Chemical Physics 460 (2015) 135-143

ol CHEMICAL
PHYSICS

Contents lists available at ScienceDirect

Chemical Physics

journal homepage: www.elsevier.com/locate/chemphys

Theoretical assignment of the Clements bands of SO,

Camille Lévéque *>“*, Richard Taieb ", Horst Képpel *

@ CrossMark
2 Theoretische Chemie, Physikalisch-Chemisches Institut, Universitdt Heidelberg, Im Neuenheimer Feld 229, D-69120 Heidelberg, Germany
b Sorbonne Universités, UPMC Univ. Paris 06, Laboratoire de Chimie Physique-Matiére et Rayonnement, UMR 7614, 11 Rue Pierre et Marie Curie, 75231 Paris Cedex 05, France
€CNRS, Laboratoire de Chimie Physique-Matiére et Rayonnement, UMR 7614, 11 Rue Pierre et Marie Curie, 75231 Paris Cedex 05, France

ARTICLE INFO ABSTRACT

Article history:
Available online 6 August 2015

The photoabsorption spectrum of SO, is theoretically investigated in the energy range 3.56-4.05 eV
(28713-32665 cm™~'). The lowest vibronic levels of the coupled excited electronic states (1'A,/1'B;) have
been computed using Lanczos diagonalization of the Hamiltonian. The potential energy surfaces and the
diabatization scheme used here were already successfully applied to describe the non-adiabatic dynam-
ics of the molecule (Lévéque et al., 2013). The important vibronic states, playing a role in the experimen-
tal spectrum, have been analyzed according to their nodal pattern to propose the first theoretical
assignment of the low-energy part of the spectrum. The Clements bands A-D have been assigned and
exhibit contributions from numerous transitions, in the low resolution spectrum. The overlap of these
transitions is shown to provide an “accidental” regularity of the Clements bands with respect to their
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intensities, while their regular energy spacing (~ 220 cm™!) results from a unique series (4,n,,1).

© 2015 Published by Elsevier B.V.

1. Introduction

The electronic absorption spectrum of the sulfur dioxide mole-
cule represented one of the first attempts of investigating the
ultra-violet spectrum of a triatomic molecule in the 1930’s. At
low resolution, the absorption spectrum, in the energy range of
3.2-4.7 eV, exhibits intense, regular and sharp absorption bands,
followed by an irregular plateau-like regime with roughly constant
intensities and ending up at high energy with a pseudo-continuum
of absorption. In the first analyses performed by Watson and Par-
ker [1], Clements [2], Asundi and Samuel [3]| and Metropolis [4],
the authors pointed out that this band system results from one
excited electronic state, and according to its intensity to a allowed
transition. Numerous debates concerning the energy of the vibra-
tionless transition and the assignment of the bands emerged at this
time. Depending on the interpretation of the authors, the vibra-
tionless transition could vary by 0.45 eV [4,3].

These difficulties have been partially resolved by the work of
Douglas [5], who observed a Zeeman effect in the presence of a
magnetic field in the low energy part of the spectrum, 3.1-
3.65 eV. This effect results from a forbidden transition to a triplet
excited state, determined later as a 3B; state by the rotational
analysis of Merer [6]. This absorption band, known usually as the
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"forbidden band”, masks the vibrationless transition of the allowed
one. The theoretical work of Hillier and Saunders [7] provided the
first SCF calculation of the molecule and predicted the presence of
three triplet states and two singlet states in this energy range. The
isotopic study of Brand and Nanes [8] clearly showed the two band
systems belonging to the triplet states and the singlet states. But,
because of the intensity of the spectrum, they discarded the possi-
ble role of a vibronic coupling between the 1'B; and 1'A; states to
explain the absorption features. Their analysis provided a new
assignment of the vibrationless transition at 3.50eV (28
238 cm™!). A few years later, the rotational analysis of Hamada
and Merer [9] established a new energy of the latter at 3.46 eV
(27 930 cm™1), with the first experimental evidence of the primor-
dial role of the 1A, state [10].

This long history provides the basis of our understanding of the
molecular spectrum, and starting from the 1990’s, a large amount of
work studying the Potential Energy Surfaces (PES) of the involved
states followed [ 11-13]. At this time the first wave-packet propaga-
tion was performed [14] and showed a fast transfer of population
from the initial 1'B; to the 1!A, state, owing to the non-adiabatic
coupling between them. New simulations [15] allowed only
recently to obtain the spectrum with a good accuracy. Owing to
its key role in many fields [16-18], the investigation of the photo-
physics of SO, still attracts great experimental and theoretical
interest. As an example, recently, the role of the triplet states has

been investigated [19-22], and the role of the 1°B, state has been
established theoretically and experimentally [22,20,23,24].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphys.2015.07.033&domain=pdf
http://dx.doi.org/10.1016/j.chemphys.2015.07.033
mailto:Camille.Leveque@pci.uni-heidelberg.de
http://dx.doi.org/10.1016/j.chemphys.2015.07.033
http://www.sciencedirect.com/science/journal/03010104
http://www.elsevier.com/locate/chemphys

136 C. Lévéque et al./Chemical Physics 460 (2015) 135-143

In order to provide a comprehensive description of the photoab-
sorption spectrum, we investigate here the vibronic transitions in
the low-energy part (3.56-4.05 eV) of the spectrum. The analysis
of the nodal pattern of the eigenstates of the coupled (1'A,/1'B;)
states provides us with the first theoretical assignment of the spec-
trum. This paper is organized as follows. We present in Section 2
the theoretical methodology used for computing the diabatic PES
and for determining the eigenstates of the molecular Hamiltonian.
Section 3 contains a discussion of the results obtained, followed by
some concluding remarks in Section 4.

