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SIC3N: A Promising Interstellar Molecule with Stable Cyclic Isomers
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The potential energy surface of SIKCis investigated at various levels. A total of 33 isomers are located
connected by 44 interconversion transition states. At the CCSD(T)/6-311G(2d)//B3LYP/6-311G(d) level, the
lowest lying isomer is linear SICCCN with AT electronic state whose structure mainly resonates between
*|Si—C=C—C=N]| and |Si=C=C—C=N]|. The chainlike low-energy structures SICCNC (25.0 kcal/mol),
SINCCC (33.9 kcal/mal), CCSICN (42.9 kcal/mol), and CCSINC (45.7 kcal/mol) possess large kinetic stability
also. Another two kinetically very stable three-membered-ring structuregAvittlectronic states are located,

i.e., CN-cCCSi (33.2 kcal/mol) and CN-cSIiCC (40.7 kcal/mol), with a kinetic stability of 40.3 and 128.4
kcal/mol, respectively. Except for CN-cSiCC, other isomers mentioned above contain conjugative or
hyperconjugative multiple bonding. Among the §iCseries, SigN may be the first radical with stable

cyclic isomers that can be detected in interstellar space. For the relevant structures, the higher level CCSD-
(T)/6-311+-G(2df)//QCISD/6-311G(d) and CASPT2(13,13)/6-311G(2df)// CASSCF(13,13)/6-311G(2df) cal-
culations are performed to obtain more reliable structures, relative energies, vibrational spectra, dipole moments,
and rotational constants. The similarities and discrepancies aNSehalogous ¢N and SiGN series, i.e.,

SiCN and SiGN, are compared and analyzed.

1. Introduction and cyclic structures can be located as kinetically stable isomers

. . . . . on its PES!! SiGN, which is analogous to SiCN, Sil, and
Silicon and nitrogen chemistry have received considerable isovalent GN, is expected to exist in interstellar space.
attention from various aspects. One area of interest is their = 4 "o hand, Si- or N-containing species have been
pqtent|al |mp0.rt§1nce in interstellar space. Up to now, §evera| believed to play important roles in materials chemistry. Binary
S"Er N-conta!nlng _molequles such aght(n = 1, 3, 5), SiG . silicon carbides are commonly used in microelectronic and
_(n = 1-4), S'N’ SiO, SiS, and PN have been detected in photoelectronic applicatiorid. Nitrogen is usually used as a
interstellar medlu'rﬁ. - . . minute dopant. During the N-doped SiC vaporization process,

Recently, the Si-, C-, and N-containing species have receivedo smaller pentaatomic species $inay be generated. The
experimental and theoretical attention. Particularly, two new knowledge about the structures, energies, and bonding nature
silicon-bearing isomers, i.e., the closed-shell asymmetric tops ¢ \arious SIGN isomers may be helpful in understanding the

cyanosilylene (HSICN) and its isomer HSINC, have been jnjsia| step of the growing mechanism during the N-doped SiC
detected in a laboratory discharge by molecular beam Fou”ervaporization process.

transform microwave spectroscopyBoth isomers are good In this paper, we choose to study the pentaatomic molecule
candidates for astronomical detection, closely related in structureSiC3N and mainly want to resolve the following questions: (1)

and composition to known astronomical molecules. The detec- 5, it have stable cyclic forms such ag\Cor only chainlike
tion of the SICN rad|cal in an astronommal source has been ¢ ctures such as SiCN and S (2) What is the bonding
reported and the microwave spectrum of it was recently reported 5+ e of the most important isomers? (3) What are the

. 75 =
in the laboratory gls@. The geome;tncal parameters showed g nilarities and discrepancies among SIiCN, SICSICN, and
that only two chainlike structures, i.e., SICN and SiNC, have CN?

kinetic stability connected by two transition state’st the same

time,. the qnalogues SiN have recgntly received theoreticql 2. Computational Methods

consideratiorf.Although several cyclic forms have been identi- . . .

fied as energy minima on the PES of GG they are kinetically All calculations are carried out with the GAUSSIAN 98
unstable toward isomerization. Generally, $ids a member ~ and MOLCAS 5.2* (for CASSCF and CASPT2) program

of the SIGN series to be detected soon. HCisomers have packages. The optimized geometries and harmonic vibrational
been detected in the laboratdrithe GN species has already ~ frequencies of the local minima and transition states are obtained
been experimentally generated via mass spectrometry méthodsat the B3LYP/6-311G(dj theory level. To get reliable energies,
and detected in a supersonic molecular beam by Fourierthe CCSD(T)/6-311G(2d)single-point energy calculations are

transform microwave Spectroscogy]'he study of GN struc- further performed based on the B3LYP/6'31:LG(d) geometries.
ture, energy, and kinetic Stab”'ty showed that both chainlike To confirm whether the obtained transition states connect the

right isomers, the intrinsic reaction coordinate (IRC) calculations
t Jilin University. are performed at the B3LYP/6-311G(d) level. Furthermore, for
* Mudanjiang Normal College. the relevant species, the calculations on the structures, frequen-
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Figure 1. Scheme for isomeric species.
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cies, and energies are carried out at the QCISD/6-311G(d) at the CCSD(T)/6-311G(2d)//B3LYP/6-311G{IPVE level
and CCSD(T)/6-311G(2df) (energy only) levels, including the  (simplified as CCSD(T)//B3LYP).

