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ABSTRACT

The quenching of NO A 2Σ+ with O2 as a collisional partner is important for combustion and atmospheric processes. There is still a lack
of theoretical understanding of this event, especially concerning the nature of the different quenching pathways. In this work, we provide
potential energy surfaces (PESs) of 20 electronic states of this system. We computed the spin-doublet and spin-quartet PESs using SA-CASSCF
and XMS-CASPT2. We find two potential quenching pathways. The first one (Q1) is a two-step orientation-specific process. The system first
undergoes an electron transfer (NO+ X 1Σ+ + O−2 X 2Πg) at short distances, before crossing to lower neutral states, such as NO X 2Π + O2 a
1Δg , O2 b 1Σ+g , O2 X 3Σ−g , or even 2 O(3P). The second quenching pathway (Q2) is less orientation-dependent and should be sudden without
requiring the proximity conditioning Q1. The Q2 cross section will be enhanced with increasing initial vibrational level in both O2 and NO. It
is responsible for the production of NO X 2Π with higher O2 excited states, such as O2 c 1Σ−u , A′3Δu, or A 3Σ+u . Overall, this work provides a
first detailed theoretical investigation of the quenching of NO A 2Σ+ by O2 X 3Σ−g as well as introduces a weighting scheme generally applicable
to multireference, open-shell bimolecular systems. The effect of spin-multiplicity on the different quenching pathways is also discussed.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0112556

I. INTRODUCTION

The nitric oxide radical has an important role in combus-
tion1 and atmospheric processes.2,3 As such, researchers have grown
increasingly interested in studying this radical species. They have
utilized Laser Induced Fluorescence (LIF) to measure its atmo-
spheric concentration, probing the γ band4 transition NO X 2Π
←Ð NO A 2Σ+. However, these fluorescence measurements are
impeded by a lack of radiative efficiency, which is due to quenching
of NO A 2Σ+ by different collisional partners.5

To address this problem, NO A 2Σ+ quenching has been stud-
ied experimentally and computationally6–15 with various quenchers,
such as with NO X 2Π, N2, O2, CO, CO2, and H2O. Nevertheless,
there is still a lack of theoretical work to explain the fate of NO A 2Σ+
electronic energy during NO A 2Σ+ + O2 X 3Σ−g quenching, which
is of major interest since O2 is the second most abundant species in
the atmosphere.

From previous experiments, several quenching mechanisms
have already been hypothesized. Early work by Asscher and Haas16

found the quenching efficiency of NO A 2Σ+ to increase with the
electron affinity (EA) of the quencher. Accordingly, they suggested
that electron transfer can play an important role in the quenching
process. This has been supported by the proposition of a har-
poon mechanism by Paul et al.,15 in agreement with their following
results18 for NO A 2Σ+ quenching at high temperatures. Such a
mechanism is characterized by a two-step process, with the ionic
state NO+ X 1Σ+ + O−2 X 2Πg as a quenching intermediate. Later,
Nee et al.19 also concluded that a charge transfer (CT) mecha-
nism was responsible for the quenching of NO A 2Σ+ by O2. Then,
Settersten et al.6 observed a product distribution proportional to the
Franck–Condon (FC) overlap between NO A 2Σ+ and NO+ X 1Σ+.
As a consequence, they also concluded that a harpoon mechanism
was likely, but they also discussed the possibility of the formation of
a collision complex.

Indeed, on the other hand, a negative temperature dependence
of the quenching cross section was observed by Settersten et al.,7
who proposed a well-depth of −41 cm−1 for the collision complex.
This prediction was supported by Sánchez-González et al.,8 who
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predicted a comparable well-depth of −39 cm−1 for the collision
complex. More recently, Few et al.9 used Fourier Transform IR spec-
troscopy (FTIR) to measure the vibrational population of NO X 2Π
and NO2 quenching products. They found the nonreactive quench-
ing of NO A 2Σ+ to be consistent with two quenching channels,
producing either high or low vibrational levels in NO X 2Π, consis-
tent with a long-lived collision complex or a harpoon mechanism,
respectively. From all these experimental results, both quenching
channels should be accessible at low-energy collisions. It is very
likely that both their respective access should be (essentially) bar-
rierless. They also provided evidence to suggest the existence of
different reactive quenching channels, producing NO2 + O(3P) and
supposedly NO X 2Π + 2 O(3P). Finally, Blackshaw et al.10 recently
supported the existence of a NO3 collision complex due to long-
range attractive forces using velocity map imaging and stressed on
the importance of a conical intersection leading to NO X 2Π (A′′)
population. They also found that O2 c 1Σ−u could be formed in its
vibrational ground state, which agrees with the work of Few et al.9
The existence of a potential well on the NO A 2Σ+ + O2 X 3Σ−g poten-
tial energy surface (PES) due to long-range attractive forces has also
been supported by our own recent theoretical work.20

To properly model such processes, it is important to investigate
the shape of different regions on the PESs. First of all, the topology
of the van der Waals (vdW) region on the excited state (NO A 2Σ+
+ O2 X 3Σ−g ) potential energy surface (PES) helps in understanding
which orientations are preferred during the approach in a low-
energy collision. Then, the short-range region of the initial excited
state describes which orientation will lead to the quenching event.
Finally, the passage through a conical intersection will induce geo-
metrical relaxations depending on the gradients and associated non-
adiabatic couplings. The PESs involved in these quenching pathways
define which products are accessible.

