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The structures, energetics, spectroscopies, and isomerization of singlet and tripBeisBi@eric species are
explored at various levels. At the B3LYP/6-311G(d) level, a total of 29 minimum isomers and 37
interconversion transition states are located. At the higher CCSD(T)/-G(2df)//QCISD/6-311G(dyZPVE

level, the lowest lying isomer is the linear SiC&Bwith a resonance structure mainly betweerrG=C=S

and SEC—C=S. In contrast to the £5 molecule that has no kinetically stable singlet species besides CCCS,
SiG,S has another two kinetically very stable species, i.e., the SiCC three-membered ring with exocyclic SSi
bonding's at 23.2 kcal/mol, and the SiCSC four-membered ring with CC cross boAdiag44.3 kcal/mol.
Particularly, isomet5 possesses considerablesSi and G=C triple bonding character and can be viewed as

a charge-transfer species containing™Sié®d G . Isomer'7 has a very short CC crossed bond due to the
existence of two sets of-bonding orbital and the weak electron-accepting ability of silicon. The remaining
singlet and all the triplet species except triplet SiC&either have much higher energy or much lower
kinetic stability and have little chance of existence. The bonding nature and possible formation strategies of
11, 15, and'7 are discussed.

1. Introduction than the first-row elements. When one C-atom g6 @ replaced

by the second-row Si-atom, the contribution of the cyclic forms
with moreo-bonds may increase whereas that of the chain forms
with morez-bonds may decrease. Naturally, we may raise the
following questions for the unknown SjiS: (1) Does it have

a linear or cyclic ground state? (2) Does the triplet state have
significant contribution as in SiCand S3C,? (3) Does it have
stable cyclic structures that allow for future laboratory or

Silicon and sulfur chemistry have received considerable
attention from various aspects. One particular interest is their
possible role in astrophysical chemistry. Up to now, several
silicon- or sulfur-containing molecules, such as SiC= 1—4),

SiN, SiO, SiS, PC, and CS have been detected in interstellar
spacét Larger SiG and GS species have also been studied both

theo_retlcally and _experlmentally, alnd were expecte_d 'éo be interstellar observation? In fact, many other Si-containing
carriers ﬁfﬁ some m_terstellar_ ban#is! Among these, Sig: molecules have stable cyclic isomers (such as,5#Si,C,,°

and SiG haye unique cyclic ground-statle structures. Qn the and SiGP!° with the former two having been astrophsically
other hand, SiC-related clusters play an important role in the detected or experimentally characterized). (4) Is there any unique

science of the semiconducting materials. Minor sulfide species bonding features for SiS? These questions are answered in
may act as useful impurities to modulate the properties of the the present article '

SiC materials. The mixed SjS species may present a bridge
between the Sigand GS clusters. Understanding the structural,
bonding, and stability properties of Si€ clusters may be
helpful for future identification of the new Si, C, and S- All computations are carried out using the GAUSSIANO8
containing species either in laboratory or in space and also forand MOLCAS 5.2% (for CASSCF and CASPT2) program
elucidation of the formation mechanism of the sulfide-doped packages. The optimized geometries and harmonic vibrational
SiC-materials. frequencies of the local minima and transition states are initially
Unfortunately, no theoretical, experimental, and astrophysical obtained at the B3LYP/6-311G(d) level followed by CCSD-
studies on the SigS species have been reported despite their (T)/6-311G(2df) single-point calculations using the B3LYP/6-
importance. In this paper, we choose to study the ternary system311G(d)-optimized geometries. To confirm whether the obtained
SiC,S. GsS was predictetto have a singlet linear ground state, transition states connect the right isomers, the intrinsic reaction
which is kinetically the most stable. All the other singlet species coordinate (IRC) calculations are performed at the B3LYP/6-
are higher in energy and unstable toward conversion to CCCS.311G(d) level. Further, for most relevant species, the structures
For SiG,5® the linear triplet CCCSi and singletsSi four- and frequencies are refined at the QCISD/6-311G(d) level and
membered ring with CC cross bonding have very close energies,the energetics at the CCSD(T)/6-31G(2df) level with inclu-
another singlet four-membered ring with SiC cross bonding lies sion of QCISD/6-311G(d) zero-point vibrational energies (ZPVE).
slightly higher in energy. The second-row elements were Finally, CASSCF(12,12)/6-311G(2df) structural optimization

