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The structures and isomerization of FCspecies are explored at various levels. Thirteen minima are located
connected by 19 interconversion transition states. At the CCSD(T)/6-G{2df)//QCISD/6-311G(dyZPVE

level, the lowest energy isomer is a linear form SiCCRvhose structure mainly resonates between
|Si=C=C=P|e and |Si=Ce—C=P| with the former bearing somewhat more weight. The second and third
low-lying isomers are cyclic cSICCP (with Si—C cross-bonding) at just 3.2 kcal/mol and cSiCP(with

C—C cross-bonding) at 10.4 kcal/mol, respectively. All the three isorbels and7 possess considerable
kinetic stability either toward isomerization or dissociation, and thus are expected to be observable. The
calculated results are compared to those of the analogous molecgiNeSIC;N, and GP. Implications in

the interstellar and P-doped SiC vaporization processes are discussed.

1. Introduction chemistryl® The knowledge about the structure, energies, and
bonding nature of various Sy isomers may be helpful for
understanding the initial step of the growing mechanism during
the P-doped SiC vaporization process.

Silicon and phosphorus chemistry have received considerable
attention from various aspects. One particular interest is their
possible role in astrophysical chemistry. Up to now, several
silicon- or phosphorus-containing molecules, such as, SiC 2 computational Methods

(n=1-4), SiN, SiO, SiS, PC, and PN, have been detected in . . .
; : - ) Computations are carried out using the GAUSSIAN9&nd
interstellar spacé. Of particular interest, the ground-state MOLCAS!® (for CASSCF and CASPT2) program packages.

structure of SiG>2and SiG are cyclic forms! No cyclic species The ontimized i dh ic vibrational .
containing phosphorus have been observed in space up to now, € optimized geometriés and harmonic vibrational Irequencies

. . . f the local minima and transition states are obtained at the
In this work, we study the tetra-atomic molecule $Cwhich 0 . . )
belongs to the isoelect?lonic %€ (X = C, Si: Y = N, P) series. B3LYP/6-311G(d) theory level. Single-point calculations are

Extensive experimental and theoretical investigafionave performed at the CCSD(T)/6-311G(2d) level using the B3LYP/

shown that GN only have linear CCCN and CCNC with the 6-311G(d) optimized geometries. To confirm whether the
dominant valence structus€=C—C=N| and«C=C—N=C| obtained transition states connect the right isomers, the intrinsic

. ; o reaction coordinate (IRC) calculations are performed at the
;%i%?gﬁlyégg&?ﬁ\l 'fr?emgfa?:gfeig d;rfgctgidqﬂ;n:]ear\s/teellar B3LYP/6-311G(d) level. The structures, frequencies, and en-

received recent theoretical consideration. The ground state ofS'9lics of the relevant species are further calculated at the
CsP is linear CCCP (valence structu®=C=C=P|g followed QCISD/6-311G(d) and CCSD(T)/6-315(2df) (energy only)

- . : . levels. The zero-point vibrational energies (ZPVE) at the
by the four-membered ring g€ with C—C cross-bonding, while .
linear CCPC is not a minimum. For SiR, two linear forms 6-311G(d) B3LYP and QCISD levels are also included for

: Co— C= . energy correction. The multi-reference properties of some
gﬁgﬁg@ggﬁiﬁ%ﬁnid(; bé:nt ’;H\Eng stgeNgrg;ICetggeto structurgs are checked by additional CASSCF and CASPT2
be observable. Several cyclic forms ofRCand SiGN were calculations.
also located as minima. Clearly, there exist some structural, 3. Results and Discussions
bonding, and energetic discrepancies betwegd, C3P, and . .
SIGN. Then it is natural to speculate on the properties obBiC qu conciseness, the results are qrganlz_ed as fOHOWS: _In
To our best knowledge, no studies have been reported P SiC Section 3.1, we first present a rough discussion on the stability

Since many Si-containing molecules have stable cyclic isomersOf SiCZ.P isof“ers- '_I'hen for the most relevant spe_cies, we giye
(such as Sig SiCs, and SiC,8), we wonder whether Si® a detailed discussion on the structural and bonding properties

has such stable cyclic forms to allow their laboratory or in Section 3.2. Where possible, comparisons with the related
interstellar identification species are made. In Section 3.3, we assess the possible
On the other hand. Si- or P-containing species have been'€levance of SigP in interstellar space and in SiC-vaporization
believed to play important roles in materials chemistry. Binary Processes. I.n Sectlon 3.4, a brief assessment of the rellab.|I|ty
silicon carbides are commonly used in microelectronic and of me_thods is given. Unless otherwise specified, the relative
photoelectronic applicatioffavhile Si—P bonding can be found ~ EN€rgles are at the CCSD(T)/6-311G(2d)/B3LYP/6-311G-

