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The structures, energetics, spectroscopies, and stabilities of the singlet and triplet Si2NP isomeric species are
explored at the DFT/B3LYP, QCISD, and CCSD(T) (single-point) levels. A total of 23 minimum isomers
and 32 interconversion transition states are located. Generally, the triplet species lie energetically higher than
the singlet ones. At the CCSD(T)/6-311+G(2df)//QCISD/6-311G(d) level, there are two nearly isoenergetic
singlet isomers as global minima, i.e., a linear SiNSiP11 (0.0) and a puckered cSiNSiP14 with P-N cross-
bonding (-0.6). The third low-lying isomer is a planar four-membered ring cSiNSiP15 (3.3) with Si-Si
cross-bonding. All the three isomers have reasonable kinetic stabilities and might be observable either in
laboratory or in space. Moreover, the structural and bonding analyses indicate that11 possesses typical SitP
triple bonding. Since up to now, stable SitP triply bonded species are still experimentally unknown, isomer
11 may represent such a good example. Finally, the similarities and discrepancies of Si2NP are compared to
the other analogous 18-valence electrons species AA′BB′ (A, A ′ are group IV elements and B, B′ are group
V elements) such as C2N2 and Si2P2. The present study is the first one to consider such series with three
higher-row atoms.

1. Introduction

Recently, the nitrogen, silicon, and phosphorus-related chem-
istries have received considerable attention in various fields.
For example, they have important applications in microelectronic
materials and surface chemistry. Silicon clusters doping group
V elements are commonly used as semiconductor materials.
Another interesting field is interstellar chemistry. Up to now,
many species containing N, Si, and P have been found in space.1

There have been many studies on the binary clusters SinNm
2

and SinPm
3(mainly theoretical). However, there has been little

attention on the ternary clusters SinNmPo, even for the simplest
SiNP molecule. Investigations of such ternary species may offer
useful insights toward understanding the properties of N,P-doped
Sin materials. In this paper, we report our work on the tetra-
atomic cluster Si2NP, which is chemically isovalent to the well-
known C2N2 molecule,4 as well as other species C2NP,5 SiCN2,6

Si2N2
7, and Si2P2.8 All these molecules have singlet linear

ground structures except Si2P2, whose ground state is a puckered
form with P-P cross-bonding followed by a planar rhombic
structure with Si-Si cross-bonding. Si2NP is formally the
intermediate between Si2N2 and Si2P2. Generally, the first-row
atoms prefer to formπ-bonds, while the second-row atoms
prefer to formσ-bonds. So it is interesting to see (1) the relative
stabilities of linear and cyclic species (planar or puckered) may
contribute to (2) whether Si2NP has stable isomers that contain
triple bonds between the second-row elements, i.e., SitSi and
SitP, and (3) whether the triplet potential energy surface is
important or not. A detailed theoretical study can resolve such
kinds of problems. On the basis of our knowledge of the tetra-
atomic AA′BB′ (A, A ′ are group IV elements and B, B′ are
group V elements) series with 18 valence electrons, the present

study on Si2NP containing three higher-row atoms may represent
the first study and may contribute to the understanding of the
structural and bonding changes upon heterodoping.

2. Computational Methods

All computations are carried out using the GAUSSIAN989

program package. The optimized geometries and harmonic
vibrational frequencies of the local minima and transition
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Figure 1. The scheme for the singlet and triplet Si2NP isomeric species
search that follows.
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states are obtained at the DFT/B3LYP/6-311G(d) theory
level. Moreover, single-point calculations are performed at
the CCSD(T)/6-311G(2df) level using the DFT/B3LYP/
6-311G(d) optimized geometries. The DFT/B3LYP/6-311G(d)
zero-point vibration energies (ZPVE) are also included. To
confirm whether the obtained transition states connect with the
right isomers, intrinsic reaction coordinate (IRC) calculations
are performed at the DFT/B3LYP/6-311G(d) level. Finally, the
geometries and energies of the relevant species are more
accurately calculated at the DFT/B3LYP/cc-pVTZ, QCISD/6-
311G(d), single-point CCSD(T)/cc-pVTZ//DFT/B3LYP/cc-
pVTZ and CCSD(T)/6-311+G(2df)//QCISD/6-311G(d) levels,
respectively.

