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Abstract. The potential energy curves (PECs) of ten Q) states (X2H1/273/2, a41'[1/271/2’3/275/2, B2H1/273/2
and H?II; 2 3/2) generated from four A-S states (X°II, a’Il, B*II and H?II) of the NS radical are studied
in detail for the first time using an ab initio quantum chemical method. All the PEC calculations are
performed for internuclear separations from 0.10 to 1.11 nm by the complete active space self-consistent
field method followed by the internally contracted multireference configuration interaction approach with
the Davidson modifications (MRCI+ Q). The spin-orbit coupling (SO) effect is accounted for by the Breit-
Pauli Hamiltonian. To discuss the effect on the energy splitting by the core-electron correlations, two
all-electron basis sets, cc-pCVTZ and cc-pVTZ, are used for the SO coupling calculations. To improve
the quality of the PECs, core-valence correlation and relativistic corrections are included. Core-valence
correlation corrections are included with a cc-pCVTZ basis set. Relativistic correction calculations are
carried out using the third-order Douglas-Kroll Hamiltonian approximation at the level of a cc-pV5Z
basis set. The spectroscopic parameters of four A-S states and ten (2 states are calculated. Excellent
agreement is found between the present results and the measurements. Using the PECs obtained by the
MRCI+ Q/AV5Z + CV + DK + SO calculations, the G(v), B, and D, are calculated for each vibrational
state of each () state, and those of the first 30 vibrational states are reported for the )(21_[1/27 )(21_[3/27
B2H1/2 and B2H3/2 states of the 1*N328 radical. The spectroscopic parameters of four € states of the a*Il
and the G(v), B, and D, of the X2H1/2, X2H3/2, B2H1/2 and B2H3/2 states reported here are expected

to be reliable predicted results.

1 Introduction

The NS radical is a molecule of interest to interstellar as
well as laboratory spectroscopy. On the one hand, it is of
fundamental importance in the interstellar fields of nitro-
gen chemistry [1] and sulfur chemistry [2]. For example,
it was first identified in Sg2 B2 [3], then was detected in
cold dark [4,5] and in warm [6] interstellar clouds, and
recently was observed in Comet Hale-Bopp [7]; on the
other hand, the NS is also important in combustion chem-
istry and in solid-state chemistry since the (NS), polymers
have metallic conductivity properties [8]. The NS has a
2TI, ground state, and thus possesses fine structure and
A-doubling. Because of the quadrupole moment of N nu-
cleus, the A-doubling levels are further split by hyperfine
structure [7]. Therefore, each rotational transition consists
of two sets of hyperfine components. These hyperfine rota-
tion transitions have important applications in interstellar
fields. To clarify the hyperfine structure of rotation transi-
tions, accurate knowledge of the spin-orbit (SO) coupling
splitting of the radical must be understood in detail. For
the reason, the effect on the spectroscopic and molecular
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properties of the NS radical by the SO coupling splitting
has been widely investigated, especially in experiment.

The NS radical has been the topic of wide experi-
mental interest for a long time. In history, Fowler and
Bakker [9] in 1932 made the first observation on its spec-
trum. Zeeman [10] in 1951 remeasured these bands and ac-
curately determined the energy splitting of the X?II /2,1/2
components for the first time. Barrow et al. [11] in 1954
performed the rotational analysis of the 3 band system,
and obtained the spectroscopic parameters of seven ()
states. Smith and Meyer [12] in 1964 observed the emission
spectrum in active nitrogen-sulfur compound flames, and
evaluated the spectroscopic parameters of eight ) states.
Narasimham and Srikameswaran [13] in 1964 performed
the vibrational and rotational analysis of the A-S state of
B?II, and obtained the T., Re, we, weXe, Be and o, of
the B*II3/, and B2II; /5. Subsequently, Narasimham and
Subramanian [14] in 1969 observed the emission spectra
of the (3, v and two new band systems, and re-evaluated
the spectroscopic parameters of B2l /2,172 components.
Amano et al. [15] in 1969 also observed the microwave
spectrum of the NS radical, and studied the SO cou-
pling effect between the X?II3,, and XZ2II;,o states.
Narasimham and Balasubramanian [16] in 1971 reported
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the vibrational and rotational analysis of four band sys-
tems, and obtained the energy separation between H2II5 /2
and H?II, /2 states. In addition, they also fitted the
vibrational and rotational constants of XZ?II, /2 state.
Jenouvrier and Pascat [17] in 1973 observed the transi-
tions of several band systems of the '#N32§ radical in the
225—380 nm, and evaluated the spectroscopic parameters
of the components involved. Narasimham et al. [18] in
1975 observed two new bands with an open structure at
268.7 and 270.3 nm, and obtained the energy separation
between the two  states, X?II3/5 and X?II; /5. Vervloet
and Jenouvrier [19] in 1976 observed the CZX+-XZ2TI,
I2Y X211, EII-X2I0, J?S+-X2I0 and F2A-X?II transi-
tions of the *N32§ radical in the 175—240 nm, and fitted
the spectroscopic parameters of several () states. Some
accurate results of several splitting ) states prior to 1979
were summarized by Huber and Herzberg [20].

After 1979, some new transitions have also been ob-
served, and the spectroscopic parameters and molecular
properties of the € states involved here have still been
extensively investigated [21-27]. For example, Jenouvrier
and Pascat [21] in 1980 reanalyzed the emission band of
the B2II-X?II transitions in the 250—565 nm. Anacona
et al. [22] in 1986 measured the millimeter wave spectra
of the NS(X?II) for the vibrational levels lower than six.
Jeffries et al. [23] in 1989 used laser-induced fluorescence
to study the B2II, A2A and C?>S+ electronic states of the
radical. Ongstad et al. [24] in 1991 observed the emission
from several excited states of the NS and the fluorescence
from the NS(B?II3/21/2). Anacona [25] in 1993 observed
the far-infrared laser magnetic resonance spectra of the
radical at 570.6 pm. Saleck et al. [26] in 1995 investigated
the millimeter wave spectra of the NS isotopomers. And
Wang et al. [27] in 2007 reported the resonance-enhanced
multiphoton ionization spectroscopy on the B2+ and
B2II states. Some spectroscopic parameters and molecu-
lar constants of several ) states involved were fitted from
these investigations [21-27].

