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Abstract. The stabilizing effect of silicon substitution on sixteen different isomers of dibenzene (C12 H12 )
has been investigated using second-order Møller-Plesset perturbation (MP2) theory and the cc-pVDZ basis set.
While the most stable isomers of Si12 H12 have only Si–Si bonds, some of the stable isomers have isolated
Si=Si bonds and may be amenable to experimental observation. Vibrational frequencies were calculated for the
optimized geometries at the Hartree-Fock level of theory to ensure that they corresponded to true minima on the
potential energy landscape. Natural bonding orbital analysis confirms the existence of isolated Si=Si double
bonds in some of the isomers. Dipole moment values were determined to check for the presence of centre of
symmetry in certain geometries.
Keywords. Si12 H12 ; hexasilabenzene dimer; ab initio calculations; stabilization by silicon substitution.

1. Introduction
Benzene (C6 H6 ) is a liquid at room temperature. It is
more stable than 1,3,5-cyclohexatriene. This additional
stability is attributed to the π-electron delocalization and
the resultant aromatic nature of the conjugated cyclic
system. Although aromaticity per se is not an observable, the ring current arising from the delocalization is
evident from the characteristic NMR spectrum. There
are other chemical characteristics accompanying the
aromatic nature of the molecule as described in standard textbooks.
The equilibrium geometry of benzene is known to
be a hexagon (belonging to D6h point group) and all
the C–C bonds are of equal length, with a bond order
of 1.5. Ab initio calculations suggest the carbon atoms
to have sp 2 hybridization. In contrast, the silicon analog is not a hexagon and it undergoes puckering to
facilitate sp 3 hybridization on the silicon atom. This
distortion from the hexagonal geometry is attributed to
pseudo-Jahn-Teller effect arising from a narrow energy
gap between the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital
(LUMO) for hexasilabenzene (Si6 H6 ). 1,2 A detailed
discussion on pseudo-Jahn-Teller effect can be found
elsewhere. 3
Although there is substantial van der Waals attraction
between benzene molecules, the sandwich geometry is
not stable for the benzene dimer. Good quality ab initio calculations suggest that parallel displaced geometry
and T-shaped geometry are equally stable for the dimer. 4
Experimental evidence is in favor of the latter geometry. 5
Ab initio calculations suggest the fused dimer of
benzene in its sandwich geometry to form [6]-prismane
to be highly unstable. Rogachev et al., 6 reported on the
relative stability of several isomers of C12 H12 .
The effect of silicon substitution on the relative
stability of benzene dimer in the [6]-prismane structure
was examined recently by Equbal et al., 7 and it was concluded that the stability of the system increased with an
increase in the number of carbon atoms substituted by
silicon and that hexasilabenzene dimer (Si6 H6 )2 is more
stable than two separate hexasilabenzene moieties. The
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natural question that arises is about the relative stability
of other possible isomers of Si12 H12 .
Here we must mention the work of Sastry and coworkers, 8–10 who had investigated the effect of silicon substitution on the stability of benzene and polycyclic
hydrocarbons.
Although the number of possible isomers for C12 H12
is large, Schriver et al., 11 focused their attention on the
relative stability of 15 different isomers. Rogachev et
al., 6 considered only 12 of them as possible products
of a cycloaddition reaction. Therefore, it was decided
to examine the relative stability of all the corresponding
isomers of Si12 H12 . For the sake of clarity, the same
numbering used by Schriver et al., for different isomers
is used in the present study, even though the structures
15–18 in their study did not correspond to C12 H12 .
What follows is a description of the approach used and
the results obtained. It is shown that a majority of the
isomers of Si12 H12 investigated are energetically stable.

