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Abstract
In a recent communication [2021 Phys. Chem. Chem. Phys. 23 15475–79] we showed that the
correct modelling of vibrational quenching events in O + N2(v) collisions, a fundamental
process in air plasmas, requires the detailed representation of intermediate and asymptotic
regions of the interaction and the inclusion of several types of processes as vibration to
translation (V–T) and vibro-electronic (V–E) energy transfer. For the first time from the
publication of experimental results in the 70’s, we obtained theoretical results in agreement
with experiments, even at room temperature. In the present work we extend the approach to
better describe non-adiabatic V–E deactivation and include the evaluation of the role of the
higher excited singlet N2O surface, characterized by new high quality ab initio calculations, to
that of the triplet Π and Σ ones. Within this framework, we calculate V–T, V–E and the
corresponding total vibrational relaxation rate coefficients for initial vibrational N2(v)
quantum numbers up to v = 10 in a wide temperature range (200–10 000 K). These data are of
uttermost importance for the modelling of air plasmas, of earth’s and planetary atmospheres
and for the design and construction of aircrafts and air-breathing propulsion systems for very
low earth orbit (VLEO) satellites.

Keywords: vibrational relaxation, non-adiabatic transitions, N2 + O collisions, V–T rate
coefficients, V–E rate coefficients
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1. Introduction

Non-thermal air plasmas are characterized by strong
non-equilibrium conditions, in particular relative to molecular
vibration, which make their modelling a non trivial task [1–3].
As a consequence, the adoption of detailed state-to-state
models, including a wealth of reactive, inelastic and
dissociation rate coefficients relative to electron–molecule,
molecule–molecule and molecule–surface collisions, is
needed [4].

On the other hand, technological applications of air plasma
are wide and continuously expanding, ranging from electri-
cal discharges [5], combustion chemistry [6], aircraft re-entry
processes in a hypersonic flight regime [7, 8] at high temper-
ature. The importance of cold plasmas is also rapidly rising
in medical applications [9] and for nitrogen fixation [10],
whereby nitrogen molecules are converted in reactive nitrogen,
a promising alternative to the currently used Bosch–Haber
process. Moreover, low temperature planetary atmospheres
(including earth) are often found in non-local thermal equilib-
rium conditions and their modelling also requires the knowl-
edge of accurate and detailed vibrational state-to-state data for
specific collision processes involving air species [11].

The vast majority of such data can seldom be obtained from
experiments and, even when they are available, they are limited
to low vibrational quantum numbers of the involved molecular
species (ground and first excited vibrational levels in most
cases). The rate coefficients needed to cover a sufficiently large
number of states for the complete kinetic modelling are often
extrapolated by relying on simple models with very rough
approximation and low level of detail. Because the efficiency
of most of the above mentioned applications strictly depends
on the plasma operating conditions, the reliability of its mod-
elling is a crucial issue, and so is the reliability of the rate
coefficients used for such models.

In the last years, we calculated vibration-to-vibration
(V–V) and vibration-to-translation (V–T) rate coefficients
databases for a wide range of temperature and vibrational
quantum numbers in diatom–diatom collisions [12–14]. We
used a mixed-quantum classical dynamics approach (so to
recover the most relevant quantum effects in the investigated
systems) and potential energy surfaces (PESs) able to correctly
describe the long range interaction region (as well as the
interaction wells and first repulsive walls), important for the
accurate reproduction of inelastic collisions. More recently
[15], we started investigating vibrational relaxation in N2 + O
inelastic collisions, a very intriguing system because of the
many possible (inelastic, reactive, non-adiabatic) channels
available upon collision. In addition, molecular nitrogen and
atomic oxygen are the reactive species in the first Zeldovich
reaction (O + N2(v) → NO(v’) + N), crucial for nitrogen
fixation in cold plasmas [16], whose fate is also determined
by the availability of vibrationally excited nitrogen.

The exchange of vibrational energy quanta in inelastic col-
lisions with atomic oxygen is in fact one of the main processes
determining the molecular nitrogen vibrational population in
the non equilibrium conditions characterizing air plasmas and

has therefore long been studied, both experimentally [17–19]
and theoretically [20–23].

However, calculated and experimental rate coefficients
failed to match, showing differences of some factors (in the
best case) at high temperature and up to orders of magnitude
in the 300–1000 K range, critical for applications in low tem-
perature air plasmas or for air-breathing propulsion systems, as
those used in the development of very low earth orbit (VLEO)
satellites [24].

The solution to this problem was found in reference [15],
where we showed that vibration-to-translation (V–T) colli-
sional events are not the only responsible for nitrogen vibra-
tional quenching, since vibration-to-electronic (V–E) energy
transfer processes, triggered by the electronic anisotropy of
the open shell O(3PJ) atom, are very effective, and in fact
dominating, at low temperature. Moreover, the quantitative
assessment of the O(3PJ) behavior also depends on the atomic
spin–orbit coupling, which leads to fine levels identified by the
total electronic quantum number J = 2, 1, 0. The importance
of non-adiabatic transitions between different spin–orbit PESs
when atomic oxygen is involved in the collisional dynamics
had been hinted by Nikitin and Umanski [25] as early as
1972. Subsequently, adiabatic potential energy curves and non
adiabatic coupling terms between them have been properly
characterized by analyzing molecular beam experiments con-
cerning the scattering of O(3PJ) atoms, analyzed in state and
selected in their magnetic sublevels, by noble gas targets [26].
The neglect of V–E energy transfer processes is indeed the
main reason for the failure of calculated rate coefficients to
reproduce experimental data: by including their contribution,
evaluated by a simple Landau–Zener approach (considering
only collinear collisions), we were able to obtain total vibra-
tional relaxation coefficients in very good agreement with
measured values.

Here we extend our previous work to calculate all the
contributions to the vibrational quenching of N2(v) by O(3P)
collisions for vibrational quantum numbers v up to 10. Due to
the complex manifold of the electronic and spin orbit states of
the system, loss of vibrational energy can occur, as mentioned
above, either by V–T or by V–E energy transfer. We use a
mixed quantum–classical (MQC) method for the V–T rate
coefficients calculation, having previously experimented the
limited accuracy of quasiclassical trajectory method at low
collision energy in treating vibrationally inelastic processes
for the present collisional system [15, 20]. For the calculation
of V–E rate coefficients, similarly to our previous work in
[15], we use Landau–Zener approaches, but in the present case
we include configurations different from the collinear one and
take into account surface crossings with the singlet state of the
system. It is worth noting that this non-adiabatic path through
the N2O singlet has been the first proposed in the literature for
explaining the discrepancies with experiments [27], but it has
been noted that the threshold for this process is too high to
explain any contributions at room temperature.

In details, in section 2 we describe the spin–orbit and
electronic states which can contribute to the vibrational
quenching of the system together with the available PESs.
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Potential energy curves for specific geometries of the electron-
ically excited singlet state (involving O(1D) state) have been
obtained by new ab initio calculations. Section 3 reports on the
rate coefficients calculation for the V–T and V–E processes,
providing values for the N2(v = 1) + O → N2(v = 0) + O
quenching (the only process for which experimental data are
available), for the N2(v)+O→N2(v− 1)+O process, involv-
ing the loss of one vibrational energy quantum, for which
we also give a general analytical expression for rate coeffi-
cients as a function of temperature, and for the N2(v) + O →
N2(v −Δv) + O multiquantum relaxation. The contribution
of each deactivation process to the overall vibrational quench-
ing is analyzed and discussed. A final section, highlighting
future perspectives to overcome limitations/approximations
of some of the employed methodologies, concludes the
paper.