In theory, the early ab initio work on the NS radical
was performed by O’Hare [28] in 1970, who determined
the ground-state dissociation energy by the Hartree-Fock-
Roothann ab initio calculations. Subsequently, Bialski and
Grein [29] in 1976 made the first ab initio calculations
on several low-lying excited states of the NS using the
configuration interaction (CI) and minimal basis sets of
Slater-type orbitals. From then on, a number of ab ini-
tio calculations [8,30-40] have been done, in which vari-
ous spectroscopic parameters have been determined. Of
these calculations [8,28-40], to our surprise, only two
groups [36,40] investigated the SO coupling splitting,
though a number of experiments [10-19,21,22,24-27] have
been performed to study the energy splitting of several
A-S states. In detail, one theoretical work is made by
Kalcher [36] in 2002, who obtained the energy splitting of
the X2II state. The other is carried out by Ben Yaghlane
et al. [40] in 2005, who determined the energy splitting of
the two A-S states, X?II and a*Il.

The core-valence correlation and relativistic correc-
tions have important effects on the accurate prediction

Eur. Phys. J. D (2012) 66: 173

of the spectroscopic parameters and molecular constants
even for small molecules such as NS. On the one hand,
when we summarize the theoretical spectroscopic and
molecular properties in the literature [8,28-40], we find
that only three calculations [37-39] included the core-
valence correlation or relativistic effect. And the available
results are only for the ground state. Thus more theoret-
ical work should be done so as to improve the quality of
the spectroscopic parameters, in particular for the T,; on
the other hand, if we exclude the energy splitting men-
tioned above, no theoretical spectroscopic and molecular
properties of the €2 states involved here can be found in
the literature.

In the present work, the effect on the potential en-
ergy curves (PECs) of the NS radical by the SO cou-
pling will be introduced in the calculations. We are in-
terested here in one lowest *II and three lowest I states
of the radical. The reasons are of two-folds. One is that
the effects on the three lowest 2II electronic states by the
SO coupling have been extensively investigated in exper-
iment [10-19,21,22,24-27], but few results can be found
in theory. Therefore, to be compared with the measure-
ments, some theoretical work should be done. The other
is that few theoretical results exist for the lowest *II state,
and no accurate experimental values can be found in the
literature.

This paper is organized as follows. The PECs of
four A-S (X211, a'll, B2II and H2II) and ten ( states
(X2H1/2,3/2» 341_[1/2,1/2,3/2,5/2’ B2H1/2,3/2 and H2H1/2,3/2)
of the radical are calculated for internuclear separa-
tions from about 0.10 to 1.11 nm. The calculations are
made using the complete active space self-consistent field
(CASSCF) method, which is followed by the internally
contracted multireference CI (MRCI) approach [41,42].
The effects on the PECs by the core-valence correlation
and relativistic corrections are included. The effect on the
energy splitting by the core-electron correlations is dis-
cussed. To obtain more reliable PECs, the Davidson mod-
ification [43,44] based on the internally contracted MRCI
(MRCI+ Q) calculations is taken into account. The spec-
troscopic parameters are calculated for the four A-S and
ten () states. The spectroscopic parameters are compared
with those reported in the literature. With the PECs ob-
tained by the MRCI+ Q/aug-cc-pV5Z+ DK + CV + SO
calculations, the G(v), B, and D,, are calculated for each
vibrational state of each €2 state. And those of the first
30 vibrational states are reported for the four () states
(X1 o, X135, B2, /5 and B2II;/5) of the non-rotation
radical.

2 Computational details

For a given molecular system, the whole Hamiltonian can
be expressed as follows,

=+ i, W

where H¢ is the spin-free Hamiltonian. H# is the SO part
of Breit-Pauli Hamiltonian. The Breit-Pauli SO operator
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H%° can be expressed as [45],
oo 1 Zo€? .
o=yt lzz S

e? . A N
=YY L g (Si28y)|. 2)
P U

Equation (2) contains both one- and two-electron terms.

In equation (2), I and S are space and spin angular mo-
mentum operators,

jia
jij = (Ti

(Ti — Ra) X Pi, (3)
— T‘j) X Pi, (4)

where roman and greek subscripts refer to electrons and
nuclei, respectively. And the other symbols have their
usual meanings. For example, Z, and e are nuclear and
electronic charges, respectively. P; is the momentum oper-
ator. r;, is the distance between the ith electron and the
ath nuclei, and r;; is the distance between the ith and jth
electron.

In equation (2), the first double sum is known as
the one-electron and the second as the two-electron op-
erators [46], respectively. Instead of taking all the two-
electron contributions of the wavefunction explicitly into
account, the most important two-electron contributions
of SO operator are incorporated by means of an effective
one-electron Fock operator. According to these, Berning
et al. [47] presented an efficient method for the calcula-
tions of Breit-Pauli SO matrix elements for internally con-
tracted MRCI wavefunction, which has been implanted in
MOLPRO 2008.1 program package [48].

The PEC calculations of four A-S and ten 2 states
are made by the CASSCF approach, which is followed
by the internally contracted MRCI calculations [41,42].
Therefore, the CASSCF is used as the reference wave-
function for the internally contracted MRCI calculations.
The basis set used for the PEC calculations of four
A-S states is the augmented correlation-consistent polar-
ized aug-cc-pV5HZ (AV5Z) set [49-51]. The PEC calcu-
lations of four A-S and ten () states are performed in
the MOLPRO 2008.1 program package [48]. As we know,
MOLPRO only uses Abelian point group symmetry, while
the NS radical belongs to Cu, symmetry. Therefore, to
conveniently make the present calculations in MOLPRO
2008.1 program package, we substitute C., symmetry
with the Cy, subgroup by orienting the NS radical along
the Z axis. In the calculations, eight molecular orbitals
(MOs) are put into the active space, including four a; two
by and two bs symmetry MOs which correspond to the
3s3p shell of S and 2s2p shell of N atoms. The rest of the
electrons in the NS radical are put into the closed-shell
orbitals, including four a;, one b; and one by symmetry
MOs. The outmost 2p? electrons of N and 3p* electrons of
S are in placed in the active space. Therefore, this active
space is referred to as CAS (7, 8). When we use these MOs
(8ay 3by and 3b3) to perform the PEC calculations, we find

Page 3 of 12

that the PECs are smooth over the present internuclear
separation range.

To accurately determine the PECs of four A-S and
ten ) states, the point spacing intervals used here is
0.02 nm for each state, except near the equilibrium inter-
nuclear separation where the spacing is 0.002 nm. Here,
the smaller step is adopted around the equilibrium po-
sition of each electronic state so that the properties of
each PEC can be displayed more clearly. For internuclear
separations from 0.10 to 1.11 nm, the obtained PEC of
each state is convergent. It means that the two atoms, S
and N, are completely separated at 1.11 nm. The conver-
gence of each PEC for internuclear separations from 0.10
to 1.11 nm, clarifies that the dissociation energy D. can
be determined by the difference between the total energy
of the radical at the internuclear equilibrium separation
(which is obtained by fitting) and the energy sum of the
atomic fragments, N and S, at 1.11 nm.