2. Computational details
Geometry optimization for 20 different isomers of Si12 H12
was carried out using the Gaussian 09 suite of programs 12 at
the Hartree-Fock (HF) level of theory and the 6-31G* basis
set. Improved calculations were carried out at the second order
Møller-Plesset perturbation (MP2) level of theory using Dunning’s correlation consistent double zeta (cc-pVDZ) basis set
to determine the stabilization energy (E) value for the different isomers as:
E = E dimer − 2E monomer ,

(1)

where E dimer and E monomer correspond to the energy of the
dimer and the monomer, respectively. Negative values of E
indicate stabilization of the structure.
Frequency calculations were carried out using the HF/631G* method to ensure that the optimized geometries obtained corresponded to true minima on the potential energy
landscape. Values of E reported in Table 1 confirm that the
relative stability of isomers does not depend on the method
used, be it HF/6-31G* or MP2/cc-pVDZ.
Natural Bonding Orbital (NBO) analysis was carried out
for the optimized geometries using the MP2 method and
the cc-pVDZ basis set to calculate the bond order using the
Wiberg bond index matrix.

3. Results and Discussion
The optimized geometry of all stable isomers of Si12 H12
is reproduced in Figure 1 and the corresponding E
values are plotted in Figure 2. The HOMO–LUMO
energy gap for the different isomers is plotted in Figure 3. NBO analysis was carried out to compute the bond

order between atoms and to check the presence of Si–Si
double bonds.
The monomer unit of hexasilabenzene (Si6 H6 ) is
puckered and it belongs to the D3d point group in contrast to its carbon analog (C6 H6 ), which is planar and
belongs to D6h point group. The HOMO–LUMO energy
gap for the monomer is 7.1 eV and the dipole moment is
zero.
The optimized geometry was identical for isomers
(1) and (2) of Si12 H12 with E = −1.6 eV. All Si –
H bonds are σ bonds with a bond order of 0.96 and
bond length 1.5 Å. The Si – Si bonds between Si(14) –
Si(9), Si(12) – Si(13), Si(17) – Si(18), Si(19) – Si(20)
have a double bond character, with a bond order of 1.79
and bond length of 2.210 Å. The HOMO picture (Figure 4(a1 )) shows π interaction in the above-mentioned
bonds. All other Si – Si bonds are σ bonds with bond
lengths ranging from 2.30 Å to 2.40 Å and bond order
∼1. The HOMO–LUMO energy gap is 6.2 eV and the
net dipole moment of the isomer is 0.54 Debye. The
lack of centre of symmetry indicates that the isomer is
not planar, due to pseudo-Jahn-Teller distortion arising
from the low HOMO–LUMO energy gap.
The syn-form of the open cube structure (3) has a
stabilization energy of −4.3 eV. It belongs to the C2v
point group and lacks a centre of symmetry and hence
has a non-zero dipole moment of 0.82 Debye. The Si – H
bonds are σ in character with a bond length ∼1.5 Å and
bond order ∼0.95. The Si – Si bonds (except between
Si(19) – Si(20) and Si(13) – Si(14)) are σ bonds with
the bond length ranging from 2.3 Å to 2.4 Å and bond
order ∼1. The Si – Si bonds between Si(19) – Si(20)
and Si(13) – Si(14) show double bond character with
a bond order of 1.90 and bond length 2.18 Å, which
is significantly less than that for the Si–Si single bond.
The π interaction can be seen in the HOMO, LUMO
pictures. The HOMO–LUMO energy gap for the isomer
(3) is 7.6 eV.
The silicon analog of the structure labelled (4) in
Ref. 11 , optimizes to an anti-cube structure (4), with a
stabilization energy of −4.8 eV, larger than that for
structures (1), (2) and (3). It belongs to the D2h point
group. The Si – Si bonds (except between Si(23) – Si(24)
and Si(17) – Si(18)) in structure (4) are σ bonds with the
bond length ranging from 2.32 Å to 2.39 Å and a bond
order of ∼1. The Si – H bonds are also σ in character,
with a bond order ∼0.95 and bond length ∼1.5Å. The
bonds between Si(23) – Si(24) and Si(17) – Si(18) show
π interaction in the HOMO picture (Figure 4(a4 )). The
bond order is 1.90, indicating a double bond character
in the bond. The bond length is 2.18 Å, significantly
less than that for the Si–Si single bond. The HOMO –
LUMO band gap is 7.1 eV and the net dipole moment

1
2
3
4
5
7
8
9
11
12
13
14
19
20
21
22
23

Structure no.