Following our previous work20 on the first step of this process,
e.g., understanding the shape of the excited vdW PES of NO A 2Σ+
+ O2 X 3Σ−g , we now focus on the next step: identifying potential
quenching pathways and their associated products. To do this, we
explored 20 spin-doublet (D) and 9 spin-quartet (Q) PESs at the
State-Averaged (SA) Complete Active Space Self-Consistent Field
(CASSCF) level of theory. Differing spin-states are possible as O2 X
3Σ−g has two unpaired electrons and NO A 2Σ+ has one. NO A 2Σ+

+ O2 X 3Σ−g can, therefore, have a total spin of both a quartet and
doublet. Additionally, we computed scans using extended multi-
state complete active space with second order perturbation theory
(XMS-CASPT2) in the doublet manifold to describe important
dynamic correlation effects on the accessibility and relaxation of the
quenching event.

II. COMPUTATIONAL DETAILS
We performed our calculations using the MOLPRO 2021.3

ab initio quantum chemistry package,21,22 unless specified other-
wise. The energy convergence threshold was 1 × 10−8 hartree. In this
paper, we use Jacobi23 coordinates as shown in Fig. 1.

A. Active space and excited states
The PESs were computed at the CASSCF level.24,25 This is

because it can accurately model nonadiabatic effects, as well as
multi-configurational character. This active space is composed of
NO and O2 2σ∗, 3σ, πx, πy, π∗x , π∗y orbitals, as well as NO 4σ orbital,

FIG. 1. Definition of Jacobi coordinates used for the NO + O2 system.

resulting in a CAS(19,13). A schematic representation of this active
space at asymptotic intermolecular separation is given in Fig. 2.

To compute the PESs in different orientations, we used the C1
point group, unless specified otherwise. As a consequence, many
excited states had to be included in the CASSCF calculation for
two reasons. First, O2 a 1Δg and b 1Σ+g states are lower in energy
than the NO A 2Σ+ state. In a vertical excitation framework at
experimental bond-length for the states of interest, it means that
NO X 2Π degeneracy will couple with O2 X, a, and b states, lead-
ing to eight doublet and two quartet surfaces lower in energy than
NO A 2Σ+ + O2 X 3Σ−g . The state ordering in the asymptotic region
(R = 15 Å) with fixed bond-length is presented in Table I. Since
Few et al.9 suggested that O2 c 1Σ−u could be a potential quench-
ing product, the active space/number of state combination was set
for spin-doublet states first. Accordingly, the minimum number of
spin-doublet states required is 9.

FIG. 2. Qualitative energetic ordering of NO and O2 active orbitals used in
CASSCF(19,13) at asymptotic separation, with NO A 2Σ+ + O2 X 3Σ−g main
configuration occupancy.
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TABLE I. Asymptotic (R = 15 Å) vertical excitation energies (eV) with fixed bond-length, at the experimental equilibrium
values for NO A 2Σ+ (1.0634 Å) and O2 X 3Σ−g (1.0634 Å). Computed with SA(20)-CASSCF(19,13)/t-aug-cc-pVTZ and
XMS-CASPT2(11,9)/t-aug-cc-pVDZ.

NO state O2 state SW-CASSCF XMS-CASPT2

A2Σ+ b 1Σ+g 5.569
X2Π A3Σu 5.267 6.670
X2Π A′3Δu 5.128 6.522
A2Σ+ a1Δg 5.095 5.582
X2Π c 1Σ−u 4.978 6.313
A2Σ+ X 3Σ−g 4.340 4.563
X2Π b 1Σ+g 1.229 1.729
X2Π a1Δg 0.755 1.035
X2Π X 3Σ−g 0 0

However, the NO A 2Σ+ + O2 X 3Σ−g state was challenging
to converge due to the Rydberg nature of NO A 2Σ+. The excited
electron in NO A 2Σ+ populates the 4σ orbital, which is mostly com-
posed of diffuse s functions. Among the first nine states, NO A 2Σ+ +
O2 X 3Σ−g is the only state with population in this orbital. The associ-
ated low state-averaged density leads to instability in the active space,
replacing the NO 4σ orbital by O2 3σ∗ orbital, which persisted even
when changing the weighting of the ninth state.

