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This paper carries out ab initio calculations to study the 80Se2(X3Σ−g ) state and 80Se+2 (X2Πg), 80Se+2 (a4Πg)

states by using completed active space self-consistent field and multi-reference second order perturbation theory. The

electronic curves of these states including spin–orbit coupling are calculated, and then the spectroscopic parameters are

obtained. The photoelectron spectra of 80Se2 molecule in gas phase are assigned according to Franck–Condon analysis

based on calculated potential energy curves. The ionization energies of 80Se2 molecule are determined by the present

calculation.
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1. Introduction

The photoelectron spectra (PES) of the Group
VI homonuclear diatomic molecules have been inves-
tigated experimentally and theoretically during last
several decades.[1−3] The photoionization efficiency
(PIE) spectra also measured for S2, Se2, and Te2

molecules in gas phase to explore the properties of
molecules.[4,5] Theoretical calculations of PES with ab
initio and density functional theory are main methods
to assign the PES observed in experiments.[6,7] The
transition length of PES is expressed[8] (under Born–
Oppenheimer approximation) as

I = |Me|2 ·
∣∣∣∣
∫

ϕv′ϕ
∗
v′′dτ

∣∣∣∣
2

, (1)

where Me is electronic dipole transition moment, and∫
ϕv′ϕ

∗
v′′dτ is the overlap integral between the vibra-

tional level of upper and lower electronic states, that
is, Franck–Condon factor (FCF). For a pair of spe-
cific electronic states, |Me|2 is nearly constant, and the
FCF governs the structure of PES. The PES of heavy
atoms containing molecules often exhibit fine struc-
tures in high-resolution measurements because of the
relativistic effect due to the large number of electrons.
Thus, the relativistic effect should be considered in
the calculations of electronic structure.

In this paper, firstly, the potential energy curves
(PEC) of Se2 molecule and molecular ion including

spin–orbit coupling (SOC) are calculated using ab ini-
tio methods. The spectroscopic parameters then are
fitted. The vibrational equations based on the fitted
PECs are resolved and the FCFs are obtained. Fi-
nally, the adiabatic ionization energies and the verti-
cal energies are determined, and the comparisons with
the PIE experiments are made.

2. Methodology and computa-

tional details

The calculations are performed using GAMESS[9]

suite of program in D2h symmetry. The PECs of
80Se2(X3Σ−g ) and 80Se+

2 (X2Πg), 80Se+
2 (a2Πg) are cal-

culated using multireference perturbation theory[10]

with the optimized wavefunctions by complete active
space self-consistent field (CASSCF) method. The ac-
tive space includes two σg, two σu, one πg and one πu

orbit correlated to 4s and 4p electrons of Se, and one
additional πu orbit is included to describe the polar-
ization effect. The all-electron basis set cc-pvQz[11] is
used in above calculations.

The effects of SOC are calculated using spin-
obit multiconfigurational quasidegenerate perturba-
tion theory (SO-MCQDPT)[12] (second order), where
low-lying states of Se+

2
were coupled and only one-
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electron SOC terms were kept at the second order and
full two-electron SOC terms were kept at first order
in the Pauli–Breit operator. In SO-MCQDPT calcu-
lations, 10 core orbitals are frozen and other orbitals
corresponding to n = 3, 4 of Se atoms are correlated.
The relative small basis set cc-pvDz[10] is used in the
calculations of SO-MCQDPT curves.

The one-dimension radial Schrödinger equa-
tions are resolved[13] based on the SO-MCQDPT
PECs to obtain the vibrational wavefunctions of
different electronic states. The FCFs between
the 80Se2(X3Σ−g ) states and 80Se+

2 (X2Π1/2g,3/2g),
80Se+

2 (a4Π5/2g,3/2g,1/2g,1/2g) levels then are calculated
using the vibrational wavefunctions.

3. Results and discussion

3.1.The PECs of Se2 and Se+
2

The spin-free PECs of 80Se2(3Σ−g ) and
80Se+

2 (X2Πg), 80Se+
2 (a4Πg) are shown in Fig.1. The

dissociation energies of ground state of Se2 is 3.50 eV
according to present multireference calculation,
which is similar to 3.41–3.61 eV with photoionization
experiment,[5] 3.163± 0.002 eV with spectroscopic
experiment,[14] 3.28± 0.11 eV, 3.23± 0.09 eV and
3.27± 0.09 eV with thermochemical experiments.[15,16]

Fig.1. The spin-free PECs of 80Se2 and 80Se+2 .

The geometry and spectroscopic parameters of 80Se2

are shown in Table 1, together with the values in other
references. The equilibrium bond length re of 80Se2

molecule in ground state is 0.21670 nm according to
present calculation, this agrees with Barrow’s exper-
imental spectroscopic result (0.21661 nm for 0+

g ),[17]

electron diffraction experiment by Maxwell and
Mosley (0.219± 0.003 nm),[18] and the values collected
by Setzer et al (0.216620 nm for 0+

g , 0.216367 nm for
1g).[19] The present calculated harmonic vibrational
frequency ωe is 389.9 cm−1 and anharmonic vibra-
tional frequency ωexe is 0.97 cm−1, which is in accor-
dance with other references listed in Table 1.

