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In this study, we studied the structural and electronic properties in the SinC5�nH8 (n = 0–5) series using
ab initio calculations. We performed global minimum and low-lying isomers search for the C5H8,
SiC4H8, Si2C3H8, Si3C2H8, Si4CH8 and Si5H8 stoichiometries at the B3LYP/3-21G level of theory. The lowest
isomers were recalculated at the CCSD(T)/CBS//B3LYP/6-311++G⁄⁄ level of theory. It was shown that
Si2C3H8 structure is more stable than the other structures with high ionization potential and
HOMO-LUMO energy gap. We also showed the 2D-3D that transition, which occurs only at n = 3, is
due to stronger C–C r bonds compared to weaker C–Si and Si–Si r bonds. The results were found in good
agreement with available experimental findings.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Systems containing hydrocarbons having strong covalent bonds
are interesting because of their central role in organic chemistry.
The simplest form of hydrocarbons are composed of carbon and
hydrogen atoms bonded to a chain of carbon atoms [1]. Many
hydrocarbons are actually combinations of chains and rings, or
multiple rings linked together. An additional feature that adds
diversity to hydrocarbon structures is the possibility of ring forma-
tion. For example, the cyclopentene structure of C5H8 has the low-
est-energy among the many isomers of hydrocarbons [2–4]. In this
regard, the ring arrangement of p-electrons in saturated conju-
gated compounds may cause a significant effect on the stability
of the system [5–22].

Hydrogenated Si–C clusters would be very important for the
understanding and modeling of the hydrogenated silicon-carbon
alloys [23]. According to this viewpoint, the incorporation of Si
atom into a hydrocarbon could induce a significant change in
structural and electronic properties of the system. In the literature,
a few types of silicon-containing CH compounds were studied. For
example, the electronic structure of Si1�xCxH was calculated and
found the behavior of the alloys changes significantly at around
x = 0.6 [24]. In the study, the results show that the bandgap
decreases almost linearly with decreasing x. In addition, SiCH alloy
based on the composition of Si atom is found to be a suitable mate-
rial for optoelectronic applications [25]. A recent study shows that
hydrogenated Si–C honeycomb structure forms five stable isomers,
and the chair conformer which remains stable even at room tem-
perature is most stable [26]. Silicon and carbon substitution also
gives rise to 2D-3D transition in series of SiC5H6 where benzene-
like structures become considerably more stable than the other
structures [27].

All the mentioned above examples indicate the role of silicon
and carbon substitution in Si–C–H system and invite further inves-
tigation about the stability, electronic and structure properties of
the system to obtain desirable properties. To our knowledge, the
ring structure of hexasilabenzene which is similar to benzene has
been recently studied in detail [27–30]. Moreover, a structural
transition of hydrogenated and pure carbon clusters upon substitu-
tion of carbon by other elements have already examined [31,32].
However, the planar aromatic structures like benzene or its deriva-
tives have not been synthesized in the compounds based on sili-
con. In this regard, a transition from two-dimensional (2D) to
three-dimensional (3D) structures is searched in the SinC5�nH8

(n = 0–5) series upon sequential substitution of the C atoms by Si
atoms in this study. In addition, the structural stability, chemical
bonding, the adiabatic ionization potential (AIP), vertical ionization
potential (VIP), HOMO-LUMO energy gap (Eg), adaptive natural
density partitioning (AdNDP) and radial distribution function
(RDF) of binary interactions of SinC5�nH8 (n = 0–5) series are inves-
tigated using density functional theory (DFT) based on optimized
structure with the lowest energy among the studied isomers.
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2. Computational details

The geometries of low-lying isomers of SinC5�nH8 (n = 0–5) ser-
ies was performed using DFT with Becke’s three-parameter
exchange and Lee-Yang-Parr nonlocal correlation functional
(B3LYP) [33]. For the geometry optimizations, about thirty isomers
[34] of C5H8 stoichiometry are first carried out. To generate the
structural isomers of other stoichiometries, the following proce-
dures are used. The initial geometries are typically constructed
by replacing one C atom by one Si atom in C5H8 stoichiometry.
The obtained new isomers and their permutational isomers are
optimized. This procedure continues until each carbon atom takes
up the silicon atom, and then the entire series are optimized.