It was not possible to include simultaneously the NO 4σ and
O2 3σ∗ orbitals. Adding one extra virtual orbital led to the rotation
of the NO 3σ∗ orbital into the active space, while adding two extra
virtuals led to higher NO Rydberg orbitals. Similarly, including O2
3σ∗ also led to instabilities in the active space, with unwanted rota-
tions. To solve this problem, we computed more excited states until
the NO 4σ orbital was included in the active space. This technique
works because to minimize the state average energy, it is better to
include the NO 4σ orbital in the active space and have co-excited
states (excited NO and O2) than highly energetic excited states of
O2. Including the first 20 doublet states stabilized, the active space as
required. These excited states are listed in Table I.

Additionally, because the system can exist both in the spin-
doublet or spin-quartet framework, we computed two set of surfaces.
However, all doublet states do not have a quartet counterpart, as
those need to be composed of 2NO states together with 3O2 states
only, i.e., no 1O2 states coupled to 2NO can give an overall quartet.
As a result, a first set of surfaces (doublet and quartet) was com-
puted at the SA(29)-CASSCF(19,13). Those surfaces will be referred
to as SA-CASSCF surfaces. The second set of surfaces included
spin-doublet states only, including a specific state weighting lead-
ing to SW(20)-CASSCF(19,13) calculations. These will be referred
to as SW-CASSCF surfaces and are discussed below. The experi-
mental excitation energy of NO A 2Σ+ (5.45 eV26) compares well
with the calculated adiabatic value of 5.44 eV (energy difference
including zero-point corrections) for the super molecule at 50 Å
with SW-CASSCF optimized bond-lengths. Asymptotic adiabatic
excited energies for the O2 a 1Δg and O2 b 1Σ+g states (1.08 and
1.76 eV, respectively) also compare well with experimental values
(0.98 and 1.64 eV, respectively26). We note that good agreement
with experimental asymptotic energies can also be obtained from
single-molecule XMS-CASPT2 calculations for these states (1.139
and 1.845 eV, respectively). Direct experimental comparison of

adiabatic excitations for all states is problematic because of issues
with stability of the active space for all states in the asymptotic
region. We note, however, excellent agreement between CASPT2
and coupled-cluster single double triple [CCSD(T)] state ener-
gies in intermediate regions, where applicable, and that CCSD(T)
asymptotic excitation energies are in also good agreement with
experiment.20

B. State weighting
In a single-molecule system like NO, one would generally set

up the first three electronic states (2 NO X 2Π microstates, and
NO A 2Σ+ state) to have a weight of 1

3 , arising from state-averaging.
However, a state-averaged CASSCF calculation of a bimolecular
system can introduce bias.

Among the 20 bimolecular doublet PESs we computed, the
nitric oxide molecule is in its ground state in 16 surfaces, while
NO A 2Σ+ is only present in 4. Accordingly, optimizing the orbitals
in a state average fashion would introduce a bias toward bimolecular
states including NO X 2Π. To compensate for that, each bimolec-
ular state should be weighted so that the total weight of each
single-molecule microstate is equal within one molecule. The ideal
weighting to provide a balanced description of each microstate is
given in Table S2. Yet, it was not possible to use this ideal weighting
for the SW-CASSCF surfaces as it leads to root-flipping issues. Root-
flipping arises when two states with different weighting are close in
energy and exchange their order as well as their weight during an
optimization step. As a solution, an identical weight was given to
the upper states (ninth state and above), as described in Table S2. In
that way, the orbital optimization is less biased in the SW-CASSCF
surfaces than in the SA-CASSCF surfaces, and the weights do not
change the state ordering.

C. Surfaces across the angle space
Initial surfaces were computed with fixed experimental bond-

length for the states of interest, i.e., 1.0634 Å for NO A 2Σ+ and
1.2075 Å for O2 X 3Σ−g .26 Fixing the bond-lengths as such describes
the potential felt by NO A 2Σ+ and O2 X 3Σ−g in the Fourier trans-
form infrared spectroscopy (FTIR) experiment of Few et al.9 For
NO, it is a reasonable approach for two reasons. First, they populated
the lowest vibrational states of NO A 2Σ+. Second, the potential well
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of NO A 2Σ+ is narrower than that of a usual valence state because
of its Rydberg character. Concerning O2, we also explore the PESs
across O2 bond-length in Sec. III B. With the bond-length fixed, the
system has four other internal coordinates to vary: the three angles
ΘNO, Θ O2 , Φ (the dihedral angle), and the intermolecular distance
R. To visualize the orientations to sample, we used the angle space
shown in Fig. 3. The intermolecular distance R was one of the two
dimensions of all our 2D scans shown below. It is essential to break
the NO diatomic symmetry to allow quenching from NO A 2Σ+ to
NO X 2Π. The second dimension was an angle with the other two
fixed. We scanned through different unique geometries presented in
Fig. 3: linear (L), T-shape (T), hammer (H), parallel (P), cross (C),
linear-O (LO) (with the oxygen of NO pointing toward O2), and T-
shape-O (TO) (with the oxygen of NO pointing toward O2). Three
scans were obtained by varying ΘNO from L to LO and from T to TO
with Φ fixed at either 0○ (passing through P) or 90○ (passing through
C). Four additional scans were obtained by changing Θ O2 from
L to T, H to P, H to C, and LO to TO. Another scan was performed
while changing the dihedral angle, from P to C. All those scans were
computed with both SW-CASSCF and SA-CASSCF. Finally, another
scan was computed along the dihedral angle with SW-CASSCF in a
specific orientation, with ΘNO = 45○ and Θ O2 = 90○. The data for all
2D surfaces are available in the supplementary material.

