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The electronic structure and properties of linearly fused polycyclic hexasilabenzenoids (LF-PCHSBs) (an
all silicon - analogue of polyaromatic hydrocarbons) is studied using Density Functional Theoretical
(DFT) calculations at B3LYP/6-31G(d,p) level. The structure of LF-PCHSBs display chair like puckering with
the formation of ordered pair of ripples. On increasing the number of rings, the oligomers exhibits ~13°

bending. The analysis of orbitals, reorganizational energy (RE) and electronic distribution properties
demonstrated an aberrant behaviour with increasing length of PCHSB units. Lower the value of RE and
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uniform electronic distribution along with induced bending of the molecular system, more efficiently
these oligomers exhibit the optoelectronics candidacy. The RE also helps to authorize the suitability of
material for optoelectronic applications and thus assists in designing innovative molecules.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Graphene and its silicon/germanium analogues have attracted
attention of both experimental and theoretical chemists working
all around the globe [1-9]. Recent studies on silicene; an ail
Si - analogue of graphene, have proposed its potential for
future-generation high-speed, low power and nanochip-scale
optoelectronic applications [5,6]. The high electrical conductivity
and non-linear optical properties renders silicene as a favourable
material for semiconductor optoelectronic devices. The above
mentioned electrical properties of silicene are also exhibited by gra-
phene [5,6]. However, unlike silicene, graphene does not possess a
band gap. This property makes the use of graphene difficult con-
cerning its application as a switch and in transistors [7-12].

Several theoretical researchers [1-14] have also predicted that
the free-standing one atom thick silicene possesses a buckled
structure, which is contrary to the observation in graphene. The
linearly fused polycyclic rings of hexasilabenzenoids (LF-PCHSBs)
can thus be considered to be a special case of silicene, as most of
the chemical and physical properties are similar to it. The present
case is similar to the polyaromatic hydrocarbon (PAH) oligomers
that are used as model systems for studying the m-7 interactions
between graphene sheets [13].

The LF-PCHSBs are formed by fusion of multiple aromatic rings
containing Si,Hp, (n # m) units. These PCHSBs can be visualized as
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small molecular traces of silicene where the terminal valency is
being satisfied with hydrogen atoms. The X-ray diffraction (XRD)
studies on the single crystal of hexasilabenzene (monomer of sil-
icene) have confirmed various morphologies of SigHs. The addi-
tional spectroscopic data confirms that SigHg crystallizes as a
naphthalene solvate [1-4]. However, due to insufficient experi-
mental data for the synthesis of silicene or LF-PCHSBs, it remains
a quest to understand the fundamental aspects of this system. The-
oretical computations may thus provide an in-depth view on the
atomistic and electronic properties for these systems [15-20]. Li
et al. [21] predicted that bucking & doping of silicene introduced
several structural defects within the sheet.

The objective of the current study is to report the electronic and
structural features of LF-PCHSBs, considering PCHSBs to be the
prospective oligomers for formation of Si containing graphene-
like sheets. The Density Functional Theoretical (DFT) studies of
LF-PCHSB oligomers (n=1-14) are performed to focus on the fac-
tors which affect the structural features of these molecules [22,23].

2. Computational methodology

All the DFT calculations were performed using Gaussian 09
program package [24] while Chemcraft 1.8 and GaussView 5.0 pro-
grams [25,26] were used for structure visualizations. The LF-PCHSB
oligomers in the current study are the periodic structures with a
constant y but varying x-axis (viz. constant m but an increasing n
value) and the terminal valency is satisfied with H atoms.
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Initially, the most appropriate functional amongst B3LYP, PBE
and B3PW91 was chosen by optimizing the simplest molecule;
SigHg [1,2]. The 6-31G(d,p) basis set was used [1,2]. The absence
of imaginary frequencies computed from the frequency calcula-
tions confirmed the structures are minima. The reported frequen-
cies in the current study viz. for frequency of bending (Upending)
and frequency of puckering (Vpuckering) are not contaminated by
rotational and translational modes.