Table 1. The parameters of Se2 and Se+2 levels.

levels re/nm ωe/cm−1 ωexe/cm−1 Te/cm−1

80Se2(X3Σ−g )

0.21670

0.21661a

0.216620b

0.216367c

0.219±0.003d

389.9

385.3a

385.370b

387.129c

0.97

0.96a

0.9786b

0.9606c

0

80Se+2 (X2Π1/2g) 0.21136 412.2 1.38 71221

Se+2 (X2Π3/2g) 0.21145 407.1 1.18 73145

Se+2 (a4Π5/2g) 0.23120 317.2 1.36 83010

Se+2 (a4Π3/2g) 0.23121 317.0 1.37 83607

Se+2 (a4Π1/2g) 0.23124 316.8 1.33 84212

Se+2 (a4Π1/2g) 0.23125 316.9 1.38 84806

a Ref.[17]
b values for 0+

g collected in Ref.[19]
c values for 1g collected in Ref.[19]
d Ref.[18]

The spin-mixed PECs of molecular ion 80Se+
2 are

calculated using SO-MCQDPT, and shown in Fig.2.
The PECs of 80Se+

2 (X2Πg) and 80Se+
2 (a4Πg) states

split when considering SOC effect as perturbation.

The bond lengths re, energies Te relative to equilib-
rium 80Se2(3Σ−g ) and spectroscopic parameters of each
level are also listed in Table 1. The bond lengths
of split levels, 80Se+

2 (X2Π1/2g) and 80Se+
2 (X2Π3/2g),
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are 0.21136 nm and 0.21145 nm, respectively. The en-
ergy split of 80Se+

2 (X2Πg) is approximately 0.2 eV. It
is clearly seen in Fig.2 that the 80Se+

2 (a4Πg) state
splits into four more closely packed spin–orbit lev-
els in comparison with 80Se+

2 (X2Πg) state, the energy
gap is about 0.07 eV. The equilibrium distance of each
level differs little in the magnitude of 10−5 nm, and
is larger for upper levels. The harmonic frequency
ωe and anharmonic frequency ωexe of each level are
similar with the difference of less than 1 cm−1. This
indicates that the curve shapes of the group PECs of
80Se+

2 (a4Πg) state are nearly same. The weak SOC ef-
fect in 80Se2(3Σ−g ) state is neglected, and in fact this
SOC calculation cannot be achieved in 3B1g (denotes
3Σ−g state in D2h) irreducible representation.

Fig.2. The spin-mixed PECs of Se+2 .

3.2.Assignment of PES

The relation of ionization energy and FCF for
80Se+

2 (X2Πg) and 80Se+
2 (a4Πg) state are illustrated

separately in Fig.3. The 0–0 adiabatic ionization

Fig.3. The vibrational resolved ionization progression of
80Se2. up: 80Se+2 (a4Πg), down: 80Se+2 (X2Πg).

energies and the vertical ionization energies for each
sublevel are determined, as shown in Table 2. For
comparison with PIE measured at the temperature of
920K in experiment, other transitions v′′ = 1, 2, 3 →
v′ are illustrated simultaneously. In order to take into
account the internal energy at high temperature, the
Boltzmann factors are scaled to the v′′ = 1, 2, 3 → v′

transitions. The Boltzmann factors, determined by
formula[20] e−E/0.6952T, are approximately 0.6, 0.3,
0.2 for v′′ = 1, 2, 3 → v′ transition at 1000K, re-
spectively. The first adiabatic ionization energy is
8.83 eV according to present ab initio calculation, the
experimental value[5] is 8.88±0.03 eV, the small devi-
ation is probably caused by the splitting of the triplet
ground state of Se2. Because of the minor difference of
the optimized bond length between 80Se+

2 (X2Πg) and
80Se2(X3Σ−g ) state, the adiabatic and vertical energies
of 80Se+

2 (X2Πg) progression coincide, they are 8.83 eV
and 9.07 eV, respectively. The adiabatic energies
for the sublevels of 80Se+

2 (a4Πg) state are 10.29 eV,
10.36 eV, 10.44 eV, and 10.51 eV, respectively, whose
average energy splitting is 0.07 eV.

Table 2. The adiabatic and vertical ionization energies (in eV) of 80Se2 molecule at 0K.

levels X2Π1/2g X2Π3/2g a4Π5/2g a4Π3/2g a4Π1/2g a4Π1/2g

adiabatic 8.83
9.07 10.29 10.36 10.44 10.51

energies 8.88± 0.03a

vertical
8.83 9.07 10.44 10.52 10.59 10.66

energies
a Ref.[5].
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To compare with experiment, the PIE curves of
Se2 molecule in Ref.[5] are quoted as Fig.4. In Fig.4,
two maximums are found in the PIE curves of the
80Se+

2 (X2Πg) state, which are corresponding to the

Fig.4. The PIE of Se2 (quoted from Ref.[5]).

SOC splitting. In Fig.3, 80Se+
2 (X2Πg) progression

with similar structure as PIE curves is found. The the-
oretical SOC splitting is 0.24 eV, and the experimental
value is approximately 0.35 eV according to data col-
lected from Ref.[5]. Consider the Boltzmann distribu-

tion of the Se2 populations in various vibrational lev-
els, a plateau with two maximums is formed which is
observed in both experimental measurement and the-
oretical calculations. While for the 80Se+

2 (a4Πg) pro-
gression, because the SOC sublevels are closely packed
and with same curve shape, the ionization efficiency
curves for each level are mixed; the experimental ion-
ization curve is in the range of 10.23–11.11 eV, and
the calculated is 10.14–10.89 eV with up to v′′ = 3
considered.

4. Summary

The Se+
2 (X2Πg), Se+

2 (a4Πg) and Se2(X3Σ−g ) sys-
tems are investigated using spin-obit multiconfigura-
tional quasidegenerate perturbation theory, the spin-
mixed electronic curves are calculated. The spectro-
scopic parameters for above states are fitted. The
adiabatic and the vertical ionization energies are de-
termined with the aid of Franck–Condon factors be-
tween neutral system and ionic systems. The com-
parisons between present calculation and experimen-
tal PIE curves are made.
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