3. Results and Discussions

For the tetra-atomic Si2NP molecule, we considered various
isomeric forms as many as possible, which include five types
of isomers, i.e., linear or chainlike species (I), three-membered
ring species (II), four-membered ring species (III), closed species
(IV), and branched-chain species (V), as depicted in Figure 1.
After numerous searches, a total of 23 Si2NP minimum isomers
(9 for singlet and 14 for triplet) (sm) and 32 interconversion
transition states (12 for singlet and 20 for triplet) (sTSm/n) were
obtained at the DFT/B3LYP/6-311G(d) level. Note that the top

left corner numbers means the electronic state (1 for singlet
and 3 for triplet) of the isomers or transition states. The
calculated structures of various singlet and triplet S2NP species
are shown in Figures 2 and 3, respectively, and those of the
fragments are shown in Figure 4. The calculated spectroscopic
properties (harmonic vibrational frequencies, rotational con-
stants, and dipole moments) of Si2NP are given in Table 1. The
energetic properties of Si2NP species and fragments are listed
in Tables 2 and 3, respectively. Finally, the schematic potential
energy surfaces (PESs) showing the isomerization and dissocia-
tion of Si2NP are presented in Figure 5 (for singlet) and Figure
6 (for triplet).

3.1. Singlet PES of Si2NP. The nine singlet isomers are of
the chainlike, three-membered and four-membered ring forms
as shown in Figure 2. Interestingly, there are two isomers with
almost the same energy, i.e., the linear SiNSiP11 and the
puckered cSiNSiP14 with N-P cross-bonding. As indicated in
Table 2, the 6-311G(d) used DFT/B3LYP and QCISD methods
predict11 to be more stable than14 by about 8.5 and 9.7 kcal/
mol, respectively. Yet, higher-level CCSD(T)/6-311G(2df) and
CCSD(T)/6-311+G(2df) calculations using both DFT/B3LYP
and QCISD geometries put11 and 14 energetically rather
close, with the difference being just 0.4 and-0.6 kcal/mol,
respectively. The additional CCSD(T)/cc-pVTZ//DFT/B3LYP/

Figure 2. Optimized geometries of singlet Si2NP isomers and transition states at the DFT/B3LYP/6-311G(d) level and the geometrical parameters
in italics and brackets at the QCISD/6-311G(d) and DFT/B3LYP/cc-pVTZ levels, respectively. Bond lengths are in angstroms, and angles are in
degrees.
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cc-pVTZ calculations predict the relative energy of14 to be
-0.4 kcal/mol above11. Within the computational errors, we
consider11 and 14 to be isoenergetic species. At the DFT/
B3LYP/6-311G(d) level, the outer SiN bond value 1.5887 Å
of SiNSiP11 is close to the typical SidN double bonds (1.6004
Å from H2SidNH10). Its SiP bond value 1.9683 Å is also very
close to that of the typical SitP triple bond (1.9570 Å from
HSitP). Isomer11 can be described with a valence structure
|SidN-SitP|, which is consistent with the orbital analysis.
Like the analogous 18-valence electron species CNCN, CNCP,
SiNCN, etc., SiNSiP11 has two sets of delocalizedπ-orbitals
with the most weight on internal Si-N bonding, and has two
sets of localizedπ-orbitals within Si-N and Si-P bonding with
the former bearing very weakπ-overlap. As a result, the shorter
inner SiN bond (1.6682 Å), compared to the typical Si-N single
bond value 1.7283 Å in SiH3NH2, is due to the delocalized
π-orbitals. The bent isomer SiNPSi12 (19.3) and the linear
PSiSiN 13 (72.1) are much higher in energy. This can be
rationalized that, for SiN and SiP radicals, the valence structures
|SidN|• and •SitP| have greater weights than•SitN| and

|SidP|•, respectively. All the species11, 12, and 13 can be
thought of as adducts between SiN and SiP radicals. The form
SiPSiN is not a minimum. Note that the value in parentheses
are relative energies in kcal/mol at the CCSD(T)//DFT/B3LYP
level, unless specified.

