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Ab initio calculations of the ionization spectrum of SO2
∗

Zhang Yong-Feng(张永风), Wang Mei-Shan(王美山)†, Yang Chuan-Lu(杨传路),
Ma Mei-Zhong(马美仲), Pang Wei-Xiu(庞伟秀), and Ma Rong-Cai(马荣彩)

School of Physics and Electronic Engineering, Ludong University, Yantai 264025, China

(Received 11 November 2007; revised manuscript received 19 February 2008)

The ionization spectrum of sulfur dioxide has been successfully studied by using the symmetry-adapted-cluster

configuration-interaction (SAC-CI) general-R and SD-R methods and the basis set correlation-consistent polarized

valence triple-zeta (cc-pVTZ). The SAC-CI general-R method reproduces the experimental spectrum well for both the

main peaks and the satellite peaks of ionization spectrum of SO2. The sequence of ionic states corresponding to main

peaks of SO2 has been re-determined according to the SAC-CI conclusions and it is reordered as X̃2A1, Ã2B2, B̃2A2,

C̃2B1, D̃2A1, Ẽ2B2 and F̃ 2A1. Besides, the equilibrium structures and adiabatic ionization potentials (AIPs) of ionic

states of main peaks of SO2 are calculated by using the SAC-CI SD-R method.
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1. Introduction

The sulfur dioxide (SO2) and the ion (SO+
2 ) play

important roles in atmospheric chemistry, environ-
mental pollution, and industry, such as in the over-
all chemistry of the dry etching process.[1,2] A great
many of experimental studies have been devoted to
the SO+

2 , such as photoelectron spectroscopy,[3−5]

electron impact ionization,[6,7] photoionization,[8,9]

photodissociation,[10] and photofragment excitation
spectrum.[11] The common ground of the above-
mentioned contents is to excite the neutral molecule
SO2 by using the high-energy photons or electrons. In
their studies,[3−5,8], three bands were observed in the
photoelectron spectrum of SO2: the ionic X̃ state of
SO+

2 that was in the first band, the ionic Ã and B̃

states of SO+
2 that were in the second band, and the

ionic C̃, D̃ and Ẽ states of SO+
2 that were in the third

band.

The symmetries for the electronic states X̃-to-
Ẽ of SO+

2 are suggested in different assignments
according to different experimental and theoretical
studies. In the early experimental and theoretical
papers,[4,10,12,13] the assignments of Ã and B̃ states
were uniform, assigned as Ã2A2 and B̃2B2. Recently,
the theoretical assignments[14−16] of Ã and B̃ states
were given as Ã2B2 and B̃2A2 based on CASPT2,
MRD-CI and CCSD (T) calculations. In the experi-
mental papers,[4,5,8] the C̃, D̃ and Ẽ states were as-

signed as C̃2B2, D̃2A1 and Ẽ2B1 states, respectively.
However, the theoretical studies[12,14−16] showed the
assignments C̃2B1, D̃2A1 and Ẽ2B2 for C̃, D̃ and Ẽ

states, respectively. Thomas et al [10] questioned the
assignment of D̃2A1 and proposed the assignments of
C̃2B1 and D̃2B2. Zhang et al [11] suggested an assign-
ment of D̃2B1 and possible assignments of C̃2A1 and
Ẽ2B2 based on their photofragment excitation spec-
trum experiment.

The satellite peaks of ionization spectrum of
SO2 have been investigated experimentally[4,5] and
theoretically.[15,16] Two weak bands occurring at
about 14.6 and 17.5 eV were interpreted by Wang et
al,[4] and they indicated that the band at 14.6 eV was
the HeIβ line spectrum of the third band and the
band at 17.5 eV was a satellite band, which might be
two components of a spin–orbit split state. Since the
shake-up states to satellite peaks are numerous and
congested, their assignments are difficult. In an en-
ergy region from 16 to 21 eV, many states with shake-
up characters were discussed by Li and Huang[15]

and Palmer et al.[16] The results of Holland et al [5]

showed that some states of SO+
2 were the admix-

tures of two-hole-one-particle (2h1p) configurations
above 15 eV. The SAC-CI general-R method is con-
sidered as a powerful tool for studying the proper-
ties of molecules, such as analytic potential energy
functions[17−21] and molecular spectroscopic problems
including ionization spectroscopy.[22−26] In particular,
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the SAC-CI general-R method is effective for study-
ing a large number of states appearing in the ioniza-
tion spectra including the multiple electron processes
in a high accuracy.[25,26] Although the SAC-CI SD-R
method is insufficient to describe the orbital reorgani-
zations, which is caused by the ionizations and excita-
tions of the inner-shell electrons, it can be used to cal-
culate the main peaks caused by valence orbitals quite
well. In our studies, we apply the SAC-CI general-R
method and the SAC-CI SD-R method to the calcu-
lation of the ionization spectrum of SO2 and assign
the main states of SO+

