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Accurate spectroscopic constants of the lowest two electronic
states in S2 molecule with explicitly correlated method∗
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A computational scheme for accurate spectroscopic constants was presented in this work and applied to the lowest
two electronic states of sulfur dimer. A high-level ab initio calculation utilizing explicitly correlated multireference con-
figuration interaction method (MRCI-F12) was performed to compute the potential energy curves (PECs) of the ground
triplet X3Σ−g and first excited singlet a1∆g states of sulfur dimer with cc-pCVXZ-F12(X = T, Q) basis sets. The effects
of Davidson modification, core–valence correlation correction, and scalar relativistic correction on the spectroscopic con-
stants were examined. The vibration–rotation spectra of the two electronic states were provided. Our computational results
show excellent agreement with existing available experimental values, and the errors of main spectroscopic constants are
within 0.1% order of magnitude. The present computational scheme is cheap and accurate, which is expected for extensive
investigations on the potential energy curves or surfaces of other molecular systems.
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1. Introduction
The homonuclear diatomic sulfur molecule (S2) was ob-

served in cometary atmosphere,[1–3] Jupiter’s atmosphere af-
ter the impact of the Shoemaker–Levy 9 comet,[4] and inter-
stellar dense molecular clouds.[5–7] Moreover, S2 has been
found in various sulfur-containing compound plasmas and is
regarded as an important intermediate in the combustion pro-
cess containing sulfur elements. As the system is isovalent
with the oxygen molecule, S2 is closely related to the fields of
photochemistry of Venus’s atmosphere[8–10] and circumstellar
photochemistry.[11]

Over the past decades, the electronic structure and spec-
troscopic properties have attracted wide theoretical and exper-
imental research interest,[7,12–21] in which amounts of accurate
spectroscopic parameters of the S2 dimer were systematically
summarized by Huber and Herzberg[21] in 1979. Since the
bands of the B3Σ−u –X3Σ−g system in the UV region were first
observed by Graham in 1910,[12] early observations focused
on the spin-allowed transitions in S2, and many experimental
studies (for reference, see[13–16,22] and references therein) fo-
cused on the predissociation of B3Σ−u state, and perturbations
between B3Σ−u state and nearby electronic states like triplet
B′′3Πu and singlet 1Πu states. Besides, the spin-forbidden, i.e.,
magnetic dipole and electric quadrupole transitions in O2 and
its isovalent systems were recorded (SO,[23,24] O2

[25–28]), and
the spectroscopic constants and vibrational–rotational levels
were experimentally determined. Similarly, as for the isova-
lent system, S2, Fink et al.[18] in 1986 recorded the emission

spectrum of the b1Σ+
g –X3Σ−g system in near UV region, that

is, 0–0, 0–1, 1–1 bands of the b1Σ+
g –X3Σ−g transition utilizing

a Bomem interferometer with high resolution, while the accu-
rate molecular constants of the b1Σ+

g and the X3Σ−g states were
deduced in the literature. In 2003, Setzer et al.[19] observed
the 0–0 emission band of the a1∆g–X3Σ−g magnetic dipole
moment transitions for the sulfur dimer in near 4400 cm−1

infrared region, and the weak medium-resolution transition
spectra of a1∆g–X3Σ−g system of the sulfur molecule were ob-
served using a Fourier-transition spectrometer, and the rota-
tional constants of the a1∆g and X3Σ−g states were determined.
At the same time, they evaluated the T00 = 4394.25±0.2 cm−1

of the 0–0 band of the a1∆g–X3Σ−g system for the sulfur dimer.
Furthermore, Green et al.[17] refined the spectroscopic con-
stants of the vibrational energy levels (ν ′′ = 0–5, 7) for the
ground X3Σ−g state by analysis of the laser-induced fluores-
cence spectra of the molecule. Furthermore, the bond energy
D0 of the sulfur dimer was determined by Frederix et al.[7] in
the photodissociation of the molecule for the first dissociation
limit by velocity map imaging and the ionization energy value
were obtained by Liao et al.[20] through the analysis of high-
resolution photoionization spectra of the sulfur dimer in near
infrared region of 600–1350 cm−1 using an oven-type super-
sonic beam method.

