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ABSTRACT

A new spin-averaged potential energy surface (PES) for non-reactive O2(3Σ−g ) + O2(3Σ−g ) collisions is presented. The potential is formulated
analytically according to the nature of the principal interaction components, with the main van der Waals contribution described through
the improved Lennard-Jones model. All the parameters involved in the formulation, having a physical meaning, have been modulated in
restricted variation ranges, exploiting a combined analysis of experimental and ab initio reference data. The new PES is shown to be able to
reproduce a wealth of different physical properties, ranging from the second virial coefficients to transport properties (shear viscosity and
thermal conductivity) and rate coefficients for inelastic scattering collisions. Rate coefficients for the vibrational inelastic processes of O2,
including both vibration-to-vibration (V–V) and vibration-to-translation/rotation (V–T/R) energy exchanges, were then calculated on this
PES using a mixed quantum–classical method. The effective formulation of the potential and its combination with an efficient, yet accurate,
nuclear dynamics treatment allowed for the determination of a large database of V–V and V–T/R energy transfer rate coefficients in a wide
temperature range.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041244., s

I. INTRODUCTION

Molecular interactions involving oxygen molecules are of
great relevance in atmospheric chemistry,1–5 plasma physics,6–8 and
hypersonic flow chemistry in atmospheric entries.9–13 In such sit-
uations, the population of vibrational states of oxygen molecules

usually strongly deviates from the Boltzmann distribution, showing
a thermal nonequilibrium state. Moreover, the oxygen molecule will
dissociate into oxygen atoms if the temperature is high enough; thus,
the gas is also chemically not at equilibrium.

In order to describe gaseous systems in the above significant
nonequilibrium state by numerical modeling, one should use the
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state-to-state approach to trace the variation of internal energy levels
and reproduce the evolutionary processes.14–16 The accuracy of the
vibrational state-specific simulations, thus, relies on the accuracy of
the rate coefficients of vibration–translation/rotation (V–T/R) and
vibration–vibration (V–V) energy exchange processes, as well as of
the rate coefficients for the dissociation involving the full ladder of
vibrationally excited oxygen states (V–D). In such nonequilibrium
conditions, highly excited vibrational states can largely contribute to
dissociation and vibrational energy can, in turn, be removed by the
reactive processes.

A lot of work has been devoted to provide kinetic data of reac-
tions involving oxygen. For O2–O collisions, Esposito et al. proposed
a database, based on quasi classical trajectory (QCT) calculations,
encompassing possible multi-quantum V–T/R relaxation rates and
V–D dissociation coefficients for the overall manifold of vibrational
levels of O2.17,18 More recently, Andrienko pointed out the necessity
to account for the complete ensemble of excited O3 potential energy
surfaces (PESs) when high temperature kinetics is of interest.19 For
O2–O2 collisions, many investigations focused on the modeling of
astrophysical environments and are, thus, often limited to the V–V
relaxation of highly vibrational excited oxygen molecules at low tem-
peratures (T ≤ 500 K).4,20,21 A large dataset of V–T/R and V–V rates
in a wide range of vibrational levels (v ≤ 29) and a larger temper-
ature range (up to 1000 K) was obtained by Coletti and Billing,22

using an analytical PES, whose parameters for the isotropic contri-
bution were fitted by the absolute value of the experimental scat-
tering cross sections,23 but anisotropic contributions and spin–spin
interactions were neglected. However, the high temperature and low
pressure conditions characterizing, for instance, hypersonic flows
around space flight vehicles (capsules reentered from the low Earth
orbit or hypersonic cruisers) would require data at larger temper-
ature to be considered.13,14 For this purpose, da Silva et al. used
the forced harmonic oscillator (FHO) model to generate a mul-
tiquantum dataset of V–T/R and V–D rates for O2–O2 collisions
for a temperature up to 100 000 K.24 In this approach, V–V tran-
sition processes were treated approximately to reduce the computa-
tional burden. However, as they pointed out, the results of the FHO
model relying on a 1D Morse potential cannot be as accurate as the
results of a method based on a full 3D potential. A larger dataset
for vibration–vibration–translation transitions was more recently
developed by Hao et al.14 in the 1000 K–20 000 K temperature range
based on a similar FHO method. Such datasets, although covering a
large temperature range and many vibrational states, cannot provide
a benchmark set of state-specific vibrational relaxation rates,24 more
accurate PESs, and a more robust scattering method being needed
for such a purpose.

Due to the importance of O2–O2 interactions, a number of
ab initio potentials have been developed over the years. The accu-
rate description of the electronic structure of the oxygen dimer is
a challenging task: the complexity is due to the interaction of two
open-shell molecules in the 3Σ−g ground state, giving rise to singlet,
triplet, and quintet PESs, which are degenerate at the asymptotic
limit. Further complexity comes from the presence of two relatively
low-lying electronically excited states of O2, a1Δg and b1Σ+

g .
Bartolomei et al. reported ab initio global PESs for the

O2(3Σ−g )–O2(3Σ−g ) dimer for all three spin states by combining
restricted coupled cluster theory with complete active space second-
order perturbation theory.25,26 Those PESs are four-dimensional

due to the rigid monomer assumption. Full six-dimensional PESs
for singlet, triplet, and quintet spin coupling were later devel-
oped by Paukku et al.11,27 with the aim of studying high energy
O2(3Σ−g )–O2(3Σ−g ) collisions and including the possible reactive
channels based on MS-CASPT2/maug-cc-pVTZ electronic struc-
ture calculations. Since their aim was an accurate description of the
short range region (up to several hundred kcal/mol) for the mod-
eling of high energy collisions and of reactivity, the corresponding
ab initio points are mainly gathered at small intermolecular
distances, and the long range region is comparatively very poorly
sampled. This is bound to produce problems in the modeling of low
energy collisions, although it is difficult to make a quantitative esti-
mation for the reliable temperature range of these PESs. Recently, a
direct molecular simulation was conducted using these potentials,28

and vibrational relaxation time and dissociation rate coefficients
were computed for O2–O2 collision at a temperature larger than
5000 K and were found to agree with the experimental data within
the corresponding experimental uncertainty.

Moreover, a new global PES for the singlet spin state O4 sys-
tem was reported by Mankodi et al.12 using the CASPT2/aug-cc-
pVTZ level of theory and a novel point generation scheme, and the
reported surface matches well with the singlet surface by Paukku
et al.11 Most recently, some of the authors reported high level
unrestricted CCSD(T) ab initio data at the complete basis set limit
for the intermolecular O2(3Σ−g )–O2(3Σ−g ) potentials of the three
spin multiplicities,29 which represent an important benchmark for
evaluating the correct behavior of the involved interaction.

In addition to the above available ab initio PESs, analytical
potentials exploiting the partitioning of the interaction according
to different contributions (exchange-repulsion, electrostatic, induc-
tion, and dispersion components) are often built in view of the
calculation of kinetic data for a variety of processes. Bussery and
Wormer30 proposed van der Waals intermolecular potentials for
rigid monomers (O2)2 in the three spin multiplicities. Aquilanti
et al.23 also reported PESs for rigid (O2)2 by expanding the inter-
action in spherical harmonics, separating the radial and the angular
dependencies, and the parameters in the analytical formulation are
tuned mostly on molecular beam scattering data.