In order to accurately determine the spectroscopic pa-
rameters, the PECs of four A-S and ten ) states are
first fitted to the analytical form by cubic splines so
that the corresponding ro-vibrational Schrodinger equa-
tion can be conveniently solved. In this paper, we solve
the ro-vibrational Schrédinger equation using Numerov’s
method [52]. That is, the ro-vibrational constants are first
determined in a direct forward manner from the analytic
potential by solving the ro-vibrational Schrédinger equa-
tion, and then the spectroscopic parameters are deter-
mined by fitting the vibrational levels obtained here.

3 Results and discussion

3.1 Effect on energy splitting by core-electron
correlations

Using the theoretical method described in Section 2, we
have studied the effect on the energy splitting and other
spectroscopic parameters (Te, R, w. and D.) by the core-
electron correlations. In this work, we use two all-electron
basis sets, cc-pVTZ [49,50] and cc-pCVTZ [53,54], for the
SO coupling calculations. The T¢, R., we and D, results
determined by the MRCI 4 Q/AV5Z + SO calculations for
the ten (2 states are collected in Table 1 together with the
measurements [20,21] for comparison.

By comparison between the cc-pCVTZ and cc-pVTZ
basis sets, we find that the addition of core-electron cor-
relations does not yield any effect on the R, of all the €
states involved here. The effects on the w, by the addition
of core-electron correlations are very small. For example,
the w, difference between the cc-pCVTZ and cc-pVTZ
basis sets is only 0.07 cm™! for the X*II3/, and X*II; 5
states. And the w, differences between the cc-pCVTZ and
cc-pVTZ basis sets are also only 0.002 and 0.017 cm ™~ for
the B2II3,, and BII; ), states, respectively. Such small
differences of the R, and w, can be ignored.

As illustrated in Table 1, the effects on the energy
splitting of  states by including core-electron correla-
tions are irregular. It obviously enlarges the splitting en-
ergies of X?I3/5.1/2, a'll52,3/2, a’ll3/2,1/2 and a'lly 515
components, but produces very small change of splitting
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Table 1. Spectroscopic parameters of the ten € states for the *N32§ radical obtained by the SO coupling at the

MRCI + Q/AV5Z level.

cc-pCVTZ cc-pVTZ
T./em™ R./nm we/cm™' D./eV T./em™ R./nm we/cm™' D./eV
X2H1/2 0.0 0.15002 1211.53 4.8510 0.0 0.15002 1211.46 4.8508
Exp. [20] 0.0 0.14940  1218.7  4.8753
X2H3/2 223.64 0.15002 1211.01 4.8394 221.79 0.15002 1211.08 4.8397
Exp. [20] 221.5 0.14940 1218.7 4.8478
Exp. [21] 222.98 0.14901 1218.90
a4H1/2 24221.88  0.17263 736.248 1.8468 24227.80  0.17263 736.140 1.8460
a4H1/2 24329.64  0.17260 736.554 1.8399 24327.67  0.17260 736.518 1.8396
a4H3/2 24437.40  0.17258 736.910 1.8330 24427.53  0.17258 736.912 1.8333
a4H5/2 24545.16  0.17255 737.216 1.8261 24527.61  0.17255 737.294 1.8270
B2H1/2 20888.93  0.17036 794.887 3.5242 29882.57  0.17036 794.904 3.5234
Exp. [20] 30294.9 0.1697 797.31 3.5026
B2H3/2 29981.33  0.17025 797.104 3.5427 29975.63  0.17025 797.102 3.5419
Exp. [20] 30384.1 0.1697 798.78 3.4915
H2H1/2 43775.97  0.17083 770.336 1.8306 43769.83  0.17083 770.334 1.8307
Exp. [20] 44049 0.1702 767.6 1.7973
H2H3/2 43595.78  0.17088 769.487 1.8234 43590.08  0.17088 769.502 1.8234
Exp. [20] 43876 0.1702 767.6 1.8187
energy of the H2H3/2and H2H1/2 states. As to the split- 45194
ting energy of the B2H3/2 and B2H1/2 states, core-electron é
correlations only make it slightly large. On the whole, ‘g 45201
core-electron correlations make the T closer to the experi- =
mental data. In conclusion, core-electron correlations only ) | N(ZDu)+S(3P )
slightly improve the quality of spectroscopic parameters. E 4521 £
]
g 4522 7 3
3.2 Results and analysis of the A-S states ‘§ NCS+SCPy)
& 4523
The PECs are obtained by the MRCI+ Q/AV5Z calcu- X1
lations for the XZ2II, a*Il, B2II and H?II states of the 4524 L 02 03 02 05 o o7 08 oe 1o 11
radical. To clearly demonstrate the dissociation relation- Com T T T e
Internuclear separation /nm

ship of the four A-S states, we depict the PECs ob-
tained by the MRCI+ Q/AV5Z calculations in Figure 1.
For the X2?II and a*Il states, the dissociation limit is
N(*S.) + S(®P,). For the B?II and HZII states, the dis-
sociation limit is N(*D,) + S(*P,). The present energy
difference of 19229 cm~! between the N(2D,,) and N(%S,,)
atomic states is in excellent agreement with the experi-
mental result of 19231 cm~!.

Core-valence correlation and relativistic corrections
have important effects on the PECs when we carry
out the high-quality quantum chemistry calculations. To
obtain more reliable PECs and then derive the accu-
rate spectroscopic results, we must include the core-
valence correlation and relativistic corrections into the
PEC calculations. In this work, core-valence correla-
tion corrections are included by using a cc-pCVTZ ba-
sis set [53,54]. Relativistic corrections are made us-
ing the third-order Douglas-Kroll Hamiltonian (DKH3)
approximation [55-57] at the level of a cc-pV5Z
basis set [58] With the PECs determined by the

Fig. 1. PECs of four A-S
MRCI+ Q/AV5Z calculations.

states of NS radical by

MRCI+ Q/AV5Z+ CV + DK calculations, the spectro-
scopic parameters of four A-S states are evaluated by
the theoretical method described in Section 2. We col-
lect the spectroscopic parameters in Table 2 together with
some selected theoretical [31-33,35-40] and experimen-
tal [10,15,16,21,23] results for convenient comparison.

