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The structures and isomerization of SiC2P species are explored at various levels. Thirteen minima are located
connected by 19 interconversion transition states. At the CCSD(T)/6-311+G(2df)//QCISD/6-311G(d)+ZPVE
level, the lowest energy isomer is a linear form SiCCP1 whose structure mainly resonates between
|SidCdCdP|• and |SidC•-CtP| with the former bearing somewhat more weight. The second and third
low-lying isomers are cyclic cSiCCP5 (with Si-C cross-bonding) at just 3.2 kcal/mol and cSiCPC7 (with
C-C cross-bonding) at 10.4 kcal/mol, respectively. All the three isomers1, 5, 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 molecules C3N, SiC2N, and C3P. Implications in
the interstellar and P-doped SiC vaporization processes are discussed.

1. Introduction

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 SiCn

(n ) 1-4), SiN, SiO, SiS, PC, and PN, have been detected in
interstellar space.1 Of particular interest, the ground-state
structure of SiC22,3 and SiC3 are cyclic forms.4 No cyclic species
containing phosphorus have been observed in space up to now.

In this work, we study the tetra-atomic molecule SiC2P, which
belongs to the isoelectronic XC2Y (X ) C, Si; Y ) N, P) series.
Extensive experimental and theoretical investigations5 have
shown that C3N only have linear CCCN and CCNC with the
dominant valence structure•CtC-CtN| and•CtC-NtC|,
respectively. Both C3N isomers have been detected in interstellar
space.5a In addition, the analogues C3P6 and SiC2N7 have
received recent theoretical consideration. The ground state of
C3P is linear CCCP (valence structure|CdCdCdP|•) followed
by the four-membered ring cC3P with C-C cross-bonding, while
linear CCPC is not a minimum. For SiC2N, two linear forms
SiCCN (valence structure|SidC•-CtN|) and SiCNC (valence
structure|SidC•-NtC|) and a bent SiNCC were predicted to
be observable. Several cyclic forms of C3P and SiC2N were
also located as minima. Clearly, there exist some structural,
bonding, and energetic discrepancies between C3N, C3P, and
SiC2N. Then it is natural to speculate on the properties of SiC2P.
To our best knowledge, no studies have been reported on SiC2P.
Since many Si-containing molecules have stable cyclic isomers
(such as SiC2, SiC3, and Si2C28), we wonder whether SiC2P
has such stable cyclic forms to allow their laboratory or
interstellar identification.

On the other hand, Si- or P-containing species have been
believed to play important roles in materials chemistry. Binary
silicon carbides are commonly used in microelectronic and
photoelectronic applications,9 while Si-P bonding can be found
in various fields such as inorganic, organic, and organometallic

chemistry.10 The knowledge about the structure, energies, and
bonding nature of various SiC2P isomers may be helpful for
understanding the initial step of the growing mechanism during
the P-doped SiC vaporization process.

2. Computational Methods

Computations are carried out using the GAUSSIAN9811aand
MOLCAS11b (for CASSCF and CASPT2) program packages.
The optimized geometries and harmonic vibrational frequencies
of the local minima and transition states are obtained at the
B3LYP/6-311G(d) theory level. Single-point calculations are
performed at the CCSD(T)/6-311G(2d) level using the B3LYP/
6-311G(d) optimized geometries. To confirm whether the
obtained transition states connect the right isomers, the intrinsic
reaction coordinate (IRC) calculations are performed at the
B3LYP/6-311G(d) level. The structures, frequencies, and en-
ergetics of the relevant species are further calculated at the
QCISD/6-311G(d) and CCSD(T)/6-311+G(2df) (energy only)
levels. The zero-point vibrational energies (ZPVE) at the
6-311G(d) B3LYP and QCISD levels are also included for
energy correction. The multi-reference properties of some
structures are checked by additional CASSCF and CASPT2
calculations.