previously shown to have much less trend to forsbonding followed by single-point energy CASPT2/6-311G(2df) calcula-
tion is performed for the relevant species for investigation of

t Jilin University. the multiconfigurational effect. For conciseness, the levels
* Mudanjiang Normal College. CCSD(T)/6-311G(2df)//B3LYP/6-311G(8)ZPVE, CCSD(T)/
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TABLE 1: Harmonic Vibrational Frequencies (cm~1), Infrared Intersities (km/mol) (in Parentheses), Dipole Moment (Debye),
and Rotational Constants (GHz) of Singlet and Triplet SiGS Structures at the B3LYP/6-311G(d) Level

rotational constant

species frequencies (infrared intensity) dipole moment

SiCCS'1 (1y) 123 (4), 123 (5), 476 (3), 476 (3), 538 (42), 1169 (8), 1937 (1603) 1.7041 1.591561

SiCCS112 (1Y) 98 (7), 98 (7), 424 (4), 424 (4), 543 (34), 1183 (19), 1920 (1880) 1.4411 1.588884

SSiCC*2 (*AY) 60 (4), 192 (28), 193 (28), 560 (3), 969 (125), 1957 (790) 3.1802

SSICC2' (1Y) 55 (3), 55(3), 191(28), 191 (28), 559 (3), 969 (124), 1960 (792) 3.1870

SiSCC'3 (*AY) 56 (0), 184 (1), 207 (3), 508 (30), 794 (9), 1912 (637) 7.4311

SICSC4 (15) 49 (1), 49 (1), 146 (12), 146 (12), 518 (0), 1142 (108), 1355 (328) 2.4671

S-cSiCC5 (*Aq) 191 (30), 200 (20), 405 (25), 561 (2), 958 (268), 1775 (12) 0.5132 51.97895 2.77341 2.63293
S-cSICC52 (TA,) 196 (31), 200 (20), 416 (26), 577 (6), 984 (280), 1747 (16) 0.6923 50.91877 2.79823 2.65246
Si-cCCS 6 (*A") 76 (1), 263 (1), 498(6), 595 (162), 758 (43), 1443 (190) 3.0025

cCSCSi'7 (*Ay) 257 (13), 309 (48), 495 (63), 772(0), 996 (0), 1242 (7) 0.8104 43.40492 3.07305 2.86986
cCSCSit72 (*Aq) 262 (13), 332 (48), 523 (58), 797 (0), 1040 (0), 1204 (9) 0.7400 4181164 3.13611 2.91729
CCSCSi*8 (*A") 369 (4), 416 (0), 451 (18), 690 (0), 712 (10), 798 (15) 1.8406

SiICCS21 (%5) 110 (0), 139 (2), 340 (0), 374 (0), 444 (50), 929 (14), 1786 (66) 0.0367

SSiCC®2 (3A) 107 (23), 154(0), 265(1), 563 (39), 656 (36), 1663 (672) 1.6784

SiSCC23 112 (3), 221 (55), 303 (7), 413 (56), 707 (7), 1777 (57) 4.3172

transSiSCC3 ((A") 131 (3), 313 (67), 347 (1), 443 (25), 695 (11), 1656 (378) 3.9099

SiSCC33"(°A") 124 (11), 363 (25), 410 (64), 436 (58), 678 (4), 1640 (457) 3.3378

Cis-SiSCC3" (*A’) 132 (3), 312 (67), 346 (1), 443 (25), 695 (11), 1656 (375) 3.9129

