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In this paper, the equilibrium geometry, harmonic frequency and dissociation energy of S, and S; have been
calculated at QCISD/6-311++G(3d2f) and B3P86/6-311++G(3d2f) level. The S; ground state is of 2IIg, the S5
ground state is of 2B; and S5 has a bent (Cav) structure with an angle of 115.65° The results are in good agreement

with these reported in other literature. For S3 ion, the vibration frequencies and the force constants have also been

calculated. Base on the general principles of microscopic reversibility, the dissociation limits has been deduced. The

Murrell-Sorbie potential energy function for S; has been derived according to the ab initio data through the least-

squares fitting. The force constants and spectroscopic data for S; have been calculated, then compared with other

theoretical data. The analytical potential energy function of S~ have been obtained based on the many-body expansion

theory. The structure and energy can correctly reappear on the potential surface.
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1. Introduction

Sulfur and its compounds are of widespread im-
portance in chemistry and biology.[!] In recent years
there has been increasing interest in pure sulfur

s.[2-9] So molecule has been stud-

molecules and ion
ied by many authors,[®7 but its singly charged ions
Sy and S, are rarely studied. In 1991, Li et all’!
determined the structure and dissociation limit of Sg
molecule. As we know, potential energy surface (PES)
plays a very important role in molecular structure or
chemical dynamics study, but constructing a PES even
for a simple system is a demanding task. Many-body
expansions of the PES are still widely applied in statis-
tical mechanics and molecular dynamics. John et all®!
have computed the PES of O3. For S5 and S5, exper-
imental information is very scarce. On the theoreti-

cal side, there have been some studies. 1%

However,
most authors focused their work on optimizing equi-
librium geometries and electronic states. The sulfur

anions S, have also been the subject of many studies,

S7, S5 and S; have been identified in single crys-
tals and their electron affinities in the gas phase have
been determined by photoelectron spectroscopy to be
2.077 eV, 1.66 eV and 2.09 eV respectively. Some
papers have researched into the potential energy func-
tion (PEF) of So and Sg, but the analytical potential
energy functions (APEF) of S; and S5 have not been
reported up to now.

2. Computational results of S;

The equilibrium geometries, force constants and
vibration frequencies of S5~ have been calculated by us-
ing the B3P86/6-311++G(3d2f) method. All calcula-
tions are performed by using the Gaussian 03 program
package. The ground-state symmetry of Sz (X2B1) is
of point group Cay, the ground state is of 2By, the
bond structure of S; is 0.19911 nm, the bond an-
gle is 115.6567°.
—1193.304 a.u. In addition, the harmonic force con-

At this time, the total energy is

stants are determined. See Table 1.
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Table 1. Computational results of S .

Equilibrium geometries

Harmonic frequencies

Force constants

Rgs— =0.19911 nm (0.210 nm)
ZSSS = 115.6567°
De = 12.186 eV

w1 =228.2 cm™! (232 cm™1)
w2 = 558.8 cm~! (535 cm™1)
w2 = 580.8 cm ™! (585 cm™1)

frr = 0.19189 a.u.
frr = 0.02414 a.u.
frRa = 0.00791 a.u.
faa = 0.24235 a.u.

3. Theory—many-body

expansion theory

The many-body expression of a triatomic system

can be written as(!1]

V=> Val+> Vap®
+Y Vapc®(Rap, Rpo, Roa). (1)

If we choose the energy of the ground state of atoms
or ions as the reference energy, the V4 = 0, as for two-
body terms, the Murrell-Sorbie PEF (MSPEF) seems
to be a good choice. In general, the three-body term
in Eq.(1) is

Z Vapc®(Rap, Rpc, Roa) = PT, (2)

where P is the expression of (Rap, Rec, Rca), and
should meet the requirement of symmetry; 7" is range

function:

T = HZ_ (1 —tanhy;s;/2) (i =1,2,3), (3)

where ~y; are parameters, and S; are symmetrical in-
ternal coordinates.

4. The dissociation limits and po-

tential energy function of S,

SQ

A number of functions have been proposed to fit
APEF of diatomic molecule. Among them, MSPEF
seems to be the best one. It can accurately repro-
duce the interaction potential energies of neutral and
univalent diatomic molecules, and has been used to
deduce APEFs for many molecules,['2~10 including
the ground and excited states. Now, we try to use it
to represent the ground states of S5 .