To yield accurate energy values, we based our calculations on
Dunning basis sets27–29 as they are optimized to properly model
electronic correlation. We used the t-aug-cc-pVTZ basis set for
both O2 and NO as diffuse functions are necessary to represent
both the 4σ orbital of NO,20 and possible ionic configurations
with O−2 and NO+. These calculations were obtained using the C1
symmetry point group to keep our results comparable across all
orientations.

D. XMS-CASPT2 scans
To explore the effect of dynamic correlation on the shape for

the PESs, we performed multiple scans at the XMS-CASPT2 level
in planar orientations.30,31 These scans were performed using the
internally contracted form of multireference Rayleigh–Schrödinger
perturbation theory (RS2C) routine30–32 of Molpro 2022.2. The
CASSCF wavefunction of the previous 20 states was computed

FIG. 3. Angle space of NO + O2. L: linear; H: hammer; LO: linear-oxygen;
T: T-shape; P: parallel; TO: T-shape-oxygen; C: cross.

within the Cs point group, resulting in 10 A′ and 10 A′′ states. The
state weighting described above (Sec. II B) was used for Fig. 5 but not
for Sec. III B due to CASSCF root-flipping issues at short distances. A
smaller active space (11,9) and basis set (t-aug-cc-pVDZ) were used
due to the computational cost of the following XMS-CASPT2 calcu-
lation. This smaller active space only contains the π and π∗ orbitals,
together with NO 4σ orbital. We used an IPEA (Ionization Poten-
tial Electron Affinity) level shift of 0.25 to compensate for CASPT2
systematic error in excitation energies and to avoid intruder states.33

Only the 10 A′′ states were computed at the XMS-CASPT2 level as
this is the symmetry of the NO A 2Σ+ + O2 X 3Σ−g state in planar
geometry.

E. Nonadiabatic couplings
The nonadiabatic coupling matrix elements (NACMEs) χiα

of atom i on the axis α (α ∈ [x, y, z]) were computed analytically
between NO A 2Σ+ + O2 X 3Σ−g and NO X 2Π + O2 c 1Σ−u (A′′)
within the Cs point group in planar geometries. The scans were per-
formed with the SW-CASSCF/t-aug-cc-pVTZ basis set as described
in Sec. II D. We used fixed bond-length (1.0634 Å) for NO and O2
(1.24 Å). Then, the full length of the nonadiabatic coupling vector
(NACV) ε was computed as follows:

ε =
√
∑
i,α

χ2
iα. (1)

The full length of the nonadiabatic coupling vector is useful to
understand nonradiative transition probabilities from one state to
another. Indeed, this probability depends both on the energy differ-
ence between the two states and on the magnitude of their coupling.
While the PESs in this work describe the former, the length of the
NACV gives the latter.

III. RESULTS AND DISCUSSION
In this section, we first compare the doublet and quartet states

across different orientations. We then investigate further the dou-
blet PESs and identify a first quenching pathway Q1 involving ionic
configurations and discuss its accessibility. The associated geomet-
rical relaxations are discussed, together with the possible quenching
product. We also propose an alternative quenching channel Q2 that
does not involve ionic configurations and evaluate the NAC for a
potential product.

A. Exploring the PESs across the angular space
A total of 29 states, among which 20 were doublets and

9 were quartets, were plotted in two sets of 2D surfaces across the
intermolecular distance R and different set of angles with fixed bond-
length as described in Sec. II. The data points for all surfaces can
be found in the supplementary material. Here, we first discuss the
SA-CASSCF surfaces, comparing the differences between the spin-
quartet states and their spin-doublet counterpart. Furthermore, we
describe the shape of the spin-doublet SW-CASSCF surfaces. We
identify short-range geometries that present low-energy access to
potential quenching pathways and explain why those geometries
provide such access by analyzing the wavefunction(s).

J. Chem. Phys. 157, 164304 (2022); doi: 10.1063/5.0112556 157, 164304-4

© Author(s) 2022

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0112556
https://www.scitation.org/doi/suppl/10.1063/5.0112556


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

1. Comparison between doublet and quartet states

First, the SA-CASSCF surfaces show that quartet states are
degenerate with their spin-doublet counterpart in the asymptotic
region. This is to be expected as the states are computed from the
same orbital basis. However, this degeneracy is lifted in the short-
range region. This is due to spin-paired configurations stabilizing
the spin-doublet states only. The ci coefficient of those spin-paired
configurations increases as R decreases. Second, a common feature
between all doublet and quartet surfaces, and across all orienta-
tions, is the repulsive wall at short distances, although, the shape and
position along R is different.