−1.6
−1.6
−4.7
−5.0
−6.6
−1.7
−7.2
−5.1
−2.4
−5.5
−4.4
−4.8
−4.8
−7.1
−7.9
−6.3
−5.2

E (eV)
HF/6-31G*
−1.6
−1.6
−4.2
−4.8
−5.8
−1.7
−6.7
−4.7
−2.4
−5.4
−4.3
−4.6
−4.3
−6.4
−7.2
−5.7
−5.0

E(eV)
MP2/cc-pVDZ
C1
C1
C2v
D2h
D6h
S4
D3d
Cs
C1
C2v
C1
C1
C2v
Cs
D2d
C2v
C2

Point group
symmetry
4, 2.21, 1.79
4, 2.21, 1.79
2, 2.18, 1.90
2, 2.18, 1.90
0
4, 2.20, 1.7
0
1,2.19, 1.9
3, 2.20, 1.9
2, 2.18, 1.9
2, 2.20, 1.84
2, 2.20,1.84
0
0
0
0
2, 2.19, 1.89

No. of Si=Si bonds,
Si=Si bond distance(Å),
bond order
0.54
0.54
0.82
0.00
0.00
0.00
0.00
0.51
1.06
0.10
0.18
0.27
0.08
0.45
0.00
0.40
0.26

Dipole
moment
(Debye)

6.2
6.2
7.6
7.1
9.2
6.4
9.4
7.7
7.3
7.2
7.3
7.5
9.0
9.1
9.4
9.1
7.3

HOMO–LUMO
energy gap (eV)

2.6
2.5
3.4
2.3
5.8
3.5
—
1.7
3.1
3.9
2.4
2.3
—
—
6.8
2.6
3.3

E(eV)
C12 H12 HF/631G* [11]

Table 1. Stabilization energy (E in eV units) and other characteristics for different (stable) isomers of Si12 H12 relative to two separated hexasilabenzene units obtained
from ab initio calculations. Reported [11] values of E for the corresponding isomers of C12 H12 are included for comparison.
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Figure 1. Optimized geometry of different stable isomers of Si12 H12 as obtained from ab initio calculations at MP2/cc-pVDZ
level of theory.

of the isomer is nearly zero, indicating the presence of
a centre of symmetry.
The silicon analog of [6]-prismane (5) has already
been shown to be stable, 7 with a much higher stabilization energy of −5.8 eV. It belongs to the D6h point
group and all the bonds are σ bonds with bond order

∼0.96 and Si – Si bond length of 2.4 Å. The zero dipole
moment (0.001 Debye) for the isomer confirms that it
is centrosymmetric.
The isomer number (6) is not stable as the
optimized geometry has an imaginary vibrational
frequency.
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Figure 1.

The isomer (7) belongs to the S4 point group and
has a stabilization energy of −1.7 eV. All but 4 Si–
Si bonds are σ in nature, with a bond order of ∼0.97
and bond length of 2.4 Å. The 4 bonds between Si(9)
– Si(15), Si(17) – Si(11), Si(19) – Si(11) and Si(21) –
Si(13) have double bond character with a bond order of

continued

1.7 and a bond length of 2.2 Å. It has nearly zero dipole
moment (0.003 Debye) and a HOMO–LUMO energy
gap of 6.4 eV.
The David star-like structure (8) is the second most
stable structure of Si12 H12 , with a stabilization energy
of −6.8 eV. It belongs to the D3d point group and
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Figure 1.