In this paper, using ab initio density function
B3LYP, B3P86 and quadratic CI calculation QCISD
method and on the many basis sets level, we optimized
the bond of S5, see Table 2.

Table 2. The bond length optimized result of S; .

6-311G  6-311G**  6-311G(3d2f) 6-311++G(3d2f) 6-311G(3df,3pd) 6-311+-+G(3df,3pd) Ref.
B3LYP 0.22113  0.20606 0.20256 0.20201 0.20242 0.20192 0.20201117]
QCISD 0.22398  0.20450 0.20160 0.20123 0.20129 0.20100
B3P86 0.21882  0.20382 0.20066 0.20023 0.20052 0.20014

First and foremost, we must determine the elec-
tronic states and their reasonable dissociation limits,
for the analytical potential energy curve is certainly
meaningless without indicating its electronic state and
dissociation limit. Based on the group theory and the
general principles of microscopic reversibility,['8! the
reasonable dissociation limit of S5 is derived.

The optimum dissociation channel for S; is S; —

(°s, @ ,) @ (> @ 210,) =

S+ S™, where if S and S™ are in their ground states
3P, and %P, respectively, then the representations >Pgy
and 2P, of the atomic group are resolved into those
of Doon(S3 ),

SPg N 3Eg_ @ Hg, 2Pu N 221'1' @QPua

its direct product:

2,421:(2) @ 2,41—1u @ 2,41—1u + 2’4Ej + 2’4Au-
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S5 also has the exchange of the excited energy, so there are other possible electronic states: 2’4Eg_ (2),

24114 (2), 2742;‘, 24, then we can obtain

- - - + - +
S(Pg) + 87 (*Py) — S5 (P15, (2), I.(2), 245, 2HA, 218, (2), 2UT0,(2), 213, PHA) .

The lowest energy level of electronic configuration and
its ground state of Sy is X2Il,. So its reasonable dis-

sociation limit is
Sy (X*1Ly) — S(®°Py) + S~ (*Py). (4)

In order to fit the APEF of S; (X?Il;), we com-
pute the energies for 101 values of R at QCISD/6-
3114++4G(3d2f) level in the range of the atomic dis-
tance R from 0.12 nm to 0.68 nm. By employing the

MSPEF and least-squares fitting method, we can de-
duce the APEF of S;. The MSPEF!? is

V = —De(1 + a1p + azp® + azp®Jexp(—aip), (5)

where p = R — R., R, is the equilibrium value, D, is
the dissociation energy. The parameters a1, as, ag and
D, are determined by fitting, the results are presented
in Table 3.

Table 3. Parameters for MSPEF of 527[201 Ss .

States Re/nm De/eV a1 /nm~1 as /nm~2 az/ nm—3
Sa XBEg 0.18892 4.414 39.54 431.2 2332
Sy X2Hg 0.20123 4.218 26.14 159.3 1007
Ref.[12] 0.3955
Based on the relationship between the spectro- WeXe = Be _ﬂ4_R§ " 15(1 n weae)2] 12)
scopic data and APEF, the spectroscopic data can 8 f2 652

be calculated. The precision and credibility of APEF
can be examined by comparing the calculated spectro-
scopic data with experimental results. First of all, the

force constants can be determined from the parame-
ters of the MSPEF[21]

f2 = De(af — 2a2), (6)
3

f3 :6Dc(0¢10é2—063— %)7 (7)

f1= Dot — 6faa3 — 4f301, (8)

where fo, f3 and f; are quadratic, cubic and quartic
force constants respectively. Then the spectroscopic

data are
e o)
= G (10)
o _655 (1 N f;}lzc)’ (1)

All calculation results are collected in Table 4.
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Fig.1. The potential energy curves of Sy (X2IIg).

Table 4. Derived force constants and spectroscopic data of Sg, S, .

fg/aJ-nn’F2 f3/aJ~nm’3 f4/aJ~nm’4 we/cm’1 ae/cm’1 weXe/cm’1 Be/cn’F1
Sa 432.091 —19965.5 1201800 734.78 0.001498 1.93267 0.30974
Sy 246.13 —3561.09 195564 612.8 0.001443 2.8706 0.2735
Ref.[22] 600.8 3.01




No. 8

The molecular structure and the analytical potential energy function of S, and S

2359

5. The APEF of S5

Based on the selection rule for channels, the rea-
sonable dissociation limit for the ground state of S5
is
S2(X*%, ) + 87 (*Pu),

Sy (X*TIg) + S(°Py),
S(®Pg) + S(®Pg) + S~ (*Py).

