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Hui-ling Liu, T Xu-ri Huang,* -t Guang-hui Chen/* Yi-hong Ding," and Chia-chung Suri
State Key Laboratory of Theoretical and Computational Chemistry, Institute of Theoretical Chemistry,

Jilin University, Changchun 130023, People’s Republic of China, and Department of Chemistry,
Mudanjiang Normal College, Mudanjiang 157012, People’s Republic of China

Receied: August 12, 2004; In Final Form: October 20, 2004

Various levels of calculations are applied to obtain the structures, energies, dipole moments, vibrational spectra,
rotational constants, and isomerization of $#Gpecies. A total of 27 minima which are connected by 40
interconversion transition states on the potential energy surface are located at the DFT/B3LYP/6-311G(d)
level. The global minimum is found to be a linear SICCCP of thkelectronic state. Besides the three-
membered-ring isomer CC-cCPSi (36.2 kcal/mol), the four-membered-ring isomers P-cCCCSi (31.2 kcal/
mol) and P-cSIiCCC (79.1 kcal/mol), the five-membered-ring isomer cCPCCSi (46.6 kcal/mol), and the cagelike
isomer pPSICCC (56.8 kcal/mol) also possess great kinetic stability (more than 10.0 kcal/mol). The bonding
natures of the relevant species are analyzed. The calculated results may be helpful for understanding the
P-doped SiC vaporization process. The structures, energies, and bonding properties of the relevant species
are compared with those of the SIG SIiG,P, and SiGN analogues.

1. Introduction radicals have not only chainlike structures but also cyclic
structures as kinetically stable isomers. Some discrepancies and

S|I_|gon,b?arbon, . an(fj phosphorus chem%try h?vhe recglveid similarities must exist among the $XCsystem, so we wonder
considerable attention from various aspects. One of the particular, et ey SiGP has stable cyclic structures and even cagelike
interests is their possible role in astrophysical chemistry. Up to

. o structures to be allowed in the experimental or interstellar
now, several silicon-, carbon-, or phosphorus-containing mol-

. . - h observation.
ecules, such as SiGn = 1—4), SiN, SiO, SiS, PC, PN, and
even HGjN, have been detected in interstellar spt€he SiICN
radical in an astronomical source has been detected, and th

microwave spectrum of it was reported in the laborafory. All computations are carried out with the GAUSSIAN98
On the other hand, Si- or P-containing species have beenand MOLCAS 5.23 (for CASSCF and CASPT2) program
believed to play an important role in material chemistry. Binary packages. The optimized geometries and harmonic vibrational
silicon carbides are commonly used in microelectronic and frequencies of the local minima and transition states are obtained
photoelectronic applicatior’sP-doped SiC compounds are at the DFT/B3LYP/6-311G(d} theory level. To get reliable
generally used as semiconducting matertalgile the Si-P relative energies, the CCSD(T)/6-311G@a)ingle-point energy
bond can be found in various fields such as inorganic, organic, calculations are further performed including the zero-point
and organometallic chemistiRecently, the hydrogenated SiCP  vibrational energies (ZPVEs) using the DFT/B3LYP/6-311G-
ion has recently been prepared by deposition with properly (d) geometries. To confirm whether the obtained transition states
activated silane propyne-phosphine mixture$. connect to the right isomers, the intrinsic reaction coordinate
Recently, molecules containing Si, N, or P atoms, that is, (IRC)!® calculations are performed at the DFT/B3LYP/6-311G-
SipP,,” SIGN,2 SIGP? and SiGN,!° have been extensively  (d) level. Further, for the relevant species, the structures and
investigated. At the same time, theoretical and experimental frequencies are refined at the QCISD/6-311&(t#vel and the
investigations on the species SiC,N, and GP (n = 1-3) single-point energies at the CCSD(T)/6-311G(2df)//QCISD/6-
have been widely reportéd The mixture of them, that is, Si& 311G(dH#ZPVE and CCSD(T)/cc-pVTZ//IDFT/B3LYP/cc-
(X = N or P) species, may present a bridge between thg SiC pVTZ+ZPVE levels. Also, the CASPT2(13,13)/6-311G(2df)//
and GX (X = N or P) clusters. Understanding the structures, CASSCF(13,13)/6-311G(2df) calculations are used to check
bonding, and stabilities of the SiK (X = N or P) series may  relevant species’ multiconfigurational effects. Unless otherwise
be helpful for future identification of the new Si-, C-, N-, or specified, the relative energies (in kilocalories per mole) are at
P-containing species either in the laboratory or in interstellar the CCSD(T)/6-311G(2d)//DFT/B3LYP/6-311G(elYPVE level
space and also for elucidation of the N- or P-doped SiC material (simplified as CCSD(T)//DFT/B3LYP).
formation mechanism. Here, we chose to study thefSi@dical
that is chemically isovalent to Sil, whose potential energy 3. Results and Discussions
surface (PES) has been achieved in our previous research.