All possible structural patterns of considered series with singlet
and triplet states are optimized at the B3LYP/3-21G level without
any symmetry constraints. Then, the low-lying isomers for each
series are reoptimized at the B3LYP/6-311++G⁄⁄ level. The fre-
quency analysis is also performed at the same level to ensure the
stability of all isomers. In order to get more accurate energies,
the single-point calculations are performed using coupled cluster
with single, double and perturbative triple excitations (CCSD(T))
functional in the CBS and aug-cc-pVXZ (X = D,T,Q) basis sets. All
ab initio calculations were performed using the Gaussian 09 pro-
gram package [35]. AdNDP calculation [36,37] has been used to
explore electronic structure of closed-shell systems. Molecular
structure and orbital visualizations are also performed with the
GaussView 5.0.9 [38] and Molekel 5.4.0.8 [39] programs.

3. Results and discussion

In the present study, all the possible isomers of SinC5�nH8 (n =
0–5) series were examined by ab initio calculations. The cyclopen-
tene, 1,3-pentadiene, 1,4-pentadiene, 1-methylcyclobutene,
methylenecyclobutane, ethylidenecyclopropane, housane and
bicyclopentane structures were found to be the lowest energy iso-
mers of each series. Therefore, we have also separately considered
the permutational isomers of each structure. All isomers were
ordered according to their energies at the CCSD(T)/CBS//B3LYP/6-
311++G⁄⁄ level of theory (see Fig. 1). Additionally, the relative ener-
gies (see Figs. S1–S6) and the total energies at B3LYP and CCSD(T)
functionals (as Table S1), and the cartesian coordinates optimized
at B3LYP/6-311++G⁄⁄ level of theory (see Table S2) for selected iso-
mers are reported in Supporting Information. Note that all the opti-
mized geometry of SinC5�nH8 (n = 0–5) series are found to be real
minima because there are no imaginary frequencies.

C5H8 isomers. Despite the fact that four isomers for C5H8

stoichiometry: the cyclopentene, 1,3-pentadiene, 1,4-pentadiene,
housane and bicyclopentane structures have been isolated and
well-known [3,4,14,15]. The cyclopentene structure is found as
the most stable among these isomers. In this study, the most stable
isomer for C5H8 stoichiometry is found to be a cyclopentene (I.1)
structure (Cs and 1-A configuration) being 1,3-pentadiene (I.2)
structure (9.45 kcal/mol above the global minimum). The energies
of the 1,4-pentadiene (I.3) and housane (I.7) structures are found to
be as 16.15 and 29.23 kcal/mol, respectively, which are higher than
that of the first isomer. The energy of the bicyclopentane (I.8)
structure with D3h point group symmetry is also found to be
39.07 kcal/mol which is higher than the global minimum (see
Fig. 1).

SiC4H8 isomers. The cyclopentene-like (II.1) structure is very
similar to the global minimum structure of C5H8 and only differ-
ence is that one C is substituted by the Si atom. Moreover, the ener-
gies of 1,3-pentadiene-like (II.4) and 1,4-pentadiene-like (II.5)
structures are found to be 18.10 kcal/mol and 18.41 kcal/mol
higher than the global minimum structure, respectively
(see Fig. 1). The energy of the bicyclopentane (II.6) structure (C3v

and 1-A1 configuration) is still significantly higher than cyclopen-
tene-like structure (24.85 kcal/mol), but is now lower than that of
housane-like (II.8) structure.