2 for the main peaks and the
satellite states of SO+

2 for satellite peaks in a region
below 23.3 eV. Based on the assignments of the main
states of SO+

2 for the main peaks, the SAC-CI SD-
R method is applied to optimizing the geometries for
ionic states. We also calculate the AIPs of these ionic
states at their equilibrium geometries.

2. Calculation details

Vertical ionization spectrum of SO2 is studied
and the experimental geometry of ground state[3] is
used for the calculation, namely, RSO = 0.1432 nm
and ∠OSO = 119.5◦ for SO2 in C2v. The ba-
sis set is selected to be as flexible as possible
to describe the electron correlations of shake-up
states, namely, correlation-consistent polarized va-
lence triple-zeta (cc-pVTZ) basis set. The basis set
for O is the (4s, 3p, 2d, 1f) contraction of a (10s, 5p,
2d, 1f) primitive set,[27] and for S it is the (5s, 4p, 2d,
1f) contraction of a (15s, 9p, 2d, 1f) primitive set.[28]

Hartree–Fock (HF) molecular orbitals (MOs) are
used as the reference orbitals in the SAC/SAC-CI cal-
culations. For the active space, 9 higher occupied
MOs and 78 lower unoccupied MOs are used, and
only the 1s orbitals of O and 1s, 2s, 2p orbitals of
S are separately frozen as a core. The ionization
spectrum of SO2 is calculated by using the SAC-CI
general-R method and the SAC-CI SD-R method in
an energy region below 23.3 eV. From the preliminary
calculations, most of the shake-up states are shown
to be described dominantly by two-electron processes,
and therefore the R-operators are included up to
triples. The ionization cross-sections are calculated in
the monopole approximation[25] to estimate the rel-
ative intensities of the peaks. For the calculations
of monopole intensities, the correlated SAC/SAC-CI

wavefunctions are used for the ground state and the
ionized states to include both initial- and the final-
state correlation effects.

The geometries for the main states of SO+
2 cor-

responding to the main peaks are optimized by per-
forming the SAC-CI SD-R calculation. The adiabatic
ionization potential of the ionic state is considered to
be equal to the difference in energy between the ionic
state and the ground state of molecule at their equi-
librium geometries. Based on the energies of the main
states of SO+

2 and ground state of SO2 at their equi-
librium structures, the AIPs of excited states are cal-
culated.

Calculation of SAC/SAC-CI is carried out by us-
ing the SAC/SAC-CI program system,[29] which has
been incorporated into the version of the Gaussian03
suite of programs.[30]

3. Results and discussion

Photoelectron spectroscopy[8] shows that the
ionic states of SO2 are created by vacuum ultravio-
let photo-excitation. In the ground state X̃1A1, SO2

molecule is a bent triatomic molecule, whose electronic
configuration (C2v point group symmetry, C2(z), y

axis in plane as a defined axis) is considered to be as
follows on a single configuration basis:

(Core)14 5a2
13b2

26a2
14b2

27a2
12b2

15b2
21a2

28a2
13b0

19a0
16b0

2

. . . X̃1A1 where the number in the superscript shows
the occupation number. The outer three occupied
molecular orbitals and the three virtual molecular or-
bitals of SO2 are shown in Fig.1. The 8a1 and 3b1

orbitals are the highest occupied and lowest unoccu-
pied molecular orbitals (HOMO and LUMO) of SO2

molecule, respectively. The natures of 6a1, 4b2, 7a1,
2b1, 5b2, 1a2, 8a1 and 3b1 MOs are sulphur ‘3s’ non-
bonding, weakly S–O bonding, S–O σ bonding, S–O
π bonding, O–O σ anti-bonding, S–O dπ-pπ bonding,
sulphur ‘lone pair’ and S–O π anti-bonding, O–O π

bonding, respectively.
The states in an energy region up to 23.3 eV are

studied by using the SAC-CI general-R method and
the SAC-CI SD-R method. With the SAC-CI SD-
R method, 9 electronic states are calculated, while
about 20 ones are solved with the general-R method.
In Table 1 in Subsection 3.1 of this paper, the verti-
cal ionization potentials (VIPs), monopole intensities
and the configurations of the main states of SO+

2 are
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summarized. The experimental photoelectron spec-
trum and the present theoretical spectrum are shown
in Fig.2. The optimized geometrical parameters for
the ground state of SO2 and the main states of SO+

2

are included in Table 2 in Subsection 3.2, together

with the experimental values and previous theoretical
estimates. The theoretically estimated AIPs of ground
and exited states of SO+

2 are included in Table 3 in
Subsection 3.3, together with the experimental AIPs.