: . ' . ; . . (d)+ZPVE level (simplified as CCSD(T)//B3LYP).
in various fields such as inorganic, organic, and organometallic 3.1. SIGP PES. The isomeric search follows the scheme:

t Jilin University. chain [formed from (SiC, CP) and (SiPpdnolecule-radical
* Mudanjiang Normal University. pairs], four-membered ring [from SICCP and SiCPC rings],

10.1021/jp0211234 CCC: $22.00 © 2002 American Chemical Society
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Figure 1. Optimized geometries of S various isomers and spin densities (in parentheses) for relévanand 7 at the B3LYP/6-311G(d)
level. The values in italics are at the QCISD/6-311G(d) level and values in brackets are at the CASSCF(13,13)/6-311G(2df) level. Bond lengths are

in angstroms, angles in degrees, and spin density in

three-membered ring [from the perpendicular-like attack of (SiC, respective planatA, and?B; structures each possess one out-
CP) and (SiP, @ pairs], and all-closed species. After numerous of-plane imaginary frequency and lie 4.3 and 7.0 kcal/mol above

searches, 13 S minimum isomersng) and 19 interconver-
sion transition statesTEm/n) are obtained at the B3LYP/6-
311G(d) level. The optimized geometries of the $H@omers

7' and8, respectively. The remaining two isomers éSiCC9
(45.6) and Si-cPCC10 (70.3) are both three-membered ring
structures. At the HF level, the three-membered ring species

and transition states are shown in Figure 1 and Figure 2, C—cCSiP and P-cCSiC are local minima, yet each collapses
respectively. The harmonic vibrational frequencies as well as to the four-membered ring speciés at the B3LYP level.

the infrared intensities, dipole moments, and rotational constantsOptimization of Si-cCCP, C-cSiCP, and &cPSiC usually

of the SiGP species are listed in Table 1, while the total and leads to the chainlike species 2, 3, or 3'. The closed
relative energies of all species are collected in Table 2. A tetrahedral-like structures cannot be located as minima, either.

schematic potential-energy surface (PES) of BiS presented
in Figure 3.

On the PES, the lowest-lying isomer is linear SICC@.0).
The other linear or bent species CSIZF'1.7), SICPC3 (84.4),
SiCPC3 (87.6), and PSIiC@ (51.8) with internal—Si—X—

To discuss the kinetic stability, one needs to consider various
isomerization and dissociation pathways as many as possible.
Since the relative energies of the dissociation product£8iP,
P+CCSi, SiP+Cy,, and SiCHCP are rather high (more than 100
kcal/mol at the CCSD(T)//B3LYP level) as shown in Table 2,

or —P—X— bonding are energetically very high. No CSiPC form we did not attempt to search any dissociation transition states.
can be located as a minimum. SiPCC is not a minimum, either, So the isomerization process governs the kinetic stability of
although the analogous SINCC has been predicted as anSiCGP isomers. For simplicity, the details of the obtained 19

important minimum on the SiBl PES? The second, third, and
fourth low-lying isomers are all planar four-membered ring
species, i.e., cSICCP(6.8) with Si—-C cross-bonding, cSiCPC
7 (14.1) with C-C cross-bonding, and cSiCG3(22.8) with
P—C cross-bonding. Note that has a high-energy isomét
(43.7) with a butterfly-like structure. The use of CCSD(T)/6-
311+G(2df)//QCISD/6-311G(dy ZPVE single-point calcula-
tions (simplified as CCSD(T)//QCISD) even lower the relative
energies of the specigsand7 to be 3.2 and 10.4 kcal/mol,
respectively. The speci€s(72.9) (butterfly-like) and' (80.4)

transition states are omitted. We can see that only the three
isomersl, 5, and7 may be of interest with considerable kinetic
stability. The linear isomerl and the cyclic one7 has
comparable kinetic stability as 21.2Q.8 and 24.4 25.6) kcal/

mol, and the cycli& has a slightly lower kinetic stability 14.5
(17.6 kcal/mol. The italic values in parentheses are for CCSD-
(T)//IQCISD single-point calculations. Under low-temperature
conditions (such as in dense interstellar clouds), such kinetic
stability is high enough to allow the existence of the three
species. At very high temperaturemay isomerize td with

(planar) both possess SiCCP four-membered ring structures withthe barrier 14.5%7.6) kcal/mol. Yet, the7 — 1 conversion is

Si—P cross-bonding. It is worthwhile to point out tiéagctually
correlates with the?!A, state and8 with the 2B, state. The

much more difficult since the easiest pathway has to encounter
two low-lying intermediatess and 5 with two considerable
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Figure 2. Optimized geometries and imaginary frequencies otBittansition states at the B3LYP/6-311G(d) level. Bond lengths are in angstroms

and angles in degrees.