L;. Computational Methods

Theoretical investigations have shown that, for SiConly Including as many isomeric forms as possible, we initially
chainlike structures are kinetically stable, yet $#Gind SiGN considered five types of isomers, that is, chainlike species (1),
three-membered-ring species (ll), four-membered-ring species

t Jilin University. (1), five-membered-ring species (IV), and cagelike species (V),
* Mudanjiang Normal College. which are shown in Figure 1. After numerous searches, a total
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Figure 1. Scheme for isomeric species search.

of 27 minima () connected by 40 interconversion transition symmetry with the?A’ electronic state, while PSi-cCCC3
states TSm/n) were located, and the structures of them are (83.1) isC,, symmetrized with théB, electronic state.
shown in Figures 2 and 3, respectively. The harmonic vibrational  Four isomers can be located as minima with four-membered-
frequencies as well as the infrared intensities, dipole moments, ring structures, all of which ar€,, symmetrized with théB,
and rotational constants of relevant species at the DFT/B3LYP/ electronic state. Among these isomers, P-cCCT&{31.2),
6-311G(d), QCISD/6-311G(d), and DFT/B3LYP/cc-pVTZ lev-  P-cSiCCC16 (79.1), and P-cSiCCQ7 (92.7) all have SiCCC
els are listed in Table 1. The relative energies of isomers and rhombic rings, while Si-cCCCR5 (56.9) has a CCCP rhombic
transition states at various levels are summarized in Table 2.ring structure. Isomers4, 15, and16 have CC cross-bonding,
The possible dissociation products’ energies are shown in Tablewhile isomer17 has CSi cross-bonding.
3, and the corresponding structures are shown in Figure 4. A For the six five-membered-ring isomers, cCPCT8{46.6)
schematic potential energy surface (PES) ofsBi@ depicted  and cPCCCSIL9 (50.0) containing CC cross-bonding abs
in Figure 5. symmetrized with th@A" electronic state. cCCCPSD (50.5)
3.1. SiGP SpeciesOn the potential energy surface (PES), a has CC and CSi cross-bondings. cCCPZ5(53.6), cCCCPCSi
total of eight chainlike isomers are located. The lowest-lying 22 (65.4), and cCCCP33(67.9) have CSi, CP, and CC cross-
isomer is linear SICCCHL (0.0), and the other linear one bondings, respectively.
CCCSiP 4 (73.0) has a higher energy; both are of t#é All the remaining four isomers including pCCCS2R (51.5),
electronic state. Among the six bent species, CCCPBH#.1) pPSIiCCC25 (56.8), pCCCPSR6 (60.7), and pCCPCS27
and CSiCCP8 (98.9) are of the’A” electronic state, while  (65.9) possess cagelike structures. Ison2drand25 are ofCs
CCPCSI5 (73.7), CCPCSbB (75.9), and CPCCST (83.1) are symmetry with theA"” and?A’ electronic states, respectively.
of the A" electronic state. The remaining isomer CCSIZP  Both isomers26 and27 are ofC; symmetry.
(48.4) is of C, symmetry. The isomerization process of the $iCisomers on the PES
There are five isomers that possess three-membered ringsis depicted in Figure 5. For the reason that the lowest
Among them, PC-cCC3J (14.0) and PC-cSiCQ1 (46.2) have isomerization or dissociation barriers control the kinetic stability
SiCC rings, whereas CC-cCP%0 (36.2) and CC-cSiCH2 of isomers, we need to consider as many as possible isomer-
(70.5) have SiCP rings. All of the above four isomers ar€of ization and dissociation pathways. As shown in Table 3, the
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Figure 2. Optimized geometries of S isomers at the DFT/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 DFT/B3LYP/cc-pVTZ method for some relevant isomers are also given in italics and
in parentheses, respectively.

relative energies of the dissociation products are so high (more(73.7), 6 (75.9), and7 (83.1) can be located. For their high
than 100 kcal/mol at the CCSD(T)//DFT/B3LYP level) that we energies, the four isomers mentioned above may be of minute
do not attempt to search any dissociation transition states. Thusjmportance as observable species either in the laboratory or in
it is the isomerization barriers that control the kinetic stability interstellar space.

of SiCsP isomers. At the CCSD(T)/6-311G(2d) level, the linear It should be pointed out that the CP radical and cyclic,SiC
SICCCPL1 is the lowest-lying energy isomer with a large kinetic and SiG molecules have been detected in interstellar space.
stability of 14.6 6.0 (1 — 9) kcal/mol. The italic values in Adding the P atom directly to the cyclic SiGnolecule may
parentheses are obtained at the CCSD(T)//QCISD level. Both possibly lead to isomer$4, 16, 18, and25. Attaching the CP
four-membered-ring specidgl (31.2) andl6 (79.1) have large radical to the cyclic Sig molecule can initially generate the
kinetic barriers of 15.617.1) (14— 9) and 15.2 (2.2 (16— high-energy isomer PC-cSiCLl, which is able to change tb

13) kcal/mol, respectively. At the QCISD/6-311G(d) level, (CP + SiC, — 11 — 2 — 9 — 1) through the complex
isomer 13 cannot be located as a minimum with all real isomerization channels.

frequencies. The respective kinetic stabilitiesl6f(36.2) and 3.2. Properties of the Relevant Specie#n section 3.1, we

18 (46.6) are 10.08.3) (10— 1) and 10.1 {1.8 (18 — 21) know that only the six isomerf 10, 14, 16, 18, and25 possess
kcal/mol. Such kinetic stabilities are high enough to allow the both considerable kinetic and thermodynamic stabilities and may
existence of them under low-temperature conditions (such asbe detected in the laboratory and in interstellar space. We now
in dense interstellar clouds). As for the cagelike strucbe analyze their structures and bonding natures at the DFT/B3LYP/
(56.8), the kinetic stability is high at 11.9.1.7) (25 — 27) 6-311G(d) level.