3. Results and Discussions

For conciseness, the results are organized as follows. In
Section 3.1, we first present a rough discussion on the stability
of SiC2P isomers. Then for the most relevant species, we give
a detailed discussion on the structural and bonding properties
in Section 3.2. Where possible, comparisons with the related
species are made. In Section 3.3, we assess the possible
relevance of SiC2P in interstellar space and in SiC-vaporization
processes. In Section 3.4, a brief assessment of the reliability
of methods is given. Unless otherwise specified, the relative
energies are at the CCSD(T)/6-311G(2d)//B3LYP/6-311G-
(d)+ZPVE level (simplified as CCSD(T)//B3LYP).

3.1. SiC2P PES. The isomeric search follows the scheme:
chain [formed from (SiC, CP) and (SiP, C2) molecule-radical
pairs], four-membered ring [from SiCCP and SiCPC rings],
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three-membered ring [from the perpendicular-like attack of (SiC,
CP) and (SiP, C2) pairs], and all-closed species. After numerous
searches, 13 SiC2P minimum isomers (m) and 19 interconver-
sion transition states (TSm/n) are obtained at the B3LYP/6-
311G(d) level. The optimized geometries of the SiC2P isomers
and transition states are shown in Figure 1 and Figure 2,
respectively. The harmonic vibrational frequencies as well as
the infrared intensities, dipole moments, and rotational constants
of the SiC2P species are listed in Table 1, while the total and
relative energies of all species are collected in Table 2. A
schematic potential-energy surface (PES) of SiC2P is presented
in Figure 3.

On the PES, the lowest-lying isomer is linear SiCCP1 (0.0).
The other linear or bent species CSiCP2 (71.7), SiCPC3 (84.4),
SiCPC3′ (87.6), and PSiCC4 (51.8) with internal-Si-X-
or -P-X- bonding are energetically very high. No CSiPC form
can be located as a minimum. SiPCC is not a minimum, either,
although the analogous SiNCC has been predicted as an
important minimum on the SiC2N PES.7 The second, third, and
fourth low-lying isomers are all planar four-membered ring
species, i.e., cSiCCP5 (6.8) with Si-C cross-bonding, cSiCPC
7 (14.1) with C-C cross-bonding, and cSiCCP6 (22.8) with
P-C cross-bonding. Note that7 has a high-energy isomer7′
(43.7) with a butterfly-like structure. The use of CCSD(T)/6-
311+G(2df)//QCISD/6-311G(d)+ZPVE single-point calcula-
tions (simplified as CCSD(T)//QCISD) even lower the relative
energies of the species5 and 7 to be 3.2 and 10.4 kcal/mol,
respectively. The species8 (72.9) (butterfly-like) and8′ (80.4)
(planar) both possess SiCCP four-membered ring structures with
Si-P cross-bonding. It is worthwhile to point out that7′ actually
correlates with the2A2 state and8 with the 2B1 state. The

respective planar2A2 and2B1 structures each possess one out-
of-plane imaginary frequency and lie 4.3 and 7.0 kcal/mol above
7′ and8, respectively. The remaining two isomers P-cSiCC9
(45.6) and Si-cPCC10 (70.3) are both three-membered ring
structures. At the HF level, the three-membered ring species
C-cCSiP and P-cCSiC are local minima, yet each collapses
to the four-membered ring species5 at the B3LYP level.
Optimization of Si-cCCP, C-cSiCP, and C-cPSiC usually
leads to the chainlike species1, 2, 3, or 3′. The closed
tetrahedral-like structures cannot be located as minima, either.