A number of calculations [8,28-40] have been per-
formed to determine the spectroscopic results of these A-S
states. As shown in Table 2, on the whole, the present
spectroscopic parameters are in excellent agreement with
the measurements [10,15,16,21,23] when compared with
the theoretical ones [8,28—40]. For example, for the ground
state, the D, and w, deviate from the measurements only
by 0.0249 eV [15] and 2.33 cm~! [23]. No other theo-
retical D, and w, values are closer to the experimental
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Table 2. Comparison of the spectroscopic parameters determined by MRCI+ Q/AV5Z 4 CV + DK calculations with the ex-

perimental and other theoretical results.

Te/cnrf1 Re/nm we/cmf1 r.ueaae/cmf1 103<.ueye/cnrf1 Be/cnf1 1030¢e/c]rrf1 D./eV
X211 0.0 0.14962 1216.17 7.28259 15.9446 0.77323 6.25183 4.8504
Exp. [10] 0.0 0.14957 - - - 0.77364 6.12
Exp. [15] 0.0 0.14938 £ 0.00002 - - - - 4.8753
Exp. [23] 0.0 - 1218.50 2.5 7.24 +£0.34 7+ 11 (cubic fit)
Cal. [33] 0.0 0.1495 1205
Cal. [35] 0.0 0.14952 1279 7.69 - - 6.42 6.301
Cal. [36] 0.0 0.15058 1202.4 7.24 - 0.742 (CAS-ACPF /cc-pVQZ)
Cal. [37] 0.0 0.14938 1204 6.8
Cal. [38] 0.0 0.15022 1229.36 8.230 - - 5.36 4.9068
Cal. [39] 0.0 0.14940 12174
Cal. [40] 0.0 0.1501 1203.4 6.24 63.8 0.767 5.6 (MRCI+ Q/CC-pV5Z)
atTl 24541.87 0.17227 735.972 5.74006 31.0541 0.58327 6.09261 1.8082
Exp. [21]  ~27005 0.175 ~T760 ~d - ~0.56
Cal. [31] 21369 0.1818 465
Cal. [32] 22583.51 0.1734 782.1 - - 0.5757
Cal. [40] 23809.48(Tp) 0.1726 843.04 6.05 155.8 0.756 8.5
BII (22H) 30245.14 0.16995 797.649 3.71627 1.20163 0.59917 5.08302 3.5053
Exp. [16] 30328.5 0.1703 800 - - - - 3.4984
Cal. [31] 31712 0.1753 428
Cal. [32] 31374.95 0.1698 794.7 - - 0.6002
H2H(32 IT) 44022.88 0.17051 770.574 4.98055 35.3816 0.59513 5.67885 1.8046
Exp. [16] 43941 +5 0.1705(ro) 813 + 10 - - - - 1.8107
Cal. [31] 48494 0.1838 728
Cal. [32] 45650.96 0.1696 726.0 - - 0.6018
resul.ts [15,23] than the present ones. For the B2II elec- 4350k | 4s3ss6
tronic state, the T, Re, w. and D, deviate from the ex- ©
perimental results [16] only by 83.36 cm~!, 0.00035 nm, £ 48355r -453.858
2.351 cm~! and 0.0069 eV. No other theoretical values 3 453,60 -
are closer to the measurements [16] than the present ones. = -453.860
For the H?II electronic state, the T,, R, we and D, devi- Eﬁ -453.65 0.14 015 .06
ate from the experimental ones [16] only by 81.88 cm™1, g 4370l
0.00001 nm, 42.426 cm~' and 0.0061 eV, respectively. %
No other theoretical values are closer to the measure- b= ATy
ments [16] than the present ones. Such comparison shows 2 45380t
that the present spectroscopic results collected in Ta- ~ 45385
ble 2 are of high quality. For the reason, the spectro- = ) ) ) ) ) ) )
scopic parameters of ten {2 states are calculated based on 01 02 03 04 05 06 07 08
the PECs obtained by the MRCI+ Q/AV5Z + CV 4+ DK Internuclear separation /nm
calculations. Fig. 2. PECs of the X?II state and its two € states, X2H3/2
and X2II, /2-

3.3 Results and analysis of the Q2 states

The SO coupling effect causes the present four A-S
states split into ten 2 states. The spectroscopic results
determined by the MRCI+ Q/AV5Z+ CV + DK+ SO
calculations are collected in Table 3 together with
some measurements [11-14,17,20,21,27] for conve-
nient comparison. The PECs of each A-S state
obtained by the MRCI+ Q/AV5Z+CV+DK cal-
culations and its splitting {2 states obtained by the
MRCI+ Q/AV5Z + CV 4+ DK + SO calculations are plot-
ted in Figures 2—5, respectively. It should be noted that
the SO coupling calculations collected in Table 3 and
plotted in Figures 2—5 are performed by the all-electron

cc-pCVTZ basis set. In addition, some splitting energies
(not collected in Tab. 3) are gathered in Table 4 so that
comparison can be roundly made between the available
results and the present ones obtained by the all-electron
basis sets, cc-pCVTZ and cc-pVTZ.

3.3.1 The X2 electronic state

Our present internally contracted MRCI + Q) calculations
indicate that the A-S state of X2II splits into two
states, X?II3 /5 and X?II; 5, which can be clearly seen in
Figure 2. The results of our calculations also indicate that


http://www.epj.org

Page 6 of 12

Eur. Phys. J. D (2012) 66: 173

Table 3. Spectroscopic parameters of components of the X2II, a*II, B2II and H2II electronic states for the **N32S species
determined by the MRCI+ Q/AV5Z + CV + DK + SO calculations.