The nuclear distances are defined as Rgg- = R =
Ry, and Rgs = Rs, then, the PEF based on many-
body expansion for S; (X?By) is

S; (X%B;) — (13)

V = Vss(R1) + Vgs- (R2) + Vgs- (R3)

+ Vsgs- (R1, Ra, R3). (14)

The parameters of two-body terms are given in
the Table 3. Here, we mainly derived the three-body
terms. It is convenient that three-body terms are
shown as the functions of symmetrical internal coordi-
nates. We choose Cyy symmetry (R = RY = Rgg- =
0.19911 nm, Rg = Rgg = 0.33708 nm) as the reference

structure; then the internal coordinates are

The corresponding symmetry internal coordinates

are
Sy 1/vV2  1/V2 07 [p,
S| =12 12 o |p]|. (16)
Sg 0 0 1 3,
The three body term is
v® = pr, (17)
where
P =C) + (381 + 383 + C4S3
+ C581S2 + C6ST 4 C7S3, (18)
T = [1 — tanh(v151/2)][1 — tanh(vy3s3/2)].  (19)

So is asymmetrical, when R; and Rs interchange, but
the molecule is the same after the interchange. So Sa
has even power. The seven linear parameters Cy — C7
can be determined by using the equilibrium structure
and the force constants (in Table 1) and nonlinear ones
~1 and ~3 can be determined by optimizing the PES.

pi=Ri—RY, (i=1,2,3). (15)  The parameters are listed in Table 5.
Table 5. Parameters of three-body term of S; (X2By).
Cq Co Cs Cy Cs Ce Cr A1 A2
—3.8894 —7.190 -406.12 35.092 804.29 166.75 233.95 1.00 1.208
bond stretching contours for a fixed angle /SS™S =
Lo 115.66°. From this figure, we can see that there is
a potential well (12.186 eV) at (Rgg- = Rgg- =
0.8 1 0.19911 nm) and no saddle point. The contours are
symmetrical.[23:24]
g
£ 06 -
7
Y
0.3 A
0.4 -
0.2 7 & D g 0.2 1
= ~
T T T T T T T T >*
0.2 0.4 0.6 0.8 1.0
Rgs/nm
0.1 1

Fig.2. Stretch potential surface of S5 (the interval of in-
oline is 1 eV) (S — S~ bond stretching contours for PES
of the ground states S3 (Cav, X2B1) with a fixed angle
115.66°).

Figures 2-4 are the graphs of contours of the S5
PEF. These figures reproduce the equilibrium geom-
etry and potential energy of S3. Fig.2 is the S — S~

Fig.3. Rotation potential surface of Sy (the interval of
inoline is 1 eV) (Contours lines of S5 (Cay,X?B1) for S~
ion moving around the fixed S — S bond 0.33708 nm).
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Fig.4. Rotation potential surface of S5 (the interval of

inoline is 1 eV) (Contours lines of S5 (Cay, X2By) for S
ion moving around the fixed S — S~ bond 0.1911 nm).

Figure 3 is the contour lines for S~ ion moving
around S with the fixed S—S bond 0.33708 nm. The
lowest energy is at point A(—12.186 eV). The coun-
ters reproduce Coy symmetry of S3 (X?B1). It shows
that S; could easily form if S~ attacks Sp from the
front side. Figure 4 is those for S atom moving around
S—S~ bond with the bond length 0.1911nm. It shows

that S5 could easily form if S atom attacks S5 from
the side. It is in agreement with the result of Fig.3.

6. Conclusions

The correct ground state of the S; has been de-
termined by ab initio calculation at the QCISD/6-
311++G(3d2f) level. By employing the MSPEF and
the least-squares fitting method, the APEF of the
ground state of the S5 is deduced from the ab initio
results. Based on the APEF, the spectroscopic data
are calculated systematically.

The equilibrium geometry, force constants and vi-
bration frequencies of S;* have been calculated by us-
ing the B3P86/6-311++G(3d2f) method. The geom-
etry and vibration frequencies of them are in good
agreement with those in the literature. Based on
the group theory and the general principles of micro-
scopic reversibility, the reasonable dissociation limit
of S7 (X?By) is determined. For the first time, we ex-
tended the many-body expansion theory to negative
triatomic ion S5, and got satisfactory results. The
structure and energy can correctly reappear on the
potential surface. The above results are useful for dy-
namic study of S; and S3 ions.
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