zero-point vibrational energies (ZPVE) atthe 6-311G(d) B3LYP  3.1. SiGN PES. Among the 33 isomers, 11 have chainlike
and QCISD levels for energy correction. The CASPT2(13,13)/ structures, i.e., SICCCN (0.0), SICCNC2 (25.0), SINCCC3
6-311G(2df)//CASSCF(13,13)/6-311G(2df) method is used to (33.9), CCSICN4 (42.9), CCSINC5 (45.7), SINCCO6 (49.6),

test the relevant species’ multiconfigurational effects. SICNCC 7 (66.3), NCCSiC8 (101.5), NCCSiC8 (101.2),
CSICNC?9 (130.9), and CSIiCN@' (123.9). Among thesel,
3. Results and Discussion 2, 3, and7 are all linear forms WitiI1 electronic states, ardl
To include as many isomeric forms as possible, we initially > & 8 and9 with Si located inside are be,nt forms witA’
considered six types of isomers, i.e., chainlike spedjesree- eleqtronlc states. Two strl'JCturesZ |.a’.l,and9, are foupd for
membered ring speciet |, four-membered ring specielI(), the isomer® and9, respectively, with different electronic states

five-membered ring specie$\), cage-like speciesV(), and (ZA'_')' Neither CSINCC nor NSICCC can be located as a
branched-chain specie¥|(), as depicted in Figure 1. Among Mnimum.
those possible structures, 33 isomers are located connected by Nine isomers on the PES include three-membered rings.
44 interconversion transition states at the B3LYP/6-311G(d) NC-cCCSi10 (9.6) and CN-cCCS11 (33.2) are CCSi three-
level. membered ring structures with an exocyclic NCC bond and an
The letterm is used to denote various Si€ isomers, and ~ €xocyclic CNC bond, respectively. CN-cSiCI2 (40.7) isa
TSm/n denotes the transition states connecting the spesies SICC three-membered-ring structure with an exocyclic CNSi
and n. The optimized geometrical parameters of the 8iC ~ Pond. SiC-cCNC 14 (50.8), CSi-cCNC17 (148.1), and
isomers and transition states are shown in Figures 2 and 3,CSi-cNCC18 (175.1) have NCC three-membered-ring struc-
respectively. The harmonic vibrational frequencies as well as tures. SiN-cCCQ3(47.8) and NSi-cCC@6(121.6) including
the infrared intensities, dipole moments, and rotational constants2 CCC three-membered ring are G, symmetry with?B,
of the relevant SigN species are listed in Table 1, while the €lectronic states. Only CC-cNSit5 (94.2) has an NSiC three-
relative energies of all the structures are collected in Table 2. membered-ring structure. Note that orl§, 11, and 12 are
The possible dissociation products’ energies are shown in Tableenergetically low lying.
3 and their structures are shown in Figure 4. A schematic Except for C-cCCSiN23 (108.0), the other four-membered-
potential energy surface (PES) of 3IiCis presented in Figure  ring species all have CC or CSi cross-bonding. N-cCCTS5i
5a, and in addition Figure 5b shows all the most relevant isomers(50.9) and N-cCCCSRO (54.3) both include a CCCSi four-
together with the transition states governing their kinetic membered ring as well as an exocyclic NC bond, while
stability. Unless otherwise specified, the relative energies are N-cSiCCC24 (120.4) includes a CCCSi four-membered ring
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Figure 2. Optimized geometries of S8 isomers at the B3LYP/6-311G(d) level. Bond lengths are in angstroms and angles in degrees. The
values obtained at the QCISD/6-311G(d) level and with the CASSCF(13,13)/6-311g(2df) method for some relevant isomers are also given in italics
and in parenthese, respectively.