kcal/mol. Apart from isomer4, 10, 13, 14, 16, 18, and25, the The lowest-energy isomer SiCCCIPcorresponding to the
other isomers have much lower kinetic stabilities. At the CCSD- 2I1 electronic state possesses the dominant electronic configu-
(T)/IDFT/B3LYP level, the smaller isomerization barriers of the ration 16220230%40%50211*60%2*37. The % and & molecular
remaining species are0.7 2, 2 — 11), 8.2 @4, 4 — 10), 8.4 orbitals are essentially atomic orbitals belonging to the terminal
(8,8—9),060,9—1),15@01 11— 2),7.4(12 12— 2), Si and P. The low-lying & orbital spreads over the whole
6.3 (15 15— 18),4.2 17,17— 4),9.0 19, 19— 1), 8.3 20, molecule with most on CCCP, while therrbital is mainly
20— 1), 3.1 21, 21— 18), 1.4 22, 22— 21), 2.9 23, 23— delocalized over the terminal CP with little on SiCC. Its SiC
10), 9.4 24, 24 — 26), 0.2 6, 26 — 24), and 2.4 7, 27 — bond length (1.7461 A) is longer than the SiC double (1.7071
25). Still, no transition states relative to isome3g64.1), 5 A) bond, while the CC bond connecting to the Si atom (1.2596
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Figure 3. Optimized geometries of interconversion transition states betweef? $6mers at the DFT/B3LYP/6-311G(d) level. Bond lengths are in angstroms and angles in degrees.
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TABLE 1: Harmonic Vibrational Frequencies (cm 1), Infrared Intensities (km/mol) (in Parentheses), Dipole Moments (D), and
Rotational Constants (GHz) of the Relevant SiGP Structures at the DFT/B3LYP/6-311G(d), QCISD/6-311g(d), and DFT/

B3LYP/cc-pVTZ Levels

dipole
species frequencies (c#) (km-mol™?) moment (D) rotational constant

SiCCCP1 85 (1) 101 (2) 245 (0) 297 (0) 450 (8) 474 (4) 553 (6) 874 (2) 1571 (112) 1884 (1) 0.5367  0.914 108

SiCCCP12 77 (2) 95 (2) 171 (2) 212 (0) 320 (2) 423 (9) 423 (6) 855 (11) 1534 (194) 1877 (11) 0.0225 0.900 225

SiCCCP1P 84 (1) 100 (1) 244 (0) 296 (0) 449 (8) 486 (7) 564 (8) 871 (3) 1568 (94) 1876 (1) 0.5132 0.916 229

CC-cCPSil0 115 (3) 170 (2) 344 (6) 434 (4) 435 (2) 520 (65) 632 (8) 1305 (1) 1929 (547) 4.8122 7.085 67, 2.409 23, 1.797 92
CC-cCPSil(® 103 (4) 165 (1) 350 (8) 415 (2) 446 (0) 590 (57) 667 (30) 1254 (4) 1897 (497) 4.6678 7.174 14, 2.390 83, 1.793 23
CC-cCPSIL® 116 (3) 177 (3) 347 (5) 440 (2) 482 (2) 518 (67) 633 (7) 1314 (1) 1929 (590) 4.9594 7.115 60, 2.417 76, 1.804 59
P-cCCCSil4 157 (3) 209 (5) 473 (40) 474 (13) 479(0) 881 (62) 984 (0) 1030 (23) 1479 (97) 1.6941 39.580 39, 1.568 76, 1.508 95
P-cCCCSil4* 155 (4) 214 (5) 476 (0) 484 (8) 490 (38) 909 (103) 1026 (0) 1040 (24) 1494 (96) 1.6620 38.609 27, 1.575 85, 1.514 05
P-cCCCSil4® 157 (2) 209 (4) 473 (12) 478 (45) 484 (0) 882 (67) 981 (0) 1028 (19) 1475 (84) 1.6506 39.702 90, 1.57357,1.513 58
P-cSICCC16 99 (9) 125 (7) 352 (1) 424 (47) 438(2) 724 (7) 891 (40) 1029 (18) 1419 (172) 3.2002 36.909 65, 1.713 15, 1.637 16
P-cSICCC16* 106 (9) 135 (9) 353 (1) 453 (1) 466 (37) 758 (10) 932 (79) 1063 (16) 1438 (244) 3.4061 36.318 94, 1.721 27, 1.643 38
P-cSiCCC16® 113 (10) 133 (7) 350 (1) 432 (44) 442 (3) 727 (6) 889 (38) 1030 (19) 1415 (177) 3.5023 36.919 38, 1.714 91, 1.638 79
cCPCCSil8 213 (4) 266 (6) 291 (11) 451 (46) 489 (1) 593 (16) 770 (63) 937 (18) 1560 (41) 0.4988 14.525 27, 2.453 80, 2.099 18
cCPCCSil& 215 (4) 265 (5) 294 (16) 453 (26) 512 (1) 620 (58) 764 (71) 980 (132) 1556 (11) 0.5441 13.864 65, 2.490 88, 2.111 53
cCPCCSil® 215 (4) 277 (6) 290 (10) 439 (42) 488 (2) 593 (10) 769 (64) 936 (13) 1563 (39) 0.4515 14.584 44, 2.457 76, 2.103 31
pPSICCC25 122 (1) 288 (8) 433 (14) 519 (21) 520 (9) 583 (17) 734 (9) 951 (13) 1282 (32) 14191 7.005 24, 4.504 71, 3.556 97
pPSICCC25* 240 (6) 259 (6) 395 (10) 562 (9) 585 (29) 609 (13) 759 (21) 1108 (4) 1310 (13) 1.2678 7.48102,4.432 45, 3.622 60
pPSICCC25° 65 (0) 295 (8) 399 (12) 523 (7) 535 (23) 574 (15) 721 (12) 984 (10) 1303 (24) 1.3658 7.149 99, 4.518 98, 3.604 49

a At the QCISD/6-311G(d) leveP At the DFT/B3LYP/cc-pVTZ level.