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 products Si+CCP,
P+CCSi, SiP+C2, and SiC+CP are rather high (more than 100
kcal/mol at the CCSD(T)//B3LYP level) as shown in Table 2,
we did not attempt to search any dissociation transition states.
So the isomerization process governs the kinetic stability of
SiC2P isomers. For simplicity, the details of the obtained 19
transition states are omitted. We can see that only the three
isomers1, 5, and7 may be of interest with considerable kinetic
stability. The linear isomer1 and the cyclic one7 has
comparable kinetic stability as 21.3 (20.8) and 24.4 (25.6) kcal/
mol, and the cyclic5 has a slightly lower kinetic stability 14.5
(17.6) kcal/mol. The italic values in parentheses are for CCSD-
(T)//QCISD 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 temperature,5 may isomerize to1 with
the barrier 14.5 (17.6) kcal/mol. Yet, the7 f 1 conversion is
much more difficult since the easiest pathway has to encounter
two low-lying intermediates6 and 5 with two considerable

Figure 1. Optimized geometries of SiC2P various isomers and spin densities (in parentheses) for relevant1, 5, and7 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 ine.
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barriers 24.4 (25.6) (7 f 6) and 14.5 (5 f 1) kcal/mol (the
conversion from6 to 5 is easy with the barrier 3.1 kcal/mol).
The direct isomerization barrier from7 to 1 is even much higher
as 36.1 kcal/mol.

However, apart from1, 5, and7, the other isomers have much
lower kinetic stability. At the CCSD(T)//B3LYP level, the least
isomerization barriers of the species2, 3, 3′, 4, 6, 7′, 8′, 9, and
10 are 3.9 (2 f 1), 3.2 (3 f 3′), 0.0 (3′ f 3), -2.1 (4 f 9),

3.1 (6 f 5), -0.1 (7′ f 7), 3.8 (8′ f 7′), 4.1 (9 f 4), and 0.7
(10f 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 the7′ f 7
conversion is not allowed under theCs-symmetry since7′ and
7 correlate with different states, it can proceed barrierlessly via
an intersystem-crossingTS7/7′ with C1-symmetry. Yet, a similar
search ofTS8/8′ is unsuccessful. In fact, we cannot locate any

Figure 2. Optimized geometries and imaginary frequencies of SiC2P transition 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 SiC2P Structures at the B3LYP/6-311G(d) Levelb

species frequencies (infrared intensity) dipole moment rotational constant

SiCCP1 127 (2) 144 (6) 391 (0) 460 (1) 518 (16) 1064 (0) 1738 (343) 1.1088 1.558034
SiCCP1a 116 (2) 136 (7) 342 (0) 404 (1) 517 (12) 1070 (0) 1652 (384) 0.8398 1.544677
CSiCP2 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
cSiCCP5a 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
cSiCPC7a 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) level.b For the relevant isomers, the QCISD/6-311G(d) values are included also.
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transition states of8. Fortunately,8 is very high-lying (72.9
kcal/mol above1). We expect it to be of little importance in
the investigation of SiC2P isomerization.

3.2. Properties of SiCCP 1, cSiCCP 5, and cSiCPC 7.In
Section 3.1, we know that only the three isomers SiCCP1,
cSiCCP5, and cSiCPC7 possess considerable kinetic stability
and may be observable in the laboratory and in interstellar space.
We now analyze their structural and bonding properties at the
B3LYP/6-311G(d) level. For parallel comparison on the Si-P,
C-P, CdP, C-C, CdC, CtC, Si-C, SidC, and SitC
bonding, additional B3LYP/6-311G(d,p) or B3LYP/6-311G(d)
calculations (with frequency confirmation as stationary points)
are carried out for the structures of model systems SiH3PH2,
CH3PH2, CH2PH, CH3CH3, C2H4, C2H2, C6H6, SiH3CH3, SiCH2,
HSiCH, CCCN (2∑, 2∏), and CCCP (2∑, 2∏). In the following,
the bond length comparisons are made with the above B3LYP/
6-311G(d,p) results.