and an exocyclic SiN bond.9, 20, and24 all have CC cross- Since the relative energies of the dissociation products are rather
bonding. N-cSICCC25 (134.2), which has a CCCSi four-  high (more than 89 kcal/mol at the CCSD(T)//B3LYP level) as
membered ring just lik4, however, has SiC cross-bonding shown in Table 3, we do not attempt to search any dissociation
while 24 does not. C-cCCN&21 (55.8), C-cNCSi22(104.6), transition states. So the isomerization barriers govern the kinetic

and C-cCCSIiN23 (108.0) are all CCNSi four-membered-ring  stability of SiGN isomers. From the isomerization process of
forms with exocyclic CC, CN, and CC bonds, respectively. the SiGN isomers depicted in Figure 5a, we can see that most

Among the 7 four-membered-ring isomel®, 22, 24, and25 of the high-energy isomers can convert to the low-energy
are of Cy, symmetry with?B, electronic states, whil@0 and isomers. Then, the kinetic stability order of all the $NGsomers

21 are of Cs symmetry with2A" and 2A’ electronic states, can be obtained ak2 (128.4,12—17) > 11 (40.3,11—14) >
respectively. 2(25.9,2—14) > 15(25.2,15—6) > 7 (24.7,7—2) > 17(21.0,

Total three five-membered-ring isomers cSINC28153.3), 17—12) > 4(20.4,4—5) > 1 (16.9,1—10) > 3 (15°7,3—6)
cSICCCN27 (56.6), and cSICCNQ@8 (77.0) are all searched =5(15.7,5—~21) > 25(11.7,25—1) > 24(9.0,24—16) > 18

as minima. Both27 and 28 are Cs symmetrized with2A" (8.2,18—17) > 10(7.3,10—1) > 16(5.5,16—11) > 9 (5.0,
electronic states. CSi, CC, and CC cross-bonding are found in9—11) > 23 (3.8, 23—28) > 19 (3.7, 19—10) = 13 (3.7,
26, 27, and 28, respectively. 13—3) > 26(2.2,26—1) > 28(1.0,28—2) > 21(0.8,21—26)

Finally, isomer29 (173.3) is aCy,-symmetried branched- > 14(0.1,14—2) > 6 (0.0,6—3) > 22(—0.2,22—11) > 27
chain structure with &A, state. Both isomer80 (105.5) and (—0.6,27—1). The values in parentheses are in kcal/mol. Yet,
31(131.0) may be viewed as cage-like species of respeCtive  no transition states connecting isom8rgl01.2),8' (101.5),9
and C3, symmetry,2A’ and ?A; electronic states. All three  (123.9),20 (54.3),29 (173.3),30 (105.5), and31 (131.0) can
possess very high relative energies, so they may be of minutebe located. These isomers are expected to be of little importance

importance. in the investigation of SigN isomerizations due to their high-
It is worthy of note that we performed additional calculations lying energies.

to test the doublet instability of the sev€n, systemsl3, 16, From the order of kinetic stability, we can see that the cyclic

19, 22, 24, 25, and29. The results show that all of them are isomer12 has the highest kinetic stability (128.437.3, the

stable. In case they could have lower enef@yor evenC; italic values in parentheses are for CCSD(T)/6-3¥{&df)//

structures, we adjusted the seven isomeEndC,; symmetry. QCISD/6-311G(d)}-ZPVE single-point calculationd, 2, 3, 4,
Fortunately, all final optimizations are converged to the more 5, 7,11, 15, and17 all have considerable kinetic stability (more
symmetrizedC,, structures. than 15 kcal/mol). But the isomeis(66.3),15 (94.2), andl7
To discuss the kinetic stability, we need to consider as many (148.1) possess high energies (more than 65 kcal/moljl So
various isomerization and dissociation pathways as possible.(0.0), 2 (25.0),3 (33.9),4 (42.9),5 (45.7),11 (33.2), and12



6922 J. Phys. Chem. A, Vol. 108, No. 33, 2004

BEISINI =144 5

Bi1SiN2=04) 78

LI TS1122(C8) Sy
o S22 TSI217 (0,
TS621 (Cs) ;

bi ISiN2}=597 25
TSIVIBAC,)

BINSZ P 13
by M8 e dd

TSII2 ic)

q 200 TSHUI6Cs)
TSI ()

55210 TEazell)

Figure 3. Optimized geometries of interconversion transition states betweeN3$Gmers at the B3LYP/6-311G(d) level. Bond lengths are in
angstroms and angles in degrees.