A) is just between the CC double (1.3269 A) and triple (1.1981 t

A) bond valueg8 The other CC bond length (1.3207 A) is very
close to the normal CC double bond, and the CP bond length
(1.5798 A) is slightly longer than the CP triple bond (1.5392
A). Coupled with the orbital analysis, isomecan be described
as the following resonant structures: (Bi—C=C—C=P|, (2)
|Si=C=C—C=P|, and (3)|Si=C=C=C=P|* (where 4" de-
notes the lone electron pair and lenotes the single electron).
The atomic spin densities (0.5850.138, 0.304,-0.168, and
0.416 e for Si, C, C, C, and P, respectively) suggest that structure
1 bears the most weight and structure 2 the least.

For the three-membered-ring isomkd, the dominant con-
figuration is 1&2d23d?4d?5d%1d'?6d?7d%8d%2d'29d™. It has
two sets ofz orbitals, 184 and 2&. The low-lying 1& orbital
spreads over the whole molecule with most on the PCCC and
little on Si, while the high-lying 24 orbital is mainly on the
CPSi three-membered ring with little on the terminal CC bond.
Both of the two CC bonds (1.2907 and 1.3186 A for the terminal
and the internal, respectively) are shorter than the typical CC
double bond (1.3269 A). The CP and PSi bonds (1.7131 and
2.1965 A) are slightly shorter than the normal CP double (1.7183

A) and PSi single (2.2832 A) bonds, respectively. The CSi bond t

value (1.9500 A) is longer than the normal CSi single bond
(1.8851 A). Coupled with the orbital analysis, the bonding nature
of isomer10 can be viewed as resonant structures among the
following three modes:

C C C
i g [
=N N &
C /C‘ //C
IP//—\Sﬂ Ip—sil P—38i

(D @ 3)

he CCSi ring. The Samolecular orbital represents basically a
lone electron pair of the Si atom, whereas the Belecular
orbital can be associated with the CC cross-bond. As for the
unpaired electron, it mainly stays on the phosphorus 3p orbital.
Its terminal PC bond length (1.6694 A) is shorter than the typical
PC double bond (1.7183 A). The peripheral CC, CSi, and the
CC cross-bond lengths are 1.4300, 1.8283, and 1.4588 A,
respectively, just between the single and double CC and CSi
bond lengths. The spin densities (0.994).087, 0.045, 0.003,
and 0.045 e for P, C, C, Si, and C along clockwise order,
respectively), bond lengths, and orbital analysis of isofer
suggest a main structure such as

e

||\0
%

e
\O

Another kinetically stable isomet$6, of C,, symmetry with
he 2B, electronic state, possessing a SiCCC four-membered
ring just like isomerl4, has the structural character of the P
atom connecting to a Si atom different from the structure of
isomer14. Its electronic configuration can be described ag-1a
2a23a21 0?4521 10,221,258,268,221,23b,t. The 1k & orbital is
delocalized over the entire molecule with most on the SiCCC
ring, and the 2borbital is mainly delocalized over the terminal
PSi bond with little on the CCC. The gerbital can be
associated with the CC cross-bond, and the unpaired electron
is mainly a phosphorus 3p orbital. The peripheral CC, SiC, and
CC cross-bond lengths (1.4289, 1.8156, and 1.5107 A, respec-

tively) are close to those of isoméd. The terminal SiP bond

The spin densities (0.446, 0.126, 0.172, 0.058, and 0.198 e
for C, C, C, P, and Si, respectively) suggest that mode 1 bears
the most weight and mode 2 the least.

The four-membered-ring structure P-cCCCHI of C,,
symmetry with the?B, electronic state has the electronic
configuration 1g22a%3a210,210,%48%210,%5a%6 22212311, The
1b 7 orbital spreads all over the five atoms with most on the
CCC ring, while the other two sets af orbitals, 2l and 2h,
are delocalized mainly on the terminal PC bond with little on

length (2.0660 A) is very close to the typical SiP double bond
(2.0812 A). The bond lengths and the orbital analysis suggest
a main structure such as
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TABLE 2: Relative Energies (kcal/mol) of the SiGP Isomers and Transition States at the DFT/B3LYP/6-311G(d) and
Single-Point CCSD(T)/6-311G(2d) Levebks