2. Phenomenology of spin–orbit and electronic
states and their PESs

One of the challenges in the modelling of the dynamics of
O(3P) + N2(X1Σ) collisions is the description of the com-
plex manifold of the involved spin–orbit and electronic states,
mostly arising because of the open shell nature of oxygen
atom.

The lowest PESs represent the interaction in the two triplet
states of Π symmetry (i.e. with electronic molecular quantum
number Λ = 1). They are obtained when the oxygen atom
approaches the N2(X1Σ) molecule with one of the half filled
p orbitals pointing towards the molecular center of mass in
the collinear C∞v configuration. In a more general picture, this
configuration correlates with two different orientations of the
fully occupied p orbital of oxygen O(3P) (figure 1), leading
to the 13A′′ and 13A′ states in Cs symmetry. These states are
close in energy and are degenerate in the C∞v geometry, and
correlate with 3B2 and 3B1 symmetries, respectively, in a per-
pendicular C2v configuration. These states of Π character tend
to become asymptotically degenerate since they correlate with
the oxygen atom in its ground 3P2 fine level. The same states
are expected to be substantially different only in the strongly
interacting region, where the overlap of external orbitals opens
the reaction channels leading to N(4S) + NO(2Π).

When the oxygen atom approaches the nitrogen molecule
in the C∞v configuration, pointing with the only filled p
orbital towards the molecular center of mass, a single 3Σ state
is obtained (electronic molecular quantum number Λ = 0),
which transforms in 23A′′ and 3A2 in Cs and C2v symmetry,
respectively. The state ofΣ character asymptotically correlates
with the excited spin–orbit level O(3P0) that lies 28.1 meV in
energy above O(3P2). Moreover, at short distance the Σ state
correlates with the reactive channel N(2D) + NO(X2Π), which
is 5.7 eV higher in energy, and not easily accessible. Because
of this, O(3P0) +N2(X1Σ) collisions are most often considered
as non reactive.

Detailed considerations on the fine structure of open shell
species indicate that O atoms in their ground 3P electronic
state also involve, in addition to 3P2 and 3P0, the 3P1 fine
level, that is located about 20 meV above the lowest 3P2

state. It has been demonstrated [26] that the interaction of
O(3P1) with a closed shell partner forms adducts having 1/3
and 2/3 of Π and Σ character, respectively. Therefore, taking
into account, as stressed above, that O(3P2) and O(3P0) form
adducts with pure Π and Σ character, respectively, the present
analysis has been performed assuming that O(3P2,1,0) atoms
globally interact with 2/3 and 1/3 of Π and Σ character. This
assumption is valid if the three fine levels are statistically
populated (approximately in the 5:3:1 ratio), a condition that
is fulfilled for bulk (plasmas) temperatures higher than 500 K.
At lower temperature the population of Π character states
becomes progressively higher.

States involving electronically excited oxygen atoms are
higher in energy. The lowest singlet state 11A′ (1Σ) correlates
with O(1D) + N2(X1Σ) and asymptotically lies 1.97 eV above
the 3Π states [28]. The PESs involving O(1S), or electronically
excited N2 to its 1Σ+

u , 3Πg, or 3Δu states, are even higher in
energy and cannot be populated nor contribute in any way at
the temperature range considered in the present work.

In the last years, depending on the studied processes, a
number of PESs have been formulated for the various states.
PESs for the 13A′′ and 13A′ states allow to investigate the
forward N + NO → N2 + O and inverse N2 + O → N + NO
reactions and have been obtained, among others, by Gamallo
et al [29], by Lin et al [30] (specifically designed for high
energy collisions) and by Meuwly and coworkers [21, 22].
They are based on the fitting of high level (MRCI or CASPT2)
ab initio points of triple zeta quality. Calculated QCT rate
coefficients [20, 22, 30–32] for the direct and inverse reactions
based on these surface pairs are in good agreement with the
experimental values. However, large discrepancies with mea-
sured data are found when they are used for the calculation of
vibrational relaxation rates for N2(v = 1) + O(3P) collisions,
particularly at low temperature. As we discussed in [15], this
behavior might be related to a less accurate description of the
long range interaction region, which can be crucial for the
outcome of energy transfer processes. Indeed, orientation and
alignment effects start at long range and determine the forma-
tion of precursor configurations strongly affecting the collision
dynamics. Because of the very large number of points needed
to cover the long range region, ab initio based potentials often
make use of fitting procedures on a limited number of weakly
interacting configurations, which may lead to inaccuracies at
the longest interaction distances. This is basically the reason
why in reference [30] the authors specifically recommend the
use of their PESs for the endothermic reaction at high collision
energy. The PESs of references [22, 29], which instead have
also been used at low collision energy as well as for inelastic
scattering, were found to present some inaccuracies at long
range, like a non-degenerate behavior of the two 3Π PESs
for the collinear configuration (figure S1 (https://stacks.iop.
org/PSST/31/084008/mmedia)). This is more marked for the
potential in reference [22] where the 13A′′ and 13A′ diverge
for interaction distances R � 4.5 Å where they present early
barriers and a well. Note that such discrepancy at long range
has negligible consequences on the description of the reac-
tion dynamics, dominated by short range interactions, but
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Figure 1. Correlations of the considered PESs under different symmetries of the O(3P) + N2 complex.

becomes crucial in the description of low temperature inelastic
collisions.

To correctly represent the long and medium range behav-
ior for O(3P) + N2(X1Σ) collisions and accurately calculate
the vibrational relaxation rates, we recently introduced an
analytic non-reactive PES [15] describing the 3Π potential
(considered as an average contribution of the 13A′′ and 13A′

states) based on the Improved Lennard Jones model [33]. Such
PES, containing physically meaningful parameters, modulated
and benchmarked against scattering experiments performed in
the thermal collision energy range and ab initio points, gives
excellent results in the comparison between calculated and
experimental rate coefficients for the vibrational quenching in
N2(v = 1) + O(3P) collisions (see next section).

In the same work we also introduced a PES for the 3Σ
(23A′′) state, which is much less studied than the 3Π, 13A′′

and 13A′, states, because of its mainly non-reactive character
(as mentioned above, the reactive channel opens at very high
energies). As a matter of fact, to the best of our knowledge the
only previous formulation was performed by Nakamura and
Kato [34] who built PESs for all the triplet states 13A′′, 13A′

(3Π) and 23A′′ (3Σ) based on 520 CASSCF ab initio points and
the singlet 11A′ (1Σ) state, based on 1160 points to evaluate
the decay from singlet to triplet states and the non-adiabatic
spin-forbidden predissociation N2O(X1Σ+) → O(3P) +
N2(X1Σ). Although the 3Σ potential has received much less
attention than the two 3Π PESs, it is worth pointing out again
that 1/3 of O(3P) + N2(X1Σ) collisions begin from this state
and that it is determinant for the description of non-adiabatic
vibro-electronic relaxation [15], as shown in the following.