Very recently, motivated by singlet–triplet experimen-
tal observations in S2 dimer, the spectroscopic properties of
low-lying singlet electronic states attracted much theoretical
interest.[29,30] The ab initio investigations on the low-lying
states in S2 have a long history. Swope et al.[31] first per-
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formed ab initio configuration interaction calculations on the
ground and low-lying excited states. Then, Theodorakopou-
los et al.[32] investigated the X3Σ−g , a1∆g, and b1Σ+

g states
using large-scale configuration interaction method employing
atomic orbital (AO) basis sets, and some spectroscopic con-
stants for the three states were obtained in this literature. Sub-
sequently, Hess and Buenker[33] performed the multireference
single- and double-excitation configuration (MRDCI) wave-
functions and evaluated the spectroscopic constants values of
ωe, Re for the X3Σ−g , a1∆g, and b1Σ+

g states. Later, Mclean
et al.[34] undertook the self-consistent field (SCF) calculation
for the ground X3Σ−g state of second row diatomic molecules
and cation molecules at the basis set limit for SCF and limited
CI wave functions, and estimated the spectroscopic constants
of the X3Σ−g state. Moreover, Pradhan et al.[35] determined
the potential energy curves (PECs) and the spectroscopic con-
stants of the X3Σ−g , B3Σ−u , and B′′3Πu states of sulfur dimer uti-
lizing multireference configuration interaction (MRCI) calcu-
lations with correlation consistent basis sets. In 2000, Kiljunen
et al.[36] deduced the spectroscopic parameters and the PECs
of the X3Σ−g , a1∆g as well as eleven low-lying bound states
for the sulfur dimer in solid argon through MRCI calcula-
tion with the correlation consistent cc-pCVQZ basis set. In
2004, Denis[37] estimated the bond length and harmonic con-
stants of the ground state for the SX (X : first- or second-row
atom) diatomics. In 2010, Karton and Martin[38] evaluated
some spectroscopic parameters (ωe, ωeχe, αe, and Re ) of the
ground-state X3Σ−g via performing the W4 and post-W4 the-
ories. More recently, Xing et al.[39] calculated the PECs and
the spectroscopic constants of some low-lying states includ-
ing the X3Σ−g and a1∆g with conventional MRCI method and
extrapolated to complete basis set (CBS).

In this work, we present a computational scheme to get
accurate spectroscopic constants of a diatomic molecule, and
choose the lowest two electronic states of S2 as a case study. In
the determination of the spectroscopic constants, the interpo-
lation method is used to solve the radial Schrödinger equation.
We performed the explicitly correlated multireference config-
uration interaction method for the lowest X3Σ−g and a1∆g states
of the sulfur dimer with Davidson correction (+ Q), core–
valence (CV) effect and scalar relativistic (SR) effect (mass–
velocity term and Darwin term). Moreover, on the basis of
the computed PECs of the two states, we computed the spec-
troscopic parameters, and the corrections effects on spectro-
scopic constants. Finally, based on the PECs of the X3Σ−g and
a1∆g states of the sulfur dimer determined by the MRCI-F12
approach, the vibration-dependent rotational constant Bν , cen-
trifugal distortion constant Dν , and vibrational energy levels
Gν of the two states were also obtained by numerically solv-
ing the one-dimensional ro-vibrational Schrödinger equations.