2. Computational details
2.1. Adiabatic potential energy surfaces

Here we summarize the main aspects of our methodology,
which has been described in our previous work [15]. The photoab-
sorption spectrum can be described by considering three electronic
states, namely the ground state 1'A; and the two first singlet
excited states 1'B; and 1'A,. These states have been computed
using the MultiReference Configuration Interaction (MRCI) method
followed by a Davidson correction [25,26]. For each state the initial
wavefunction results from a state-averaged complete active space
self-consistent field (CASSCF) calculation, including 18 active elec-
trons in 12 orbitals. The molecular orbitals are described in the cor-
relation-consistent polarized valence triple-zeta (cc-pVTZ)
primitive basis set for the sulfur and oxygen atoms [27]. The rela-
tive position of the atoms is described using a combination of the
internal coordinates, namely R;=(R;i+R;)/2 and Q,=
(R1 —R)/2, where R, , stands for the distance between the sulfur

and the oxygen atoms, in addition to the 0S0 angle ¢, see Fig. 1.
The variation of these three coordinates is used to build the three
dimensional PES of each electronic states. In addition, the transition
dipole moments between the electronic ground state and the two
electronic excited states have been computed at the MRCI level as
a function of the nuclear coordinates. In C,, symmetry, the only
allowed transition is obtained between the GS and the 1'B; state,
as expected from symmetry rules, but in C; symmetry a weak tran-
sition dipole moment is obtained for the transition to the 1'A; state.
These dipoles are used to study the non-Condon effects in the
spectrum.

The two excited electronic states 1'B; and 1'A, are coupled
through a symmetry-allowed conical intersection [28], which mixes
the two adiabatic states for an asymmetric distortion of the mole-
cule. Such a distortion lowers the C,, symmetry of the system to
the C; point group, where the two states are of A” symmetry. In

Fig. 1. Definition of the two sets of coordinates used throughout this work. In black,
the two SO bond lengths R; and R, and the 0S50 angle ¢ represent the internal
coordinates which have been used to compute the PES. In blue, ry, 14, and 0
represent the Jacobi coordinates used to express the kinetic energy operator. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

the Cy, plane (Q, = 0), the two states exhibit a crossing along a
seam for values 110 < ¢ < 120° as a function of R; (see Fig. 2). This
situation leads to a non-adiabatic coupling, resulting from the
action of the nuclear kinetic energy operator on the electronic
wavefunctions depending parametrically on the nuclear coordi-
nates. This coupling exhibits a singularity at the conical intersec-
tions breaking down the Born-Oppenheimer approximation.
Hence, the two electronic states must be considered together
[28-31]. Moreover a numerical treatment and evaluation of the
singularity is not a simple task and a transformation of the elec-
tronic basis functions to avoid such a singularity is preferable.

2.2. Diabatic Hamiltonian

The transformation from the adiabatic to a diabatic electronic
basis has been performed using the regularized diabatization
scheme [32,33], which consists of an unitary transformation of
the electronic basis. The advantage of this method is that the uni-
tary transformation can be defined exclusively from the knowledge
of the adiabatic PES only, and has been successfully applied for dif-
ferent systems [34-38]. Collecting the nuclear coordinates in a vec-
tor Q, we label the regularized diabatic potential matrix of the two
electronic states, Wi,(Q), as follows:

dQ) C(Q))
Q) -d@)/)

namely the sum of a diagonal matrix X£(Q) and a traceless one. The
unknown elements of the diabatic potential matrix can be obtained
by transforming it back to the adiabatic basis, i.e. performing a
diagonalization,

V(Q) =S(Q)' Wy (Q)S(Q) (2)

by means of a unitary transformation S(Q). The diagonal part of the
diabatic potential is identified with the half sum of the adiabatic
PES, 2(Q) = (V1(Q) +V2(Q))/2. The elements of the traceless
matrix are linked to their half difference (A(Q)= (V1(Q)—

V2(Q))/2), through the relation A(Q) = 1/c?(Q) + d*(Q). Using a

first order (linear) Taylor expansion of the diabatic potential around
the locus of the conical intersection (Q,) and the symmetry of the
system, the elements c(Q) and d(Q) can be determined by,

Wies(Q) = Z(Q)1 + ( (1)
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Fig. 2. Potential energy surfaces of the 1'A, (dashed blue) and 1'B; (green) states
with respect to Rs and ¢. The seam of conical intersections is displayed by the black
line. The isolines are energetically spaced by 0.5 eV for both states. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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