TABLE 1: Harmonic Vibrational Frequencies (cm™1), Infrared Intensities (km/mol) (in parentheses), Dipole Moment (Debye),
and Rotational Constants (GHZ) of SiGP Structures at the B3LYP/6-311G(d) Level

rotational constant

species frequencies (infrared intensity) dipole moment
SiCCP1 127 (2) 144 (6) 391 (0) 460 (1) 518 (16) 1064 (0) 1738 (343) 1.1088 1.558034
SiCCP12 116 (2) 136 (7) 342 (0) 404 (1) 517 (12) 1070 (0) 1652 (384) 0.8398 1.544677
CSiCcpP2 97 (14) 226 (8) 238 (18) 501 (18) 920 (3) 1427 (0)
SiCPC3 88 (5) 169 (11) 177 (13) 512 (11) 1017 (63) 1328 (122)
SiCPC3 56 (10) 199 (11) 205 (21) 497 (8) 972 (27) 1247 (44)
PSiCC4 69 (9) 89 (6) 147 (10) 175 (6) 486 (2) 846 (6) 1931 (741)
cSiCCP5 223 (11) 318 (6) 499 (11) 655 (51) 758 (17) 1595 (3) 2.5950 11.64189, 4.85468, 3.42602
cSiCCP5? 266 (11) 317 (6) 514 (11) 668 (41) 781 (22) 1596 (1) 2.7836 11.66597, 4.93925, 3.47006
cSICCP6 205 (3) 245 (1) 361 (9) 524 (17) 703 (26) 1676 (78)
cSiCPC7 252 (7) 352 (50) 511(21) 862 (0) 936 (7) 1161 (6) 0.0889 41.42706, 3.11281, 2.89527
cSiCPC72 258 (8) 372 (50) 535 (20) 880 (0) 974 (9) 1143 (17) 0.1386 40.15051, 3.15967, 2.92915
cSiCPC7 231 (4) 323 (9) 414 (17) 529 (31) 767 (59) 994 (54)
cSiCPC8 372 (17) 432 (6) 509 (1) 646 (0) 692 (1) 804 (1)
cSiCPC8' 241 (91) 307 (1) 478 (6) 619 (7) 627 (4) 762 (0)
P—cSiCC9 151 (14) 155 (18) 381 (30) 482 (3) 862 (149) 1772 (5)
Si—cPCC10 43 (0) 68 (1) 353 (33) 475 (40) 745 (15) 1524 (0)

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

barriers 24.4%5.6) (7 — 6) and 14.5 § — 1) kcal/mol (the
conversion from6 to 5 is easy with the barrier 3.1 kcal/mol).
The direct isomerization barrier froihto 1 is even much higher
as 36.1 kcal/mol.

However, apart frond, 5, and7, the other isomers have much
lower kinetic stability. At the CCSD(T)//B3LYP level, the least
isomerization barriers of the speci2s3, 3, 4, 6, 7', 8, 9, and
1l0are392—1),32@3—3),00@ —3), 2.1 @4—9),

316—5),-01(7—7),38@8—7),410—4),and0.7
(10— 6) kcal/mol, respectively. Coupled with their high energy,
they may be of little interest as observable species either in the
laboratory or in space. Interestingly, although tihe— 7
conversion is not allowed under ti-symmetry sinc&’ and

7 correlate with different states, it can proceed barrierlessly via
an intersystem-crossingS7/7 with C;-symmetry. Yet, a similar
search offS8/8 is unsuccessful. In fact, we cannot locate any
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TABLE 2: Relative Energies (kcal/mol) of the SiGP Structures and Transition States at the B3LYP/6-311G(d) and Single-Point
CCSD(T)/6-311G(2d) Levels