2. Methods and computed details
In this work, a high level ab initio calculation for the

sulfur dimer was performed by the MOLPRO-2012 program
package.[40] The point group of the sulfur molecule is D∞h.
However, owing to the limitation of the procedure, all of the
calculations were carried out in the D2h subgroup of the D∞h

point group. The correlating relationships of irreducible rep-
resentations between D2h and D∞h point groups are Σ+

g –Ag,
Σ−g –B1g, Σ−u –Au, Σ+

u –B1u, ∆u–B1u + Au, ∆g–B1g + Ag, Πu–
B2u+B3u, and Πg–B3g +B2g. The correlation consistent ba-
sis sets cc-pVXZ-F12(VXZ) and cc-pCVXZ-F12[41] (CVXZ)
(X = T, Q) were employed to describe the sulfur atom, at a
series of given molecular internuclear distances between 1.5–
6.0 Å for PECs of the two electronic states for the sulfur
dimer. We firstly carried out the Hartree–Fock self-consistent
field method to obtain the starting molecular orbital (MO)
wavefunctions. Subsequently, the PECs of the X3Σ−g and
a1∆g states were yielded via the state-averaged complete ac-
tive space self-consistent field (CASSCF) approach[42,43] by
utilizing the reference wavefunctions from the Hartree–Fock
method. In the CASSCF calculations, the active space con-
sists of eight MOs: two Ag, one B3u, one B2u, two B1u, one
B2g, one B3g symmetric MO, corresponding to the 3s3p atomic
orbits of S, while ten MOs: three Ag, one B3u, one B2u,
three B1u, one B2g, one B3g symmetric MOs closely corre-
spond to the inner-shell 1s2s2p atomic orbits of S atom. Fi-
nally, we carried out the explicitly correlated multireference
configuration interaction (MRCI-F12) calculations[44] for the
sulfur molecule, in which the CASSCF wave functions were
treated as the expanding referenced wave functions of the
MRCI-F12 method. In addition, the size-consistency correc-
tion was taken into account through Davidson correction.[45]

The core–valence correlation correction calculations[46] in-
duced by the n = 2 shell of S atom were estimated by MRCI-
F12 method and the 1s orbital of the S atom was excluded
in the CV calculations. Moreover, we also introduced the
scalar relativistic effect into our study utilizing second-order
Douglas–Kroll[47] and Hess (DKH)[48] one-electron integrals
with MRCI method in combination with uncontacted aug-cc-
pVQZ basis set.[49] Finally, on the basis of the PECs plotted
by different method, we obtained the spectroscopic parameters
of the X3Σ−g and a1∆g states of the sulfur dimer by solving the
nuclear Schrödinger equations utilizing numerical integration
LEVEL procedure.[50]

3. Results and discussion
3.1. Spectroscopic constants

In our work, the high-level calculations on the ground
X3Σ−g have been carried out at different levels of theory. The
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Table 1. Spectroscopic constants of X3Σ−g state at different levels.