(40.7), with large thermodynamic and kinetic stabilities, may C=N|—C|* with the first one having the most weight and the
stimulate great interest in the scientific domain. Note that the last one the least. The unpaired electron is mainly located at
values in parentheses are relative energies (in kcal/mol) with the terminal Si atom.

reference to isomet. To get more accurate structures, energies, SiINCCC 3 has a linear structure with @1 electronic state
vibrational spectra, dipole moments, and rotational constants,also. The terminal SiN bond is longer than the typica=Si
CCSD(T)/6-31#G(2df)// QCISD/6-311G(d) level calculations  bond, and the NC bond is shorter than the typical NC double

have been performed on the seven isomers. bond. Both of the CC bonds are a little shorter than the typical
3.2. Properties and Implication of the Relevant Species. = CC double bond. The spin densities (0.7588,1237, 0.2148,
From above, we know that the seven isomkrg, 3, 4, 5, 11, —0.0826, and 0.2332 e for Si, N, C, C, and C respectively)

and 12 possessing large kinetic and thermodynamic stabilities suggest a resonant structure among three forms:|SityN|=
may be observable in the laboratory and in interstellar space. C=C=C]|, (2) |Si=N|—C=C=C|, and (3) |Si=N|—C|—C=
So their structures and bonding natures are analyzed andCr, with the former (} having the most weight, (3) less, and
discussed at the B3LYP/6-311G(d) level. (2) the least.

Both ground-state SICCCN and isomer SiICCNQ@ have The bend structures of CCSiCMNand CCSINC5 with 2A'
linear structures an#l1 electronic states. Their calculated SiC electronic states may be attributed to their internal Si atom. For
bond lengths lie between the typical SiC single bond and isomer4, the CC bond is just between=<C and G=C bond
Si=C double bond® Their CC bonds connecting to the Si atom values, the SiC bond connecting to the N atom is a little shorter
are closer to the €C bond than to the €C bond. Their CN than the typical SiC single bond, while the other one is very
bond lengths are a little longer than that of trelC triple bond. close to the typical S+C bond. Its NC bond length is close to
Then isomerl may be best described as a resonant structure that of the N=C bond. So CCSiCM can be viewed as a

betweert|Si—C=C—C=N| and|Si=C=C—C=N]| (where 9" superposition of the following structures:

denotes the lone electron pair, and tenotes the single

electron). The spin densities (0.75134).1350, 0.3100;-0.0799, lC=c —=NI lCx NI (IS =Nl
and 0.1535 e for Si, C, C, C, and N, respectively) suggest the \s.i/c/ g\g/c \S_i/c
former bears somewhat more weight. For isorBgethe spin 0 @) 3)

densities (0.7698;0.1373, 0.2701,-0.0654, and 0.1628&for
Si, C, C, N, and C, respectively) suggest a resonant structureThe spin densities (0.2976, 0.1462, 0.4867, 0.0475, and 0.0221
among*|Si—C=C—N|=C]|, |Si=C=C—N|=C|, and |Si=C= e for C, C, Si, C, and N, respectively) suggest formtaving
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TABLE 1: Harmonic Vibrational Frequencies (cm™1), Infrared Intensities (km/mol) (in Parentheses), Dipole Moment (D), and
Rotational Constants (GHz) of the Relevant SiGN Structures at the B3LYP/6-311G(d) and QCISD/6-311G(d) Level

species frequencies (infrared intensity) dipole moment rotational constant

SiICCCN1 98 (1), 97 (0), 115 (1), 294 (8), 323 (6), 481 (21), 511 (4), 3.6088 1.418980
586 (0), 1032 (18), 2023 (0), 2259 (74)

SiICCCNEP 97 (0), 113 (1), 244 (4), 262 (7), 465 (32), 492 (6), 560 (1), 3.6097 1.390604
990 (48), 2095 (0), 2376 (47)

SiCCNC2 99 (0), 120 (0), 254 (5), 300 (6),397 (0), 490 (20), 523 (4), 2.2914 1.499760
1095 (11), 2014 (16), 2080 (32)

SiICCNC2 97 (0), 118 (0), 235 (4), 267 (5), 382 (0), 475 (45), 495 (5), 2.2979 1.471050
1061 (25), 2070 (24)

SINCCC3 96 (1), 119 (2), 206 (7), 265 (7), 493 (14), 532 (22), 5.5647 1.574248
594 (23), 1039 (7), 1867 (37), 2093 (585)

SINCCC3 83 (1), 108 (1), 163 (3), 223 (3), 505 (91), 516 (23), 5.9754 1.553837
590 (33), 1023 (61), 1901 (0)

CCSIiCN4 69 (11), 116 (0), 215 (8), 234 (2), 362 (20), 554 (100), 3.4468 15.85766, 2.23128, 1.95605
743 (22), 1807 (94), 2265 (59)

CCSICN&4 72 (9), 124 (0), 195 (23), 226 (3), 380 (2), 573 (61), 3.1164 9.33758, 2.69063, 2.08875
625 (54), 1690 (244), 2269 (37)

CCSINC5 71 (11), 108 (0), 164 (0), 183 (5), 335 (26), 593 (117), 3.3824 18.82232, 2.33141, 2.07446
760 (75), 1793 (15), 2092 (558)