AZPVE  CCSD(Ty CCSD(T}  AZPVE CASPT2//CASS
species B3LYP  B3LYP® /B3LYP® totall QCISD  //QCISD’ QCISD® total 2 CF(13,13)
SiCCP1 (?)? 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CSiCP2 (%A") 84.2 -15 73.2 71.7
SICPC3 (%A’ 90.8 -16 86.0 84.4
SICPC3' (?A") 94.0 -1.8 89.4 87.6
PSiCC4 (%) 55.2 -1.0 52.8 51.8
CcSIPCC5 (°A”) 14.0 -0.6 7.4 6.8 8.5 3.3 -0.1 3.2 5.3
cSiPCC6 (?A") 30.0 ~1.0 23.8 22.8
cCSICP7 (?By) 18.8 -0.5 14.6 14.1 10.8 10.5 -0.1 10.4 12.6
cCSICH' (?2A") 54.3 -1.7 45.4 437
cCSiCP8 (’A") 88.0 1.4 74.3 72.9
cCSICP8 (?A,) 93.6 -2.0 82.4 80.4
P-cSiCC9 (?B1) 52.6 -1.0 46.6 456
Si-cPCC10 (?B1) 77.6 -1.8 721 70.3
SP+ PCCP) 114.0 2.0 107.3 105.3
P2 + SiCC(Y) 126.8 -2.3 116.9 114.6
SICEy)+CPEy) 186.3 -3.0 163.4 160.4
SiC@)+CPEy) 159.6 -3.1 148.2 145.1
SiPEY)+Co('S g) 180.5 —2.7 144.8 142.1
SIPES)+Ca(¥0) 157.8 —-2.9 147.2 144.3
TS1/2(2A") 86.7 -1.8 77.4 75.6
TS1/5(2A") 23.4 0.7 22.0 21.3 22.9 21.2 0.4 20.8
TS1L/7(2A") 54.9 1.7 51.9 50.2
TS3/3 (A" 93.9 -1.9 89.5 87.6
TS3/6(2A") 93.4 —2.1 91.3 89.2
TS4/5(2A") 76.0 -1.6 74.9 73.3
TS4/9(2A") 57.3 -1.2 50.9 49.7
TS5/52A") 64.8 -1.5 62.8 61.3
TS5/54(2A"") 64.6 -15 64.6 63.1
TS5/6(?A") 31.9 -1.3 27.2 25.9
TS5/6* 39.6 -1.3 33.6 32.3
TS5/7?A") 62.8 -0.7 58.2 57.5
TS5/8 (2A") 118.8 26 112.4 109.8
TS5/9 72.9 -1.6 68.3 66.7
TS6/7(2A") 43.2 1.4 39.9 385 37.0 37.0 -1.0 36.0
TS6/1Q2A") 77.9 -1.8 72.8 71.0
TS7I7 54.3 -2.0 45.6 43.6
TSTIT 99.5 2.0 89.4 87.4
TS7/8 97.5 25 86.7 84.2

@ The total energies of reference isonieat the B3LYP/6-311G(d) level are 706.9874776 au, at CCSD(T)/6-311G(2d)// B3LYP/6-311G(d)
level is —705.8166099 au, at the QCISD/6-311G(d) leveH805.7516064 au, and at the CCSD(T)/6-31(2df)//QCISD/6-311G(d) level is
—705.8738824 au, at the CASPT2//CASSCF(13,13) levetT96.1451397006 au. The ZPVE at B3LYP and QCISD level are 0.010111 and
0.009655 au, respectivelyThe basis set is 6-311G(d) for B3LYP and QCISTThe 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 CASSCF and CASPT2 method.

f 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. The symbols in parentheses of the column denote the point group symmetry.