Si2C3H8 isomers. In this size, the permutational isomers of each
structure were examined in detail. Accordingly, the most stable
isomer is still cyclopentene-like (or 1,3-disilacyclopentene) struc-
ture which is very similar to the global minimum structure of
SiC4H8. The second isomer, bicyclopentane (III.2) structure, has
D3h point group symmetry, and it is now a close-lying (8.52 kcal/mol)
the first isomer. Additionally, the energy of the 1,3-pentadiene-like
(III.6) and 1,4-pentadiene-like (III.7) structures are now much
higher than cyclopentene-like structure.

Si3C2H8 isomers. Here we specially investigated the permuta-
tional isomers of cyclopentene-like and bicyclopentane structures.
For the Si3C2H8 stoichiometry, we found that bicyclopentane (IV.1)
structure is now the global minimumwith C2v point group symme-
try. The energy of the cyclopentene-like (IV.1) or 1,2,3-trisilacy-
clopentene structure is found to be 0.52, 2.79 and 2.98 kcal/mol
at CCSD(T)/CBS//B3LYP/6-311++G⁄⁄, CCSD(T)/aug-cc-pVQZ//
B3LYP/6-311++G⁄⁄ and CCSD(T)/aug-cc-pVTZ//B3LYP/6-311++G⁄⁄

levels, respectively, which are higher energy than the global mini-
mum structure. According to our calculations, the 2D-3D transition
occurs at n = 3, where bicyclopentane structure becomes a little
more stable than the nearest planar two-dimensional structure.
On the other hand, the cyclopentene-like structure is the global
minimum (at B3LYP/6-311++G⁄⁄ and CCSD(T)/aug-cc-pVDZ//
B3LYP/6-311++G⁄⁄ levels (Supporting Information, Fig. S4); how-
ever, the single-point calculations indicate that planar cyclopen-
tene-like (IV.2) structure is the second lowest isomer at CCSD(T)/
CBS//B3LYP/6-311++G⁄⁄, CCSD(T)/cc-pVQZ//B3LYP/6-311++G⁄⁄

and CCSD(T)/cc-pVTZ//B3LYP/6-311++G⁄⁄ levels, which are becom-
ing more accurate and reliable (see Fig. 1). Note that the relative
energies obtained by the CCSD(T)/cc-pVTZ//B3LYP/6-311++G⁄⁄,
CCSD(T)/aug-cc-pVQZ//B3LYP/6-311++G⁄⁄ and CCSD(T)/CBS//
B3LYP/6-311++G⁄⁄ levels are compatible with each series. In addi-
tion, the energies of the housane-like (IV.5), 1,3-pentadiene-like
(IV.7) and 1,4-pentadiene (I.8) structures are found to be 24.12,
43.16 and 46.21 kcal/mol, respectively, which are higher than the
global minimum (see Fig. 1).

Si4CH8 isomers. The most stable isomer for Si4CH8 has a bicy-
clopentane (V.1) structure (C2v and 1-A1 configuration) being
cyclopentene-like (V.2) structure (7.83 kcal/mol above the global
minimum). The energy of the housane-like (V.3) structure is now
10.64 kcal/mol which is higher than global minimum structure.
Moreover, 1,3-pentadiene-like (V.7) and 1,4-pentadiene (V.8)
structures are found to be 47.45 and 49.36 kcal/mol, respectively.
These energy values are higher than the most stable isomer (Fig. 1).

Si5H8 isomers. The bicyclopentane (VI.1) structure (D3h and
1-A10 configuration) is significantly more stable than the other iso-
mers. The energy of the housane-like (VI.2) structure is found to be
14.87 kcal/mol which is higher than the first isomer. The global
minimum of Si5H8 stoichiometry has been reported by Li et al.
[40]. The most stable isomer presented in our work is in excellent
agreement with those found in literature [40]. Additionally, the
energies of the cyclopentene-like (VI.3), 1,3-pentadiene-like
(VI.7) and 1,4-pentadiene-like (VI.8) structures are 17.17, 58.23
and 62.52 kcal/mol, respectively. These values are higher than
the global minimum (see Fig. 1). From the results mentioned
above, we can conclude that the most stable isomers of the car-
bon-rich series are cyclopentene-like structure with 2D, whereas
the most stable isomers of silicon-rich series are bicyclopentane
structure with 3D.