Third, we observe a potential well on the ninth adiabatic dou-
blet PES (Fig. 4). It is centered at ΘO2 = 90○, ΘNO = 45○, Φ = 0○ and R
= 2.5 Å, which does not exist on the quartet surfaces. In this region,
the main difference between the doublet and quartet state wavefunc-
tions is the increase in mixing of the charge transfer configuration
O−2 X 2Πg + NO+ X 1Σ+ in the description of different adiabatic
states with decreasing R. The ion-pair character could be identified
both because of the increasing Ci coefficient of the associated config-
urations and because of a large increase in the dipole moment of the
state. Our results show that such configurations have an important
role in the quenching process as proposed by earlier experimental
studies.6–8,15–19 Yet, rather than a harpoon mechanism (direct cross-
ing with a ionic surface), the smooth transition from neutral to ionic

resembles a diffuse avoided crossing region. This long-range mix-
ing is potentially due to the diffuseness of the electronic density of
both NO A 2Σ+ and O−2 X 2Πg . Since the quartet surfaces do not
show any potential quenching pathway accessible with low collision
energy within these coordinates, we now focus our efforts on the
doublet surfaces.

2. Weight-adapted doublet surfaces
To accurately describe the different quenching pathways, we

calculated another set of surfaces only including spin-doublet states.
For better optimization of the orbitals, the bimolecular states were
weighted to avoid introducing bias in the excitation energies as
explained in Sec. II B. As a consequence, the NO A 2Σ+ state is largely
stabilized, lowering the energies of NO A 2Σ+ + O2 X 3Σ−g , O2 a
1Δg , and O2 b 1Σ+g by almost 0.3 eV compared to the SA-CASSCF
surfaces. Up to this point, only one 2D scan shows features that
could lead to NO A 2Σ+ quenching with low translational energy.
It goes from the T-shaped geometry with the nitrogen of NO point-
ing toward the center of O2, to the TO geometry, where the oxygen
of NO points toward O2. The surfaces of this scan are presented
in Fig. 4(a). The PES asymptotically corresponding to NO A 2Σ+
+ O2 X 3Σ−g shows three important features with decreasing inter-
molecular distance, in orientations centered around ΘNO = 45○.
First, as R decreases, the wavefunction of this state is increasingly
described by the A′′ configuration of the O−2 X 2Πg + NO+ X 1Σ+

FIG. 4. Doublet states obtained from SW-CASSCF/t-aug-cc-pVTZ calculation in the scan going from geometry T to TO. The left plot (a) consists of a cut through the
surfaces to observe the location of the entry to the quenching channel, and the right plot (b) corresponds to a zoom of the cut in polar coordinates. In polar coordinates,
x = R × cos(ΘNO), and y = R × sin(ΘNO). The data point indicated corresponds to the maximum energy barrier discussed in Sec. III A 3. From bottom to top, the surfaces
asymptotically correspond to NO X 2Π + O2 X 3Σ−g (blue), NO X 2Π + O2 a 1Δg (cyan), NO X 2Π + O2 b 1Σ+g (orange), NO A 2Σ+ + O2 X 3Σ−g (green), NO X 2Π + O2 c
1Σ−u (red), NO A 2Σ+ + O2 a 1Δg (cyan), NO X 2Π + O2A

′ 3Δu (dark green), NO X 2Π + O2A 3Σ+u (magenta), and NO A 2Σ+ + O2 c 1Σ−u (orange). The asymptotic (15
Å) energy of NO A 2Σ+ + O2 X 3Σ−g is 4.3406 eV.
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ionic state. Then, at short distances, ∼2.6 Å, there is a conical inter-
section between the ninth and tenth adiabatic states. At this distance,
they correspond to a crossing between the A′ and A′′ states of O−2 X
2Πg +NO+ X 1Σ+. They do not couple in the plane, but the coupling
is turned on by the dihedral angle, as it breaks the planar Cs point
group. The irreducible representations of NO A 2Σ+ + O2 X 3Σ−g and
NO+ X 1Σ+ + O−2 X 2Πg depending on the dihedral angle are given
in Table S3. Finally, both O−2 X 2Πg + NO+ X 1Σ+ microstates have
a potential well at even shorter distances before hitting the repulsive
wall.