transition states 08. Fortunately,8 is very high-lying (72.9 between the normal€P (1.560 A) and &P (1.673 A) bond
kcal/mol abovel). We expect it to be of little importance in  lengths. Then, isomet may be best described as a resonant
the investigation of SigP isomerization. structure betweer{Si=C=C=PJe and |Si=Ce—C=P|. The
3.2. Properties of SiCCP 1, cSIiCCP 5, and cSiCPC T calculated Miiken spin density (0.160, 0.375;0.163, and
Section 3.1, we know that only the three isomers SICICP  0.62& for Si, C, C, and P) indicates that the former structure
cSICCP5, and cSiCP(7 possess considerable kinetic stability bears somewhat more weight. The smaller spin density on the
and may be observable in the laboratory and in interstellar spaceterminal silicon shows a very slight contribution from the form
We now analyze their structural and bonding properties at the «S=C—C=P|. The symbols ¢" and “|” denote the single
B3LYP/6-311G(d) level. For parallel comparison on the-Bj electron and lone-pair electrons, respectively. The above
C-P, &=P, C-C, C=C, C=C, Si-C, SC, and S&C structural description is also supported by the natural bond
bonding, additional B3LYP/6-311G(d,p) or B3LYP/6-311G(d) orbital (NBO) analysis. In fact, the internal CC bond length
calculations (with frequency confirmation as stationary points) (1.298 A) of SICCP1 is significantly shorter than that (1.369
are carried out for the structures of model systems;SHy, A) of CCCN (described asC=C—C=N| with 25 state). Yet,
CHaPH,, CHPH, CHCHa, CoHa, CoHa, CsHe, SiHzCHs, SiCH,, the bond lengths of SiC (1.710 A), CC (1.298 A), and CP (1.615
HSICH, CCCN &5, 2[1), and CCCP4{5, 4[]). In the following, A) in SICCP1 are relatively closer to those (1.700 and 1.342
the bond length comparisons are made with the above B3LYP/A for SiC and CC) in SiCCN (dominant structuf8i=Ce—
6-311G(d,p) results. C=N]| with IT stateJ and (1.309 and 1.596 A for CC and CP)
The ground state of the lowest-energy isomer SiddRs in CCCP (dominant structun€€=C=C=Ps| with 2[1 state). It
the 211 electronic state. Its calculated SiC bond length (1.710 seems that the bonding type of SICCR right between SICCN
A) is very close to that (1.713 A) of the typical=SC double and CCCP with the latter being more akin. Our calculated result
bonding in Si=CH,. Its CP bond value (1.615 A) lies well that CSiCP2, SiICPC3 and 3’ are energetically much higher
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Figure 3. Schematic potential-energy surface of gCat the CCSD(T)/6-311G(2d)//B3LYP/6-311G{PVE level. The relative values in
parentheses are at the CCSD(T)/6-3G(2df)//QCISD/6-311G(d)}ZPVE level, and those in brackets are at the CASPT2/6-311G(2df)//CASSCF/
6-311G(2df) level.

TABLE 3: Bond Lengths (in A) of the 2y and 2IT Structures gap is significantly increased, suggestive of the much decreased
of the XCCY (X = C, Si; Y = N, P) Species as Well as the X=C contribution over XC.
Ehneéggyl_eli;f/%r%riciee(iél Il<_caI/r|noI) between the Two States at Isomer cSiCCP has a crossed SiC bond (1.932 A), which
the ; (d) Leve . is about 0.05 A longer than the typical-StT single bond (1.885

2 I AE A) in SiH3CHz. The peripheral SiC (1.971 A) and SiP (2.423
(X,Y) R(XC) R(CC) R(CY) R(XC) R(CC) R(CY)(II—7?3) A) bond values are slightly longer than the typicat-8i single
(C,N) 1.207 1.369 1.158 1.291 1.341 1.173 0.3 bond and SiP single bond (2.282 A in SisfPH,), respectively.
(C,P) 1217 1357 1556 1292 1309 1596—12.1 The peripheral PC bond (1.721 A) is between the normeCP
(Si,N) 1700 1.342 1178 -35.3 single bond (1.872 A) in CgPH, and P=C double bond (1.670
(Si. P) 1710 1298 1.615 —48.0 A) in CH,PH. The peripheral CC bond length (1.303 A) lies
TABLE 4: Spin Density of the 25 and 2T Structures of the between the calculated typicaC double bond (1.327 A) in
XCCY (X =C, Si; Y = N, P) Species at the B3LYP/ ethylene (GH,) and the G=C triple bond (1.198 A) in acetylene
6-311G(d) Level (CoH,). The distribution of the spin density is 0.8430.053,

25 2 0.315, and-0.10%for P, Si, C, and C, respectively, along the

xY) X C C Y X C C Y clockwise ordering as shown in Figure 1. Therefore, isofer
(C’ N) 1210 —0.186 0.074—0.095 0.289 0.499-0.130 0352 can be viewed as associated with the following three resonance
(C.P) 1.261-0.194 0.167—0234 0.271 0.292-0.097 0533 U UCtures:

(Si, N) 0.173 0.627-0.173 0.373

(Si, P) 0.160 0.375-0.163 0.628 C§

and —P=C units are much less stable than the corresponding
—C=Si and —C=P units. Isomerl possesses the “best” |Si
combination of—C=Si and—C=P units.