Method Ref. Te ωe/cm−1 ωexe/cm−1 αe/cm−1 Be/cm−1 Re/Å De/eV

MRCI-F12/VTZ This work 0.0 720.7457 2.8776 0.00161 0.2929 1.8975 4.276

MRCI-F12/VQZ This work 0.0 721.5907 2.8482 0.00159 0.2930 1.8971 4.310

MRCI-F12+Q/VTZ This work 0.0 722.2678 2.8782 0.00160 0.2930 1.8972 4.380

MRCI-F12+Q/VQZ This work 0.0 723.1611 2.8440 0.00159 0.2931 1.8968 4.422

MRCI-F12/CVTZ This work 0.0 724.6092 2.8867 0.00162 0.2950 1.8907 4.244

MRCI-F12/CVQZ This work 0.0 725.8247 2.8630 0.00159 0.2952 1.8899 4.274

MRCI-F12+Q/CVTZ This work 0.0 728.0085 2.8846 0.00161 0.2956 1.8887 4.394

MRCI-F12+Q/CVQZ This work 0.0 729.2966 2.8549 0.00158 0.2958 1.8880 4.431

∆SR(MRCI/VQZ) This work +0.0 −1.8697 −0.0112 +0.00002 +0.0000 +0.0001 −0.014

MRCI-F12+Q/CVTZ+SR This work 0.0 726.1388 2.8734 0.00163 0.2956 1.8888 4.380

MRCI-F12+Q/CVQZ+SR This work 0.0 727.4269 2.8437 0.00160 0.2958 1.8881 4.417

Cal.[34] 0.0 1.895 3.82

Cal.[35] 0.0 719.8 2.81 0.00148 1.8960 4.392±0.03

Cal.[36] 0.0 721.5 3.96 1.901 4.296

Cal.[37] 0.0 723.3 1.8873a

Cal.[38] 0.0 727.48 2.86 0.00159 1.8887

Cal.[39] 0.0 724.960 2.886 0.001595 0.29464 1.8918 4.4090

Expt.[7] 0.0 4.4184 (D0)

Expt.[22] 0.0 727.848 3.0195

Expt.[21] 0.0 725.65 2.844 0.00157 0.29547 1.8892 4.4142

PECs of the X3Σ−g is calculated with the step lengths of 0.05 Å
for R= 1.5–3.5 Å, 1.0 Å for R= 4.0–6.0 Å. The corresponding
spectroscopic constants are determined by solving the corre-
sponding nuclear Schrödinger equations and numerically tab-
ulated in Table 1, including the adiabatic excitation energy Te,
vibrational constants ωe, and ωeχe, equilibrium internuclear
distance Re, rotational constant Be, and vibrational–rotational
coupling constant αe, and dissociation energy De. The re-
lated theoretical and the experimental results reported in the
literature[7,21,22,34–39] are also listed in Table 1 for comparison.

The spectroscopic constants of the ground X3Σ−g state are
obtained from the MRCI-F12 calculations with and without
the Davidson correction, SR effect, and CV effect employed
triple and quadruple zeta basis sets. As shown in Table 1,
for the spectroscopic constants, both the values computed at
MRCI-F12/VQZ level and those from VTZ basis set are very
close to computed values extrapolated from complete basis
set. Additionally, according to the present estimated values,
we found the dependence on the basis set of the spectroscopic
constants are not sensitive, the differences for the computed
values at the MRCI-F12 level between VTZ and VQZ basis
sets are merely less than 1 cm−1 for harmonic constant ωe,
0.1 cm−1 for ωeχe, and on 10−4 angstrom order. However,
the basis sets effect on dissociation energy De of the X3Σ−g
is relatively significant, the De value improves ∼ 0.036 eV
(∼ 8%) when VQZ basis set is adopted. However, though
the basis set effect is not significant for the spectroscopic con-
stants of the X3Σ−g , slight improvements are still observed at
larger basis set. Similarly, as displayed in Table 1, the basis

set dependence is not sensitive for the spectroscopic constants
when considering Davidson correction, while computed val-
ues in the VQZ basis set are still closer to the accurate ex-
perimental values[7,21] than those in VTZ basis set. However,
Davidson correction improves the dissociation energy signif-
icantly, the improvement reaches 0.11 eV both by VTZ and
VQZ basis set; the correction makes the De’s deviation from
experiment results[7,21] reduce to 10−2 eV. Therefore, it indi-
cates that the Davidson correction is important to overcome
the size-extensivity problem for the MRCI-F12 approach as
well as traditional MRCI method. Moreover, by comparing
the computed results from CVXZ and those from VXZ (X =T,
Q) at the MRCI-F12 level, it is found that the CV correction
shortens the equilibrium bond distance of the ground-state of
S2, and reduce the error by ∼ 0.007 angstrom compared with
the experimental value[21] of 1.8892 Å. At the same time, we
found that the rotational constant value Be is improved with
more accurate Re value. Compared with the experimental
values,[21] the harmonic constant ωe improves by ∼ 4 cm−1,
while the ωeχe value becomes slightly worse when introduc-
ing CV effect. It should be mentioned that the CV effect
makes the dissociation energy value deviate from the experi-
mental value,[21] only by considering the Davidson correction,
the De value becomes comparable with previous MRCI/CBS
value,[35] and the deviation from experimental values[21] re-
duces to < 0.02 eV. Furthermore, we discuss the influence of
the SR effect on the spectroscopic constants. According to
Table 1, the SR correction improves Re by 0.0001 angstrom,
which is consistent with the previous computational result.[51]
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The SR effect on Be and αe is insignificant, and the SR cor-
rection improves ωe and ωeχe by −1.87 and −0.01 cm−1,
respectively, but the SR correction significantly improves De