We recently started a thorough investigation for the calculation
of large datasets of rate coefficients for inelastic scattering, namely,
vibration to vibration (V–V) and vibration to translation/rotation
(V–T/R) energy transfer processes, in a series of diatom–diatom and
atom–diatom systems. For such determination, the indispensable
starting point is the accurate description of the potential, includ-
ing the long and medium range regions, since inelastic scatter-
ing is very sensitive to long range effects (e.g., V–T/R coefficients
need the initial separation distances between the colliding partners
of several tens of Angstroms) and to the anisotropic component
of the interaction. For this reason, analytical potentials are often
found to provide a better choice than ab initio-based ones, which
in some cases use a very limited number of points to describe
the wide asymptotic interaction region. Although some neural net-
work based methods, such as the recently developed permuta-
tion invariant polynomial-neural network approach,31–33 showed a
good description of the long range as well as of the bound and
repulsive regions, many interpolation procedures can introduce
additional uncertainty to the accurate fitting of that part of the
potential.
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For the calculation of inelastic rate coefficients for N2 + N2 col-
lisions in a wide temperature range (100 K–7000 K),34 we recently
used a formulation of the PES, representing the intermolecular
potential in terms of an electrostatic and a van der Waals compo-
nent, with the latter described according to the Improved Lennard-
Jones (ILJ) model.35 The corresponding parameters have a stringent
physical meaning, as they account for the contribution to the van
der Waals component of the interaction of different reciprocal ori-
entations of the diatoms, and are fine-tuned against experimental or
ab initio data. This makes it a powerful tool to get physical insights
on the nature of the interaction, as well as on the understanding
of the anisotropy and orientation effects that often determine the
evolution of the collisional process.

We here apply the above procedure for the construction
of a reliable potential for the non-reactive collisions of O2(3Σ−g )
molecules by considering a spin-averaged behavior, i.e., the
employed parameters are chosen so to take into account for the
statistical average over the singlet, triplet, and quintet low-lying
PESs. In particular, while reactive events are driven by a specific
spin state surface, the competition between inelastic and elastic pro-
cesses is affected by collisions over all accessible PESs whose relative
role and contribution are defined according to their spin multiplic-
ity. Indeed, data from molecular beam experiments, probing large
and intermediate intermolecular distances, have shown that for the
three spin multiplicities, there are only small differences (compared
to the extent of the van der Waals contribution) in the strength
of the interaction whose global effect on the observables mostly
depends on their average behavior.23,36 With respect to the formu-
lation used for previous systems,34,35 we improved the flexibility
of the PES by adding further angular dependence in some of the
parameters.

On this new PES, we calculated a large database of V–V and
V–T/R rate coefficients for a temperature up to 5000 K where
vibrational transitions dominate. At higher temperature, the open-
ing of the reactive channels cannot be neglected. The database
includes vibrational excited states of molecular oxygen up to 30,
which we consider the maximum confidence value related to the
capability of the potential and of the Morse wavefunction in the
nuclear dynamics treatment (see below) to represent molecular
deformations.

As mentioned before, there are previous studies on vibrational
relaxation of O2 + O2,4,20–22 but they are limited to lower tempera-
ture and restricted to fewer vibrational transitions. More recent and
larger datasets14,24 are based on the approximate semiclassical FHO
method, which, however, is known to lead to inaccuracies particu-
larly when calculating resonant and quasiresonant transition rates at
low temperature. In the present investigation, we use the more rigor-
ous mixed quantum–classical method developed by Billing37–39 for
the treatment of inelastic scattering, where vibrations are described
in a quantum mechanical framework, whereas rotations and trans-
lation follow a classical description, and the coupling between the
two sets of degrees of freedom is obtained through an Ehrenfest
potential. Considering that for heavy nuclei translation and rota-
tions behave mainly classically in the chosen temperature range, all
the relevant quantum effects are appropriately considered for the
inelastic scattering processes.

This paper is organized as follows. Sec. II is devoted to
briefly describing the quantum–classical method. In Sec. III, the

formulation of the new spin-averaged O2(3Σ−g )–O2(3Σ−g ) PES is
given in detail; in the first part of Sec. IV, its performance is tested
against a large number of different experimental measures, whereas
the second part of Sec. IV describes the qualitative and quantita-
tive features of the database obtained with the new PES. Concluding
remarks are given in Sec. V.

II. THE QUANTUM–CLASSICAL METHOD
The quantum–classical method was introduced and developed

by Billing37,38 and is proven to be an accurate and effective tech-
nique to obtain cross sections and rate coefficients for vibrational
energy exchange processes involving heavy nuclei. The key fea-
ture of this method is that the vibrational degrees of freedom are
treated quantum mechanically, whereas the other degrees of free-
dom (the translational and the rotational motion) are treated classi-
cally. In order to handle the whole system in a self-consistent way,
the quantum mechanical degrees of freedom must evolve correctly
under the influence of the surrounding classical motions. In turn,
the classical degrees of freedom must respond correctly to quantum
transitions.

According to the spirit of the quantum–classical method, vibra-
tion and roto-vibrational coupling are treated quantum mechani-
cally by close coupled equations. Note that this formulation of the
quantum–classical method is specifically designed to deal with non-
reactive scattering processes. The total wavefunction is expanded in
terms of the product of rotationally distorted Morse wavefunctions
ϕv1(r1, t)ϕv2(r2, t) as follows:

Ψ(r1, r2, t) = ∑
v1v2

av1v2(t)ϕv1(r1, t)ϕv2(r2, t) exp[−
it(Ev1 + Ev2)

h̵
],

(1)

where ri is the intramolecular distance of diatom i and Evi is
the eigenvalue of the rotationally distorted Morse wave function
ϕvi(ri, t) perturbed by roto-vibrational coupling,

ϕvi(ri, t) = ϕ0
vi(ri) + ∑

v′i ≠vi

ϕ0
v′i
(ri)

Hv′i vi

E0
vi − E0

v′i

, (2)

where Hv′i vi is the first-order centrifugal stretching term,

Hv′i vi = −j2
i m−1

i r̄−3
i ⟨ϕ

0
v′i
∣ri − r̄i∣ϕ0

vi⟩, (3)

and ji is the rotational momentum of molecule i, and the operator ⟨ ⟩
is obtained by integrating over ri. ϕ0

vi is the unperturbed eigenfunc-
tion of the Morse oscillator, and E0

vi is the eigenvalue approximated
as

E0
vi = h̵ωe(vi +

1
2
) − h̵ωexe(vi +

1
2
)

2
+ h̵ωeye(vi +

1
2
)

3
, (4)

where ωe is the oscillator wavenumber and xe and ye are the anhar-
monicity constants (Table I).
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TABLE I. Molecular constants for O2(3Σ−g ).45

ωe 1580.3 cm−1

xe 0.007 639
ye 0.000 0345
re 1.207 Å
βe 2.532 Å−1

De 5.215 eV
Qe −0.239 a.u.