T./em™  Re/nm  we/em™  wete/cm™
X2H1/2 0.0 0.14962 1216.43 7.27816
Exp. [11] 0.0 0.14957 1219.1 7.5
Exp. [12] 0.0 0.1496 1219 7.5
Exp. [17] 0.0 0.14955 1219.14 7.28
Exp. [20] 0.0 0.14940 1218.7 7.28
Exp. [21] 0.0 0.14955 1218.97 7.26
Exp. [27] 0.0 0.14931 1218.1 7.20
X2H3/2 223.64 0.14962 1215.93 7.29887
Exp. [11]  223.03(To) 0.14957  1219.1 7.5
Exp. [12]  223(Tv)  0.1496 1219 7.5
Exp. [17] 223.15 0.14901 1218.90 7.34
Exp. [20] 221.5 0.14940 1218.7 7.28
Exp. [21] 222.98 0.14901 1218.90 7.30
Exp. [27] 220.4 0.14884 1218.0 7.05
a41_[1/2 24492.05 0.17231  735.485 5.75913
a41_[1/2 24599.59 0.17229  735.801 5.74007
a'ly,  24707.36  0.17226  736.156 5.75422
a'l,,  24814.90 017223 736472 573886
B2H1/2 30309.67  0.17000  796.329 3.73019
Exp. [12]  30105(70) 0.168 800 4 -
Exp. [13] 30292.3 0.1713 797.00 3.63
Exp. [14] 30297.9 0.17064 796.3 3.63
Exp. [20] 30294.9 0.1697 797.31 3.72
Exp. [21] 29687.19 0.17064 797.35 3.72
B2H3/2 30401.19 0.16989  798.545 3.60091
Exp. [12]  30190(7b) 0.168 800 4
Exp. [13] 30364.8 0.1694 803.3 3.82
Exp. [14] 30363.3 0.17068 803.3 3.82
Exp. [20] 30384.1 0.1697 798.78 3.59
Exp. [21] 29778.29 0.16961 798.70 3.58
H2H3/2 44046.36 0.17053 770.194 5.01563
Exp. [20] 43876 0.1702 767.6 5.0
H2H1/2 44226.11 0.17048  771.080 4.98728
Exp. [20] 44049 0.1702 767.6 5.0

1 103<.ueye/c]rrf1 Be/cmf1 103 oze/cmf1 D./eV
16.3692 0.77320 6.24794 4.8562
— 0.77364 6.12
— 0.7736 6.1
— 0.7730 6.3
- 0.76960 6.35 4.8753
5.3 0.7730 6.3
- 0.7758 6.5
15.6959 0.77326 6.26216 4.8446
— 0.77364 6.12
— 0.7736 6.1
- 0.7777 6.4
- 0.77516 6.35 4.8478
5.3 0.7777 6.4
— 0.7807 6.3
37.2708 0.58300 6.08509 1.8185
31.8949 0.58318 6.08986 1.8116
34.0050 0.58336 6.09307 1.8047
30.0924 0.58354 6.09637 1.7978
0.86655 0.59876 5.09337 3.4966
0.612
— 0.5898 4.1
— 0.5962 4.8
— 0.5962 4.8 3.5026
- 0.5962
6.90116 0.59942 4.99328 3.5152
— 0.612
— 0.6030 4.8
— 0.5959 4.1
— 0.6013 4.6 3.4915
— 0.6013
32.5060 0.59506 5.74226 1.8008
- 0.5915 5.9 1.8187
35.5145 0.59531 5.67794 1.8080
— 0.5972 5.9 1.7973

Table 4. Comparison of the present SO coupling constants obtained by the MRCI+ Q/AV5Z + CV + DK+ SO calculations

with the available measurements and other theoretical ones.

This work® This work® Exp. [5] Exp. [16] Exp. [17]
X2 223.64 211.79  223.15 223.031*%  223.15
a*ll  107.76 99.86 - -

B%II  91.52 92.40 — 72.8 90.4
H2II -179.75  -179.53 ~ -172.4(Ao) ~175.8(Ao)

Exp. [18]  Exp. [22] Exp. [24] Exp. [25] Cal. [36] Cal. [40]
221.4 223.37 223.371201 223.0(Ap) 215.0  204.6
- - - - - 101.6
- - 90(Ao)

— -175.69(Ag)1

*SO coupling correction is calculated by the (all-electron cc-pCVTZ ) basis set.
PSO coupling correction is calculated by the (all-electron cc-pVTZ ) basis set.

the X2H3/2 level lies above the X2H1/2, so that the X2H1/2

is the ground state. As we know, the X21II state of NS rad-
ical is characterized mainly by the open-shell electronic
configuration 10%20230%40%17450260270227437t, where
there is only one electron in the 37 shell. That is, it is a
“less than half-filled” state. According to Hund’s second
rule: when the highest energy shell is less than or equal
to half-filled, the smaller J is the lower energy, and the
result is opposite when the highest energy shell is more
than half-filled. Obviously, our result is consistent with
the rule.

For the X2II state, the computed splitting energy by
the all-electron cc-pCVTZ basis set is 223.64 cm ™!, which
is larger than the recent measurements [26], 223.37 cm ™!,
only by 0.27 cm™!. In addition, the splitting energy calcu-
lated by the all-electron cc-pVTZ basis set is 211.79 cm ™!,
which is also in excellent agreement with the mea-
surements [26]. We mnotice that a number of experi-
ments [10-12,16-22,24-27] have been done to determine
the splitting energy of the X2H3/2 and X2H1/2 states.
In these experiments, all the splitting energies are within
220.4—223.37 cm~!. In theory, only two groups of splitting
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energies can be found. One is 215.0 cm !, which was given
by Kalcher [36] in 2002 at the CAS-ACPF level of the-
ory. The other is 204.6 cm™!, which was calculated by
Ben Yaghlane et al. [40] in 2005 at the internally con-
tracted MRCI + Q level of theory. Obviously, the two split-
ting energies [36,40] are slightly inferior to the present ones
when compared with the available experimental data.
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As seen in Table 3, the X2H3/2 and X2H1/2 states have
the same equilibrium bond length, 0.14962 nm, which is
exactly equal to that of the X?II state. Therefore, the in-
clusion of SO coupling does not produce any effect on the
R.. As shown in Table 3, the recent R, measurements [21]
of X?II3 ), and X?II, 5 states are 0.14901 and 0.14955 nm.
And the deviations of the present results from the mea-
surements [21] are only 0.00061 nm (0.41%) and 0.00007
(0.05%), respectively. Our dissociation energies D, are cal-
culated to be 4.8446 and 4.8562 eV for the X2H3/2 and
X211, /2 states, which are still in good agreement with the
those collected in reference [20], 4.8478 and 4.8753 eV,
and the differences between the present results and the
measurements [20] are only 0.0032 eV (0.07%) and 0.0191
(0.39%), respectively. To some extent, the inclusion of the
SO coupling can improve the quality of the D.. As to the
We, our computed values are 1215.93 and 1216.43 cm ™! for
the X211 /2 and X211, /2, respectively, which are in rea-
sonable agreement with all the measurements collected
in Table 3. From the discussion made here, we can see
that the SO coupling have little effects on the R, and
we, but significantly make the D, closer to the measure-
ments [20]. In summary, for the X2H3/2 and X2H1/2 states,
the present calculations can yield the encouraging spectro-
scopic results. Unfortunately, no other theoretical R, w,
and D, can be found for the splitting 2 states in the lit-
erature to the best our knowledge. Therefore, we can not
compare the present results with other theoretical ones.