value[21] by −0.014 eV. For the dissociation energy value,
debates still exist in experiments.[7,21] Hence more theoret-
ical efforts are needed to explore the behaviors of PECs in
the ground atomic asymptote, especially the spin-orbit in-
teractions between ground state and excited states. In the
present work, we follow the compiled experimental value[21]

of De. Finally, with inclusion of all corrections discussed
above, we list the computed spectroscopic constants at MRCI-
F12 + Q/CVXZ + SR (X = T, Q) level. Generally, as exhib-
ited in Table 1, the MRCI-F12+Q/CVQZ+SR method give
better dissociation energy De and anharmonic constant αe,
which are important to obtain high vibrational levels. Compar-
ing with experimental results,[21] the deviations of our present
computational strategy at MRCI-F12+Q/CVQZ+SR level are
∼ 0.001 angstrom (∼0.5%) for Re, < 2 cm−1 (0.3%) for har-
monic frequency, and∼ 0.003 eV (∼ 25 cm−1, 0.07%) for De,
other spectroscopic constants are almost the same as the ex-
perimental values.[21] Moreover, the present computations are
very cheap with ∼ 106 configuration state functions and could
be performed on a personal computer.

With the same computational scheme, we perform MRCI-

F12 computations to obtain PECs of a1∆g state, and the fit-
ted spectroscopic constants are listed in Table 2. On the
whole, from Table 2, the computational results of a1∆g state
at the different levels also confirm the conclusions summa-
rized above. The comparison between the computational re-
sults at MRCI-F12+Q/CVQZ+SR level and the experimen-
tal values[19,21] indicates that the errors of the Re and ωe are
0.0004 angstrom and less than 1 cm−1, respectively. Our com-
puted values of ωeχe, Be, and αe are all well reproduced by
the experiments.[19,21] To the best of our knowledge, no exper-
imental value for dissociation energy of a1∆g state is found.
Our computed values are close to the previous theoretical
ones.[36–39] For the transition energy Te, the early experiment
reported an approximate value[21] of 4700 cm−1, while the
previous theoretical values[32–36] differ from each other. The
recent experimentally determined T00 value[19] is 4394 cm−1.
So according to T00 value,[19] we estimated the Te of the a1∆g

state is 4405 cm−1 within conclusion of experimental zero-
point energy. From Table 2, our computed value Te are 4395
and 4381 cm−1 determined at the MRCI-F12 + Q/CVQZ + SR
and MRCI-F12 + Q/CVQZ + SR levels, respectively, with de-
viations of less than 25 cm−1 (0.5%) from the deduced exper-
imental value 4405 cm−1.

Table 2. Spectroscopic constants of a1∆g state at different levels.

Method Ref. Te/cm−1 ωe/cm−1 ωexe/cm−1 αe/cm−1 Be/cm−1 Re/Å De/eV

MRCI-F12/VTZ This work 4561.8642 698.4702 3.1178 0.00168 0.2914 1.9020 3.695

MRCI-F12/VQZ This work 4461.0082 695.8317 3.0983 0.00169 0.2896 1.9080 3.735

MRCI-F12+Q/VTZ This work 4359.3382 698.3399 3.1219 0.00170 0.2900 1.9065 3.829

MRCI-F12+Q/VQZ This work 4330.7791 699.8496 3.0806 0.00169 0.2902 1.9065 3.865

MRCI-F12/CVTZ This work 4569.5716 696.9502 3.1477 0.00173 0.2912 1.9035 3.662

MRCI-F12/CVQZ This work 4561.8642 698.4702 3.1178 0.00168 0.2914 1.9020 3.689

MRCI-F12+Q/CVTZ This work 4398.2000 702.9744 3.1201 0.00172 0.2923 1.8995 3.838

MRCI-F12+Q/CVQZ This work 4384.4248 704.6814 3.0831 0.00171 0.2926 1.8985 3.870

∆SR(MRCI/VQZ) This work –2.9583 –1.8968 –0.0102 –0.00002 –0.0001 +0.0002 –0.013

MRCI-F12+Q/CVTZ+SR This work 4395.2417 701.0776 3.1099 0.00170 0.2922 1.8997 3.825