It is of interest to compare the energetics of #eand 21 | | / I

¢ C

than SiCCPL is surely consistent with the fact that the&Si=C \ - \
P
°

electronic states of SICCP. Similar to the situation of BiC

the 2y state structurd’ with the valence formSi=C—C=P|

(indicated by spin density and NBO analysis) can only be

located at the ab initio levels (HF, MP2, and QCISD). At the C—

B3LYP level, optimization ofl’ always leads to isomdrwith ¢

[ state. The failure may be ascribed to the fact that the HOMO-

LUMO gap at the B3LYP level is usually very small compared

to the ab initio levels. As a result, tteHOMO orbital of the |Si Pl

2y state is easily switched to tieLUMO orbital of the much [

lower-energy?I1 state. Tables 3 and 4 summarize the bond III

lengths, the?!IT-25 energy gap, and spin density of XCCY

(X =C, Si; Y = N, P) species. We can find that along the The symbols &” and “|” denote the single electron and lone-
sequence (C, N), (C, P), (Si, N), and (Si, P), the-25 energy pair electrons, respectively. Structursay contribute the most



SiC,P: A Molecule with Two Stable Cyclic Isomers

TABLE 5: Bond Lengths (in A) of the CsStructure of
XCCY Species as Well as the Energy (in kcal/mol) Relative
to the Ground State Linear Structures at the B3LYP/
6-311G(d) Level

J. Phys. Chem. A, Vol. 106, No. 43, 2000413

TABLE 6: Bond Lengths (in A) of the C,,-structure of
XCCY Species as Well as the Energy (in kcal/mol) Relative
to the Ground-State Linear Structures at the B3LYP/
6-311G(d) Level

peripheral bond crossbond (giative  kinetic peripheral bond  crossbond (g|ative  kinetic
X,Y) R(SiIC) R(CC) R(SiC) energy  stability x,Y) R(SIC)/[R(CP)] R(CC) energy  stability
(Si,C) 2.034 1.349 1.888 13.1 (Si,C) 1.837 1.484 8.2
(Si, N) 1.971 1.344 1.879 33.7 0.8 (Si, N) 1.881 1.479 42.7 5.9
(Si, P) 1.971 1.303 1.932 14.0 17.6 (Si, P) 1.842 [1.775] 1.426 18.8 25.6
(Si,si)  1.992 1.313 1.946 8.2 (Si, Si) 1.840 1.430 1.4
(C, P) [1.776] 1.474 29.1

andlll the least. The above resonance description is consistent

with the NBO analysis.

Isomer7 is aCy,-symmetrized planar structure with two sets
of identical peripheral bonds (i.e., SiC and CP). The SiC bond
(1.842 A) is very close to the typical ST single bond (1.885
A) in SiH3CHs. Yet, the CP (1.775 A) bond is right between
the normal single (1.872 A in C#H,) and double (1.670 A in
CH,PH) bonds. Interestingly, the bridged CC bonding is very
strong with the bond value 1.426 A, which lies right between
the normal G&=C double bond (1.327 A in ethylenelds) and
C—C single bond (1.530 A in ethanelds). This indicates that
the crossed CC bond in isomércontains significant double-
bonding character, which is quite different from the lower-lying
isomer5 that has a relatively weaker-SC cross bonding (about
0.05 A longer than the normal single bond). In fact, the crossed
CC bond length is very close to the six identical CC bond value
(1.394 A) in benzene (§e). Within isomer7, the spin density
is mainly on the P atom (0.78Bwith a small part on the Si-
atom (0.30@), almost zero on the two C-atoms-Q.03% for
each). Then, isomei7 can be described as the following
resonance picture:

C T |P<C‘\,Sil
|0P<H>Si| <
o

II 1}

I

T
P/ ’ Si|
N
'

Forml has the most weight, followed by andll’ that have
equal contribution. For a simplified form, it can be depicted
as:

literatures and are expected to be of minute importance in view
of the high preference of nitrogen to form multiple bonding.
To make the following discussion easier, a structure §ke
called the Cs-structure”, while that like as the Cy,-structure”.
Concerning the peripheral SiC and CC as well as the cross SiC
bond lengths of th€s-structure, SiGP seems to be more akin

to SkC; than to SiGN and SiG (despite the spin multiplicity
difference). This may be understandable since the electronega-
tivity of phosphorus is more neighboring to silicon than to
carbon and nitrogen. The electronegativity difference between
Si and Y elements may influence the extent of the electron
delocalization within the SiICCY ring. For th&,,-structure, the
peripheral SiC and crossed CC bonds of Hi@re rather closer

to SkC; than to the other species. In all, although the kinetic
stability of GN and GP has not been reported, we may still
expect that along the sequenceNC SiCN, CsP, and SiGP

the cyclic species may become increasingly important relative
to the linear form. Both the thermodynamic and kinetic stabilities
of the cyclic forms may be increased.