CCSINCB 103 (3), 107 (0), 165 (1), 226 (0), 405 (9), 636 (206), 2.1735 11.99191, 2.65001, 2.17039
659 (151), 1832 (37), 2091 (492)

CN-cCCsill 169 (3), 201 (3), 372 (8), 468 (0), 599 (4), 728 (46), 2.6998 20.06309, 2.63942, 2.33256
942 (9), 1681 (4), 2135 (226)

CN-cCCSi1t 165 (3), 188 (2), 376 (10), 449 (0), 617 (2), 737 (55), 2.9421 20.22717, 2.62196, 2.32109
970 (16), 1672 (5), 2165 (294)

CN-cSiCC12 103 (1), 132 (7), 154 (2), 278 (56), 310 (13), 610 (54), 2.1430 20.43512, 2.82211, 2.73641
791 (210), 1823 (9), 2089 (490)

CN-cSiCC12 113 (2), 130 (7), 174 (0), 314 (15), 319 (68), 630 (69), 2.2035 18.07124, 2.78018, 2.40949

822 (240), 1785 (13), 2086 (511)
a At the QCISD/6-311G(d) level.

most weight, (3 less, and (Rthe least. For isomes, the CC 0.0882, 0.6001, and 0.2795 e for C, N, C, C, and Si,
and CN bond are a little longer than the CC and CN triple bond. respectively), form (1) should bear more weight than form (2).
Its respective spin densities (0.2056, 0.0789, 0.6531, 0.0128, Isomerl2including a SiCC three-membered ring as well as
and 0.0495 e for C, C, Si, N, and C, respectively) suggest a exocyclic CNSi bond is ofs symmetry with &?A’ electronic
resonant structure between the following two forms and the latter state. The three C, N, and Si atoms form a plane and the other

bears more weight. two C atoms lie symmetrically on the two sides of it. The CC
bond value is just between that of the=C and G=C bonds.

S N¢CI |C§c\ /N¢C| While the two SiC bond lengths are close to that of the SiC
~siT— and \§i - single bond, the CN bond value lies between that of tEeNC

bond and the &N bond. Its SiN bond length is very close to
A hyperconjugative bonding is formed by the CC multiple the typical SiN single bond. Considering the spin densities
bonding, the lone electron pair on the Si atom, and the CN (0.0559, 0.0123, 0.6133, 0.0159, and 0.0159 e for C, N, Si, C,
multiple bonding, and this hyperconjugative bonding together and C, respectively), isomé2 can be viewed as the dominant
with conjugative multiple bonding makes isomérand5 show structure:
higher stability although containing an internal Si atom.

Isomerllincludes a SiCC three-membered ring. All five of Ic
the atoms are on the same plane. The CC bond value is pretty NI
much the same as the norma=C bond value. The CSi bond \_
connecting to the N atom is a little longer than the typical CSi oS gy
single bond, while the other one is close to it. The terminal CN ///

bond length is longer than the norma&® triple bond, and C

the other one is between that of the CN double and single bond.tpe ynpaired electron is mainly located at the center Si atom.
Isomerllcan be view as a superposition of the following Lewis

From the bonding natures discussed above, we can see that
structures:

C=C and G=N triple bonds widely exist in the stable isomers
- of SIGN. No an S&C or SEN bond could be found in the

¢ G above seven isomers. Except for isontgr other valence
“L' I1|\1| structures are confirmed by the natural bond orbital (NBO)
\ N analysis.
/C\ /C To aid future identification of the SiBl isomers either in
oC il and ¢ 7 S the laboratory or in interstellar space, the calculated vibrational
(1 ) frequencies, dipole moments, and rotational constants for the

relevant isomers at the QCISD/6-311G(d) level are presented
The conjugative multiple bonding formed by the terminal CN in Table 1. We can see that the dominant frequencies of isomers
and the CC multiple bonding enhances the stability of cyclic 1, 2, 3, 4, 5, 11, and12 are 990, 475, 505, 1690, 2091, 2165,
isomer 11 Considering the spin densities (0.05390.0229, and 2086 cm?, respectively, with the corresponding infrared



6924 J. Phys. Chem. A, Vol. 108, No. 33, 2004 Liu et al.
TABLE 2: Relative Energies (kcal/mol) of the SiGN Structures and Transition States at the B3LYP/6-311G(d) and
Single-Point CCSD(T)/6-311G(2d) Levels
AZPVE  CCSD(Ty/ CCSD(Ty//  AZPVE CASPT2//
species state  B3LYP B3LYP® B3LYP? total1  QCISD QCISD QCISD® total2 CASSCF(13,13)