The low-lying puckered form cSiNSiP14 has a long crossed
N-P bond (2.1458 Å), compared to the normal NP single bond
(1.7172 Å in NH2PH2). Such weak N-P cross-bonding de-
creases the strain with the two cNSiP rings and contributes to
the stabilization of the puckered14. The peripheral SiN (1.7365
Å) and SiP (2.2627 Å) bonds are close to the typical Si-N
single bond (1.7283 Å) and Si-P single bond (2.2820 Å). The
four-membered ring isomer cSiNSiP15 has a planarC2V
symmetry. The crossed Si-Si (2.3018 Å), peripheral SiN
(1.7124 Å), and SiP (2.2171 Å) bonds are close to but slightly
shorter than the typical Si-Si (2.3547 Å in H3SiSiH3), Si-N,
and Si-P single bonds. This is caused by one set of delocalized
π-orbital. There is one additional set ofπ antibonding orbitals
between N and P. Therefore, isomer15 can be considered
as a singlet diradical. Such a property is similar to that

Figure 3. Optimized geometries of triplet Si2NP isomers and transition states at the DFT/B3LYP/6-311G(d) level. Bond lengths are in angstroms,
and angles are in degrees.

TABLE 1: Harmonic Vibrational Frequencies (cm-1), Infrared Intensities (km/mol) (in parentheses), Dipole Moment (D), and
Rotational Constants (GHz) of Singlet and Triplet Si2NP Structures at the DFT/B3LYP/6-311G(d) Level