SiCSC%4 ((A) 116 (2), 203 (13), 352 (28), 469 (7), 830 (48), 1216 (48) 2.8585

Sicsc34 116 (2), 202 (11), 356 (29), 467 (7), 830 (47), 1216 (47) 2.8351

S-cSiCC?5 (°By) 125 (4), 193 (11), 527 (2), 710 (0), 913 (131), 1443 (8) 1.3410

S-cSICC35' (PAT) 76 (2), 126 (38), 169 (11), 474 (18), 657 (14), 1760 (67) 2.4446

Si-cCCS% (PA") 133 (3), 197 (1), 402 (20), 536 (86), 625 (0), 1461 (164) 1.9163

Si-cCCS%' 181 (2), 197 (1), 403 (19), 536 (87), 625(0), 1462 (163) 1.9185

cCSIiCS®7 ((A") 223 (18), 405 (13), 417 (38), 734 (39), 837 (2), 945 (2) 0.8582

cCSiCS®8 ((A"") 355 (28), 357 (0), 471 (13), 552 (1), 586 (5), 708 (7) 1.8000

SCSIiC39 (3A") 92 (9), 284 (12), 301 (26), 524 (11), 789 (4), 1375 (174) 1.6622

C-cSiSC?10 89 (10), 134 (12), 319 (4), 550 (14), 706 (31), 843 (19) 1.7244

S-cCCSP11(3A") 237 (7), 335 (6), 455 (1), 758 (28), 842 (9), 1359 (24) 1.6861

cSiCCS®12 198 (7), 425 (1), 479 (34), 594 (32), 775 (39), 1360 (30) 1.8959

cSICCS*13 (PA") 209 (6), 281 (2), 361 (2), 593 (18), 727 (3), 1453 (29) 2.1198

SiCSC214 (GA") 177 (4), 311 (5), 402 (5), 452 (146), 738 (0), 877 (8) 0.1497

a At the QCISD/6-311G(d) leveP For the relevant isomers, the QCISD/6-311G(d) values are included also.

6-311+G(2df)//QCISD/6-311G(dy ZPVE, and CASPT2/6-
311G(2df)//ICASSCF(12,12)/6-311G(2df) are simplified by CCS-
D(T)//B3LYP, CCSD(T)//QCISD, and CASPT2//CASSCF.

3. Results and Discussion

For such a small system, it is desirable to include as many
isomeric forms as possible. We initially considered five types
of isomers, i.e., linear or chainlike species (I), three-membered
ring species (l1), four-membered ring species (l11), closed species
(IV), and branched-chain species (V), as depicted in Figure 1.
After numerous searches, a total of 29 &S@ninimum isomers
(9 for singlet and 20 for triplet)%n) and 37 interconversion
transition states (11 for singlet and 26 for triplel)$m/n) are
obtained at the B3LYP/6-311G(d) level. Note that the top left
corner numbes means the electronic state (1 for singlet and 3
for triplet) of the isomers or transition states.

The optimized geometries of the singlet g8dsomers and
transition states are shown in Figure 2, and those of the triplet
SiC,S species shown in Figure 3. The spectroscopic properties
(harmonic frequencies, infrared intensities, dipole moments and
rotational constants) of the Si€ species are listed in Table 1.
The relative energies of all species are collected in Table 2.
The schematic singlet and triplet potential-energy surfaces
(PESs) of SiGS are presented in Figure 5 and Figure 6,
respectively.

3.1. Singlet SiIGS PES.There are 9 isomers on the singlet
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PES. Among these, five isomers have linear or chainlike Figure 1. Scheme for the singlet and triplet isomeric species search.

structures, i.e., linear SICC8('y) (0.0), bent SSICC2 (*A")
(33.9), linear SSICC2 (13) (34.0), bent SiSCE3 (*A") (81.2),

are relative energies with reference to isorker(0.0) at the
and linear SiICSC4 (13) (107.9). The values in parentheses CCSD(T)//B3LYP level. The species CSiCS and CSiSC of type
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I in Figure 1 are not minima. As will be shown later, the lower
energy specie® and!2' are not energy minima at the QCISD/
6-311G(d) level. Therefore, the linear or chainlike species with
internal —S— or —Si— bonding are of little importance
compared td1 with the Si and S atoms at two terminal sites.
11 is the global minimum on the SiS PES.