SiICCCNZP 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SICCNC2 11 25.4 —-0.5 255 25.0 25.4 255 -0.3 25.2 32.0
SINCCC3 I 28.9 —0.6 345 33.9 36.9 32.7 —-0.7 32.0 51.1
CCSIiCN4 A’ 49.4 -1.9 44.9 42.9 42.6 47.5 —2.2 45.3 41.8
CCSINC5 A 52.5 —-2.3 48.0 45.7 45.8 49.7 -2.1 47.6 49.8
SINCCC6 A’ 48.7 -13 51.0 49.6

SICNCC7 a1 61.7 —-0.7 67.0 66.3

NCCSiC8 A’ 110.1 —-1.7 103.2 101.5

NCCSIC8 2A" 107.9 —-2.0 103.1 101.2

CSIiCNC9 2N 133.2 —2.6 133.5 130.9

CSIiCNC9 2A" 129.4 —-2.0 126.0 123.9

NC-cCCSi10 2A’ 13.7 -0.2 9.8 9.6

CN-cCCSi11  2A’ 37.3 —0.6 33.8 33.2 33.0 33.1 —-0.5 32.6 554
CN-cSiCC12 2A! 525 —-2.0 42.7 40.7 44.1 41.7 —-1.9 39.8 67.6
SiN-cCCC13 2B; 46.6 —-1.5 49.2 47.8

SiC-cCNC14  2A' 50.0 —-1.5 52.3 50.8

CC-cNSiC15  2A! 93.3 -1.4 95.6 94.2

NSi-cCCC16 2B, 131.9 —-3.2 124.8 121.6

CSi-cCNC17 142.4 -3.0 151.1 148.1

CSi-cNCC18 178.0 -39 178.5 175.1

N-cCCCSi19 2B, 54.0 -1.1 52.0 50.9

N-cCCCSi20 2A" 57.8 -1.2 55.5 54.3

C-cCCNSi21  2A’ 61.7 21 57.9 55.8

C-cNCSiC22 2B, 110.1 —2.7 107.3 104.6

C-cCCSIN23 114.1 —2.8 110.8 108.0

N-cSiCCC24 2B, 130.0 —2.4 122.8 120.4

N-cSiCCC25 2B, 142.7 —-3.0 137.1 134.2

cSINCCC26 61.3 -1.4 54.8 53.3

cSICCCN27 2A" 63.5 -1.4 58.0 56.6

cSiCCNC28  2A" 82.9 -1.9 78.9 77.0

CNSICC29 2A2 188.0 —-4.0 177.3 173.3

pSINCCC30 A 1141 —2.2 107.7 105.5

pSICCCN31 2A1 144.5 —-2.9 133.9 131.0

TS1/1 A’ 59.3 —-2.1 59.0 56.8

TS1/3 2A" 61.4 -1.3 56.7 55.4

TS1/10 A’ 28.3 —-0.5 17.4 16.9 26.2 25.2 —-0.2 25.0

TS1/10* A 63.8 -2.1 57.7 55.6

TS1/14 A’ 59.3 —-2.1 67.1 65.0

TS1/23 127.7 —-3.5 122.1 118.7

TS1/25 2A" 159.1 -3.1 149.0 145.9

TS1/26 62.5 —-2.1 57.6 55.5

TS1/27 2A" 63.7 -1.7 57.8 56.0

TS1/28 A" 89.6 —2.6 82.9 80.3

TS2/2 2A" 108.5 —-2.8 95.7 92.9

TS2/7 A" 96.8 -1.7 92.7 91.0

TS2/10 2N 155.2 —-3.2 156.5 153.3

TS2/14 A 55.3 -1.9 52.8 50.9 53.5 48.8 —-1.5 47.3

TS2/27 2A" 109.9 —-35 102.7 99.2

TS2/28 A" 834 —-2.1 80.1 78.0

TS3/6 A’ 48.9 —-1.4 51.1 49.6 55.0 53.8 —2.1 51.7

TS3/6* 127.5 -3.3 119.3 116.0

TS3/13 52.3 -1.7 53.2 51.5

TS4/5 72.5 -3.0 66.3 63.3 69.5 66.3 —-2.9 63.4

TS4/10 77.4 —2.7 71.2 68.5

TS4/11 A’ 89.7 -3.1 80.7 77.6

TS4/11* 1115 —-3.4 104.3 100.9

TS4/28 2A" 99.3 -3.1 108.1 105.1

TS5/21 A 70.5 -29 64.3 61.4 67.0 64.7 —-2.8 61.9

TS5/26 81.6 -3.2 71.0 67.8

TS6/15 A 122.9 -3.1 122.5 119.4

TS6/21 2N 63.5 21 62.0 59.9

TS7/7 102.4 —-2.0 94.5 92.5

TS7/28 2A" 82.9 -1.9 105.0 103.1

TS9/11 A" 137.9 —-2.8 131.7 128.9

TS10/19 2N 58.6 -1.9 56.5 54.6

TS10/28 98.4 —-2.3 93.6 91.3

TS11/12 186.2 —4.2 180.3 176.1

TS11/14 78.1 —2.7 76.3 73.5 76.9 74.2 —2.6 71.6

TS11/16 A’ 134.9 —-3.2 130.3 127.1

TS11/22 A’ 110.1 —-29 107.3 104.4

TS12/17 181.0 —4.3 173.4 169.1 181.6 181.2 —-4.1 177.1
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TABLE 2 (Continued)