Bond lengths. All bond lengths for the most stable isomers are
shown in Fig. 2. In SinC5�nH8 series, C = C double bond lengths for



C5H8 SiC4H8 Si2C3H8 Si3C2H8 Si4CH8 Si5H8

I.1 II.1 III.1 IV.1 V.1 VI.1
Cs , 1-A C2v , 1-A1 C2v , 1-A1 2v , 1-A1 C2v , 1-A1 3h , 1-A1' 

E=0.0 E=0.0 E=0.0 E=0.0 E=0.0 E=0.0 

I.2 II.4 III.2 IV.2 V.2 VI.2
Cs , 1-A' Cs , 1-A' D3h , 1-A1' C2v , 1-A1 Cs , 1-A Cs , 1-A' 
E=9.45 E=18.10 E=8.52 E=0.52 E=7.83 E=14.87 

I.3 II.5 III.5 IV.5 V.3 VI.3
C2 , 1-A 1 , 1-A Cs , 1-A' Cs , 1-A Cs , 1-A' C1 , 1-A 
E=16.15 E=18.41 E=35.02 E=24.12 E=10.64 E=17.17 

I.7 II.6 III.6 IV.7 V.7 VI.7
Cs , 1-A' C3v , 1-A1 Cs , 1-A' Cs , 1-A' C1 , 1-A C1 , 1-A 
E=29.23 E=24.85 E=38.69 E=43.16 E=47.45 E=58.23 

I.8 II.8 III.7 IV.8 V.8 VI.8
D3h , 1-A1' Cs , 1-A' C1 , 1-A C1 , 1-A C1 , 1-A C2 , 1-A 

E=39.07 E=42.11 E=40.83 E=46.21 E=49.36 E=62.52 

1-A'

1-A'

1-A1' 1-A'

1-A1

C1 ,

1-A'

1-A1 1-A1

1-A1'

1-A'

1-A' 1-A'

1-A1

1-A1 1-A1

1-A'

1-A'

1-A1'C2v , D3h ,

Fig. 1. The relative energies (kcal/mol) according to energies at the CCSD(T)/CBS level of theory as well as the point group symmetries and electronic states of SinC5�nH8 (n =
0–5) series. Each energy includes ZPE corrections.
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the cyclopentane-like structures increase marginally (from 1.333
to 1.347 Å) in range of n = 0–2, whereas, C–Si bond lengths
decrease from 1.907 (at n = 1) to 1.885–1.898 Å (at n = 2). After
transition to bicyclopentane like structures, there is no systematic
change in Si–Si bond lengths. Firstly, Si–Si bond lengths increase
from 1.922 (at n = 3) to 2.407 Å (at n = 4) in range of n = 3–4 and
then decrease from 2.407 (at n = 4) to 2.363 Å (at n = 5) in range
of n = 4–5. In addition, there is no considerable change in the
C–H and Si–H bond lengths with respect to the substitution of
carbon atoms by silicon atoms. Fig. 3 shows that our study and
experimental electron diffraction data [41] are in good agreement
for the bond distances and angles of cyclopentene structure.

Charge transfers. The charge transfer is highly important for
the reactivity of the atoms or molecules in the clusters. Thus, the
intermolecular charge transfers are investigated at B3LYP/6-311+
+G⁄⁄ level of calculation using the electrostatic potential (ESP)
and natural population (NPA) analyses [42]. The results of our anal-
ysis for SinC5�nH8 (n = 0–5) series are presented in Fig. 4(a-b). All
the charges for the C5H8 are nearly on the H atoms, and the charge
transfer is small. Moreover, the charges are transferred from
hydrogen to carbon. The charge transfers increase in range of
n = 1–2 with a large peak for n = 2, but starting to decrease in range
of n = 3–4. After at n = 5, all of the charges are on the silicon atoms,
and the charges are transferred from silicon to hydrogen. Because
of the fact that a complete transfer of electrons from the more elec-
tropositive atom to the more electronegative atom, the general
trend of the charges for carbon-rich series and silicon-rich series
are transferred from hydrogen atoms to carbon atoms, whereas,
those for silicon-rich series are transferred from silicon atoms to
hydrogen atoms, respectively (see Fig. 4a-b). ESP charge distribu-
tions are also found to be compatible with NPA charge
distributions.