Natural bond orbital (NBO) analysis [27-32] as implemented in
GO09 was performed to obtain the electronic distribution and the
orbital energy gap of LE-PCHSBs. The rate of charge transport in
electron rich LF-PCHSBs was evaluated using the reorganisation
energy (RE). To calculate RE, structures of the oligomers were first
optimized (denoted as M). Then single point energy (SPE) of the
same molecule (M) but now deficient in one electron (denoted as
M") was evaluated at the same level of calculation. This approach
can be rationalised as M*/{M. The third and fourth steps of RE cal-
culation are summarised as M//M". The corresponding energy dif-
ference between them is used to determine RE (Eq. (1))

RE = (Ez — E3) + (E4 — E1) (1
where E; is the electronic energy of the optimized structure (M), E,
is the SPE of M, E; indicates the electronic energy obtained by opti-
mizing the structure M* and E, is the SPE of M" with variation in
charge and multiplicity as 0 and 1, respectively [33,34].

3. Results and discussion
3.1. Optimized structure and energetics

The optimized structures of SigHg with B3LYP, PBE and B3PW91
functionals are given in Fig. 1 and the comparison of the optimized
parameters with the available experimental data is described in
Table 1. The computed bond distances viz. rs_s=2.20-2.29 A
and rsi_yy = ~1.48 A, evaluated using all the three functionals are
in agreement with the earlier reports [1-4,35,36]. The experimen-
tally determined dihedral angle for puckering in SigHg is ~33.7° [4].
However, it is observed that the computed data at B3LYP level
matches well with the X-ray determined geometric parameters
compared to the other two functionals. Further, the structure of
SigHg obtained using B3LYP functional is more stable compared
to those computed by B3PW91 and PBE functionals. Therefore,
considering the trade-off between accuracy of the computed data
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along with computational speed, the B3LYP functional proves to
be highly suitable for the current oligomeric system.

The B3LYP optimized structures and parameters of LF-PCHSBs
with increasing number of rings (n=1-14) in 1-D are given in
the supporting information {ESI} (Fig. S1) and Table 2, respectively.
For structures with rings from n = 1-8, the molecule is completely
linear and flat, however, from n=9-14, the monolayered chain
exhibits significant bending at the centre. This bending of the
molecule starting at n =9 affects the symmetry of the entire mole-
cule [19,20], thus modifying the point group (S) with an increase in
chain length. In the current study, some of the symmetry elements
within these molecules (n = 9-14) are lost, and hence these oligo-
mers possess only a plane of symmetry with the point group ‘C{’
(Table 2).

The stability of the molecules with increasing number of rings

in 1-D is explained by binding energy atom™' (AE) (Table 2) calcu-
lated by Eq. (2) [1,2]
AE = E(SigHp) — (a/2)E(Si2H2) + [(a — b)/2]E(H,) (2)
where ‘a’ and ‘b’ are number of Si and H atoms, respectively, and E is
the electronic energy obtained from the optimized structure. The
AE decreases with an increment in the number of rings (from
—6.56 for SigHg (n=1) to —65.42 eV for SisgHs, (n = 14)) indicating
enhanced stability of LF-PCHSB oligomers. The Gibbs energy change
of hydrogenation (AG) is further used to confirm the stability of the
system and is calculated using Eq. (3) (Table 2).

AG = G(SigHy) — (a/2)G(SizH2) + [(a — b)/2]G(Ha) 3)
where ‘a’ and ‘b’ are number of Si and H atoms, respectively, and
Gibbs energy is taken from the thermodynamic data of optimized
structure. The negative values of AG in turn confirms the stability
of the monolayered system with an increase in the 1-D length.
The electronic distribution within LF-PCHSBs was observed
using the molecular electrostatic potential surface (MESP). The
MESP diagrams of the selected molecules (n=2, 4, 6 and 9) are
given in ESI (Fig. S2). MESP elucidates the electrostatic potential
onto the isoelectron density surface of the molecule and clearly
explains the relative polarity within the molecule [37,38]. The high
electron density regions are shown by red - yellow coloration
while the blue region indicates positive ESP. In Fig. S2, there is
an ordered distribution of electron cloud over all the rings and this
confirms the efficient charge transfer scheme over the cloud
[39,40]|. As the length increases, the electrostatic potential scale

2.233
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Fig. 1. DFT derived structures of SigHg (A) B3LYP (B) B3PW91 and (C) PBE level (distances in A, bond angle in degree) (Top and Front view).
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Table 1
Optimized parameters of SigHg with different functionals and comparison of the computed values with experimental data.
B3LYP B3PW91 PBE Exp.[1-4,35,36]