Among the postulated three-membered ring species of type
Il in Figure 1, only S-cSiCC5(1A;) and Si-cCCS6(*A") are
located as minima. The planar isomér (23.0, 23.2 24.6)
contains a SiCC three-membered ring with exocyclic SSi
bonding. The second and third values in parentheses are for
CCSD(T)//QCISD and CASPT2//[CASSCF. The planar isomer
16 (63.5) has a CCS three-membered ring with exocyclic SiC
bonding. The remaining two species are the SiCSC four-
membered ring species cSICST(*A;) (44.1, 44.3, 48.0) with
CC cross bonding and cSiCS@8 (*A’) (90.0) with SSi cross
bonding. The SICCS four-membered species with SiC cross
bonding (as in type Ill) is only an energy minimum at the HF/
6-311G(d) level. The SiCCS four-membered ring species with
SC cross bonding (in type Ill), the closed species (in type V)

3TS9/11 (Cs)

troms, and angles, in degrees.
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TABLE 2: Total (au) and Relative (kcal/mol) Energies of the Singlet and Triplet SiGS Structures and Transition States at
B3LYP/6-311G(d) and Single-Point CCSD(T)/6-311g(2df) Levéis

AZPVE  CCSD(T} AZPVE  CCSD(TJ CASPT2//CAS
species B3LYP  B3LYPd  //B3LYP!  totall  QCISD  QCISDY  //QCISDY  total2 SCF(12,12)
SICCS! (13)P 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SSICCI2 (A7) 422 -13 35.2 33.9
Ssicci2 (1y) 42.2 -1.2 35.2 34.0
SiSCCI3 (1A") 89.9 -1.7 82.9 81.2
SiCSCU4 (13) 120.9 21 110.0 107.9
S-cSiCCI5 (1Ay) 35.8 -11 24.1 23.0 28.2 058 24.0 23.2 24.6
Si-cCCS16 (1A 70.7 -17 65.2 63.5
cCSCSil7 (1A)) 54.1 1.1 45.2 44.1 44.6 -0.8 45.1 44.3 48.0
cCSCSi8 (1A’ 112.6 —-2.0 92.0 90.0
17S1/1 63.0 -1.9 51.5 496
1TS1/3(A") 90.3 2.0 84.0 82.0
1TS1/5 (A" 74.3 -17 60.8 59.1 67.6 -15 60.3 58.8
ITS1/5*% CA) 92.2 2.3 64.8 62.5
1TS1/6(A") 71.1 -2.0 64.3 62.3
1TS1/7 (A 86.3 2.2 78.6 76.4
1TS2/5 (A" 429 -13 34.4 33.1
1TS4/6 (A") 127.8 -25 118.5 116.0
ITSB/7EA") 726 -1.9 66.5 64.6 65.1 -1.6 65.8 64.2
17S7/8 117.2 24 99.5 97.1
17S8/8 148.8 2.9 132.4 129.5
SICCS1 (35) 50.6 -1.0 51.2 50.2
SSiCC32 (3A7) 745 —2.0 74.0 72.0
Siscc3 95.6 -1.9 92.9 91.0
trans-SiSCG3' (3A") 99.9 -18 97.4 95.6
SiSCC33" (3A") 99.7 -17 97.0 95.3
Cis-SiSCC3" (3A") 99.9 -18 97.4 95.6
SICSC3 (3A") 128.6 —2.4 126.1 123.7
sicsc 128.6 —2.4 126.1 123.7
S-cSiCC35 (3B)) 89.6 -13 81.1 79.8
S-cSICC35' (3A7) 84.5 23 78.8 76.5
Si-cCCS% (A" 89.1 21 85.3 83.2
Si-cCCS%! 89.1 —2.1 85.3 83.2
cCSIiCS?7 (3A") 98.1 -18 87.9 86.1