AZPVE CCSD(T AZPVE CCSD(T AZPVE CCSD(T} CASPT2//
species B3LYP B3LYP® /B3LYP® total1 QCISD QCISD’ /QCISD’ total2 B3LYP B3LYP® /B3LYP® total3 CASSCE
SICCCP19(IT) 0.0 0.0 0.0 00 00 0.0 0.0 00 00 0.0 0.0 0.0 0.0
CCSiCP2 565 —15 499 484
CCCPSiBCA") 646 —1.1 652  64.1
CCCSiP4(IT) 756 —1.4 744 730
CCPCSB(?A’) 772 -17 754 737
CCPCSIB(A’) 792  -1.9 778 759
CPCCSI7(?A") 89.1 —2.4 855  83.1
CSiCCP8(?A") 1020 -21  101.0  98.9
PC-cCCSH(?A") 191 -03 143 140 103 0.6 11.8 124 188 -0.3 131 128 120
CC-cCPSILOA") 387 -0.9 371 362 367 -0.1 340 339 351 -08 335 327 344
PC-cSICCL1(?A") 500 -1.7 479 462
CC-cSICP12(°A") 795 -1.4 719 705
PSi-cCCCL3(?By) 88.7 -2.2 853  83.1
P-cCCCSIL4(?By) 376 -05 3.7 312 270 0.4 279 283 369 -05 283 278 271
Si-cCCCPL5(?By) 61.6 —1.4 583  56.9
P-cSICCCL6(2By) 889 —15 806 791 783 —0.4 746 742 848 -—14 727 717 760
P-cSICCCL7(2By) 101.7 —2.0 947 927
cCPCCSIil82A") 544 —1.4 480 466 431 —05 414 409 526 —14 414 400 396
cPCCCSIil9?A") 507 —1.1 511 500
cCCCPSR0 582 —1.3 51.8 505
cCCPCSR1 66.6 —1.2 548 536
cCCPCSR2 783 -15 66.9  65.4
cCCCPSR3 783 —2.0 69.9  67.9
pCCCSiP24(2A") 647 —1.1 526 515
pPSICCC25(2A") 710 -16 584 568 592 —0.2 493 491 675 16 490 474 448
pCCCPSR26 736 -14 62.1  60.7
pCCPCSR7 799 -17 676  65.9
TSV9(A) 314 -05 151 146 237 0.2 158 160 310 —0.6 244 238
TSV10 525 —1.6 478 462 496 —0.7 429 422 474 -15 419 404
TSV10%(2A") 649 -1.2 563  55.1
TSV142A") 68.8 —1.9 605 586
TSV14+(2A") 656 —1.7 62.4  60.7
TSV18 797  -1.9 67.9  66.0
TSV18* 933 -25 853 8238
TSVU19(A") 69.0 —1.9 60.9  59.0
TS1/20 69.1 —1.7 60.5 588
TSV25 83.7 -2.3 729 706
TS29 68.0 -2.3 63.2  60.9
TS210 915 -25 841 816
TS210¢(2A") 103.4 —2.9 96.2 933
TS211 60.0 -1.7 494 477
TS212 886 —2.2 80.1  77.9
TS4/102A") 777 -16 82.8 812
TSW10%(2A™) 859 -1.4 856  84.2
TS4133A") 1011 -23 1062 103.9
TS416(2A") 1255 —2.9  127.7 1248
TSW17(2A") 1043 —2.4 993  96.9
TSE9(A") 107.3 —22 1095 107.3
TSY11A") 727  —23 645 622
TSY14(2A") 532 16 484 468 452 —0.8 462 454 529 —17 461 444
TS918 689 —1.9 622 603
TSY18(2A") 747 15 672 657
TS1023 81.4 -1.9 727 708
TS13162A") 973 -21 96.4 943 937 -16 880 864 942 -21 86.8 847
TS142522A") 1031 —1.9 953 934
TS151802A") 695 —1.7 649 632
TS1818 80.4 —25 67.1 646
TS1821 68.4 —1.9 586 567 653 —1.0 537 527 561 —1.9 534 515
TS1824 792 2.0 682  66.2
TS1825 89.0 -24 769 745
TS1827 821 -2.3 713 69.0
TS2122 803 -1.9 68.7  66.8
TS2426 744  -19 62.8  60.9
TS2427 822 —2.0 708 6838
TS2527 82.4 -2.1 704 683 692 12 620 608 785 —2.2 615  59.3
TS2727 101.0 —2.4 879 855