In order to obtain the amplitudes av′1v′2 for the inelastic pro-
cesses O2(v1) + O2(v2) → O2(v

′
1) + O2(v

′
2), one can, thus, plug

expansion (1) into the time-dependent Schrödinger equation and
obtain the following set of coupled equations for the amplitudes:

ih̵ȧv′1v′2(t) = ∑
v1v2

⎡
⎢
⎢
⎢
⎢
⎢
⎣

⟨ϕ0
v′1
ϕ0
v′2
∣V(r1, r2, t) +∑

k
2ih̵jk

djk

dt

×
⟨ϕ0

v′k
∣(rk − r̄k)∣ϕ0

vk⟩

mkr3
eq,k(E

0
vk − E0

v′k
)

RRRRRRRRRRR

ϕ0
v1ϕ

0
v2⟩

⎤
⎥
⎥
⎥
⎥
⎥
⎦

× av1v2(t) exp[
i
h̵
(Ev′1

+ Ev′2
− Ev1 − Ev2)t]. (5)

The translational and rotational motions are obtained by solv-
ing the corresponding Hamilton equations by making use of an
Ehrenfest averaged potential40 defined as the quantum expectation
value of the interaction potential. This mean-field method usually
provides accurate quantum transition probabilities and properly
conserves total (quantum plus classical) energy. A variable-order
variable-step Adams predictor–corrector integrator41 is then used
to solve the coupled equations [Eq. (5)] and the classical equa-
tions of motion for rotations and translation. An absolute inte-
gration accuracy of 10−8 is achieved for all calculations in this
work.

The vibrational wavefunction is initialized as the product of
the Morse wavefunctions for the two infinitely separated diatoms.
The simultaneous propagation of the quantum and classical sets
of equations produces the quantum transition amplitudes av′1v′2 ,
which can be used to calculate cross sections for the vibrational
transitions. The cross sections are obtained by averaging over a
number of trajectories having randomly selected initial conditions,
and a Monte Carlo average over the initial Boltzmann distribu-
tion of rotational energy is generally introduced to have rate coef-
ficients for vibrational relaxation. Thus, an average cross section is
defined as

σv1v2→v′1v
′

2
(T0, Ū) =

πh̵6

8 μk3
BT3

0 I1I2
∫

lmax

0
∫

j1 max

0
∫

j2 max

0
dj1dj2dl

× (2j1 + 1)(2j2 + 1)(2l + 1)∣av′1v′2 ∣
2, (6)

where μ is the reduced mass for the relative motion of the diatoms
and l is the orbital angular momentum. The moment of inertia is
Ii = mir2

i , and the temperature T0 is arbitrary because it cancels
when calculating the rate coefficients. j1 max and j2 max are the upper
limits for the randomly chosen rotational quantum numbers for the
diatoms, and lmax is the upper limit for the angular momentum. Rate
coefficients are then calculated through the following equation:

kv1v2→v′1v
′

2
(T) = (

8kBT
πμ
)

1/2
(

T0

T
)

3

∫

∞

0
d(

Ū
kBT
)

× exp(−
Ū

kBT
)σv1v2→v′1v

′

2
(T0, Ū), (7)

which holds for exothermic processes. Ū, the symmetrized classical
energy, is introduced to restore the detailed balance principle.37,40

Transport properties (such as shear viscosity and thermal con-
ductivity) for diatomic gases can also be calculated through the
present quantum–classical method,42 combining it with the first-
order Sonine expansion of the Wang Chang–Uhlenbeck theory.43

Specifically, the shear viscosity η and thermal conductivity λ are
defined, respectively, as

η−1
=

8
5kBT

⟨{γ4 sin2 ξ −
1
2
(Δϵ)2 sin2 ξ +

1
3
(Δϵ)2

}⟩ (8)

and

λ =
ηkB

m

⎡
⎢
⎢
⎢
⎣

15
4

+ βTc′int −
2cint(5/2 − β)

πρ + 2(5/2c′int + β)

⎤
⎥
⎥
⎥
⎦

, (9)

where

βT =
3cintT

8η
⟨{(ϵi − ϵ̄)[(ϵi − ϵj)γ2

− (ϵk − ϵj)γγ′ cos ξ]}⟩
−1

, (10)

where ϵi = Ei/kBT, ξ is the scattering angle, γ2 = mv2/4kBT, and cint is
the internal heat capacity. Further details can be found in Ref. 42. A
Monte Carlo procedure is used to average over the molecular colli-
sions, computed by the present quantum–classical method, in order
to obtain the collision integrals ⟨{}⟩, which can be written as

⟨{}⟩ = ∫

∞

0
d(

Ū
kBT
)σ{}(Ū) exp(−

Ū
kBT
), (11)

with

σ{}(Ū) =
πh̵6

8 μk3
BT3I1I2

(
8kBT
πμ
)

1/2
∫

lmax

0
∫

j1 max

0
∫

j2 max

0
dj1dj2dl

× (2j1 + 1)(2j2 + 1)(2l + 1)
{}

N
, (12)

in which N is the number of trajectories calculated at a given value
of the symmetrized classical energy.
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III. POTENTIAL ENERGY SURFACE
The construction of the present spin-averaged (i.e., represent-

ing an average behavior of the singlet, triplet, and quintet PESs)
PES essentially relies on the same basic ingredients of those devel-
oped in Refs. 34, 35, and 44, where the idea of an Improved
Lennard-Jones (ILJ) description for atom–molecule and molecule–
molecule interactions has provided a reliable and accurate deter-
mination of the intermolecular potential of weakly interacting
systems.

In this study, combined with the angular dependence of size
(exchange) repulsion and dispersion attraction, we introduce addi-
tional flexibility to the interaction potential formulation by mod-
ulating its shape, or the reduced form, according to the relative
orientation of the colliding diatoms. This further improvement has
been suggested by an internally consistent analysis of the large vari-
ety of experimental data taken into account, as will be shown in
Sec. IV.

As in the previous formulations, we express the overall inter-
action V of the diatom–diatom system as a sum of intramolecular
(V intra) and intermolecular (V inter) interaction components. Specif-
ically, V intra is formulated using a Morse potential energy function
De(t2

− 2t), in which De is the dissociation energy of the diatomic
molecule, t = exp[−β(r − re)], and r is the bond length of the
molecule (with re being its equilibrium value). The Morse param-
eters employed in the present calculations are listed in Table I and
are also used to define the Morse wavefunction for the quantum–
classical calculation.

