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This paper applies the symmetry-adapted-cluster/symmetry-adapted-cluster configuration-interaction (SAC/SAC-

CI) method to optimize the structures for X1Σ+, A1Π and C1Σ− states of SiO molecule with the basis sets D95++,

6-311++G and 6-311++G**. Comparing the obtained results with the experiments, it gets the conclusion that the

basis set 6-311++G** is most suitable for the optimal structure calculations of X1Σ+, A1Π and C1Σ− states of SiO

molecule. The whole potential energy curves for these electronic states are further scanned by using SAC/6-311++G**

method for the ground state and SAC-CI/6-311++G** method for the excited states, then use a least square method

to fit Murrell–Sorbie functions, at last the spectroscopic constants and force constants are calculated, which are in good

agreement with the experimental data.
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1. Introduction

To make the molecular spectroscopic properties
understandable thoroughly, it is necessary to set re-
liable physical models of bonding potentials, since
quantitative molecular spectroscopic knowledge can
be derived from the molecular analytic potential en-
ergy function (APEF).[1] With the development of
modern quantum chemical methods and the improve-
ment of computer calculating speed, ab initio can give
progressively more accurate potential energy curves,
especially for the small molecules. It is possible that
more comprehensive and reliable results for higher ex-
cited electronic states can be obtained. There is a
long-standing interest in simple and reliable analyt-
ical models of chemical potentials, which consist of
physically identifiable terms and are based on a lim-
ited number of available theoretical data.

SiO is a kind of extremely good silicon-based
luminescent material. Along with the widespread
applications in optical coating materials, high-silica
glass materials and so on, the study on the proper-
ties of silica system becomes the foundational pop-
ular topic of this material. The molecular poten-

tial energy function is the complete description of the
molecular electronic structure[1−6] and the foundation
for the study of molecular reaction dynamics. For
SiO molecule, the potential energy curve for ground
state[7] has been researched, while that for excited
states has not been studied yet. The SAC/SAC-CI
method,[8−12] which was originally published in 1978
for the study mainly on excited, ionized and electron-
attached states of molecules, has been adopted to cal-
culate various molecules successfully. Therefore, it
is feasible to research the potential energy curves for
X1Σ+, A1Π and C1Σ− states of SiO molecule with
this method.

By optimizing the structures for X1Σ+, A1Π and
C1Σ− states of SiO molecule with this method, do-
ing the group sum of operators (GSUM[13]) scan cal-
culations and fitting the Murrell–Sorbie functions for
these electronic states, we calculate the spectroscopic
constants (ωe, ωeχe, Be, αe) for each state. The cal-
culated results are in good agreement with the experi-
mental data. They provide the theoretical foundations
for the research of the molecular reaction dynamics of
SiO material.
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2. Theoretical method

In order to describe the APEF of molecule, a four-
parameter Murrell–Sorbie function[14−16] has been
used and the expression is

V (ρ) = −De(1 + a1ρ + a2ρ
2 + a3ρ

3) exp(−a1ρ), (1)

where, ρ = R − Re, R is the internuclear distance of
the diatomic molecule, Re is its equilibrium internu-
clear distance and is regarded as a fixed parameter in
the fitting process. The dissociation energy De and
parameters a1, a2, a3 are determined by fitting. The
quadratic, cubic and quartic force constants f2, f3, f4

have been derived from Eq.(1) and are as follows:

f2 = De(a2
1 − 2a2), (2)

f3 = −6De(a3 − a1a2 + a3
1/3), (3)

f4 = De(3a4
1 − 12a2

1a2 + 24a1a3). (4)

For diatomic molecule, the force constants f2, f3,
f4 can be educed[17,18] with the spectroscopic con-
stants ωe, ωeχe, Be, αe and the equilibrium internu-
clear distance Re:

f2 = 4π2µω2
ec2, (5)

f3 = −3f2
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where c is the velocity of light, µ is the reduced mass
of diatomic molecule, and the value of Be is obtained
by

Be =
h

8π2cµR2
e

, (8)

From Eqs.(2)–(8), the following expressions[19]

can be obtained:

ωe =
[
De(a2
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] 1
2
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, (11)
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h

8π2cµR2
e

. (12)

3. Results and discussions

All calculations are carried out using the
SAC/SAC-CI method presented in the Gaussian03
program package.[20] The structures are optimized
for X1Σ+, A1Π and C1Σ− states of SiO molecule
with the SAC/SAC-CI method and different basis sets
which are D95++, 6-311++G and 6-311++G**, and
the results of optimization are listed in Table 1.

Table 1. Optimizational Re(nm) for X1Σ+, A1Π and C1Σ−

states of SiO.