is saturated (no Si=Si) with Si – Si bond length
∼2.4 Å and bond order ∼0.97. The dipole moment is
zero indicating that the molecule possesses a centre of
symmetry. The HOMO–LUMO energy gap is 9.4 eV.
The silicon analog of isomer (9) 11 optimizes to the
structure (9) in Figure 1. It belongs to the Cs point
group and has a stabilization energy of −4.7 eV. The
bond between Si(11) – Si(6) is clearly a double bond,
with a bond order of 1.9 and bond length of 2.19 Å. The
HOMO and LUMO pictures also confirm the π interaction. All the other Si–Si bonds are σ bonds, with a bond

continued

order of 0.96 and bond length of around 2.4 Å. Due
to the presence of a plane of symmetry, this isomer has
zero dipole moment about one of the axes. However, the
net dipole moment is 0.505 Debye. The HOMO–LUMO
energy gap is 7.7 eV.
The silicon analog of isomer (10) in Ref. 11 has one
negative frequency indicating that it is a saddle point or
a transition state.
The isomer (11) of C12 H12 belongs to the Cs point
group, but the silicon analog is slightly distorted, making it C1 . The stabilization energy is −2.5 eV, and
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Figure 2. Stabilization energy values for different (stable) isomers of Si12 H12 in their ground
electronic state as obtained from ab initio calculations at MP2/cc-pVDZ level of theory.
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Figure 3. The HOMO–LUMO energy gap for different stable isomers of Si12 H12 obtained from
ab initio calculations at MP2/cc-pVDZ level of theory.

the HOMO–LUMO energy gap is 7.3 eV. The lack
of symmetry elements in this isomer makes the dipole
moment substantial (1.055 Debye). The bonds between
Si(13) – Si(14), Si(15) – Si(16), Si(17) – Si(18) possess double bond character with a bond order of 1.9 and
a bond length of 2.2 Å. The remaining Si–Si bonds,
including the ones in the triangular crown, have a bond
order ∼0.97, and bond length ∼2.4 Å.
The isomer (12) belongs to the C2v point group. It
is close to structure (4), the anti-cube, with the only
difference in the alignment of the atoms in one set

of diagonally opposite edges of the cube. It has a
stabilization energy of −5.4 eV. The dipole moment is
0.097 Debye. Two instances of Si – Si double bonds can
be observed, between Si(1) – Si(2) and Si(9) – Si(10),
with a bond order of 1.9 and bond length of 2.18 Å. The
other bonds show the characteristics of a Si – Si single
bond. The HOMO – LUMO energy gap for the isomer
is 7.2 eV.
Structure (13) has no symmetry element as such and
it belongs to the C1 point group. The Si(1) – Si(2) bond
and the Si(9) – Si(20) bond have a bond order of 1.84
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Schematic diagram of (a) HOMO and (b) LUMO of different stable isomers of Si12 H12 .
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Figure 5. The energy of different isomers of C12 H12 , relative to two separate benzene moieties
as reported by Schriver et al. 11

and a bond length of 2.2 Å. The other Si–Si bonds
are σ bonds, with a bond order 0.96 and bond length
2.4 Å. It has a stabilization energy of −4.3 eV and dipole
moment of 0.178 Debye. The HOMO – LUMO energy
gap is 7.3 eV.
Structure (14) also lacks any symmetry element and
it belongs to the C1 point group. It is similar to structure (13), but is slightly more stable, with a stabilization
energy of −4.7 eV. There are two double bonds, one
between Si(11) – Si(12) and another between Si(4) –
Si(10). The bond length and bond order are akin to that
of structure (13). It has a dipole moment of 0.274 Debye
and a HOMO–LUMO energy gap of 7.5 eV.
Structures (19), (20), (21) and (22) are modifications
of the [6]-prismane structure. One of them, (21) is more
stable than the David star (8).
Structure (19) belongs to the C2v point group. One
of the faces of the [6]-prismane structure is distorted
from a square to two triangles joined at a vertex to give
two seven-membered rings. All the Si–Si bonds are σ
in nature, with a bond order of 0.96 and bond length
2.4 Å. The stabilization energy is −4.3 eV and the
HOMO – LUMO energy gap is 9.0 eV. The dipole
moment is 0.084 Debye.
Structure (20) is also a modification of the [6]prismane structure, with three rectangular faces remaining intact and the other three squares distorted to give
two pentagons joined at an edge and a triangle formed
from two adjacent edges of the pentagon and a bond
between two vertices of the two pentagons. It belongs