MRCI-F12+Q/CVQZ+SR This work 4381.4665 702.7846 3.0729 0.00169 0.2925 1.8987 3.857

Cal.[32] 4629.62 726 1.925

Cal.[33] 702 1.95

Cal.[36] 4458a 684.9 3.00 1.918 3.741

Cal.[39] 4322.99 699.680 3.102 0.001676 0.29110 1.9033 3.8631

Expt.[21] [4700]b 702.35 3.09 0.00173 0.29262 1.8983

Expt.[13] 4395

Expt.[19] 4394.25a 4405.964c 702.35 3.09 0.00173 0.29262

aT00 value.

bThe value in the brackets is not uncertain.
cEstimated with experimental Te and zero-point energy (1/2ωe−1/4ωexe).

3.2. Rotation–vibration spectrum

On the basis of the PECs deduced from the MRCI-
F12+Q/VQZ+CV+SR computations, we obtained vibrational

information of the X3Σ−g and a1∆g states. In total 77 vibra-

tional levels for the X3Σ−g state and 71 vibrational levels for

the a1∆g state are found, and only the first 10 levels of the
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two states are listed in Tables 3 and 4, respectively. As listed
in Table 3, only a few experimental values of vibrational en-
ergy levels are available, that is, v = 0–5 and v = 7 levels. For
the v = 0–5 vibrational levels, the deviations between present
work and experiment results[17] are in the range of 2–10 cm−1;
for the v = 7 level, our computed value differs from the ex-
perimental one by 12 cm−1,[17] while the relative errors for all
available energy levels are in the range of 0.2%–0.3%, indicat-
ing the extensibility of present computational scheme. Since
no experimental values for vibrational levels of a1∆g state are
found, we only list our calculated values. Our computed rota-
tional constants for each given vibrational levels Gv, Bv, and
Dv, are also listed in Tables 3 and 4 for further comparisons
with experiments.

Table 3. Vibrational levels Gν , vibrational term values G(v) = Gv−G0
and rotational constants (Bν ,Dν ) of X3Σ−g for the sulfur dimer deduced
from MRCI-F12(+ Q)/CVQZ + CV + SR method (all data are in units of
cm−1).

ν J Gν

G(v)
Bν Dν/10−7

This work Expt.[17]

0 0 363.1 0 0 0.29499 1.957
1 0 1084.9 722 720 0.29340 1.960
2 0 1800.9 1438 1434 0.29180 1.964
3 0 2511.3 2148 2143 0.29020 1.967
4 0 3215.9 2853 2846 0.28861 1.971
5 0 3914.9 3552 3543 0.28701 1.974
6 0 4608.2 4245 – 0.28541 1.978
7 0 5295.8 4933 4920 0.28381 1.982
8 0 5977.7 5615 – 0.28221 1.986
9 0 6654.0 6291 – 0.28061 1.990

Table 4. Vibrational levels Gν , vibrational term values G(v) = Gv−G0
and rotational constants (Bν ,Dν ) of a1∆g for the sulfur dimer deduced
from MRCI-F12( + Q)/CVQZ + CV + SR method (all data are in unit of
cm−1).