States D95++ 6-311++G 6-311++G** Exp.[21]

X1Σ+ 0.1586 0.1575 0.1512 0.1510

A1Π 0.1734 0.1729 0.1627 0.1620

C1Σ− 0.1846 0.1830 0.1721 0.1727

According to Table 1, the basis set 6-311++G**
has given the best optimizational results for X1Σ+,
A1Π and C1Σ− states of SiO molecule. Especially,
the value of Re for X1Σ+ state is much more approx-
imate to the experimental data[21] than 0.149 nm de-
rived from Ref.[7] and 0.1519 nm derived from Ref.[22].
Then the GSUM scan calculations of SAC/SAC-CI
method are carried out and a series of potential en-
ergy points are gained.

With an exact fit of calculational energies to a
four-parameter Murrell–Sorbie function, the APEFs
for X1Σ+, A1Π and C1Σ− states are obtained. Based
on the APEFs, we calculate the values of parameters
of Murrell–Sorbie function, which are De, a1, a2, a3

and the force constants f2, f3, f4, and then list them
in Table 2.

Table 2. The M–S parameters and force constants for X1Σ+, A1Π and C1Σ−states of SiO.

States De/eV a1/nm−1 a2/nm−2 a3/nm−3 f2/aJ · nm−2 f3/aJ · nm−3 f4/aJ · nm−4

SAC 9.236 35.81 252.4 1063 1150.973 –65131.06 2907207.4

X1Σ+ Ref.[7] 9.511 38.46 175.6 1611 17.188 –788.68 4692.7

Exp.[21] 8.337 32.08 168.5 1217 · · · · · · · · ·
A1Π SAC-CI 3.569 38.16 212.6 556 589.568 –37624.10 1804472.0

C1Σ− SAC-CI 2.431 43.69 412.4 1533 422.232 –26444.17 1204613.0
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According to Table 2, the results of De, a1 and
a3 for X1Σ+ state are in good agreement with the
experimental data. The disparities of force constants
f2, f3, f4 between this work and Ref.[7] are large for
X1Σ+ state. However, these results are believed to be
accurate since the spectroscopic constants calculated
by f2, f3, f4 are in good agreement with the experi-
mental data. So far, the experimental data for A1Π
and C1Σ− states have not yet been found. The po-
tential energy curves with these states obtained from
SAC/SAC-CI calculations are shown in Fig.1.

According to Fig.1, the dissociation energy ob-
tained from energy scanning for each state is consis-
tent quite well with the result obtained from fitting
and the APEFs on the whole are in good agreement
with ab initio values. It shows that the Murrell–Sorbie
function is suitable for the description of potential en-
ergy curves of diatomic molecule and the SAC/SAC-
CI method can be applied to the study of the potential
energy curves for X1Σ+, A1Π and C1Σ− states of
SiO molecule. In order to test the accuracy of APEFs
for these electronic states, the spectroscopic constants
for X1Σ+, A1Π and C1Σ− states are calculated using
Eqs.(9)–(12). They are listed in Table 3.

Table 3 shows the comparison of our spectroscopic
constants with the experimental data. The relative er-
rors of ωe, ωeχe, αe and Be between our results and

Fig.1. Potential energy curves for X1Σ+, A1Π and

C1Σ− states of SiO. Solid curve: fitting result; ◦∆•:
scanned result (1 Å= 0.1 nm).

experimental data are 11.5%, 2.5%, 1.2% and 14.0%
for X1Σ+ state, 16.3%, 19.9%, 2.5% and 7.5% for
A1Π state, 13.4%, 78.7%, 3.1% and 15.4% for C1Σ−

state respectively. Obviously, the results obtained by
SAC/SAC-CI method for these states are nearly con-
sistent with the experimental data. What is more,
the calculations for the ground state X1Σ+ are more
approximate to experimental data[21] than those in
Ref.[7].

Table 3. Spectroscopic constants for X1Σ+, A1Π and C1Σ− states of SiO.

States ωe/cm−1 ωeχe/cm−1 Be/cm−1 αe/cm−1

SAC 1385.1 5.82 0.736 0.0043

X1Σ+ Ref.[7] 1426.1 2.68 0.746 0.0030

Exp.[21] 1241.6 5.97 0.727 0.0050

SAC-CI 991.4 7.71 0.647 0.0061

A1Π Exp.[21] 852.8 6.43 0.631 0.0066

SAC-CI 839.0 7.63 0.573 0.0060

C1Σ− Exp.[21] 740.0 4.27 0.556 0.0052

4. Conclusions

The APEFs of X1Σ+, A1Π and C1Σ− states
of SiO molecule have been calculated by using
SAC/SAC-CI method and have been used to com-
pute the spectroscopic constants and force constants.
Favourable agreement is found in comparison with
the experimental data, which implies that the present

work is more competent and in better agreement than
previous studies. This proves that the Murrell–Sorbie
function is suitable for the description of potential en-
ergy curves of diatomic molecule, and the SAC/SAC-
CI method is effective for the study of ground and
lower excited states of diatomic molecule. The results
obtained here provide the theoretical foundations for
the research of the molecular reaction dynamics of SiO
material.
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