species frequencies (infrared intensity) dipole moments rotational constants

SiNSiP11 (1∑) 85(0) 85(0) 230(11) 230(11) 445(2) 824(6) 1347(292) 5.7037 1.182544
SiNSiP11 (1∑)a 74(1) 74(1) 214(10) 214(10) 444(11) 826(16) 1384(466) 5.4384 1.180799
SiNSiP11 (1∑)b 85(1) 85(1) 216(6) 216(6) 444(2) 825(2) 1342(239) 5.4750 1.182978
SiPNSi12 (1A′) 48(4) 223(4) 227(10) 450(22) 709(10) 1304(111) 2.2014
PSiSiN13 (1∑) 45(4) 45(4) 85(14) 85(14) 296(0) 751(1) 1221(0) 3.1819
cSiPSiN14 (1A′) 235(4) 319(27) 395(7) 427(52) 713(24) 824(50) 1.4099 6.50035, 3.93814, 2.67506
cSiPSiN14 (1A′)a 235(4) 332(30) 400(16) 440(42) 735(21) 853(57) 1.4566 6.56207, 3.99396, 2.71631
cSiPSiN14 (1A′)b 244(3) 338(28) 391(11) 444(41) 721(22) 822(49) 1.0780 6.52204, 3.98370, 2.71927
cSiPSiN15 (1A1) 214(1) 305(24) 479(1) 535(35) 642(6) 886(73) 0.1882 6.81965, 4.31441, 2.64259
cSiPSiN15 (1A1)a 202(1) 309(25) 490(0) 550(34) 650(7) 904(65) 0.3305 6.88022, 4.34093, 2.66163
cSiPSiN15 (1A1)b 231(0) 306(19) 485(0) 542(31) 651(6) 887(67) 0.5340 6.83883, 4.30435, 2.64168
cSiSiPN16 252(18) 295(3) 307(18) 503(3) 710(26) 797(10) 1.7020
Si-cNPSi17 (1A′) 101(3) 280(17) 314(29) 441(4) 602(16) 1131(2) 1.6970
Si-cPSiN18 (1A′) 66(4) 148(1) 341(19) 515(36) 682(91) 946(8) 2.4265
Si-cSiPN19 (1A′) 15(0) 71(4) 336(8) 507(14) 599(19) 1005(61) 1.7926
SiNSiP31 (3A′) 87(2) 182(14) 252(13) 477(3) 614(36) 1306(305) 3.8697
SiNPSi32 (3A′) 100(2) 240(17) 269(7) 453(7) 589(2) 1254(128) 2.1800
PNSiSi33 (3A′) 64(1) 265(9) 268(5) 379(9) 550(3) 1210(294) 1.9412
SiPSiN34 (3B2) 217(7) 260(12) 292(0) 510(41) 637(41) 923(133) 0.3410
SiPSiN34′ (3A′) 207(1) 218(1) 354(24) 544(19) 636(23) 738(32) 0.2713
cSiPSiN35 (3A′′) 198(12) 244(1) 332(2) 409(29) 785(0) 803(30) 1.1086
cSiSiPN36 257(7) 268(5) 365(9) 434(17) 661(0) 821(53) 1.5433
Si-cNSiP37 (3A′′) 132(0) 168(0) 357(9) 508(38) 575(15) 970(238) 1.5525
Si-cPSiN38 (3A′′) 41(1) 100(5) 284(5) 470(41) 714(67) 872(19) 1.9874
Si-cSiNP39 61(1) 89(2) 307(5) 516(14) 686(17) 941(26) 1.9338
cSiSiPN310 (3A′) 20(6) 245(9) 342(2) 436(93) 629(27) 1067(3) 0.4005
P-cNSiSi311 (3A2) 128(0) 235(3) 360(0) 522(0) 567(6) 880(39) 0.2569
N-cSiSiP312 (3A′′) 121(8) 140(15) 342(7) 410(3) 511(6) 823(117) 2.4413

N-cPSiSi313 (3A2) 118(3) 138(8) 294(5) 385(1) 430(10) 893(44) 3.1083

a At the QCISD/6-311G(d) level.b At the DFT/B3LYP/cc-pVTZ level.
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of the analogous Si2N2 and Si2P2 species. At the CCSD(T)//
QCISD+ZPVE level, isomer15 is the third low-lying form at
3.3 kcal/mol. Isomer16 (14.0) can be viewed as a puckered

four-membered species with a weak Si-P cross single bonding
(2.6687 Å). Finally, there are three isomers Si-cNPSi17 (6.2),
Si-cSiNP18 (27.3), and Si-cSiPN19 (57.0) that contain three-
membered rings.

To judge the observable possibilities of Si2NP isomers,
consideration of the isomerization and dissociation stabilities
is very important. Table 3 indicates that all the isomers are stable
against dissociation. So the isomerization shown in Figure 5
governs the kinetic stability of singlet Si2NP isomers. For
simplicity, the transition state details are omitted. The least
isomerization barrier order for the nine isomers is listed as
follows: 11(13.6,12.1, 11 f 15) > 15(9.1,8.8, 15 f 11) > 14(8.2,
7.7, 14 f 17) > 16(3.2, 16 f 17) > 18(3.0, 18 f 16) > 17(2.4,
17 f 14) > 13(1.8, 13 f 15) >12(1.2, 12 f 17) > 19(0.3, 19 f
17). The italic values are at the CCSD(T)//QCISD level. We
can find that the isomers11, 14, and 15 are of most interest.
Besides being the three low-lying isomers,11, 14, and15 have
reasonable kinetic stabilities and could be observable either in
interstellar space or in the laboratory. Note that the direct
conversion transition state between the two isoenergetic species
11 and14 cannot be located. Instead, such attempts always lead
to the low-lying1TS4/7,which connects the puckered cSiNSiP
14 and the three-membered ring Si-cNPSi17.