The intermolecular (V inter) interaction component is repre-
sented in terms of two main contributions,

Vinter = VvdW + Velect , (13)

where the VvdW term accounts indirectly for three body effects,
being formulated as a combination of bond–bond pair contribu-
tions.35,44 Indeed, zero order parameters are obtained by the tensor
components of molecular bond polarizabilities, and they have been
fine-tuned during the combined analysis of theoretical and experi-
mental data discussed in the following. The Velect term defines the
electrostatic interaction due to the molecular permanent multipoles:
only the main quadrupole–quadrupole term is retained in the case
of interaction between homonuclear molecules.34,35

Generally, the VvdW interaction (size repulsion plus dispersion
attraction) depends not only on the distance R between the centers of
mass of the interacting partners but also on θa, θb, Φ, the four body
Jacobi angular coordinates, which describe the relative orientation
of the two diatoms. Specifically, the VvdW component is expressed
as an improved Lennard-Jones (ILJ) potential as follows:44,46

VvdW(R, γ) = ε(γ)
6

n(R, γ) − 6
(

Rm(γ)
R
)

n(R,γ)

− ε(γ)
n(R, γ)

n(R, γ) − 6
(

Rm(γ)
R
)

6

, (14)

where γ = (θa, θb,Φ) and ε and Rm are the bond–bond interaction
well depth and its location, respectively. This function gives a more

realistic representation of both the repulsion and the long range
attraction than the classic Lennard-Jones potential.47 The n term is
expressed as a function of both R and γ,

n(R, γ) = β(γ) + 4.0(
R

Rm(γ)
)

2

. (15)

At variance with previous derivations,34,35 in this case, β(γ), a param-
eter related to the hardness of the interacting partners, is no longer
fixed to a constant value but considered depending on the recipro-
cal orientation of the diatoms. This flexibility allows us to vary the
shape of the potential as a function of the configuration assumed by
the system.

The angular dependence of the VvdW term is obtained by repre-
senting the potential parameters ε, Rm and β in a spherical harmonic
expansion. Thus, the reduced form of the VvdW component is con-
sidered to be the same for all orientations, as stressed in Refs. 35
and 48. It is sufficient to truncate the expansion to the fifth term so
to have the following:35

ε(γ) = ε000 + ε202A202
(γ) + ε022A022

(γ)

+ ε220A220
(γ) + ε222A222

(γ), (16)

Rm(γ) = R000
m + R202

m A202
(γ) + R022

m A022
(γ)

+ R220
m A220

(γ) + R222
m A222

(γ), (17)

β(γ) = β000 + β202A202
(γ) + β022A022

(γ)

+ β220A220
(γ) + β222A222

(γ), (18)

where the coefficients εL1L2L, RL1L2L
m and the bipolar spherical har-

monics AL1L2L can be obtained as described in Ref. 35, and we only
give here the explicit expressions for βL1L2L,

β000
=

1
9
(2βH + 2βX + 2βTa + 2βTb + βL

),

β202
=

2
9
√

5
(−βH

− βX
− βTa + 2βTb + βL

),

β022
=

2
9
√

5
(−βH

− βX + 2βTa − βTb + βL
),

β220
=

2
9
√

5
(2βH

− βX
− βTa − βTb + βL

),

β222
=

√
14

45
(βH
− 2βX + βTa + βTb − βL

).

(19)

The values of the parameter β for the relevant configurations,
H (parallel), L (linear), T (T-shaped), and X (crossed), are listed in
Table II, together with the corresponding ones for ϵ and Rm.

The Velect term of Eq. (13) is given by

Velect(R, γ) =
QaQb

R5 A224
(γ), (20)
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TABLE II. Parameters for the O2–O2 intermolecular potential. Rm (Å), ε (meV), and
β values define the vdW components in the relevant configurations of the complexes,
given by the θa, θb, and Φ angles (in degrees), corresponding to the monomers at
the equilibrium bond length, re.

Configuration, i (θa, θb, Φ) Ri
m εi βi

H (90,90,0) 3.56 15.21 9
X (90,90,90) 3.56 15.21 9
Ta = Tb (90,0,0) 3.97 10.40 10
L (0,0,0) 4.41 8.88 11.2

where Qa and Qb (the value at equilibrium bond length Qe is
reported in Table I) correspond to the quadrupole moments of the
monomers49 and A224(γ) is the bipolar spherical harmonic, which
describes the angular dependence of the quadrupole–quadrupole
interaction.

The above formulas are completely general, and each term in
the expression is physically meaningful.

Note that both VvdW and Velect intermolecular components
include the dependence on monomer deformations by exploiting
the bond length dependence of O2 polarizability and quadrupole
moment, which has been previously reported in Ref. 50 (see Figs. 5
and 6 as well as the Appendix therein). The same approach has
been previously and successfully used to describe the global inter-
action in the O2–N2

50 and N2–N2
34 dimers, and we consider that

the proposed formulation is reliable for monomer deformations up
to 40%, a requirement that allows us to represent the behavior of
vibrationally excited molecules for v up to 20–25.

Moreover, ab initio calculations of the O2–O2 interaction with
stretched monomers show that the trends of the related potential
energy curves, corresponding to the dimer limiting configurations,
are consistent with those provided by the present semiempirical for-
mulation (see, for example, Fig. S1 of the supplementary material
for a comparison related to the L configuration with monomers
stretched of 10% with respect to equilibrium distance).

The three spin multiplicity supermolecular ab initio interaction
energies of O2(3Σ−g )–O2(3Σ−g ) for some selected basic configurations,
which are those describing the main features of the global potential
(H, L, T, and X), have been recently computed29 at the UCCSD(T)
level of theory using augmented correlation consistent basis sets51 up
to the complete basis set extrapolation.52 Those high accuracy data
can be used to obtain spin-averaged ab initio energies and are, thus,
valuable for assessing the present PES.

The comparison of the present PES with such ab initio data and
with existing semiempirical PESs, some of them built by using the
same set of experimental molecular beam scattering data of Ref. 23,
is reported in Fig. 1, which depicts the potential energy as a function
of the intermolecular distance R of the diatoms at their equilibrium
geometry for the reference configurations.

In particular, Fig. 1 includes the spin-averaged rigid monomer
PES of Aquilanti et al.,23 which was fitted to molecular beam scat-
tering data, and the Coletti and Billing analytical PES, where the
dependence on r1 and r2 was explicitly included in the intermolecu-
lar potential and on which a dataset of quantum–classical V–V and
V–T/R rates was constructed.22

The comparison with the ab initio points (also reported in
more detail in Fig. S2 of the supplementary material) shows that the
present spin-averaged PES gives an excellent description of the long
range and short range regions for all the investigated geometries, and
the interaction potential well is in very good agreement for the X and
H configurations, while some discrepancies appear for the T and L
configurations. Since the nature of the formulation of the present
spin-averaged PES allows us to investigate the contributions coming
from different interaction regions or from different configurations, it
would obviously be possible to change some of the parameters just to
fit the ab initio points. However, the rationale behind the construc-
tion of this kind of potential energy surface is to have parameters
that are numerically determined by their physical meaning and not
by mechanical fitting procedures. A key feature in such an approach
is, thus, the validation and, in case, the fine tuning of the PES against
multiple properties (mainly experimental data of different origins, as
will be shown in Sec. IV), with ab initio points being just one among
them.