Structural stability and electronic properties. In order to
probe the structural stabilities of SinC5�nH8 series, we used the
binding energy per atom (Eb) and second-order energy difference
(D2E). The Eb and D2E can be calculated from the first and second
formulas, respectively.

Eb ¼ ½ðn� ESi þ ð5� nÞ � EC þ 8� EHÞ � ðESinC5�nH8 Þ�=13 ð1Þ

where index n (the number of Si atoms) is from 0 to 5, ESi is the
energy of atomic silicon, EC is the energy of atomic carbon, EH is
the energy of atomic hydrogen and ESinC5�nH8 is the cluster energy,
and

D2En ¼ Enþ1 þ En�1 � 2ðEnÞ ð2Þ
where n (the number of Si atoms) is from 1 to 4, and En, Enþ1 and
En�1 correspond to the total energy of related series. As seen in
Fig. 5(a), the Eb and D2E values are plotted as a function of n. From
Fig. 5(a), the substitution of carbon atoms by silicon atoms in con-
sidered series smoothly decreases the Eb from 0.18 to 0.12 eV.
Moreover, D2E exhibits the odd-even oscillating behavior and a
sharp peak occurs at Si2C3H8, indicating the highest stability of this
group. In order to investigate the electronic properties of considered



Fig. 2. Bond lenghts for the most stable isomers of SinC5�nH8 (n = 0–5) series.

Fig. 3. Bond distances and angles obtained in our study and experimental data from
electron diffaction [41] for the cyclopentene structure.
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series, we also calculated the AIP, VIP and Eg . The AIP and VIP can be
calculated separately from the third formula.

AIP=VIP ¼ EðcationÞ � EðneutralÞ ð3Þ

where AIP is the energy difference between the ground state of the
optimized cation and the ground state of the optimized neutral, and
VIP is the energy difference between the ground state of the cation
and the ground state of the neutral which optimized by the geom-
etry of the neutral. AIP, VIP and Eg values are plotted as a function of
n, in Fig. 5(b). Moreover, AIP, VIP and Eg values together with Eb are
listed in Table 1. It can be seen that AIP, VIP and Eg values generally
increase in range of n = 0–2 with a peak for n = 2, but starting to
decrease in range of n = 3–4 with a large dip for n = 4, and then
again increase at n = 5. Note that as a result of orbital relaxation
on ionization, the VIP values are higher than the AIP values because
of energy compensation. Moreover, the AIP and VIP values exhibit
the similar trend with Eg values. According to these results, the
Si2C3H8 stoichiometry is more stable with higher values of AIP,
VIP and Eg , whereas, the Si4CH8 stoichiometry is the least stable
compared to the other series. C–C bond is perfectly covalent
whereas Si–C bond is partially ionic. As the number of partially ionic
bond increases, the HOMO-LUMO gap increases. From these results,
one can conclude that not only relatively large ionization potential
as a criterion of stability but also relatively large HOMO-LUMO
energy separation against electronic excitations have an effect on
the stability. According to our calculation, the calculated the highest
ionization potential (AIP = 9.15 eV and VIP = 9.69 eV) for Si2C3H8

series reveals it as the most stable structure. Therefore, it can be
explained by reasons such as the hybridization of orbitals and
increase in ionicity of the bonds. Although B3LYP underestimates
HOMO-LUMO gaps [43–46], but range-separated functionals are a
way to correct for this deficiency, the calculated relative energies
obtained from B3LYP is found to be compatible with that of CCSD
(T) in this study. In addition, the present calculated VIP of C5H8

(9.00 eV) is also good agreement with experimental value of
9.01 ± 0.01 eV from literature [3,47–49]. To date there have been
no any experimental data related with the other series, thus VIPs
results for the other series obtained from this study could be useful
for the future studies.