°E,, kcal mol™! 0.00 181.98 621.23 -
Tsizsis A 2.24 2.23 225 2.20-2.29°
rsiom, A 1.49 1.49 1.50 148”7
Osi—si—si, degree 116.60 117.13 116.29 116*
Dihedral angle, degree 35.83 33.03 37.44 33.7
Eirumor €V ~2.56 -2.62 -3.11 -
Enonor €V —5.74 587 -531 -
Eg eV 318 3.25 219 Non-zero

# E, is the relative energy difference between the most stable structure of SigHs (obtained at B3LYP) and other two functionals.

“ Jose and Datta [1,2,4] and Priyakumar et al. [3].
" Clabo and Schaefer [35].
$ Nagase et al. [36].

Table 2

Optimized energy and puckering angle parameters of LF-PCHSB oligomers (n = 1-14).

n MF s AE (€V) AG (V) IRE (V) Opuckering, deg
1 SigHs Dsq 656 035 0275 35.8
2 SiyoHs Con ~11.18 ~0.59 0.157 35.67
3 SivaHio Can ~15.74 —0.83 0.135 3548
4 SiygHis Can ~20.28 ~1.06 0.122 35.54
5 SizoHia Can ~24.80 ~1.30 0.114 34.85
6 SizeHis Can -29.31 ~1.54 0.107 34,79
7 SisoH1s Can -33.83 ~1.78 0.139 34.74
8 SisqHzo Can -3834 ~2.02 0.096 34.7
9 SissHzz G ~42.85 225 0.203 34.70
10 SigoHza G 4737 249 0.146 34,69
11 SigsHzs C ~51.88 _2.73 0.132 34.7
12 SisoHas G ~56.39 —297 0.121 34,68
13 SisqHso C ~6091 ~320 0.112 34.7
14 SisgHaz G ~65.42 ~3.44 0.103 34.7

also increases from —0.0132 to 0.0132 (n=1) towards —0.0287 to
0.0287 (n=14). This implies an increase in the electron density
with an increase in n value.

The concept of RE is used to determine all the relevant charge
transfer properties [41-44] in LF-PCHSBs. RE is classified into two
types, internal and external which are denoted as IRE and ERE,
respectively. IRE evaluates the energy of the system with an e”
added/removed from the molecule while ERE is the energy released
during the morphological modifications in the structure. For the
application of materials employed in the electronic devices [31-
36], the ERE is not taken into consideration owing to the stiffness
and rigidity of the material [41-44]. Hence, only IRE was computed
in the current study. From n = 1 to 6, the IRE values decrease due to
increase in the number of silicon atoms. The decreasing behaviour
of IRE for LF-PCHSBs when bending starts indicates its application
for optoelectronic materials (Table 2). As bending starts fromn=9
in LF-PCHSBs, the molecules possess lower IRE with extended
charge separation and charge transport in the system but with
an aberrant behaviour.

Due to bending within LF-PCHSBs, ripple formation is also
observed. The uniformity or non-uniformity in the ripples depend

upon the average puckering angle (Opuckering): The Opyckering Was
calculated by averaging the dihedral angles in each ring and then
taking an average on the whole molecule. This calculation was
similar to that used for evaluating Opycering Of benzene [41-44].
The Opuckering remained almost constant for all the oligomers
(n=1-14) (Table 2) which signifies that bending does not distort
the ordered ripples formed within the system.

3.2. Frequency analysis

The vibrational frequency analysis was performed in order to
determine the frequencies of bending (Vpenging) and puckering
(Vpuckering) in LF-PCHSBS. Upenging is the lowest positive frequency
given by the ground state optimized geometry of the oligomers.
Higher value of Upending signifies large number of bending oscilla-
tions within the molecule, thus providing stability to the system.
For LF-PCHSBS, Upenaing radically decreases from 104.11 cm!
(n=1) to 1.13cm™! (n=8) (Table 3). Further decrease in Upending
of LF-PCHSBs may generate negative or imaginary frequencies
resulting in loss of molecular stability due to upward/downward
vibrational forces. To overcome these forces, the higher PCHSB oli-