Although the present PES and those of Refs. 22 and 23 share the
fact that they rely, even if to a different extent, on the same experi-
mental dataset, their behavior, as their analytical functional form, is
quite different. They are rather similar in the collinear configuration:
the position of the well is nearly the same as for the ab initio points,
with the Coletti–Billing PES showing the earliest and less deep well.
In all the other configurations, the well position of the present PES is
very close to the ab initio points, as is the Coletti–Billing one, but the
latter tends to have deeper wells. The Aquilanti PES, on the contrary,
although agreeing with the ab initio points for the T configuration,
presents early wells for the H and X geometries.

Among those PESs, the newly introduced one, thus, presents
the overall best behavior in the comparison with the ab initio points.

Figure 1 also shows the behavior of the recent reactive ab initio
PES of Ref. 11 (indicated as UMN PES), which has been opportunely
spin-averaged according to the different statistical populations of
the spin multiplicities. Although this PES reasonably describes the
short range regions for all geometries, its ability to represent the
interaction minima and long range asymptotic behavior is very
different according to the selected configuration. The depth of
the collinear configuration well is quite in agreement with the
ab initio results (better than the PESs described above) although it
is less wide and is shifted at shorter interaction distances R. The PES
fails to describe the interaction wells of the H and X configurations
as it only presents a shallow variation with R in the long–medium
range regions. In the T configuration, the well is again less wide and
less deep with respect to the ab initio data. This seems to be an indi-
cation that the use of this kind of PES is probably advisable only
at high temperature regimes, which are mainly driven by the short
range part of the potential. One of the possible reasons of the low
accuracy in the description of large interaction distances could be
connected to the fact that the ab initio points used to build the PES,
which is mostly focused on the description of reactive collisions,11

are more concentrated in the short range regions (where reac-
tion channels might open as well), whereas those in the medium–
long range regions are sparse so that the interpolation procedure
can easily produce large numerical errors or introduce spurious
features.

Section IV shows that properties calculated with the PES intro-
duced in the present investigation are in very good agreement
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FIG. 1. Behavior of different PESs as a function of the intermolecular distance. Selected configurations, at the equilibrium intramolecular distance of both monomers, are
considered: diatoms approaching according to a linear configuration L (D∞h symmetry, panel L) in a parallel fashion (H configuration, D2h symmetry, panel H); in a crossed
X fashion (D2d symmetry, panel X) and perpendicularly, according to a T orientation (C2v symmetry, panel T).

with a wealth of experimental data of different kinds, thus ensur-
ing a reliable basis to calculate, in the appropriate validity range, a
large database of rate coefficients for scattering processes involving
vibrational energy exchange.

IV. RESULTS AND DISCUSSION
A. Validation of the PES against experimental data

The description of various physical phenomena requires a
potential energy surface correctly describing, for all possible config-
urations, large diatom–diatom interaction distances (up to several
tens of Angstroms), the potential wells, and the first repulsive walls.
The non-negligible effects often arise from the interplay of the dif-
ferent contributions to the full interaction potential and make it
complicated to propose a potential suitable for all ranges. Because
of this, we tested the ability of the present spin-averaged potential
to reproduce the experimental data of different origins or sensitive
to different regions of the potential, namely, experimental integral
cross sections, second virial coefficients, transport properties, and
V–T/R and V–V inelastic rates. The outcome of the latter is particu-
larly meaningful for the subsequent part of the present work, i.e., the

determination of a large database of accurate V–V and V–T/R rate
coefficients.

A first comparison can be made with total scattering cross sec-
tions measured through rotationally hot molecular beams.23 The
average component of the cross sections is connected to the aver-
age attraction at a long range, with the position and frequency of the
glory oscillations directly related to the well features of the isotropic
component of the interaction. Figure 2 depicts the spherical average
of the potential calculated with the present PES and those already
examined in Sec. III. The comparison shows that all the PESs based
on the scattering data indeed present approximately the same behav-
ior, which is also shared by the ab initio data. In particular, related
well depth, minimum location, and the negative area of the poten-
tials, determining frequency and extremum position of the quantum
glory interference, resolved as an oscillating pattern in measure-
ments of the velocity dependence of integral cross sections, appear
to be very close. Moreover, the present PES provides a strength of
the attraction at 6.5 Å, the distance mainly probed by the abso-
lute value of the smooth component of measured cross sections,23

of about −0.62 meV, which is in the range of experimental deter-
mination of about −0.70 ± 0.07 meV and of the combination of
theoretical dispersion contributions, leading to −0.59 meV.49 The
spherical average of the potential calculated on the UMN PES, on
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FIG. 2. Spherical average of different PESs as a function of the diatomic interaction
distance.

the other hand, is less attractive and shows a less deep well, even if
the minimum position is in agreement with the ab initio data and
the other PESs.

The asymptotic C6 dispersion coefficient predicted by the
present PES amounts to 33.6 eV Å6, also in substantial agreement
with the theoretical result of 37.2 eV Å6 of Ref. 49.

The second virial coefficient, B(T), is another important bench-
mark for the quality of the potential: the negative values at low
temperature are sensitive to the anisotropy of the attractive inter-
action, whereas the positive values at higher temperature are a probe
of the first repulsive region. Thus, second virial coefficients B(T),
including the first quantum correction Bql(T) to the classical esti-
mate Bcl(T)53 [B(T) = Bq1(T) + Bc1(T)], have been calculated on
the present PES. The comparison with the experimental measure-
ments54,55 is reported in Table III where excellent agreement is found
at low and medium temperatures (T < 400 K), with calculated values
lying well within the experimental bars. At higher temperature, the
discrepancy is a little larger, but in any case, it amounts to 10% of
the experimental value at most, which demonstrates that the present
PES can accurately describe the medium and long range regions of
the interaction.

Yet, another comparison can be made between experimen-
tal transport properties and those calculated by means of the
present PES; such properties are indeed sensitive to the strength
and anisotropy of the interaction in the first repulsion region of
the potential. Shear viscosity and thermal conductivity of molecu-
lar oxygen were calculated as a function of temperature by using
quantum classical cross sections computed on the newly introduced
potential and on the other PESs shown in Fig. 1. For these calcu-
lations, both O2 molecules were considered in the initial ground
vibrational state, and cross sections were computed at the 47 ini-
tial values of total classical energy comprised between 35 cm−1

and 80 000 cm−1, with a more frequent sampling directed toward
lower energies. For each energy value, 2000 trajectories were used,
with an initial separation of the diatoms equal to 15 Å, and an
impact parameter randomly chosen between 0 Å and 9 Å, a value

TABLE III. Calculated and experimental second virial coefficient B(T) given in
cm3/mol as a function of temperature.

T (K) Present PES Experiment54,55

90 −238.9 −241 ± 10
100 −195.6 −197 ± 7
140 −104.6 −104 ± 5
170 −72.0 −69 ± 4
210 −46.2 −45 ± 2
220 −41.6 −40 ± 2
250 −30.3 −29 ± 2
310 −15.3 −14 ± 1
380 −4.6 −3 ± 1
400 −2.4 −1 ± 1
406 −1.7 0 ± 1
600 10.9 13 ± 1
800 16.7 19 ± 1
1000 19.9 22.4 ± 1
1400 22.9 25.9 ± 1

ensuring that all the trajectories that might affect the desired
properties are taken into account in the calculation.

