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We report structural, energetic and some electronic properties of [n,4]-, [1,5]-, and [n,6]silaprismanes (polysilaprismanes),
i.e. silicon nanotubes of a special type constructed from dehydrogenated molecules of cyclosilanes (silicon rings) Si,-, Si.-,
and Si, respectively. For large n, polysilaprismanes can be considered as the analogs of silicon nanotubes with an extremely
small cross-section in the form of a regular polygon. Binding energies, interatomic bonds, and the energy gaps between the
highest and lowest occupied molecular orbitals (HOMO and LOMO, respectively) have been calculated using the density
functional theory for the systems up to ten layers. It is found that [#,4]silaprismane is not thermodynamically stable in the
bulk limit (#—> o), while the [n,5]- and [n,6]silaprismanes conserve their highly strained framework and become more
thermodynamically stable as the number of layers # increases. Moreover, the HOMO-LUMO gap analysis reveals that the
[n,5]- and [n,6]silaprismanes with the large effective length can be referred to semimetals or even the conductors. So, they can
be successfully used unlike the carbon analogs in nanoelectronics as functional nanowires or the basis for the computational
logic elements without any additional doping or applying the mechanical stresses. Thicknesses of silaprismanes are comparable

with that of the smallest carbon nanotubes.
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1. Introduction

Well-known carbon [n,m]prismanes (polyprismanes) can
be regarded as stacked layers of dehydrogenated cycloalkane
molecules, where m is the number of vertices of the closed
ring and # is the number of layers. Carbon prismanes are
of significant fundamental and applied interest [1-5]. They
belong to the family of tubular quasi-1D sp’-hybridized
carbon materials [6-7]. Some novel carbon materials with
attractive mechanical characteristics contain prismane-
like structural fragments [8-10]. Intensive theoretical and
experimental studies of polyprismanes were already carried
out. It is established that the thermodynamic stability of such
systems increases and the HOMO-LUMO gap decreases with
the increasing number of layers. However, it is found that
the kinetic stability of such carbon nanostructures decreases
with increasing number of layers in the system. At the same
time, it is known that the silicon nanostructures can be
used in various electronic, optoelectronic, thermoelectric,
and biological applications [11]. Silicon, as well as carbon,
belongs to the fourth group of elements. Therefore, the
silicon atoms have the carbon-like electronic configuration.
Previously, different systems based on silicon were studied:
silicon nanoparticles [12], silicon clusters [13 -16], silicon
nanowires [17-20], silicon tubular structures [21, 22],
etc. Thus, the idea of replacing carbon with silicon in
polyprismanes has been partially developed. In the presented

study we introduce silicon [n,m]prismanes or silaprismanes.
They represent silicon atomic rings stacked on the top of
each other by layers similarly to carbon polyprismanes
(Fig. 1). Note that some of such small structures are already
successfully synthesized [23, 24].

In this paper, we calculate the ground-state properties
of silicon polyprismanes at zero temperature and
pressure. We have performed structural optimization of
[n,m]silaprismanes, and also estimated their electronic,
energy, and geometric characteristics using the density
functional theory. We have analyzed the behavior of these
properties in the bulk limit (# — o).

2. Materials and methods

In our study density functional theory (DFT) with Becke’s
three-parameter hybrid method and the Lee-Yang-Parr
exchange-correlation energy functional (B3LYP) [25, 26]
with the electron basis set of 6-311G(d,p) [27] were used to
optimize the geometries and obtain the structural, energy
and electronic (namely HOMO-LUMO gaps) characteristics
of the silicon polyprismanes. The density functional theory
(DFT) has been shown to be a basic method for the analysis
of the properties of low-dimensional nanostructures with
highly strained frameworks [28 - 31] and has been successful
in terms of computing speed and accuracy [32]. All DFT
calculations were performed using the TeraChem program
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package [33-36]. During the geometry optimization, the
global charge of all systems considered was neutral. The
maximum force and root mean square forces were 4.5x10™
and 3 x 10~ (hartrees/bohr and hartrees/radian), whereas the
maximum displacement and root mean square displacement
were 1.8 X107 and 1.2 x 107°. The samples studied are silicon
[n,m]prismanes with m=4, 5, and 6 (silicon tetra-, penta-,
and hexaprismanes, respectively), and n=2+10 (see Fig. 1).
Note that for all polyprismanes studied we also calculated
the frequency spectra in the framework of the same level of
theory after the geometry optimization. All frequencies were
positive for each metastable configuration.