ν J Gν Bν Dν /10−7

0 0 4732.0 0.29166 2.030
1 0 5428.6 0.28997 2.036
2 0 6119.1 0.28829 2.042
3 0 6803.4 0.28660 2.048
4 0 7481.7 0.28490 2.055
5 0 8153.8 0.28321 2.062
6 0 8819.7 0.28150 2.068
7 0 9479.5 0.27980 2.078
8 0 10133.1 0.27809 2.085
9 0 10780.6 0.27638 2.094

4. Conclusions
In this paper, we present a cheap computational strat-

egy to obtain accurate spectroscopic constants of the lowest
two electronic states in S2 with recently developed, explicitly
correlated MRCI-F12 approach. The computed PECs of the
X3Σ−g and a1∆g states at the MRCI-F12/CVQZ level result in
accurate spectroscopic constants with an error of 0.1% order

of magnitude with inclusion of Davidson correction, CV cor-
relation, and SR effect. Subsequently, the vibration–rotation
spectra of the two electronic states are yielded for further ex-
perimental comparisons. Some conclusions are summarized
as follows.

i) Computations for the ground X3Σ−g and lowest excited
electronic a1∆g states in S2 indicate insensitive basis-set de-
pendence of MRCI-F12 method.

ii) Davidson correction and SR effect are both important
to achieve reasonable dissociation energy De. CV effect is sig-
nificant for the equilibrium internuclear distance.

The present computational strategy shows good extensi-
bility, which is expected to be applied extensively to other di-
atomic systems.

References
[1] A’Hearn M F, Feldman P D and Schleicher D G 1983 Astrophys. J. 274

99
[2] Grim R J A and Greenbery J M 1987 Astron. Astrophys. 181 155
[3] Kim S J, A’Hean M F and Larson S M 1990 Icarus 87 440
[4] Maurellis A N and Cravens T E 2001 Icarus 154 350
[5] Liszt H S 1978 Astrophys. J. 219 67
[6] Mitchell G F 1984 Astrophys. J. 287 665
[7] Frederix P W J M, Yang C H, Groenenboom G C and Parker D H 2009

J. Phys. Chem. A 113 14995
[8] Lewis J S and Kreimendahl F A 1980 Icarus 42 330
[9] Zolotov M Y 1985 Lunar Planet. Sci. 16 942

[10] Shnitko I, Fulara J and Garkusha I 2008 Chem. Phys. 346 8
[11] Glassgold A E 1996 Annu. Rev. Astron. Astrophys. 34 241
[12] Graham J I 1910 Proc. R. Soc. London Ser. A 84 311
[13] Bondybey V E and English J H 1980 J. Chem. Phys. 72 3113
[14] Patiño B and Barrow R F 1982 J. Chem. Soc. Faraday Trans. 78 1271
[15] Matsumi Y, Munakata T and Kasuya T 1984 J. Chem. Phys. 81 1108
[16] Green M E and Western C M 1997 J. Chem. Soc. Faraday Trans. 93

365
[17] Green M E and Western C M 1996 J. Chem. Phys. 104 848
[18] Fink E H, Kruse H and Ramsay D A 1986 J. Mol. Spectrosc. 119 377
[19] Setzer K D, Kalb M and Fink E H 2003 J. Mol. Spectrosc. 221 127
[20] Liao C L and Ng C Y 1986 J. Chem. Phys. 84 778
[21] Huber K P and Herzberg G 1979 Molecular Spectra and Molecu-

larStructure IV, Constants of Diatomic Molecules
[22] Peterson D A and Schlie L A 1980 J. Chem. Phys. 73 1551
[23] Setzer K D, Fink E H and Ramsay D A 1999 J. Mol. Spectrosc. 198

163
[24] Wildt J, Fink E H, Winter R and Zabel F 1983 Chem. Phys. 80 167
[25] Cheah S L, Lee Y P and Ogilvie J F 2000 J. Quant. Spectrosc. Radiat.

Transfer 64 467
[26] Antonov I O, Azyazov V N and Ufimtsev N I 2003 J. Chem. Phys. 119

10638
[27] Slanger T G, Cosby P C, Huestis D L and Osterbrock D E 2000 J.