Fig. 4. The charge distributions for SinC5�nH8 series (a) ESP (b) NPA.

Fig. 5. For SinC5�nH8 (n = 0–5) series (a) The binding energy per atom (Eb/atom) and
second-order energy difference (D2E) (b) the adiabatic/vertical ionization potentials
(AIP/VIP) and HOMO-LUMO energy gap (Eg).

Table 1
The binding energy per atom (Eb), adiabatic ionization potential (AIP), vertical
ionization potential (VIP) and HOMO-LUMO energy gap (Eg). All values in eV.

Size Eb AIP VIP Eg

C5H8 0.18 8.64 9.00 6.44
SiC4H8 0.17 8.60 9.16 6.62
Si2C3H8 0.16 9.15 9.69 6.71
Si3C2H8 0.15 8.20 8.68 6.18
Si4CH8 0.14 8.13 8.45 5.82
Si5H8 0.12 8.35 8.71 6.01
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AdNDP analyses. The AdNDP analysis can be used to interpret
the molecular orbitals because of a very efficient visual approach
and an extension of the natural bond orbital (NBO) analysis. It
searches the core electron pairs and n-center two-electron (nc-
2e) bonds as well as the occupation numbers (ONs) in the molec-
ular orbitals. Moreover, it is not sensitive for the method and basis
set. We performed the AdNDP analysis for the most stable isomers
using B3LYP functional with LANL2DZ basis set. The results of our
analysis are pictured in Fig. 6.

For the C5H8 global minimum structure I.1, we found five 2c-2e
C–C r bonds with ON = 1.98–1.99jej, eight 2c-2e C–H r bonds
(ON = 1.97–1.98jej) and one 2c-2e C–C p bond (ON = 1.95jej). The
SiC4H8 global minimum structure II.1 has three 2c-2e C–C r bonds
with ON = 1.98–1.99jej, six 2c-2e C–H r bonds (ON = 1.97–1.98jej),
two 2c-2e C–Si r bonds (ON = 1.97jej), two 2c-2e Si–H r bonds
(ON = 1.99jej) and one 2c-2e C–C p bond (ON = 1.96jej). For the
Si2C3H8 global minimum structure III.1, we found one 2c-2e C–C
r bonds with ON = 1.99jej, four 2c-2e C–H r bonds (ON = 1.98–
1.99jej), four 2c-2e C–Si r bonds (ON = 1.97–1.98jej), four 2c-2e
Si–H r bonds (ON = 1.99jej) and one 2c-2e C–C p bond (ON =
1.96jej). The Si3C2H8 global minimum structure IV.1 has four 2c-
2e C–H r bonds with ON = 1.99jej, four 2c-2e C–Si r bonds (ON
= 1.97jej), four 2c-2e Si–H r bonds (ON = 1.99jej) and two 2c-2e
Si–Si r bonds (ON = 1.94jej). For the Si4CH8 global minimum struc-
ture V.1, we found two 2c-2e C–H r bonds with ON = 1.99jej, two
2c-2e C–Si r bonds (ON = 1.97jej), six 2c-2e Si–H r bonds (ON =
1.99jej) and four 2c-2e Si–Si r bonds (ON = 1.94jej). The Si5H8 glo-
bal minimum structure VI.1 has eight 2c-2e Si–H r bonds with ON
= 1.99jej and six 2c-2e Si–Si r bonds with ON = 1.60jej. AdNDP
calculations show that the most stable isomers of the carbon-rich
series prefer both 2c-2e r and 2c-2e p bonds, however; the most
stable isomers of the silicon-rich prefer only 2c-2e r bonds. In
short, AdNDP analysis of the most stable isomers is in agreement
with the intuitive valence bond structures of these molecules, this
analysis yields the expected 2c-2e bonds with populations of close
to two electrons and the expected symmetry of orbital interactions
as either r- or p-bonds. Moreover, ONs values for the most stable
isomers are very close to the ideal values. In this study, we also are
confident the results obtained on the chemical bonding patterns.