3.2. Triplet PES of Si2NP. There are 14 triplet Si2NP isomers
(structures shown in Figure 3). Among them, three isomers
SiNSiP31(23.2), SiNPSi32(42.6), and PNSiSi33(60.6) are of
chainlike type. Five isomers, i.e., planar cSiNSiP34(18.4) with
N-P cross-bonding, puckered cSiNSiP34′(29.9) with N-P
cross-bonding, cSiNSiP35(17.8) with Si-Si cross-bonding,
cSiNPSi 36(33.1) with Si-P cross-bonding, and cSiNPSi
310(21.6) with N-Si cross-bonding, are four-membered ring
species. The remaining six species Si-cNPSi37 (30.1), Si-cPNSi
38 (55.2), Si-cSiPN39 (57.9), P-cNSiSi311 (29.1), N-cSiSiP
312 (66.6), N-cPSiSi313 (72.1) have three-membered rings. All
the triplet isomers have higher energies than the corresponding
singlet ones. From the triplet PES (Figure 6) containing 20 tran-
sition states, the kinetic stability order for the triplet isomers is
310(14.1,310 f 311) > 35(13.1,35 f 31) > 34(12.5,34 f 37)
> 36(10.9,36 f 310) > 39(9.8,39 f 310) > 313(7.9,313 f 36)
> 31(7.7,31 f 35) > 311(6.6,311 f 310) > 312(6.2,312 f 36)
> 32(3.6,32 f 310) > 38 (2.7,38 f 36) > 33(2.4,33 f 311) )
34′(2.4,34′ f 310) > 37(0.8,37 f 34). At the CCSD(T)//B3LYP
level, the singlet-triplet gaps of11, 14, and15 are determined
to be 23.2, 18.0, and 13.3 kcal/mol, respectively.

It is of interest to investigate the validity of the computational
approaches used in the present paper. The calculated spectro-
scopic properties (in Table 1) and the structures (in Figure 2)
of the most relevant species11, 14, 15, 1TS1/5, and1TS4/7 at
the DFT/B3LYP//6-311G(d) level are very close to those at the
DFT/B3LYP/cc-pVTZ level. Also, their CCSD(T)/6-311G(2df)//
DFT/B3LYP/6-311G(d) relative energies (in Table 2) are very
close to the CCSD(T)/cc-pVTZ//DFT/B3LYP/cc-pVTZ values.
Thus, the one-particle basis sets 6-311G(d) and 6-311+G(2df)
are enough for prediction of the geometries, spectroscopies, and
energies, respectively. Moreover, the correlational methods have
minor importance because the 6-311G(d)-based DFT/B3LYP
and QCISD structures, spectroscopies, and energies are similar.
However, increasing the size of the basis set is important in
dertermining the energies.

On the other hand, we explore the effects of the monodeter-
minantal methods for such Si, P-containing systems, especially
for the singlet diradical isomer15. We calculated the diagnostic
factorsτ1 for the isomers11, 14, and15 at the CCSD(T)/6-311G-
(2df) level, which are 0.027, 0.025, and 0.027, respectively. So

Figure 4. Optimized fragments of the dissociations of Si2NP at the
DFT/B3LYP/6-311G(d) level. Bond lengths are in angstroms, and
angles are in degrees.

Figure 5. Schematic singlet potential-energy surface of Si2NP at the
CCSD(T)/6-311G(2df)//DFT/B3LYP/6-311G(d)+ZPVE level. The rela-
tive energies in parentheses and brackets are at the CCSD(T)/6-311+G-
(2df)//QCISD/6-311G(d)+ZPVE and CCSD(T)/cc-pVTZ// DFT/B3LYP/
cc-pVTZ levels, respectively.
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the nondynamical effects are of minute importance, and the
monodeterminantal approach is adequate for description of
Si2NP.