Fig.1. The three outer valence molecular orbitals and the three virtual molecular orbitals of SO2.

3.1.The ionization spectra, vertical ion-

ization potentials and monopole

In Fig.2, for the experimental spectrum, we adopt
the spectra measured by Wang et al.[4] For the main
peaks of ionization spectra of SO2 below 17 eV, the
spectra measured by using both SAC-CI general-R
method and the SAC-CI SD-R method are shown to
be almost the same, which accord with the experimen-
tal spectra. The energy range above 17 eV contains
broad bands due to many shake-up states. There are

remarkable differences between the spectra obtained
by using the SAC-CI general-R method and the SAC-
CI SD-R method in this energy region. The SAC-CI
general-R method reproduces the positions and the
shapes of the satellite bands, while the SAC-CI SD-
R method does not produce acceptable results in this
region. It implies the importance of including higher
excitation operators in the linked excitation operators
of the SAC-CI calculation to describing the shake-
up spectrum, which is consistent with the previous
results.[23,24]

Fig.2. The experimental photoelectron spectra (a) and the ionization spectra of SO2 calculated by using the SAC-CI

general-R method (b) and the SAC-CI SD-R method (c).



4166 Zhang Yong-Feng et al Vol. 17

T
a
b
le

1
.
M

a
in

co
n
fi
g
u
ra

ti
o
n
s,

V
IP

s
(e

V
),

a
n
d

m
o
n
o
p
o
le

in
te

n
si

ti
es

fo
r

th
e

io
n
iz

ed
st

a
te

o
f
S
O

2
,
ca

lc
u
la

te
d

b
y

u
si

n
g

th
e

S
A

C
-C

I
g
en

er
a
l-
R

m
et

h
o
d

a
n
d

th
e

S
A

C
-C

I
S
D

-R
m

et
h
o
d
.

st
a
te

S
A

C
-C

I
(g

en
er

a
l-
R

)
E

x
p
[4

]
S
A

C
-C

I(
S
D

-R
)

T
D

A
[1

6
]

M
R

D
-C

I[
1
6
]

m
a
in

co
n
fi
g
u
ra

ti
o
n
(|C

|>
=

0
.3

)
V

IP
s

in
te

n
si

ty
I.
P

V
IP

V
IP

V
IP

X̃
2
A

1
–
0
.9

3
(8

a
1
)−

1
1
2
.2

7
8

0
.8

4
4

1
2
.3

4
6
(3

)
1
2
.2

0
8

1
2
.4

0
3

1
2
.0

1
2

Ã
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The main peaks of ionization spectra of SO2

observed at 12.349, 12.988, 13.338, 15.903, 16.339,
16.507 and 20.06 eV are assigned to X̃2A1, Ã2A2,
B̃2B2, C̃2B2, D̃2A1, Ẽ2B1 and F̃ 2A1 states of SO+[4]

2

respectively. In the present work, the 12A1, 12B2,
12A2, 12B1, 22A1, 22B2 states are described dom-
inantly by one-electron process, namely, (8a1)−1,
(5b2)−1, (1a2)−1, (2b1)−1, (7a1)−1, (4b2)−1 re-
spectively. Their VIPs calculated by the general-
R method are 12.278, 13.052, 13.356, 16.603,
16.787, 16.830 eV, respectively, which have con-
siderable monopole intensities. Distinguishingly,
the main configurations of the 32A1 and 42A1

states are 0.53(6a1)−1 +0.65(1a2)−1(5b2)−1(3b1)1 +
0.54(2b1)−1(8a1)−1(3b1)1 + 0.42(8a1)−1(2b1)−1(3b1)1,
and 0.71(6a1)−1 – 0.55(1a2)−1(5b2)−1(3b1)1. From
the coefficients of configurations, we can find that the
(6a1)−1 plays an important role in the configurations
of 32A1 and 42A1 states. However, the monopole in-
tensity of the 42A1 state is remarkably larger than
that of 32A1. Through the above analysis, we assign
the 12A1, 12B2, 12A2, 12B1, 22A1, 22B2 and 42A1

states as the X̃, Ã, B̃, C̃, D̃, Ẽ and F̃ states of SO+
2 .