3. Results and discussion
3.1. Geometry characteristics

We distinguished two types of Si-Si bonds for silaprismanes:
parallel to the silaprismane main axis interlayer Si-Si bonds
(IH) and perpendicular to the main axis intralayer Si-Si
bonds (I ). The obtained values for the considered systems
are presented in Table 1. It can be seen from Table 1 that in
the case of m =4 the values of [ and [, grow steadily with the
increasing number of the layers. In addition, it was found

that [10,4]silaprismane was not thermodynamically stable.
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Fig. 1. Molecular structures of [n,4]- (a), [n,5]- (b) and [n,6]
silaprismanes (c). Top-side view and bottom-top view. Symbols
I, and LL correspond to the interlayer and intralayer Si-Si bonds,
respectively.

l

Table 1. Bond lengths of [n,m]silaprismanes (m=4, 5, and 6) obtained in the frame of DFT/B3LYP/6-311G(d,p) level of theory:

l,and || — interlayer and intralayer Si-Si bonds, respectively, L, , — Si-H bond lengths, [ — corresponding averaged bond lengths. Allbond
lengths are quoted in angstroms.

" " b b L L Jsin lsin
2 24 2.4 2.401 2.401 1.491 1.491
3 2.394 2.394 2.382+2.439 2.42 1.496 1.496
4 2.411+2.424 2.415 2.41+2.434 2.422 1.494 1.494
5 2.411+2.426 2.416 2.42+2.449 2.426 1.493 1.493

4 6 2.409+2.427 2.419 2.406 +2.459 2.43 1.493 1.493
7 2.409+2.429 2.419 2.391+2.493 2.434 1.492 1.492
8 2.407 +2.428 2.419 2.398+2.485 2.434 1.492 +1.493 1.492
9 2.411+2.428 2.42 2.391+2.496 2.436 1.492 +1.493 1.492
2 2.397 2.397 2.392+2.393 2.393 1.493 1.493
3 2.396 2.396 2.351+2.436 2.408 1.496 1.496
4 2.413+2.43 2.419 2.388+2.428 2.409 1.494+1.495 1.495
5 2.409+2.429 2.419 2.397 2.414 1.495 1.495

5 6 2.412+2.434 2.424 2.385+2.445 2.419 1.496 1.496
7 2.412+2.434 2.427 2.393+2.452 2.421 1.495+1.496 1.495
8 2.41+2.432 2.425 2.391+2.439 2.423 1.495 1.495
9 2.409+2.429 2.424 2.388 +2.448 2.424 1.494+1.495 1.495
10 2.431+2.409 2.425 2.39+2.446 2.425 1.495 1.495
2 2.392+2.392 2.392 2.395 2.395 1.493 1.493
3 2.39+2.391 2.391 2.348 +2.443 2411 1.497 1.497
4 2.407 +2.426 2.414 2.389+2.432 2411 1.496 1.496
5 2.405+2.426 2.416 2.398+2.438 2.415 1.496 1.496

6 6 2.404+2.427 2.417 2.38+2.447 2.418 1.496 1.496
7 2.407 +2.429 2.421 2.388 +2.455 2.419 1.496 1.496
8 2.406+2.428 2.421 2.387+2.437 2.42 1.496 1.496
9 2.406+2.429 2.423 2.385+2.445 2.421 1.496 1.496
10 2.405+2.427 2.421 2.386+2.442 2.422 1.495+1.496 1.496
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Its highly strained silicon framework decomposes during the
structural optimization. Thus, it is not taken into account for
the further analysis.