The N2O singlet PES, 11A′, correlating with the O(1D) +
N2(X1Σ) was described, among others, by Nakamura and Kato
[34], Gonzaléz et al [35] and by Li and Varandas [36]. It has
been argued [27] that, though lying higher in energy than the
triplet PESs, it could contribute to the vibrational quench-
ing of O(3P) + N2(X1Σ) at high collision energies, when
a crossing might occur involving the vibrationally excited
N2 molecule. To properly investigate that crossing, we have
therefore obtained the potential energy curves corresponding

to the parallel and perpendicular approach geometries for the
ground singlet state, which asymptotically correlates with the
O(1D) + N2(X 1Σ+

g ) fragments. To do that we rely on a
multiconfigurational ansatz and here we apply an approach
already exploited to obtain interaction energies for spin mul-
tiplicity states lower than the maximum one of the (O2)2

[37, 38] and (O2)4 [39] complexes. In this approach we treat
the highest spin (triplet) complex by means of a restricted
coupled cluster theory with single, double, and perturbative
triple excitations [RCCSD(T)]. In addition, the singlet-triplet
splitting can be well described at the multiconfigurational
complete active space self-consistent field (CASSCF) theory,
provided that a sufficiently extended active space is taken into
account. Finally, our best estimate of the N2O singlet ener-
gies is obtained by adding to the RCCSD(T) triplet potential
the singlet-triplet CASSCF splitting. The RCCSD(T) triplet
interaction energies are those previously obtained in refer-
ence [15] and they refer to a complete basis set extrapolation
while CASSCF energies have been here obtained by using
the aug-cc-pVQZ basis set. For the CASSCF calculations, the
active space is defined by distributing sixteen electrons in six-
teen molecular orbitals correlating asymptotically with the N2

(2, 3)σg(2, 3)σu1πu1πu and O (2, 3)s(2, 3)p shells. All calcu-
lations have been performed by employing the Molpro code
[40] and by fixing the N2 distance to 1.1007 Å, its equilibrium
value.

In this work we calculated V–T and V–E rate coefficients to
obtain total vibrational relaxation rates for O(3P) + N2(X1Σ)
collisions by using the triplet Π and Σ PESs we introduced
in reference [15] and the potential energy curves for the par-
allel and perpendicular configurations of the singlet Σ state
obtained herein. The curves corresponding to the parallel and
perpendicular configurations for these PESs, together with the
calculated ab initio points are summarized in figure 2. We
note here that the agreement between the analytical PESs
and the ab initio points is excellent at long range, in the
well and in the first repulsive region, whereas the repulsive
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Figure 2. Behavior of different PESs as a function of the intermolecular distance R for the parallel (left panel) and perpendicular
(right panel) configurations.

wall in the strong interacting region is clearly anticipated by
the analytical curves, particularly for the 3Π reactive surface.
This is expected in the case of non-reactive potentials. The
implications of such behavior will be thoroughly discussed in
the following sections.

3. Vibrational relaxation rates

The quenching of vibrationally excited nitrogen molecules
N2(X1Σ+

g ) by oxygen atom O(3P) collisions can occur either
by vibration to translation (V–T) or vibration to electronic
(V–E) energy transfer. We recently showed [15] that a very
good agreement between calculated and experimental rate
coefficients for the relaxation of N2(v = 1) is obtained in the
temperature range 300–4500 K with V–T rates (dominating
at high temperature) calculated by a MQC method [41] and
V–E rates (dominating at low temperature) computed by a
simple Landau–Zener approach [42–44], where only the pre-
vailing contribution of collinear collisions was considered. In
the following we will use the same MQC method to describe
V–T processes and will extend the Landau–Zener approach
to include, on one hand, perpendicular collisions and, on the
other, to treat crossings between the triplet and singlet PESs,
which were neglected in our previous work. Furthermore, we
will consider vibrational relaxation of excited N2 up to v = 10
in the temperature range 300–10 000 K. Above 5000 K reactiv-
ity, also stimulated by vibrational excitation, becomes increas-
ingly important. Nonetheless the present non-reactive PES is
still expected to describe well the relaxation dynamics of the
system: inelastic rate coefficients calculated by using the same
method on the present and on the reactive PES of reference
[29] show differences of a factor 2.5 at most [15] at T �
5000 K.

3.1. V–T rate coefficients calculation: the mixed
quantum–classical method

The MQC method (often referred to as semiclassical) can
be effectively used for the description of V–T (and V–V,
vibration to vibration energy transfer [12, 13, 45]) processes,
as it allows to recover most quantum effects associated to
the vibrational motion (quantum tunnelling, zero point energy,
etc) in a classical framework, thus taking advantage of the
computational efficiency of quasi-classical calculations, par-
ticularly important when considering heavy particles. The
present approach describes the N2 vibration and the associ-
ated rotovibrational coupling by quantum mechanics, using
a Morse wavefunction (whose parameters are given in table
S1) and solves the corresponding time-dependent Schrödinger
equation through a close coupled equations method. Transla-
tion and rotational motions are treated by classical mechan-
ics, solving Hamilton equations of motion. The coupling
of the two subsystems is obtained through the use of an
Ehrenfest averaged potential, defined as the quantum expec-
tation value of the interaction potential. This method pro-
vides accurate quantum transition probabilities and properly
conserves total (quantum plus classical) energy. Details on
the method can be found in reference [41] and in supporting
information. In the present work, V–T rate coefficients were
obtained by considering 47 initial values of total classical
(translation + rotation) energy comprised between 50 and
80 000 cm−1, with a more frequent sampling directed towards
lower energies. For each energy value, 5000 trajectories were
used, as well as an initial separation distance atom-diatom
R equals to 50 Å and an impact parameter randomly cho-
sen between 0 and 9 Å. The set of coupled time-dependent
quantum equations to be solved for the vibrational motion
comprises vibrational states v that satisfy Δv = ±8. These
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Figure 3. Potential curves for the N2(X1Σ+
g ) + O(3P) interaction with N2 molecular axis oriented parallel (left panel) and perpendicular

(right panel) to the intermolecular distance. The N2 molecule is assumed in the first excited v = 1 vibrational level for the 3Π state, while for
the 3Σ state v = 0 is considered.

parameters should give a V–T data uncertainty between 10
and 20%.

3.2. Vibrational relaxation for N2(v = 1) + O → N2

(v = 0) + O

Vibrational relaxation of N2(v = 1) upon collision with oxy-
gen atoms has been extensively investigated by experiments
[17–19] in the 300–4500 K temperature range as well as
theoretically [20, 22, 32] by calculating V–T rates. The latter
studies, however, nearly invariably underestimate the mea-
sured values (with the exception of reference [22] where
rate coefficients were underestimated in the low and over-
estimated in the high temperature regimes), with huge dif-
ferences at temperature �1000 K. As mentioned before, we
recently demonstrated [15] that this discrepancy is caused by
the neglecting of V–E energy transfer which indeed turns out
to be crucial for vibrational quenching when oxygen atoms are
involved [25].

