy in the quartet bent complex5. Therefore, this
complex should largely contribute to abstraction reaction 3.
Actually, the electronic states of the N-N-O part and the
separated oxygen atom are nearly equal to those of N2O+(2Π)
and O (3P), respectively.

Table 5 shows the optimized geometrical parameters of N2O+

and NO+ ions, which are the products of abstraction reactions
3-5 reported by Schultz and Armentrout.4 The ground state of
the N2O+ ion 6 (2Π) has a linear structure with doublet spin
state. This ion is easy to obtain without a change of the electronic
structure once complex5 is formed. The excited states of the
N2O+ ion in quartet states,7(4A′′) and8(4Σ-), are more unstable
by 0.535 and 0.870 eV, respectively, than the ground state6 at
the CCSD(T) level.

The optimized geometry of7, N2O+(4A′′), is a bent structure
and characterized by a very long N-N bond, and accordingly,
it is expected that the N-N bond is very weak. As listed in
Table 6, the N-N stretching mode has a very small wavenum-
ber, 98 cm-1, while the N-O stretching mode has very large
wavenumber, 4099 cm-1. All of the unpaired electrons are
located on the separated N atom, and the electronic structures
of the N-O part and the separated N atom are identical to those
of NO+(1Σ+) (9) and N(4S), respectively. Therefore, it is
confirmed that the N-N bond of N2O+(4A′′) is easy to cleave
and that NO+(1Σ+) andN(4S), the products of reaction 4, are
obtained.4,17

On the other hand, the optimized geometry of8, N2O+(4Σ-),
has a linear structure and characterized by a very long N-O
bond, and accordingly, it is expected that the N-O bond is very
weak. The N-N stretching mode has very large wavenumber,
3564 cm-1, while the N-O stretching mode has very small
wavenumber, 221 cm-1. Here, all of the unpaired electrons are
located on the separated O atom, and the electronic structures
of the N-N part and the separated O atom are identical to those
of N2(1Σg

+) and O+(4S), respectively. Therefore, it is confirmed
that the N-O bond of N2O+(4Σ-) is easy to cleave, and N2-
(1Σg

+) and O+(4S), the products of reaction 5, are obtained.4,17

These excited N2O+ ions 7 and8 should be situated on the
same potential energy surface with an energy barrier separating
7 from 8.17,18 This surface is different from the surface which
contains the complex5 and the ground state of N2O+ ion 6,
and therefore the excited N2O+ ions7 and8 cannot be directly
obtained from the complex5.

For the N2O+ ion 6, both of the N-O and N-N stretching
modes of N2O+(2Π) have large wavenumber, 902 and 3082
cm-1, respectively, and therefore, both of the N-O and N-N
bonds are strong. If the cleavage into NO+ and N takes place
like N2O+(4A′′), the electronic states of the products are NO+-
(1Σ+) (9) and N(2D),4,17 where the heat of reaction is extremely
endothermic as shown in Figure 1. It is considered that the direct
cleavage into9 and N(2D) is hard to occur at lowECM once
N2O+(2Π) is formed. It has been reported that the NO+(1Σ+) +
N(4S) system and the O+(4S) + N2(1Σg

+) system can lead to
the ground state of N2O+(2Π) by means of the surface crossing
with large exothermicity.17

According to the experimental results by Schultz and Ar-
mentrout, the cross section for formation of NO+ rises slowly
from a threshold of∼2 eV and then much more rapidly above
ca. 4.5 eV with respect to the collisional energy.4 The reason
the cross section to product NO+ is small at lowECM can be
explained by the surface crossing from N2O+(2Π) to NO+(1Σ+)
+ N(4S). At high ECM, above 4.5 eV, NO+ can be formed
efficiently along the potential energy surface withC∞V symmetry
from N2O+(2Π) to NO+(1Σ+) + N(2D). For formation of O+,
the cross section rises at a threshold of 3 eV accompanying
reduction of the cross section for N2O+.4 It means that O+ is
obtained from N2O+(2Π) to O+(4S) + N2(1Σg

+) by the surface
crossing similarly as the formation of NO+ at low ECM.