3. Accessibility of Q1: CASSCF vs CASPT2
In Fig. 4(a), the ninth adiabatic surface (green, asymptotically

NO A 2Σ+ + O2 X 3Σ−g ) shows a small potential energy barrier of
∼1160 cm−1, centered around 2.9 Å. Such a barrier could prevent
access to the aforementioned potential well in a cold molecular beam
experiment. However, as discussed below, we believe this potential
energy barrier to be a computational artifact due to a lack of dynam-
ical electronic correlation. Indeed, ion-pair states are more sensitive
to dynamic correlation effects than neutral states. This is the origin
of the higher CASSCF barrier, which is reduced at the CASPT2 level.
Thus, we computed XMS-CASPT2 scans (see Sec. II D) in the rel-
evant orientation (ΘNO = 45○, Θ O2 = 90○, Φ = 0○) to demonstrate
the effect of increasing the amount of dynamical electronic corre-
lation. The results in Fig. 5 show two main differences compared to
the CASSCF scan. First, a long-range attractive potential is present in
the CASPT2 scan. This has previously been noted when comparing
CASPT2 to the accurate CCSD(T) in the vdW region.20 In addition,
the potential energy barrier diminishes to ∼20 cm−1. Additionally,
relaxing the NO bond-length along the approach does not decrease
the barrier. This can be seen in Fig. S3, where we performed an
XMS-CASPT2 scan with differing NO bond-lengths. This scan
shows that the lowest energy barrier is obtained for the long-range
optimized bond-length. This is to be expected as NO A 2Σ+ and
NO+ X 1Σ+ have very similar optimized bond-lengths (Table S4). To

FIG. 5. XMS-CASPT2/t-aug-cc-pVDZ scans of the NO A 2Σ+ + O2 X 3Σ−g state
with ΘNO = 45○, Θ O2

= 90○, Φ = 0○. The 0 energy was set as the energy
at 50 Å.

summarize, these results indicate that lower translational energies
will lead to an increased number of collisions thanks to the long-
range attractive forces. Additionally, some specific orientations can
lead to an a priori, small or barrierless quenching pathway.

4. The role of orbital mixing in Q1 quenching
Before exploring further the details of the relaxation pathway,

we attempt to explain why the mixing between the neutral and ionic
configurations is orientation specific. Indeed, an electron transfer
from NO A 2Σ+ to O2 X 3Σ−g should only depend on the NO A 2Σ+

ionization potential (IP) (5.4906 ± 0.0004 eV11), O2 X 3Σ−g electron
affinity (EA) (0.448 ± 0.0060 eV34), and the intermolecular distance
that defines the Coulomb attraction (CA) between the resulting ions.
An electron transfer should occur when IP-CA ≥ EA, regardless of
the orientation. Hence, we investigated which orbital mixing could
explain this dependence.

With ΘNO = 45○, Θ O2 = 90○, and Φ = 0○, the O2 in-plane π
(Fig. S1) orbital has a strong mixing with NO in-plane π∗ orbital
(Fig. 6). A lobe of the NO in-plane π∗ orbital points directly to the
middle of the O2 in-plane π orbital. An interpretation of this mix-
ing is that in the NO A 2Σ+ + O2 X 3Σ−g state, where NO π∗ orbitals
are empty, O2 can relax some of its electronic density into NO π∗,
both increasing O2 EA and decreasing NO IP to ultimately facilitate

FIG. 6. Adiabatic surfaces in polar coordinates computed at the SW-CASSCF/t-
aug-cc-pVTZ level of theory across the dihedral rotation. In polar coordinates,
x = R × cos(Φ), and y = R × sin(Φ). The front slice corresponds to Φ = 0○.
The associated orbital picture asymptotically corresponds to the NO π∗ orbital and
was plotted with a 0.003 iso-density at R = 2.7 Å and Φ = 0○. From bottom to top,
the surfaces asymptotically correspond to NO X 2Π + O2 X 3Σ−g (blue), NO X 2Π
+ O2 a 1Δg (cyan), NO X 2Π + O2 b 1Σ+g (orange), NO A 2Σ+ + O2 X 3Σ−g
(green), NO X 2Π + O2 c 1Σ−u (red), NO A 2Σ+ + O2 a 1Δg (cyan), NO X 2Π +
O2 A′ 1Σu (dark green), NO X 2Π + O−2 X 2Πg (magenta), and NO A 2Σ+ + O2 c

1Σ−u (orange).
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the electron transfer. According to this hypothesis, ionic configura-
tions should be stabilized by this orbital overlap. To verify this, we
scanned the PESs along the dihedral angle, rotating NO out of the
plane, as this rotation should keep the former orbital mixing similar.
The resulting surfaces are presented in Fig. 6.

This deformation breaks the in-plane Cs symmetry to pro-
duce orientations belonging to the C1 point group, until it reaches
Φ = 90○, which corresponds to another Cs geometry.