3.3.2 The B2 electronic state

The PECs of A-S state of B2II and its two splitting
states are depicted in Figure 3. The electronic configura-
tion of B2II state is 10%20230%40%17%5026027022m33m2.
The electron transfer in this state is 274371 — 273372
As expected, the SO coupling splits the B2II state into
two components, B2H3/2 and B2H1/2. At the internuclear
position, for the MRCI+ Q/cc-pCVTZ calculations with
the SO coupling excluded, the total energy of B2II state
is —452.571471E},. For the MRCI+ Q/cc-pCVTZ calcu-
lations with the SO coupling included, the total energies
of the B2H3/2 and B2H1/2 states are —452.571263 and
—452.571692E},, respectively. Therefore, the B2H1/2 state
has a lower energy than the B2l /2. As shown in Ta-
ble 3, the calculated splitting energy is 91.52 cm ™! by the
cc-pCVTZ basis set, which is in excellent agreement with
the recent experimental one [21] of 91.1 cm~!. We notice
that the early experimental splitting energy selected by
Huber and Herzberg [20] is 89.2 cm™!. The present result
deviates from it [20] only by 1.9 em™!. In addition, when
we use the cc-pVTZ basis set to calculate the splitting
energy of the B2II state, as shown in Table 4, the result
of 92.40 cm™! is obtained at the MRCI+ Q/AV5Z + CV
+ DK level of theory. Such result is slightly inferior to the
one calculated by the cc-pCVTZ basis set by comparison
with the measurements [20,21].

As seen from Table 3, the excitation energy terms
T. of B2H3/2 and B2H1/2 states are 30401.19 and
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30309.67 cm !, respectively, which agree favorably with
the experimental findings [13,14,17,20]. The largest
deviations from the measurements [13,14,17,20] are
37.89 cm™ ! [14] for the B?II;3 /5 state and 17.37 cm ™! [13]
for the B2H1/2 state. As shown in Table 2, the T, of the

B2?II state without the SO coupling is 30245.14 cm™!,
which deviates from the measurements [16] by 83.36 cm ™.
Therefore, the inclusion of the SO coupling correction can
improve the quality of the T,.. The present dissociation en-
ergies D, colleted in Table 3 are 3.5152 eV for the B2H3/2
and 3.4966 eV for the B2H1/2 state, and the corresponding
measurements [20] are 3.4915 and 3.5026 eV, respectively.
The differences between them are 0.0237 (0.67%) for the
B2II3/5 and 0.006 €V (0.17%) for the B?II; 5 state, re-
spectively. On the whole, different from the ground state,
the inclusion of the SO coupling correction has little effect
on the D, of the present ) states. To our knowledge, no
other theoretical results exist in the literature for the T,
and D, of the two splitting ) states, B2H3/2 and B2H1/2.
For the bond lengths of the B*II;, and B?II; /5 states,
the present results are 0.16989 and 0.17000 nm, and the re-
cent measurements [21] for the two states are 0.16961 and
0.17064 nm, respectively. The deviations of the present
results from them [21] are only by 0.00028 (0.17%) for
the B?II;/, and 0.00064 nm (0.38%) for the BIL, , state.
As to the w., the present values are calculated to be
798.545 and 796.329 cm~! for the B2H3/2 and B2H1/2
states, which deviates from the measurements [21] only
by 0.155 (0.02%) and 1.021 (0.13%) cm™!, respectively.
In conclusion, the present spectroscopic results of the two
splitting states agree well with the available experimental
ones. In addition, different from the R., the inclusion of
the SO coupling correction can make the w, of present
splitting € states closer to the measurements [21].

3.3.3 The H2[ electronic state

The electronic configuration of H?II state is
10220230%40%17%50%60%70%2m33w2.  Similar  to  the
B2II electronic state, the electron transfer in the HZII
state is also 27*37! — 273372, The SO coupling splits
the H?II state into two components, H2H3/2 and H2H1/2,
and we depict the PECs of the H2II and its two splitting
Q) states in Figure 4. The results of our calculations
indicate that the H?II; /5 level lies above the H?II3 /5. For
the energy separation between the H?II3/, and H?IL o
states, as tabulated in Table 4, the cc-pCVTZ basis set
gives the result of —179.75 cm ™!, and the cc-pVTZ basis
set gives the result of —179.53 cm™!. The two results
demonstrate that the core-electron correlations bring
about little effect on the energy splitting. In addition,
the two results agree well with the experimental ones of
—175.69 [19] and —173 cm~! [20].

As illustrated in Table 3, the bond lengths of H?II3 /o
and H2H1/2 states are 0.17053 and 0.17048 nm, respec-
tively, which are in excellent agreement with the ex-
perimental ones of 0.1702 nm selected by Huber and
Herzberg [20]. The differences between them are only
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0.00033 nm for the H2H3/2 and 0.00028 nm for the H2H1/2,
respectively. By comparison with the R, value without the
SO coupling calculations, we find that the inclusion of SO
coupling shortens the bond length of the H2II; /2, whereas
slightly lengthens the R, of the H2II4 /2 state. As seen
in Table 3, the present w, are calculated to be 770.194
and 771.080 cm~! for the H2H3/2 and H2H1/2 states, re-
spectively. The experimental result [20] without the SO
coupling is 767.6 cm ™!, hence the deviations of our results
from it are 2.594 (0.34%) and 3.48 cm™! (0.45%), respec-
tively. Similar to the bond lengths, the inclusion of the
SO coupling slightly lowers the w, of the HII; /2, Whereas
slightly raise the w, of the H2H1/2 state.

Although the splitting energy of A-S state of the H2II
agrees well with the experimental ones [19,20], the T, of
its two {2 states are only in general agreement with the
measurements. In detail, the computed T, of the H?II; /2
and H2H1/2 states are 44046.36 and 44226.11 cm ™!, re-
spectively, while the corresponding measurements [20] are
43876 and 44049 cm~!'. And the differences between them
are 170.36 (0.39%) and 177.11 cm~! (0.40%), respectively.
Different from the T., for the D, of the H2H3/2 and
H2IT, /2 states, excellent agreement between the present
results and the measurements [20] is found.