cCSiCS™ (3A") 140.4 -26 125.3 122.7
SCSiC39 (3A") 134.0 21 127.4 125.3
SCSiC39 (A" 159.8 -0.9 134.3 133.4
C-cSiSC10 152.4 -3.1 142.2 139.1
S-cCCSP11(3A") 60.3 ~1.2 59.6 58.4
S-cCCSP11 (3A")e 66.8 -1.0 59.6 58.6
cSICCS?12 75.3 ~14 69.1 67.7
CcSICCS?13 (%A 84.1 -17 76.3 74.6
SICSC314 (3A") 143.1 —2.7 133.4 130.7
3TS1/2 90.0 27 87.1 84.4
3TS1/3 97.7 2.2 94.4 92.2
3TS1/11 BA”) 68.9 -16 69.2 67.6
3TS1/11* GA") 115.8 27 114.5 111.8
3TS1/12 76.2 -1.8 72.0 70.2
3TS1/13 BA’) 89.7 -23 86.5 84.2
3TS2/2 92.4 21 85.8 83.7
STS2/5EA") 90.6 -1.9 83.1 81.2
3TS2/3 84.6 —2.4 79.3 76.9
5TS2/11 BA™) 97.4 -1.5 90.8 89.3
37S2/12 87.8 -23 81.9 79.6
3TS3/3' 111.8 -1.0 104.5 103.5
3TS3/3" (3A") 100.6 21 98.4 96.3
3TS4/6 137.4 -3.0 131.6 128.6
3TS4/7 138.6 27 132.9 130.2
3TS4/14 BA") 145.1 24 137.8 135.4
3TS5/9 A) 190.5 -34 185.8 182.4
3TS6/7 104.7 2.7 98.2 95.5
3TSE/11 BA") 97.4 2.5 96.7 94.2
3TS6/13 90.0 21 86.1 84.0
3TS7/7 100.1 2.0 88.9 86.9
3TS7/11 152.0 -34 143.1 139.7
5TS7/12 114.5 238 105.3 102.5
STSO/LE(A") 160.8 —2.4 137.2 134.8
3TS10/11 152.5 34 142.0 138.6
3TS12/13 99.2 2.2 93.4 91.2

aFor the relevant species, the values at the CCSD(T)/6F&l(2df)//QCISD/6-311G(d) and CASPT2/6-311G(2df)//CASSCF/6-311G(2df) are
listed also. The symbols in parentheses of the column denote the point group symmetry. Only the electronic states of the species th&;are not of
symmetry are giver The total energies of reference isomgrat the B3LYP/6-311G(d) level is-763.8828863 au, at the MP2/6-311G(d) level
is —762.6000231 au, at CCSD(T)/6-311G(2df)//B3LYP/6-311G(d) levet762.7542372 au, at CCSD(T)/6-311G(2df)//MP2/6-311G(d) level is
—762.754096 au, at the QCISD/6-311G(d) leveti862.6161967 au, at the CCSD(T)/6-31G(2df)/QCISD/6-311G(d) level is-762.758084 au,
at the CASPT2(12,12)/6-311G(2df)//CASSCF(12,12)/6-311G(2d)763.01503329 au, respectively. The ZPVE at the B3LYP, MP2, and QCISD
level are 0.011030, 0.010804, and 0.010686 au, respectiVEhe values are obtained at MP2/6-311G(d) le¥dlhe basis set is 6-311G(d) for
B3LYP and QCISDE The basis set is 6-311G(2df) for both the CCSD(T) and CASSCF and CASRMR.6-311-G(2df) basis set is used for
CCSD(T).
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and the branched-chain species (in type V) are not minima at Because'2 and'2' do not exist at the QCISD level and their
kinetic stability is almost zero (0.7 and0.8 kcal/mol at the