Table 3

The energy gap analysis of LF-PCHSBs.
n MF —Enomo, eV —Erumo, eV Eg eV n MF —Enomo, €V —Erumo, €V Eg eV
1 SigHg 5.740 2.560 3.180 8 SizaHao 4.681 4.010 0.671
2 Si;oHg 5.324 3.085 2239 9 SizgHas 4654 4.055 0.599
3 SiiaHio 5.086 3.415 1.671 10 SigaHoy 4.634 4.090 0.543
4 SiygHi2 4.938 3.629 1.309 11 SiscHas 4.601 4.119 0.482
5 SizzHia 4.838 3.774 1.064 12 SisoHa2s 4.605 4.142 0.463
6 SizgH1s 4.769 3.877 0.892 13 SisaHso 4.595 4.162 0.433
7 SizgH1s 4,718 3.953 0.766 14 SisgHs2 4.587 4.178 0.409

*MF = Molecular Formula.
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Fig. 2. Variation of bending frequency and degree of bending with ring increment in the monolayer.

Fig. 3. System of ten rings vibrating at the lowest frequency (bending frequency).

gomers (n =9-14) bend further, thus displaying an increase in the
frequency values (1.38-3.17 cm™!) from n=9 to 14 (Table 3) [1-
17].

Vpuckering Fefers to the vibrational frequency at which the whole
molecule becomes puckered. Higher the puckering symmetry
within the structure, greater is the tendency of each ring to exhibit
uniform ripples across the surface [1-4]. In the current study,
Upuckering iNcreases from 144.86 to 164.27 cm~! (n=1-8) rapidly.
However, due to bending in n=9 and 10 oligomers, there is only
a marginal increase in Vpyckering. This slow increment of Vuuckering
after the start of bending (164.68cm™! (n=9) to 166.79 cm™!
(n=14)) implies stability of the bent system due to higher forma-
tion of ordered pair of ripples as the length of LF-PCHSBs increase
(Fig. 2). Hence these vibrations (VUpending aNd Vpuckering) Which result
in maximized ordered ripple formation and symmetric bending in
LF-PCHSBs confirms the stability of the system in spite of bending
within the molecule.

3.3. Orbital analysis

The orbital energy gap (Ey) values of LF-PCHSB oligomers are
given in Table 3 while their HOMO-LUMO diagrams are given in
ESI (Fig. S3). It is observed that E; decreases from 3.180eV in
SigHg (n=1) to 0.41 eV in SisgHs; (n = 14) (Table 3) which explains
the stability of the molecular system as number of rings increase.
From the HOMO-LUMO diagrams it is observed that as the value
of n increases (for n = 9) bending starts, the orbitals start concen-
trating on the central part of the molecule. This is because negative
vectors of bending forces are acting on the end atoms while posi-
tive vector forces acting within the central part of the molecule.
Jensen discussed that the shapes of HOMO and LUMO resemble
the trend of total electron density variation [45]. Thus in the
current study, the concentration of orbitals (HOMO and LUMO)
on the central part of the molecule can quantify that maximum
electron density is cramped on the non-terminal rings of the higher
oligomers (n > 9).

Fig. 3 shows the vibrational forces acting on the system of ten
rings generated with high displacement amplitude which results
in the vibrations of the molecule. The vibrational forces acting in
the centre of the molecule are opposite to the direction of the
forces acting on the terminal atoms. The bending in LF-PCHSBs
from n =9 units can be seen as the special case of ‘ordered pucker-
ing effect’, thus providing enhanced stability to PCHSBs. Hence, it
can be concluded that the absence of orbitals on the terminal
atoms of the molecule allows it to vibrate freely, resulting in more
bending and lower IRE values.

4. Conclusions

The structural and physical properties of LF-PCHSBs were thor-
oughly investigated. The IRE predicts the unexceptional behaviour
due to bending. The vibrational frequency analysis reveals the for-
mation of ripples and explains bending of the molecule. There is a
significant change in the HOMO-LUMO energy differences with an
increase in the number of rings (n < 6). For oligomers where n > 6,
the E, values change marginally even though the molecules exhibit
significant bending. This decreasing trend in Eg with an increase in
number of silicon atoms renders these molecules as highly efficient
materials to be used in transistors and information processing
along with other applications in optoelectronics.
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