3.3.4 The a*l electronic state

EXCGpt fOr the )(21_[3/27 X2H1/2, B2H3/2, B2H1/2, H2H3/2
and H?II; s2 states, we have also computed the split-
ting energies of the lowest *II state of the NS radical,
though no experimental results exist in the literature to
this day. The electronic configuration of the a*Il state
is 16220230%40%17*50%60% 70?2332, Similar to the A-S
states of B2IT and H?II, the electron transfer in this state
is still 27437t — 273372, The SO coupling effect splits
the a?Il state into four components, 4H1/2, 4H1/2, 41'[3/2
and *II; /2- The results of our calculations indicate that the
atll, /2 state has the lowest energy among the four compo-
nents. For convenient comparison, we depict the PECs of
the a*IT and its four splitting €2 states in Figure 5. We also
collect the computed spectroscopic parameters in Tables 3
and 4, respectively.

Experimentally, the a*II electronic state has been ob-
served by Jenouvrier and Pascat [21], who reported its
spectroscopic parameters (T., R., we, wexe and B.) in
1980. However, they [21] also stated that their spectro-
scopic parameters (Te, we, wexe and Be) might be unre-
liable. Theoretically, at least four groups of spectroscopic
results [29,31,32,40] have been published, but only one [40]
is involved in the SO coupling splitting. As demonstrated
in Tables 3 and 4, with the SO coupling included by
the cc-pCVTZ basis set, the splitting energy of the two
neighboring components is 107.76 cm~!. And with the
SO coupling included by the cc-pVTZ basis set, such re-
sult becomes about 99.86 cm™!. Therefore, the inclusion of
core-electron correlations into the SO coupling obviously
enlarges the splitting energy of the a*II state. In addition,
Ben Yaghlane et al. [40] have calculated the SO coupling
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constant of 101.6 cm ™1 at the level of MRCI + Q/cc-pV5Z
theory. As seen in Tables 2 and 3, the inclusion of the
SO coupling makes the 7. of one § state (aIl; /5) lower,
while makes the T, of three Q) states (a4H1/2, a41_[3/2 and
a4H5/2) higher than that of the a*Il state.

As we know, on the one hand, the PECs of all the four
A-S and ten ) states are calculated by the same methods
and the same basis sets, and the spectroscopic parameters
of all the four A-S and ten  states are also evaluated
by the same approach; on the other hand, the spectro-
scopic results of the four A-S states and the X2H3/2,1/2,
B2II3/5.1/2 and H?II3/51/o components are in excellent
agreement with the available measurements. According to
these, we believe, with reason, that the spectroscopic pa-
rameters of the a4H1/2, a4H1/2, a4H3/2 and a4H5/2 states
collected in Table 3 are reliable, though there are not any
reliable measurements for comparison up to date. It is ex-
pected that the spectroscopic results tabulated in Table 3
can provide the useful guideline for future experimental
or theoretical work.

3.4 Vibrational manifolds

By product, we have also calculated the vibrational man-
ifolds using the PECs obtained here. To determine the vi-
brational manifolds, we must solve the radial Schrodinger
equation of nuclear motion. In the adiabatic approxima-
tion, the radial Schrodinger equation of nuclear motion
can be written as

h? d? h?

_ o g2 + ZMTQ J(J + 1) + V(T) WU7J(T) :EU7JW»U,J<7').

(5)
Here V(r) is the PEC calculated here. r is the internu-
clear distance of the two atoms, N and S. p is the re-
duced mass of the radical. v and J are the vibrational
and rotational quantum numbers, respectively. E,, ; and
by, g(r) are the eigenvalues and eigenfunctions of the po-
tential J(J 4 1)7i/2ur + V (r), respectively. The rotational
sublevel of a given vibrational level is represented by the
following power series [59],

Ey,;=G)+ B,[J(J +1)] — D,[J(J +1)]?
+ Hy[J(J+ D]+ L[JJ+ D) 4+ MJ[J(J+ 1))
+ N [J(J 4+ 1)) + O, [J(J + 1), (6)

where G(v) is the vibrational level. B, is the inertial
rotation constant. And D,, H,, L., M,, N, and O,
are the centrifugal distortion constants. Using the PECs
determined by the MRCI+ Q/AV5Z+CV+DK+ SO
calculations, by solving equation (5) numerically, we have
predicted the complete vibrational states for the ten 2
states. For each vibrational state of each €2 state, we have
calculated its vibrational manifolds. Owing to the length
limitation and avoiding congestion, here, we only tabu-
late the G(v), B, and D, results of the first 30 vibra-
tional states for the four 2 states (X?II; /o X*II3/5, B*IL, o
and B2II35) of the non-rotation **N32S radical and their
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comparison with the available measurements [16,21] in
Tables 5 and 6, respectively.

The G(v), B, and D, results of the X2H1/2 and
X2H3/2 states are very few in the literature. To the best
of our knowledge, no theoretical results can be found in
the literature, and only one group of experimental results
was reported by Narasimham and Balasubramanian [16]
in 1971. For convenient comparison, we collect the only
experimental results [16] in Table 5. As shown in Table 5,
the present rotational constants of the X2II; /2 state are
0.744869 and 0.738522 cm ™!, whereas the corresponding
experimental ones [16] are 0.74474 and 0.73836 cm™~! for
v = 4 and 5, respectively, hence the relative errors of our
results are only 0.017% and 0.0022%.

Similar to those of the X?II; ;o and X*II3, states, the
G(v), B, and D, results of the B2H1/2 and B2H3/2 states
are also few in the literature. In experiment, only one
group of results [21] about the B, can be found. And in
theory, no results have been reported up to date. Here,
we collect the present G(v), B, and D, results together
with the only experimental ones in Table 6 for convenient
comparison. As seen in Table 6, the present results agree
well with the only measurements. For example, for v = 0,
3, 8, 10 and 12, the deviations of the present B, from
the measurements [21] are only by 0.41%, 0.29%, 0.26%,
0.16% and 0.93% for the B?II; 5 state, and are also only
by 0.97%, 0.85%, 0.45%, 0.78% and 0.49% for the B2II; 5
state, respectively. These comparisons demonstrate that
the present vibrational manifold calculations are of high
quality.

As noted above, good agreement exists between the
present spectroscopic results and experimental ones. And
the rotational constants of the X?II; /o B*II; /5 and B*II5 5
states also agree favorably with the available experimental
data. According to these, we believe that the G(v), B, and
D,, collected in Tables 5 and 6 are reliable. They should
be good predictions for future experimental or theoretical
research.