In particular, the crossings between the vibronic 3Π and
3Σ surfaces occur at energy values small enough for the
corresponding energy transfer process (hereafter indicated as
V-E1) to be effective at low temperature. Such crossing in the
parallel C∞v configuration can be located, by using the PESs
of reference [15], at Rc = 2.922 Å and at an energy value
Ec = 0.4592 eV (figure 3 and table 1). Collisions in the C∞v

symmetry are expected to be the most effective for V–E energy
transfer and therefore were the only contribution considered
in [15]. Here we also evaluate the contribution coming from
collisions in the C2v , perpendicular, symmetry for which the
crossing point occurs at Rc = 2.373 Å and the potential energy
is Ec = 0.5915 eV.

The V–E rate coefficients are given by

kV−E(T) =

√
8kBT
πμ

1

(kBT)2

∫ ∞

0
σ(E)e−E/kBTEdE, (1)

where μ is the reduced mass, E is the collision energy (here
taken from 0 to 10 eV), kB is the Boltzmann constant and the
cross sections σ(E) are calculated as

σ(E) =
π

k2

lmax∑
l=0

(2l + 1) · P (2)

with
P = 2Px(1 − Px), (3)

in which Px is the probability of the system to remain on the
same surface, (1 − Px) is that of changing surface, and k2 =
2μE
h̄2 . For the

(
3Π, v = 1

)
→

(
3Σ, v = 0

)
crossing Px = P1,0 in

table 1.
The V-E1 Px probability is obtained here applying the

original Landau–Zener method [42–44] to the collinear and
perpendicular configurations according to:

Px = exp

(
− 2πH2

h̄vRΔ

)
, (4)

where vR is the radial velocity at the crossing, Δ is the differ-
ence between the slope of the two PESs at the crossing point
(table 1) and H is the coupling between the two PESs. Details
on the evaluation of vR and of the H coupling term are given
in the appendix A. Because of the approximations involved
in the method and in the estimate of H, the obtained V-E1
rate coefficients are expected to be less accurate (about 50%
estimated uncertainty) than V–T rates for the homologous
processes. Note that the Franck–Condon factor is taken equal
to 1, as expected on the basis of the involved vibrational levels.

Figure 4 reports (3Π, v = 1) → (3Σ, v = 0) V-E1 rate
coefficients for the parallel and perpendicular configurations
multiplied by 1/3 and 2/3, respectively, i.e. their contributions
to the total V-E1 rates. V-E1 rates were further multiplied
by 2/3, the fraction of 3Π state population. Calculated rates

6
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Table 1. Crossing points in parallel and perpendicular configurations for non adiabatic transitions with Δv = 1: Rc is the position, Ec is the
potential energy and Δ is the absolute difference of the curve slopes.

Parallel Perpendicular

Crossing point between Px Rc (Å) Ec (eV) Δ (eV Å−1) Rc (Å) Ec (eV) Δ (eV Å−1)
(

3∏, v = 1
)

and
(

3∑, v = 0
)

P1,0 2.922 0.459 0.785 2.373 0.592 0.878

(
3∏, v = 2

)
and

(
3∑, v = 1

)
P2,1 2.930 0.739 0.785 2.380 0.867 0.878

(
3∏, v = 3

)
and

(
3∑, v = 2

)
P3,2 2.937 1.015 0.785 2.385 1.143 0.878

(
3∏, v = 4

)
and

(
3∑, v = 3

)
P4,3 2.940 1.290 0.737 2.388 1.417 0.878

(
3∏, v = 5

)
and

(
3∑, v = 4

)
P5,4 2.945 1.561 0.737 2.392 1.686 0.840

(
3∏, v = 6

)
and

(
3∑, v = 5

)
P6,5 2.950 1.828 0.705 2.397 1.951 0.840

(
3∏, v = 7

)
and

(
3∑, v = 6

)
P7,6 2.955 2.091 0.705 2.401 2.214 0.840

(
3∏, v = 8

)
and

(
3∑, v = 7

)
P8,7 2.960 2.351 0.705 2.405 2.472 0.802

(
3∏, v = 9

)
and

(
3∑, v = 8

)
P9,8 2.965 2.608 0.675 2.410 2.727 0.802

(
3∏, v = 10

)
and

(
3∑, v = 9

)
P10,9 2.971 2.861 0.675 2.414 2.979 0.802

for both configurations at different temperature values can be
found in tables S2 in the supporting information.

V-E1 rate coefficients for collisions occurring in the per-
pendicular configuration (the blue dashed line) are very small
at temperature lower than 700–800 K, but their contribu-
tion increases with temperature and becomes equal to that
calculated for the parallel configuration at T = 4000 K.
The results show that rate coefficients calculated for the
perpendicular geometry in practice cannot be neglected for
temperature higher than 1000 K.

In the present work we extended the Landau–Zener
approach to include the evaluation of the excited sin-
glet N2O surface role in the description of non-adiabatic
V–E deactivation. The non-adiabatic transition from the
triplet to singlet surface (hereafter indicated as V-E2) was
indeed suggested to be a possible mechanism contribut-
ing to the overall vibrational quenching at temperature
higher than 600 K [27]. Therefore, we explicitly cal-
culated probabilities and rate coefficients for the vibra-
tional deactivation events of N2(X1Σ+

g , v = 1) + O(3P),
which first jumps to singlet PES (v = 0) through the non-
adiabatic transition and then goes back to the triplet PES
vibrational ground state N2(X1Σ+

g , v = 0) + O(3P).
The crossing points between the singlet PES and the triplet

ones were characterized by ab initio points consistently calcu-
lated, as described in section 2. The ab initio potential energy
curves in the parallel and perpendicular configurations are
displayed as a function of the intermolecular distance R (with
the N2 distance fixed at its equilibrium value) in the left and
right panels of figure 5, respectively. In the figure, the ab initio
singlet PES is shown along with the ab initio data of vibronic
3Π and 3Σ PESs for N2(v = 0) and N2(v = 1). The details of

the crossing points are given in table 2, which shows that the
singlet curve crosses the ab initio vibronic states (3Π, v = 0)
and (3Π, v = 1) at R = 2.377 Å and 2.420 Å respectively,
for the parallel and at R = 1.807 Å and 1.844 Å for the
perpendicular configuration. The energy barrier for the V-E2
non adiabatic crossing is 0.878 eV in the parallel configuration,
which is close to the 0.8 eV value reported by Fisher and
Bauer [27]. For the perpendicular configuration a larger barrier
is found due to the decreased well depth of the N2O singlet
surface.

Specifically, three V-E2 independent cases can be consid-
ered (table 2): starting from the vibrationally excited 3Π PES
(3Π, v = 1) surface and ending on the same vibrational ground
state PES (3Π, v = 0) (case 1); starting from the vibrationally
excited 3Σ PES (3Σ, v = 1) surface to end on the vibrational
ground state 3Π PES (case 2) or 3Σ PES (case 3).