From the main configurations of these shake-up
states in Table 1, we can find that the HOMO and
LUMO orbitals of SO2 molecule play important roles
in the shake-up states of SO+

2 . All of the config-
urations of these shake-up states have a composi-
tion of (8a1)−1(3b1)1. Among the shake-up states in
our work, the 22B1 state has a 2h1p configuration
with a primary configuration of –0.89(8a1)−2(3b1)1.
The main configuration of 32B1 is the 2h1p state,
(5b2)−2(3b1)1, with which (8a1)−1(7a1)−1(3b1)1 and
(7a1)−1 (8a1)−1 (3b1)1 are strongly mixed. The main
configuration of 42B1 is an admixture of 2h1p con-
figurations, (1a1)−2(3b1)1 and (2b1)−2(3b1)1. From
the configurations of F̃ 2A1 and 32A1 states, we can

find that (6a1)−1 is important because of the co-
efficients 0.71 and 0.53 for these two states. So
they may be two spin–orbit split states of 6a1 or-
bital. The main configurations of 22A2, 42B2, 42A2

are –0.95(8a1)−1(5b2)−1 (3b1)1, –0.72(8a1)−1 (1a2)−1

(3b1)1, and -0.67(8a1)−1(4b2)−1(3b1)1, respectively,
which are shown to be described dominantly by two-
electron processes.

3.2. Equilibrium geometries

In Table 2, the S–O bond length (RSO) and
the OSO bond angle (∠OSO) of the ground state
(X̃1A1) of SO2 are 0.1430 nm and 119.1◦, respec-
tively. Compared with the experimental values[3] RSO

= 0.1432 nm and ∠OSO = 119.5◦, the results are in
good agreement with the measurements within the dif-
ferences of 0.0002 nm and 0.4◦. For the ground state
and the exited states of SO+

2 , the bond angles of O–
S–O range from 102.7 to 134.9◦, and the S–O bond
lengths from 0.1427 to 0.1533 nm. In the geometry
of the ground state SO+

2 ion, the S–O bond length is
close to that of the ground state SO2 molecule, while
the OSO bond angle is 15.8◦, larger than that of the
ground state SO2 molecule. The S–O bond lengths
of exited states of SO+

2 are longer than that of the
ground state SO2 molecule. The OSO bond angles
of the three exited states (Ã2B2, B̃2A2 and Ẽ2B2)
are smaller than the angle of the ground state SO2

molecule, while the OSO bond angles of the other two
exited states (C̃2B1 and D̃2A1) are close to the angle
of the ground state SO2 molecule. Comparing the ge-
ometry parameters of excited states of SO+

2 ion with
that of the ground state SO+

2 ion, all of the bond
lengths of excited states are longer than that of the
ground state SO+

2 , while the bond angles of excited
states are smaller than that of the ground state SO+

2 .

Table 2. Optimized geometry parameters for the ground state of SO2 and ground and excited states of

SO+
2 .

symmetry
SAC-CI/cc-pVTZ CASPT2/ANO-L[14,15] SCFMO[12] Exp[3]

RSO/nm ∠OSO/(◦) RSO/nm ∠OSO/(◦) RSO/nm ∠OSO/(◦) RSO/nm ∠OSO/(◦)

X̃1A1 0.1430 119.1 0.1504 121.0 0.1432 119.5

X̃2A1 0.1427 134.9 0.1439 132.0 0.1501 131.6 0.1432* 136.5

Ã2B2 0.1487 102.7 0.1491 99.9 0.1571 108.8 0.1432* 102.5

B̃2A2 0.1506 108.1 0.1504 109.3 0.1553 104.7

C̃2B1 0.1533 118.2 0.1593 109.2 0.1605 118.4 0.1561 119.5*

D̃2A1 0.1504 119.3 0.1533 118.4 0.1581 123.8 0.1514 119.5*

Ẽ2B2 0.1485 110.6 0.1557 101.0 0.1560 110.3

∗assumed to be the same as that of the ground state of neutral SO2.[3]
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Applying the Franck–Condon principle[3] and
compared with the angle of the ground state of SO2,
the increased band angle for the X̃ state was esti-
mated to be 17◦ and the decreased band angle for
the Ã state 17◦. From Table 2, the increased angle
of the X̃2A1 state is 15.8◦ and the decreased angle
of Ã2B2 state is 16.4◦, which are in reasonable ac-
cord with the early measurements.[3] From the above
analysis, the two states of SO+