3.3. Interstellar and Laboratory Implications. Since the
three SiGP forms1, 5, and 7 are all predicted to have very
low-lying energies accompanied by considerable kinetic stabil-
ity, they may be observable in both the laboratory and in
interstellar space. Up to now, several silicon- or phosphorus-
containing molecules, such as {i@ = 1—4), SiN, SiO, SiS,

PC, and PN, have been detected in space. Among these, cyclic
SiC, and SiG forms have also been detected. However,
observation of the phosphorus-containing species has not been
reported. In view of the energies, the direct addition between
the atomic®Si and CCP radical, atom#® and CCSi molecule,

and the SiC molecule and CP radical may possibly lead to the
linear form SICCPL. The cyclic formsb and7 may be generated

via effective ion-molecule reactions. Alternatively, the P atom

of the doublet SiP radical perpendicularly may attack the CC
multiple bonding of either singlet or triplet,@ form the three-
membered ring isomel0. Then10 can almost barrierlessly lead

to isomer5, 1, and everv via the intermediat®.

It should be pointed out that in the laboratory, both the cyclic
(the Cs- and Gy-structures) SIC, forms have been observed in
the Sj, and G, co-vaporization processes. In view of the many
structural similarities existing between the cyclic forms of HC
and SpC,, we hope that the two cyclic Sy forms5 and 7
and even the linear form may also be detected in P-doped SiC-
vaporization processes. The present theoretical paper is expected
to stimulate future interstellar and laboratory detection of the

The dashed cycle shows that the electron density mainly Si, P-containing speciek 5, and7.
delocalizes along the PCC three-membered ring, making PC  On the other hand, the present calculations onpBiGay be
and CC strong partial double bonding, whereas little resides onrelated to the microelectronic and photoelectronic technologies.

the SiCC ring, making SiC merely single bonding.

It is helpful to compare the structural properties of isomers
5 and7 with the related cyclic species such as $i8,C,, CsP,
and SiGN, as shown in Tables 5 and 6. HeregNCis not
included since its cyclic forms have not been reported in the

Phosphorus is usually used as a minute dopant. During the
P-doped SiC vaporization process, the smaller tetra-atomic
species SigP may be generated. Then, the calculated properties
and isomerization of various SiE isomers may be helpful for
understanding the initial step of the growing mechanism.
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To aid in future experimental and interstellar characterization, 20103003, 20173021), Doctor Foundation of Educational Min-
the QCISD/6-311G(d) harmonic vibrational frequencies, dipole istry, Foundation for University Key Teacher by the Ministry
moments, and rotational constants are collected for the threeof Education and Key Term of Science and Technology by the
speciesl, 5, and7 in Table 1. The dominant vibrational band Ministry of Education of China Foundation of Science and
for 1, 5,and7 is 1652, 668, and 372 crh, respectively, with Technology Development for Jinlin Province of China. The
the corresponding infrared intensity 384, 41, and 50 km/mol. authors are greatly thankful to the reviewers’' invaluable
In addition, isomer5 has a large dipole moment 2.7836 D, comments.
making it very promising for microwave detection.

3.4. Reliability of the Methods. We performed CASPT2// Supporting Information Available: Table S-1 shows the
CASSCEF calculations to check the reliability of the present harmonic vibrational frequencies and corresponding infrared
monoconfigurational-based methods (B3LYP, QCISD, and intensities of interconversion transition states betweernpF5iC
CCSDj—considering 13 frontier orbitals as active space and 13 isomers at the B3LYP/6-311G(d) level. This material is available
electrons were allowed to be excited within them, denoted as free of charge via the Internet at http://pubs.acs.org.

(13,13). The optimized structures bf5, 7, and8 are given in

Figure 1. The relative energies fir 5,and7 are collected in References and Notes

Table 2. We can see that the CASSCF(13,13)/6-311G(2df) ] )

structures are in good agreement with the B3LYP and QCISD/ c(l) Afgég‘gi”“,‘,f.“‘f]'isﬁa?dxg"' s_"éﬁgr?q%ﬁ%{gg%lﬂ(g) %%igr.”(‘é’)'

6-311G(d) results. Also, the CASPT2(13,13)/6-311G(2df) //CASS- apponi, A. J.; McCarthy, M. C.: Gottlieb, C. A.; Thaddeus, P.Chem.