For the calculation of V-E2 energy transfer probability a
different treatment than the original Landau–Zener method is
required, because the two crossing curves have now effective
opposite sign slopes (figure 5). In such cases, a modified
Landau–Zener method has been developed [46, 47], which
considers the role of metastable bound states. According to
an extended quantum formulation first suggested by Landau
[46, 47] the transition probability can now be calculated as:

Px = 1 − β4/3π2Ai2
(
−β2/3ε

)
, (5)

where Px is the probability of the system staying on the same
surface, Ai(x) is the Airy function and β and ε depend on the
slope of the crossing curves and on the coupling term H, as
detailed in the appendix A.
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Figure 4. Rate coefficients for vibrational relaxation upon N2(X1Σ+
g )(v = 1) + O(3P) collision as a function of temperature. Experimental

data obtained by Eckstrom [18] in the 1200–3000 K range by shock-tube experiments, by Breshears and Bird [17] in the 3000–4500 K
range, also by shock-tube experiments, and, at lower temperatures (300–740 K), by McNeal et al [19] through photo-ionization, are also
reported.

Table 2. Crossing points in parallel and perpendicular configurations. Rc is the position and Ec is the potential energy.

Parallel Perpendicular

Crossing point between Rc (Å) Ec (eV) Rc (Å) Ec (eV)

(3Π, v = 1) → (1Σ, v = 0) → (3Π, v = 0) 2.420 1.171 1.844 1.542
Case 1 2.377 1.034 1.807 1.433

(3Σ, v = 1) → (1Σ, v = 0) → (3Π, v = 0) 2.624 1.586 2.022 1.900
Case 2 2.377 1.034 1.807 1.433

(3Σ, v = 1) → (1Σ, v = 0) → (3Σ, v = 0) 2.624 1.586 2.022 1.900
Case 3 2.580 1.514 1.978 1.846

The total probability for the non-adiabatic transition event
(3Π, v = 1) → (1Σ, v = 0)→ (3Π, v = 0) process (case 1) is:

P = 2P2(1 − P2) · (1 − P1), (6)

where 1 − P1 and 1 − P2 are the transition probabilities of
(3Π, v = 1) → (1Σ, v = 0) and (1Σ, v = 0) → (3Π, v = 0),
respectively. The V-E2 probabilities of cases 2 and 3 can be
obtained in the similar way.

From these values the corresponding cross sections and rate
coefficients are calculated by equations (1) and (2), respec-
tively. The same considerations made on the uncertainty of
calculated V-E1 rate coefficients hold for V-E2 ones: an uncer-
tainty of 50% ca. is expected. In addition, the Franck–Condon
factor is assumed to be one, which means that the present
results should provide an upper limit to the correct rate
coefficients.

Figure 4 shows (as red lines) rate coefficients for all V-E2
processes with the orientation weight and 3Π and 3Σ propor-
tions already taken into account. Calculated data at selected
temperature values can be found in tables S3 in the supporting
information. In order to double check our results, we also
calculated V-E2 rate coefficients for case 1 by using the 3Π
and 1Σ PESs given in reference [34] by Kato and Nakamura
(figure S2 in supporting information), which, though slightly
smaller, show the same trend and the same order of magnitude
of those calculated on the new ab initio curve.

The V-E2 rate corresponding to case 1 (starting and end-
ing on the same 3Π PES) is higher than for the other cases,
particularly at low temperature. However, rate coefficients for
all V-E2 processes are sensibly smaller than those for V-E1
energy transfer. Crossings involving the 1Σ, v = 1 state (for
instance, case 4: (3Π, v = 1) → (1Σ, v = 1) → (3Π, v = 0))

8



Plasma Sources Sci. Technol. 31 (2022) 084008 Q Hong et al

Figure 5. Behavior of ab initio potential energies as a function of the intermolecular distance R for the parallel (left) and perpendicular
(right) configurations.

occur at higher energy and the corresponding rate coefficients
are therefore lower (figure S3 in supporting information).

Figure 4 summarizes the rate coefficients for all the events
(V-E1, V-E2 and previously calculated V–T rates [15]) deter-
mining the overall vibrational quenching of N2(v = 1) by
O(3P) collisions, reported together with the available mea-
sured data (whose details are given in the figure caption)
and the corresponding uncertainties, and allows to establish
which processes are more effective in different temperature
regimes. At T � 3000 K V-E1 process is predominant: the
total rate coefficients for temperature lower than 2000 K are
essentially those obtained for collisions occurring collinearly
and they match very well with experimental data. As tem-
perature increases, the contribution from the perpendicular
configuration collisions becomes comparable, leading to cal-
culated rate coefficients at T ≈ 3000 K slightly larger than
the experimental ones (still within their estimated uncertainty).
At 4000 K V-E1 (which have now reached a plateau) and
V–T processes become comparable and the sum of calcu-
lated rate coefficients for the processes gives an excellent
match with measured vibrational quenching rates. Note that
V-E2 rate coefficients are orders of magnitude smaller and
their contribution to the overall vibrational relaxation pro-
cess is negligible, conversely to what suggested in the lit-
erature. It is also interesting to remark that the discrepancy
we found in reference [15] between calculated and experi-
mental rate coefficients at T ≈ 4000 K seems to be totally
ascribable to the neglecting of the contribution coming from
non collinear collisions. In the higher temperature regime
(T � 6000 K) vibrational relaxation is completely determined
by V–T events. A quantitative comparison between the cal-
culated and experimental rate coefficients is given in table
S6 and figure S4 in SI.

3.3. Vibrational relaxation for N2(v) + O → N2(v − 1) + O

Rate coefficients for V–T processes involving the loss of one
vibrational quantum, calculated on the 3Π and 3Σ PESs for
v up to 10, as a function of temperature are shown in figure
S5 and tables S4 and S5 in SI, whereas figure 6 shows the
weight averaged (2:1 for 3Π and 3Σ) ones. In all cases V–T rate
coefficients strongly increase with temperature for temperature
lower than 5000 K. Above this value, the increase gets milder
and nearly reaches a plateau at the highest temperature investi-
gated here. Rate coefficients also increase with the v quantum
number, due to the decrease of the vibrational energy quan-
tum. Differences can reach orders of magnitude at the lowest
temperature, but they level up to few units factors at most, as
the temperature increases. The trend and order of magnitude
of the rate coefficients calculated on the 3Π and 3Σ PESs is
similar, with those computed on the latter correspondingly
lower.

We calculated V-E1 transitions for (3Π, v) → (3Σ, v′ =
v − 1) processes for v up to 10 using the same method
described in the preceding section. The intermolecular dis-
tance, the energy and the absolute difference in the slope of the
curves at the crossing points in the parallel and perpendicular
configurations are shown in table 1 and are graphically dis-
played in figures 7 and S6 in the supporting information. As
the vibrational quantum number v grows the intermolecular
distance at which the crossing takes place becomes slightly
longer and the potential energy at the crossing increases.