The ground state of the lowest-energy isomer SiCCP1 has
the 2Π electronic state. Its calculated SiC bond length (1.710
Å) is very close to that (1.713 Å) of the typical SidC double
bonding in SidCH2. Its CP bond value (1.615 Å) lies well

between the normal CtP (1.560 Å) and CdP (1.673 Å) bond
lengths. Then, isomer1 may be best described as a resonant
structure between|SidCdCdP|• and |SidC•-CtP|. The
calculated Mu¨lliken spin density (0.160, 0.375,-0.163, and
0.628e for Si, C, C, and P) indicates that the former structure
bears somewhat more weight. The smaller spin density on the
terminal silicon shows a very slight contribution from the form
•SitC-CtP|. The symbols “•” and “|” denote the single
electron and lone-pair electrons, respectively. The above
structural description is also supported by the natural bond
orbital (NBO) analysis. In fact, the internal CC bond length
(1.298 Å) of SiCCP1 is significantly shorter than that (1.369
Å) of CCCN (described as•CtC-CtN| with 2∑ state). Yet,
the bond lengths of SiC (1.710 Å), CC (1.298 Å), and CP (1.615
Å) in SiCCP1 are relatively closer to those (1.700 and 1.342
Å for SiC and CC) in SiCCN (dominant structure|SidC•-
CtN| with 2Π state)7 and (1.309 and 1.596 Å for CC and CP)
in CCCP (dominant structure|CdCdCdP•| with 2Π state). It
seems that the bonding type of SiCCP1 is right between SiCCN
and CCCP with the latter being more akin. Our calculated result
that CSiCP2, SiCPC3 and 3′ are energetically much higher

TABLE 2: Relative Energies (kcal/mol) of the SiC2P Structures and Transition States at the B3LYP/6-311G(d) and Single-Point
CCSD(T)/6-311G(2d) Levelsf

species B3LYPb
∆ZPVE
B3LYPb

CCSD(T)c

//B3LYPb total 1 QCISDb
CCSD(T)d

//QCISDb
∆ZPVE
QCISDb total 2

CASPT2//CASS
CFe(13,13)

SiCCP1 (2′)a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CSiCP2 (2A′) 84.2 -1.5 73.2 71.7
SiCPC3 (2A′) 90.8 -1.6 86.0 84.4
SiCPC3′ (2A′) 94.0 -1.8 89.4 87.6
PSiCC4 (2′) 55.2 -1.0 52.8 51.8
cSiPCC5 (2A′′) 14.0 -0.6 7.4 6.8 8.5 3.3 -0.1 3.2 5.3
cSiPCC6 (2A′′) 30.0 -1.0 23.8 22.8
cCSiCP7 (2B1) 18.8 -0.5 14.6 14.1 10.8 10.5 -0.1 10.4 12.6
cCSiCP7′ (2A′′) 54.3 -1.7 45.4 43.7
cCSiCP8 (2A′) 88.0 -1.4 74.3 72.9
cCSiCP8′(2A2) 93.6 -2.0 82.4 80.4
P-cSiCC9 (2B1) 52.6 -1.0 46.6 45.6
Si-cPCC10 (2B1) 77.6 -1.8 72.1 70.3
Si3 + PCC(2′) 114.0 -2.0 107.3 105.3
P2 + SiCC(1∑) 126.8 -2.3 116.9 114.6
SiC(1∑)+CP(2∑) 186.3 -3.0 163.4 160.4
SiC(3′)+CP(2∑) 159.6 -3.1 148.2 145.1
SiP(2∑)+C2(1∑g) 180.5 -2.7 144.8 142.1
SiP(2∑)+C2(3′u) 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
TS1/7(2A′′) 54.9 -1.7 51.9 50.2
TS3/3′ (2A′) 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
TS5/5(2A′) 64.8 -1.5 62.8 61.3
TS5/5*( 2A′′) 64.6 -1.5 64.6 63.1
TS5/6(2A′′) 31.9 -1.3 27.2 25.9
TS5/6* 39.6 -1.3 33.6 32.3
TS5/7(2A′′) 62.8 -0.7 58.2 57.5
TS5/8′ (2A′′) 118.8 -2.6 112.4 109.8
TS5/9 72.9 -1.6 68.3 66.7
TS6/7(2A′′) 43.2 -1.4 39.9 38.5 37.0 37.0 -1.0 36.0
TS6/10(2A′′) 77.9 -1.8 72.8 71.0
TS7/7′ 54.3 -2.0 45.6 43.6
TS7′/7′ 99.5 -2.0 89.4 87.4
TS7′/8′ 97.5 -2.5 86.7 84.2