AZPVE CCSD(T¥// CCSD(Ty AZPVE CASPT2//
species state  B3LYP B3LYP® B3LYPP totall  QCISDY QCIsSD QCISD» total2 CASSCF(13,13)
TS14/14  2A' 83.7 —2.7 81.5 78.8
TS16/16  2A" 140.1 -0.7 134.1 133.4
TS16/24  2A" 138.7 -3.2 132.6 129.4
TS17/18 180.5 -3.9 187.2 183.3
TS21/26 63.1 -1.7 58.4 56.6
TS23/28 2A" 117.3 —-2.9 114.7 111.8

2 The total energy of reference isomemt the B3LYP/6-311G(d) level is-458.4800977 au, at the CCSD(T)/6-311G(2d)//B3LYP/6-311G(d)
level it is —457.5933461 au, at the QCISD/6-311G(d) level iti1457.5186127 au, at the CCSD(T)6-31G(2df)//QCISD/6-311G(d) level it is
—457.6632811 au, and at the CASPT2//CASSCF(13,13) leveHitlis6.8243249599 au. The ZPVE at the B3LYP and QCISD levels is 0.017594
and 0.017529 au, respectivejThe basis set is 6-311G(d) for BSLYP and QCISThe basis set is 6-311G(2d) for CCSD(¥)The basis set is
6-311+G(2df) for CCSD(T). The 6-311G(2df) basis set and 13*13 electrons and active orbitals are used for the the CASSCF and CASPT2
methods! For the relevant isomers, the CCSD(T)/6-313(2df)//QCISD/6-311G(d) and CASPT2(13,13)/6-311G(2df)//[CASSCF(13,13)/6-311G(2df)
values are included also.

TABLE 3: Relative Energies (kcal/mol) of Possible 12512 13036 L1733 12907 L1928 1305

Dissociation Products of SiGN Isomers at the B3LYP/ -0 -0 -0-0-0 |W

6-311G(d) and Single-Point CCSD(T)/6-311G(2d) Levels singlet friples (Cd (.

AZPVE CCSD(T}” 16458 1,719 | 7404 13060 2335 13078

species B3LYP B3LYP®  B3LYP? total it @0 - ' OO

C(ItSICCNEM: 1978  —32 2235 2203

C(:=)+SiCNCeI) 2216  —35 207.2 203.7 . '

C(t=)+SiNCCer) 2268  —3.7 193.0 189.3

C(II)+SiCCNEIT) 155.8 —-3.2 187.3 184.1 1:3733 L1637 LBITL 12819 L6s83 12702

C(IT)+SICNCEIT) 1796  -35 1709  167.4 o—o 0 )—G :

CEI)+SINCCEI) 1848  —3.7 156.8 153.1 G Losm

N(2IT)+SiCCCts) 2446 -39 229.6 225.7 o G iplet (€ )

N(2I1)+SiCCCEIT) 2296  —3.9 221.6 217.7 i N 12945

N(2IT)+CSiCCts) 3322  -56 290.9 285.3 i ’ )

N(2IT)+CSiCCEIT) 3324  —48 342.7 337.9 Bl o et Diee) i * RCg 193420 13502

NCI)+SiCCCafAl) 237.6  —4.2 209.6 205.4 N .

NCI)+SiCCCafBl) 2555  —4.6 2320 2274 L o 8 R

N(II)+SiCCCbfAl) 2425  —4.4 237.9 233.5 S5 o s e ’ i

N(II)+SICCChB1) 2492  —4.4 232.1 227.7 -0—0 0——0

SICES)+NCCEI) 209.6 4.1 191.1 187.0 (Can) ) LS 19562, 9650

SiC(%)-+CNCIT) 2076  —5.2 433.6 428.4 b

SICEIT)+NCCI) 1829  —43 235.9 231.6 oo 9 o« ke

SiCIT)-+CNCEIT) 1809  —4.7 478.4 473.7 . singlet. b (Ca) wiplet b (G

NSi(2=)+CCCE=g) 156.7  —4.2 166.3 162.1 P00 A7 s

NSi(22)+CCCeIIu) 2069 -58 221.3 215.5 iy 9 °‘ % 16999 |7 —

CC(=g)+SiCNEIT) 1737  -38 136.6 132.8 e e ) -

CC(=g)+SINCEIT) 175.1 —4.0 138.8 134.8 et s

CCEITu)+SICNEI) 151.1  —45 170.6 166.1 ' !