Conclusions

In this article, we have investigated the reaction mechanism
of the N2

+ + O2 reaction system and discussed related matters.
For the charge-transfer reaction, reactivity and collision energy
dependence are characteristic of the electronic and vibrational
state of N2

+.2,4,6,7 It is caused by the difference in mechanism
of electron transfer. Electron transfer to N2

+(A2Πu) occurs via
a doublet T-shaped intermediate complex N2O2

+(2A2) with in-
phase MO overlap between the 1πg orbital of O2(X3Σg

-) and
1πu orbital of N2

+(A2Πu) when the space symmetryC2V is kept.
The interaction between N2 and O2 fragments is extremely weak
in the N2O2

+(2A2) complex so that the potential energy surface
around the N2O2

+(2A2) complex is very flat. The electronic states
of the N2 and O2 fragments of the N2O2

+(2A2) complex are
respectively equal to those of N2(X1Σg

+) and O2
+(X2Πg), and

this complex would immediately dissociate to N2(X1Σg
+) + O2

+-
(X2Πg).

On the other hand, electron transfer to N2
+(X2Σg

+) occurs
by a short-range mechanism via a quartet T-shaped intermediate
complex N2O2

+(4B1), which is located at the vivid minimum
of the potential energy surface when the space symmetryC2V
is kept. In the N2O2

+(4B1) complex, positive charge has already
been distributed on the O2 fragment just like in the N2(X1Σg

+)
+ O2

+(a4Πu) system. We have confirmed that there is no barrier
from the reactants to the N2O2

+(4B1) complex. The N2O2
+(4B1)

complex also works as a deep potential well for the vibrational
deactivation of N2+(X2Σg

+;V).6,7 For the state of low energy,
the impulsive collision in the repulsive part of the potential well
would pull back the N2O2

+ system to the N2O2
+(4B1) complex;

otherwise, it would give rise to the CT again to the reactant
with vibrational deactivation by intermolecular vibrational
energy transfer. The enhancement of the CT reaction forV g 2
and vibrational deactivation of the N2

+(X2Σg
+) + O2 reactant

system can be successfully explained in terms of the short-range
intermediate complex mechanism. Once the N2O2

+(4B1) com-
plex is formed, it would be conserved along the reaction path
by the short-range intermediate complex mechanism on a quartet
surface with theC2V symmetry without the transition to the

TABLE 5: Optimized Geometrical Parameters and
Mulliken Atomic Charges for N 2O+ and NO+ Products at
the UMP2/6-31G* Levela

geometrical parametersa Mulliken atomic charges

term r(N-N) r(N-O) θ(NNO) N (edge) N (mid) O

N2O+ 6 2Π 1.097 1.242 180.0 +0.326 +0.697 -0.023
7 4A′′ 2.967 1.092 113.1 +0.010 +0.750 +0.240
8 4Σ- 1.107 2.254 180.0 +0.130 -0.052 +0.922

NO+ 9 1Σ+ 1.102 +0.621 +0.379

a Bond lengthr is in units of angstroms, and bond angleθ is in
degrees.

TABLE 6: Frequencies of Stretching Modes of N2O+

Compounds at the UMP2/6-31G* Levela

ν(N-N) ν(N-O)

6 3082 902
7 98 4099
8 3564 221

a In units of cm-1 and scaled by 0.94.
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doublet surface. The O2+(X2Πg) product from the N2+(X2Σg
+)

+ O2 reactant system cannot be obtained when the space
symmetryC2V is kept, namely, the O2+(X2Πg) product by CT
to N2

+(X2Σg
+) should be obtained when the space symmetry

C2V is broken.
The bent complexes with the doublet state, N2O2

+(2A′′) and
N2O2

+(2A′), have O-O and N-N stretching modes with large
wavenumber, and positive charge is distributed on the N2

fragment in these complexes. These complexes are halfway on
the reaction paths of the CT to produce O2

+(X2Πg) from the
N2

+(A2Πu) + O2 reactant system with bent N2O2 geometry.
The bent complex in the quartet state N2O2

+(4A′) has very
long O-O and N-O bonds; that is, one oxygen atom is
separated from the N-N-O part. The electronic states of the
N-N-O part and the separated oxygen atom are nearly equal
to those of N2O+(2Π) and O(3P), respectively. Both of the O-O
and N-O stretching vibrations with long bond lengths have
very small wavenumbers, and these bonds are easy to cleave.
Therefore, N2O2

+(4A′) largely contributes to the abstraction
reaction forming the ground state of N2O+(2Π). The excited
states of N2O+(4A′′,4Σ-) are not directly obtained from N2O2

+-
(4A′). The formation of NO+(1Σ+) + N(4S) and O+(4S) + N2-
(1Σg

+) from N2O+(2Π) occurs by means of surface crossing.
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