3.3 Comparison with Analogous Species.It is desirable to
compare Si2NP with the isovalent species such as C2N2,4 C2NP,5

SiCN2,6 Si2N2,7 and Si2P2,8 which have been previously studied.
For C2N2, C2NP, SiCN2 that contain none or one second-row
atom (Si or P), the linear species are thermodynamically and

kinetically more stable and no four-membered ring species are
of interest. The latter two species each contain two or more
than two second-row atoms. For Si2N2, the linear isomers
SiNNSi and SiNSiN are the first and third low-lying species.
A puckered one cSiNSiN with N-N cross-bonding is energeti-
cally the second most stable.11 For Si2P2, the lowest energy
isomer is a singlet butterfly-like structure with P-P cross-
bonding followed by a singlet rhombic SiPSiP isomer with Si-

TABLE 2: Relative (kcal/mol) Energies of the Singlet and Triplet Si2NP Isomers and Transition States at the DFT/B3LYP/
6-311G(d) and Single-Point CCSD(T)/6-311g(2df) Levelsa

species B3LYPc
∆ZPVE
B3LYPc

CCSD(T)d

//B3LYPc total 1 QCISDc
∆ZPVE
QCISDc

CCSD(T)e

//QCISDc total 2 B3LYPf
∆ZPVE
B3LYPf

CCSD(T)f

//B3LYPf total 3

SiNSiP11b (1∑) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SiPNSi12 (1A′) 19.0 -0.4 19.7 19.3
PSiSiN13 (1∑) 79.1 -1.0 73.1 72.1
cSiPSiN14 (1A′) 8.5 -0.5 0.9 0.4 9.7 -0.3 -0.3 -0.6 3.3 -0.4 0.0 -0.4
cSiPSiN15 (1A1) 15.7 -0.3 4.8 4.5 18.4 -0.2 3.5 3.3 8.4 -0.2 4.5 4.3
cSiSiPN16 23.0 -0.5 14.5 14.0
Si-cNPSi17 (1A′) 7.9 -0.5 6.7 6.2
Si-cPSiN18 (1A′) 37.7 -0.8 28.1 27.3
Si-cSiPN19 (1A′) 62.5 -1.0 58.0 57.0
1TS1/3 (1A′) 83.5 -1.3 76.2 74.9
1TS1/5 (1A′) 21.6 -0.4 14.0 13.6 23.1 -0.3 12.4 12.1 16.5 -0.3 13.8 13.5
1TS1/7 (1A′) 29.6 -0.9 31.2 30.3
1TS2/7 (1A′) 19.7 -0.6 21.1 20.5
1TS2/8 (1A′) 38.6 -1.0 33.5 32.5
1TS3/5 (1A′) 82.2 -1.2 75.1 73.9
1TS4/5 37.4 -1.0 28.9 27.9
1TS4/6 30.7 -1.1 22.1 21.0
1TS4/7 13.4 -0.8 9.4 8.6 14.2 -0.7 7.8 7.1 10.4 -0.7 9.0 8.3
1TS6/7 24.7 -0.9 18.1 17.2
1TS6/8 39.8 -1.1 31.4 30.3
1TS7/9 (1A′) 62.6 -1.0 58.3 57.3
SiNSiP31 (3A′) 20.5 -0.5 23.7 23.2
SiNPSi32 (3A′) 39.3 -0.5 43.1 42.6
PNSiSi33 (3A′) 53.9 -0.7 61.3 60.6
SiPSiN34 (3B2) 19.7 -0.6 19.0 18.4
SiPSiN34′ (3A′) 34.9 -0.8 30.7 29.9
cSiPSiN35 (3A′′) 23.4 -0.7 18.5 17.8
cSiSiPN36 40.5 -0.6 33.7 33.1
Si-cNSiP37 (3A′′) 28.4 -0.8 30.9 30.1
Si-cPSiN38 (3A′′) 57.0 -1.0 56.2 55.2
Si-cSiNP39 (3A′′) 62.2 -0.9 58.8 57.9
cSiSiPN310 (3A′) 23.7 -0.7 22.3 21.6
P-cNSiSi311 (3A2) 27.8 -0.8 29.9 29.1
N-cSiSiP312 (3A′′) 67.9 -1.3 67.9 66.6
N-cPSiSi313 (3A2) 75.2 -1.4 73.5 72.1
3TS1/5 32.7 -0.9 31.8 30.9
3TS1/7 (3A′′) 35.2 -1.4 40.0 38.6
3TS1/12 (3A′) 115.1 -2.1 122.0 119.9
3TS2/7 45.9 -1.2 52.2 51.0
3TS2/8 (3A′′) 59.0 -1.4 60.2 58.8
3TS2/10 45.0 -1.0 47.2 46.2
3TS3/11 (3A′) 55.5 -1.0 64.0 63.0
3TS4/7 30.7 -1.2 32.1 30.9
3TS4/10 (3A′) 38.1 -1.2 43.4 42.2
3TS4′/10 37.0 -1.1 33.4 32.3
3TS5/12 81.3 -1.8 79.2 77.4
3TS5/12* 83.3 -1.8 82.8 81.0
3TS6/8 59.4 -1.2 59.1 57.9
3TS6/9 69.5 -1.5 69.5 68.0
3TS6/10 48.7 -1.2 45.2 44.0
3TS6/12 76.4 -1.9 74.7 72.8
3TS6/13 84.7 -2.0 82.0 80.0
3TS7/10 32.8 -1.3 38.8 37.5
3TS9/10 70.1 -1.6 69.3 67.7
3TS10/11 35.6 -1.4 37.1 35.7