The ranges of bond lengths for long silaprismanes are
caused by the edge effects including Si-H interactions. Note
that the value of [, increases with the number of layers for
every m (4, 5, or 6).

3.2. Size dependence of the binding energies and
HOMO-LUMO gaps

The binding energies of [n,m]silaprismanes SiH, are
calculated by the equation

E[ " }:NL[/CE(HHlE(Si)—Em,(polysilapfismane)]’ W

atom at

where N =k+[ is the total number of atoms in the
polysilaprismane, E(Si) and E(H) are the energies of
isolated silicon and hydrogen atoms, respectively, and
E, (polysilaprismane) is the total energy of the corresponding
polyprismane. The polysilaprismane with higher binding
energy E, (lower potential energy) is more thermodynamically
stable and vice versa. HOMO-LUMO gap A, is defined
as the energy gap between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital. The
binding energies and the HOMO-LUMO gaps obtained
for [n,m]silaprismanes are summarized in Figs. 2 and 3,
respectively.

For [n,m]silaprismanes, we found that E, depends linearly
on n' (here we do not take into consideration point with
n=2). The corresponding analytical forms are

E,=3.16-0.34n",
E,=3.15-0.32n".

m=>5:

(2)

m=6:

As evident from Fig. 2, the binding energy increases for all
considered systems as the number of layers grows, reaching
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Fig. 2. Binding energies E, versus the number of Si -rings n
obtained at the DFT/B3LYP/6-311G(d,p) level of theory (m=4, 5,
and 6).

the following values for “infinite” polysilaprismanes:
E,(e0)=3.16 eV/atom for m =5 and E, (o) =3.15 eV/atom for
m=6.

HOMO-LUMO gaps A, also depend linearly on n". The
corresponding analytical forms are

A, =0.17+5.96n"",
A, =0.15+6.33n"".

As evident from Fig. 3, the HOMO-LUMO gap decreases
for all considered systems as the number of layers grows,
reaching the following values for “infinite” polysilaprismanes:
A, (0)=0.17 eV or m=5 and A, () =0.15 eV for m=6. It
should be noted that these values are much lower than the
corresponding values for the analogs carbon polyprismanes
in the “infinite” approximation. For example, for carbon
[n,5]prismanes A (o) =3.2 eV [5].

In general, the increase of binding energy indicates
that [n,5]- and [n,6]silaprismanes become more thermo-
dynamically stable as the number of layers n increase. High
thermodynamic stability of “long” polysilaprismanes can
be associated with the decreasing of boundary induced
structural distortions as the number of layers increases.
As for the HOMO-LUMO gap, such behavior suggests
that these nanostructures can be classified as conductors.
In the macroscopic limit, the A, values allow electronic
conductivity in polysilaprismanes without any additional
doping or mechanical stresses.

m=>5:

3)

m=6:

4. Conclusions

In this paper, we presented structural, energy, and some
electronic properties of [#,4]-, [n,5]-, and [n,6]silaprismanes
with n=2+10. The data of computer modeling obtained in
this study indicate an increase of thermodynamic stability
of polysilaprismanes with m=5 and 6 as the number of
layers n increases. Unfortunately, [n,4]silaprismanes turn
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Fig. 3. HOMO-LUMO gaps A, versus the number of Si -rings n
obtained at the DFT/B3LYP/6-311G(d,p) level of theory (m=4, 5,
and 6).
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out to be thermodynamically unstable when the number of
layers #n>10. Binding energies estimated for “infinite” penta-
and hexasilaprismanes are equal to 3.16 and 3.15 eV/atom,
respectively. In contrast to binding energies, HOMO-LUMO
gaps decrease as the effective length of polysilaprismane
increases. In the bulk limit (n—> o) A is equal to 0.17 and
0.15 eV for [n,5]- and [n,6]silaprismanes, respectively. These
values indicate that the long silaprismanes can be referred
to metals and can be successfully used in nanoelectronics
as functional nanowires or basis for computational logic
elements without any additional doping or mechanical
stresses.
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