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Abstract
The methodology of quasi-classical trajectories (QCT) is used to investigate how
occurs the energy transfer (ET) processes in collisions involving SO(B3Σ−) molecules
and Ar(1S) atoms. Particularly, transfers of the type translation-to-vibration (T-V)
are the main focus of this work. In order to achieve this goal, a new potential en-
ergy surface (PES) was developed based on the pairwise addition. Such methodol-
ogy has been widely used within the double many-body expansion (DMBE). Topo-
logical features of PES for the the triatomic system are discussed. Our results from
the molecular dynamics, point out that T-V excitation processes present a barrier
type behavior. This suggests that, in this case, repulsive interactions between sulfur
monoxide and argon atom play a key role.

1 Introduction
The study of weakly bounded molec-

ular complexes of rare gas atoms with S-
containing molecules have been the fo-
cus of many experimental and theoretical
studies [1, 2, 3, 4]. The weakly bounded
species or molecular aggregates often are
referred as van der Waals (vdW) com-
plexes. As has pointed out in the pre-
vious literature, the accurate description
of vdW species is essential not only to
supply information about intermolecular
forces but also reactive collisions, pres-
sure dependence, energy transfer (ET)
processes, combustion, and interstellar
chemistry studies [1, 2, 3, 4, 5]. In the
present work, we are interested to investi-
gate Ar · · ·SO vdW specie in a electronic

excited state.
Experimentally, Hatano and co-

workers studied the quenching and vi-
brational relaxation of of SO(B3Σ−)
through collisions with Ar atoms and N2
molecules. As results, they report rate
coefficients for some vibrational levels
[3]. In the same way, Yamasaki et al.
report the radiative lifetimes and deacti-
vation rate constants of SO(B3Σ−,ν ′ =
0,1,and 2) by collisions with He [5].
However, to best of our knowledge, there
is not theoretical work considering only
the translation-to-vibration (T-V) energy
transfer (ET) processes on the following
process

Ar+SO(B3
Σ
−,ν = 0)→Ar+SO(B3

Σ
−,ν ′)
(1)

1

mailto:ramonshowsa@gmail.com


Blucher Proceedings
X Encontro Cientı́fico de Fı́sica Aplicada Blucher

In this inelastic collision, the translation-
ally hot (or hyperthermal) Ar atoms trans-
fer part of its kinetic energy to inter-
nal energy of the diatomic molecules tar-
get. According to Smith et al. the ET
processes represent an important physical
chemical phenomenon and, therefore, re-
quire attention [6].

Motivated by these informations,
the vibrational excitation of SO(B3Σ−)
molecules produced by collisions with
Ar(1S) is investigated. To achieve our
goal, firstly, a three-dimensional anality-
cal potential energy surface (PES) is pro-
posed to describe the interaction energies
in a function of internuclear distances.
To perform molecular dynamical calcula-
tions, the quasi-classical trajectory (QCT)
method was adopted.

The article is structured as follows:
Section 2 describes the analytic represen-
tation of the Ar · · ·SO vdW specie in a
electronic excited state as well as its main
atributtes. While the QCT calculations
are gathered in Section 3. Our results are
discussed in Section 4 and the concluding
remarks are given in the last section.

2 PES representation
Within the framework of double

many-body expansion (DMBE) theory [4,
7], the analytical representation of the
potential energy surface for the excited
electronic state of Ar . . .SO, assuming the
pairwise addition, can be written as:

VAr...SO(R) = VSO(RSO)+VArS(RArS)

+ VArO(RArO) (2)

where R represents the set of all the three
internuclear distances defining the molec-
ular configuration.
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Figure 1: Potential energy curves for di-
atomic molecules: ArS(1Σ+) (Bottom panel)
and SO(B3Σ−) (Top panel).

The physically appropriate behavior at
asymptotic limits are warranted using Ex-
tended Hartree-Fock Approximate Corre-
lation Energy (EHFACE) model [7]. Yet,
more details from these expansion are
found in Refs.[4, 7, 8] (see also refer-
ences therein) and, therefore, will not
be repeated here. The analytical poten-
tial energy curve (APEC) for fragment
ArO (3Π) was extracted from the Ref.[8].
The parameters for the potential inter-
action between the argon atom and sul-
fur, given by VArS, were obtained by fit-
ting ab initio electronic energies reported
by Kiljunen et al. [9]. There, the ex-
cited state for ArS(1Σ+) molecule disso-
ciate in Ar(1S) + S(1D) was computed
at the multireference configuration inter-
action (MRCI) level including Davidson
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Figure 2: Contours plot of potential energy surface for a Ar atom moving coplanarly around a
partially relaxed SO(B3Σ−) molecule with the center of mass fixed at the origin.

correction (MRCI+Q) using the Full Va-
lence Complete Active Space-Self Con-
sistent Field (CASSCF) wave function as
the reference. AVQZ Dunning basis set
has been employed and combined with
ten electron-core pseudo-potential basis
set so-called MRCI+Q/AVQZ-Stutt [9].