V-E1 transitions can be calculated by the original Lan-
dau–Zener method. Specifically, the total V-E1 probability for
the (3Π, v = 2) → (3Σ, v = 1) transition is given as follows:

P(3Π ,v=2)→(3Σ,v=1) = P2,1 ·
(
1 − P2,1

)
+

(
P2

2,0 +
(
1 − P2,0

)2
)

· P2,1 ·
(
1 − P2,1

)
, (7)
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Figure 6. The averaged (2:1 for 3Π and 3Σ) V–T rate coefficients for vibrational relaxation upon N2(X1Σ+
g ) + O(3P) collision as a function

of temperature.

where Pi is the probability of staying on the same surface at the
crossing point. Note that the calculation of the total probability
of the (3Π, v = 2) → (3Σ, v = 1) process implies the knowl-
edge of the probability of crossings between surfaces involv-
ing the loss of two vibrational quanta P2,0 (with Δv = 2).
However, as Δv grows, the crossing points occur at shorter
Rc values, in a region where the present analytical 3Π PES
is less accurate, as shown in figure 1 (see the following
section for a detailed description), and the related crossing
probabilities (table 3) are expected to be correspondingly less
accurate than those in table 1. Nevertheless, the formulation of
equation (7) clearly shows that, because the Δv = 2 crossing
is located much higher in energy than that Δv = 1 with the
(1 − P2,0) transition probability thus being much smaller than
(1 − P2,1), its accuracy has a minor effect on the whole
P(3Π,v=2)→(3Σ ,v=1) determination.

The total V-E1 probability of (3Π, v = 3)→ (3Σ, v = 2) is
determined by

P(3Π,v=3)→(3Σ ,v=2) = P3,2 ·
(
1 − P3,2

)
+

(
1 − P3,1

)2 · P3,2

·
(
1 − P3,2

)
+ P2

3,1 · P3,2 ·
(
1 − P3,2

)
·
(

P2
3,0 +

(
1 − P3,0

)2
)

, (8)

where terms involving vibronic crossings with Δv = 2, P3,1,
and Δv = 3, P3,0, also come into play. The terms in the total
probability involving the crossing with Δv = 1 are larger than
the others and determine the main contribution in the sum.

The total V-E1 probability of (3Π, v = 4) → (3Σ, v = 3) is
given by

P(3Π ,v=4)→(3Σ ,v=3)

= P4,3 ·
(
1 − P4,3

)
+

(
1 − P4,2

)2 · P4,3 ·
(
1 − P4,3

)

+ P2
4,2 · P4,3 ·

(
1 − P4,3

)
·
(
1 − P4,1

)2

+ P2
4,2 · P2

4,1 · P4,3 ·
(
1 − P4,3

)
·
(

P2
4,0 +

(
1 − P4,0

)2
)
.

(9)

The probability 1 − P4,0 (for crossing between (3Π, v = 4)
and (3Σ, v = 0), not shown in the tables), as is the case
for all processes with Δv � 4, is nearly zero, so that the
corresponding term in the above sum can be neglected and the
total V-E1 probability of (3Π, v = 4) → (3Σ, v = 3) can be
simplified to

P(3Π,v=4)→(3Σ,v=3) = P4,3 ·
(
1 − P4,3

)
+

(
1 − P4,2

)2 · P4,3

·
(
1 − P4,3

)
+ P2

4,2 · P4,3 ·
(
1 − P4,3

)
·
(

P2
4,1 +

(
1 − P4,1

)2
)
. (10)

The V-E1 probabilities for (3Π, v)→ (3Σ, v′ = v − 1) pro-
cesses with v = 5, . . . , 10 can be obtained in a similar fashion,
by neglecting terms involving the probability of crossings with
Δv � 4. The crossing points between the involved vibronic
PESs in parallel and perpendicular configurations are shown in
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Figure 7. Potential energy curves for the N2(X1Σ+
g ) + O(3P) interaction with N2 molecular axis oriented parallel (left panel) and

perpendicular (right panel) to the intermolecular distance. The vibrational energy (v = 1 to 5 for the 3Π state) is added to the potential curves.

figures 7 and S6 in the supporting information, and the details
can be found in tables 1 and 3.

The V-E1 rate coefficients for v = 2 and v = 3 are shown
in figure 8 and those for v = 4, . . . , 10 in figure S7 in SI as a
function of temperature. They all show a very similar behavior
to V-E1 rate coefficients for v = 1, with the contribution of
the perpendicular configuration being much smaller than the
parallel one at low temperature and becoming comparable at
T � 4000 K ca. A strong increase with temperature is observed
at the lowest T to reach a plateau at 2000 K ca.

V-E2 non-adiabatic energy transfer from the 3Π (or the 3Σ)
to the 1Σ state when Δv = 1 is expected to be comparable
to that for the v = 1 case, which was found to be negligible
with respect to V–T and V-E1. Therefore V-E2 rates were not
evaluated.

Figures 8 and S7 in SI also report total vibrational relaxation
rate coefficients, showing the same behavior of figure 4 for
v = 1: V–T and V–E events emerge in different ranges of gas
mixture temperatures. At low temperature V-E1 energy trans-
fer dominates and at high temperature vibrational quenching
is only due to V–T processes. The temperature at which the
two regimes switch, i.e. where the V–T and V-E1 contribu-
tions are comparable, lowers as v increases: V–T prevails at
T � 4000 K ca. for v = 1 and at T � 2000 K ca. for v = 10.
The reason for such behavior is mainly connected to the V–T
rate coefficients which increase with the v quantum number,
whereas V-E1 ones are substantially independent on v (only a
very slight increase can be observed).

Rate coefficients for vibrational relaxation are needed for
the kinetic modelling of gas mixture flows at different tem-
perature conditions. We therefore fitted the total rate coeffi-
cients of N2(X1Σ+

g , v) + O(3P)→ N2(X1Σ+
g , v − 1) + O(3P)

vibrational relaxation for v = 1–10 to a general analytical
expression for rate coefficients as a function of temperature

as:

kv→v−1(T) = exp
(a−1

T
+ a0 + a1T + a2T2 + a3T3 + a4T4

)
.

(11)

The form of the above formulation is obtained from the sym-
bolic regression [48] by searching the space of mathematical
expressions while minimizing the absolute error metric. Since
the vibrational relaxation rate in the whole temperature range
explored here is in fact the result of two different processes,
a general Arrhenius form cannot fit the total rate coefficients.
The fitting coefficients in equation (11), obtained by a least
square procedure, are listed in table 4, and the valid range
of temperature is 200–10000 K. Figure S8 in SI reports the
comparison between calculated rate coefficients for v = 1,
5 and 10 and those obtained by the analytical expression of
equation (11) and shows that the latter is able to capture the
transition between the two different temperature dependencies
of the overall vibrational quenching.

3.4. Vibrational relaxation for N2(v) + O → N2(v −Δv) + O

V–T rate coefficients for collisions involving the loss of two
vibrational energy quanta (figure 8, for initial v = 2 and v = 3)
are smaller than those obtained for Δv = 1 of about one order
of magnitude at the highest temperature investigated here and
up to several orders of magnitude as the temperature decreases.
The probability for processes where Δv = 3 becomes cor-
respondingly lower (figure S6 in SI). Tables with V–T rate
coefficients at selected temperature values for Δv = 1, 2, 3
calculated on the 3Π (table S4) and on the 3Σ PES (table S5)
are reported in the supporting information.

V-E1 crossings between the 3Π and 3Σ surfaces involving
the loss of two vibrational quanta occur at higher energies,
making these events less probable at the temperature con-
sidered in the present study, and at shorter intermolecular
distances than those with Δv = 1. This might lead to accuracy
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Table 3. Crossing points in parallel and perpendicular configurations for non adiabatic transitions with Δv = 2 and Δv = 3: Rc is the
position, Ec is the potential energy and Δ is the absolute difference of the curve slopes.