a For the relevant species, the values at the CCSD(T)/6-311+G(2df)//QCISD/6-311G(d) and CCSD(T)/cc-pVTZ//DFT/B3LYP/cc-pVTZ levels
are listed also. The symbols in parentheses of the column denote the point group symmetry.b The total energies of reference isomer11 at the
DFT/B3LYP/6-311G(d) level is-975.1323410 au, at the CCSD(T)/6-311G(2df)//DFT/B3LYP/6-311G(d) level is-973.6300628 au, at the QCISD/
6-311G(d) level is-973.4878341 au, and at the CCSD(T)/6-311+G(2df)/QCISD/6-311G(d) level is-973.6336544 au, respectively. The ZPVE at
the DFT/B3LYP and QCISD levels are 0.007391 and 0.007360 au, respectively.c The basis set is 6-311G(d) for DFT/B3LYP and QCISD.d The
basis set is 6-311G(2df) for the CCSD(T).e The 6-311+G(2df) basis set is used for CCSD(T).f The cc-pVTZ basis set is used.
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Si cross-bonding. The linear or chainlike species are neither
minima nor thermodynamically and kinetically stable. The title
molecule Si2NP is the first example of such 18-valence electron
series containing three higher-row atoms. The linear SiNSiP11
and two cyclic cSiNSiP isomers14 and 15 are of interest. In
all, with the increasing number of second-row atoms, the cyclic
species becomes more important both thermodynamically and
kinetically. This can be attributed to the smaller contribution
of second-row elements toπ-conjugation than the first-row
elements.

The calculated harmonic vibrational frequencies, dipole
moments, and rotational constants (in Table 1) can be useful
for the laboratory and interstellar detection of the isomers11,
14, and 15. At the QCISD/6-311G(d) level, their dominant
infrared (IR) vibrational bands are 1384 cm-1 (the terminal SiN
stretch with IR intensity 466 km/mol), 853 cm-1 (the peripheral
SiN breathing with IR intensity 57 km/mol), and 904 cm-1 (65
km/mol), respectively. Isomer14 also has a shoulder band at
440 cm-1 associated with the peripheral SiP stretch with the
IR intensity 42 km/mol. The dipole moment of the linear SiNSiP
11 is rather large as 5.4384 D, indicating that it is very promising
for radio astronomical detection. The cyclic isomer14 still has
a considerable dipole moment 1.4566 D. Isomer15 has an almost
zero dipole moment 0.3305 D, and its characterization can be
based on its infrared spectrum.