The resulting PESs clearly display the same potential well along
the dihedral rotation, which looks like a sink in polar coordinates.
Hence, we consider this orbital overlap key to enter this quench-
ing channel. With Φ = 90○, both microstates of NO+ X 1Σ+ + O−2 X
2Πg belong to the A′′ irreducible representation, while NO A 2Σ+

+ O2 X 3Σ−g is an A′ state (see Table S3). Hence, the coupling
between NO A 2Σ+ + O2 X 3Σ−g and NO+ X 1Σ+ + O−2 X 2Πg is
turned off by turning on the dihedral angle. In planar geometry, the
charge transfer can occur if there is an overlap between the NO 4σ
orbital and O2 in-plane π∗ orbital. The NO 4σ orbital is a diffuse
s-type Rydberg orbital, and so this overlap is nonzero at long range
in most of the angle space. The mixing between these two orbitals is
anti-bonding. The associated rise in energy during the approach also
facilitates the electron transfer. Then, because of associated changes
in the wavefunction (neutral to ionic) at short intermolecular
distances, further geometrical relaxation may occur along the
different bond-lengths.

B. 2D PESs along O2 bond-length
The experimental bond-length of each of the electronic states

discussed in this paper are presented in Table S4. From there, one
can see that NO A 2Σ+ and NO+ X 1Σ+ have similar optimized bond-
length. This is not surprising since the NO A 2Σ+ state can be seen
as NO+ with a surrounding diffuse Rydberg electron.

However, O−2 X 2Πg has a much larger optimized bond-length
than O2 X 3Σ−g . This is because of the extra electron that populates
one of the two π∗ orbitals, weakening the bond. Hence, we explored
this relaxation pathway.

We calculated the PESs at the XMS-CASPT2 level across the
stretching of O2 with ΘNO = 45○, Θ O2 = 90○, and Φ = 0○. To discrim-
inate between the states that couple together at a planar geometry,
this scan was computed within the Cs point group. Since NO A 2Σ+
belongs to the A′ irreducible representation, only A′ states are plot-
ted in Sec. III B. In Fig. 7(a), one can see the evolution of the gradient
along the O2 bond-length for the asymptotic NO A 2Σ+ + O2 X 3Σ−g
state. When R > 3.5 Å, as the main configuration for O2 corresponds
to O2 X 3Σ−g , the computed optimized bond-length is ∼1.2 Å. How-
ever, at short distances, the gradient of the PES evolves and drives
the system toward longer O2 bond-lengths.

At the XMS-CASPT2 level, the short-range potential well
described in Fig. 7(a) is more pronounced than at the SW-CASSCF
level (Fig. S2). Such a shape of the PES has the effect of locking the

FIG. 7. (a) 5 A′′ states across stretching of O2 bond-length in planar geometry. Computed with XMS-CASPT2/t-aug-cc-pVDZ. From bottom to top, at O2 bond = 1.2 Å, the
surfaces asymptotically correspond to NO X 2Π + O2 X 3Σ−g (blue), NO X 2Π + O2 a 1Δg (cyan), NO X 2Π + O2 b 1Σ+g (orange), NO A 2Σ+ + O2 X 3Σ−g (green). The
arrows correspond to the presumed pathway the system would undergo while being quenched through Q1. (b) 10 A′′ states across stretching of O2 bond-length in planar
geometry at R = 15 Å. Computed with XMS-CASPT2/t-aug-cc-pVDZ. From bottom to top, at O2 bond = 1.2 Å, the surfaces asymptotically correspond to NO X 2Π + O2 X
3Σ−g (blue), NO X 2Π + O2 a 1Δg (cyan), NO X 2Π + O2 b 1Σ+g (orange), NO A 2Σ+ + O2 X 3Σ−g (green), NO A 2Σ+ + O2 a 1Δg (cyan), NO X 2Π + O2 c 1Σ−u (red),
NO X 2Π + O2 A′ 3Δu (dark green), and NO X 2Π + O2 A 3Σ−u (magenta). The dotted lines correspond to the presumed pathway the system would undergo while being
quenched through Q2.
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two molecules in a temporary NO3 complex while it relaxes through
O2 stretch.

As O2 X, a, and b states have similar optimized bond-length
(Table S4), extending the O2 bond-length destabilizes those states
and stabilizes O−2 X 2Πg as well as O2 c 1Σ−u excited states. This
deformation closes the energetic gap between NO A 2Σ+ + O2 X 3Σ−g
and NO X 2Π +O2 X, a and b states (eight microstates). All of those
eight microstates are purely repulsive between the two molecules,
which can lead to dissociation of the complex. Alternatively, the dis-
sociation limit of O2 into two O3P is energetically accessible as well,
given the initial potential energy of NO A 2Σ+ + O2 X 3Σ−g . Finally,
the surfaces also seem to show that NO2 could be formed by an inser-
tion of the nitrogen in the middle of the O2 bond, eventually going
through the D3h geometry. However, such processes would require a
relaxation of the NO bond-length, ΘNO, as well as O2 stretch, which
would be better described by dynamic calculations. A qualitative
graphical description of this quenching pathway, denoted as Q1, is
available in Fig. 7(a).