Parallel Perpendicular

Crossing point between Px Rc (Å) Ec (eV) Δ (eV Å−1) Rc (Å) Ec (eV) Δ (eV Å−1)
(

3∏, v = 2
)

and
(

3∑, v = 0
)

P2,0 2.688 1.146 1.855 2.162 1.382 1.947

(
3∏, v = 3

)
and

(
3∑, v = 1

)
P3,1 2.698 1.411 1.766 2.167 1.645 1.947

(
3∏, v = 3

)
and

(
3∑, v = 0

)
P3,0 2.567 1.902 2.927 2.047 2.225 3.042

(
3∏, v = 4

)
and

(
3∑, v = 2

)
P4,2 2.698 1.679 1.766 2.172 1.908 1.856

(
3∏, v = 4

)
and

(
3∑, v = 1

)
P4,1 2.572 2.157 2.927 2.052 1.334 3.042

(
3∏, v = 5

)
and

(
3∑, v = 3

)
P5,3 2.703 1.942 1.682 2.176 2.169 1.856

(
3∏, v = 5

)
and

(
3∑, v = 2

)
P5,2 2.576 2.411 2.779 2.056 2.725 2.892

(
3∏, v = 6

)
and

(
3∑, v = 4

)
P6,4 2.707 2.202 1.682 2.180 2.427 1.856

(
3∏, v = 6

)
and

(
3∑, v = 3

)
P6,3 2.580 2.663 2.779 2.059 2.974 2.892

(
3∏, v = 7

)
and

(
3∑, v = 5

)
P7,5 2.711 2.459 1.682 2.183 2.682 1.768

(
3∏, v = 7

)
and

(
3∑, v = 4

)
P7,4 2.583 2.911 2.779 2.063 3.220 2.892

(
3∏, v = 8

)
and

(
3∑, v = 6

)
P8,6 2.716 2.712 1.603 2.187 2.932 1.768

(
3∏, v = 8

)
and

(
3∑, v = 5

)
P8,5 2.588 3.157 2.638 2.067 3.462 2.750

(
3∏, v = 9

)
and

(
3∑, v = 7

)
P9,7 2.720 2.962 1.603 2.191 3.180 1.768

(
3∏, v = 9

)
and

(
3∑, v = 6

)
P9,6 2.592 3.399 2.638 2.071 3.701 2.750

(
3∏, v = 10

)
and

(
3∑, v = 8

)
P10,8 2.724 3.208 1.603 2.195 3.424 1.685

(
3∏, v = 10

)
and

(
3∑, v = 7

)
P10,7 2.596 3.638 2.638 2.074 3.937 2.750

issues when the present 3Π surface is used. The ILJ model
in fact gives a good description of the potential for medium
and long range interaction regions, including wells and first
repulsive walls, whereas the short range strong interaction
region might not be as accurately represented, particularly
when chemical forces are operative, opening reactive channels.
Figure 2 shows that the match between the non reactive 3Σ PES
and the correspondingab initio points, though slightly decreas-
ing, remains good at intermolecular distance R values as short
as 2 Å. The 3Π surface, on the other hand, where the reactive
channel N(4S) + NO(2Π) opens at lower energies, presents a
more relevant discrepancy with ab initio points at R � 2.5 Å.
As a consequence, a larger uncertainty is associated to the
determination of distance, energy and slope (even if the slopes
of the analytical 3Π PES and the ab initio points remain simi-
lar) of the crossing points reported in table 3.In addition,asΔv
increases, Franck–Condon factors can be appreciably smaller

than unity, so that the V-E1 rate coefficients reported here are
intended to be semi-quantitative, i.e. they are expected to have
the correct order of magnitude, but their absolute value is only
indicative.

The total probability of (3Π, v) → (3Σ, v − Δv) can be
obtained according to the Landau–Zener approach, similarly
to equations (7) and (10), and the relative V-E1 rate coeffi-
cients for v = 2 and v = 3 can be found in figure 8, together
with V–T and total relaxation rates. V-E1 rate coefficients for
transitions with Δv = 2 show the same trend as those with
Δv = 1, but they reach a plateau at higher temperature and
are consistently smaller (less than one order of magnitude at
the plateau to up to several orders of magnitude at the low-
est temperature). The overall vibrational quenching is again
dominated by V-E1 processes at low and by V–T ones at high
temperature values. The switch from one regime to the other
shifts to higher temperature as Δv grows.
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Table 4. Fitting coefficients to the analytic expression (equation (11)) of the total vibrational quenching rate coefficient kv→v−1(T) for the
loss of a vibrational energy quantum as a function of temperature.

v a−1 a0 a1 a2 a3 a4

1 −1.97 × 103 −27.9 −5.07 × 10−5 1.09 × 10−7 −8.46 × 10−12 1.48 × 10−16

2 −2.00 × 103 −28.0 0.00 1.58 × 10−7 −1.78 × 10−11 5.92 × 10−16

3 −1.78 × 103 −28.0 −1.01 × 10−4 2.44 × 10−7 −3.18 × 10−11 1.26 × 10−15

4 −1.73 × 103 −28.1 0.00 2.48 × 10−7 −3.49 × 10−11 1.46 × 10−15

5 −1.68 × 103 −28.1 0.00 2.86 × 10−7 −4.25 × 10−11 1.86 × 10−15

6 −1.63 × 103 −28.1 1.04 × 10−4 2.71 × 10−7 −4.22 × 10−11 1.89 × 10−15

7 −1.58 × 103 −28.4 4.11 × 10−4 1.95 × 10−7 −3.45 × 10−11 1.60 × 10−15

8 −1.53 × 103 −28.6 8.90 × 10−4 8.36 × 10−9 −8.16 × 10−12 3.79 × 10−16

9 −1.53 × 103 −28.5 6.51 × 10−4 1.47 × 10−7 −3.13 × 10−11 1.55 × 10−15

10 −1.47 × 103 −28.7 9.24 × 10−4 7.68 × 10−8 −2.39 × 10−11 1.27 × 10−15

Figure 8. V–T, V-E1 and total relaxation rate coefficients for the N2(X1Σ+
g , v) + O(3P) → N2(X1Σ+

g , v′) + O(3P) collision for v = 2
(left panel) and v = 3 (right panel) as a function of temperature.

4. Conclusions and perspectives

Recent evidence indicates that the solution of the apparent dis-
crepancy between theoretical and measured rate coefficients
for the N2(v = 1) + O(3P) → N2(v = 0) + O(3P) inelastic
collisions comes from the inclusion of V–E transfer processes
between low-lying PESs of different spin–orbit and electronic
states. This prompted us to extend the developed methodol-
ogy to include higher excited vibrational states of molecular
nitrogen and to evaluate the contribution of the non-adiabatic
crossing between triplet and singlet surfaces.

Rate coefficients for the vibrational relaxation of N2(v)
colliding with O(3P) atoms were thus calculated considering v
values up to 10. In details, V–T rates were computed by using
a MQC method, whereas V–E rates were evaluated through
Landau–Zener approaches. Results show that in all cases
vibrational relaxation at low temperature is mainly determined

by the V–E energy transfer occurring at the crossing between
the 3Π and 3Σ PESs, and V–T energy transfer becomes pre-
dominant as the temperature increases. Non-adiabatic energy
transfer between the vibronic 3Π/3Σ and the excited 1Σ PES
was also considered and demonstrated that its involvement in
vibrational quenching for the processes considered here (with
Δv = 1, 2) is negligible.