2 are caused by the exci-
tation of strong bending vibration of SO2. The bond
lengths of C̃2B1 and D̃2A1 states in their equilibrium
geometries are smaller than the experimental values,
and the discrepancies between experiment and the-
ory are 0.0028 nm and 0.001 nm, respectively. For the
B̃2A2 state, the equilibrium geometry is similar to the
CASPT2/ANO-L result, while the equilibrium geom-
etry of Ẽ2B2 state is distinctly different from the ge-
ometry of CASPT2/ANO-L.

3.3.Adiabatic ionization potentials

In Table 3, the AIPs of six electronic states of
SO+

2 are listed and compared with the previous mea-

surements or the ab initio calculated results. The cal-
culated AIPs of SO+

2 in our work are shown in the
second column, the errors between the calculated val-
ues and the experiment values are shown in the third
column. The results obtained by using the SCFMO[12]

method are given in the fourth and fifth columns. The
experimental results from the references (Ref.[4] and
reference therein) are listed in the sixth, seventh, and
eighth columns, respectively. It can be seen from Ta-
ble 3 that the errors between the calculated values
for SAC-CI/cc-pVTZ and the experimental values are
0.2%–4.5%. However, the errors between the calcu-
lated values for SCFMO calculation and the experi-
mental values are 1.5%–15.9%. The AIPs of X̃2A1 and
Ã2B2 are lower than the experimental AIPs, but the
AIPs of C̃2B1, D̃2A1 and Ẽ2B2 are higher than the
experimental AIPs. The adiabatic ionization potential
of B̃2A2 state is 13.26 eV, which is close to the exper-
imental value 13.24 eV, though a little lower than the
13.34 eV. Generally speaking, the SAC-CI/cc-pVTZ
AIPs are close to the experimental values, better than
those obtained by using the SCFMO.

Table 3. The AIPs of ground and exited states of SO+
2 .

symmetry
SAC-CI/cc-pVTZ SCFMO[12] Exp[4]

AIPs/eV % AIPs/eV % AIPs/eV AIPs/eV AIPs/ eV

X̃2A1 12.11 1.6–1.9 11.84 3.8–4.1 12.31 12.35

Ã2B2 12.74 2.1–1.9 11.94 8.2–8.1 13.01 12.99

B̃2A2 13.26 0.2–0.6 12.88 2.7–3.4 13.24 13.34

C̃2B1 16.41 2.7–2.7–3.2 16.23 1.5–1.5–2.1 15.99 15.99 15.90

D̃2A1 16.73 2.5–2.5–2.4 17.28 5.8–5.6–5.8 16.33 16.32 16.34

Ẽ2B2 17.01 3.1–3.1 17.21 4.3–4.3 16.50 16.51

4. Conclusions

The SAC-CI general-R method and the SAC-
CI SD-R method are applied to studying the ion-
ization spectrum of SO2. The main peaks of ion-
ization spectra of SO2 are well obtained by using
the SAC-CI general-R method and the SAC-CI SD-R
method. According to the VIPs, configurations, and
monopole intensities, we assign the electronic states
of SO+

2 as X̃2A1, Ã2B2, B̃2A2, C̃2B1, D̃2A1, Ẽ2B2

and F̃ 2A1 for the main peaks of ionization spectra of
SO2, which are described dominantly by one-electron
process. For the satellite peaks of SO2, the SAC-CI
general-R method reproduces well the structures of
the satellite peaks observed by experimental photo-

electron spectrum. In the satellite bands, most of the
shake-up states are shown to be described dominantly
by two-electron processes, and the 22B1, 32B1 and
42B1 states have a considerable number of 2h1p char-
acters. The equilibrium structures and the AIPs for
the states of X̃2A1-to-Ẽ2B2, calculated by using the
SAC-CI SD-R method, are in accord with the experi-
mental results.

Acknowledgment

All calculations for the present study were carried
out at Shuguang Computer Center of Ludong Univer-
sity, China.



No. 11 Ab initio calculations of the ionization spectrum of SO2 4169

References

[1] Forney D, Kellogg C B, Thompson W E and Jacox M E

2000 J. Chem. Phys. 113 86

[2] Khokhar M F, Frankenberg C, Beirle S, Kühl S, van
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