TS16SiP+CCC (?A1) 135:0 —2.9 123.3 120.4

aFor the relevant isomers, the CCSD(T)/6-311G(2df)//QCISD/6-311G(d), CCSD(T)/cc-pVTZ/IDFT/B3LYP/cc-pVTZ, and CASPT2(13,13)/
6-311G(2df)//CASSCF(13,13)/6-311G(2df) values are included &l$he basis set is 6-311G(d) for DFT/B3LYP and QCISDhe basis set is
6-311G(2d) for CCSD(T)4 The basis set is 6-311G(2df) for CCSD(F)lhe basis set is cc-pVTZ for DFT/B3LYP and CCSD(TThe 6-311G(2df)
basis set and 13*13 electrons and active orbitals are used for the CASSCF and CASPT2 radthedstal energy of reference isomkeat the
DFT/B3LYP/6-311G(d) level is-745.083 971 9 au, at the CCSD(T)/6-311G(2d)//DFT/ B3LYP/6-311G(d) lever #3.815 039 3 au, at the QCISD/
6-311G(d) level is-743.732 305 5 au, at the CCSD(T)/6-311G(2df)//QCISD/6-311G(d) level £3.879 874 au, and at the CASPT2//CASSCF(13,13)
level is —744.156 913 4 au. The ZPVEs at the DFT/B3LYP and QCISD levels are 0.014 884 and 0.013 641 au, respectively. The symbols in
parentheses in this column denote the electronic states.
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TABLE 3: Relative Energies (kcal/mol) of the Possible The atomic spin densities (0.9490.014, 0.031, 0.003, and
Dissociation Prod_ucfs of SiGP Isomers at the DFT/B3LYP/ 0.031 e for P, Si, C, C, and C along clockwise order,
6-311G(d) and Single-Point CCSD(T)/6-311G(2d) Levéls respectively) confirm this conclusion.
_ AZPVE  CCSD(T¥/I The five-membered-ring species cCPCQ8ihas the elec-
species B3LYP B3LYP® B3LYP® total tronic configuration 182423424825a21d'26d274284224'234'*.
Si(D)+PCCCI)¢ 148.8 -1.8 134.4 132.6 The 1& 7 orbital spreads over all the ring members, thé 2a
S!QPHPCCCGH) ' 1228  -18 110.3 108.5 orbital mainly is on the BCq4, while little is on the other three
g!%EHg'Cg gccg':‘,) %gg'; :gg 2411223?51 g‘llgg atoms. Its 8aorhital is associated with the;€C,4 cross-bond.
S:(lD;_-l—FC-I(D:CCM’)) 236.2 37 5912 2175 Both of the CC cross-bond lengths (1.6271 A for the one close
SiCP}-CPCCPA") 210.2 —3.7 197.1 193.4 to the Si atom and 1.6608 A for the other) are longer than the
C(*D)+SiCPCRA") 288.4 -4.7 263.7 259.0 CC single bond. Its peripheral CC bond (1.3083 A) is shorter
C(P)+SICPCtA") 246.4 —4.7 227.5 222.8 than the CC double bond. The two CP bonds (1.7450 A for the
g?”g‘ggg%n ig?g _g-g iﬂ; ggg one connecting to the Si atom and 1.7787 A for the other) are
CgD%_:-PISiCC%H)) 2536 :4:0 2476 2436 between the single and double CP bond lengths. There are
CEPH-PSICCET) 2115 —40 211.4 207.4 significa_nt differences between the two _SiC bonds, with the one
C(*D)+CSiCPeA") 282.0 -4.5 250.9 246.4 connecting to the P atom (1.9151 A) being longer and the other
C(PHCSICP{A") 240.0 —45 214.7 210.2 (1.8188 A) being shorter than the normal SiC single bond.
C('D)+P-cSiCC{B1) 251.0  —4.0 224.2 220.2 Together with the orbital analysis, ison% can be described
gggﬁ';}?fgéccg% ggg:g :i:g %3?:2 %gg:g as the following resonant structures:
CEP)1+Si-cPCCB,) 2331 —48 241.2 236.4
C(D)+cCCPSi3{A")  212.8  —3.6 185.1 181.5 _C = __C =
CCGP}+cCCPSi3tA”") 1708  —3.6 148.9 145.3 i IPy= / Sis IP;= / Sis®
C(D)+cCCPSi 32A") 2283  —4.0 2015 1975 \ / \/_/ \ _\ /
C(CP)H-cCCPSI 3?A") 186.2 —-4.0 165.3 161.3 C,—C —C
C(ID)+cCSiCP 4{B;) 2176  —35 154.7 151.2 (1) ) 3)
C(P)+cCSICP 41By) 175.6 -35 118.4 114.9
C(D)+cCSiCP 4(A") 2519  —4.7 223.1 218.4 ) .y
CEPY-cCSICP 4ZA")  209.9 47 186.9 1822 The spin densmes—(0.0QG, 0.463f0.136, 0.453, and 0.286
C(ID)+cCSICP5{A")  251.9  —4.7 2231 2184  efor G, Cy, Ps, G4 and Si, respectively) show that modes 1
C(*P)+cCSiCP 5tA") 209.8 —4.7 186.9 182.2 and 2 bear somewhat more weight than mode 3.
ggg))i'cggggg ;(22:2)) gzg-g —2-8 %gg ggg Isomer25 of Cs symmetry with théA’ electronic state, which
C | 2 . —o. . . H H i
ROiCSeed T BB3 33 IR Bl conbevenedsacagele st possesses e lctoni
P¢S)H+CSICCLE) 2237 -39 186.6 182.7 hgurat -
P@D)+CSiCCEII) 263.3 -31 272.2 269.1 1d o orbital spreads over the three C atoms, and tHes2a
P(*S)+CSiCCeIT) 224.7 -3.1 238.4 235.3 orbital spreads over all the atoms with most on the three C
PGD)JFS_iCCC(‘Z) 1764  -22 159.1 156.9 atoms. The 3ax orbital is mainly delocalized oversP Cs—
E%g))iss'lcc%;%%zr}) ig;i’ :gg ig?f iig-é Cs with little on C; and Sp. The length of the two CP bonds
P(S)+SICCOAIT) 116.5 55 117.3 1151 (1.9120 é:) is a little longer than _the normaIACI_D single bond
P@D)+cSICCC 1{A;) 1691  —2.5 148.3 145.8 (1.8730 A). The bond length of SiP (2.4118 A) is longer than
PES)HcSICCC 1tA,) 130.5 -25 114.5 112.0 the typical SiP single bond (2.2832 A). The peripheral CC bond
P(D)+cSiCCC 1¢B,) 186.6 -2.9 170.7 167.8 lengths (1.4113 A) are just between typical CC single and double
Eggﬁcssl%%(él;&)) i‘?lg-g —g-? ig;-g igig bonds. The two CSi bond values (1.9289 A) are longer than
Col 1 . —Z. . . . L R ]
PUSYFCSICCC 2(A)) 1352  —2.7 1336 130.9 tgeS%FZCEI .C?' S'”gleh bonﬁ' chg'e. thf %C Zroés bqu .'e"g:]h
PED)+cSICCC 2(B:) 180.4 o7 1616 158.9 ( 8 )|s_ongert an the single bond. Considering the
PESH-cSICCC 2B) 141.8 —27 127.8 125.1 orbital analysis, bond lengths, and spin densities (0.507, 0.175,
CC('Zy)+SiPCEA") 250.8 —4.6 259.5 254.9 0.025, 0.146, and 0.146 e for1CSi, P;, C4, and G,
gg((jgu)ﬁ'ssggg}«)) igz g —g-g iii-g ii?-g respectively), we suggest the following resonant structures where
)+ Si . —3. . . i
CCIL)+ SICPerT) 1615 37 1788 1751 structure 1 bears the most weight and structure 3 the least.
CC{zy)+PSicer) 2737  —46 305.2 300.6
CCCIL)+PSiCeIl) 2508  —4.9 339.3 334.4 1Py
SiC()+CPCA") 2897 51 2595  254.4 \ — \ 'c\
SiCEII)+CPCRA") 2629 5.3 304.3 299.0 1 g o D [ )]
SiC(=)+CCPell) 1987 51 1752 170.1 N i N7 TN
SICEIT)+CCPErT) 1735 36 220.0 216.4 (1 (2)
PCEX)+SICCEs) 1412  —3.8 108.5 104.7
PCEZ)+SiCCEIT) 187.4 -3.6 154.0 150.4 I P,
PCE2)+SiCC(A;) 1425  —3.9 107.1 103.2 \ \
PCES)+SiCCEB,) 180.9 3.8 147.8 144.0 \ AN ’\C ..
PSi(5)+CCCEsy) 1357  -3.3 1240  120.7 'Cl\ /S'z lei NoF S
PSi¢x)+CCCeI1,) 184.3 -5.0 179.0 174.0 3) 5
aThe 3P-1D experimental energy gaps of C and Si are 29.0 and
17.9 keal/mol, respectively, and tH&—2D experimental energy gap All the above bonding nature descriptions are confirmed by