to the Cs point group. It is completely saturated with
all Si–Si bonds having a bond order of 0.96 and bond
length 2.4 Å. The stabilization energy is −6.5 eV and
the HOMO–LUMO energy gap is 9.1 eV, making it less
prone to pseudo-Jahn-Teller distortion. It has a dipole
moment of 0.446 Debye.
Structure (21) is the most stable geometry of all isomers of Si12 H12 considered, with a stabilization energy
of −7.2 eV, slightly more in magnitude than that of
the David star (8). It has two square faces of the [6]prismane structure intact with the other four square faces
distorted to form two pentagonal rings. Two square faces
are orthogonal to the other two square faces. This isomer belongs to the D2d point group. The HOMO–LUMO
energy gap is 9.4 eV, which is slightly less than that of
the David star. The dipole moment is practically zero.
Structure (22) is made by keeping two square faces of
the [6]-prismane structure intact and allowing the other
four square faces to be distorted to form two hexagonal
rings, joined at an edge, and a triangle formed from two
edges of the hexagon and a bond between two vertices
of the hexagon. This isomer belongs to the C2v point
group. It has a stabilization energy of −5.7 eV and a
HOMO–LUMO energy gap of 9.1 eV. It has a dipole
moment of 0.402 Debye.
The isomer (23) is an open cube structure and it
belongs to the C2 point group. It is less symmetric when
compared to the other two open cube structures (2) and
(3). It is similar to the structure (13), with the main
difference in the alignment between the two diagonally
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opposite edges. This is an additional structure from the
list in Ref. 11 but has been stated in Ref. 6 The stabilization energy of this isomer is −5.0 eV, which is the largest
among the open cube structures. Si–H bonds are similar to those in structures (2) and (3) with bond lengths
∼1.5 Å. Except for two, all Si – Si bonds have σ character, with the bond length ∼2.4 Å and bond order ∼0.96.
The bonds between Si(19) – Si(20) and Si(11) – Si(12)
have a double bond character with a bond order of 1.89
and bond length of 2.19 Å. The HOMO–LUMO energy
gap is 7.3 eV. This isomer has a dipole moment of 0.26
Debye.
The stabilization energy of the 16 different isomers
of Si12 H12 (Figure 2) is to be contrasted with the positive
E values for their carbon analogs shown in Figure 5,
clearly establishing the stabilizing influence of silicon
in these structures. Although our present study suggests that some of the isomers containing Si=Si bonds
could be stable and amenable to synthesis in the laboratory.

4. Conclusions
In contrast to the isomers of dibenzene (C12 H12 ), which
are less stable than the two separated monomers (C6 H6 ),
the silicon analogs are much more stable than their separated monomer units. While it was shown in an earlier
study that an increase in the number of silicon atoms
in the [6]-prismane structure increases its stability, the
present study reveals a rich variety of isomers of Si12 H12
that are much more stable than two separate hexasilabenzene units.
Isomer (8), which we refer to as the David star, was
the most stable isomer of C12 H12 reported by Schriver
et al. 11 It is the second most stable structure among the
silicon analogs. Isomer (21) is seen to be the most stable
structure among the isomers of Si12 H12 . Neither of them
have a Si=Si bond, indicating that Si prefers to form
Si–Si bonds, with sp 3 hybridisation on the Si atoms.
In addition, we must point out that some of the isomers
of Si12 H12 containing Si=Si bonds are stable enough to
be synthesized in the laboratory.
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