As shown in the left panel of Fig. 3, the calculated shear vis-
cosity coefficients are in excellent agreement with the experimen-
tal data56–58 in the whole temperature range considered here. All
the other potentials also show satisfactory agreement at low tem-
perature, but at higher T values, they tend to underestimate the
experimental behavior (see Table S1 of the supplementary material).
The comparison for thermal conductivity (Fig. 3, right panel and
Table S2 of the supplementary material) is less stringent because the
calculated values might be more sensitive to the neglect of higher
order terms in the Wang Chang–Uhlenbeck theory. In this case,
excellent agreement is still found at low temperature, whereas at
high T, the present PES overestimates (by 10% at most) the experi-
mental values. The other PESs, with the exception of the UMN one
that matches the experimental data very well at high temperature,
also tend to overestimate experimental values, although to a lower
extent.

In view of the determination of the dataset of rate coefficients,
we also tested the new PES for the calculation of V–V and V–T/R
rates, comparing them to experimental data and to previous com-
putational results available in the literature, over a wide range of
temperatures. For a temperature higher than 5000 K, the opening
of the reaction channels occurs and neither the present PES nor the
quantum classical method employed here is able to properly take
that into account. The details of the quantum classical calculations
are the same as those for the determination of transport proper-
ties, with the obvious exception of the initial vibrational states of the
diatoms. Moreover, an initial separation of the diatoms equal to 80 Å
(instead of 15 Å) was used for V–T/R energy transfer, a larger value
being needed to avoid the quenching of long range forces due to too
close collisions.60

The number of coupled vibrational states included in the set of
the time-dependent quantum equations varies because of the closer
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FIG. 3. Transport coefficients: shear viscosity (left panel) and thermal conductivity (right panel) of oxygen as a function of temperature. The red solid line shows the calculations
based on the present PES, the green solid line shows the calculations based on the PES of Ref. 22, the black dotted line shows the calculations based on that of Ref. 23, and
the pink dashed line shows the calculations based on that of Ref. 11. The quantum classical method described here was used in all cases. Experimental data of Refs. 56–58
are also reported.

vibrational spacing between levels at high v. We, thus, used 36 states
for v < 10, 49 states for 10 ≤ v < 20, and 81 states for 20 ≤ v ≤ 30.

Experimental data are available for the V–T/R process:
O2(1)+O2(0)→ O2(0)+O2(0) [hereafter indicated as (1,0)→ (0,0)
in short], as well as for the following V–V processes:O2(v) + O2(0)
→ O2(v − 1)+O2(1) [hereafter indicated as (v,0)→ (v-1,1) in short],
and total relaxation rate coefficients (i.e., the sum of the rates for
V–V and V–T/R processes) at 300 K and 465 K.

The V–T/R rates for the (1,0) → (0,0) process calculated with
the aforementioned PESs are reported in Fig. 4 and their numer-
ical values in Table S3. The present spin-averaged PES results
(red solid line) are in very good agreement with the experimen-
tal data of Ref. 59 at low temperature, and agreement remains

FIG. 4. Rate coefficients for the transition (1, 0) → (0, 0) as a function of tem-
perature calculated on the present PES (full red line) and on the available PESs.
Experimental data of Ref. 59 (black circles) are also reported.

reasonably good, although they are lower than the experiments, at
high temperature. Such an underestimation is more evident for the
Coletti and Billing results in the whole temperature range, and the
discrepancy is much more striking by the values predicted by using
the PES of Aquilanti et al. (black dashed-dotted line), consequence
of the rigid rotors’ assumption. The UMN-averaged PES, on the con-
trary, presents good agreement with the experimental values at high
temperature, while the predicted values have the wrong qualitative
behavior in the low temperature regime, confirming the good rep-
resentation of the potential at a short range (largely prevailing at
high T) and a poor one for the long range region.

We also included in Fig. 4 the rate coefficients obtained by
using the semiclassical Forced Harmonic Oscillator (FHO) model
of Ref. 14, which show good agreement with the experimental data
at T ≥ 2000 K but a significant deviation at temperatures lower than
1000 K.

Figure 5 shows the V–V rate coefficients for the processes
(v,0) → (v-1,1) calculated with the present PES at 300 K, as well as
calculations by Hernández et al.4 with the Vibrational Close Cou-
pling - Infinite Order Sudden (VCC-IOS) method and by Coletti and
Billing22 with the same quantum classical method employed here,
and the experimental data.3,61–64 The measured values are available
up to v = 13 and seem to point out that the V–V contribution is pre-
dominant for small v values, slightly increasing with v up to v ≈ 4
while decreasing rapidly as v further grows. The rates calculated on
the present PES (black solid line) agree well with the results of Ref. 61
(red diamonds in Fig. 5) for low values of v (see also Table S4), where,
however, the experimental data obtained from different sources fall
in a rather wide interval. For v ≥ 4, the match with all experimental
determinations is quite satisfactory and in line with those computed
with the VCC-IOS method (also available starting from v ≥ 5). A
larger difference is instead found for the rate coefficients obtained in
Ref. 22, where a less sharp decrease in the rates with v is predicted.
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FIG. 5. Rate coefficients as a function of vibrational level for the (v, 0)→ (v-1, 1)
transition calculated on the present PES (black solid line with squares). The avail-
able calculations (pink solid line—Hernández et al4 and orange dashed line—
Coletti and Billing22) and experimental data of Ref. 61 (red diamonds), Ref. 62
(pink left-triangles), Ref. 3 (green triangles), Ref. 63 (blue circles), and Ref. 64
(blue right-triangles) are also reported.

Figure 6 shows total vibrational relaxation rates (k0,0
v,v−1

+ k0,1
v,v−1) as a function of the initial vibrational level v at T = 300 K

(Table S5) and 465 K (Table S6), left and right panels, respec-
tively, available from experimental data1,3,65,66 and from previous
theoretical determinations. The new PES provides the correct qual-
itative behavior of the relaxation rates as v increases, including
the two inversions, related to the prevalence of V–V energy trans-
fer at low v values (showing a peak in the relaxation efficiency at
v ≈ 5, as in Fig. 5), whereas V–T/R processes strongly increase with

v (see also Sec. IV B), becoming the predominant process at high
v values (v ≥ 20). The relaxation rates calculated over the present
PES match quantitatively very well with experimental data for v ≤ 23
at both temperatures. The results obtained in Ref. 22 also show the
correct qualitative behavior, although the quantitative matching is
liable to large statistical fluctuations, which, together with the worse
matching of V–V coefficients of Fig. 5, suggests a too small num-
ber of trajectories employed in the quantum classical method and
the use of the less accurate PES than the present one. The VCC-IOS
results4 agree with the experimental data at v values around 20, but
the inversion behavior in the rates is much less evident. All the calcu-
lated rates tend to underestimate the strong enhancement observed
for v > 23 measured by Price et al.65 Although a relatively lower accu-
racy in both the PES and the quantum classical methods might arise
at the highest v values considered here, this behavior indicates that
a different mechanism of energy transfer contributes to the overall
vibrational relaxation at high v values.