a The total energies of reference isomer1 at 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) level is-705.7516064 au, and at the CCSD(T)/6-311+G(2df)//QCISD/6-311G(d) level is
-705.8738824 au, at the CASPT2//CASSCF(13,13) level is-706.1451397006 au. The ZPVE at B3LYP and QCISD level are 0.010111 and
0.009655 au, respectively.b The basis set is 6-311G(d) for B3LYP and QCISD.c The basis set is 6-311G(2d) for CCSD(T).d The basis set is
6-311+G(2df) for CCSD(T).e 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)/6-311+G(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.
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than SiCCP1 is surely consistent with the fact that the-SidC
and-PdC units are much less stable than the corresponding
-CdSi and -CtP units. Isomer1 possesses the “best”
combination of-CdSi and-CtP units.

It is of interest to compare the energetics of the2∑ and2Π
electronic states of SiCCP. Similar to the situation of SiC2N,
the 2∑ state structure1′ with the valence form•SitC-CtP|
(indicated by spin density and NBO analysis) can only be
located at the ab initio levels (HF, MP2, and QCISD). At the
B3LYP level, optimization of1′ always leads to isomer1 with
2∏ 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, theσ HOMO orbital of the
2∑ state is easily switched to theπ LUMO orbital of the much
lower-energy2Π state. Tables 3 and 4 summarize the bond
lengths, the2Π-2∑ energy gap, and spin density of XCCY
(X ) C, Si; Y ) N, P) species. We can find that along the
sequence (C, N), (C, P), (Si, N), and (Si, P), the2Π-2∑ energy

gap is significantly increased, suggestive of the much decreased
XtC contribution over X)C.

Isomer cSiCCP5 has a crossed SiC bond (1.932 Å), which
is about 0.05 Å longer than the typical Si-C single bond (1.885
Å) in SiH3CH3. The peripheral SiC (1.971 Å) and SiP (2.423
Å) bond values are slightly longer than the typical Si-C single
bond and Si-P single bond (2.282 Å in SiH3PH2), respectively.
The peripheral PC bond (1.721 Å) is between the normal P-C
single bond (1.872 Å) in CH3PH2 and PdC double bond (1.670
Å) in CH2PH. The peripheral CC bond length (1.303 Å) lies
between the calculated typical CdC double bond (1.327 Å) in
ethylene (C2H4) and the CtC triple bond (1.198 Å) in acetylene
(C2H2). The distribution of the spin density is 0.843,-0.053,
0.315, and-0.105e for P, Si, C, and C, respectively, along the
clockwise ordering as shown in Figure 1. Therefore, isomer5
can be viewed as associated with the following three resonance
structures:

The symbols “•” and “|” denote the single electron and lone-
pair electrons, respectively. StructureI may contribute the most

Figure 3. Schematic potential-energy surface of SiC2P at the CCSD(T)/6-311G(2d)//B3LYP/6-311G(d)+ZPVE level. The relative values in
parentheses are at the CCSD(T)/6-311+G(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 Å) of the 2∑ and 2Π Structures
of the XCCY (X ) C, Si; Y ) N, P) Species as Well as the
Energy Difference (in kcal/mol) between the Two States at
the B3LYP/6-311G(d) Level

2∑ 2Π
(X, Y) R(XC) R(CC) R(CY) R(XC) R(CC) R(CY)

∆E
(2Π - 2∑)