4. Conclusions

To deepen the understanding of the doping effect of the 18-
valence electron series AA′BB′ (A, A ′ for group IV; B, B′ for
group V), we theoretically studied in detail the Si2NP potential
energy surface. Although it contains three second-row atoms,
the linear isomer SiNSiP11 with a formal valence structure
|SidN-SitP| is energetically very low-lying and is almost
isoenergetic with the puckered cSiNSiP with crossed N-P
bonding 14. The third low-lying planar form cSiNSiP with
crossed Si-Si bonding15 is just 3.3 kcal/mol higher than11.
Isomer11 is of particular interest because no stable SitP triply
bonded species have been known experimentally. This also
represents the first consideration of the 18e-AA′BB′ series
containing three higher-row atoms.
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Figure 6. Schematic triplet potential-energy surface of Si2NP at the CCSD(T)/6-311G(2df)//DFT/B3LYP/6-311G(d)+ZPVE level.

TABLE 3: Relative (kcal/mol) Energies of Dissociation
Fragments of the Si2NP Structures at DFT/B3LYP/6-311G(d)
and Single-Point CCSD(T)/6-311g(2df) Levelsa

species B3LYPc
∆ZPVE
B3LYPc

CCSD(T)d

//B3LYPc total

SiN (2∑) + SiP (2Π)b 111.9 -2.4 117.3 114.9
SiSi (3Πg) + NP (1∑) 85. 5 -1.9 83.0 81.1
SiSi (1∑g) + NP (1∑) 99.3 -2.0 95.5 93.5
SiSi (3Πg) + NP (3Π) 178.8 -2.5 182.1 179.6
SiSi (1∑g) + NP (3Π) 192.6 -2.6 194.6 192.0
Si (1D) + SiNP (3∑) 103. 6 -1.4 106.5 105.1
Si (1D) + SiNP (1∑) 122.4 -1.3 122.5 121.2
Si (3P) + SiNP (3∑) 77.4 -1.4 85.7 84.3
Si (3P) + SiNP (1∑) 96.2 -1.3 101.6 100.3
N (2D) + SiSiP (2∑) 218.9 -3.0 214.6 211.6
N (2D) + cSiPSi (2A1) 186.6 -2.9 175.8 172.9
N (4S) + SiSiP (2∑) 153. 9 -3.0 151.1 148.1
N (4S) + cSiPSi (2A1) 121.6 -2.9 112.3 109.4
Si (1D) + cSiNP (1A′) 118.9 -1.6 110.7 109.1
P (2D) + SiNSi (2∑g) 98.8 -1.6 103.5 101.9
Si (3P) + cSiNP (1A′) 92.7 -1.6 89.8 88.2
P (4S) + SiNSi (2∑g) 60.2 -1.6 64.1 62.5
P (2D) + SiSiN (2∑) 184. 6 -2.3 182.4 180.1
P (2D) + cSiNSi (2A1) 111.7 -1.7 109.5 107.8
P (4S) + SiSiN (2∑) 146.0 -2.3 142.9 140.6
P (4S) + cSiNSi (2A1) 73.1 -1.7 70.0 68.3

a The symbols in parentheses of the column denote the point group
symmetry.b The total energies of reference isomer11 at the DFT/
B3LYP and single point CCSD(T) levels as well as the ZPVE at the
DFT/B3LYP level are listed in footnote b of Table 2.c The basis set
is 6-311G(d) for DFT/B3LYP.d The basis set is 6-311G(2df) for
CCSD(T).
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