any levels.
To discuss the kinetic stability, one needs to consider various B3LYP and CCSD(T)//B3LYP levels), th& — 11 conversion

isomerization and dissociation pathways. The lowest dissociationgoverns the kinetic stability of5. We can see that only the
or isomerization barrier usually governs the kinetic stability of three isomerd1, 15, and'7 may be of interest. The linead,
an isomer. As shown in Table 3, the relative energies of the cyclic 15, and cyclicl7 have considerably high kinetic stabilities

dissociation products Si&{) + Cy(*3 *g), SiC{Y) + CSEY),
C(@P)+ SICSEY), SEP)+ SICC(A,), and SifP)+ CCS{AL)

as 59.11 — 15), 36.1 {5 — 11), and 20.5 %7 — 16) kcal/mol,
respectively, at the CCSD(T)//B3LYP level. The respective

in both singlet and triplets are rather high (more than 107 kcal/ CCSD(T)//QCISD values are 58.8, 35.6, and 19.9 kcal/mol.
mol at the CCSD(T)//B3LYP level). So the isomerization Such kinetic stabilities are high enough to allow the existence

process determines the kinetic stability of §8Cisomers.

of the three speciekl, 15, and17 under both laboratory and
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TABLE 3: Relative (kcal/mol) Energies of Dissociation 3.3. Properties and Implications of SiCCS'1, S-cSiCC!5,
F_raglment_s of the S'CZ§ StrUCtUZFSS at B3I|-YP/6'311(3(d) and and cSiCSC7. Unless specified, the following discussions of
Single-Point CCSD(T)/6-311g(2df) Levels the three species are based on the B3LYP level. The dominant

AZPVE ~ CCSD(TY electronic configuration of SICCR (1Y) is 10%20%30%40% %5022,

species B3LYP B3LYP® //B3LYP® total The 1z orbital is mainly delocalized over CCS with little on
SiS¢y) + CC(y*g) 150.1 -3.2 117.3 114.1 Si, whereas 2 is a delocalized orbital mainly of SiC with little
gl(acp(;a) gcssti:(gzz)) ﬂg? —g-g ﬁéi ﬁg-g on internal CC. Its SiC bond length (1.6886 A) is closer to the
SOP)+ COSitAL) 1171 30 101 071 gﬂcCaIbSFC bond value (']&.7071_ A in Si€H,) than to the
SEP)+ CCSif) 1617 o7 1519 149 2 i=C bond \_/alue (1.6474 A in SIHCHY.The CS bond val_ue
Si@P)+ CCS{A) 169.1 -3.1 158.6 155.5 (1.5701 A) lies well between the normakES (1.5409 A in
SiCP) + CCS(y) 155.9 —2.4 150.3 147.9 CS) and G=S (1.6149 A in SiHS) ones. The internal CC bond
g((zgi glgggg)) 12;-2 —g-é igg-g g?l-g value (1.2813 A) is between=6C (1.3270 A in GH4) and G=