(C, N) 1.207 1.369 1.158 1.291 1.341 1.173 0.3
(C, P) 1.217 1.357 1.556 1.292 1.309 1.596-12.1
(Si, N) 1.700 1.342 1.178 -35.3
(Si, P) 1.710 1.298 1.615 -48.0

TABLE 4: Spin Density of the 2∑ and 2Π Structures of the
XCCY (X ) C, Si; Y ) N, P) Species at the B3LYP/
6-311G(d) Level

2∑ 2Π

(X, Y) X C C Y X C C Y

(C, N) 1.210 -0.186 0.074-0.098 0.289 0.499-0.139 0.352
(C, P) 1.261 -0.194 0.167-0.234 0.271 0.292-0.097 0.533
(Si, N) 0.173 0.627-0.173 0.373
(Si, P) 0.160 0.375-0.163 0.628
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andIII the least. The above resonance description is consistent
with the NBO analysis.

Isomer7 is aC2V-symmetrized planar structure with two sets
of identical peripheral bonds (i.e., SiC and CP). The SiC bond
(1.842 Å) is very close to the typical Si-C single bond (1.885
Å) in SiH3CH3. Yet, the CP (1.775 Å) bond is right between
the normal single (1.872 Å in CH3PH2) and double (1.670 Å in
CH2PH) bonds. Interestingly, the bridged CC bonding is very
strong with the bond value 1.426 Å, which lies right between
the normal CdC double bond (1.327 Å in ethylene C2H4) and
C-C single bond (1.530 Å in ethane C2H6). This indicates that
the crossed CC bond in isomer7 contains significant double-
bonding character, which is quite different from the lower-lying
isomer5 that has a relatively weaker Si-C cross bonding (about
0.05 Å 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 Å) in benzene (C6H6). Within isomer7, the spin density
is mainly on the P atom (0.763e) with a small part on the Si-
atom (0.307e), almost zero on the two C-atoms (-0.035e for
each). Then, isomer7 can be described as the following
resonance picture:

Form I has the most weight, followed byII andII ′ that have
equal contribution. For a simplified form, it can be depicted
as:

The dashed cycle shows that the electron density mainly
delocalizes along the PCC three-membered ring, making PC
and CC strong partial double bonding, whereas little resides on
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 SiC3, Si2C2, C3P,
and SiC2N, as shown in Tables 5 and 6. Here, C3N is not
included since its cyclic forms have not been reported in the

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 like5 is
called the “Cs-structure”, while that like7 as the “C2V-structure”.
Concerning the peripheral SiC and CC as well as the cross SiC
bond lengths of theCs-structure, SiC2P seems to be more akin
to Si2C2 than to SiC2N and SiC3 (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 SiCCY ring. For theC2V-structure, the
peripheral SiC and crossed CC bonds of SiC2P are rather closer
to Si2C2 than to the other species. In all, although the kinetic
stability of C3N and C3P has not been reported, we may still
expect that along the sequence C3N, SiC2N, C3P, and SiC2P
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 SiC2P 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 SiCn (n ) 1-4), SiN, SiO, SiS,
PC, and PN, have been detected in space. Among these, cyclic
SiC2 and SiC3 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 atomic3Si and CCP radical, atomic2P and CCSi molecule,
and the SiC molecule and CP radical may possibly lead to the
linear form SiCCP1. The cyclic forms5 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 C2 to form the three-
membered ring isomer10. Then10can almost barrierlessly lead
to isomer5, 1, and even7 via the intermediate6.

It should be pointed out that in the laboratory, both the cyclic
(theCs- and C2v-structures) Si2C2 forms have been observed in
the Sin and Cn co-vaporization processes. In view of the many
structural similarities existing between the cyclic forms of SiC2P
and Si2C2, we hope that the two cyclic SiC2P 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
Si, P-containing species1, 5, and7.