CF(13,13)/6-311G(2df) relative energies are close to the CCSD-Phys.1999 111, 3911.

(T)/6-311G(2d)//B3LYP/6-311G(d) and QCISD/6-311G(d) values. (2) Michalopoulos. D. L.; Geusic, M. E.; Langriddge-Smith, P. R. R ;

For the cyclic systems such as isom@rand8, the CASSCF ~ Smalley, R. EJ. Chem. Phys1984 80, 3552.

results show that leading electronic configuration7o 12- (2) 2Irt3ev,tR.|SL, .Séhaef‘:' gBS ihe;"' P:y;ufﬁ 80, sﬁssigg

(a173(b1P5(b2Pb1L, with contribution of 87.5%, while that of g3 Song. o - - O1€YV: R S Schaefer, H. & Chem. Phys1990

8 is 14(d)%6(d")%d* with contribution of 81.0%. These leading (5) (a) Gudin, M.; Thaddeus, PAstrophys. J1977, 212, L81. (b)

configurations are the electronic configuration spanned the SlaterMcCarthy, M. C.; Gottlieb, C. A., Thaddeus, P.; Hom, M.; Botschwina, P.

Determinant of B3LYP. This indicates that the multireference J: Chem. Physl995 103 7820, and references therein. (c) Francisco, J. S.
. Chem. Phys. LetR00Q 324, 307, and references therein.

effect may be minor for the present system. It should be noted

. . AN . . 6) del Rio, E.; Barrientos, C.; Largo, Al. Phys. Chem1996 10
that inclusion of the-function is important in calculating the 585£5)93, 9 Y 6100

relative energy of isomes. (7) Ding, Y. H.; Li, Z. S.; Huang, X. R.; Sun, C. @. Phys. Chem. A
2001 105 (24), 5896-5901.
4. Conclusions (8) Lammertsma, K.; Guer, O. F.J. Am. Chem. S02988 110, 5239.

) ) ) ) (b) Trucks, G. W.; Bartlett, R. J. Mol. Struct (THEOCHEM) 1986 135
In conclusion, the lowest-energy isomer is found to be linear 423.
SiCCP1. Two cyclic species, i.e., cSiCCPwith Si—C cross (9) Furthmller, J.; Bechstedt, F.; Hsken, H.; Schrter, B.; Richter, W.
bonding and cSiCP@ with C—C cross bonding, are energeti- P"Ys: Re. B 1998 58, 13712 L1.

. . 10) Armitage, D. A. InThe Silicon-heteroatom BondPatai, S.,
cally very close tdl at just 3.2 and 10.4 kcal/mol, respectively, Ra%pgport’ Z.,gEds.; J. Wiley: New York, 1989; p151. Ibid., 1991; p183.

at the CCSD(T)/G_—SHG(2df)//QCISD/6-SllG(dﬁZF_>VE_Ievel. - (11) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Moreover, each isomer contains considerable kinetic stability Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
toward isomerization and dissociation. They might be observable Jr; Stratmann, R. E.; Burant, J. C.; Dapprich,S.; Millam, J. M.; Daniels,

: s A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
in the laboratory and in interstellar space. On the other hand, Cossi, M.: Cammi, R. Mennucci. B.: Pomelli, C.: Adamo, C.: Clifford, S..

the two cyclic formsb and7 may be of particular interest since  Ochterski, J.; Petersson, G. A.; Ayala, P. Y.;Cui, Q.; Morokuma, K.; Malick,
very few Si-containing cyclic species (cSi€SiG, and cSiCy) g-tK-;JRSbuscr,fA. D.;BR%ghﬁvatgwaﬂ,_ Kh F?(res?ag_, ~|1( B.; Igiolflowski, J;
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No cyclic species containing both Si and P are known up t0 peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
now, either. Therefore, we expect that spedeand 7 may W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
represent two new promising cyclic candidates to be detectedHead-Gordon, M.; Replogle, E. S.; Pople, J@aussian 98Revision AG;

in f Th | | d b ful f Gaussian, Inc.: Pittsburgh, PA, 1998. (b) Andersson, K.; Barysz, M.;
In future. e results are also expected to be useful for Bernhardsson, A.; Blomberg, M. R. A.; Carissan, Y.; Cooper, D. L.; Cossi,
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