| . —3. . . H H

SO R M EieAmod st ool scos
C@P)+ SICSEY) 170.1 -3.5 167.7 164.2 Yy ,

SE=C—C=S has significant contribution along with certain from

aThirsyﬂr%ﬂsté?aﬁ’iﬁgrthi‘zez fo:etfgfe%‘ﬂgTsr;gféqgtiézeBpsoﬂ:‘;PgrOUp Si—C=C—S. The natural bond orbital (NBO) analysis fails in
symmetry. F : : .
ai’]d singlye ooint CCSD(T)gIeveIs e ol o oV ot the BaLyp the structural description 8L. The direct combination between
level are listed in footnote a of Table 2The basis set is 6-311G(d)  SIC and CS or between Si-atom angSmay lead to1.
for B3LYP. ¢ The basis set is 6-311G(2df) for CCSD(T). For the three-membered ring species S-cSIGT'A;), the
dominant configuration is 1&2a23a210,%4a 21,220,221 %58,2
with three sets ofr orbitals 1h, 2k, and 2h. The low-lying
1b; spreads over the whole molecule with most on the,SiC
ring. The 2b orbital is localized within the exocyclic SiS bond
with slightly more on S. 2palmost completely resides within
the CC bond. Thusl5 can be considered as having=s and
C=C triple bonding. NBO supports this description. Actually,
the SSi (1.9220 A) and CC (1.2730 A) bonds are shorter than
the typical $=Si (1.9557 A in SiHS) and G=C (1.3270 A in
C,H,4) double bonds, respectively. Interestingly, the SSi and CC
’ bond values of5 are closer to those of the doublet $i®.9265
A) and G (1.2597 A) than to those of the singlet SiS (1.9471
A) and G (1.2512 A). The natural charge distributions
are—0.4901 (Si)/+1.2652 (S);~0.3875 (C), and-0.3875 (C).
Isomer 15 can be thought of as a charge-transfer species
comprising SiS$ and G~. Compared to the normal SC single
(1.8852 A in SiHCHs) and S=C double (1.7071 A in Sit
CHy,) bonds, the shortened peripheral SiC bond (1.8136 A) of
15 is a result of the delocalized 1br-bonding orbital. In
interstellar space, isom& may be formed via the perpendicular
addition between the singlet SiS ang ®otice that the similar
structure S-cg in C3S is not a minimum. Instead, it is a
transition state associated with the interexchange of the two
terminal C-atoms in the linear CCCS.

interstellar conditions. At the CCSD(T)//B3LYP level, the
kinetic stabilities of the remaining species 482(0.8, 13 —

11), 14 (8.1,%4 — 16), 16 (—1.2,16 — 1), and'8 (7.1,8 — 17)
kcal/mol, respectively. Along with their high energy, they may
be of little interest as observable species either in laboratory or
in space.

3.2. Triplet PES of SiGS. As shown in Figure 6, the triplet
PES SiGS with 20 isomers and 26 transition states is much
more complex than the singlet. Fortunately, the energies of the
triplet isomers are energetically very high lying. For example
31 (50.2),35 (79.8),35' (76.5), and®7 (86.1) are higher thaHl
(0.0),15(23.0), and'7 (44.1) by at least 40 kcal/mol. Moreover,
the triplet isomers are kinetically very unstable except for the
linear SICCS®1 (33) with a barrier 17.4 kcal/mol fofl — 811
conversion. Yet, even this value is significantly lower than that
59.1 {1 — 15) of the singlet'l. The kinetic stabilities of the
triplet 35 (1.4,35 — 32), 35’ (0.4,3%5' — 32), and37 (9.4,37 —

36) are much lower than those of the sing1Bt(36.1,15 — 11)
and7 (20.5,7 — 16). This indicates that when the singlet S8
isomers are electronically excited to the triplet states, their
kinetic stabilities are greatly decreased and even become
unstable. The corresponding singtétiplet energy gaps of the
linear SICCSL, three-membered ring and four-membered ring

7 are as large as 50.2, 56.8 (53.5 t6r— 35') and 42.0 kcal/ ’ ) ) )
mol at the CCSD(T)//B3LYP level, respectively. All the triplet ~ One point worthy of note is that multiply bonding between
SiC,S isomers can be easily convertedlwia direct or indirect ~ the second-row elements is usually not preferred both thermo-
pathways. The triplet PES is of minor importance for $C dyna.mlcally a.m.d klnetlcally. In mter_stellar space, even the
For simplicity, the structural and isomerization details of the SPecies containing single-S6 bonding is very rare. Up to now,
other triplet species are not discussed here. only t.he 5|_mplgst dlatomlc SiS has been de;ected, which also

It should be pointed that at the CCSD(T)//B3LYP level, two contains SES triple bonding. The isomer S-cSiCE(*A;) may
transition states, i.eLTS1/6 (62.3) and®TS10/11(138.6), are ~ Provide a new more “complex” example with SiS multiple
energetically a little lower than the corresponding isomiérs ~ Ponding.