4 Conclusions

The ten () states generated from the four A-S electronic
states of NS radical are studied in detail for the first
time. The internally contracted MRCI+ Q method in
combination with the AV5Z basis set is used to produce
the PECs of four A-S states. To obtain more reliable
PECs, core-valence correlation and relativistic corrections
are considered in the present study. Core-valence corre-
lation corrections are included using a cc-pCVTZ basis
set. Relativistic correction calculations are performed us-
ing the third order Douglas-Kroll Hamiltonian approxi-
mation at the level of a cc-pV5Z basis set. The effects
on the PECs by the SO coupling are treated by the
Breit-Pauli Hamiltonian. With the PECs obtained by
the MRCI+ Q/AV5Z+ CV + DK calculations, the spec-
troscopic parameters of the four A-S states are deter-
mined. With the PECs including all the corrections men-
tioned here, the spectroscopic parameters of ten {2 states
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Table 5. Comparison of the present G(v), B, and D, results obtained by MRCI+ Q/AV5Z + DK + CV + SO calculations with
the available measurements for the X2H1/2 and X2H3/2 states of the **N328 radical.

XM XMy
v G(v)/ecm™* B,/cm™! 10°D, /em™! G()/em™  B,/em™'  10°D,/cm™!
This work ~ This work Exp. [16] This work This work ~ This work This work
0 606.44 0.770085 - 1.25195 606.17 0.770128 1.25325
1 1808.24 0.763800 - 1.25607 1807.43 0.763833 1.25742
2 2995.34 0.757508 - 1.26090 2993.97 0.757531 1.26233
3 4167.60 0.751201 1.26528 4165.65 0.751213 1.26675
4 5325.01 0.744869 0.74474 1.27028 5322.44 0.744870 1.27186
5 6467.47 0.738522 0.73836 1.27652 6464.24 0.738511 1.27822
6 7594.82 0.732152 1.28320 7590.90 0.732128 1.28494
7 8706.93 0.725749 1.28952 8702.28 0.725712 1.29147
8 9803.71 0.719319 1.29714 9798.30 0.719268 1.29912
9 10885.05 0.712859 1.30595 10878.83 0.712792 1.30816
10 11950.77 0.706358 1.31453 11943.70 0.706275 1.31682
11 13000.78 0.699820 1.32489 12992.81 0.699721 1.32740
12 14034.92 0.693233 1.33691 14025.99 0.693116 1.33965
13 15052.99 0.686600 1.34930 15043.06 0.686464 1.35217
14 16054.84 0.679908 1.36332 16043.85 0.679750 1.36649
15 17040.27 0.673150 1.37832 17028.18 0.672972 1.38166
16 18009.11 0.666323 1.39527 17995.84 0.666122 1.39898
17 18961.13 0.659417 1.41451 18946.63 0.659191 1.41840
18 19896.11 0.652423 1.43529 19880.31 0.652172 1.43933
19 20813.81 0.645335 1.45844 20796.65 0.645058 1.46305
20 21713.98 0.63 8142 1.48375 21695.39 0.637837 1.48850
21 22596.35 0.630837 1.51128 22576.27 0.630504 1.51633
22 23460.66 0.623410 1.54274 23439.02 0.623047 1.54819
23 24306.60 0.615833 1.57854 24283.34 0.615439 1.58431
24 25133.82 0.608100 1.61666 25108.87 0.607675 1.62284
25 25941.97 0.600197 1.66096 25915.26 0.599739 1.66734
26 26730.67 0.592098 1.70724 26702.14 0.591609 1.71367
27 27499.53 0.583824 1.75315 27469.13 0.583304 1.76008
28 28248.30 0.575371 1.80685 28215.99 0.574819 1.81419
29 28976.65 0.566700 1.86825 28942.37 0.566115 1.87603

involved here are calculated. The present spectroscopic pa-
rameters reproduce well the available experimental values.
The effects on the energy splitting by the core-electron cor-
relations are investigated using two all-electron basis sets,
cc-pCVTZ and cc-pVTZ. The results illustrate that the
core-electron correlations have small effect on the energy
separations for the present states. Using the PECs deter-
mined by the MRCI+ Q/AV5Z + CV + DK + SO calcula-
tions, the vibrational level inertial rotation and centrifugal
distortion constants are calculated for each vibrational
state of each () state, and those of the first 30 vibrational
states are reported for the X?II; /5 X?II3/5, B*II; /5 and

B2II;/, states of the *N2S radical. The spectroscopic re-
sults of four €2 states of the a*Il and vibrational manifolds
of the four €2 states reported here are expected to be reli-
able predicted results.

This work was sponsored by the National Natural Science
Foundation of China under Grant Nos. 60777012, 61077073,
10874064, 61177092, 60977063 and 61127012 the Program for
Science and Technology Innovation Talents in Universities
of Henan Province in China under Grant No. 2008HA
STITO008, the Innovation Scientists and Technicians Troop
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Table 6. Comparison of the present G(v), B, and D, results obtained by MRCI+ Q/AV5Z + DK 4+ CV + SO calculations with
the available measurements for the B2H1/2 and B2H3/2 states of the **N®28 radical.

v G(v)/em™!
This work

0 397.68
1 1186.52
2 1967.83
3 2741.55
4 3507.81
5 4266.62
6 5018.01
7 5762.01
8 6498.59
9 7227.72
10 7949.35
11 8663.44
12 9369.90
13 10068.64
14 10759.46
15 11442.18
16 12116.60
17 12782.54
18 13439.78
19 14088.13
20 14727.37
21 15357.28
22 15977.62
23 16588.16
24 17188.62
25 17778.74
26 18358.21
27 18926.72
28 19483.92
29 20029.45

B2, /5
Bv/crrf1

This work  Exp. [21]

0.596326
0.591176
0.586112
0.581093
0.576156
0.571255
0.566415
0.561625
0.556871
0.552151
0.547457
0.542786
0.538124
0.533467
0.528782
0.524075
0.519339
0.514567
0.509750
0.504888
0.499967
0.494986
0.489932
0.484798
0.479573
0.474244
0.468800
0.463224
0.457500
0.451616

0.5939
0.5895
0.5905
0.5794

0.5554
0.5510
0.5466
0.542
0.5432

10°D, /cm ™!
This work
1.34815
1.33568
1.32475
1.31272
1.30211
1.29166
1.28139
1.27300
1.26527
1.25800
1.25141
1.24708
1.24340
1.24388
1.24466
1.24798
1.25115
1.25740
1.26440
1.27329
1.28397
1.29678
1.31165
1.32924
1.34961
1.37281
1.40052
1.43158
1.46746
1.50726

Construction Projects of Henan Province in China under
Grant No. 08410050011, the Natural Science Foundation
of Education Bureau of Henan Province in China under
Grant No. 2010B140013 and Henan Innovation for Univer-
sity Prominent Research Talents in China under Grant No.

2006KY CX002.
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