Three possible mechanisms were mentioned in Ref. 4 to
account for the discrepancy. First, the reactive channel leading to
ozone formation opens for v > 25, and its coincidence with the sharp
jump in rates is suggestive of its presence. Additionally, it is well
known that the saddle-point region of the PES can lead to enhance-
ment of the vibrational relaxation rates even if the reaction channel
is closed. Finally, the presence of low-lying excited electronic states
of O2 (a1Δg and b1Σ+

g ) suggests that vibrational to electronic energy
transfer could also be responsible. A reduced dimensionality quan-
tum reactive scattering study67 showed that the rates of the chemical
reaction are too low to explain the observed enhancement, and a
subsequent investigation21 of vibrational relaxation using a poten-
tial energy surface including the reactive channel clearly showed a
marked enhancement of the rates for the higher vibrational levels,
but this mechanism only partially accounted for the experimen-
tal observations. An important experimental breakthrough occurred

FIG. 6. Total vibrational relaxation rate coefficients as a function of vibrational level at T = 300 K (left panel) and at T = 465 K (right panel) calculated on the present PES
(black solid line with squares). The available calculations (pink solid line—Hernàndez et al4 and orange dashed line—Coletti and Billing22) and experimental data of Ref. 1
(red squares), Ref. 65 (light blue circles), Ref. 66 (blue diamonds), and Ref. 3 (green left-triangles) are also reported.
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when a local perturbation of the O2(X 3Σ−g , v = 28) state with
O2(b 1Σ+

g , v = 19) due to spin–orbit coupling was spectroscopically
determined.68 The vibrational relaxation of v = 28, 30 was, then,
studied69 to further characterize the dark-channel, concluding on
the relevance of V–E energy transfer and large multiquantum tran-
sitions (Δv = 9). A series of theoretical studies70–72 was performed in
order to quantify the relevance of the V–E mechanism due to spin–
orbit coupling, clearly indicating its importance in the observed
jump in rates at specific v values as expected for a near-resonant
transition. Furthermore, it was anticipated that for higher v values,
which do not satisfy the resonance condition, the rates should level
again, but no further experiments have been performed to test this
prediction.

B. Database of V–V and V/ T–R rate coefficients
The quantum classical method in combination with the new

PES gives excellent agreement (often within 25%) with the available
experimental data for V–V and V–T/R scattering processes, as well
as for the other measured quantities the potential was tested against.
We, thus, used this combination to build a large dataset for V–V and
V–T/R rate coefficients.

In order to gain a reasonable modeling of nonequilibrium sys-
tems, a large number of kinetic processes involving a variety of
initially vibrationally excited states are, in fact, required for a wide
temperature range. This makes the use of very accurate full quantum
mechanical methods for the dynamics quite unpractical, particu-
larly when heavy nuclei are involved. Furthermore, as mentioned in
Sec. IV A, the calculation of accurate V–T/R rate coefficients needs
very large initial separation distances to be considered, which makes
them very time-consuming. This is why databases of V–T/R rate
coefficients are usually not available in the literature. The quantum–
classical method has shown to be as reliable as full quantum calcu-
lations and more effective than quasi classical trajectory methods
to predict the matrix of inelastic rates in the whole temperature
range.

In the present work, we consider vibrational quantum numbers
up to 30. In fact, for very high vibrational excitation, the accuracy of
Morse potential and Morse wavefunction used in the quantum clas-
sical treatment decreases. The same holds for the potential energy
surface, which, as described above, is reliable up to v = 25. Further-
more, the reaction probability increases with vibrational excitation
and neither the coupled state quantum classical methods nor the
present PES can deal with reactive processes. However, we believe
the above sources of inaccuracy to be negligible up to v ≤ 25 and
that they remain small up to v = 30 (although the data for the high-
est v should be taken with more care). For even higher v values, the
present approach is still likely to provide a correct qualitative behav-
ior, but quantitative accuracy would be diminished. Efforts are in
progress to use a grid-based quantum classical method,73 tailored to
deal with reactivity, providing a more correct treatment of highly
excited vibrational states.

We calculated V–V and V–T/R rate coefficients for single-
and multi-quantum vibrational transitions by using the same spec-
ifications (number of coupled states and number of trajectories)
described in Sec. IV A.

Numerical values of the rate constants at selected temperatures
are listed in Tables S7–S13 of the supplementary material. Here, we

FIG. 7. V–V rate coefficients for O2(v)+ O2(v)→ O2(v − 1)+ O2(v+ 1) pro-
cesses as a function of the vibrational quantum number v at different temperature
values.

report and discuss the behavior of the rates with temperature and/or
with the vibrational quantum numbers.

Figure 7 shows the calculated V–V rate coefficients for the
exothermic symmetric O2(v)+O2(v)→ O2(v − 1)+O2(v+1) pro-
cesses as a function of the vibrational quantum number v at 100 K,
300 K, 3000 K, and 5000 K. The numerical values are reported in
Table S7. Rate coefficients increase with the quantum number v at
all temperatures as the process approaches the resonance (i.e., as ΔE
approaches zero).

There is a significant anti-Arrhenius behavior of the rate coef-
ficients, i.e., they decrease with the increase in the temperature in
the low temperature regime for all the initial v values; the extent of
this phenomenon is such that the processes at 100 K are predicted
to be the most efficient. This is also illustrated in Fig. S3, reporting

FIG. 8. V–V rate coefficients for O2(v)+ O2(v)→ O2(v − 2)+ O2(v+ 2) pro-
cesses as a function of the vibrational quantum number v at different temperature
values.
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FIG. 9. V–V rate coefficients for the process O2(v) + O2(0) → O2(v − 1)
+O2(1) and V–T/R coefficients for O2(v)+O2(0)→ O2(v − 1)+O2(0) pro-
cesses as a function of the vibrational quantum number v at different temperature
values.

ln k against 1/T for some selected initial v values at low T. Although
this behavior is not unfrequent in V–V processes at very low T
(as found both experimentally74 and theoretically34,75 for collisions
in molecular nitrogen), in the present case, it seems to hold up to
T ≈ 1000 K for all v investigated here, and only at higher tempera-
ture, the rate coefficients start to grow with temperature. Figure S3
shows that this is more relevant for relatively low v, which shows a
nearly straight line with a significant positive slope, whereas for high
v, the rate coefficients become almost independent of temperature
(see also Table S7).

The same behavior is found for multiquantum symmetric
processes:

O2(v)+O2(v)→ O2(v −w)+O2(v+w), where w = 2 (Fig. 8) and 3
(Table S8). The efficiency in the symmetric exchange of vibrational
quanta decreases as the exchanged number of quanta increases due
to the energy mismatch (see Fig. S4 for T = 1000 K). The probability
of exchanging a larger number of quanta becomes weaker, but it is
still not negligible for higher vibrationally excited states.