(63.5) anc?10 (139.1), as shown in Table 2 and Figures 5 and  The four-membered ring isomér has an electronic config-

6. In principle, a transition state should be the highest energy uration 1a?2a21h,°3a°10,?48,22h,°5a°21y2. zr-orbital 1k is
point between a reactant and a product. This anomaly is causedlelocalized over the whole molecule with the major part on
by the CCSD(T)//B3LYP single-point energy calculations the GS ring.z-orbital 2ky simply spreads over the SiCing.
without optimizing the structures at the CCSD(T) level. In fact, Consequently, the peripheral SiC (1.8241 A) and CS (1.7752
at the B3LYP/6-311G(d) levelTS1/6 (71.1) and®TS10/11 A) bonds are between the single (1.8852 A for-Siin SiHs-
(152.5) are reasonably higher in energy tRéi§70.7) and®10 CHz and 1.8354 A for &S in CHSH) and double (1.7071 A
(152.4), which are indicative of the rather high instability of for Si=C in SiH,CH, and 1.6149 A for &S in CH,S) bonds.

the isomers6 and310. Such instability is not expected to be  Moreover, the bridged CC bond (1.3930 A) contains significant
changed at higher levels. So we decided not to perform the ratherdouble-bonding character as ighg (C—C bond value is 1.3940
expensive optimization calculations f8FS1/6, 3TS10/11, 16, A) compared to the normal-€C (1.3270 A in GH,) and C-

and 310 at the CCSD(T) level. The connection of the two C (1.5303 A in GHg) bonds. The two sets af-bonding orbitals
transition states is confirmed by IRC calculations. (4 -electrons) result in the much shorter CC cross bond (1.3930
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A) in 17 than those in the similar rhombic structures for $iC
(1.483 AP and SjC, (1.432 AP with one 7 orbital (2 &
electrons) and SifN (1.479 A} and SiGP (1.426 A¥° with
onex orbital and oner electron (37 electrons). The similar
structure cCCSC in the isoelectronigS]s kinetically unstable
toward conversion to linear CCCSinterestingly, the CC
crossed bond if7 is also considerably shorter than that in
cCCSC (1.470 A). This can be ascribed to the much stronger
electron-accepting ability of carbon than silicon. 18SC one
m-bonding is greatly delocalized along the two peripheral CC
bonds (1.417 A).

At the QCISD/6-311G(d) level, the dipole moments 16f
and7 are very small as 0.6923 and 0.7400 D. Oflyhas a
reasonable value as 1.4411 D. It seems that their microwave
detection is difficult. Yet, they can be identified by their infrared
spectrumll and'5 have very acute bands at 1920 (associated
with the breathing vibration of the internal CC bond) and 984
cm! (associated with the breathing vibration of the exocyclic
SSi bond) with the corresponding infrared intensities 1880 and
280 km/mol. Isomer7 has two neighboring low-frequency
bands at 332 and 523 cthwith comparable intensities 48 and
58 km/mol, respectively. Both bands are associated with the
in-plane vibration. The former corresponds to the left-right
movement of the CC bond (with reference to the structure of
17 in Figure 1). The latter corresponds to the breathing vibration

Chen et al.

3. Though for GS, no other singlet species are kinetically
stable, replacement of one C-atom by the second-row Si-atom
truly introduces two very stable cyclic form$ and 17 in
addition to the lineatl. This again reinforces the importance
of heteroatomic doping in cluster chemistry.

The present study is expected to provide a useful basis for
future laboratory and interstellar identification of the three,SiC
isomers.
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