Radial distribution function analyses. The radial distribution
functions (RDF) give the probability of finding a particle in the dis-
tance from another particle. In this study, the purpose of the RDF is
to determine the effect of silicon and carbon concentrations on the
binary interactions in the SinC5�nH8 (n = 0–5) series. In this regard,
we performed the RDF analysis for carbon-carbon (C–C), carbon-
hydrogen (C–H), hydrogen-hydrogen (H–H), carbon-silicon (C–Si)
and silicon-hydrogen (Si–H) interactions of SinC5�nH8 (n = 0–5) ser-
ies (see Fig. 7(a-f)). The RDFs are calculated for each binary atomic
pairs of the most stable isomers of SinC5�nH8 (n = 0–5) series. The
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Fig. 6. Chemical bonding patterns of the most stable isomers recovered by AdNDP analysis.
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RDF of the same binary interactions in the different compositions
shows different behavior. For example, the RDF of C–H interactions
has a narrower and higher distribution for SiC4H8; however, the
interactions are smaller than that of C–C and C–Si for Si2C3H8. This
behavior is found to be compatible with the decrease of the bind-
ing energy per atom which decreases with substitution of the car-
bon atoms. In addition, there is a slight difference between C–C and
C–Si atoms for SiC4H8, Si2C3H8 and Si3C2H8. For C atoms, C–C is
greater than C–Si interactions; for H, Si–H is shorter than C–H;
for Si, Si–H is slightly shorter than C–Si. For all of the combinations,
C–H has stronger interactions than the other ones.
4. Conclusions

We presented a systematic study of the SinC5�nH8 series using
B3LYP-DFT and CCSD(T) methods. We performed global minimum
and low-lying isomers search for the C5H8, SiC4H8, Si2C3H8,
Si3C2H8, Si4CH8 and Si5H8 stoichiometries at the B3LYP/3-21G
level of theory. The lowest isomers were recalculated at the
CCSD(T)/CBS//B3LYP/6-311++G⁄⁄ level of theory. The 2D-3D that
transition, which occurs only at n = 3, where bicyclopentane
structure becomes a little more stable than cyclopentene-like
structure, is due to stronger C–C r bonds compared to weaker



Fig. 7. Radial distribution function (RDF) between carbon–carbon (C–C), carbon–hydrogen (C–H), hydrogen–hydrogen (H–H), carbon–silicon (C–Si) and silicon–hydrogen (Si–
H) interactions. (a) C5H8, (b) SiC4H8, (c) Si2C3H8, (d) Si3C2H8, (e) Si4CH8, (f) Si5H8.
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C–Si and Si–Si r bonds. The most stable isomers of the carbon-
rich series (at n = 0–2) are cyclopentene-like structures with
two-dimensional (2D), whereas the most stable isomers of sili-
con-rich series (at n = 3–5) are bicyclopentane structure with
three-dimensional (3D). From the energetic point of view, the
binding energy decreases with substitution of the carbon atoms
by the silicon atoms. Moreover, the Si2C3H8 stoichiometry is rela-
tively more stable than the others with high IP and high HOMO-
LUMO energy gap. From our results, the calculated relative ener-
gies calculated obtained from the B3LYP method are compatible
with that of CCSD(T). In addition, C–H interactions have a nar-
rower and higher distribution due to the weaker bond and the
low atomic weight of the H atom. The results of our calculations
for C5H8 are in excellent agreement with the experimental data.
Therefore, our study could be useful for the future researches.
Structural stability of cluster allows their presence in nature
and afterwards to synthesize them in experiments. Therefore,
we hope that current study will ultimately guide to designing
and synthesizing a series of novel compound derivatives based
on hydrogenated carbon-silicon for the future researches.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ica.2018.03.008.
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