V–V rate coefficients for the endothermic process O2(v)
+ O2(0) → O2(v − 1) + O2(1) are reported in Fig. 9 as a func-
tion of v at different temperatures and in Table S9. They tend to
strongly decrease with v at low temperature due to the larger energy
mismatch, while they remain approximately constant at high tem-
perature. Moreover, processes with small v values (v ≤ 5) are nearly
independent of temperature, whereas for larger v, the probability of
vibrational energy exchange to excite the vibrational ground state is
enhanced with temperature.

V–T/R rate coefficients were determined for processes where
vibrational relaxation occurs due to the collision between O2 in its
vibrational ground state and a vibrationally excited molecule, with
the loss of one, two, or more vibrational quanta (Tables S10–S12).
The behavior of rate coefficients for V–T/R processes O2(v) + O2(0)
→ O2(v − w) + O2(0), with w = 1, 2, 3, as a function of the ini-
tial quantum number v at T = 100 K, 300 K, 3000 K, and 5000 K
is reported in Figs. 9 and 10. The probability of losing vibrational
energy decreases with the number of lost vibrational quanta w. In
all cases, V–T/R rate coefficients show a stronger dependence on
temperature than V–V ones so that they are very small in the low
temperature regime. In fact, for low vibrational excited states, at
T ≤ 300 K, many of the V–T/R rate coefficients have an absolute
value smaller than 10−20 cm3/s, which is close to the numerical
accuracy of the present method and their numerical value should
be taken with some additional care. In such low T conditions, an
anti-Arrhenius temperature behavior of the rate coefficients seems
again to be present in the case of w = 2 and 3 for small v values.
The turning point from an anti-Arrhenius to an Arrhenius behavior
takes place at higher v values as w increases. For high temperature

FIG. 10. V–T/R rate coefficients for O2(v) + O2(0)→ O2(v −w) + O2(0) processes as a function of the vibrational quantum number v at different temperature values.
w = 2 left panel, and w = 3 right panel.
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values, the rate coefficients become much larger and the depen-
dence on the v value is smaller, although still slightly increasing
with v. In such a regime, the order of magnitude of the V–T/R rate
coefficients is comparable or even larger than the corresponding
symmetric V–V rate coefficients (Fig. 9), showing that the V–T/R
transitions need to be included for a correct modeling of high
temperature kinetics.

Vibrational relaxation upon collision between two equally
vibrationally excited molecules O2(v) + O2(v)was also considered
(Table S13 and Fig. 11). Figure 11 shows the relative efficiency of the
V–V and V–T/R processes corresponding to the same initial vibra-
tionally excited states as a function of temperature for v = 5, 10, 20,
and 30. A strong increase in the V–T/R rate coefficients with the
temperature is again observed in all cases, whereas the V–V rate
coefficients remain practically a plateau for the whole temperature

range, showing the above-mentioned anti-Arrhenius behavior with
the temperature at low T. It is well known that under thermal and
subthermal conditions, resonant and quasiresonant transitions are
most effective, and the combined effect of long range intermolec-
ular attraction and short range repulsive wall favors the trapping
of the system in tight collision complexes and the coupling of the
vibrational wavefunctions, favoring V–V processes. The large energy
mismatch for V–T/R processes results in very low rate coefficients at
low T. At high temperature, however, the V–T/R relaxation becomes
comparable or faster with respect to V–V energy transfer, which
remains the dominant process up to T = 2000 K. Temperatures
above such a value, however, are of interest in plasma chemistry or
in aerospace science, just to mention a few. The present study, thus,
shows that the modeling of such conditions require the knowledge
of V–T/R relaxation rates, besides the V–V ones.

FIG. 11. V–T/R and V–V rate coefficients for some selected O2(v) + O2(v)processes as a function of temperature for v = 5, 10, 20, and 30. The red line represents single-
quantum V–V processes, the green line represents two-quantum V–V processes, the blue line represents single-quantum V–T processes, and the black line represents
two-quantum V–T processes.
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V. CONCLUSIONS

The present study provides an accurate description of the spin-
averaged potential energy surface for O2(3Σ−g )–O2(3Σ−g ) interactions.
The analytical potential energy surface is determined using a more
flexible version of the improved Lennard-Jones method by adding
the angular dependence to parameter β. Within this approach, the
empirical parameters of the functional form of the potential are
closely modulated by comparing the behavior of the PES against
accurate high level ab initio calculations and assessing strength and
anisotropy of the interaction against relevant experimental proper-
ties such as the quantum interference effects arising in scattering.
This, in turn, produces very good agreement between properties cal-
culated on the PES and the corresponding experimental values for a
wealth of other data of various sources, such as the second virial coef-
ficient, shear viscosity, thermal conductivity, and rate coefficients for
vibrational exchange processes.

The limitations of the present model arise for important vibra-
tional deformations of the diatoms (highly vibrationally excited
states), for high temperature, where reactivity comes into play, and
for high energy regimes, when vibronic energy exchange (V–E pro-
cesses) should also be considered (e.g., involving the a1Δg and b1Σ+

g
electronic states of O2). However, this is meant to be a first step in
the accurate description of the system: the above issues, together
with additional effects (the differentiation between the spin mul-
tiplicities of O2 and the inclusion of spin–orbit coupling), will be
gradually considered and incorporated in future work. Nevertheless,
we believe that it is important to start from a correct description
of the long-medium range interaction. Such an approach is seldom
used for the construction of PESs; nevertheless, there are, in fact,
growing evidences that the final outcome of both inelastic and reac-
tive collisional processes is determined by the formation of weakly
bound adducts and of precursor states due to the orientation and
alignment effects originating precisely in such a long distance region.
The present methodology, thus, allows not only to correctly predict
many valuable properties but also to project these relevant effects
on the description of molecular deformations up to the opening of
reactive channels and on the description of fine effects, which we are
going to include as future steps.

In the present work, the PES was then used for the determina-
tion of a large database of V–V, as well as of V–T/R rate coefficients,
whose calculation generally represents a computationally demand-
ing task. The use of the quantum–classical method together with
an efficient analytical formulation of the intermolecular potential
makes it possible to perform such a task. The results show that V–V
and V–T/R transitions of the title system are generally quite efficient
in the temperature region considered here, the role played by V–
T/R processes growing with temperature, until becoming, in some
cases, the most probable events, suggesting that in the high tem-
perature regime, they cannot be neglected for a proper modeling of
non-equilibrium situations.

The approach described here for the construction of the non-
reactive PES, based on a detailed accurate analytical model, whose
parameters are fine-tuned within the range allowed by their physi-
cal meaning, is emerging as a highly efficient tool for the prediction
of many properties determined by molecular interactions in a wide
temperature range, and its applications to a number of atom–diatom
and diatom–diatom systems are currently under study.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1–S4 and Tables
S1–S13 reporting single- and multi-quantum V–V and V–T/R rate
coefficients in the temperature range 100 K–5000 K and the routine
for the potential energy surface (in FORTRAN).
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