Geophys. Res. 105 20557
[28] Goldman A, Stephen T M, Rothman L S, Giver L P, Mandin J Y,

Gamache R R, Romsland C P and Murcray F J 2003 J. Geophys. Res.
105 20557

[29] Zhang L L, Gao S B, Meng Q T and Song Y Z 2015 Chin. Phys. B 24
013101

[30] Zhang L L, Zhang J, Meng Q T and Song Y Z 2015 Phys. Scr. 90
035403

[31] Swope W C, Lee Y P and Schaefer H F 1979 J. Chern. Phys. 70 947
[32] Theodorakopoulos G, Peyerimhoff S D, and Buenker R J 1981 Chem.

Phys. Lett. 81 413
[33] Hess B A, Buenker R J, Marian C M and Peyerimhoff S D 1982 Chem.

Phys. 71 79
[34] McLean A D, Liu B and Chandler G S 1984 J. Chem. Phys. 80 5130

013102-5

http://dx.doi.org/10.1086/184158
http://dx.doi.org/10.1086/184158
http://dx.doi.org/10.1016/0019-1035(90)90147-2
http://dx.doi.org/10.1086/182608
http://dx.doi.org/10.1086/162723
http://dx.doi.org/10.1021/jp905104u
http://dx.doi.org/10.1021/jp905104u
http://dx.doi.org/10.1016/0019-1035(80)90098-6
http://dx.doi.org/10.1016/j.chemphys.2008.01.005
http://dx.doi.org/10.1146/annurev.astro.34.1.241
http://dx.doi.org/10.1098/rspa.1910.0077
http://dx.doi.org/10.1063/1.439543
http://dx.doi.org/10.1039/f29827801271
http://dx.doi.org/10.1063/1.447804
http://dx.doi.org/10.1039/a606591k
http://dx.doi.org/10.1039/a606591k
http://dx.doi.org/10.1063/1.470810
http://dx.doi.org/10.1016/0022-2852(86)90032-9
http://dx.doi.org/10.1016/S0022-2852(03)00174-7
http://dx.doi.org/10.1063/1.450576
http://dx.doi.org/10.1063/1.440335
http://dx.doi.org/10.1006/jmsp.1999.7943
http://dx.doi.org/10.1006/jmsp.1999.7943
http://dx.doi.org/10.1016/0301-0104(83)85177-5
http://dx.doi.org/10.1016/S0022-4073(99)00126-0
http://dx.doi.org/10.1016/S0022-4073(99)00126-0
http://dx.doi.org/10.1063/1.1621620
http://dx.doi.org/10.1063/1.1621620
http://dx.doi.org/10.1029/2000JD900256
http://dx.doi.org/10.1029/2000JD900256
http://dx.doi.org/10.1088/1674-1056/24/1/013101
http://dx.doi.org/10.1088/1674-1056/24/1/013101
http://dx.doi.org/10.1088/0031-8949/90/3/035403
http://dx.doi.org/10.1088/0031-8949/90/3/035403
http://dx.doi.org/10.1063/1.437484
http://dx.doi.org/10.1016/0009-2614(81)85641-2
http://dx.doi.org/10.1016/0009-2614(81)85641-2
http://dx.doi.org/10.1016/0301-0104(82)87007-9
http://dx.doi.org/10.1016/0301-0104(82)87007-9
http://dx.doi.org/10.1063/1.446584


Chin. Phys. B Vol. 25, No. 1 (2016) 013102

[35] Pradhan A D and Partridge H 1996 Chem. Phys. Lett. 255 163
[36] Kiljunen T, Eloranta J, Kunttu H, Khriachtchev L, Pettersson M and

Räsänen M 2000 J. Chem. Phys. 112 7475
[37] Denis P A 2004 J. Phys. Chem. A 108 11092
[38] Karton A and Martin J M L 2010 J. Chem. Phys. 133 144102
[39] Wei X, Shi D H, Sun J F, Liu H and Zhu Z L 2013 Mol. Phys. 111 673
[40] Werner H J, Knowles P J, Knizia G, Manby F R, Schütz M and others
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