CCEIu)+SINCEI) 1525  —43 172.8 168.5 T Vi SR

NC()+SiCCEs) 1109 -39 99.9 96.0 —0~0 5 0~

NC(2)+SiCCEIT) 1569  -3.8 145.3 141.5 ) Camd et

i(L

g:ggﬁ))—:'\’il%%%(?—l{[)) 132% gi 1;%2 18193g Figure 4. Optimized geometries of possible dissociation products of

Si(=)+CNCCEA’) 170.7 —28 128.5 125.7 SiGN isomers at the B3LYP/6-311G(d) level. Bond lengths are in

SIPT)+CNCCEA’) 1447  —2.9 1045 1016  angstromsand angles in degrees.

f"The total energies of reference isonieat the B3LYP and single- The relative energies at the CASPT2//CASSCF(13,13)/6-311G-
point CCSD(T) levels as well as the ZPVE at the B3LYP level are 5 g 10y] for them are collected in Table 2. We can see that
listed in footnotea of Table 2. The symbols in parentheses in column - . ;
one denote the electronic state3he basis set is 6-311G(d) for B3LYP.  the geometrical structures and relative energies at the CASPT2/
¢ The basis set is 6-311G(2d) for CCSD(T). CASSCEF level are in good agreement with the B3LYP- and

QCISD/6-311G(d)-based calculated results. The leading elec-

intensities 48, 45, 91, 244, 492, 294, and 511 km/mol. All seven tronic configurations occupied b¥, 2, 3, 4, 5, 11, and 12
isomers have very large dipole moments (3.6097, 2.2979, (82.80%, 83.43%, 81.95%, 81.61%, 80.30%, 84.94% and
5.9754, 3.1164, 2.1735, 2.9421, and 2.2035 D, respectively), 82.47%, respectively) are the same as those that spanned the
making them very promising for microwave detection. The Slater Determinant of B3LYP, indicating that the g\Csystem
calculated CCSD(T)/6-3HG(2df)//QCISD/6-311G(d) energies  has negligible multiconfigurational effect, and the CCSD(T)//
of 1, 2 3, 4,5, 11, and 12 may also be helpful for their =~ B3LYP method is adequate for calculation of the structures,
experimental characterization. vibrational spectra, and energies.

Furthermore, CASPT2//CASSCEF calculations are performed  3.3. Comparison to SiCN, SiGN, and C4N. Generally,
to check the multiconfigurational properties of the above seven isovalent or same series’ molecules are expected to possess
isomers, considering 13 frontier orbitals as active space andsimilar chemical properties. SICN, Si¥, and SiGN all belong
allowing 13 electrons to be excited within them, denoted as to the SiGN series, and SigN also can be viewed as one
(13,13). The optimized geometrical structures at the CASSCF- C-atom of GN replaced by the second-row Si atom. So SiCN,
(13,13) level of1, 2, 3, 4, 5, 11, and12 are given in Figure 2. SICN, CN, and SiGN may have much similarity on the PES.
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Figure 5. (a) Schematic potential energy surface of Sl@t the CCSD(T)/6-311G(2d)//B3LYP/6-311G{eJPVE level. The values in parentheses
for the relevant species, 2, 3, 4, 5, 11, and 12 are obtained at the CCSD(T)/6-3tG(2df)//QCISD/6-311G(d)yZPVE level. (b) The lowest
ismoerization channels for the relative isomers. The values in parentheses for the relevantisgzded, 5, 11, and 12 are obtained at the

CCSD(T)/6-311G(2df)//QCISD/6-311G(d} ZPVE level.

The structures and stability of SICN, SIT and GN SIGN, CN, and SiGN molecules. The linear SICCCHN,
molecules have been extensively studig Chainlike struc- SICCNC 2, and SINCCC3 of SiC3N can be found similar to
tures can be located as stable isomers on the PES of the SiCNtheir analogous structures in SiCN, 2\ and GN isomers.
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All of the isomers contain conjugative multiple bonding. The
bent forms CCSICNt and CCSINC5 can exist as kinetically

J. Phys. Chem. A, Vol. 108, No. 33, 2008927

intensities of the unstable S8 isomers at the B3LYP/6-311G-
(d) level. This material is available free of charge via the Internet

and thermodynamically stable structures mainly because of theirat http://pubs.acs.org.

hyperconjugative multiple bonding. Boths& and SiGN
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