of P is 32.4 kcal/mot?® P The basis set is 6-311G(d) for DFT/B3LYP.

¢The basis set is 6-311G(2d) for CCSD(¥)he total energies of thina'ttﬁral bond (:Lblﬁlh(l\llBO) a:nla_lySIS. tet i tat
reference isomet at the DFT/B3LYP and single-point CCSD(T) levels or the reason that the lowest-lying quartet linear state was

as well as the ZPVE at the DFT/B3LYP level are listed in footrpte  found to lie more than 59 kcal/mol abo%H at correlated levels
of Table 2. The symbols in parentheses in this the column denote the (CCSD(T)//DFT/B3LYP+-ZPVE), the quartet species were not
electronic states. considered further. From Table 1, we can see that, at the QCISD/
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Figure 4. Optimized geometries of the possible dissociation products ofFSi€bmers at the DFT/B3LYP/6-311G(d) level. Bond lengths are in
angstroms and angles in degrees.

6-311G(d) level, the dipole moments band18 are very small isomers. The geometrical structures and relative energies at the
(0.0225 and 0.5441 D, respectively) and thosel@f14, 16, CASPT2//ICASSCEF level are in good agreement with the DFT/
and 25 (4.6678, 1.6620, 3.4061, and 1.2678 D, respectively) B3LYP/6-311G(d) and QCISD/6-311G(d) results. The leading
are reasonable for microwave detection, yet isonmeasd 18 electronic configurations occupied Ry 10, 14, 16, 18, and25

can be identified by infrared spectrum. The dominant vibrational (82.26, 85.37, 84.96, 85.68, 84.23, and 84.47%, respectively)
frequencies of isomelk 10, 14, 16, 18 and25are 1877, 1897,  are the same as those that spanned the Slater determinant of
1494, 1438, 1556, and 1310 chp respectively, with the DFT/B3LYP, indicating that the SiP system has a negligible
corresponding infrared intensities 11, 497, 96, 244, 11, and 13 multiconfigurational effect and that the CCSD(T)//DFT/B3LYP
km/mol. At the DFT/B3LYP/6-311G(d) level, the¥values method is adequate for calculation of the structures, vibrational
are 0.7814, 0.7581, 0.7703, 0.7700, 0.7590, 0.7717, and 0.755&pectra, and energies.

forisomersl, 10, 13, 14, 16, 18, and25, respectively, indicating For the relevant species, the energies achieved at various
that the spin contamination is small enough to be neglected. levels (CCSD(T)/6-311G(2d)//DFT/B3LYP/6-311G(d), CCSD-
Moreover, the CASPT2//CASSCF calculations are performed (T)/cc-pVTZ//DFT/B3LYP/ cc-pVTZ, and CCSD(T)/6-311G-

to check the multiconfigurational properties of the above six (2df)//QCISD/6-311G(d)) are different from each other among
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Figure 5. Schematic potential energy surface of $t@t the CCSD(T)/6-311G(2d)//DFT/B3LYP/6-311G{@PVE level. The values in parentheses
of the relevant speciel 14, 16, 10, 18, and25 were obtained at the CCSD(T)/6-311G(2df)//QCISD/6-311GHERVE level.

the levels, while the geometries and spectroscopies are veryatom which shows much less of a trend to formr Bond than
similar. In the view of the accuracy and computational cost, the corresponding first-row N atom. This difference between P
CCSD(T)//IDFT/B3LYP/6-311G(d) is a reasonable level, while and N atoms also leads to the reason that no linear isomers
increasing the size of the basis set from 6-311G(d) to cc-pVTZ including an internal P atom can be located as kinetically stable
is also important for obtaining more reliable energies. Since structures in the SiP and SiGP radicals, whereas linear

the isomerization barrier of isoméris enlarged to 11.0 kcal/
mol at the CCSD(T)/cc-pVTZ//IDFT/B3LYP/cc-pVTZ level,

larger than those of the CCSD(T)//DFT/B3LYP/6-311G(d) and
CCSD(T)//IQCISD levels (0.6 and 3.6 kcal/mol, respectively),

isomers including an internal N atom can be located as
kinetically stable ones in Sl and SiGN radicals.