These results let us propose that Q1 can then be described as
follows:

Regarding the vibrational distribution in the products, it is very
likely that O2 will be highly vibrationally excited. Concerning NO,
the Franck–Condon (FC) overlap NO A 2Σ+ (ν′ = 0) to NO X 2Π
(ν′′ = 0) is known to be large.6 Since NO A 2Σ+ and NO+ X 1Σ+
have similar optimized bond-length, it is very likely that NO+ X 1Σ+
displays a similar FC overlap, which would result in a low vibrational
level in quenched NO X 2Π. However, due to the proximity between
NO and O2 required by this quenching channel, it is very likely that
there is some vibrational energy transfer from O2 to NO. This would
fit the experimental results concerning the first quenching channel
described by Few et al.9

Alternatively, Fig. 7(b) shows a cut of the A′′ PESs at the XMS-
CASPT2 level along O2 stretch. At the top, the cyan state (NO A 2Σ+
+ O2 a 1Δg) rises in energy with the stretch until it crosses with
NO X 2Π+ O2 c 1Σ−u , A′ 3Δu, and A 3Σ+u states. Those three states go
down in energy with the stretch because their O2 optimized bond-
length is longer than the other electronic states of O2 (X 2Π, a 1Δg

or b 1Σ+g ). The same crossing is observed just below with the green
surface (NO A 2Σ+ + O2 X 3Σ−g ) when the O2 bond-length is greater
than 1.32 Å. This is the second quenching channel, Q2, proposed in
this paper. The crossing between these PESs is not orientation spe-
cific and does not depend on R. It only depends on the bond-length
of the two molecules. This quenching can also happen on the quartet
surfaces as long as the O2 final electronic state is a spin-triplet state
(A′3Δu or A 3Σ+u ). However, population transfer between different
electronic states does not only depend on their energy difference but

FIG. 8. Length of the nonadiabatic coupling vector between NO A 2Σ+ + O2 X 3Σ−g
and NO X 2Π + O2 c 1Σ−u in planar geometries, at an intermolecular distance of
5 Å. Computed with SW-CASSCF/t-aug-cc-pVTZ.

also on their nonadiabatic couplings (NACs). The NACME between
NO A 2Σ+ + O2 X 3Σ−g and NO X 2Π + O2 c 1Σ−u was computed in
planar orientations as described in Sec. II E. Figure S3 shows that
the coupling exponentially increases with decreasing intermolecular
distance in different geometries. Moreover, the length of the non-
adiabatic vector was computed in different orientations at a fixed
intermolecular distance of 5 Å. Different maxima are found across
the planar orientation, as shown in Fig. 8, meaning that the quench-
ing could happen in different orientations. The maximum in Fig. 8
corresponds to an orientation of ΘNO = 60○ with Θ O2 = 130○. The
associated NAC vectors are plotted in Fig. S4, together with the gra-
dient difference vector in Fig. S5. Both correspond to a synchronized
stretching of NO and O2, but they are not perfectly parallel. They,
thus, form a linearly independent basis for the branching space, the
most physical representation being the separate stretching modes
on each collision partner. Overall, Q2 could lead to the following
products:

IV. CONCLUSIONS
Overall, we computed several sets of spin-doublet and spin-

quartet PESs at the CASSCF and XMS-CASPT2 level. From our
results, we propose two potential quenching pathways, Q1 and Q2,
that can lead to NO A 2Σ+ quenching when colliding with O2 X
3Σ−g . While Q1 is limited to the spin-doublet framework, Q2 can
occur between both spin-doublet and spin-quartet states. The ionic
quenching pathway (Q1) has an orientation-specific energetic access,
but it should not have an energy barrier. The gradient on the PES

J. Chem. Phys. 157, 164304 (2022); doi: 10.1063/5.0112556 157, 164304-8

© Author(s) 2022

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

should lead to it because of long-range attractive forces. Q2 should
be favored by concerted vibrations of the two diatomic molecules
and high initial vibrational level of O2 and NO. The cross section
of these quenching pathways will largely depend on the distribu-
tion of the collision energy and should be estimated quantitatively
only through dynamic calculations. Q1 could lead to NO X 2Π with
O2 X 3Σ−g , O2 a 1Δg , O2 b 1Σ+g , or even 2 O(3P), with high vibrational
levels in O2 due to the neutral–anion–neutral transition. Some of the
O2 vibrational energy could be transferred to NO due to the prox-
imity between the two molecules required by this quenching process.
Q2 should create mainly NO X 2Π with high excited states in O2, like
c 1Σ−u , A′ 3Δu, and A 3Σ+u with probably lower vibrational level in
NO as this pathway does not require as much proximity as Q1. These
two quenching channels are consistent with earlier experimental
results.9

SUPPLEMENTARY MATERIAL

Potential energy surface data points are available as attached
files in the supplementary material. These are in the folder sur-
face, which contains a sub-folder for each surface. Each sub-folder
contains 2D arrays of energies labeled as Xi_surface.out, where X
can be D or Q for spin-doublet and spin-quartet, respectively, and
i corresponds to the number of the state. Those sub-folders also
contain the list of intermolecular distances (R_list.out), the list of
angles (param.out), and pictures of the corresponding surface.
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