Calculated rate coefficients for the N2(v = 1) + O(3P) →
N2(v = 0) + O(3P) vibrational relaxation give an excellent
agreement with available experimental data in the whole tem-
perature range, highlighting the need of a detailed description
of both V–T and V–E processes. We expect that the rates
corresponding to the N2(v) + O(3P) → N2(v − 1) + O(3P)
process, involving the loss of one vibrational quantum, should
be as accurate as those for v= 1, because, as v grows, the cross-
ing points between 3Π and 3Σ PESs occur at larger N2(v =
1) + O(3P) interaction distances, where the analytical PESs
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provide a better description. Calculated V-E1 rate coefficients
for multiquantum relaxation processes are instead only meant
to give the correct order of magnitude, because of the larger
uncertainty related to their determination.

Indeed, as discussed in the above sections, the uncertainty
associated to the evaluation of the rates of the various processes
contributing to overall quenching can be quite different. In
particular, two main issues can be identified as possible sources
of uncertainty. On one side, as Δv increases the crossings
between the 3Π and 3Σ PESs occur at shorter interaction dis-
tances and at higher potential energy value. In the short range
strong interaction region the non-reactive representation of the
employed PESs (particularly the 3Π one) is bound to be less
appropriate, since covalent forces emerge with the opening of
reactive channels. It is worth noting that such uncertainty has
much less effect on the determination of V–T rates, which are
instead more sensitive to the long range potential. In addition,
as shown in figure 2, though the absolute difference with ab
initio calculated energies can be relevant, the PESs slope,
driving the V–T dynamics, is still close to the ab initio points.

To correctly describe both V–T and V–E processes, it
would be desirable to have PESs able to accurately represent
the short range region, with the opening of reactive channels,
as well as the long range region, determinant for the formation
of weakly interacting precursor species. However, ab initio
based potentials, describing in details covalent interactions,
can seldom cover the longest interaction regions, and ana-
lytical formulations, giving a reliable description of weak
interactions, cannot be used to model chemical forces. The
possibility of using a smoothly combined PES [49], which
could merge the benefits of both representations, is currently
under investigation. Such PES, together with QCT or a MQC
code properly including reactivity [50], would allow to con-
sider the competition between reactive channels and vibra-
tional quenching and the contribution of quasi reactive events
to vibrational relaxation [20], therefore permitting to calculate
reliable relaxation rates for very high v values (up to v ≈ 40).

The other uncertainty source comes from the use of Lan-
dau–Zener model to calculate V–E probabilities and cross
sections. The determination of the involved parameters can
be a difficult task, as Δv grows. The coupling term H
depends on the position and orientation of the interacting
species at the crossing points and must include the associ-
ated Franck–Condon factors, that sensibly decrease with the
increase in Δv. Besides, we showed here that, though the
collinear orientation gives the main contribution to V–E pro-
cesses at very low temperature, contributions coming from
other geometries cannot be neglected as temperature rises.
Therefore, a more sophisticated dynamical model (such as tra-
jectory surface hopping) should be used to have a more accu-
rate determination of V–E rate coefficients in such conditions.
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Appendix A. Landau–Zener determination
of P(x) probabilities

A.1. Details and parameters for V-E1 Landau–Zener method

In the range of collision energies associated to the temperature
of interest here (below 10 000 K), the use of a fixed value
of H is sufficient to calculate reliable cross sections and rate
coefficients. The exact determination of the value of H is
a complicated task. However, physical considerations allow
to foresee that H should be comprised between 1–2 meV, a
very small value, which in practice prevents its computation
by ab initio methods, as it falls within the accuracy of the
highest available levels of theory. The coupling is expected
to be small, because it occurs between two heterogeneous
(i.e. corresponding to different Σ and Π symmetries) sur-
faces, which also ensures the validity of the Landau–Zener
approach. Furthermore, H is the result of two contributions: the
spin–orbit coupling, estimated to be slightly larger than in the
O+Ar case [26] where the electrostatic contribution is absent,
for which the first order non-adiabatic correction to adiabatic
potential is around 0.2 meV, and the Coriolis coupling, which
should be ≈1 meV, the value corresponding to a collision with
an impact parameter of 1 Å at a relative velocity of 1.5 km s−1

[51]. Given the empirical nature of such an estimate, the same
value of H = 1.5 meV used in [15] was considered for both
parallel and perpendicular contribution to V–E, even if the
exact H value depends on the intermolecular distance R and
on the reciprocal orientation of the colliding partners. This
value has been used for all the V-E1 rate coefficients calcula-
tions. Because of these approximations V–E rate coefficients
obtained here are expected to be less accurate (with an esti-
mated accuracy of about 40%–50%) than V–T rates for the
homologous processes.

The radial velocity vR at the crossing in equation (4) is given
by:

v2
R =

2
μ

(
E − h̄2(l + 1)l

2μR2
c

− Ex

)
, (12)

where l is the quantum number representing the orbital angu-
lar momentum of the collision complex (from 0 to lmax,
which guarantees vR to be real), μ is the reduced mass and
E is the collision energy. Ex is the potential energy in the
entrance channel, i.e. the difference between the energy at
the crossing point, Ec, and the vibrational energy Ev of N2

(for v = 1, Ev = 0.2926 eV).
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A.2. Details and parameters for V-E2 modified
Landau–Zener method

A special treatment is needed when the curves cross with
opposite sign slopes. Equation (5) gives the transition prob-
ability in the modified Landau–Zener method, depending on
the following parameters:

ε = Es(F1 − F2)/2FH, (13)

β =
4H
h̄

[
μH

F(F1 − F2)

]1/2

, (14)

Es = E − h̄2(l + 1)l
2μR2

c
− Ex, F =

(
|Ψ1 ·Ψ2|

)1/2
, (15)

Ψi = Fi −
h̄2(l + 1)l

2μR2
c

2
Rc

, (16)

where Fi is the slope of the curve, l is the orbital angular
momentum quantum number, μ is reduced mass and E is col-
lision energy. Moreover, Ex represents the difference between
the energy at the crossing point, Ec, and the vibrational energy
Ev of N2, Rc is the intermolecular distance at the crossing point
and H is the non-adiabatic coupling. Note that a factor 1

h̄ is
missing in the corresponding expression in reference [47].

The value of non adiabatic spin–orbit coupling H between
the singlet and the triplet PESs along the crossing seam
adopted here was taken from reference [34]: H = 85 cm−1

and 65 cm−1 for the parallel and perpendicular configurations,
respectively. In these estimates the Coriolis coupling is not
considered. The proposed H value for the parallel configura-
tion is consistent with the electronic transition matrix element
proposed by Fisher and Bauer [27]

Vel
12(Rc) ≈ Vel

12(R →∞) = Vel
{

O
(

1D2 − 3P2

)}
= 80 cm−1,

(17)
in which the electronic transition matrix element is considered
to be the spin–orbit coupling value of the isolated oxygen atom
and equal to 80 cm−1 [52].
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