Besides chainlike structures, there are kinetically stable three-
membered-ring and four-membered-ring structures on thgPSiC

isomer9 can be viewed as a stable structure with a CCSi three- and SiGN PESs, respectively. While, for the S system,
membered ring and an exocyclic PCC bond at the DFT/B3LYP/ there are not only chainlike and cyclic structures but also

cc-pVTZ level.
3.3. Comparison with Analogous SiGN, SiC,P, and SiGN

kinetically stable cagelike structures. Compared with th8iC
unit in SIGP, the tension decrease of the rhombiSiQunit in

Species.Generally, isovalent or same series molecules are isomer25of SiCsP may be the reason for the cagelike structure’s
expected to possess similar chemical properties. However, therdarge kinetic stability. Thus, no cagelike structures could be
must be some discrepancies in the structures, bonding naturesipcated as minima on the SiE PES. At the same time, the

and energies of Sill, SiGP, SiGN, and SiGP, so it is

first-row N atom of the penta-atomic radical SNChas much

attracting great interest to compare their special properties of |ess of a tendency to formbonds than the second-row P atom

structure, bonding, and PES.
The structures and stability of SIS, SiGP, and SiGN
radicals have been extensively studtetl The linear isomers

in SiCsP, which could be the reason that the cagelike structures
of SICsN are kinetically unstable.

SICCN, SiCCP, and SiCCCN can be located as ground states, conclusions

on the PES of the S, SiGP, and Si@N radicals, respec-
tively. The dominant structure of SICCN |§i=C—C=N],
while that of SICCP is betweejsi=C=C=P|* and |Si=C*—
C=P|. The resonant structures of SICCCN are betwe8n—
C=C—C=N]| and |Si=C=C*—C=N]|, while those of SICCCP
mentioned above are amon@i—C=C—C=P|, |Si=C=C—
C=PJ, and |Si=C=C=C=P|*. Compared with SICCN and
SICCCN which do not havéSi=C=C=N|* and |Si=C=C=
C=NJ*, the cumulengSi=C=C=P|* and |Si=C=C=C=P)*
structures of SigP and SiGP may be due to the second-row P

Various methods are employed to study the structures,
energies, dipole moments, rotational constants, and isomerization
of the SiGP molecule. Among the 27 minimum isomers, only
six isomers may be kinetically stable toward isomerization and
dissociation. The lowest-energy isomer is found to be linear
SiICCCP 1, which can be described as a resonant structure
among'|Si—C=C—C=P|, |S=C=C—C=P|, and|Si=C=C=
C=PJ*. The addition of cyclic Sigto the PC radical would
generate isomet through complex isomerization channels. It
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should be noted that not only three-, four-, and five-membered-  (5) Armitage, D. A. In The Silicon-heteroatom BopdPatai, S.,

ring structures but also a cagelike structu?8, have been Rap(%‘;pg;é rztl 'If_qs-’??;b\e";i;%a“g"{ \;%2'2019'?9;\5’&5(1)3 1(‘3’931 PM181853S-
located as klnetllcally stablg isomers on the PES, whlch also Spectromzoozl 30, 682-690. o o
represents the f|r_st the(_)retlcal pr_edlt_:tlon that a cfagellke _form (7) Huang, X. R.; Ding, Y. H.; Li, Z. S.; Sun, C. Q. Phys. ChemA
can exist in the SigX series. Considering that the SiCN radical 2000 104, 8765-8772.

in an astronomical source has been detected and the hydroge-  (8) Ding, Y. H.; Li, Z. S.; Huang, X. R.; Sun, C. Q. Phys. ChemA

) . . - 2001, 105 (24), 5896-5901.
nated SiCP ion has been prepared, ;8iGas a promising (19) Ch(en)G H.: Ding, Y. H.. Huang, X. R.: Zhang, H. X.: Li, Z. S.:

interstellar r_nolecule_‘ may be detected soon. The calculgtedslm, C. CJ. Phys. Chem. 2002 106 10408-10414.
spectroscopies of S§ may be helpful for the future experi- (10) Liu, H. L.; Huang, X. R.; Chen, G. H.; Ding, Y. H.; Sun, C. T.
mental and interstellar detection and also for understanding thePhys. Chem. 2004 108 6919.

e ; ; ; _ ; (11) (a) Guelin, M.; Cernicharo, J.; Paubert, G.; Turner, BAEtron.
initial step of the growing mechanism during the P-doped SiC Astrophys1990 230, L9, (b) Bell, M. B.: Feldman, P. A.; Travers, M. .

vaporization process. McCarthy, M. C.; Gottlieb, C. A.; Thaddeus, Rstrophys. J1997, 483
161. (c) Largo, A.; Barrier)tos, C.; Lopez, X.; Ugalde, J.MPhys. Chem.
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