To study the diatomic fragment
SO(B3Σ−), ab initio calculations have
been carried out at MRCI+Q level using
CASSCF wave functions in combination
with aug-cc-pvQz (AV(Q+d)Z) basis set
of Dunning [10]. The impact of the addi-
tional tight d functions in the S-bearing
molecules has been shown be very sig-
nificative. All the calculations are made
with the MOLPRO package [11]. Fig-
ure 1 depicts the APEC calculated for the
ArS(1Σ+) (Bottom panel) and SO(B3Σ−)
(Top panel) diatomic molecules. The dif-
ferences between our fits and the ab ini-
tio points are also included. As can be
seen, our fits present differences less than
0.02 kcal/mol for ArS and 0.15 kcal/mol
for SO.

3 QCT calculations

All dynamics calculations here re-
ported have utilized the QCT method as
implemented in VENUS96 program [12]
and the DMBE PES presented in the pre-
vious section. Such methodology has
been extensively applied to others sys-
tems [4, 8, 13]. In the present work,
relative translational energies were se-
lected covering the range 10 ≤ Etr/kcal ·
mol−1 ≤ 100. As T-V collisional ET
is characterized by inelastic scattering,
here, we focused in the non-reactive tra-
jectories producing a vibrationally ex-
cited SO(B3Σ−). For each collisional en-
ergy, the initial vibrational and rotational
quantum numbers of the sulfur monoxide
molecules targets have been fixed at the
ground level (jSO = 0,νSO = 0).

The time integration step was fixed
to 2.5×10−16s ensuring total energy and
angular momentum conservation. Colli-
sion partners were initially separated by
a distance 15 Å , which is sufficiently
long to leave atom-diatom interaction ini-
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tially negligible. The next step in tra-
jectory calculations was to define the
maximum value of the impact parameter
(bmax). Specially, in these first analysis
we fix bmax = 5.0 Å. This value has been
demonstrated to be sufficient for our pur-
poses.
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Figure 3: Distance vs time plot for a typical
trajectory of the reaction Ar+SO(B3Σ−,ν =
0)→ Ar+SO(B3Σ−,ν ′). The trajectory cor-
responds to a relative translational energy of
50 kcal/mol.

4 Results
We start this discussion showing the

spectroscopic parameters Re, De, and we
of both SO(B3Σ−) and ArS(1Σ+) di-
atomic species. For comparison, also
gathered in this same table are the re-
sults experimental and other theoretical
[14, 15]. All our results presented show
good agreement with other works.

Once obtained an analytical rep-
resentation for interaction potential of
Ar · · ·SO system, we thus investigated its
topological features. A diagram show-
ing contour plots for Ar atom mov-
ing coplanarly around a partially relaxed
SO(B3Σ−) molecule is depicted in Fig. 2.
Analyzing this figure, it is seen that the
analytical proposal for three-dimensional
PES of Ar · · ·SO system, smoothly de-
scribes interactions on the repulsive part

of the potential when Ar approaching to
the sulfur monoxide molecule.

For this van der Waals system,
the value of global minimum of the
interaction energy is −0.0506 Eh
(−31.75 kcal/mol). The difference be-
tween well depths at equilibrium of the
excited Ar · · ·SO van der Waals molecule
and the well depth of SO(B3Σ−) is 0.0013
Eh (0.81 kcal/mol). The vdW structure
predicted by the our calculations shows
that the bond lenghts are re(SO) = 3.3740
a0, re(ArS) = 6.7035 a0, and re(ArO) =
6.6292 a0. The vibrational harmonic fre-
quencies obtained in this work are ω1 =
67.59 cm−1, ω2 = 638.67 cm−1, and ω3
= 31.43 cm−1. To the best of our knowl-
edge, there are not experimental or theo-
retical data to compare with these.

To finish, Fig. 3 displays a typical
non-reactive trajectory involved in a T-V
ET process to illustrate the nature of the
motion and changes in energy through-
out the collision. There, a short encounter
(less than 1 fs) between the reactants and
fast separation of the products is visual-
ized.

5 Final Remarks
We have reported a new PES for

ArSO system based on pairwise addition.
The properties of global minimum such
as geometry, energy and vibrational fre-
quencies are shown together with other
topological features. A vibrational ex-
citation of SO(B3Σ−) reactant was ex-
plored by means of a QCT molecular dy-
namic approach. We want to highlight
that, in relation to vibrational relaxation
of of SO(B3Σ−), a detailed analysis is be-
ing preparation.
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Table 1: Equilibrium bond length Re (in Å), vibrational constant ωe (in cm−1), and the well
depth De (in Eh) for the interaction potentials correponding to diatomic fragments. Theoretical
and experimental data are also listed.

Molecule Source Re ωe De

SO(B3Σ−) This work 3.3739 638.7 0.0493
Exp. [14] 3.3542 630.4 0.0518
Theo. [14] 3.3674 631.7 0.0509

ArS(1Σ+) This work 6.2080 41.0 0.0010
Theo. [15] 7.1053 - 0.0007

ArO(1Σ+) This work 6.6291 33.08 0.0002
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