On the other hand, the present calculations on SiC2P may be
related to the microelectronic and photoelectronic technologies.
Phosphorus is usually used as a minute dopant. During the
P-doped SiC vaporization process, the smaller tetra-atomic
species SiC2P may be generated. Then, the calculated properties
and isomerization of various SiC2P isomers may be helpful for
understanding the initial step of the growing mechanism.

TABLE 5: Bond Lengths (in Å) of the Cs-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 cross bond

(X, Y) R(SiC) R(CC) R(SiC)
relative
energy

kinetic
stability

(Si, C) 2.034 1.349 1.888 13.1
(Si, N) 1.971 1.344 1.879 33.7 0.8
(Si, P) 1.971 1.303 1.932 14.0 17.6
(Si, Si) 1.992 1.313 1.946 8.2

TABLE 6: Bond Lengths (in Å) of the C2W-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 cross bond

(X, Y) R(SiC)/[R(CP)] R(CC)
relative
energy

kinetic
stability

(Si, C) 1.837 1.484 8.2
(Si, N) 1.881 1.479 42.7 5.9
(Si, P) 1.842 [1.775] 1.426 18.8 25.6
(Si, Si) 1.840 1.430 1.4
(C, P) [1.776] 1.474 29.1
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To aid in future experimental and interstellar characterization,
the QCISD/6-311G(d) harmonic vibrational frequencies, dipole
moments, and rotational constants are collected for the three
species1, 5, and7 in Table 1. The dominant vibrational band
for 1, 5, and7 is 1652, 668, and 372 cm-1, respectively, with
the corresponding infrared intensity 384, 41, and 50 km/mol.
In addition, isomer5 has a large dipole moment 2.7836 D,
making it very promising for microwave detection.

3.4. Reliability of the Methods. We performed CASPT2//
CASSCF calculations to check the reliability of the present
monoconfigurational-based methods (B3LYP, QCISD, and
CCSD)sconsidering 13 frontier orbitals as active space and 13
electrons were allowed to be excited within them, denoted as
(13,13). The optimized structures of1, 5, 7, and8 are given in
Figure 1. The relative energies for1, 5,and7 are collected in
Table 2. We can see that the CASSCF(13,13)/6-311G(2df)
structures are in good agreement with the B3LYP and QCISD/
6-311G(d) results. Also, the CASPT2(13,13)/6-311G(2df) //CASS-
CF(13,13)/6-311G(2df) relative energies are close to the CCSD-
(T)/6-311G(2d)//B3LYP/6-311G(d) and QCISD/6-311G(d) values.
For the cyclic systems such as isomers7 and8, the CASSCF
results show that leading electronic configuration of7 is 12-
(a1)23(b1)25(b2)2b11, with contribution of 87.5%, while that of
8 is 14(a′)26(a′′)2a′1 with contribution of 81.0%. These leading
configurations are the electronic configuration spanned the Slater
Determinant of B3LYP. This indicates that the multireference
effect may be minor for the present system. It should be noted
that inclusion of thef-function is important in calculating the
relative energy of isomer5.

4. Conclusions

In conclusion, the lowest-energy isomer is found to be linear
SiCCP1. Two cyclic species, i.e., cSiCCP5 with Si-C cross
bonding and cSiCPC7 with C-C cross bonding, are energeti-
cally very close to1 at just 3.2 and 10.4 kcal/mol, respectively,
at the CCSD(T)/6-311+G(2df)//QCISD/6-311G(d)+ZPVE level.
Moreover, each isomer contains considerable kinetic stability
toward isomerization and dissociation. They might be observable
in the laboratory and in interstellar space. On the other hand,
the two cyclic forms5 and7 may be of particular interest since
very few Si-containing cyclic species (cSiC2, cSiC3, and cSi2C2)
have been detected in the laboratory or in interstellar space.
No cyclic species containing both Si and P are known up to
now, either. Therefore, we expect that species5 and 7 may
represent two new promising cyclic candidates to be detected
in future. The results are also expected to be useful for
understanding the initial growing step for the P-doped SiC
vaporization processes.
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